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Chapter 1: Introduction

The Earth’s atmosphere is characterized by vanatd temperature and
pressure with height. In fact, the variation of taeerage temperature profile with
altitude is the basis for distinguishing the diffiet levels of the atmosphere. From the
point of view of atmospheric chemistry, two partsatmosphere - the troposphere and
stratosphere - are the most important regions.

In the troposphere, the temperature falls witheasing altitude. This is due to
the strong heating effect at the Earth’s surfacelvhbsorbs and converts the radiation
from the Sun to heat. The chemical species frongdsiac and anthropogenic sources
have the most significant effect in this region. the hot air rises there is a strong
vertical mixing so that species emitted at the liEarsurface can reach the tropopause in
a few days or even shorter time, depending on #teonological conditions.

The tropopause separates the troposphere from ttheosphere. However, at the
tropopause the temperature profile changes, inogasith altitude throughout the
stratosphere. One of the reasons for the temperangrease is that different
photochemical reactions occur that are followed expthermal chemical reactions
[Finlayson-Pitts and Pitts 2000].

In the stratosphere, the ozone production is thst mioaracteristic and most important
processes. 90 % of atmospheric ozone can be faoutiniksi region [Mészaros 1997], and
it absorbs the UV radiation which is harmful foolagical systems including human
life. The lower, about 10 - 15 km high region o #@tmosphere is the troposphere.
Figure 1.1 displays all the mechanisms of emissitnamsformations and depositions
occurring the troposphere. The sources of atmog&ph@nor constituents are located
mainly on the Earth’s surface. There are naturakees, such as the emission of the
vegetation and volcanic eruptions, and anthropagsources, all of which lead to the
emission of a high variety of gases and particleker emission, the different
constituents are transported and mixed by horiz@mtd vertical motion of air masses
and are transformed, initiated by solar radiatidhee in the gas phase (homogeneous
chemistry), in the liquid phase, or on the surfateaerosols or the surface of solid
particles (heterogeneous chemistry).
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Figure 1.1: Schematic representation of key processes of @imeois chemistry.

1.1. Impact of volatile organic compounds (VOCs) on the

environment and human health

Volatile organic compounds can cause direct ardirent effects on the
environment and human health:

1. Direct effects: there are several VOCs that arenedves toxic on the human
health. Inhalation of VOCs in strongly polluted @asevas shown to be associated with
the increase of symptoms of respiratory diseaseaddche and irritation of eyes
[Bernard 2001]. Carbonyl and aromatic compoundskamvn to be carcinogenic and
mutagenic compounds [IARC 2010]. The toxicity of €© on the human health
depends on two factors: concentration during theoswre and the time of exposure.

2. Indirect effects: VOCs emitted in the atmospher# participate in chemical
reactions leading to the formation of secondaryt@tieemical pollutants such as ozone
and other harmful photooxidants. That is, VOCs iadirectly on biological system

through forming carbon-monoxide (CO), ozong)(@nd PAN (peroxyacetyl nitrate).



Ozone and PAN are highly toxic components of urbamog which are formed by the
photochemical oxidation of VOCs in the presenc®lOf (NO and NQ) arising mainly

from exhaust of automobiles. Ozone reacts with reévenaterials causing a rapid
degradation of objects made of plastic or rubbeygravates forest decline and

diminishes agriculture productivity.

1.2. Degradation of VOCs in the troposphere

In the troposphere, all the chemical reactionthéngas phase are initiated by the
solar radiation, directly or indirectly, and prodet® a radical mechanism, involving
reactions with hydroxyl (OH) radical, N@adical, or Q. The degradation by Cl atoms
can also be important. The photolysis mechanist@C€Cs will be presented through

the carbonyls.

1.2.1. The solar spectrum

Figure 1.2 from [Finlayson-Pitts and Pitts 2000pws the solar flux as a
function of wavelength outside the atmosphere drgka level. The radiation that the
Earth receives from the Sun at the top of the apin@se can be cover the infrared,
visible and near UV region. The solar flux apprasckthe 6000 K blackbody radiation
outside the atmosphere. On the sea level the Esg#ives only a fraction of this solar
radiation. The region of the spectrum lower thali’® nm is absorbed by the first layer
of the atmosphere (above about 100 km altitudeg rHaliation between 190 and 290
nm could penetrate deeper but it is absorbed bytita¢ospheric ozone at 50 - 20 km
altitude. Apart from a weak absorption of ozone 680 nm, the atmosphere is
transparent in the visible and near UV region, tisatthis irradiation can reach the

ground level.



solar flux (W m? nm™)

Figure 1.2: Solar flux outside the atmosphere and at sea.léMs emission of a
blackbody at 6000 K is also shown for comparisone Bpecies responsible for light
absorption in the various regions are also showrigizson-Pitts and Pitts 2000].

Light scattering phenomena by atmospheric constituelso modify the spectral
distribution. These are the scatter by molecules/igtgh scatter) in the near UV region
and that by suspended particles (Mie scatter)enthole spectral region. The 290 - 800
nm region corresponds to the wavelength range aftgghemical interest in the
troposphere; the infrared radiation does not haufficent energy to lead to
photochemical reactions.,8 and CQ absorb strongly in the infrared region, mostly
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they are responsible for the greenhouse effect.

Carbonyl compounds absorb light in the near UV aegand can undergo different

1.2.2. Degradation of carbonyl compounds by photolysis

types of photochemical and photophysical changes:

Some photochemical processes are presented belewanyples of aliphatic aldehydes

Dissociation by bond cleavage to free radicalsoomation of stable molecules

by a more complex mechanism;
emission of radiation (fluorescence, phosphoreseestd

photo-isomerisation.

and ketones.




The formaldehyde moleculean photolyse either to radicals or to stable moéesc
[Finlayson-Pitts and Pitts 2000]:

HCHO +hy — H+ HCO

— H, + CO

In the atmosphere, the H and HCO radicals readt wiygen giving H@ which is a
source of OH in the presence of NO:

H+ O, (+M) — HO; (+M)

HCO +Q — HO, + CO

HO, + NO— OH + NG

In the case of acetaldehydethree different photolysis ways are possible
thermochemically [Moortgat 2010]:

CH3CHO +hy — CH3z + HCO @ <337 nm)
— CH, + CO (all2)
— CH;CO+H @ <320 nm)

The CH;, HCO and H radicals will be transformed again ©,Fnd then to OH. The
CHgs radical is converted to HCHO and KH@hrough the reactions with,Gand NO.
Finally, the CHCO radical can form peroxyacetyl nitrate (PAN) hie reaction with @
and then with N@or is transformed to CGHand CQ:

CH3CO + G (+M) — CH;C(0)G; (+M)

CH3C(0)0; + NO, — CH;C(O)O,NO,  (PAN)

CH3C(0)0O; + NO— CH;C(0O)O + NQ

CH3C(0O)O (+M)— CHz + CO, (+M)

CHsz + O, (+M) — CHz0, (+M)

CH30; + NO— CH30 + NG

CH3z0 + O, —» HCHO + HQ

In the case of acetondhree photolysis ways are possible which dependthe

wavelength of the photolysis, similarly to @EHO [Nadasdi 2007]:

CH3C(O)CHs + hv — CHsCO+ CH <338 nm
— 2CH+CO <299 nm
— CHsC(O)CH, + H <295 nm

The CHCO radical reacts with oxygen and then with N@ving PAN, or it can

decompose to CHradical and CO. The CHradical reacts with oxygen and gives
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formaldehyde and HQas it was shown above with acetaldehyde. At lowxNO
concentrations, such as at remote areas, the pergeroxyl radical reactions also play

role giving aldehydes and alcohols, as degradati@nmediates.

1.2.3. Oxydising transient species in the troposphere

The OH radical

As noted in the previous Section, the hydroxyl catlis the key reactive species in the
troposphere, undergoing reactions with almost aijanic compounds. In the
troposphere, the main source of OH radicals isr¢hetion of O{D) atoms with water
vapour. The OP) atoms come from the photolysis of ozone. A sifialition of O{D)
atoms reacts with the water molecule, most of ttee deactivated to ground-state
O(P) atom [Atkinson 2000].

O; +hv > O, + O(D) (A < 335 nm)

O('D) + M — OCP) + M (M =N, O)

O(D) + H,O — 2 OH
An average 0.2 OH radicals are produced per eath)@tom formed at 298 K and

atmospheric pressure [Atkinson 2000

The OH radicals can be formed also by the photelgsHONO:

HONO +hy — OH + NO ¢ <400 nm)
Formation of HONO has been observed in urban ateasg night time [Lammel and
Cape 1996]. The rapid photolysis of HONO after menleads to an early high level of
OH concentration and acts in this way as an ioitiéd urban photochemistry [Harris

1982] in the morning hours.

The OH radicals are products of the reaction of Mdh ozone and with NO. The HO
radicals originate from the oxidation of VOCs armually from all reactions which
produce H and HCO in the troposphere (see in Sedti.2).

HO,+O;—>OH+2Q

HO, + NO— OH + NO



The atmospheric photooxidation of VOCs is a chehtgbain reaction in which the OH
radicals are the chain carrier species. OH ingidtee degradation of the organic
molecules, but usually several OH radicals are &mnwhen one VOC molecule

completely degrades to G@nd HO.

Hydrogen peroxide generates also OH radicals byobysis in the atmosphere:
H->O, + hy — 2 OH @ <360 nm)

The hydroxyl radical can be consumed in the reactith NO, and HQ, and indirectly
by the recombination of HOnN this way terminating the chain oxidation proees

OH + NG, —» HNGO3

OH+HQOQ, —» H,O0+ O,

HO, + HO, — H02 + O,
The diurnally and annually averaged global tropesighOH radical concentration has
been estimated to be ~ 1.0 ¥ tolecule crit [Atkinson 2000].

Tropospheric ozone

Ozone in the troposphere originates mostly fromt@iadation process and the rest
comes from the stratospheric transport. The ozengenerated by two successive
reactions. The N®photolysis in air gives an oxygen atom,*P)( which reacts with
oxygen molecule to form ozone:

NO, + hv — NO + OfP) ¢ < 400 nm)

OCP)+Q+M—> O3+ M (M = air)
The nitrogen monoxide can react with ozone progdiitrogen dioxide.
The result of the above reactions is a photoequulib, between NO, N@and Q, with
no net formation or loss of ozone, see Figure AtRBifison 2000]:



0}
NO NO,

hv
(6))

O3

Figure 1.3: NO-NO,-O3 reaction cycle in the absence of VOCs.

However, in the presence of VOCs, - including me¢hand non-methane organics of
biogenic and anthropogenic origin - the degradateactions lead to the formation of
intermediate alkyl-peroxy (R£p and HQ radicals. These RCand HQ radicals react
with NO, converting NO to N& which then can photolyse to form ozone. This NO-
NO,-O3 system in the presence of VOCs gives a net ozooduption, see Figure 1.4
[Atkinson 2000]:

HO, OH
—
b RO, RO
NO NO,
hv
0,
03

Figure 1.4: NO-NO,-O; system in the presence of VOCs.

The NO; radical

The nitrate (N@) radical is formed from the reaction of N@ith ozone:

NO; + O3 — NOs + O;
This NG; radical photolyses rapidly during daylight houts lifetime is ~ 5 seconds.
NOz +hv — NO + G (~ 10%,4 < 700 nm)
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NOs + hv — NO, + OCP) (~ 90%4 < 580 nm)
The NG radical concentrations remain low during dayligidurs but can increase
during night-time.
The nitrate radical can react with NO:

NO;z; + NO—2 NO,,
and also with N@to form dinitrogen pentoxide @®s, the anhydride of nitric acid) in a
reversible process:

NO; + NG, (+M) < N2Os (+M)
NO;s reacts only slowly with saturated VOCSs, but itaatéon is fast with alkenes which

process is a typical night-time atmospheric reactio
Cl atoms

Cl is a very reactive species; the rate coefficieftits reaction with VOCs is
significantly faster than even that of the OH ratic Nevertheless, the chlorine initiated
oxidation of organics is only of minor importancechuse of the low CI| concentration
in the troposphere. Cl atoms play a more importafe in the marine environment
where they are formed via heterogeneous proceseds sabsequent photolysis
[Finlayson-Pitts and Pitts 2000]:

N2Os(s) + NaCl(s)— CINOx(g) + NaNQ(s)

CINO; + hv — Cl + NO,

1.2.4. Degradation of volatile organic compounds by oxidation

The degradation reactions of VOCs which occur enttbposphere are presented
in Figure 1.5 with a general reaction scheme [Ad&im 2000]. The oxidation of VOCs
by different radicals (OH, N§) or Cl atoms can proceed by different mechanisms,
namely H atom abstraction or addition to the doudadad. The next step is the reaction
between the carbon-centred radicals formed in tation steps and the oxygen
molecule giving peroxy radicals. Figure 1.5 shovisvaimportant intermediate radicals
such as alkyl radicals (R), alkyl-peroxy radicaROf) and alkoxy radicals (RO)
[Atkinson 2000].



VOC —» — R

o
2

ROOH -— RO; T—™ ROONO,

carbonyl RONO,
alcoho]

O reaction,
decomposntlon

products

Figure 1.5: Degradation of VOCs in the troposphere.

The alkyl-peroxy radicals can react by differeraateon pathways. In the presence of
NO, alkyl-peroxy radical gives alkoxy radicals (R&)d alkyl-nitrates (RON£. The
presence of N@leads to the formation of peroxy-nitrates (ROQN@hich are not
stable species and they can be decomposed {@aRONQ.

The alkyl-peroxy radicals can react with K0 form hydroperoxides (ROOH).

The relatively stable intermediates in the oxidatszcheme are carbonyls and alcohols.
As presented in the previous section, the degmadati VOCs is closely linked to the
tropospheric budget of OH radicals angl O

1.2.5. Degradation of carbonyl compounds by oxidation

The degradation of the intermediate carbonyl comgsuoccurs by similar
mechanisms to their parent molecules but the pysitohlso takes place which is often
the most important initiation step (see Section2).2
The OH radical reacts with saturated carbonyl camps by hydrogen atom
abstraction. In the case of aldehydes, the aldekiydéom is abstracted giving rise to
acyl radical (RCO). This radical reacts then wittygen to form peroxyacyl radical
(RC(0)Q), which, in turn, reacts with NO or NO

RCHO + OH— RCO + HO

RCO + Q (+M) — RC(0O)GQ (+M)

RC(0)G, + NO— RC(O)O + NQ

-10 -



RC(O)O (+M)— R + CQ (+M)
RC(0O)Q + NO; (+M) <+ RC(O)OONQ (+M)

The reaction of peroxyacyl radical with MQeads to the formation of PAN-type
molecules, namely peroxy-acyl-nitrates. The peragyl-nitrates are relatively stable,
but decompose to Nand RC(O)Q@when they are transported away from the emission

sources thus allowing a redistribution of NO even remote areas.
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1.3. Objectives

As presented in the previous sections volatile migaompounds are important

actors in the chemistry of the atmosphere. They aretted into the air from
anthropogenic and biogenic sources and are alsoefbras products of atmospheric
transformations of other VOCs [Atkinson and Arey02D During their degradation,
different radicals are formed which contribute toe toxidative capacity of the
atmosphere and affect the concentration of OH asliozone and NO(NO and NQ).
The most important classes of VOCs include alkaak®nes, aromatic hydrocarbons,
and oxygenated compounds [Atkinson and Arey 200Bjygenated volatile organic
compounds (OVOCs) are emitted directly from vegetatnatural and agricultural
sources) [Konig 1995], [Baraldi 1999]. They canfbemed in situ in the atmosphere
from hydrocarbons as a result of chemical and pi@mical reactions. They are found
in high concentration in the polluted urban airKisson and Arey 2003]. Among the
OVOCs carbonyl compounds, aliphatic alcohols amdbaaylic acids are particularly
important in atmospheric chemistry. Carbonyls abdight in the 290 - 400 nm region
and generate free radicals. The increasing usdcohas and biofuels has led to an
increasing interest in their atmospheric fate. Gaybc acids are known to contribute
very significantly to the total acid charging andidadeposition in the atmosphere
[Finlayson-Pitts and Pitts 2000]. OVOCs contribatso to the formation of secondary
organic aerosols (SOA), the predicted global prédnoof SOA is 11.2 Tg yt [Chung
2002].
One of the major goals of a laboratory basic retear atmospheric chemistry is to
provide kinetic and photochemical data for computeodelling and to deduce
atmospheric transformation mechanisms in the caseroe important chemicals such
as those proposed as new solvents, alternative é&el

The aim of this work is to contribute to the undansling of the atmospheric
behaviour of a few oxygenated volatile organic comms by measuring their kinetic
and photochemical parameters. The following comdsuwmere investigated: acetic acid
(do-AA) and its deuterated isotopes ((€HO)OD (di-AA), CDsC(O)OH @ds-AA),
CD3sC(O)OD (d4-AA)), methyl-ethyl-ketone (MEK), 2,3-pentanedior{g2,3PD), and
glycolaldehyde (GA).

-12 -



The photochemical and kinetic studies of oxygenatedatile organic
compounds were carried out in two laboratorie$irance, at Ecole des Mines de Douai
(EMD) and in Hungary, in Budapest at the Chemiaagéarch Center (CRC).

The following reactions were studied:

OH + CH,C(O)OH (do-AA) — product Ky Q)
OH + CH,C(0O)OD (d;-AA) — product Ko (2)
OH + CD;C(O)OH (ds-AA) — product Ks (3)
OH + CD;C(O)OD (ds-AA) — product Ky 4)
OH + CHC(O)CHCH3; (MEK) — products Ks (5)
CH3C(O)C(O)CHCHjz (2,3PD)+hv — products  o2.3pp J2,3p0 @230 (6)
OH + CHC(O)C(O)CHCHj3 (2,3PD}- products k7 (7)
HOCH,CHO (GA)+hv — products Jea (8)

Reactions (1-4) and, (6-8) were investigated in ERHIl reactions (5-7) in CRC. The
methyl-ethyl-ketone was chosen because a direcsunement with the discharge-flow
technique has not been reported yet and also, edavanted to use this reaction and
the ks value determined from direct measurements inivelaate kinetics experiments
as reference. | have selected 2,3PD for kinetic pimotochemical studied because
practically no information was available about thactions and photochemistry of this
interesting and important molecule. Comprehensnstigations were performed in
the two laboratories using different experimengghniques. An other reason was, that |
wanted to make comparison with the kinetic and ptlmemistry of other diketones. To
my knowledge, only one single-diketone, 2,3-butanedione (GQE(O)C(O)CH,
biacetyl) has been a subject of OH-kinetic stufibegyaut 1988b] and [Darnall 1979].

In my Thesis, the experimental methods will be dbsd first, and it will be followed
by the section of results and discussion. The exytal results will be presented and
compared with the literature separately for eaelctien. The reactivity of OH radicals
with carbonyls, the atmospheric implications anel sammary will be given in the last
three chapters.

The pressure is given mbar, the concentration imolecule cnii, the absorption cross

section incnf moleculé" and the rate constantén? moleculé" s* in my Thesis.
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The given errors meanclstatistical uncertainties, usually returned froegression
analysis if not otherwise stated. Parameter estimathave been made throughout the

Thesis by applying the Origin (version 8) prograathkage.
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Chapter 2: Experimental methods

The direct kinetics measurements were carried sutguthe discharge flow-
resonance fluorescence technique (reactions 5,ZheatChemical Research Center
(CRC) in Budapest. For the relative rate kineticgl®s (reactions 1-4 and 7) and the
photolysis studies (reactions 6,8) | used a Tellag-chamber at Ecole des Mines de
Douai (EMD). A Pyrex reactor was employed to inigege reaction (7) at CRC. Pulsed
laser photolysis studies (reaction 6) were alsdopmed in Budapest. In the present

chapter, the experimental setups and the asso@atdytical devices will be described.

2.1. Direct experimental technique of discharge flow-

resonance fluorescence

Reactions (5) and (7) were investigated with the&cliirge flow - resonance
fluorescence (DF-RF) apparatus. This is one of“#iesolute” or “direct” techniques
used in reaction kinetics investigations. Specf@ature of the method is that the
reactions occur in a fast inert gas flow and thectien time is given by the reaction’s
length and the linear flow velocity of the carrgas. The velocity of the gas flow can be
varied between 1 - 50 m™s This technique is suitable for the investigatioh
elementary gas phase reactions at the millisedorestale. Reactions of atoms (e.g. H,
O, N etc.), diatomic or even polyatomic radicalg(é€OH, CHO, CHC(O)CH,, etc.)
can be studied with this technique.

The apparatus consist of two main parts: a flowct@aequipped with a
moveable injector and a detection part, see Fi@ute A gas handling and vacuum
system is also connected to the setup. The later @f the system had multiple
functions. It contains Pyrex bulbs to store theutéil gas mixture of reactants and
radical sources. ldtoms and N@were used to produce the OH radicals: H +:N®
OH + NO; H atoms were generated by dissociatind He in a microwave discharge
(Figure 2.1). 5 % klgas mixture and 1 % NQwere prepared in helium. The, HHe
mixture contained ~10 % Ar to facilitate the digation of the molecular hydrogen.
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The main carrier gas, high purity helium (99.996, %ps passed through liquid-
nitrogen-cooled silicagel traps before entering ftbes system to trap even minutes of
water vapour. The gas flow of helium was reguldigcelectric mass flow controllers
and the flows of the reactants by needle-valvesciwtvere determined by measuring
the pressure-rise in calibrated volumes. Gas nestwf the reactants in helium were
also prepared with the gas handling system.

The gas handling system could be evacuated usimg-&tage rotary vacuum pump,
which provides an end-vacuum pf= 1.33 x 1¢ mbar. Between the gas handling
manifold and the vacuum pump a liquid-nitrogen-edokrap is placed to trap the
condensable gases and prevent back-diffusion eapibur to the system.

The flow reactor was made of Pyrex and had the w&moa of 40.3 mm internal
diameter and 600 mm length. It could be thermodtaied its internal surface was
coated with halocarbon wax to reduce the heteragendoss of OH radicals. The
reactor contained a coaxially positioned moveabjector which was used to vary the
reaction time. The sliding Pyrex double injectongigted of an outer tube of 16 mm
0.d. surrounding a coaxial shorter tube of 6 mm A.duartz discharge tube is attached
to the moveable injector to produce H atoms. Thendlecules were passed through the
discharge where they dissociated in ~15 %. TherHtls#oms were reacted with NO
inside the injector. An excess N@as used, [Ng) / [H] > 3. All of the H atoms were
converted to OH radicals before exiting the injectds it is seen in Figure 2.1,
formation of OH radicals occurs separately from itbactants flow. This arrangement
reduces the significance of interfering secondagctions in the studied reaction
systems. The reactants were highly diluted in He were introduced through a side
arm of the reactor.

Direct detection of OH radicals was achieved byngsithe resonance
fluorescence (RF) technique. Advantage of this oubtis that the OH RF lamp emits
light exactly at those wavelengths where OH absavith high absorption cross
sections. OH radicals in the reaction mixture absbe RF photons and re-emit them.
The emitted fluorescence light intensity is promoral to the concentration of the
reacting OH radicals. The resonance radiation wdsded by a microwave powered
OH resonance lamp operated with flowingCHvapour / Ar gas mixture at low (~1
mbar) pressure. The emitted fluorescence photome feeused onto the cathode of a
perpendicularly positioned photomultiplier ((PM),ME 9781 QB) and spectral

separation was achieved with a 307 nm interferefiiter placed in front of the
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photomultiplier. A light trap was put in the ligheam of the resonance lamp leaving the

detector block. The analogue signal from the PM wawlified and then it was

digitized before entering data acquisition PC boarde minimum detectable OH

concentration was approximately 2 x° holecule crit.

Two high-capacity single-stage pumps were usqmdduce the fast gas flow in

the reactor. A large M)-cooled trap was placed between the rotary puamusthe end

of the flow reactor. The reaction pressure was nreaswith a capacitance manometer

(MKS Baratron).

OH filter

H,/He MW 1 ~

NO, / He
[

_ I] reactant

— —

=

pump

PC

A/D

OH lamp F:ﬂ(Z)A light trap

P

HV

Figure 2.1: The discharge flow-resonance fluorescence (DFdppparatus (Budapest).
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2.2. Experimental techniques used in smog chamber type

experiments

2.2.1. General description of smog chamber”

Environmental chambers have been widely used mospheric chemistry
studies since the first research works on photoatedrair pollution. Design criteria for
these chambers are aimed at reproducing as realigtas possible the conditions in the
“real” ambient air, excluding meteorology and thacontrolled occurrence of
pollutants. Thus, chambers can differ in many efftilowing characteristics:
size and shape,
surface materials to which the pollutants are sgpp
range of pressure and temperature which can aieedit
methods of the preparation of reactants,
conditions (i.e., static or dynamic mode),

analytical capabilities,

N o gk~ 0w DbdRE

spectral characteristics of the light source.

The use of chambers involves by necessity the pcesef surfaces in the form of the
chamber walls, and this represents the largestriamaty in using them as a surrogate
for ambient air studies. Contributing to this unagnty are the possible unknown
heterogeneous reactions occurring on both fresh camdlitioned chamber surfaces.
Additionally, the outgassing of uncharacterizedctea vapours either those deposited
on the walls during previous experiments or reldasem the plastic films used to
construct the chambers can have pronounced effattgertain reaction systems,
especially in case of kinetic studies of low-redtyi organics [Lonneman 1981].
Another problem is the reproduction of the actiradiation to which pollutants are

exposed in the real atmosphere.

“This literature survey is based mostly on the moaplgy by Barbara J. Finlayson-Pitts
and James N. Pitts, Jr. [Finlayson-Pitts and RQG0]
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A brief summary of the types and characteristicghef different smog chambers is
presented below:

(A) Glass reactors

Many studies have been carried out in borosili¢g@gex) glass reactors similar to
those used in typical laboratory studies of gasspheeactions. They are usually
relatively small, ranging from a few litres up td00 L. While glass reactors are
convenient, inexpensive, and readily availableretsge some problems associated with
their use. For example, Pyrex glass starts to adggt at wavelengths 350 nm and
UV light < 300 nm is completely filtered out by tRgrex walls. In addition, such small
vessels have high surface-to-volume (S/V) ratiobjclv may increase the relative
contributions of reactions that occur on the swafac

(B) Collapsible reaction chambers

As a result of these problems, larger smog chambgts surfaces thought to be
relatively inert have gained increasing use. Thuosditioned FEP Teflon films have
been shown to have relatively low rates of surfdestruction of a variety of reactive
species. Collapsible smog chambers are easily wmtestl using flexible thin films. In
addition to the low rates of destruction of reaetspecies and their transparency to
actinic UV, they have the advantage that the sizeeochamber can be easily varied.
(C) Rigid chambers

Ideally, one would like to be able to vary the pree and temperature during
environmental chamber runs and to establish thespre and temperature dependencies
of reactions. While glass reactors can be easiigded to include pressure and
temperature control, they suffer from other limaas. In addition, the use of very large
glass chambers at low pressures presents a poteadesy problem. On the other hand,
pressure and temperature are not easily contraiety collapsible reaction chambers.
Rigid chambers satisfies most design criteria at thoth pressure and temperature can
be varied, the intensity and spectrum of the iaadn can be altered, and the surface
can be coated with a relatively inert material tmimize heterogeneous reactions,
pollutant adsorption and offgassing. In additionstp for both in situ spectroscopic
product analysis and sampling can be easily incdud@ee disadvantage is that they are

relatively expensive.
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2.2.2. Teflon-bag chamber in Douai

The atmospheric simulation facility at the Ecoles déines de Douai consisted
of a wooden enclosure, a collapsible Teflon-bagtora one line for introduction of
reactants, another line for sampling of the proslactd different UV fluorescent tubes
(Figure 2.2). Reactions (1-4) and (6-8) were ingased in this setup.

The enclosure was a cube with dimensions of 1.228 x 1.00 m. One of its
sides can be opened to put-in the Teflon reactorntw®d of its side walls, a maximum of
12 fluorescent tubes could be housed. The followargp models were available to
carry out the irradiations:

- fluorescent tubes Philips TUV TI-D 30 W SLV modghax = 254 nm (Figure

2.3).

- fluorescent tubes Philips TI-K 40 W/05 SLV or 20 mbdel, Amax = 365 nm
(Figure 2.4).

- fluorescent tubes Vilbert-Lourmat T-20M model, 2Q Max = 312 nm (Figure
2.5).

ventilators E _ - -

AN

fluorescent tubes

sampling line

A
introduction of reagents
Teflon reactor and synthetic air

Figure 2.2: Teflon-bag chamber at Ecole des Mines de Douai.
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Aluminium plates cover the interior faces of theaetber to allow a uniform
distribution of the luminous flux emitted by therips.
Two electric fans with a 180 hin™ total capacity are fixed on the walls of the waode
cabinet. They have served to thermostate the chabybeemoving extra heat which is
released by the operation of the lamps.

il Ll “D SiH &I IO Smm

Figure 2.3: Spectra of fluorescent tubes, maximum emissio5dt nm (according to
the technical data supplied by the manufacturer).

S

Figure 2.4: Spectra of the fluorescent tubes, maximum emisaid365 nm (according
to the technical data supplied by the manufacturer)

2o
100

/ 1
— J[L

nm

Figure 2.5: Spectra of the fluorescent tubes, maximum emisaid3l2 nm (according
to the technical data supplied by the manufacturer)

The reaction bag is made of 50 um thickness Te&® film (Du Pont de
Nemours). The bag was manufactured in the labgrétgrthermal welding of two
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rectangular foils of 1.22 m width. This measuretlud folia resulted in a reactor a

volume of ~250 litres.

Teflon material has been selected because it i® itih@n 80 % transparent at 254 nm

and more than 95 % for wavelengths longer than @®5[Kelly 1982]. Moreover,

Teflon is an inert polymer, which reduces the digance of the heterogeneous

reactions on the walls. Finally, Teflon is relativeheap, which allows replacing of the

Teflon reactor regularly thus reducing the rislcohtamination by offgasing.
Introduction of the chemicals into the chamber bancarried out in several ways

depending on the different physical states of tmamounds.

Gases were injected in a synthetic air flow usingaa syringe. The synthetic air is

prepared with an air generator (Claind, type AZ@0®%hich provides clean air without

hydrocarbon contamination (purity > 99 %).

Liquids were injected into a small evacuated gleessel using a micro-syringe (Figure

2.6), and were allowed to vaporise. A light heatoighe vessel could be applied to

speed-up the vaporization of the liquid.

The solid reactants were either melted by heateyewgolved in water or methanol and

vaporized after that by employing the same proadsrfor the liquid compounds.

The Teflon-bag reactor was connected to the awalyitnistrument with a stainless-steel

tube with inert coating (Silcosteel) through a migss controller (MKS).

towards the
simulation chamber

micro-syringe T
septum for
gas injection
T
mass flow controller 'H'I
syn;:\retlc MFC
— L I= J

Figure 2.6: The glass chamber used for liquid or solid compisuntroduction.
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Analytical techniques used for the Teflon-bag chamber experiments

1. Gas chromatograph (GC):

Gas chromatography with flame-ionization detec{{GC-FID), (Perkin Elmer,
Clarus 500) permits the separation and sensititectien of the organic compounds of
the gas mixture that are sampled from the simulatisamber. The sampling could be
carried out by using a gas sampling loop and artbdesorption system (TCT, Thermal
desorption and Cold Trap, Chrompack) which werachtd to the GC on-line to
provide quantitative analysis. A stainless-steedngfer line with inert coating
(“Silcosteel”) connected the simulation chambethe injection system. The gas loop
had an internal volume of 20 émit was connected to a 6-ways valve with manual
switching (Valco). The sample was drawn to the lbgpa constant flow (~60 ml mifn
regulated by a mass flow controller (MKS) and tfaned to the TCT for pre-
concentration and injection.

The TCT thermodesorption system operates in threeessive stages (see Figure 2.7):
- 1: Filling the gas loop and cooling of the cryogetnap by liquid nitrogen.
- 2: Injection of the gas sample of the loop towdhdsTCT. The upper part of the
TCT is heated to at least 150 °C in order to avbeldeposition of compounds. The
lower part is maintained at -190 °C in order toaamtrate the sample.
- A very fast heating of the cold trap from -180 €280 °C (60 °C ) and in

this way a flash injection of the compounds on®c¢hpillary column.

Elution of the organic components is achieved bhpgis non-polar capillary column
(CP SIL 5CB, 50 m length and 0.32 mm internal ditam)e
The separated compounds are transported then kjitamhgas flow towards the FID

detector. The detection limit for oxygenated commisiwas a few tens of ppb.
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Figure 2.7: Diagram of TCT injection system.
%] heated zone: 100°C

cooled zone: -190°C

heated zone: 280°C

2. High performance liguid chromatograph (HPLC):

HPLC was used to measure glycolaldehyde concemtratnd to quantify the
formed aldehydes during the photolysis of 2,3PDs Gamples were taken from the
simulation chamber using DNPH cartridges (di-ngreenyl-hydrazine) (XPOSURE
from Waters) to derivatize carbonyl molecules taddagones for a sensitive and
selective analysis, see Figure 2.8. The cartridges wonnected to the simulation
chamber with a Teflon line and the gas sample vaassterred through it with a flow of

50 ml min; 300 ml of the gas mixture was collected in therigge.
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m<<— polyethylene filter

-(— DNPH - silica
aluminium
compression ring

N

polyethylene filter
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HPLC was used to separate compounds injectingdigamples. The basic operating

Figure 2.8: DNPH cartridge.

principle is to press the chemical compound torysed through a column filled with
a proper stationary phase by means of a high peediguid flow of the mobile phase. |
have used a Waters 2695 HPLC model to separatsothpounds and detect them with
a Waters 2487 UV detector. The detection wavelength 365 nm.

An Ultra C18 column used which was supplied by Blesand had the following
characteristics: length: 250 mm, diameter: 4.6 ipanticle size: 5um.

The column temperature was maintained at 40 °Chduhie analyses. The composition
of the mobile phase was: 20 % tetrahydrofuran, 3@c#onitrile and 50 % water; the
flow was 1.5 ml mift.

The DNPH cartridges were eluted with 3 ml acetdaitthe solution was filtered and an

aliquot of 20 ul was injected to the HPLC columheTanalysis took 18 minutes.

2.2.3. Actinometry investigations in the Teflon-bag chamber

Basis of NO, photolysis for actinometric use

One of the practical problems in simulation charsbeyr that temperature,
surface-to-volume ratio, and relative humidity miagve a substantial effect on the
results of the experiments. Among these factoespbst crucial parameters include the

intensity and spectrum of the light sources useadiri@diation. Knowledge of the
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intensity and spectrum of the light sources araiired for quantitative simulations of
the chemistry in smog chambers.

The most widely used technique of measuring ulbtdaviradiation intensity in
photochemical smog studies is the Nf@atinometry: it involves the irradiation of dilute
NO, in a nitrogen atmosphere. This method has longn bkeown in basic
photochemistry and it has become generally accegdtedin atmospheric research for
the calibration of UV sources [Holmes 1973], [Tumpd 961] [Finlayson-Pitts and Pitts
2000].

The fundamental photochemical process in smog ftioomés the photolysis of NQand

therefore it is also well suited as an actinomi&iesmog chamber studies:
NO, + hv — NO + OfP) (<420 nm) (9)

A basic feature of the method is to measure theégolepletion of N@ as a function of
time to determine the photolysis rate constaw; :

_din[NO,] _ CINOaJ
T a Jnozs In(m) =Jno X t (Eq. 1)

A potential problem of using Nphotolysis in N to determinelyo; is that the
photolysis is generally not a first-order processcduse a number of interfering
reactions occur in competition with (9) [Bohn 2004]

In view of this potential problem, the right appecbas to conduct N@photolysis in N,
but taking into account the complex chemistry bynpater simulations or using the
assumption of stationary states for the reactiterimediates [Holmes 1973].

The mechanism generally employed in interpreting pmotolysis of N@ in N is

presented in Table 2.1.
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Table 2.1:Reactions and rate constants for photolysis of MO\, buffer gas.

No | Mechanism: [Holmes 1973]| Rate constant: [Atkingo 2004]
9 NO, +hv - NO + O to be determined

10 O+Q+M— 03+ M 5.6 x 10°* cm® moleculé’ s*
11 O; + NO— NO, + O, 1.8 x 10** cn® moleculé' s*
12 O+NQ@—>NO+Q 1.0 x 10" cn?® moleculé' s*
13| O+NQ+M—>NO;+M 1.3 x 10°* cn® moleculé s*
14 NO; + NO— 2 NO 2.6 x 10" cnt® moleculé™ s*
15 O + NO + M— NO, + M 1.0 x 10°* cn® moleculé’ s*
16 2NO +Q— 2 NG, 2.0 x 10°® cm® moleculé® st
17 NO; + NO, — N,Os 1.9 x 10" cn moleculé' s*
18 NOs — NOz + NO, 6.9 x 10° st

19 NO; + O; — NOz + O; 3.5 x 10" cn® moleculé' st

The primary process (reaction (9)) is dependenlight intensity and the spectrum of
the light source while most of the other reactians related to the oxygen atoms that
are formed in reaction (9).

In their paper on the measurement of light intésiin smog chambers, Holmes
et al., [Holmes 1973] established the validity loé themical mechanism presented in

Table 2.1 and derived the following equation:

—2 o _ le[M] &[M] [NO] klO[M] [Oz]
din[No,] =+ k, Kk, [NO,|  Kk,[NO,] (Fa.2)
dt

where thek’s are the rate constants for the correspondingficess in Table 2.1.
According to equation (2noz can be obtained by measuring [N@s a function of the

reaction time.

Experimental results for Jno;

The experiments for the determinationJgé, at 312 nm and 365 nm have been
carried out in the atmospheric simulation chamisangia 5 % N@gas filling diluted in
nitrogen. In the first set of experiments, six langmitting at 365 nm were used and the
initial concentrations of N@varied between 0.99 and 1.95 x“lfholecule cri. In the
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second set of experiments, eight lamps emittin§1& nm were used and the initial
concentrations changed between 2.34 and 8.12 ¥ hblecule crii. The
concentrations of NOand NO were measured using a calibrated commekiiat
analyser (TEI 49 C). The sampling flow was 0.6 Inthi

Figure 2.9 shows the absorption cross sectiQs,, between 260 nm and 660 nm [JPL
2008]. onoz is 2.16 x 13° and 5.49 x 18° cn? moleculé® at 312 nm and 365 nm,

respectively.

-19 2 -1
T \oz /107" cm” molecule

300 400 500 600

Al nm

Figure 2.9: Absorption spectrum of Nfbetween 240 - 660 nm [JPL 2006].

In Figure 2.10 the concentration-time profiles BiC,], [NO] and [NOx] = [NQ] +
[NO] are presented at 312 nm. The total NOx comeéinh was found unchanged
during the experiment (Fig. 2.10) indicating cotesisy between the analysis method

and the reaction mechanism used.
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Figure 2.10: NO,, NO and NOx concentrations versus reaction timenguthe NQ
photolysis at 312 nm.

Figure 2.11 shows a plot of In[NDvs. the photolysis time. As seen, a straight Waes
obtained and the slope of which was used in Eqcalculate theyoo.
Since d In [NQ] / dt has been found constant and so the same atse @tphotolysis

time, when [NOj and [Q] are zeroEg.2 is simplified to:

-2 ‘JNOZ _ k13 [M]
dn[NO.] =1+ . (Eq. 3)
dt
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Figure 2.11: Plot of the consumption of NOn a typical photolysis experiment at 312
nm.

The NG photolysis rate constants measured at 312 nm @B@5anm are summarized
in Table 2.2, where the number of experiments &ednumber of lamps used for the

photolyses are also listed.

Table 2.2:Rate constants for Nphotolysis.

A/ nmand NE Of runs [NO,]o Jnoz Average Jno2
N° of lamps / 10" molecule cn?® /10°%s?t /10° st
3 8.01 1.055
312 nm 3 5.49 1.023 1.041 + 0.003
and 8 lamps
3 2.36 1.046
3 1.95 0.757
365 nm 3 1.48 0.676 0.692 + 0.040
and 6 lamps
3 0.99 0.642

| note thatlyo values are typically in the range (0.3 — 1.0) ¥ $8 in the troposphere
[Finlayson-Pitts and Pitts 2000]. A globally avesdgvalue of ~ 4 x IHs* can be
estimated by detailed modelling studies as repobgdVild and co-workers [Wild

2000] and similar values have been measured exeetaiy in the SAPHIR outdoor
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smog chamber facilitydno, = 7 — 10 x 18 s (clear sky conditions, noon, 28 July
2002) [Bohn 2004].

Actinometry using acetone photolysis

In this series of experiments, the photolysis @astant of acetondac, was
measured in the Teflon-bag chamber in synthetiata&tmospheric pressure in order to
determine the actinic flux at 254 nm where N&bsorbs only very weakly (Fig. 2.9).
Six experiments were carried out; the initial cortcation of acetone was varied
between (5 — 10) x bmolecules cii. Five lamps emitting at 254 nm were used for
the irradiation.

At this wavelength, acetone is known to photodiggecinto CO and Cglwith a
quantum yield of 1 [Atkinson 2006]:

CH3C(O)CH; + hy — 2 CH,CO + ChH (20)

CH;CO+M— CH; + CO + M (21)

The G molecules of the synthetic air captured thes@tlicals as non-reactive @B,
radicals thus preventing the reformation of acetoaeadical recombination reactions.

The photolysis rate can be expressed as

_ d[CH,C(O)CH;]
dt

= J,. x [CH,C(O)CH,] (Eq. 4)

After integration of the equation and plotting BH;C(O)CHslo / [CH3C(O)CHs)y)
against time, the photolysis rate constdnthas been obtained from the slope of the
straight line. Figure 2.12 shows the plotted valdetermined in the photolysis of
acetone at 254 nm. The photolysis rate constaafradat isJa.= (8.68 + 0.07) x 18 s™.

The following equation was used to calculate thénacflux F(1) (photons cnf s*) of

the five lamps emitting at 254 nm:

Jae (Eq. 5)

"N =0 o)
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whereJa. is the acetone photolysis rate coefficient)(sb(1) is the photodissociation
quantum yield (molecules photdnandsac(4) is the absorption cross section of acetone
(cn? moleculé’). From the literature, we gehe(254 nm) = 3.01 x I cn? moleculé

and @ac = 1 ati< 290 nm [Atkinson 2006]. The actinic flux is thealculated to be
F(254 nm) = 2.88 x 1§ photons crif s™.

In([Ac], / [Ac])

0 2000 4000 6000 8000 10000

time/s

Figure 2.12 Plot to determine the photolysis rate of acetah@54 nm in the smog
chamber.

2.2.4. Pyrex reactor setup used for the relative rate kinetics

measurements in Budapest

The relative rate (RR) kinetic measurements oftreaq6) were carried out in
Budapest using the experimental set-up shown iar€ig.13. For the production of OH
radicals, we used a modified movie projector bytplysing CHONO in synthetic air.

The light source was a 3 kW Xe arc.
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MBF WF IRF
Figure 2.13: Set-up for relative rate kinetics measuremeniudapest.
M = mirror, IRF = infrared filter, WF = water filte CAF= chrome alum filter,

MBF = methylene blue filter, TC= retractable theouople.

Pyrex reactor CAF

A parabolic reflector collimated the light of theeXarc to a parallel beam of
about 30 cm diameter. The infrared part was remdvech the irradiating light by
means of a heat reflecting mirror in the lamp hoarse a water filter was placed in the
light beam. Solution filters were used to isoldte tvavelength around 360 nm. The
filter combination reported Pearlyn and co-workees applied [Pearlyn 1977]: a 7 x
102 mol dm?® Cr,KOsS, x 12 KO (chrome alum) and a 3 x 2@nol dni® methylene
blue hydrate aqueous solution were prepared. Theerwidter, chrome alum and
methylene blue solution filters (12 cm optical patth) were placed between the light
source and the Pyrex-bulb reactor. The light intgnsansmitted through the water and
solution filters was measured with the Merlin spmghotometer, see Section 2.3.
Figure 2.14 shows the spectrum of transmitted lighe maximum is at 362 nm and the
FWHM (full width at half maximum) is 28 nm.
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Figure 2.14: The spectrum of the transmitted light of the Xmpaused for the RR
experiments in Budapest.

To maintain uniform reaction conditions in the diaed mixture, the Pyrex-bulb
reactor was rotated with a speed of 16 rpm and reomwas placed behind it. The
reaction temperature was measured with a retracthlelrmocouple inside the reactor
and was found constant in the whole reaction voluime302 * 4 K. The Pyrex reactor
was equipped with a thin glass tube which reachete centre of the reactor and it was
connected to a septum for gas chromatographic sisalfhe dead volume of the
sampling line was evacuated and flushed through tié reaction mixture at least 3

times before sampling.

A HP 5840A type gas chromatograph with flame ioaradetector was used to
follow the 2,3PD concentration depletion during thésed laser photolysis (PLP) and
relative rate kinetic measurements in Budapest.tik®rinjection of the gas sample, a
250 ul gas-microsyringe was used. To avoid the mmicgy arising from reproduction
problems during injections, a chemically and phbewically inert internal gas
chromatographic standard, perfluoro-cyclobutém€,Fg), was used premixed with the
reaction mixture. This GC standard does not ababrihe wavelengths used for laser

photolysis and the relative rate kinetic measurémeh DC 550 type column (length:
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45 m, internal diameter: 0.5 mm) was used to sépaine organic compounds at 80 °C,

N was the carrier gas.

2.3. Description of the Merlin spectrophotometer

The UV absorption cross section measurements ofp@pBanedione were
carried out using a home-built single-path UV / ¥gectrophotometer (Figure 2.15).
The central part of this apparatus is a digitalta@runit (Oriel, Merlin™ control unit),

hereinafter called “Merlin spectrophotometer”.

Chopper
blend, gas cell monochromator

neutralfilters gas mixture PM

- ; L ens |
e Al

' ‘/ 1T I I ‘ amplifier
N,— ~  thermostated N,— Uiermcsazted

liquid liquid

D, lamp

Figure 2.15: The Merlin spectrophotometer for determinationUd / Vis absorption
cross sections in the gas phase.

The main parts of the equipment are:

— D, lamp (Hamamatsu L2196, HB type, SQ cathode): théesson of
excited D molecules gives a continuous spectrum in a wider&hge. To avoid ozone
formation, which is toxic and absorbs UV light taenp was purged with N

— Gas cell: the light beam of.Damp was passed through the gas cell using
Surasil lenses, an iris blend and neutral filtdise absorption cell was 50.2 cm long,
made of quartz, and could be thermostated.

— Monochromator (Oriel 77200): the light beam leavitigg cell was
focused onto the entrance slit of the monochromatbe monochromator was also
thermostated since it was found to be very imporianorder to obtain accurate
absorption cross sections in previous measurenfidatasdi 2009].
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— Photomultiplier (PM), Thorn Emi 9781 B): the photoltiplier was
attached to the exit slit of the monochromator. ighty stable power supply provided
the 800 V high voltage to operate the PM. The alecurrent from the photomultiplier
was passed through a 10Q kesistance to be converted to voltage which wdgdea
digital control unit.

— Digital control unit (Oriel, Merlif¥ control unit): this part served as a
wide-range lock-in amplifier and provided contraidadata acquisition functions for

automatic recording of spectra using the R{fdbsoftware.

2.4. Description of the pulsed laser photolysis technique

The pulsed laser photolysis (PLP) technique wasl@yed to determine the
photolysis quantum vyield of 2,3-pentanedione at BFi using a XeF exciplex laser
(Lambda Physik, LPX 100). Other parts of set-upewer cylindrical quartz reactor, a
gas handling system, a gas chromatograph (HP %8%#Da laser energy meter (Gentec,
OE25SP-H-MB-DO).

The optical path length, internal diameter andwbkime of the quartz cell were 11.6
cm, 3.6 cm and 120.6 énrespectively. The reactor was equipped with asa@pling
port mounted with a septum joint to withdraw samsgfier analysis using a 250 pl gas
syringe (Figure 2.16). The dead volume of the sargpgine was evacuated and flushed
through two times with the reaction mixture befsaenpling.

The laser energy was measured with a laser eneefgrnThe transient voltage signal
of the energy meter was measured with an oscilfpsddiP, 54601A), and 64 laser
pulses were averaged. The laser energy enteringphbeolysis cell was measured
before and after the photolysis, their average waed for the quantum vyield

calculations, see Section 3.3.2. The energy wasalp~20 mJ pulse.
GC sampling

e

== Teflon valves

laser beam
-

Figure 2.16 The cylindrical quartz cell used in the pulseskelaphotolysis experiments
(Budapest).
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2.5. Materials

The different chemicals used in the experimentsanemarized in Table 2.3. At
EMD the carrier gases and reactants were used thengas cylinders without further
purifications. The liquid and solid compounds weteo applied as provided by the
suppliers.
At CRC Budapest, the carrier gas helium, used en(bF-RF) experiments was passed
through liquid-nitrogen-cooled silicagel traps lrefeentering the flow system. The
liquid compounds used were degassed by freeze-phawp-cycles to remove solved air
before preparing a gas mixture. 2,3-pentanediorex¢k) 98%) used in the experiments
in Budapest was purified by vacuum distillationgi(ées), and the purity was checked
by gas chromatographic analysis; the purity ofséi@ple was > 99 %.
Methyl-nitrite (CHONO) was synthesised following the classical procedTaylor
1980]. It was prepared in a three-neck flask byirsgidb0 % HSO, — H,O (ion
exchanged) to a saturated NaN$»lution of 50 % CEOH — H,O. The tubing of the
dropping funnel with SO, / H,O reached below the surface of the NaN©lution.
The flask was immersed in ice water bath and wawlglstirred. The methyl-nitrite
product of the synthesis was carried away by aastref N gas of the flask by
introducing N through one of the side arms of the flask. Theeotside arm was
equipped with a 20 cm long reflux condenser whias \attached to a trap containing
granulated CaGl CaC} served to remove the unreacted methanol and Wwatas. The
effluent CHONO / N, gas was led through a trap kept at — 80 °C -9@)~C by using
an ethanol bath cooled to the desired temperatyreadaing liquid nitrogen. An
absorbing tube filled with Caglgranulates was attached to the cooled trap todavoi
back diffusion of laboratory moisture. The methitkite product was obtained as a pale
yellow liquid. The trap with the collected GBINO was attached to a vacuum system.
The methyl-nitrite was cooled to liquid,Nemperature and was degassed by a multiple
pump-freeze-thaw cycles. After that it was warmpdairoom temperature and ~ 10 %
of it was distilled as a prefraction and was pumpedy. The middle fraction was
collected at M) temperature and about 10 % residual was ldfé middle fraction was
put to -75 °C (EtOH — Pl)) bath and was subjected to bulb-to-bulb distitin by
collecting again about 80 % middle fraction. Thasel procedure was repeated three

more times. The purified GONO was stored protected from light at the deepziee
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temperature of a refrigerator in a vial equippethwieflon valve. The purity of the
synthesised C#ONO was checked by GC analysis on a DC550 colunimgusIiD
detection. Only a small amount (< 0.15 %) of untded impurity was detected.

Table 2.3:Materials used in the experiments.

Materials Supplier Purity Reaction Aprﬁg(t:r?(t)ign
CH;C(O)OH Merck 96 % 1 reactant
CH;C(0O)OD Acrds Organics 98 % D 2 reactant
CH3D(O)OH CDN Isotopes 99.2% D 3 reactant
CHsD(0)OD Euriso-top 99.1%D 4 reactant

methanof Merck 99.9 % 1,3 RR

CDh;OD? Euriso-top 99.8% D 2,4 RR
methyl-ethyl-ketoné Sigma-Aldrich 99.9 % 5,7 reactant, RR
glycoladehyde Fluka >98.0 % 8 reactant
2,3-pentanedion®e Sigma-Aldrich T 6,7 reactant
Merck >98 %
ethanoFf Merck 99.9 % 7 RR
NO, (5% in He)" Linde AE
aceton€ Merck >99.9 % AE
Wa?e(r:gr?dsféu&oggiﬂnm ACS reagent 38% 8 cai::):::i)on
sodium-nitrite Sigma-Aldrich 99.5 % 14,7 &BNO synth.
methanol Riedel-de-Haén >99.7 % 1-4, 1 3ONO synth.
sulphuric acid Sigma-Aldrich 95-98 % 1-4,7 EMNO synth.
nitrogen Messer 99.5 % 14,7 ¢BNO synth.
calcium chloride Fluka >97.0% 1-4,7 ¢BNO synth.
argon Linde Gas 99.999 ¢ 57 DF-RF
helium Messer-Griesheim 99.996 % 5-7 DF-RF and PLP
NO, ¢ Messer-Griesheim 98 % 57 DF-RF
hydrogen Linde Gas 99.998 % 5-7 DF-RF, GC
F, (5% in 99.996% He Messer 6 PLP
xenon Messer 99.998 ¢ 6 PLP
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Table 2.3:(continued)

Materials Fabricant Purity Reaction Application
method
perfluoro-cyclobutane| g e, 99 % 6,7 GC standard
(C-C4F8)
air generatof >99 % 1-4, 6-8
Messer technical for the FID
purity of GC
CrzKOE;SZ x 12 I-LO . } . 0 . .
(chrom alum) Sigma-Aldrich >98 % 6 solution filter
methylene blue hydrate  Sigma-Aldrich >99.0 % 6 solution filter
ion changed CEDONO synth
water i
Merck 99.9 % HPLC analysis
acetonitrile Merck 99.9 % HPLC analysis
tetrahydrofuran Merck 99.9 % HPLC analysis
helium Linde Gas 99.996 % GC carrier gds
N, Messer 99.995 % GC carrier gas
cyclohexaned-C¢He) Merck 99.5 % OH-scavenger
1-pentene Merck 99 % OH-scavenger

% Reference compound in relative rate kinetic expernits (RR).
b Actinometry experiments (AE).
¢ 2,3PD from Sigma Aldrich was used in EMD, 2,3PénirMerck was used in CRC.
9 NO, was put from the gas cylinder into a cooled vessel was kept during 1 day
under Q to eliminate lower oxidation nitrogen-oxides. Aftéat, it was purified by

vacuum distillation and kept in dark before use.
© Air generator used et EMD (from Claind, type AZ2P0.
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Chapter 3: Results and discussions

3.1. Relativerate kinetic study of the reactions of OH

radicals with acetic acid and its deuterated isomers

Recently, the atmospheric chemistry of organic acds become again the
focus of interest since these organics contribigmifscantly to the acidity of the
atmospheric precipitation. The monocarboxylic acids example formic acid and
acetic acid, are responsible mainly for the acidityserved in the remote regions
[Andreae 1988].

Acetic acid is one of the most important oxygenatedatile organic compounds
(OVOCs) in the atmosphere. It contributes signifibato the atmospheric HGand Q
budget and the acidity of rain and cloudwater.hie troposphere, it is produced by the
reactions of peroxy-acetyl radicals (§3{O)O0) with HQ and CHO.:

CH3C(0)0O0 + HQ — CH,C(O)OH + Q
CH3C(0)00 + CHO, — CHsC(O)OH + CHO + O

CH3C(O)OH has got also direct sources: it is emittedatly from the vegetation, from
the soil [Talbot 1990], [Enders 1992] and from sngacks [Dibb 2002] . The
anthropogenic sources are also significant inclyidilomass burning [Talbot 1995] and
vehicle exhaust from transport [Kawamura 1985].

Reaction kinetics of the reaction betweens;CHD)OH and the OH radical have
been investigated in substantial detail in the p@astyears and it has been discussed in
a recent feature article [Carl 2007]. In contrd#grature data on the OH-initiated
reactions of the deuterated acetic acids are ymaxgse [Crunaire 2006, Singleton 1989,
Vimal 2006]. Kinetic data on the OH + deutero-aceitid reactions are useful for a
better understanding of the mechanism of the Oldtiaof CHC(O)OH itself and in

this way for assessing the impact of acetic acitherchemistry of the atmosphere.
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The following reactions were investigated [Szab0630

OH + CH,C(O)OH— products (2)
OH + CH,C(0O)OD — products (2)
OH + CD;C(O)OH— products (3)
OH + CD;C(0O)OD— products 4)

Henceforth,AA is used as a general abbreviation for all of the ficetic acid isomers
studied, whileds-AA, d;-AA, &-AA, andds;-AA, designate CkC(O)OH, CHC(O)OD,
CD3C(O)OH, and CRC(O)OD, respectively.

All experiments were carried out in the 250 L Taffeactor at Douai. The rate constant
of each reaction has been determine@l at(300 + 2) K and atmospheric pressure in air
buffer gas using the relative rate method (see Agpel). The OH radical precursor
was methyl nitrite (CBONO), it was synthesised following the classicabgedure
[Taylor 1980] and stored at -30 °C. The referencepounds, ref), were methanol
(CH30OH) for the kinetic study ofl;-AA, ds-AA and methanol-fd(CDsOD) for di-AA,
andds-AA The concentrations of reactants were followed &snction of the reaction
time by using a GC-FID; for details see Section2.Zhe GC analysis was started at 50
°C and the following programmed temperature heattag used: temperature was held
at 50 °C for 2 minutes, and then increased froniG@o 250 °C with a rate of 15 °C
min™.

The experimental conditions and results have beemsarized in Table 3.1.

Table 3.1: Experimental conditions and results for the OB Arreactions.

'\elng [AAL® | [reflo® | (ki/ke)tls | (ki+15)P

reactant (i)

CHsC(O)OH (1)| 2 05-2 | 03-15 | 0.70£0.10 6.3t 0.9

CHsC(O)OD (2)| 3 0.5-2 0.5- 2 0.46+ 0.08 1.5+ 0.3

CDsC(O)OH (3)| 2 05-2 | 03-15 | 0.70£0.10 6.3t 0.9

CDsC(O)OD (4)| 4 0.5-2 0.5— 2 0.28£0.04 | 0.90:0.1

2 1n 10™ molecule criv, reference compountef, is CHsOH for CH;C(O)OH and
CD:C(O)OH, and CBOD for CHC(O)OD and CBC(O)OD.
®In 10 cm® moleculé' s,
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Representative plots of IiP]o / [AA];) versus In (feflo / [ref])) are shown in Figures
3.1 and 3.2. The straight lines correspond to ealiregression on the experimental
data. The acetic acid isomealsgAA and ds-AA present identical rate constant ratios:
ki/koo = 0.70 + 0.10 andéts/ko, = 0.70 £ 0.10. Using the recommended rate constant
reaction OH + CHOH (22), ko, = (9.00 + 0.08) x 18 cn?® moleculé* s* [Atkinson
2006], the respective rate constant ratios camdmsiated to the absolute valuekpk
(6.3 +0.9) x 132 cn® moleculé' s* andks = (6.3 + 0.9) x 183 cm® moleculé' s™.

16— T T 17T 7T 7T T T T
14 |

1.2 |

1.0 _ y =0.696x + 0.215
0.8 |

0.6 -

In([AA], / [AA])

0.4 y =0.701x - 0.012 .

0.2

0.0 1 1 1 1 1 1 ] ] ] ] )

00 02 04 06 08 1.0 12 14 1.6 1.8 2.0 2.2
In([CH,OH], / [CH,OH])

Figure 3.1: Typical plots of In(AAlo / [AA]y) vs In ([CHOH]o / [CH3OH];) for AA =
CH3C(O)OH (squares) and GD(O)OH (circles). The InflAlo / [AA]ly) data for
CH3C(O)OH have been shifted by 0.2 for clarity.

The rate constant ratios fdi-AA andd,-AA differ by a factor of 1.6ky/kp3= 0.46 + 0.08
andki/koz = 0.28 + 0.04. For the reaction of OH + D (23), the rate constant value
of Parker et al. was usekhs = (3.2 + 0.2) x 10° cm® moleculé' s* [Parker 2009]. The
resultingk, andk, values arek, = (1.5 + 0.3) x 10% cm® moleculé' s*, andk, = (0.90

+ 0.1) x 10" cn?® moleculé* s*. Uncertainties do not include the uncertaintieshie
reference rate constants, which was re-estimatée #bout 15% for the OH + GEH
[Atkinson 2006] and at least 30% for the OH +4CID reaction [Szabd 2009].
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Figure 3.2: Typical plots of In(AA]o / [AA]y) vs In (JCD;OD]o / [CDsOD};) for AA =
CH3C(O)OD (triangles) and C{@(O)OD (rhombus). The IngAlo / [AA];) data for
CHsC(O)OD have been shifted by 0.2 for clarity.

A comparison of all the rate constant values tlaatehbeen reported for reactions (1-4)
in previous works is presented in Table 3.2 ([Khgareov 2006], [Butkovskaya 2004],

[Crunaire 2006], [Singleton 1989], [Vimal 2006],d&zsch and Stuhl 1982], [Dagaut
1988a], [Huang 2009)).
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Table 3.2: Comparison of room temperature rate constantsherreactions of OH
radicals with acetic acid and deutero acetic aditie. errors given are those reported by
the authors.

reaction (i) k; 2 reference
OH + CHC(O)OH (1) 5.99 £ 0.39 [Zetzsch and Stuhl 1982]]
7.4+0.3 [Dagaut 19883a]
8.6 +0.3 [Singleton 1989]
6.6 0.4 [Butkovskaya 2004]
6.5+0.3 [Crunaire 2006]
7.42 +0.06 [Vimal 2006]
8.50 £ 0.45 [Khamaganov 2006]
6.77 £0.14 [Huang 2009]
6.3+0.9 [Szabd 2009]
OH + CHC(0O)OD (2) 15+0.3 [Szabd 2009]
OH + CD;C(O)OH (3) 8.1+0.2 [Singleton 1989]
7.79 £0.08 [Vimal 2006]
6.3+0.9 [Szabd 2009]
OH + CD;C(0O)OD (4) 1.09 £ 0.09 [Vimal 2006]
09+0.1 [Szabd 2009]

21n20% cn?® moleculé' st

The rate constant for the OH d-AA reaction has been determined in several
investigations. My result is in good agreement witbse from previous studies, though
it is in the lower range of the literature valuesaote that my rate constant agrees very
well with the very recent absolute determinatiorkpf295 K) = (6.77 + 0.14) x 18
cm® moleculé' s* by Huang and co-workers [Huang 2009].

To the best of my knowledge, the rate constant oredsfor the OH +d;-AA (2)
reaction represents the first kinetic determination

Rate constants for the OH d3-AA (3) reaction have been reported in two papers
[Singleton 1989], [Vimal 2006], with which my reswgrees reasonably well: it is on
average about 25 % smaller. In view that Singletbal. and Vimal and Stevens applied
direct kinetic methods under very different expenmal conditions, the agreement is

satisfactory.
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Concerning the OH #,-AA (4) reaction, the agreement with the only deteatiom of

k4 available in the literature [Vimal 2006] is vergay, despite the fact that the authors
used much higher acetic acid concentrations (up3ox 13° molecule crif) than that
was applied in the present study (2 **Iolecule crif). It should be mentioned that
the uncertainty is still significant (only threeteeninations). Application of C¥OH as

a reference for the OH + GD(O)OD (4) reaction was unsuccessful because of the
occurrence of a significant isotope exchange reastin the reaction system.

A few conclusions can be directly established leykimetic data presented in Table 3.2.
The rate constant of the OH + @E{O)OH (1) is about 6-times higher than that of the
OH + CD;C(O)OD (4) indicating a significant primary kinetigotope effect. The rate
constant value of the OH + GE(O)OD (2) reaction is close to that of the OH +
CDsC(O)OD (4) reaction while it is only about ¥-th thiat of the OH + CBC(O)OH

(1) reaction. These findings are in accordance Whih literature suggestions, e.g.
[Butkovskaya 2004] and [Vimal 2006], that the acidH-atom is abstracted
preferentially in the reaction of OH with aceticicacFor further discussions of the
reactivity properties of the studied VOCs with O¢¢Section 3.5.
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3.2. Direct rate constant for the reaction of OH radicals

with methyl-ethyl-ketone

Methyl-ethyl-ketone (MEK) or butanone (GEXO)CH.CHs;) has a significant
concentration in the global troposphere [Singh 20@4originates both from direct
anthropogenic and biogenic sources, but it is mgsthduced from the photooxidation
of n-butane and >C5 iso-alkanes in the atmosphere §S2@94] [Sommariva 2008].
MEK occurs in relatively high concentrations in miasses for example in urban plumes
[Fehsenfeld 2006], coastal marine atmosphere [@wrlBA07] and rural mountain air
[Khwaja 2008], occasionally amounting up to 13 —%7of the total carbon detected
[Khwaja 2008]. MEK is removed from the atmospheranarily by its reaction with
OH-radicals [Szab6 2008] and to a lesser extert hys photolysis [Le Calvé 1998]
[Nadasdi 2010].

OH + CHC(O)CH,CH3z; — products (5)

This reaction was investigated previously by sdvesaearch groups, applying both
direct [Carr 2008], [Jiménez 2005] and relativeenatethods [Edney 1986], [Cox 1981].
Prior to my work, among the absolute rate constitérminations there was no rate
constant reported by the application of the theroatpressure discharge flow method
(DF). | have applied the DF technique with resoraficorescence (RF) detection of
OH. The measured rate constant was used in théveclate experiments of reaction
OH + 2,3PD (7), see Section 3.3.5.

The experiments were performedTat 297 + 3 K and = 3.17 £ 0.08 mbar pressure,
helium was the carrier gas. In Table 3.3, the erpartal parameters and kinetics
results are given, wherg is the linear flow velocity of the carrier gaks is the

pseudo-first-order rate constant agds the bimolecular rate constant for the reaction

(5).
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Table 3.3: Experimental conditions applied and kinetics resswbtained for the
reaction OH + MEK (5).

N° of

_ -1 a a b ! 1
vVicms [H] [NO7] [MEK] K's/s runs

(ks % 16) ©

1040 - 1127 0.81-5.180.98-6.95| 1.67-13.8648.3 -195.8 18 | 1.09+ 0.09

21n 10 molecule criv, °in 10~ molecule criv, ¢in 104 cnT moleculé’ s™.

The bimolecular rate constarg, was determined under pseudo-first-order condition
with [CH3C(O)CH,CH3] >> [OH]o =~ 4 x 13" molecule crii. The consumption of OH
radicals was significant on the reactor surface,htéterogeneous loss of OH was found
to obey also first-order kinetics. The experimemese carried out by using the so-called
“reactant-on reactant-off” measurement techniqueckvdirectly corrects for the wall
loss of OH radicals [Hoyermann 1975]. The wall-atyi was observed to be not
significantly different in the presence and absarfc@H;C(O)CH,CHs.

The following equations were used to evaluate ther€sonance fluorescence signals:

—In (SO 182" = K. (z/7) (Eq. 6)
k.= k; [CH3C(O)CH,CHs] + const (Eq. 7)
~In S =k, (z/7) (Eq. 8)

where V is the linear flow velocity of the carrier gasjs the reaction distanceS"

and S5' are the OH resonance fluorescence signal strengiths and without the

reactant methyl-ethyl-ketone flow, akgis the"wall-rate constant”.

In Figure 3.3 the semi-logarithmic decay plots piesented according to Eq. 6: as seen,
reasonably good straight lines were obtained. Th& data plotted vs. the reaction
distance, (Eq. 8) displayed also straight linesgxample is shown in Figure 3.3.
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Figure 3.3: Typical experimental OH decays presented in segadiithmic plots.

The typicalk, values measured in previous experiments at Butapse in the range
of 3 - 20 &, but in the current study tHe, has been found significantly larger in the
range of 18 - 625 It appears, however that the “on-off” techniquaes lsorrected for the
wall effects even in this case as demonstratedhdyiearity of the plots.

The slopes of the straight lines, such as thossepted in Figure 3.3, give the pseudo-
first-order rate constants. They have been plaea@ function of MEK concentration
and are shown in Figure 3.4. The relatively largatter of the data may indicate that
some non-reproducible wall effect has occurredhm éxperiments. The bimolecular

rate constant for the reaction OH + MEK is obtaimesdthe slope of the straight line

using linear least squares (LSQ) fitting procedure.
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Figure 3.4: Plot of pseudo-first-order rate constant versesMIiEK concentration.

The following rate constant value is proposed:

ks (297 K) = (1.09 + 0.09) x 1 cn?® moleculé' st

In a very recent IUPAC data evaluation [IUPAC 200%ae rate constants reported for
the reaction between OH radicals and methyl-eteybke have been critically
evaluated. The analysis included 4 direct and dtive rate kinetic studies which
applied pulsed photolysis and stationary photolysethods for the production of OH
radicals in the experiments. The rate constantevaliks (298 K) = 1.1 x 18 cn?
moleculé' s* has been recommended. The IUPAC recommendaticesgrery well
with our ks value. The agreement is excellent with a most nectudy as well:
ks (298 K) = (1.06 + 0.06) x 1% cn moleculé* s* which has been reported by Carr
and co-workers who used pulsed laser photolysispledu with laser induced
fluorescence (LIF) detection of OH [Carr 2008]. Aated above, all determinations in
the literature were done by using photolysis tegheai for the production of OH
radicals, while in my experiments the thermal H ®@,N-» OH + NO source was used.
The good agreement of the reported data indicatethe rate constant of the OH +
MEK (5) reaction has become well established, iddee
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3.3. Photolysis and OH reaction kinetics of 2,3

pentanedione

2,3-pentanedione (2,3PD, @E{O)C(O)CHCHj3), also called acetyl-propionyl,

is ana-diketone. It is a yellow liquid which is highlyainmable. Diketones are well
known as biodegradable solvents, inhibitors in mpalymerization reactions and as
substrates for the pharmaceutical industry [Burd2@5]. 2,3PD is a polar solvent with
high selectivity which can be due to the two butieybonyl groups substituted in a short
carbon chain and also since it is an efficient tete&cdonor molecule, and can form
hydrogen bonds with alcohols.
The following reactions were studied:

CH3C(O)C(O)CHCHj3 + hv — products (6)

OH + CHC(0)C(O)CHCH3z — products (7)

3.3.1. The absorption spectrum of 2, 3-pentanedione

The photochemical studies in Budapest were stawitddl the measurement of
the absorption spectrum of 2,3-pentandione. Thetspa was determined by using the
home-built Merlin spectrophotometer, (see Secti®).2A gas mixture of ~4 % was
prepared from 2,3PD and He in a vacuum manifoldgusi high precision mechanical
pressure gauge. This premixed gas mixture was kephe dark. | have used gas
mixtures that were stored for 1, 2 and 15 dayssbthe stability of the gas mixture. No
changes were observed in the spectra. The measuienesre performed under
stationer and slow-flow conditions as well, butdifierences were observed. Both the
monochromator and the absorption cell were theratedtto 298 + 1 K during the
measurements. The intensity of the analytical lightirce, D lamp was strongly
reduced by using neutral filters to minimize thdegmbial photolysis of the analyzed
samples. The 2,3PD concentration was varied bet@&sh- 2.26 x 18 molecule crit
and the total pressure was between 70 and 210 niibar.absorption spectrum was

determined over the wavelength rangé ef 210 — 450 nm. The wavelength-dependent
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absorption cross sections; spdl), were obtained from absorption measurements

applying the Beer-Lambert law:
I
|n[|—°j =0,40(4) | [2,3P0 (Eq. 9)

wherel is the optical path length (50.2 cniy,andl are the transmitted light intensities
in the absence and presence of 2,3PD, respectively.

Figure 3.5 presents a typical Beer-Lambert pld3%t nm, which was the wavelength
used for the laser photolysis measurement in Buelapée Beer-Lambert plots at all
wavelengths used in the photolysis and kinetic erpnts both at EMD and in CRC

Budapest obeyed straight lines with interceptsectoszero (see Appendix 2).
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Figure 3.5: Beer-Lambert plot of 2,3-pentanedione at 351 nm.

Figure 3.6 presents the absorption cross sectogpd of 2,3-pentanedione dt= 298

+ 1 K. The absorption cross section values arelasda in 1 nm intervals in Appendix
2. As seen in Figure 3.6, 2,3-pentanedione has bwad absorption bands in the
spectral range above ~220 nm: one in the UV andtiiner one in the visible range. The

maxima are at 270 nm and at 415 nm. There is somieation for a vibrational
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structure of the second band, which may have baereld, however, by the relatively
low resolution (~0.4 nm) of the Merlin spectrophuoteter. Absorption was observed
extended to even longer wavelengths in the vigidigon, but was not presented in the
spectrum above 450 nm because of the large saattérsignificant intercept of the
Beer-Lambert plots experienced at the analysihi@fdata. The absorption spectrum of
2,3PD is similar to that of biacetyl (GE(O)C(O)CH), in terms of the band positions,

absorption cross sections and band widths [Horodt1].
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Figure 3.6: Absorption spectrum of 2,3PD at room temperature.

In the literature, only Jackson and Yarwood puldilthe absorption spectrum
of 2,3PD [Jackson and Yarwood 1972], also in the ghase, see Figure 3.7. They
purified the sample by gas-liquid chromatographgck$on and Yarwood 1971], and
reported the purity to be 99.98 %. In our case, 28D was purified by multiple
vacuum distillations and the purity of the liquidgse was found better than 99 %. The
purity of the 2,3PD / He gas mixtures used forrgkihe spectra were also analysed:
they contained no measurable impurities. As seerrigure 3.7, our spectrum is
substantially different to that reported by Jackaad Yarwood [Jackson and Yarwood
1972]. The most characteristic difference is theyv&rong absorption band in the

literature spectrum with maximum at 253 nm and eukter at 280 nm. | note that we
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also observed this strong absorption band wherspleetrum was recorded with non-

purified 2,3PD, but this spectral feature disappdaafter purification of the sample.

16 ——— ————————————————
14 254 nm — this work
B ¢ e Jackson et al. 1972
121 - J
: R 362, 365 nm
10 - Y i =
i B 351 nm i

-20 2 -1
%ﬁm/10 cm molecule
o]
T

6
4
2
0 s i .
250 300 350 400 450
Al nm

Figure 3.7: Absorption spectrum of 2,3PD in the gas phaseigdated are also the
wavelengths at which the photolysis and kineticezxpents were carried out.

Table 3.4 presents the parameters of the lightcesuand the respective absorption
cross sections that were utilised in the photolgsid kinetic experiments of 2,3PD. In

the case of the absorption cross sections, the lemibs are 2 standard deviations.

Table 3.4: The FWHM values and maxima of the emission ofapplied light sources
along with the respective absorption cross secaifd3PD.

A/ nm FWHM 2/nm | 623pp/ 10%° cm? molecule®
351 - 0.910£0.160
Budapest
362 28 1.593 £0.212
254 - 5.585 £+ 0.446
Douai 312 11 0.788 £ 0.135
365 34 1.817 £ 0.165

& FWHM: full width at half maximum.
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3.3.2. Pulsed Laser Photolysis (PLP) study

The PLP measurements were carried out at 300 #abératory temperature to
determine the photolysis quantum vyield of 2,3-peathone at 351 nm using a XeF
exciplex laser. A gas mixture containing 4 mbarlpero-cyclobutaned-C4Fg), and 17
mbar 2,3PD filled to 555 mbar with synthetic airsyaepared and stored in dark in a 10
L bulb. Perfluoro-cyclobutane served as an integaal chromatographic standard. From
this premixed gas mixture, 85 mbar, containing %.30'° molecule cri? 2,3PD and
1.5 x 16° molecule crit ¢-C4Fg, was put into a cylindrical quartz reactor (Setti4.),
the mixture was filled up with synthetic air to TOfhbar and was allowed to mix at
least for one hour before photolysis. The lasegqUdemcy was 5 Hz, the energy varied
between 19 and 33 mJ per pulse.

The experimental data are presented in FigureEagh point is obtained from separate
photolysis runs. The data are plotted vs. the pulaser energ¥, (J shot) multiplied

by the number of laser shots the energy was measured in front of the entrance
window of the photolysis cell. The plotted experited data are the logarithm of the
ratio of 2,3PD concentrations measured with thel®fore and aften laser shots. The
2,3PD concentration was measured relative to thiéiteogas chromatographic standard.
The reaction time was varied between 15 and 12Qutesnand the conversion was

between 6 - 37 % during the photolysis.
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Figure 3.8: Depletion of 2,3PD concentration in pulsed lagetplysis experiments.

The plot of In([2,3PD]/ [2,3PD}) against it E) has provided a straight line (Figure
3.8). The slope of the straight line multiplied the second part of Eq. 10 gives the

photolysis quantum yield:

n12:3P0;
By - [2,3P0, .V Eoron €. 10
N Ecer 5300 | Tuindow
where,
[2,3PD}: 2,3PD concentration before photolysis,
[2,3PD}: 2,3PD concentration after photolysis,
n: number of laser shots,
Elaser laser energy,
V. volume of the quartz reactor,
Ephoton energy of one photon at 351 nm,
o23p(T, 4):  absorption cross section of 2,3PD=E51 nm),
l: length of quartz reactor,
fwindow: transmittance of the entrance winddfow(351 nm) = 0.930).
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The photon energy and the absorption cross sedgpend on the wavelength, V, |
andfyingow @are measurable parameters of the quartz readias, Bt a given wavelength
and at a given temperature using the same qudrtocthe photolysis experiments, the
slope of the straight line is just multiplied bycanstant to obtain the photolysis
quantum yield. The method has been developed and@&derived previously by the
Budapest group [Nadasdi 2007], [Nadasdi 2010].

The determined photolysis quantum yield at 351 navelength, 300 =+ 2 K
reaction temperature, in 1000 mbar synthetic ainesfollowing:

D 3pp (351 nm) =0.11+£0.01

3.3.3. Photolysis study in the Teflon-bag chamber

The photolysis of 2,3-pentanedione has been irgagstl in the Teflon-bag
chamber at Douai, using different types of fluoeggdamps for irradiation. 5 lamps
with a maximum emission at 254 nm (30 W), 6 lampstteng at 312 nm (20 W) and
also 6 lamps emitting at 365 nm (40 W) were usddm&asurements were carried out
in synthetic air at atmospheric pressure at 300 K. ZThe initial concentrations of
2,3PD were between (2.5 - 6.5) x*4@nolecule crii. In some of the experiments 1-
pentene was added as OH-scavenger to capture theadi¢dls potentially formed in
the photooxidation systems. The initial concentratof 1-pentene was 9.1 x 40
molecule crit. The significance of “dark reaction” (e.g., lo€s268PD on the walls of
the Teflon-bag chamber) was found negligible: th@es no observable change in the
composition (< 1 %) when the mixtures were allow@dtand in the dark for at least 3
hours. In the case of experiments at 254 nm, 3un8 were carried out, while at 312
nm and 365 nm 2 - 2 runs were performed, with aittlout the OH scavenger 1-
pentene.

The photolysis rate constants (“photolysis frequesig, J, 3pp Were determined
by monitoring the loss of 2,3PD via on-line GC gsa. Chromatographic separation
was achieved using a CP SIL 5CB column. Figure &8 Figure 3.10 present an
example for the depletion of 2,3PD concentratiorB3&% nm with and without OH

scavenger, respectively, where the In([2,3P0R,3PD}) date are plotted against the
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reaction time. The decrease of 2,3PD concentrdtiabeen found to follow first-order
kinetics at all three wavelengths used (see algipjmendix 3).J; 3pp Values have been

obtained by linear regression as slopes of thebtranes and are listed in Table 3.5.

In([2,3PD], / [2,3PD])

J.._ (365 nm) = (2.01 +0.04) x 10°s™

2,3PD

05 L R 1 ) ] R 1 R ] )
0 5000 10000 15000 20000 25000

time/s

Figure 3.9: A semi-logarithmic plot used to determine the phgts rate constant of
2,3PD at 365 nm in the presence of an OH scavenger.
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In([2,3PD], / [2,3PD],)

04} J . (365nm)=(2.56+0.05)x10°s” -

2,3PD

0 5000 10000 15000
time/s

Figure 3.10: A semi-logarithmic plot used to determine the phgtis rate constant of
2,3PD at 365 nm without OH scavenger.

Table 3.5: Photolysis rate constants measured with and witRddiscavenger at 254
nm?, 312 nm® and 365 nnf.

254 nm 312 nm 365 nm

Jo.3pp/ 10° s*

without OH-scavengerl 545 £003(3)| 1.92004(2) 256%0.05(2)

. Jo3pp/ 10° st 1605009 (3) 1402003 ror 2004 b
with OH-scavenge? V=S 40£0. .01 £0.

& The number of runs are given in the parentheses.
® OH-scavenger: [1-pentene]9.1 x 18* moleculée cn?’,

The photolysis rate constant obtained at 365 nrh Wit-scavengeid, 3p(365 nm) =
2.01 x 10° s*, was used to take into account the photolysis tds2,3PD in the RR
kinetics study in the Teflon-bag chamber experimentderiving the rate constant ratios
(see Section 3.3.5.).

The photolysis rate constants determined for 2,aRbDhigher by 15 % at 254 nm and
by ~ 25 % at 312 and 365 nm wavelengths in theralesef OH-scavenger. The OH
radicals that caused the additional consumptio2,8PD were probably formed via

secondary reactions involving peroxy-radical chémis the photooxidation systems.
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The formation of OH by the primary photodissociatiaf 2,3PD can not be excluded
either. Holloway and co-workers used the 248 nmtqilisis of the parent molecule,
2,4-pentanedione (2,4PD) as a source of OH radfoalghe pulsed laser photolysis-
laser induced fluorescence (PLP-LIF) kinetic expents of the OH + 2,4PD reaction
[Holloway 2005]. In this case, OH was generated ptismary photodissociation of
2,4PD, which is a well known photo-process for theolic-form pg-diketones
[Upadhyaya 2003]. In contrast, the 2,3PD existdl@m@nantly in the keto form that
would require more complex rearrangement to prodDek radicals via a primary
photochemical process.

The formation of products in the photooxidatio2@PD was studied using 254
nm irradiation. Two experiments were carried oule @ the absence of OH-scavenger
and the other one by adding 9.1 ¥“I@olecule crit 1-pentene to trap the OH radicals
potentially formed in the photoxidation system. Thigal concentration of 2,3PD was
1.9 and 5.5 x 1§ molecule crit. The analysis of reaction products was carried out
using HPLC: 300 ml of reaction mixture was samphath the DNPH cartridges, at
regular intervals, at about every 30 - 40 minufiésr ahe initiation of the reaction (see
Section 2.2.2.). The results are presented in Eigutl and Figure 3.12. Both figures
show the consumption of 2,3PD with increasing iafdn time. The rate of
consumption of 2,3PD is somewhat smaller in thegmee of OH-scavenger indicating
some extra consumption of 2,3PD beside the phosotigse to OH reaction.
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Figure 3.11: The photolysis products of 2,3PD at 254 nm with@H scavenger
(square, 2,3PD; circle, ethanal).

Figure 3.11 shows to build up of the product ethéina acetaldehyde) antiparallel to
the consumption of 2,3PD. This behaviour is thodghhdicate that CECHO is indeed
a product related to primary photochemical proceé8a)-(6b) of 2,3PD (see also in the
next section). The formation of ethanal can be arpd by the following

photooxidation processes that occur in the reacystem:

CHsC(O)C(O)CHCHs +hv — (6)
— CHsCO + CHCH,CO (6a)
—» CHyCO + CHCH, + CO (6b)
— CHsC(O)C(O) + CHCH, (6¢)

The CHCHS, radical undergoes the following reactions to fatmanal:
CH3CH; + O + M — CH;CH,0, + M
CH3CH,0; + CH,CH,;0, — CH3CHO + GHsOH + G
— 2 CHCH,O + O
CH3CH,0 + O, —» CH3CHO + HO;,

In this reaction scheme the reactions of ;C8, CHCH,CO and CHC(O)C(O)
radicals are not considered because they probaagndpose in fast reactions at the
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applied low wavelength (254 nm) photolysis. Presbhigahis was the reason that no
characteristic products for this acyl radicals, €g:C(O)OH, CHCH,C(O)OH, were
found among the reaction products. The formatiothefproduct ethanal can be taken
as evidence for the presence of{CH, radicals in the reaction system (formed either
directly in channels 6b, 6¢ or / and by decompaositf the CHCH,CO radical).

Figure 3.12 displays the measured kinetic curveth@enpresence of the OH-

scavenger, 1-pentene.

N
o
w
>
|
o

J

[2,3PD]/ 10" molecule cm®
o
/ .
N
[ethanal], [butanal] / 10" molecule cm®

~

0 50 100 150 200 250

time / min

Figure 3.12: Photooxidation kinetic curves for 2,3PD at 254 innthe presence of OH
scavenger (square, 2,3PD; circle, ethanal; triargleanal).

As noted, the depletion rate of 2,3PD is somewlmtes than in the absence of the
OH-scavenger. The build-up concentration ofCHO is of similar magnitude than
that without OH-scavenger. Surprisingly, the fonmatof a new significant product has
been observed which was identified rabutanal,n-CsH;CHO. The formation of this

product is probably originated from the photoxidatiof 1-pentene without any
connection to the photolysis of 2,3PD itself. Omsgble explanation for the formation
of n-butanal is the secondary reaction of 1-pentenke @H radicals potentially formed
in the photooxidation system. OH adds to 1-pentarethe oxidation of the hydroxyl-
alkyl radical involving peroxyl and alkoxyl radicamay give rise to the formation of
n-CsH,CHO.
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The formation of OH radicals in the reactions oflaadicals has been studied
in detail previously at CRC Budapest [Kovacs 200 Have joined the recent studies to
investigat OH formation in the GGH,CO + G and (CH);sCC(O) + Q reactions
[ZUgner 2010], [Szabd 2011b]. Significant OH vyield®re determined at the low
pressuresp(= 1 — 10 mbar of He) of the DF technique, but theddg decreased quickly
with increasing pressure and likely become entiredygligible at atmospheric pressure
[ZUgner 2011]. Therefore, the acyl radicals formadthe primary reaction steps
(6a)-(6¢) could not be sources of OH radicals athigh pressure investigations carried

out in the Teflon-bag reactgp € 1000 mbar).

3.3.4. Photochemistry of 2, 3-pentanedione

The photolysis frequencies determined for 2,3BRpp at the 312 nm and 365
nm wavelengths have been normalized for the diftephoton fluxes by using NO
actinometry (note that the emission spectra offlit@escent lamps and the absorption
spectra of 2,3PD and NQUPL 2006] overlap in a substantial wavelengtlgegn
The J; 3pp / Jaciinom Values in Table 3.6 have been utilized to estinaaiéintegral’ or
‘effective’ quantum yield [Tadic 2001], [Raber 199@2,3%‘*“, for the photolysis of
2,3PD with the broad-band fluorescent lamps wijthk = 312 nm and 365 nm peak
emissions andv = 12 nm and 34 nm full widths at half maxima, exspely. The

following expression was used:

1 1 1 1
5 GNCE(imax _5 Wj + Ono2 imax + E Ono2 (imax +§ Wj

xd Eqg. 11
Inoz ~0o A —:—LW +0 A +}a A +}W . = )
2 2,3P max 2 2FD ““max 2 23D max 2

In Eq. 11,®\02 is the quantum yield for NOphotolysis, which was taken unity [JPL
2006], [Raber 1995] over the whole wavelength rasfyelied; the absorption cross
sections of N@ ono2(4), were taken from [JPL 2006] for the calculationsd ahe
o23pd4) values from my own measurements. The estimatittafe quantum yields
areq52,3pDeff =0.41 £ 0.02 and 0.78 % 0.05 for the fluoresdantps withimax = 312 nm
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and 365 nm peak emissions, respectively. Trialutalons have shown only small
change in the effective quantum yields when moezlap between the emission spectra
of the lamps and the absorption spectra of W 2,3PD were taken into account.

In view of the fact that the fluorescent lamp us#d254 nm is practically
monochromatic, a ‘true quantum yield @ 3pp can be calculated by the results of the

acetone actinometry using Eq. 12 (see Section.2.2.3

Joaep _ Powo X Tapp _ Jasep X Ppc X O (Eg. 12)

[0)] =
2,3PD
Jac Dpe X Op Jac X G300

where,Jac is the acetone photolysis rate constant, (8.680%)0x 10° s* (see Section
2.2.3.). From the literature one obtaing(254 nm) = 3.01 x I& cn? moleculé" and
®Dpc = 1 ati< 290 nm [Atkinson 2006]J. 3pp and o2 3pp have been measured in my
present work. The photolysis rate constants and tgoaryields are summarized in
Table 3.6.

Table 3.6 Photolysis rate constants and quantum yieldsrméted in the Teflon-bag
reactor T = 300 + 2 K,p = 1000 mbar).

A J a Joi a
(nm) (1(2]?5'32_1) (1a(<;E§OST1) 100x(]2,3PE/Jactinom) @7 3pp

256 +0.05 (2)

365 + 34| Without OH-scavenger 0.69 + 0.040 200+0.18 0.78 + 0.05 ¢
201+£0.04 (2 9
with OH-scaveng

1.92+0.04 (2)

312 + 11| Without OH-scavenger 0.78 +0.003 1.80 + 0.0 0.41 + 0.0F ¢
1.40+0.03 (2) 9
with OH-scavengéet

545+0.03 (3)
2548 without OH-scavenger 0.0868 + 0.0007 5299 +1.1% 0.29 + 0.0%f

460+£0.09 (3 (6)
with OH-scavenge

4The number of experiments are given in the pareathésx 20 W (at 312 nm) and 6 x
40 W (at 365 nm) lamps and 5 x 30 W (at 254 nmewsed in the experiments.

P OH-scavenger: [1-pentene} 9.1x 10" molecule crit.

©UsingJ, sppvalues determined in the presence of OH-scavenger.

4 Effective quantum yield for 312 and 365 néi,zpo (See text).

¢ Practically monochromatic.

" Quantum vyield for 254 nm.

At the lowest wavelength, the photolysis quantueidydf @, 3p(254 nm) = 0.29 + 0.01

has been determined. This is a relatively small esabompared e.g. with the
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photodissociation quantum vyield measured for morma/ls at 248 nm laser
excitation [Nadasdi 2010], [Zhu and Zhu 2010]. Ippears therefore that the
photophysical quenching of the electronically ea@i2,3PD plays important role in the
photochemical mechanism at 254 nm.

Thermochemistry and the scarce information avalafstbom the literature
suggest channels (6a)—(6d) to be primary photobfsanels for 2,3PD at the relatively
low excitation energies of 312, 351 and 365 nm:

CH3C(O)C(O)CHCH; + hv

— CHsCO + CHCH,CO (6a)
AeH®208 = 302 kJ mot* [JPL 2006], [Kercher 2005] Jthreshold= 395 NM

— CHsCO + CHCH, + CO (6b)
AstH 208 = 344 kJ mol'{JPL 2006], [Kercher 2005] Mhreshold= 346 Nm

— CH5C(O)C(O) + CHCH, (6¢)
AsH%208 = 354 kJ moft [JPL 2006], [Kercher 2005]Jagiella and Zabel 2008]

Jthreshold= 336 NM

%D
- E&H (6d)
AsqH 205 < 274 kJ mot* Jthreshold™> 435 nm [Turro and Lee 1969]

The applied photolysis wavelengths of 312 nm, 3&ilamd 365 nm correspond
to the excitation energies of 382, 340 and 327 kI'mrespectively. Three different
C—-C photodissociation routes are energetically sstbke at 312 nm excitation,
channels (6a)—(6¢), while at 365 nm, only the fdramaof CHCO + CHCH,CO,
channel (6a), is feasible at ambient temperaturBse free radical product
CH3C(O)C(O) formed via channel (6¢c) may undergo deamsitipn depending on its
excess energy [Baeza-Romero 20(QJggiella and Zabel 2008] to form @EO and
CO. The photoisomerisation reaction (6d) may takacep at all three excitation
wavelengths studied; this channel has been proplegeturro and Lee in a classical
liquid-phase photochemical study [Turro and Lee 99&ee below). (The reaction

enthalpies for the different photolysis channelvehd&een obtained by taking the
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recently published standard enthalpy of formatib#i°,9s (2,3PD) = —343.7 + 2.5 kJ
mol™ from [Kercher 2005], and the other enthalpy datanf[JPL 2006], [Kercher
2005],[Jagiella and Zabel 2008].

Only little is known about the photochemistry oBRD from the literature.
Turro and Lee have studied the photochemistry ®PR, in solution at 435 nm [Turro
and Lee 1969]. They have shown that photolysis@®PPR forms 1-hydroxy-1-methyl-2-
cyclobutanone via an intramolecular photoreducgimcess, (6d), with a quantum yield
of ~0.06. Jackson and Yarwood have investigated therescence and
phosphorescence of 2,3PD in the gas phase at 385-and 436 nm [Jackson and
Yarwood 1971]. They have derived a rate constamression by the temperature
dependent quenching of the phosphorescence of 2[3&fBson and Yarwood 1971]
consistent with the (6d) photoisomerisation prod¢éssro and Lee 1969]. As presented
in Figures 3.11 and 3.12, the build-up of ethanat wbserved concomitant with the
consumption of 2,3PD at 254 nm indicating the omnwe of the photodissociation

channels (6a)—(6¢).

3.3.5. Kinetic study of the reaction of OH radicals with 2,3-

pentanedione

Direct (DF-RF) and relative-rate (RR) kinetic tetjues were employed to

determine rate constant for the reaction:
OH + CHC(0)C(0O)CHCH3 — products (7)
Direct kinetics experiments were carried out in 8pekst ail = 300 £ 3 K and relative-

rate experiments were done both in Budapest ancilxli = 302 £ 4 K and = 300 +
2 K, respectively.

Direct kinetic study (DF-RF), (Budapest)
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The low-pressure discharge flow technique coupléd vesonance fluorescence
monitoring of OH (DF-RF) was applied to determifis@ute rate constant for the OH
+ 2,3PD (6) reaction. The DF-RF apparatus has besaoribed in detail in Chapter 2.
Following were the experimental conditions: He buffjas was useg, = 2.49 + 0.03
mbar and the initial OH concentration was [@H] 3 x 13" molecule crit. A gas
mixture containing 2 % 2,3PD was prepared in He ayja$ was stored in 10 L Pyrex
bulb. This mixture was introduced through a sida at the upper end of the discharge-
flow reactor. The home-built spectrophotometer {®ac2.3.) was used to check the
concentration and stability of the mixture by meamyits absorption spectrum which
was compared with the 2,3-pentanedione spectrurh \itz& obtained with fresh
mixtures. The concentration of 2,3PD was also chédky GC. The mixture in the DF-
RF study was useable for about a week or so, trerefew 2,3PD / He mixtures were
prepared in every 3 — 4 days time.

The bimolecular rate constant for reaction (7) wasermined the usual way under
pseudo-first-order conditions, [2,3PD] >> [QH]The experimental parameters and
kinetic results have been summarized in TableBlhi&re v is the average linear flow

velocity, k 7 is the pseudo-first-order rate constant knid the bimolecular rate constant

for the reaction (7).

Table 3.7: Experimental conditions applied and kinetics rssuwbtained for the
reaction OH + 2 3PD (7).

l:lun(;f viems®| [Hj]® [NO2 % | [2,3PD]* k'7/ st (k7 £ 16) °

17 873-1058 0.9-5.2 0.9-5.0 48-46.9 84.1-18%.2.25+0.12

31n 10 molecule cnt, °in 10%cm® moleculé’ s™.

The experiments were performed by recording the f@<onance signal
strengths versus the varied reaction distagcejth ( SO") and without 85'), of the
2,3PD flow. Under the plug-flow condition of thewepressure DF technique, the
reaction time equalsx v * [Howard 1979]. The bimolecular reaction between &id
2,3PD was kinetically isolated from the interferirgpactions in the homogeneous gas
phase, but the consumption of OH was significanthensurface of the reactor which

was found to obey first-order-kinetics with an effee “wall rate constant” df,:
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OH + wall — products (w)

The equations which were used to evaluate the @binence fluorescence signals are

presented in Section 3.2.

The measured hydroxyl decays, when plotted accgrthn(Eg. 6), displayed straight
lines, indicating the validity of first-order kines. The slopes provided the pseudo-first-
order rate constank;, by linear least square analysis (LSQ). Some cgfpsemi-
logarithmic decay plots of the OH radicals are pnésd in Figure 3.13. An example is

shown for theS5' data plotted versus the reaction distance, wtsckeen to give a

straight line too providing,, (see Eg. 8).

I ' 1 ' I M I ' I '
At 11
83.5s"
I’\gc;’ -2 i | I’%
= 114.2s™ I
&5 | =
= [2,3PD] / 10'* molecule cm®
= 3t ]
® 0 A
m 6.29 1523s " |
v 15.15
-4 A 36.69 .
1 " 1 2 1 2 1 " 1 2
10 15 20 25 30 35

z/cm

Figure 3.13: Experimental OH decays presented in semi-logardipiot.

The plot of pseudo-first-order rate constant vef&&PD] is shown in Figure 3.14. The

slope of the straight line gives the bimoleculate raonstant for the reaction OH +

2,3PD. The following value was obtained by the L&@lysis:

k7 (300 + 3 K) = (2.25 + 0.12) x 16 cm® moleculé' s*
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Figure 3.14: Plot of pseudo-first-order rate constant versus #$H3-pentanedione
concentration.

Large heterogeneous effects were observed in tbteefkperiments portrayed by
very high OH consumption on the surface of the togaand a smaller than expected
signal magnitudes in the experiments that werdezhwut in close succession to each
other. Such effects are indications for the adsampbf 2,3PD on the walls of the
reactor and an enhanced heterogeneous reactiorthgitbH radicals. Similar behavior
was reported by Stevens and co-workers for disehdliayv reactions of OH with
different polar reactants including carbonyls (siBgasandorj 2009] and references
therein). These authors have reported the heteeogsreffects to be minimized by the
addition of Q. However, this option was not feasible in my expents since a
substantial reformation of OH was observed whengeryflow was added to the
reaction system that might have caused an undaasdn of the rate constants in the
measurements. Long evacuation time and conditioninthe walls of the flow tube
with OH radicals were used prior to each experimdnt this way, reasonable
reproducibility was achieved, but the bimolecukterconstant plot showed a significant
intercept (Figure 3.14), and tkg = 7 — 47 §' values were somewhat larger than the
usual wall consumption of OH (~3 — 20%sthat were observed previously in DF

experiments with inert wall coatings.
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The measured rate constant was not corrected swows flow and axial diffusion.
Instead, an 8 % contribution was included in theremargins to account for such
effects and other potential systematic errors. Thhe following rate constant is
proposed by the DF-RF studies for the reaction GH3PD:

k7 (300 + 3 K) = (2.25 + 0.30) x 1 cm® moleculé' s*

Relative rate kinetic study (RR), (Budapest)

Experiments were performed in a 10 L Pyrex reaat@tmospheric pressure in
synthetic air buffer gas. The photooxidation of ONMO was used to produce OH
radicals at 362 nm wavelength. The RR set-up amd litfht source transmission
spectrum are presented in Section 2.2.4.

The relative rate method (Appendix 1) was usedet@rthine the rate constant
of reaction (6). The reference compound was metthyi-ketone; the rate constant for
the reaction OH + MEK i&s = (1.09 + 0.09) x 1& cnm?® moleculé' s* at 297 + 3 K
([Szabé 2008] and Section 3.2.), which value agreedl with the IUPAC
recommendationks (298 K) = 1.1 x 18 cnt moleculé' s* with the error given as
Alogk = = 0.10 [IUPAC 2009a]. The Pyrex reactor was thighly evacuated before
each experiment to clean the walls.

A gas mixture, containing perfluoro-cyclobutareQyFgs, gas chromatographic
standard), methyl-ethyl-ketone (MEK), and 2,3PD was in a Pyrex bulb container
and filled with synthetic air to 1000 mbar; the centrations were 0.2 %, 1 %, and 2 %,
for c-C4Fs, MEK and 2,3PD respectively. 1.5 - 2.3 mbar;ONO and ~30 mbar from
this premixed gas mixture were measured in thexPygactor which finally was filled
up to 1050 mbar with synthetic air. The gas mixdunere freshly prepared and were
allowed to mix protected from light for at leash@urs before irradiation. The reaction
temperature wag = 302 + 4 K. Samples for GC analysis were withdrdwy a 250 pl
gas-syringe through a septum connected to a tAgsdlbe which reached in the middle
of the bulb (see Section 2.2.4.). The chromatodgcapbparation was achieved under
isothermal conditions at 80 °C. The photolysis timas varied between 10 and 40

minutes, and the conversion for the reactants wathe range 8 - 30 %. In a test
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experiment, the reaction mixture was allowed tmdttor 20 hours in the dark in the
Pyrex photoreactor: there was no observable lo#fseafeactants.

In Table 3.8 are presented the experimental camditalong with the kinetic results.

Table 3.8: Experimental conditions in the Pyrex reactor andekc results for the
reaction OH + 2,3PD (7).
N° of exp. [2,3PDj? IMEK] 0® | (k7/ks) 16| (k7+10)°

3 5.64 -6.01 7.90 - 8.49 1.89+0.03 2.06 +0.17

2 n 10" molecule cniv, ° in 10 cn moleculée' s™.

Figure 3.11 presents the plot used to determine rdte constant ratio from
measurements with MEK as reference compound acaptdiEquation 13:

In {—[Z’SPdO}—J x t :ﬁXIn{[MEK]O} (Eq. 13)
[2,3P0, | " ke | [MEK],

The photolysis of 2,3PD also took place to a smalident at the 362 nm wavelength
that was taken into account in (Eg. 13). In order determineJ,spp Separate
experiments were carried out by irradiating 2,3Rdr imixture in the absence of MEK
and CHONO. Single exponential decay was observed progidinep= 1.99 x 10 s*
as the decay constant. This value was used inl@do correct for the loss caused only
by the OH reaction: the correction was less th&n.9.inear least squares analysis of
the data plotted in Figure 3.15 have supplied #ite constant ratik; / ks = 1.89 + 0.03.
Taking ks = (1.09 + 0.09) x 16 cm® moleculé' s* from [Szabé 2008] and this work

the following value was obtained:

k; (302 + 4 K) = (2.06 + 0.17) x 16 cm® moleculé' s*
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Figure 3.15: Plot used to determine rate constant ratio fromsueements in the Pyrex
reactor.

Relative - rate kinetic study (RR), (Douai)

Experiments were carried out in a 250 L, collagsibeflon reactor in atmospheric
pressure air, at = 300 £ 2 K. Six fluorescent tubes emitting at 368 were used to
produce OH radicals by the photooxidation of JOMNO. This reactor and the emission
spectrum of lamp are presented in Section 2.2.ferBace reactions were: OH + MEK
(5) and OH + GHsOH (EtOH) (24). The rate constant of OH + MEK reéaatis:

ks = (1.09 + 0.09) x 16" cm® moleculé' s* at 297 + 3 K [Szab6 2008] and for reaction
OH + EtOH iskas = (3.38 + 0.30) x 16 cm® moleculé' s* at 298 K [Kovéacs 20086].
The selected value for this latter reaction agweel$ with the IUPAC recommendation
of kos = 3.2 x 10" cnt moleculé' s* with error given af\logk = + 0.06 T = 298 K)
[[TUPAC 2009b]. The Teflon reactor was purged seviimges with synthetic air before
each experiment to remove the residual gas mixtanesto clean the surface of the
wall. After that, the Teflon-bag reactor was filleal half with synthetic air, and then
2,3PD and one of the reference compounds weret@aieand evaporated in the small
glass vial (Section 2.2.2.) which was connecteithéosmog chamber. The next step was

the introduction of synthetic air into the Teflomactor. Finally, CHONO was added
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before the pressure in the reactor had reached m®@d. The gas mixture was kept in
the dark for at least 1 hour before the irradiativas started. The concentration
depletion of the reactants was followed as a fomcbf the reaction time by using a
gas-chromatograph equipped with flame ionizatiotecter; for details see Section
2.2.2. The GC analysis was started at 50 °C aholMied by a programmed temperature
heating up to 80 °C with a rate of 10 °C fhirthen the temperature was increased to
200 °C with a rate of 15 °C nifn

The wall-loss of 2,3PD was checked the followingyw& 3PD was introduced into the
reactor in 1000 mbar synthetic air and its coneioin was monitored by GC-FID for 5
hours by regular sampling. The wall-loss was foamaund 1 %; no correction for this
loss was made in the experiments. Table 3.9 predkatexperimental conditions and

kinetic results.

Table 3.9: Experimental conditions in the Teflon reactor andekic results for the
reaction OH + 2,3PD (7).

reference | N° of a a

reactant exp. [2,3PD]0 [ref]o (k? / kref)i 1o kit 1o
EtOH 2 2-3 4.3 0.74 +£0.02 2.50+0.23
MEK 4 1.2-2 2.8-4.2 1.79 £ 0.05 1.95+0.17

2 n 10" molecule cnt, °in 10 cn® moleculée' s

Figure 3.16 presents the plots used to determime rdte constant ratios from
measurements with ethanol and methyl-ethyl-ketosethe reference compounds
according to Equation 13. The measured 2,3PD cdratemn ratios were corrected with
J2.3pp Which is the photolysis rate constant of 2,3P3&4 nm (see in Table 3.5): the
correction was less than 15%. LSQ slopes of thagstr lines of Figure 3.16 provide
k; [ ks = 1.79 + 0.05 andt; / ko4 = 0.74 + 0.02 which are resolved to the follownate

constant values:

MEK referencek; (300 + 2 K) = (1.95 + 0.17) x I8 cn® moleculé' s*
EtOH referencek; (300 + 2 K) = (2.50 + 0.23) x 1§ cn® moleculé* s*
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Figure 3.16 Plots used to determine rate constant ratios ftenmmeasurements in the
Teflon-bag reactor. In the y-axis the data for M{&quares) have been shifted by 0.05

for clarity.

Table 3.10 presents the summary of obtained ratstaot values for reaction OH +
2,3PD (7). The error limits attachedkpvalues are 4 statistical uncertainties in which
the uncertainty of the reference reactions haven de&en into account by using

propagation of errors law. The average of the timed relative kinetic studies is:
k; = (2.19 + 0.22) x 1& cn?® moleculé' s*.

Table 3.10 Summary of obtained rate constant values forehetion OH + 2,3PD (7).
Budapest Douai Average

2.06+0.17 | 1.95+0.17

© RR

S - 250+0.2% | 2.19+0.22
+1

DF-RF| 2.25+0.30 -

31n 10% cm® moleculé s™.
b Reference reactant: MEKReference reactant: EtOH.
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It is noted thatk; has been found invariant to the reaction pressur@ wide range
between ~2 mbar and ~1000 mbar. The good agrederals credence to the reliability
of the results in particular that they were obtdifimm independent measurements in

two laboratories using different experimental teghas.

3.3.6. Discussion of the photolysis and OH-kinetic results of 2,3PD

Photolysis quantum yield for 2,3PD

As presented in the previous sections, the phaslggantum yield (QY) for
2,3-pentanedione was determined using 351 nm Xsff End 254 nm, 312 nm, 365 nm
fluorescence lamps at room temperature=(300 £ 2 K) in 1000 mbar air buffer gas
with the results of?,3g351 nm) = 0.11 + 0.01¢, 3p5 (254 nm) = 0.29 + 0.01
®y3p57(312 NmM) = 0.41 + 0.02 and, 3p5 (365 Nm) = 0.78 + 0.05. The QYs at longer
wavelengths are surprisingly high values and dispignificant disparity. They appear
high in comparison, e.g., with the long-wavelengtiotolysis QYs of monoketones
[Nadasdi 2010], and the 365 nm photolysis QY of dkdiketone biacetyl [Sheats and
Noyes 1955], and show no discernible trend with ¢thange of wavelength. On the
other side, however high quantum yields have beparted for the photolysis of tlhe
ketoaldehyde, methyl-glyoxal, GB(O)C(O)OH, even at around 400 nm wavelength
[Chen 2000]. No obvious reason can be given toaxphe inconsistency of the results,
and clearly, further investigations are neededeteminine accurate quantum yields. At
the present stage of my research, the average walhgspp~ 0.4 is proposed over the
wavelength range ~254-370 nm by noting the largeedainty of this datum which
probably represents an upper bound for the photoiciad change of 2,3PD.
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Rate constant for the OH + 2,3PD reaction

The recommended rate coefficient for the reactio®ld radicals with 2,3PD is
the non-weighted average of tkedeterminations:

k(300 K) = (2.19 + 0.22x 10 *%cm® moleculé® s™.

To my knowledge, no prior rate constant has begmorted for the OH + 2,3PD
reaction. The only othet-diketone that has been a subject of OH-kinetidysis 2,3-
butanedione (CkC(O)C(O)CH, or biacetyl). A rate constant value of (2.3 )02

103 cm® moleculé® s (T = 298 K) has been determined by Dagaut and co-evsiior
the OH + biacetyl reaction [Dagaut 1988b] in googreeament with a previous
measurement by Darnall and co-workers [Darnall 1.9VBe proposed rate constant for
the OH + CHC(O)C(O)CHCHs (7) reaction is ~10-times higher, which can be
rationalized, however, by the increased reactivitghe CH group not present in the
biacetyl molecule (see below).

A structural isomer of 2,3PD is 2,4-pentanedidhdRD), which is #-diketone.
Holloway and co-workers have carried out a detakiedtic study of the reaction of OH
with 2,4PD using both direct and relative kinetiethods [Holloway 2005]. The rate
constant they have reported is (8.78 + 0.58) x*1ém® moleculeé® s (T = 298 K)
which is more than 40-times higher than Kevalue | have determined for the OH +
2,3PD reaction. Holloway and co-workers have exydithe high rate constant by that
2,4-pentanedione exists in the gas phase predotlyinas the enol tautomer,
CH3C(O)CH=C(OH)CH, which undergoes fast addition reaction with the¢ @dical,
while the keto-form ketones react via the slowedrbgen abstraction reactions. In
contrast to 2,4PD, the vicinal diketone 2,3PD exgtedominantly in the keto form
wiht the enol form which is presented to a few patages, at the most, in the gas phase
at room temperature [Kung 1974], [SchwarzenbactyJ198oni 2008].

The reactivity properties of 2,3PD can be undestty the considerable
knowledge that has been gathered throughout the yeathe kinetics and mechanism
of the reactions of OH radicals with the aliphationo-ketones, see e.g. [Le Calvé
1998], [Wallington1987], and also the review papmsr Mellouki and co-workers
[Mellouki 2003]. The C=0 group slightly reduces thend dissociation energy (BDE)
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of a neighboring C—H bond [JPL 2006], [Espinosadizai2003], but it is strongly
electron withdrawing, which overrides the BDE-reigc effect, and so hydrogen
abstraction by the electrophilic OH radical beconhess facile at thex-position,
[Mellouki 2003], [Kwok and Atkinson 1995]. On theéher hand, a characteristic feature
of the OH reactions of (> 3 ketones is the increased reactivity of the CeHds at the
S-position [Wallington1987], [Mellouki 2003]. Thisatter effect is thought to be the
decisive factor in determining the pronounced ieagt of 2,3PD toward OH,
compared, for example, with propane, LH,CHs, which has got the same number
and types of H atoms, but its rate coefficienthewt half of that of the 2,3PD reaction
(k (OH + propane) = 1.1 x I cm® molecule® s, T = 298 K [JPL 20086))).

An important development for understanding the treéig of OH radicals with
polar organic molecules, including carbonyls, hasrbthe recognition of the important
role that weakly bound ‘prereaction’ (or ‘prereaet) complexes play in the molecular
mechanisms of the reactions, as it has been redig@mith 2002], [Hansen 2002],
[Galano 2008] and discussed in detail, e.g., inndte2003], [Alvarez-ldaboy 2004],
[Carl 2007]. Specifically, the role of hydrogen lbea complexes in enhancing the
reactivity of thef-C—H bond in the reactions of OH with aliphatic d&&ts has been
assessed by Alvarez-ldaboy and co-workers by quantbemical and theoretical
reaction kinetics computations [Alvarez-ldaboy 200Bhey have shown that the
prereaction complexes, C=HO--HpCs, significantly lower the reaction barrier via
hydrogen-bond-like interactions in the transitidats thus leading to increased rate

coefficients.
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3.4. Photolysis study of glycolaldehyde in the Teflon

chamber

The study which is presented in the following smtiiwas performed in Douai
by using the Teflon environmental chamber and tiedyaical instruments available at

this research site.

3.4.1. Literature survey on the atmospheric fate of glycolaldehyde

Glycolaldehyde, or hydroxyethanal (GA, HOGEFHO) is a type of a diose (2
carbon monosaccharide); it is a crystalline whitevgeer at room temperature. GA is an
important bio-ingredient because it can polymeinite higher forms of carbohydrates,
such as ribose, and glucose.

Primary atmospheric source of glycolaldehyde is disect emission from
biomass fires. Secondary sources include the amitladf several volatile organic
compounds (VOCs), such as ethene, 2-methyl-3-b24ein(MBO) and isoprene [Niki
1981], [Orlando 1999], [Ferronato 1998].

The atmospheric degradation of GA occurs via UVtplysis and OH-radical
initiated oxidation. The photolysis is an importéogs process in the atmosphere; it was
investigated by Bacher, Magneron and Zhu and cderer[Bacher 2001], [Magneron
2005], [Zhu and Zhu 2010].

Three photolysis channels are accessible at tr@piostvavelengthsi(> 290 nm) as
first proposed by Bacher and co-workers in theiogrmhamber studies [Bacher 2001]:

HOCH,CHO +hy — CH,OH + HCO (8a)
— HOCH,CO + H (8b)
— CHsOH + CO (8¢)

Magneron and co-workers proposed a fourth photelgisannel which directly produces
OH radicals [Magneron 2005]:
HOCH,CHO +hy — OH + CHCHO (8d)
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Table 4.1 presented in Appendix 4 summarizes tbdymt studies of glycolaldehyde
photolysis reported in the literature.

Beside photolysis, the reaction of GA with the Cddlicals is also an important
process to initiate its depletion in the atmosph&eaction OH + glycolaldehyde has
been studied by several research groups due wtntespheric importance. The rate
constant is of high value, as understood by thalyeabstractable H atoms in the
molecule; the IUPAC recommendationkg298 K) = 0.8 x 18* cn® moleculé" s*
[IUPAC 2007].

3.4.2. Results and discussion of the photolysis of glycolaldehyde

My objective was to determine photolysis rate canstlsa, for glycolaldehyde
at 4 = 312 nm and to estimate formaldehyde and methgroduct vyields
experimentally.

As a first step, the GC and HPLC calibrations weagied out for GA and for
the photolysis products, formaldehyde and methartw. calibration of GA and HCHO
was performed by HPLC using DNPH (dinitro-phenyilgzine) cartridges; CGiOH
was analysed by GC-FID.

The wall-loss of GA was determined before the stirtthe photolysis
experiments by allowing the mixture to stand in daek for 3 hours. The dark reaction
(wall loss) was found to represent less than 1 %tridmution compared with the
photolysis loss.

Three photolysis experiments were carried outrrmaatmospheric pressure and
atT =300 + 2 K using 8 lamps emitting at 312 nm; itigal concentration of GA was
(0.7 — 1.2) x 1 molecule cri. Cyclohexane was used in one of the experiments as
OH-scavenger: its initial concentration was 1.60%° molecule crii. The photolysis of
GA was started about 1 hour after injection inTedon-bag reactor.

The photolysis depletion of GA has been found tiovo first order kinetics
(Figure 3.18). As seen in Figure 3.18, the dateerdehe the same straight line
irrespective if the experiments were conductedhim presence or absence of the OH
scavenger cyclohexane. The slope of the In([GAA];) —t straight line has provided:

Joa (300K) = (1.48 + 0.05) x IBs?
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Figure 3.18 A semi-logarithmic plot used to determine the tohgsis rate constant of
GA at 312 nm.

The fact that no difference within experimentaloerhas been observed for the
measuredJsa in the presence and absence of cyclohexane magubeto that no
sufficiently high scavenger concentration was usdte experiment.

In Figure 3.19 are shown the concentration-timefilpo of GA and the
photolysis products for the experiments carried ewth (a) and without (b)
cyclohexane. The observed photolysis products i@realdehyde and methanol. As
presented in Figure 3.19, the formation of both KIC&hd CHOH occurs antiparallel
to the consumption of glycolaldehyde and their emiations approach constant values
at long reaction times. The concentration of fodellde was corrected for its
photolysis rate since formaldehyde has fairly hadgsorption cross section at 312 nm
(oucro = 1.19 x 1G° cn? moleculé€") and it is known to undergo photolysis at this
wavelength [Meller 2000]. The photolysis rate ofnfi@ldehyde was measured in the
following way: a solution containing 38% formaldeley (solvent: 10 % C#DH in
water) was vaporized in the glass vial (Figure 28 then transferred to the Teflon-
bag reactor (see Section 2.2.2.). After some dapsing, the photolysis was
performed for 90 minutes with 8 lamps emitting &2 3im. The analysis was carried out

using HPLC and DNPH cartridges (see Section 2.Z.Be photolysis rate constant,
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JicHo, Was obtained the usual way from the plot of Iig¢H], / [HCHOY],) vs. time.
The average of two experiments has providggio = (5.8 + 0.7) x 18 s*. This means
a large correction for measured HCHO yields inghetolysis experiments of GA that
may be the reason of the significant disparityhie HCHO results.
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Figure 3.19: Glycolaldehyde consumption and product formati@msus photolysis

time: (a) with and (b) without cyclohexane (squa@A,; triangle, HCHO; circle,
CH3OH).
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The product yields/wcno and I'chzon Were obtained as the ratios of the measured
maximal concentrations of HCHO (or @PH) and the initial concentration of GA.
Significant product yields were obtained, but wigoor reproducibility and no
perceptible dependence on the presence or abséice O@H-scavenger cyclohexane.
In view of the large scatter of the data and thmdy three experiments were carried out,
only approximate product yields can be given:

T'hcho = 10.4 — 26.7 % anbcpzon=1.8 - 8.7 %

The yield of HCHO is relatively high which impligsat the major photolysis channel
leads to CHOH and HCO (8a) followed by the secondary oxidat@dnCH,OH to
HCHO [Bacher 2001]. The GJ@H comes from the direct photolysis of glycolaldg@y
(reaction 8c). The methanol yield is in the ranggorted in the literature, but the yields
of formaldehyde are 2-3 times smaller compared hih results published recently
[Zhu and Zhu 2010], (see also Table 4.1 in Appeddlix
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3.5. The reactivity of OH radicals with carbonyls

Assessment of reactivity by the Structure Activity Relationship (SAR)

method

Due to the atmospheric importance of OH radicalgresat number of kinetic
data are available for their reactions in the ditere. The large data base permitted to
formulate relations between the molecular parametérganic compounds and their
reactivity, and to develop methods with which expentally not measured rate
coefficient for OH radical reactions can be estedaflThe most frequently used method
was proposed by Atkinson and was developed futiiektkinson and Kwok, which is
the “Structure Activity Relationship (SAR)” method\tkinson 1985] [Kwok and
Atkinson 1995]. This estimation schema is basedhenobservation that H abstraction
from —CH;, —CH—, >CH-, and —OH groups depend, beside the C-Hgitis, also on
the identity of the neighbouring groups (X, Y and Z

k(CHz—X) = kcns F(X)

k(Y=CHz—X) = kcnz F(X) F(Y)

k(Y-CH—-(X) =Z) =kcn F(X) F(Y) F(2)

k(OH-X) =kon F(X)
wherekcus, kchz, Ken, Kon are the generic rate constants of the H abstra@toon —CH,
—CH,—, >CH-, and —OH groups in the case of a givendstahneighbouring group that
is connected to them. X, Y and Z are the substitgeoups and th&(X), F(Y), and
F(Z) are the corresponding group factors. The stahdabstituent group chosen by
Atkinson is the methyl group (X =Y = Z = G4 and its group factor is taken to be
unity, by definitionF(CH3) = 1.00. The rate constant of a molecule for it$ @dical
reaction is given by the sum of the contributingabstraction group rate constants.
Atkinson has recommended rate constant data atk288d carried out a non-linear
least-squares analysis of the kinetic data avaldétdm the literature to derive(X)
values for different substituent groups [Atkinso®8%], [Kwok and Atkinson 1995].
Kwok and Atkinson in their later work have re-intigated the Structure Activity

Relationship methods using the available datab&s®f and Atkinson1995]; th&cys,
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kchz, Ken, Ko standard rate constants and the substituent salotore been tabulated by
the authors. The estimated rate constant valué€3tHbfadical reactions of nearly 500
organic compounds were predicted within a facto? off the experimental data for 90
% of the reported reactions.

On the relation between molecular structure and reactivity for OH radical

reactions

All elementary reactions that | have studied ardrbgen abstraction reactions.
Thus, the reactivity is expected to be influencedhe C-H bond dissociation energy of
the H atom abstracted. The smaller dissociatiomggnis known to give rise to higher
rate constants in the case of primary, secondatyteatiary C-H bonds for the reactions
of hydrocarbon with OH [Berkowitz 1994] [Atkinso®89].

Beside the thermochemistry, special inductive éffeadso influence the reactivity of
OH radicals with organics. OH radicals are knownb® electrophilic reactants: the
electron-withdrawing substituents decrease the @ikl constant and electron-releasing
ones increase the reactivity. Electron withdrawsupstituents are for example the
halogen atoms while electron-donating groups arexample the methyl- dert-butyl-
groups, etc.

In Table 3.13 are listed the room temperature kastants that | have
determined experimentally together with those estea by the SAR method (details of
the estimations are given in Appendix 5). A goodeagent has been obtained for the
rate constant of acetic acid and methyl-ethyl-ketobut the 2,3-pentanedione rate
constant is seen to be underestimated. This isusedhe currently available substituent
factor, F(>CO) does not reflect the activating effect of @(©)C(O)- group [Szabd
2011a]. Conversely, theE(-C(O)C(O)-) factor can be calculated by the ratestant
value that | have measured for the OH + 2,3PD i@aeind using the group parameters
given in [Kwok and Atkinson 1995].

k(2,3PD measured) kyim X F(~C(O)C(O)-) +ksec X F(—=C(0)C(0)-) XF(—CHg) + Kprim
x F(-CH,C(0)-)
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The estimation provideB(—C(O)C(O)-) = 1.55 which indicates a definite, buotaller
activating effect than that of the —@E{O)- group,F(-CH,C(O)-) = 3.9 [Kwok and
Atkinson 1995].

Estimation ofk values for the deuterated acetic acid reactionsotsfeasible
because there are no sufficient SAR parametersabl@i On the other han#gps can
be calculated by making use of my experimentalltesa give the group rate constant
of keps = 1.13 x 10° cn?® moleculé' s'. Comparing with the literature group rate
constant for the Ciigroup,kens = 1.36 x 13° cn® moleculé' s* [Kwok and Atkinson
1995], it can be concluded that deuterium substituieads to a decrease of the group

rate constant like in the case of deuterated atkghikinson 1985].

Table 3.13: Experimental rate constants for the studied OHti@as and comparison
with the estimated rate constant values using &R ®ethod at 298 K.

organics (i) ki (experimental) ki (calculated) ki (calculated)
9 / cm® molecule® s* | / cm® molecule® s* | k. (experimertal)

CHsC(O)OH (1) 6.30 x 16° 6.47 x 10° 1.03

CHsC(O)OD (2) 1.50 x 16° not calculated s
CDsC(O)OH (3) 6.30 x 16° keps = 1.13 x 10° :

CDsC(0)OD (4) 0.90 x 1%° not calculated -

CHsC(O)CH,CHjs (5) 1.09 x 107 0.97 x 10" 0.89

CHsC(O)C(O)CHCH; (6) 2.19 x 10 1.33 x 10 0.61

As seen in the last column of Table 3.13, the mradestant for reaction OH +

CH3C(O)OH could be estimated very well by using theRSAethod, and the estimation
works fairly well in the case of the OH + MEK react. On the other hand, the rate
constant estimated by the standard substituenvriagiiven in [Kwok and Atkinson

1995] supplies a significantly lower rate constaampared with that measured
experimentally. As discussed above, the reasonmglg that no proper substituent
factors are currently available to estimate thee rabnstant of the reaction
OH + 2,3PD (7).
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Chapter 4: Atmospheric implications

In my Thesis, | have dealt with the OH kinetics grebtochemistry of selected
OVOCs. The results allow the estimation of themaspheric lifetime. In general, the
troposheric lifetime of organics is determined hgit homogeneous reactions (mostly
OH reactions), photodepletion in case the moleabkorbs in the actinic region (> 290

nm), and heterogeneous processes of wet and dogitieps.

Acetic acid and its deuterated isotopes:

In my work, | have measured room temperature ranstants for the reaction of
OH radicals with acetic acid and a few rate cortstéor its deuterated counterparts.
Table 4.1 shows the tropospheric lifetimes whiclvenhbeen calculated by the rate
constants and [Olglpa = 1 X 16 molecule crif [Heard and Pilling 2003] using

equation 14.

1

i) = Eqg. 14
Ton (1) k x [OH]gIobaI (Eq )

The OH reaction lifetime of acetic acid in the wephere is 18 days which is in
accordance of literature recommendations basetdermbm temperature rate constants
[IUPAC 2009c]

Acetic acid does not photolyse in the atmosphareite most significant loss process is
the wet deposition which results in ~ 2 days Iifetias proposed by Sanhueza and co-

workers [Sanhueza 1996].
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Table 4.1: Troposperic lifetimes of the studied OVOCs witk tiespect to their reaction
with OH radicals.

. . ki (298 K) TOH (I)
organics (/) / cm® molecule’ s* / days
CHsC(O)OH (1) 6.30 x 16° 18.4
CHsC(0)OD (2) 1.50 x 16° 77.2
CDsC(O)OH (3) 6.30 x 16° 18.4
CDsC(0)OD (4) 0.90 x 16° 128.6
CHsC(O)CH,CHjs (5) 1.09 x 10° 10.6
CH3C(O)C(O)CHCH;s (7) 2.19 x 10° 5.3

Methyl-ethyl-ketone

The reaction of OH + MEK (5) was investigated wiitle low pressure discharge
flow technique and the rate constankef (1.09 + 0.09) x 1¢” cn?® moleculé' s* was
determined. The OH reaction lifetime of MEK is ~ ddys (see Table 4.1), which has
been estimated by the rate constant and takingr@rage global OH concentration of
[OH]giobai= 1 % 16 molecule crit similarly to acetic acid [Heard and Pilling 200Fhe
other tropospheric sink of MEK is the photolysisaddsdi et al. showed in their study
that theT- and p-dependent quantum yield of MEK and thelependentyex values
imply that the photolysis rate of MEK is less imtamt than the OH reaction up to a few
kilometers in the troposphere [Nadasdi 2010].

2,3-pentanedione

Since my work has provided the first kinetic andofolchemical results on
2,3PD, | am going to discuss its atmospheric fat@more detail.

The absorption spectrum of 2,3-pentanedione estdondlong wavelengths
(Figure 3.6) where the solar flux increases rapidlyhe troposphere, e.g., the flux is
~150 times higher at 400 nm than that at 300 nnthenEarth’s surface. Also, as
presented in Section 3.3.4, 2,3PD undergoes phetoichl changes with quantum

yields that are still fairly uncertain, but theyedrelieved significant even at relatively
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long wavelengths. These factors imply a likely $hainotolysis lifetime of 2,3PD,
Tphof2,3PD), in the tropospheren.(2,3PD) has been estimated by making use of the
measured photolysis rate constant ratigep / Jno2 from my present work, (see also
Table 4.2) and the reported global tropospherictgliggis rate constant (photolysis
frequency) of NG, Jnoz,wop [Wild 2000]:

J
‘J = ﬂ X ‘J NO2 trop (Eq 15)

2,3PDfrop — J
NO2

Tphot(2’3PD): 1

(Eq.16)

2,3PDfrop

Table 4.2: Summary of photolysis rate constants measured en Tflon-chamber
experiments

J;
organics (i) Alnm? Ji / 1055_1 Jactinometry ° —— x 100

‘] actinometry

254 (5) | 460+009  868+007 53.0 + 1.00
2,3-pentanedioné 312 (6) | 1.40+0.03  0.78 % 0.063 1.8 +0.04
365(6) | 2.01+0.04 069+0040 | 2.90+0.20

1%

glycolaldehyde 312(8) | 14.8 +05 1.04 £0.003 902z 0.20

4 The number of lamps used are given in the pareathe

® Photolysis rate constant measured for actinonmetiecules.
° NO; actinometry Jactinomeryin 10° s,

9 Acetone actinometrylacinomenyin 10° s,

In this mannerzne{2,3PD) = 3.9 hours have been estimated emplodingp / Inoz =
0.018 ¢ =~ 310-370 nm@, 3pp~ 0.4) from my measurements and taking the globally
averaged tropospheric photolysis frequencyngb wop= 4 x 10° s from [Wild 2000].
An alternative estimation procedure of using theasueed quantum vyields and
absorption cross sections along with tabulatechiacfluxes [Finlayson-Pitts and Pitts
2000] provides < 1 hour for the atmospheric phaiglyiifetime of 2,3PD during
daytime at mid latitudes on the ground level.

Similarly to other unsaturated carbonyl molecu@Hl;reaction can be important
initiation step for the tropospheric degradatior2(#PD beside photolysis. The value of
k; determined at laboratory temperature can be ueedstimate the tropospheric
lifetime of 2,3PD with respect to its reaction widH radicals,ron(2,3PD). With an
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average global OH concentration of [Qfha= 1 16 radicals cm® (24 h average)
[Heard and Pilling 2003], the tropospheric lifetineé zo4(2,3PD) = 5.3 days is
estimated (Table 4.1).

The wet deposition, that is depletion by cloud asmid water, is expected to be
only a slow process similarly to biacetyl and mogtokes [Sander 2010], in view of the
likely small Henry’s law constant of 2,3PD.

In summary, the estimations show that photolysithes dominant process to
determine the loss of 2,3PD in the troposphere.l&\this conclusion is believed correct
in qualitative terms, accurate lifetime can notdden as yet, mostly because of the
uncertainty of the photolysis quantum vyields. Ihated also that the simple assessment
used here is based on the assumption that 2,3Rihifermly mixed through the
troposphere that is probably not the case in vieéthe short lifetime of this diketone
and the average tropospheric transport time schaf2 ihonths). The short lifetime
indicates that 2,3PD will be removed rapidly cloge its local sources in the

atmosphere.

Glycolaldehyde:

The photolysis lifetime of glycolaldehydgyn.{GA), can be estimated from the
average of my measured photolysis rate constaativelto NQ photolysis frequency:
Jea /! Ino2 = 0.138 (see Table 4.2) and takidgho,wop~ 4 X 10° s from [Wild 2000]
which is the globally averaged tropospheric phaislyrequency of N@

J
‘JGA,trop = Ji xJ NO2 trop (Eq 17)
NO2
1
z-phot (GA) = ,J (Eq 18)
GA,trop

In this way, 7pne{ GA) = 30 minutes is obtained for the photolytic lifetimeGA in the
troposphere. This value is smaller than the pheisliifetime of ~ 1 day reported by
Magneron and co-workers [Magneron 2005]. The lorifetime of 7no{ GA) > 17.6 h

was also proposed in a most recent paper [Zhu dnd 2010]. One possibility to
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explain the disparity is that the literature lifeéis refer to the ground level while my
estimation gives a global average tropospheritife for glycolaldehyde. As discussed
in [Zhu and Zhu 2010], the OH-reaction of GA isa@imparable significance with the
photolysis under tropospheric conditions.

The Henry's law constant for glycolaldehyde is 4.10" M atm* at 298 K [Betteron
1988] which implies that wet deposition can alsocbasidered as a potential way of

depletion of glycolaldehyde in the atmosphere.
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Chapter 5: Summary

Objectives of this work

The OH-kinetics and photochemistry of selected exyed volatile organic
compounds (OVOCs) were studied in my PhD work. Gele of the model compounds
and their reactions was based on their interesbé&sic research and also because of
their importance for the chemistry of the atmosphdrhe following reactions were
studied:

OH + CHC(O)OH (d;-AA) — products Ky @
OH + CHC(O)OD (:-AA) — products Ko 2
OH + CD;C(O)OH (ds-AA) — products Ks 3)
OH + CD;C(O)OD (ds-AA) — products Kq (4)
OH + CHC(0O)CHCH3; (MEK)— products Ks (5)
CH3C(O)C(O)CHCH;s (2,3PD) +hv — products o23pp J23pp @230 (6)
OH + CHC(O)C(O)CHCHjs (2,3PD)— products ks (7
HOCH,CHO (GA) +hv — products Jea (8)

Reaction rate constantg;-ks, and k;, photolysis quantum yieldb, spp, and
photolysis rate constants;spn Joa Were determined. Absorption cross sections of
2,3PD, 02 3pp as a function of wavelength were also measurederinination of rate
constants for the OH reactions allowed to assestivdy-molecule-structure
relationships and to estimate the atmosphericirifes of the studied OVOCs with
respect to their OH reactions. The determined pi@mical parameters have provided
insight into the photochemistry of carbonyl molesulin general, and allowed to
estimate the photolysis atmospheric lifetimes & #tudied photochemically active
organics. Both the determined reaction kinetic phdtochemical data can be used as

input parameters for atmospheric modelling studies.
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Experimental methods

| have applied several complementary experimené&thods that are available in
the Chemical Research Center, Budapest (CRC, Batjaged at the Ecole des Mines
de Douai (EMD, Douai). All experiments were perfecat laboratory temperature
(T = 300 K).

The relative rate (RR) methodas applied to determine rate constant for
reactions (1-4) as well as for reaction (7) at apiheric pressure. In the application of
the RR method, the rate constant of the studiedtiozais compared with that of a
reference reaction, the rate constant of whichcsurately known. The experiments
were carried out both in a ~ 250 L Teflon-bag remeind a 10 L Pyrex bulb using the
photooxidation of CEHONO as the source of OH radicals. Fluorescent taineks Xe
lamp were the light sources. The following reactiomere used as reference: OH +
CH3OH, OH + CROD, OH + MEK and OH + ¢HsOH. Samples were withdrawn from
the reactors at different reaction times and thecenotration depletions of the organic
substrates were determined by GC analysis usingdeifiection. Rate constant ratios
were obtained that were put on the absolute scal@king the rate constants of the
reference reactions from the literature.

The direct discharge flow techniq@BF-RF) was applied to determine the rate
constants of the reactions OH + MEK (5) and OH 3PBR (7). OH radicals were
monitored by resonance fluorescence (RF) detectibemploying the DF method, the
reactions are carried out in a fast He flow (~ 1&™at a few mbar overall pressure.
The experiments were investigated under pseudpeiider conditions, with large
excess of the reactants over OH, by recording tResignal of OH radicals in the
presence and absence of the reactants. The OHaladiere produced by reacting
H atoms with a slight excess of MOH atoms were generated by microwave discharge
dissociation of K.

The absorption spectrunf 2,3-pentanedione was measured using a home-built
single-path UV / Vis spectrophotometer over the @ength range of = 210 — 450 nm.

Photolysis quantum yields and photolysis frequeaie,3PD were determined
at 254, 312 and 365 nm wavelengths in the Teflapfeactor using fluorescent lamps
for irradiation. The photolysis frequencies of ZBMWere made independent of the
photon fluxes by using N{Cand acetone actinometry and in this way effeagwantum

yields could be derived. Moreover, a XeF exciplager was used to determine the
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photolysis quantum yield of 2,3PD at 351 nm. Badtle taser photolysis and the
continuous photolysis with the fluorescent lampsrevearried out in atmospheric
pressure air. The consumption of 2,3PD was deteunas a function of reaction time
using GC-FID; the rate of light absorption was deieed by using a laser energy meter

and chemical actinometry.

OAH reaction kinetics of acetic acid and its deuterated isotopes

The reaction kinetics of OH + GB(O)OH (1) have been investigated in details
in the past few years by several groups, and itheg discussed in a recent feature
article [Carl 2007]. In contrast with this, onlyfew literature data are available on the
OH + deuterated acetic acid reactions. Kinetic datathe reaction of OH with
deuterated acetic acids are useful for a betteenstahding of the reaction mechanism
of the basis reaction OH + GE(O)OH (1). The RR kinetic measurements were aarrie
out in the collapsible Teflon-reactor in air at aspheric pressure afid= 297 = 3 K.
The reference compounds were methanol for@B)OH @dy-AA) and CRC(O)OH
(ds-AA) and deuterated methanol for gHO)OD (@;-AA) and CRC(O)OD (@ds-AA).
The following rate constant values were obtainkdOH + do-AA) = (6.3 £ 0.9),
ko(OH + di-AA) = (1.5 £ 0.3),k3(OH + d3-AA) = (6.3 £ 0.9) andy(OH + d-AA) =
(0.90 + 0.1) all given in I& cm® moleculé' s*. The rate constant for the acetic acid +
OH reaction agrees well with most of the literatdega. To my knowledge, the rate
constant for reaction OH eh-AA (2) represents the first kinetic determinationdl$z
2009]. The rate constants that | have determinedefactions (1) — (4), taken together,
confirms the literature view [Butkovskaya 2004]afC2007] that it is the acetic H-atom
which is abstracted preferentially, in contrastt tihehas got higher bond dissociation
energy than that of the C-H bond in the acetic avidecule.

OAH reaction kinetics of methyl-ethyl-ketone
The reaction OH + MEK (5) was studied by using theect DF-RF method
(T =297 £ 3 K,p =3.17 £ 0.08 mbar He). The following rate constaalue is

proposedks = (1.09 + 0.09) x 16 cn® moleculé' s*. The rate constant of this reaction
has recently been evaluated by IUPAC and the recamed value is 1.1 x 16 cn?
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moleculé' s* [IUPAC 2009a]. Important is that all previous deténations were
performed with photolysis techniques, while | happlied the thermal DF-RF method
[Szab6 2009]. The good agreement indicates thatatieeconstant of the OH + MEK (5)
reaction has become well established, indeed, arichave used this reaction and the
determinedks value for the RR study of 2,3PD.

Photochemistry and OH reaction kinetics of 2,3-pentanedione

The most detailed investigations were done withggBtanedione and most of
the results are reported the first time. 2,3PD mgdoto the family ofx-dicarbonyls,
several of which are of great importance for thenaistry of the troposphere, e.g.
glyoxal, methyl-glyoxal, and biacetyl.

Only little is known about the photochemistry o8RD from the literature in
contrast, e.g., with the aliphatic monoketonestam®e MEK, etc. As a first step of the
2,3PD studies, the absorption cross sections waterrdined: the absorption spectrum
of 2,3PD extends into the visible range and itharacterised by two broad absorption
bands. Photolysis quantum vyield (QY) of 2,3PD wasednined in the Teflon-bag
reactor at 254, 312 and 365 nm, and in a quartaisglg XeF exciplex laser at 351 nm
(T =300 + 2 K,p = 1000 mbar air). The following QY values wereabéd: P, 3p254
nm) = 0.29 = 0.01®,3p312 nm) = 0.41 = 0.02¢, 3pg365 nm) = 0.78 £ 0.05,
@, 3p351 Nnm) = 0.11 = 0.005. The,spp results determined above 300 nm are
surprisingly high values and display significargpdirity. They appear high compared to
the long-wavelengths photolysis QYs of monoketobes on the other hand, the
ketoaldehydes display high photolysis quantum gieeven at long wavelengths.
Further investigations are needed to explain tissrdpancy. At the current stage of
research, the average valued®af;pp~ 0.4 is proposed for the wavelength range ~310 —
370 nm.

To my knowledge, no prior rate constant has beparted for the reaction OH
+ 2,3PD (7). | have investigated this reaction lsyng both direct and relative rate
techniques. The direct measurements were carrieoh @F-RF apparatusl(= 300 = 3
K, p = 2.49 = 0.03 mbar He). The relative rate (RRhtegue was applied in the
experiments using the Teflon-bag and the Pyrextoeat ~ 1000 mbar synthetic air at
T =300+ 2 K andl = 302 * 4 K, respectively. The reference compoumelee methyl-

ethyl-ketone and ethanol. The direct and RR metl@l® supplied rate constants in
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good agreement with each other [Szabd 2011]. Tbemmenended average valuekis
(300 K) = (2.19 * 0.22) x I cn® moleculé' s*. The rate constant has been found
invariant to the reaction pressure in a wide rabgeveen ~2 mbar and ~1000 mbar.
The determinedk; implies significant enhanced reactivity comparedj., with the OH

+ propane and OH + 2,3-butanedione reactions krfoomn the literature. The relatively
high rate constant is attributed to the presendbéeCH group ing-position to one of
the carbonyl groups in the 2,3PD molecule. In otdexccount for the activating effect
of the vicinal carbonyl groups in a molecule, | bgwoposed th&(-C(O)C(O)-) =

1.55 value to be used in the group additivity eations of OH reaction rate constants.

Photolysis study of glycolaldehyde

The experiments were carried out in the Teflon-begctor in air at atmospheric
pressure and = 300 £ 2 K using UV tubes emitting at 312 nm waewngth The
photolysis rate constant (photolysis frequency)iieen determined to bésa = (1.48 +
0.04) x10* s*. Methanol and formaldehyde were detected as pRiztation products.
The methanol yield is in agreement with the literat but the yield of formaldehyde is
2-3 times smaller compared with literature resfdtsu and Zhu 2010]/ cro = 10.4 —
26.7 % and chzon = 1.8 — 8.7 %.

Reactivity of OH radicals with carbonyls

All reactions that | have studied are hydrogen raloibn reactions. My results
show that both thermochemical and inductive effestiience the reactivity of OH
radicals toward carbonyls. The presence of a Cxslightly reduces the C-H bond
energy in thea-position. This effect is, however, overcompensabgdthe negative
inductive effect of the carbonyl group that leadsatreduced reactivity. Such effects
have already been taken into account in the gralgiteity estimation procedure
developed by Atkinson and co-workers [Kwok and Afan 1995]: the estimated rate
constants agree well with my experimental detertiona. Entirely new is the
observation that the-diketone 2,3PD shows an increased reactivity Witth that can

be due to the formation of H-bonded complexes éréaction [Szabo 2011].
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Atmospheric implications

My experimental results provide information on themogenous depletion
processes of selected OVOCs, namely their OH maand photolysis.

In the case of acetic acid, the tropospheric fifetiston (do-AA) = 18 days with
respect to its OH reaction. Photolysis does noy plaole, but the atmospheric fate of
acetic acid is known to be determined essentiallwét deposition.

Concerning methyl-ethyl-ketone;y (MEK) is 11 days which is of comparable
magnitude with its photolytic lifetime [Nadasdi 21)1

The rate constant | determined for the OH + 2,3@d&xtion givesoy (2,3PD) =
5.3 days OH reaction lifetime in the tropospheree o its significant absorption in the
visible and the fairly large photolysis quantumlgjeghe photolytic lifetime of 2,3PD is
very short even at the ground level. According tpeatimation it iSpnet (2,3PD) = 3.9
hours [Szabo 2011].
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Appendix

Appendix 1: Rate constant determination using the

relative - rate method

Relative-rate (RR) method with gas chromatogragmalysis can be used to
determine relative rate constants. The advantagf@method is that it is not necessary
to know the absolute concentration of the measaheanical compounds. Generally,
the OH radicals are produced in situ in the reactioxture. This mixture contains also
a reference compound (RC) and other compound ¢C)yliich we wants to obtain the
rate constant.

OH+RC— H,O+R (R1)

OH+C—-H,O+C (R2)
The OH radical is produced by the photolysis 0fsONO or HONO. After switching
on the photolysis lamps generation of OH radicédst.sFor example for the case of
CH3ONO the following reactions take place:

CH3ONO +hy — CH30 + NO

CH30 + O, —» HO, + HCHO

HO, + NO— OH + NG,

We do not need to know the concentration of OHaaldj since they cancel in the rate
equations. Samples from the reaction mixture aedyaad with GC at selected times to
determine the concentration of [R@hd [C]. The rate constants for reactions R1 and
R2 can be given by the following way:
drg] dd]
dt dt
Integrating and combining the equations and conisigehe concentration of OH is

= ke, [OH][RC]  and = kg, [OH][C] (Eq. A1)

constant, one obtaines:

[C] _ ke
[ kT [RC,

In (Eq. A2)



The plot of In([C] / [C]o) vs. In([RC] / [RC]o) should give a straight line and its slope
gives the ratio of rate constants, / kr;. Obviously,if kg, is reliably known from

measurements by other techniques, tharcan be obtained accurately.



Appendix 2: Table of absorption cross section of 2,3-
pentanedione and Lambert-Beer plots at wavelengths used

in the experiments

Table A2.1: Absorption cross section of 2,3-pentanedione

20 20
A/ nm 622’3PD/ 10 4 | %2 stdev. A/ nm 622’3PD/ 10 4 | +2 stdev.
cm” molecule cm” molecule
210 4.698 1.394 251 5.273 0.454
211 3.669 0.983 252 5.388 0.467
212 3.129 0.889 253 5.504 0.452
213 2.595 0.873 254 5.585 0.446
214 2.188 0.768 255 5.713 0.505
215 1.705 0.635 256 5.816 0.469
216 1.529 0.616 257 5.915 0.476
217 1.445 0.519 258 6.044 0.436
218 1.380 0.536 259 6.123 0.436
219 1.291 0.477 260 6.157 0.444
220 1.395 0.492 261 6.211 0.487
221 1.303 0.380 262 6.224 0.424
222 1.371 0.511 263 6.254 0.391
223 1.477 0.493 264 6.251 0.386
224 1.556 0.430 265 6.302 0.404
225 1.617 0.401 266 6.331 0.373
226 1.674 0.420 267 6.387 0.334
227 1.761 0.364 268 6.396 0.316
228 1.869 0.369 269 6.452 0.316
229 2.005 0.390 270 6.440 0.347
230 2.128 0.389 271 6.403 0.317
231 2.184 0.343 272 6.364 0.299
232 2.364 0.327 273 6.316 0.332
233 2.463 0.379 274 6.250 0.329
234 2.651 0.386 275 6.203 0.312
235 2.860 0.405 276 6.152 0.302
236 3.015 0.418 277 6.079 0.273
237 3.179 0.446 278 6.045 0.279
238 3.271 0.433 279 5.941 0.247
239 3.389 0.446 280 5.835 0.262
240 3.569 0.473 281 5.695 0.289
241 3.788 0.476 282 5.564 0.244
242 3.958 0.465 283 5.385 0.254
243 4.097 0.465 284 5.229 0.250
244 4.273 0.453 285 5.042 0.250
245 4.382 0.476 286 4.842 0.241
246 4.537 0.515 287 4.625 0.249
247 4.736 0.478 288 4.449 0.243
248 4.931 0.534 289 4.263 0.247
249 5.048 0.499 290 4.077 0.237
250 5.173 0.471 291 3.889 0.222




Table A2.1 (continued)

20 20
A/ nm 622’3PD/ 10 4 | %2 stdev. 2/ nm 622’3PD/ 10 4 | +2 stdev.
cm” molecule cm” molecule
292 3.696 0.218 339 0.536 0.156
293 3.462 0.202 340 0.568 0.149
294 3.272 0.209 341 0.583 0.172
295 3.024 0.202 342 0.622 0.167
296 2.857 0.186 343 0.643 0.169
297 2.641 0.206 344 0.678 0.158
298 2.441 0.218 345 0.692 0.138
299 2.231 0.183 346 0.720 0.130
300 2.078 0.172 347 0.784 0.163
301 1.946 0.159 348 0.831 0.170
302 1.804 0.149 349 0.870 0.178
303 1.700 0.147 350 0.890 0.167
304 1.585 0.164 351 0.910 0.160
305 1.480 0.133 352 0.968 0.174
306 1.364 0.158 353 1.046 0.188
307 1.259 0.142 354 1.070 0.179
308 1.156 0.149 355 1.124 0.166
309 1.043 0.155 356 1.177 0.173
310 0.963 0.167 357 1.243 0.159
311 0.866 0.155 358 1.312 0.182
312 0.788 0.135 359 1.353 0.182
313 0.708 0.143 360 1.438 0.184
314 0.662 0.139 361 1.532 0.208
315 0.594 0.145 362 1.593 0.212
316 0.545 0.116 363 1.672 0.198
317 0.517 0.121 364 1.744 0.193
318 0.516 0.116 365 1.817 0.165
319 0.492 0.112 366 1.897 0.180
320 0.441 0.112 367 1.990 0.197
321 0.427 0.131 368 2.108 0.245
322 0.400 0.145 369 2.188 0.246
323 0.388 0.150 370 2.255 0.272
324 0.381 0.149 371 2.356 0.293
325 0.390 0.136 372 2.444 0.225
326 0.366 0.129 373 2.533 0.219
327 0.364 0.139 374 2.632 0.252
328 0.374 0.146 375 2.720 0.215
329 0.377 0.144 376 2.810 0.214
330 0.368 0.147 377 2.893 0.201
331 0.385 0.132 378 3.011 0.240
332 0.406 0.148 379 3.135 0.272
333 0.404 0.147 380 3.249 0.300
334 0.420 0.139 381 3.412 0.403
335 0.435 0.152 382 3.526 0.315
336 0.469 0.157 383 3.666 0.327
337 0.486 0.160 384 3.792 0.351
338 0.508 0.148 385 3.993 0.327




Table A2.1:(continued)

20 20
A/ nm 622’3PD/ 10 4 | %2 stdev. 2/ nm 622’3PD/ 10 4 | +2 stdev.
cm” molecule cm” molecule

386 4.058 0.261 419 7.542 0.559
387 4.198 0.338 420 7.243 0.424
388 4.337 0.339 421 6.935 0.428
389 4.495 0.381 422 6.669 0.292
390 4.589 0.300 423 6.414 0.336
391 4.718 0.286 424 6.072 0.370
392 4.806 0.277 425 5.783 0.280
393 4.889 0.325 426 5.561 0.283
394 4.979 0.379 427 5.362 0.295
395 5.029 0.416 428 5.254 0.366
396 5.144 0.310 429 5.220 0.308
397 5.275 0.291 430 5.049 0.275
398 5.420 0.331 431 4.907 0.298
399 5.500 0.443 432 4.765 0.312
400 5.668 0.541 433 4.555 0.251
401 5.785 0.501 434 4.413 0.305
402 5.966 0.361 435 4.273 0.261
403 6.177 0.345 436 4.051 0.298
404 6.417 0.391 437 3.968 0.256
405 6.676 0.467 438 3.916 0.250
406 6.910 0.447 439 3.870 0.354
407 7.192 0.555 440 3.895 0.258
408 7.403 0.486 441 3.913 0.285
409 7.643 0.401 442 3.888 0.309
410 7.905 0.404 443 3.806 0.303
411 8.134 0.418 444 3.597 0.240
412 8.400 0.423 445 3.464 0.219
413 8.528 0.400 446 3.274 0.219
414 8.585 0.376 447 3.118 0.209
415 8.609 0.397 448 2.964 0.227
416 8.450 0.359 449 2.825 0.234
417 8.202 0.363 450 2.724 0.208
418 7.900 0.405
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Figure A2.1: Lambert-Beer plot at the first maximum
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Figure A2.3: Lambert-Beer plot at 254 nm
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Appendix 3: Semi-logarithmic plots used to determine the

photolysis rate constants of 2,3PD at 254 nm and 312 nm

In([2,3PD], / [2,3PD],)

A2y (254 nm) = (5.45+0.03) x 10°s”

1.4 L . 1 . 1 . 1 . 1
0 5000 10000 15000 20000

time/s

Figure A3.1: A semi-logarithmic plot used to determine the phaiis rate constant of
2,3PD at 254 nm without OH scavenger

In([2,3PD], / [2,3PD],)

[ Jz,sPD

.08 L 1 1 . 1
0 5000 10000 15000

(254 nm) = (4.60 + 0.09) x 10° s

time/s

Figure A3.2: A semi-logarithmic plot used to determine the phglis rate constant of
2,3PD at 254 nm with OH scavenger
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In([2,3PD], / [2,3PD],)

(312 nm) = (1.92 £ 0.04) x 10° s™

"/2,3PD

03l 1 . 1 .
0 5000 10000 15000

time/s

Figure A3.3: A semi-logarithmic plot used to determine the phglis rate constant of
2,3PD at 312 nm without OH scavenger
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Figure A3.4: A semi-logarithmic plot used to determine the phglis rate constant of
2,3PD at 312 nm with OH scavenger
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Appendix 4: A literature survey for the photolysis reaction of glycolaldehyde

Table A4.1 Products yields of photolysis of glycolaldehyéearted in different studies

[GAlo

OH-scavenger

0, 0, 0, 0, 0,
/16" molecule crri® HCHO (%) | CO (%) | HCOOH (%) | CH ;0OH (%) CO, (%) Smog chamber or OH-tracer Reference
47L, stainless steel
4 41+4 | 54 +6 7 +3 9 +2 31 +¢ Photolysis chamber, _ [Bacher 2001]
filtered xenon lamps
(240 — 440 nm)
4 none
- + +13 + + —
10 - 42 95+19 61+1 61 4+l 44.2L, quartz cell, cyclohexane
) TL12 sunlamps
7.74 81 +5 _Same products asin the absence of cyclohexa_ne (275 — 380 nm) 10-100 excess
Yields not determined due to IR bands overlapping of cyclohexane
ltativel e butyl [Magneron 2005]
qualitatively . i-n-buty
54+20 94 +20 7+l detected 200 i, outdoor smog ether
06-1.8 chamber,
not. 70 not quantified — — iradiation by solar light cyclohexane
quantified
41+5 60 + 9 742 741 . stainless steel cell L
(308 nm) low pressure
100 - 1000 . [Zhu and Zhu 2010]
stainless steel cell,
365 55+4 19+3 4+1 — presence of §(1-8 torr) —

(308 nm)
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Appendix 5: Estimation of rate constants by the SAR
method (T = 298 K)

OH + CHC(O)OH:
K(CHsC(O)OH) =Korim X F(—C(O)OH) +kon X F(CC(O)-) =
=(1.36 x 0.74 + 1.4 x 3.9) x 1= 6.47 x 1d° cm® moleculé' s*

OH + CD,C(O)OH:

k(CDsC(O)OH) = 6.30 x 1®° cnt® moleculé* s*

k(CDsC(O)OH) =kcps x F(—C(O)OH) +kon x F(CC(O)-)

6.30 x 10 cn® moleculé' s = (keps % 0.74 + 1.4 x 3.9) x 18 cn?® moleculé' s*
keps = 1.13

OH + MEK:
k(MEK) = kprim X F(>CO) +ksecx F(—CHs) X F(>CO) +kprim F(_CHZ—)
k(MEK) = (1.36 x 0.75 + 9.34 x 1 x 0.75 + 1.36 x3).& 10" =0.97 x 10 cn?®

moleculé! st

OH + 2,3PD:
K(2,3PD) =Kprim X F(>CO) +ksec X F(>CO) XxF(—CHg) + Kyrim X F(~CH,C(0)-)
k(2,3PD) = (1.36 x 0.75 + 9.34 x 0.75 x 1.0 + 1.389% x10"° = 1.33 x 1¢*? cn?

moleculé! st

The F(—C(O)C(O)-) can be derived by using our measuasl coefficient:

k(2,3PD) measured kyim x F(—~C(O)C(0)-) Hsec X F(—=C(O)C(O)-) xF(—CHg) + Korim
x F(-CH.C(O)-)

21.9 x 10" = (1.36 xF(—C(0)C(0)-) + 9.34 ¥(-C(0)C(0)-) x 1.0 + 1.36 x 3.9) x
10—13

F(-C(O)C(0)-) = 1.55

-13 -
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Abstract

The low-pressure discharge flow technique with resonance fluorescence
monitoring of OH has been applied to study the kinetics of the overall reaction:

OH + CH;C(O)CH,CH; — products (1)
The rate constant of k; = (1.09 + 0.09(16)) x 10™? cm® molecule™ s~ has been
determined at 7 = 297 £ 3 K. This value agrees well with the IUPAC

recommendation which is based on photolysis kinetic studies.

Keywords: Atmospheric chemistry, hydroxyl radical, butanone

INTRODUCTION

Methyl-ethyl-ketone (CH3C(O)CH,CH;, butanone, MEK) occurs in
significant concentration in the global troposphere [1] where it has both direct

* Corresponding author. E-mail: dobe@chemres.hu
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anthropogenic and biogenic sources, and it is formed also via the atmospheric
photo-oxidation of n-butane. MEK is removed from the atmosphere primarily
by its reaction with OH radicals [2,3].

In this letter we present a room temperature experimental study aimed at
determining the rate constant for the overall reaction (1) with the application of
the thermal kinetic method of discharge flow and direct monitoring of OH.
Several direct and relative-rate kinetic studies have been reported for this
reaction, but all of them applied the photolysis method to produce the OH
radicals [4].

OH + CH;C(O)CH,CH; — products (D

EXPERIMENTAL

The kinetics of the reaction between OH radicals and MEK were studied by
using the low-pressure discharge flow method (DF). Direct monitoring of OH

was achieved by A2X*— X2 (0,0) resonance fluorescence (RF) centered at

around 309 nm. The flow reactor was made of Pyrex and had the dimensions of
40.3 mm internal diameter and 600 mm length. Its internal surface was coated
with halocarbon wax to reduce the heterogencous loss of OH radicals. A
coaxially positioned moveable injector was used to vary the reaction time. OH
radicals were produced in the injector via H + NO,, H atoms were generated
from H, in a microwave discharge. The DF-RF apparatus and experimental
procedure have been described in detail previously [5,6].

Helium (Messer-Griesheim, 99.996%) was the main carrier gas, which was
passed through liquid-nitrogen-cooled silica-gel traps before entering the flow
system. CH;3C(O)CH,CHj; was obtained from Merck (>99.7% purity) and it was
degassed by freeze-pump-thaw cycles prior to use. NO, (Messer-Griesheim,
98%) was purified by repeated low-temperature distillation. H, (Linde-Gas,
99.98%) was used premixed with helium and a few percent of argon. Ar was
required to facilitate the dissociation of H, in the microwave discharge (the
degree of dissociation was ~10%).

RESULTS AND DISCUSSION

The experiments were conducted at 7= 297 + 3 K reaction temperature and
p = 3.17 £ 0.08 mbar pressure (the quoted uncertainties throughout the paper
refer to one standard deviation precision, if not otherwise noted). The
bimolecular rate constant for the overall reaction, k;, was determined under
pseudo-first-order conditions with [CH;C(O)CH,CH;] >> [OH], ~ 4 x 10"
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molecule cm™. In the kinetic measurements, the magnitudes of the OH
resonance fluorescence signals were recorded vs. the reaction distance (time).
The reaction under study was isolated well from the interfering bimolecular
reactions, but the consumption of OH was significant on the surface of the
reactor; the heterogeneous loss of OH was found to obey first-order kinetics.

OH + wall — products (w)

The experiments were carried out by applying the so-called “reactant-on
reactant-off” measurement technique [7], which directly corrects for the wall-
consumption of OH, provided the wall-activity is not very different in the
presence and absence of CH;C(O)CH,CH; The experimental observables were
evaluated according to the following equations:

—In (Sow/Sort) = k1 (Az/V) D
k', = ky [CH;C(O)CH,CH;] + const. (1)
“n Sy = ke (AZ/V) (1)

where S,, and S,y are the OH resonance-fluorescence signal strengths at a
distance Az from the detection site, with and without CH;C(O)CH,CHj; flow,
respectively, Vv is the linear gas velocity, k’; is the pseudo-first-order rate
constant and k, is the rate constant for the heterogeneous loss of OH. Plots
according to equations (I) and (II) are presented in Figs 1 and 2, respectively.
As seen, reasonably good straight lines were obtained for both the semi-
logarithmic decay plots and the &;” vs. [CH;C(O)CH,CHs;] plots. Linear least-
squares analysis was used to get k’; and 4.

The In S, data plotted vs. the reaction distance, Eq. (III) displayed also
straight lines (an example is shown in Fig. 1), the slopes of which provided £,
in the range of 18-62 s™'. These "wall rate constants" are significantly larger
than the typical values of 3-20 s we have observed previously for the
heterogeneous loss of OH radicals in DF reactors with inert wall coatings [5, 8-
9]. No correlation could be established between k, and the experimental
conditions, e. g., MEK concentration, prolonged evacuation time, “aging” of the
reactor surface, etc. Neither hysteresis (“remembering” effect due to the
adsorption of MEK on the surface of the reactor) was observed for the OH
signals, but the relatively large scatter of the data in Fig. 2 may indicate that
some non-reproducible wall effect may have occurred in the experiments.

The experimental parameters and kinetic results have been summarized in
Table 1. The following rate constant value is proposed from our current work
for the reaction of OH radicals with methyl-ethyl-ketone (the error given is £1o
of the precision of the LSQ-fit):
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ki1 (297 K) = (1.09 + 0.09) x 10"* cm® molecule™ s~

0 M T M T M T M T
w
1t 4
_ 67.5s"
(20
s 2T 1
@«
£
3 o 139.1 s
v
A 21110%cm® ®
4" 646107 cm” i i
e 13910%cm™
" 1 " 1 " 1 " 1
10 15 20 25 30
Az [ cm

Fig. 1. Typical experimental OH decays presented in semi-logarithmic plot: the
slopes of the straight lines give the pseudo-first-order rate constants for reaction

(1

In a very recent IUPAC data evaluation [4], the rate constants reported for
the reaction between OH and methyl-ethyl-ketone have been critically
evaluated. The analysis included 3 direct and 4 relative-rate kinetic studies
which applied pulsed photolysis and stationary photolysis methods for the
production of OH radicals in the experiments. The rate constant value of &; (298
K) = 1.2 (+0.5, -0.4) x 10" cm’ molecule™' s™' has been recommended [4] (the
errors are the estimated maximal uncertainties, Alog &, = 0.15, taken at the 95%
confidence level). The IUPAC recommendation agrees well with our current k;
value that we have determined at low pressure, using the thermal DF-RF
technique. The agreement is even better with a more recent study: &, (298 K) =
(1.04 £ 0.04) x 10"? cm® molecule s™' has been reported by Jiménez and co-
workers who applied pulsed laser photolysis coupled with laser induced
fluorescence detection of OH [10].
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Fig. 2. Plot of pseudo-first-order rate constant versus the methyl-ethyl-ketone
concentration: the slope of the straight line gives the bimolecular rate constant for
reaction (1)

Table 1

Experimental conditions applied and kinetic results obtained for the reaction of OH radicals with

CH;C(O)CH,CH; (T =297 £ 3 K, p = 3.17 £ 0.08 mbar, He buffer gas)

v [H,]* [NO,J* [MEK]b k' No. of (k) = 1o)°
(cms™) ) runs

1040-1127 0.81-5.18 0.98-6.95 1.67-13.85 | 48.3-195.8 18 1.09 +£0.09

“In 10"? molecule cm™
®In 10" molecule cm™
“In 1072 cm® molecule ™ s7!

In Table 2, the room temperature rate constants are compared that we have
determined for the reaction series OH + CH;C(O)-R (R = H, F, Cl, CH; and
CH;CH,) in our laboratory. As seen by the presented data, the reactivity of OH
is determined by both thermodynamic and inductive effects. OH reacts with
MEK about 7-times faster and 16-times slower than with acetone and
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acetaldehyde, respectively, reflecting the differences in the bond dissociation
energies of the abstracted secondary-, primary- and aldehydic C—H bonds in the
reactant molecules. Substitution by Cl- and F atoms reduces the reactivity
strongly, in accordance with the known electrophylic character of OH in its
elementary reactions.

Table 2
Comparison of room temperature rate constants for OH + CH;C(O)-R (R =H, F, Cl, CH; and
CH;CH,)
k; (298 K) kilk, Reference
Reaction (i) (cm® molecule™ s7)
OH + CH;C(0)-CH,CH; (1) 1.1x 1072 1 This work
OH + CH;C(0)-CH; (2) 1.7x 107" 0.155 Vasvari et al. 2001 [8]
OH + CH;C(0)-H (3) 1.7x10™" 15.5 Dobé et al. 1998 [5]
OH + CH;C(0)-Cl (4) 1.7x107" 0.0155 Nadasdi er al. 2006 [9]
OH + CH;C(0)-F (5) 74x107"° 0.0067 Ziigner et al. 2008 [11]

“T=297K

Reaction with OH radicals is the dominant depletion process for MEK at
ground level in the atmosphere. Removal of MEK also takes place by
photolysis, the significance of which increases with altitude. The high rate
constant for the OH reaction, [2] and this work, as well as the recently reported
significant decrease of the photodissociation quantum yield with decreasing
temperature [2,3] imply that removal of methyl-ethyl-ketone by OH radicals
remain important at all altitudes in the troposphere.

Acknowledgement. Our work has been supported by the EU Integrated Project
SCOUT-03 (contract GOCE-CT-2004-505390) and the Hungarian Scientific
Research Fund OTKA (contract K68486).

REFERENCES

1. H.B. Singh, L.J. Salas, R.B. Chatfield, E. Czech, A. Fried, J. Walega, M.J. Evans, B.D.
Field, D.J. Jacob, D. Blake, B. Heikes, R. Talbot, G. Sachse, J.H. Crawford, M.A. Avery,
S. Sandholm, H. Fuelberg: J. Geophys. Res., 109, D15S07, (2004).

2. M.T. Baeza-Romero, M.A. Blitz, D.E. Heard, M.J. Pilling, B. Price, P.W. Seakins, L.
Wang: Faraday Discuss., 130, 73 (2005).
3. R. Nadasdi, G.L. Ziigner, M. Farkas, S. Dobé, E. Szabo, A. Tomas, C. Fittschen:

“Photolysis quantum yield and UV absorption spectrum for methyl-ethyl-ketone”, Z.
Phys. Chem., (to be submitted, 2008).




SZABO et al.: ATMOSPHERIC CHEMISTRY 371

10.

11.

IUPAC Subcommittee on Gas Kinetic Data Evaluation — Data Sheet HOx_VOC20.
Website: http://www.iupac-kinetic.ch.cam.ac.uk/. Last evaluated 16™ October 2007.
Budapest, 2005.

S. Dobé, L.A. Khachatryan, T. Bérces: Ber. Bunsenges. Phys. Chem., 93, 847 (1989).

E. Farkas: Kinetic Studies of Selected Elementary Reactions of Acetone and the Acetonyl
Radical of Relevance to Atmospheric Chemistry, PhD Thesis (in Hungarian), Budapest,
2005.

K.H. Hoyermann: in: Physical Chemistry — An Advanced Treatise. Vol. VI B. Kinetics of
Gas Reactions, Chapter 12., Academic Press, New York 1975.

G. Vasvari, 1. Szilagyi, A. Bencsura, S. Dobé, T. Bérees, E. Henon, S. Canneaux, F. Bohr:
Phys. Chem. Chem. Phys., 3,551 (2001).

R. Nadasdi, 1. Szilagyi, G. Kovacs, S. Dobé, T. Bérces, F. Marta: React. Kinet. Catal.
Lett., 89,193 (2006).

E. Jiménez, B. Ballesteros, E. Martinez, J. Albaladejo: Environ. Sci. Technol., 39, 8§14
(2005).

G.L. Ziigner, M. Farkas, 1. Szilagyi, S. Forgeteg, S. Débé, X. Song, B. Wang: “OH
reaction rate constant and photolysis quantum yield for CH;C(O)F: an experimental and
theoretical study”. Poster, presented at the 20™ International Symposium on Gas Kinetics,
Manchester, July 20-25, 2008, Book of Abstracts, p. 62.



Jointly published by React.Kinet.Catal.Lett.
Akadémiai Kiado, Budapest Vol. 96, No. 2, 299-309 (2009)
and Springer, Dordrecht 10.1007/s11144-009-5511-y

RKCL5511

KINETICS OF THE ‘OH-RADICAL INITIATED REACTIONS OF
ACETIC ACID AND ITS DEUTERATED ISOMERS

Emese Szabé™™“?, Jérémy Tarmoul™™’, Alexandre Tomas™"*,

Christa Fittschen®, Sandor D6bé® and Patrice Coddeville™”
#Université Lille Nord de France, F-59508 Douai, France
®Ecole des Mines de Douai, Département Chimie-Environnement, BP 10838, F-59508 Douai,
France
¢ Chemical Research Center, Hungarian Academy of Sciences, H-1525 Budapest, Hungary
4 Laboratoire de Physico-Chimie des Processus de Combustion et de I’ Atmosphére - CNRS UMR
8522, Université des Sciences et Technologies de Lille, F-59655 Villeneuve d’Ascq, France

Received January 05, 2009, in revised form January 20, 2009, accepted January 21, 2009

Abstract

Kinetics of the *OH-initiated reactions of acetic acid and its deuterated isomers
have been investigated performing simulation chamber experiments at 7= 300 + 2
K. The following rate constant values have been obtained (+ 1o, in cm® molecule™
s ) k;(CH;C(O)OH + *OH) = (6.3 + 0.9) x 107, ky(CH;C(0)OD + "OH) = (1.5
£0.3) x 107, /5(CD;C(0)OH + *OH) = (6.3 £ 0.9) x 107", and k,(CD;C(0)OD
+°"0H) = (0.90 + 0.1) x 107", This study presents the first data on k,(CH;C(O)OD
+ *OH). Glyoxylic acid has been detected among the products confirming the fate
of the *CH,C(O)OH radical as suggested by recent theoretical studies.

Keywords: Acetic acid, KIE, OH kinetics, glyoxylic acid
INTRODUCTION

Acetic acid (CH3C(O)OH) is one of the most abundant acid species in the
atmosphere. As a ubiquitous compound, it has been detected both in the gaseous
and condensed phases in the troposphere and up to the Upper Troposphere —
Lower Stratosphere [1]. The reaction kinetics of the reaction between
CH;3C(O)OH and the *OH radical has been investigated in substantial detail in
the past few years as it has been discussed in a recent feature article [2]. Below
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~ 500 K, the rate constant presents a slightly negative temperature dependence,
while above ~ 600 K, it was found to display a very sharp increase with
temperature [3,4]. With the aid of quantum chemical computations, this
characteristic behaviour was attributed to the formation of a pre-reactive
complex between "“OH and CH;C(O)OH stabilized at low temperature and to a
change in the reaction mechanism when going to higher temperatures.
Concerning the reaction mechanism, *OH radicals are expected to react with
CH;C(O)OH through two H-abstraction pathways:

CH;C(O)OH +*OH — CH;C(0)0" + H,0 (1a)
— *CH,C(O)OH + H,0 (1b)

Contrary to what can be expected from bond dissociation energies, the dominant
channel of reaction (1) has been found to be the acidic H-abstraction (channel
(1a)), with a branching ratio k,/k, varying from 64% to 78% [4-6] around 300
K. Literature data on the *OH-initiated reactions of the deuterated acetic acids
are very sparse [6-8], although such data would be useful for a better
understanding of the reaction mechanism and in this way for assessing the
impact of acetic acid on the chemistry of the atmosphere.

In this letter, we present new kinetic data on the reactions of “OH radicals
with acetic acid and its deuterated isomers CD;C(O)OH, CH;C(O)OD and
CD;C(O)OD. The aim of the present study has been to propose rate constants
for the four reactions under similar experimental conditions allowing direct
comparison and an assessment of mechanistic features. The deuterated isotopes
of acetic acid are expected to react with "OH also via two types of hydrogen
(deuterium) abstraction reactions:

CH;C(0)OD +'OH — CH,;C(0)0" + HDO (2a)
— *CH,C(0)OD + H,0 (2b)
CD;C(0)OH + 'OH  — CD;C(0)0" + H,0 (3a)
> *CD,C(0)OH + HDO (3b)
CD;C(0)OD +°OH — CD;C(0)0* + HDO (4a)

— *CD,C(0)OD + HDO (4b)
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The rate constant of each reaction has been determined at laboratory
temperature, with &, being determined for the first time, to our knowledge. In
the following discussions, 44 is used as a general abbreviation for all of the
four acetic-acid isomers studied, while dy-AA4, d—AA, ds—AA, and d,AA
designate CH;C(O)OH, CH;C(O)OD, CD;C(O)OH and CD;C(O)OD,
respectively.

EXPERIMENTAL

All experiments were performed using a 250 L Teflon environmental
chamber. Since the experimental set-up and procedure have been described in
detail in previous studies [6, 9], only the main features are presented here.

The acetic acid reactant and the reference compound were introduced into a
synthetic air flow and flushed into the reactor. Methyl nitrite (CH;ONO), used
as OH precursor, was synthesised following the classical procedure [10] and
stored at — 30°C. It was introduced either in large quantities (up to 200 mL) at
time zero, or in smaller portions (about 20 mL) every 30 min during the
experiment. No difference could be observed in the results applying the two
procedures. The primary gas components were allowed to mix in the chamber
for about one hour before the reaction was initiated by turning on the lamps; the
initial concentrations are listed in Table 1. Photolytic irradiation arising from 8
actinic lamps (300 nm < A < 450 nm) initiated the reaction sequence by the
photolysis of CH;0ONO:

CH;ONO + hv —> CH;O" + NO (5)
CH30. + 02 d CHzO + HOQ. (6)
HO," +NO —> *OH + NO, (7)

The acetic acid and the reference compound were regularly measured during
the reaction with gas—chromatography (GC-FID) by sampling 20 mL gas
aliquots from the photoreactor followed by flash injection through a
thermodesorption system (Chrompack TCT).

The kinetics of the reactions were investigated using the relative rate
method. In this method, the organic reactant (OC) is present in the reactor along
with a reference compound (ref) which reacts with *OH at a similar rate:

OC +°*OH — products (koc)

ref+'OH — products (ki)
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Table 1

Experimental conditions and results

Reaction Reactant No. [4A4]o [reflo ® kikee® 1o (kix1gx 10"
@) of (molecule  (molecule (cm® molecule™
Expts. em’) cm™) s

(0.52)x  (0.3-1.5)

(1) CH;C(O)OH 2 0.70+0.10 6.3+0.9

1 015 1015
@) cucoop 3 O f(‘)lzs) x (0 faﬁ) X 0.46+0.08 1.540.3
3) CD,C(O)OH 2 (0'156125) x (0'31‘ 011'55) X 0.7040.10 6.3£0.9
@) cocoop 4 R 0> R7 0282004 09020.10

“ The reference compound, ref, is CH;OH for reactions (1) and (2) and CD;OD for reactions (2)
and (4)

Assuming that the reactions with “OH are the only consumption reactions for
the target and the reference compounds, the following simple rate equation is
obtained:

m% - kﬂ % mM (D
[0C), Kk [ref],

where [ref]y and [OC]y and [ref]; and [OC]; are the concentrations of the
reference and target molecules at time 0 and time ¢, respectively. Therefore, a
plot of In([OC]/[OC)y) vs In([/reflo/[ref];) should yield a straight line with a
slope of koc/kwr. In our experiments, OC corresponds, e. g., to acetic acid and
ref to methanol.

Prior to the regular experiments, test runs were carried out in the absence of
CH;ONO: photolysis processes and wall losses were found negligible in the
reaction system. Dimers of A4 are expected to be formed in the gas phase
through weak H- (or D-) bonds. Chao and Zwolinski [11], reviewing
thermodynamic data for formic- and acetic acids, have proposed the following
equilibrium constant, K, for the dimerization reaction of CH;C(O)OH:

K, = 5y _71x107 exp (LOSJ (I
P T
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where Pp and P, are the partial pressures (in atm) of the dimer and the
monomer at temperature 7 (in K), respectively, giving K.q = 1012.5 atm™' at 300
K. Re-arrangement of equation (II) and taking into account that the measured
acetic acid concentration 1S [AA]a = 2 X [AA]monomer T [AA]dimer yield the
following equation:

—1+\/1+8><Keq><[AA]

monomer
4xK, .

[AA] total (III)

As it has been discussed by Singleton et al. [7], the dimer reacts with a much
slower rate with OH radicals than the monomer does. In addition, considering
the concentrations of 44 used under the conditions of the present study (see
Table 1), the dimer represented at the most 15% of the total AA concentration.
In order to take into account the dimer formation, the initial monomer
concentration [AA4]monomer0» Was calculated according to equation (III) from
[AA]total,O while [AA]monomcr,t was obtained from [AA]monomcr,t = [AA]monomcr,O -
([4A4]wotar0 - [AAJwotary)- That is, we have assumed that the dimer does not react
with ‘OH. In the following considerations, [AA4]monomero and [AA4]monomers are
designated simply as [44], and [4A4];. For the deuterated acetic acid isomers, the
same K., as used for acetic acid was assumed in the absence of other
information.

Acetic acid (96%, Merck), acetic acid-d; (98% D, Acrds Organics), acetic
acid-d; (99.2% D, CDN Isotopes), acetic acid-d; (99.91% D, Euriso-top),
methanol (99.9%, Merck) and methanol-d, (99.80% D, Euriso-top) were used as
obtained.

RESULTS AND DISCUSSION

The kinetics of reactions (1) — (4) have been investigated at 7= (300 + 2) K
and atmospheric pressure using the relative rate method as described in the
experimental section. The reference compounds were methanol (for the kinetic
study of CH3;C(O)OH and CD;C(O)OH) and methanol-d, (for CH;C(O)OD and
CD;C(0O)OD). The experimental conditions and results have been summarised
in Table 1. Representative plots of In(4A4]o/[4A4],) vs In([ref]o/[ref];) are shown in
Figs 1 and 2. The acetic acid isomers d—A44 (CH;C(O)OH) and ds—A4A4
(CD;C(O)OH) present identical rate constant ratios: ki/kyen = 0.70 £ 0.10 and
ks/kwern = 0.70 £ 0.10, while rate constant ratios for d,—44 (CH;C(O)OD) and
d~AA (CD;C(0)OD) differ by a factor of 1.6: ky/kyen.as = 0.46 £ 0.08 and
ka/kmen-aa = 0.28 £ 0.04. Using the recommended CH3;0H + OH rate constant,
ket = 9.0 x 107° cm® molecule™ s [12], the respective rate constant ratios
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y =0,696x + 0,215
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In([CH,0H]/[CH;0H],)

Fig. 1. Typical plots of In([4A4]y/[4A4)) vs In([CH;0H]y/[CH;0H),) for A4 =
CH;C(O)OH (squares) and CD;C(O)OH (triangles). The straight lines correspond
to a linear regression on the experimental data. The In([44],/[4A4],) data for
CH;C(O)OH have been shifted by + 0.2 for clarity
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Fig. 2. Typical plots of In([44]y/[AA],) vs In([CD;OD]y/[CD;OD],) for A4 =
CH;C(O)OD (circles) and CD;C(O)OD (full circles). The straight lines
correspond to a linear regression on the experimental data. The In([4A4]y/[4A];)
data for CH3;C(O)OD have been shifted by + 0.2 for clarity
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translate to the absolute values of k; = (6.3 + 0.9) x 10" and k3 = (6.3 + 0.9) x
10" ¢cm® molecule™ s™'. For the CD;OD + OH rate constant, we took the very
recent determination of Parker et al. [13] (preceding paper): kmeas = 3.2 x 107"
cm’ molecule™ s™ (which is in excellent agreement with Wallington et al. [14]:
3.23 x 10" cm® molecule” s™'; the other measurement by McCaulley et al.
[15]: 1.93 x 107" appears much lower). The resulting k» and k, rate constants
are: k, = (1.5 £ 0.3) x 10", and k, = (0.90 £ 0.1) x 10" cm® molecule™ s
Quoted uncertainties (10) have been estimated by the statistical errors of the
sampling procedure (~ 10%). They do not include the uncertainties in the
reference rate constants, which are estimated to be about 15% for the methanol
+ OH reaction [12] and at least 30% for the methanol-d, + OH reaction.

Table 2

Comparison of room temperature rate constants for the reactions of *OH radicals
with acetic acid and deutero acetic acids. The errors given are those reported by the authors

Reaction (i) 108 x & Reference
(cm3 molecule™ s’l)
OH + CH;C(O)OH (1) 5.99 +0.39 [16]
74+0.3 [17]
8.6+0.3 [7]
6.6+04 [4]
6.5+03 [6]
7.42 +0.06 [8]
8.50 +0.45 [3]
6.77 £0.14 [18]
63109 This work
OH + CD;C(O)OH (2) 8.1+0.2 [7]
7.79 £0.08 [8]
63109 This work
OH + CH;C(0)OD (3) 1.5+03 This work
OH + CD;C(0)OD (4) 1.09 +0.09 [8]
0.90 +0.1 This work

Table 2 gives a comparison of all the rate constant values that have been
reported for reactions (1) — (4) in previous works [3, 4, 6-8, 16-18]. The rate
constant for the acetic acid + OH reaction has been determined in several
investigations. The present result is in good agreement with the previous
studies, though it is in the lower range of the whole interval spanning from 5.99
to 8.6 x 10" cm® molecule s, as reported by Zetzsch and Stuhl [16] and
Singleton et al. [7], respectively. However, we note that our rate constant agrees
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very well with the very recent absolute determination of £;(295K) = (6.77 +
0.14) x 10" cm’ molecule” s by Huang et al. [18] who performed highly
sophisticated kinetic experiments. To the best of our knowledge, the rate
constant we have measured for the di-44 + OH (2) reaction represents the first
kinetic determination. Rate constants for the d3-44 + OH (3) reaction have been
reported in two papers [7, 8], with which our result agrees reasonably well: our
value is on average about 25% smaller. In view that Singleton et al. [7] and
Vimal and Stevens [8] applied direct kinetic methods under very different
experimental conditions, the agreement is satisfactory. Concerning the ds-4A4 +
OH (4) reaction, the agreement with the only determination of k4 available in
the literature [8] is very good (Table 2), despite the fact that the authors used
much higher acetic acid concentrations (up to 1840 ppmv) than we did in the
present study (up to 81 ppm). It should be stressed that the uncertainty on Apen-gs
is still significant (only three determinations). Application of CH;OH as a
reference for the CD;C(O)D reaction was unsuccessful because of the
occurrence of significant isotope exchange reactions in the reaction system.

The difference in the reactivity between CH;C(O)OH and CH;C(O)OD on
the one hand, and between CD;C(O)OH and CD;C(O)OD on the other hand
confirms that reactions (1) and (3) proceed essentially through the abstraction of
the H-atom from the carboxylic group. This mechanistic picture is reflected also
by the observed kinetic isotope effect (KIE). KIE is defined here as the rate
constant ratio of the OH reactions of two acetic acid isomer molecules, one of
which contains H-atom(s) while the other one D-atom(s) in the same position.
This can be calculated for reactions (2) to (4) from the experimental values of &,
to k4. KIE is found to be small for the hydrogen atoms in the methyl group, that
is, ki/ks = 1.0 and k»/k4 = 1.6, but large for the hydrogen atom in the carboxylic
group: ki/k, = 5.2 and ks/ks = 8.6. Previous experimental studies on the kinetics
of the reaction between *OH and acetic acid provide the possibility to calculate
the ratios ks/k4 and ki/k; for comparison. From the work by Singleton et al. [7],
one obtains ki/k; = 1.1 and from Vimal and Stevens [8] ki/ks = 0.95 and ki/k, =
7.1. These KIE values are consistent with the present findings and the proposed
mechanism. The observed kinetic isotope effect can be qualitatively explained
by the increase of the energy barrier of the abstraction channel due to the effect
of zero-point energy lowering caused by D-substituents. A strong quantum
tunnelling effect has also been invoked to play a role in the reaction
mechanisms at the molecular level [8,19]. It is interesting to note that a similar
KIE was observed in the formic acid + *OH reaction [20].

In the photooxidation reaction system, the CH;C(O)O° radical and its
deuterated isomers undergo fast decomposition forming the methyl radical and
CO, [2-4]. The further fate of the minor primary product *CH,C(O)OH (and its
deuterated counterparts) has been examined in the present study by product
analysis.
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*CH,C(O)OH + 0, + M — *0,CH,C(O)OH + M (8)
*0,CH,C(O)OH +NO  — *OCH,C(0)OH + NO, (9)
*OCH,C(0)OH + 0, —> CH,0 + CO, + HO," (10a)

— HC(0)C(O)OH + HO,' (10b)

According to the assumed reaction mechanism (8)-(10), we have searched
for glyoxylic acid (HC(O)C(O)OH) among the reaction products. For this
purpose, gas samples were taken from the environmental chamber after 2 to 4 h
of irradiation, by pumping about 50 L of the reaction mixture through an
impinger containing a mixture of water and methanol (10% w/w) cooled down
to ~ 3°C. The extraction solution was then analysed by ion chromatography
(Dionex) with anion concentrator.

The ion chromatography analysis clearly showed the presence of glyoxylic
acid (GA), as confirmed by injection of a standard solution and comparison of
the retention times. Similarly, HC(O)C(O)OD was identified in the OH-initiated
photooxidation of CH;C(O)OD. These results suggest that the main fate of the
*OCH,C(O)OH radical is its conversion to HC(O)C(O)OH through reaction
with O, (reaction (10b)). This conclusion is supported also by the following
considerations:

i) A heat of reaction about 51 — 83 kJ mol ™' can be estimated for the concurrent
decomposition channel (10a) using reported heats of formation of the reactants
and products [21-23] indicating that this channel cannot be important under
ambient conditions.

ii) The fate of the similar “OCH,C(O)OCH; alkoxy radical has been shown to
be the reaction with O, rather than decomposition [24, 25].

Because of a lack of kinetic data on the reactivity of glyoxylic acid with "OH
radicals, it was not possible to determine the primary G4 yield in the reaction
system (i.e. to correct for consumption in the “OH reaction). Calculation of the
ratio of the concentration of G4 formed and the concentration of A4 reacted,
both measured at the end of the experiment, provides the glyoxylic acid yields
of 0.10 for reaction (1) and 0.15 for reaction (2). Taking into account the
branching ratio of reaction (1) [4-6] and assuming channel (10a) to be
negligible, G4 yields of 0.22 to 0.36 are expected for the OH-initiated oxidation
of CH3;C(O)OH. The lower experimental GA yields obtained in our study can be
explained by considering first the GA wall losses and the consumption of G4 by

*OH and, second, the still possible occurrence of channel ~ (10a)
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Finally, we note that the non-negligible glyoxylic acid yield we have found
in our experiments is in line with the recent theoretical study of Rosado-Reyes
and Francisco [26] confirming their conclusion, that glyoxylic acid should be a
significant organic by-product in the atmospheric oxidation of acetic acid.
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1. Introduction

One of the important recent findings in atmospheric chemistry
is the recognition of the central role that carbonyl molecules play
in the chemistry of the troposphere [1,2]. Atmospheric carbonyls
include propanal, C;HsCHO, which has been found in surprisingly
high concentrations in the free and upper troposphere [2]. Prop-
anal reacts with OH radicals in the atmosphere to form propionyl
radical, C;HsCO (1). Propionyl adds to O, (2a) and the formed pro-
pionyl-peroxyl radical, C;HsC(O)O,, enters a series of reactions
increasing the rate of NO to NO, conversion and in this way tropo-
spheric ozone formation:

OH + CG;H5CHO — C,H5CO + HOH (1)
C,Hs5CO + 0, — products (2)
C,HsCO + 0, + M — GHsC(0)0, + M (2a)
C,HsCO + 0 — OH + co-product (2b)

Despite its atmospheric importance, the kinetics of the reaction
of C,H5CO with O, have been studied experimentally by one group
only [3], and, apart from our own paper [4], no theoretical work
has been published. Baeza-Romero et al. [3] applied pulsed-laser
photolysis (PLP) to determine the rate constant for the overall reac-
tion (2), k2, and OH yields (branching ratios), I'ap = kap/ka, at pres-
sures between 70 and 530 mbar helium.

Here we report pressure dependent OH yields from discharge
flow (DF)-OH resonance fluorescence (RF) experiments at room
temperature, in the low pressure regime. The experimental data

* Corresponding author.
** Corresponding author.
E-mail addresses: dobe@chemres.hu (S. D6bé), baoshan@whu.edu.cn (B. Wang).
! Present address: Combustion Research Facility, Sandia National Laboratories,
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0009-2614/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2010.06.089

are compared with theoretical yields obtained from statistical rate
theory computations.

2. Methods
2.1. Experimental

The DF-RF experimental method was very similar to what we
applied previously to determine OH yields for the CH3CO + O, reac-
tion [5]. Briefly, a 60.0-cm-long, 4.01-cm-i.d. flow tube was used
which was equipped with a moveable quartz injector. C;HsCO rad-
icals were produced in the flow reactor by reacting OH radicals
with excess propanal, while OH was obtained from H + NO, inside
the moveable injector. Hydrogen atoms were generated by micro-
wave-discharge dissociation of H,. Helium was the carrier gas. OH
radicals were detected by conventional A « X resonance fluores-
cence [6].

The experimental procedure involved monitoring of the con-
centration of OH radicals at different reaction times in the flow
tube either in the presence or in the absence of O,, i.e., for
OH + C3H5sCHO + O, or OH + C,H5CHO. Both propanal and O, were
used in large excess over OH; the initial OH concentration was
[OH]o ~ 2 x 10" molecule cm~3. The ‘O, flow on’ and ‘O, flow
off’ runs, or vice versa, were conducted in a back-to-back manner.

Gases of the highest purity available from Messer-Griesheim
were used in the experiments. Propanal ( >99.5%, Fluka) was de-
gassed by freeze-pump-thaw cycles prior to use.

2.2. Theory

Multichannel Rice-Rampsberger-Kassel-Marcus theory (MC-
RRKM) [7] including variational transition state theory approach
(VTST) [8] has been applied to estimate OH yields for the reaction
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C,HsCO + O,. Input parameters were taken from our recent high le-
vel ab initio molecular orbital study performed up to full coupled
cluster theory with the complete basis set (FCC/CBS) [4]. The MC
model requires the average energy transferred per collision, (AE),
which was chosen to fit the experimental OH yields. Details of
the quantum chemical and rate theory calculations have been pre-
sented in [4,9].

3. Results and discussion
3.1. Experimental results for OH + C;HsCHO + O,

A large increase in the OH signals was observed at a given reac-
tion time when O, was added to the reaction system of OH with
C,H5CHO. Since the initial OH concentration was the same, the rea-
son was a slower depletion of OH in the presence of O, indicating
the re-formation of OH radicals in the system. OH followed first-or-
der kinetics for both OH + C;H5sCHO and OH + C,H5CHO + O, reac-
tion systems (Fig. 1).

Under our experimental conditions only reactions (1), (2a), (2b)
and the heterogeneous loss of OH took place. The underlying differ-
ential equation system can be solved analytically [5] providing Eq.
(I) for the OH yield,

Ko — K*

yp=— 0"
Ko — kaH

(D
where K is the OH decay constant with C;HsCHO, «* is the OH de-
cay constant with C;HsCHO + O, and ky,oy is the heterogeneous
(‘wall’) loss rate constant of OH.

Experiments were carried-out at room temperature,
T=298 +2 K, in helium buffer gas, over the pressure range of
1.37-13.34 mbar. The experimental conditions and kinetic results
are summarised in Table 1. The depletion of OH radicals on the
wall of the reactor was determined in separate experiments to be
small, kywon = 5 * 2 s~ . The errors given throughout the Letter refer
to 20 precision.

The OH yields presented in Table 1 show that OH formation is
the dominant reaction channel for C,HsCO + O, at low pressures,
but its significance decreases rapidly with increasing pressure:
the OH yield is about 0.9 at ~1 mbar which decreases to about
0.3 at ~13 mbar pressure of helium (Fig. 3).

05} OH + CZHSCHO + O2

0.0 |

In(RF signal / a.u.)
)
L4 ]
T

OH + C,H,CHO

'1.5 n 1 " 1 n 1 " 1 n 1 " 1 " 1 1

8 10 12 14 16 18 20 22 24 26
Reaction time / ms

Fig. 1. Representative OH decay plots measured for OH + C;HsCHO and OH + C,Hs_
CHO + 0O, in back-to-back experiments (P=6.22 mbar, T=300K; [OH]o~ 2.4 x
10", [C;H5CHO] = 5.35 x 10'? and [0,] = 1.03 x 10! molecule cm3).

Table 1
Experimental OH yields, I, for the reaction of C,HsCO radicals with O,
(T=298 +2K).

P(He) (mbar)  x¢? [C;H5CHO] T Runs®  I'p+20
(s (102 ecm™3) (s

137 38-176 1.21-143 8-42 10 0.88+0.12
2.00 90-129 5.55-10.60 9-33 6 0.86+0.14
2.61 20-185 1.25-13.4 2-54 7 0.84+0.12
3.59 14-155 0.50-6.99 8-63 7 0.68 +0.10
6.22 28-169 1.27-8.89 15-84 9 0.62+0.12
8.15 27-57 0.43-5.33 16-43 11 0.53+0.10

10.00 21-60 1.21-8.91 14-35 6 0.44 +0.07

13.34 32-112 8.34-12.8 23-77 6 0.33 +0.06

2 OH decay constant in the absence of O,.

b OH decay constant in the presence of O,; the O, concentration was

~1 x 10" molecule cm~3.

¢ Number of back-to-back determinations of k, and k*; data files of the indi-
vidual experiments are available on request.

The ko decay constants measured are in fact the usual pseudo-
first-order rate constants for the reaction OH + C,HsCHO (1),
Ko = K = k1[CoHsCHO] + const.; a plot of the xo values vs. the
propanal concentration is presented in Fig. 2. The experimental
data are seen to lie on a straight line with a very small intercept.
A linear least squares slope has provided the rate constant value
of k(298 K)=(1.85%0.12) x 10~'! cm® molecule™!s~! in excel-
lent agreement with the recommended value of 1.9 x 10~!' cm?®
mol~'s~1 [10].

3.2. Pressure dependence of the OH yield for C;HsCO + O,

The observed pressure dependence of the OH yields (see Table 1
and Fig. 3) can be described by a chemical activation mechanism.
When a propionyl radical combines with an oxygen molecule, a
vibrationally excited (C;HsC(0)0O,)* radical is produced which
may undergo further reactions, revert to reactants, or be stabilised
by collisions:

C,HsCO + 0, — (C,H5C(0)0,)"
(C,H5C(0)0,)" — C,H5CO + 0,
(C;H5C(0)0;)" + M — C,H5C(0)0; + M
(C,H5C(0)0,)" — OH + co-product

where M (=He) is the third-body collision partner. The pressure
dependence of the OH yields shown in Fig. 3 implies that the

T L T T T S T .k T
200 - OH + C_H,CHO (1) -
T=298K

150 e
‘»

— 100 .
kD

50 4

D 1 1 n 1 1 1 2 1 1 1 L 1
0 20 40 60 80 100 120

[C,H;CHO] /10" molecule cm™

Fig. 2. Plot of the pseudo-first-order decay constant vs. the propanal concentration
in the absence of O,. The slope of the straight line provides the rate constant for the
reaction OH + C;HsCHO (1).
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Fig. 3. Comparison of OH yields for the reaction C;HsCO + O, in He buffer gas. The
symbols are experimental data: (@) [3]; (M), this work. The curves are theoretical
results: thick line, —(AE) =20 cm™! [4]; thin line, —(AE) = 200 cm™', this work.

propionyl-peroxyl radical is the dominant reaction product for the
propionyl + O, reaction at pressures above about 10 mbar. We have
presented molecular details of the above mechanism by high level
quantum chemical computations in [4]. The OH-forming reaction
route was shown to consist of consecutive steps and the cyclic o-
lactone molecule was proposed as the main co-product to OH [4].

Baeza-Romero et al. [3] produced the propionyl radicals by
pulsed exciplex laser photolysis of diethyl ketone (DEK) at
248 nm in He buffer gas, over the pressure range of 13-532 mbar
at 295 and 213 K. The formation of OH in the presence of O, was
monitored by off-resonance laser induced fluorescence and the ki-
netic traces measured were analysed in terms of a bi-exponential
expression providing overall rate constant and OH yield for the
C,H5CO + O, reaction.

The experimental OH yields we have determined are compared
in Fig. 3 with those reported by Baeza-Romero et al. [3]. The Leeds
group has found the OH yields to decrease with pressure, similarly
to our findings, but in qualitative agreement only [3]. Although the
investigations were performed in very different pressure ranges, it
is obvious that significant disparity exists between the two data
sets: the OH yields reported by Baeza-Romero et al. [3] are consid-
erably greater and decrease more slowly with increasing pressure
compared with our data.

No obvious reason can be given to explain the deviations be-
tween the results of the two studies. Baeza-Romero et al. have ob-
served an overestimation of the OH yields at higher laser energies
and high repetition frequencies which they have attributed to an
additional OH source of the photolysis of RC(0O)0, radicals [3]. This
source of systematic errors has been reported to be eliminated by
the authors in their regular experiments [3].

We estimate that the excess energy available to the products of
the propionyl-source reaction (1) is ~137 k] mol~! in our experi-
ments, while in the case of the 248 nm photodissociation of DEK
it is ~150Kk] mol~! [11]. A substantial portion of the available
energy may channel into the internal degrees of freedom of the
reaction products. In a very recent work at the University of Es-
sen-Duisburg [12], the photodissociation of DEK has been studied
at 248 nm. The CO quantum yield was found to decrease substan-
tially with pressure (50-600 mbar air) indicating the occurrence of
vibrationally excited (CoHsCO)* radicals in the photolysis system.

The decomposition of ‘hot’ propionyl radicals may have led to an
underestimation rather than overestimation of the OH yields in
the experiments by Baeza-Romero et al. [3].

A similar disparity in the experimentally determined OH yields
was seen for the analogous CH5CO + O, reaction [5,13-16]. In our
prior study [5], we established significantly smaller OH yields
using the DF method compared with the PLP results of Blitz et al.
[13]. While our reported data are in-line with those determined
by others [14,15], the Leeds group has recently confirmed their re-
sults by applying the 248 nm photolysis of CH;COOH [16].

Fig. 3 presents the FCC/MC-RRKM OH yields that we computed
by taking —(AE) =200 cm™' as the average energy transferred per
collision (thick line). This is seen to reproduce well our experimen-
tal OH yields. That is, the OH fraction of C;HsCO + O, is close to
unity at around 1 mbar of He and decreases rapidly with increasing
pressure. The theory reveals the OH yields to be entirely negligible
under atmospheric conditions. In contrast, —(AE) =20 cm™! was
found in our previous theoretical work [4] to reproduce well the
significantly different OH yields reported by Baeza-Romero et al.
[3] (Fig. 3, thick line). Unfortunately, currently there are no ‘first
principle’ methods available to estimate collisional energy transfer
parameters which would help decide between the conflicting
experimental data.

Similar differences were observed by Maranzana et al. [17] who
solved the time dependent master equation for CH;CO + O, to sim-
ulate the formation of OH radicals in the reaction. The ‘low’ value
of oye = 180 cm ™! has been returned for the energy transfer param-
eter by fitting the experimental data of Blitz et al. [13], while the
best agreement with the experiments of Kovacs et al. [5] and
Talukdar et al. [15] has been found with the ‘high’ value of
Oe =520 cm™1,

Clearly, further measurements and theoretical investigations of
the OH yields for both reactions C;HsCO + O, and CH5CO + O, are
required to resolve persisting discrepancies in the literature.
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ABSTRACT: The kinetics of the overall reaction between OH radicals and 2,3-
pentanedione (1) were studied using both direct and relative kinetic methods at
laboratory temperature. The low pressure fast discharge flow experiments coupled
with resonance fluorescence detection of OH provided the direct rate coefficient o
of (225 £ 0.44) x 10~ '* cm® molecule ' s~ '. The relative-rate experiments were
carried out both in a collapsible Teflon chamber and a Pyrex reactor in two
laboratories using different reference reactions to provide the rate coeflicients of

Rate coefficient
y’ T=300K

" +hv  Absorption spectrum

| A=210-450 nm
% Quant ield
. uantum vyie
2,3-Pentanedione =351 nm

1.95 £0.27, 1.95 &£ 0.34, and 2.06 = 0.34, all given in 10™*? cm® molecule ! s

The recommended value is the nonweighted average of the four determinations: k; (300 K) = (2.09 & 0.38) x 10 "* cm

3

molecule ' s, given with 20 accuracy. Absorption cross sections for 2,3-pentanedione were determined: the spectrum is
characterized by two wide absorption bands between 220 and 450 nm. Pulsed laser photolysis at 351 nm was used and the depletion
of 2,3-pentanedione (2) was measured by GC to determine the photolysis quantum yield of ®, = 0.11 £ 0.02(20) at 300 K and
1000 mbar synthetic air. An upper limit was estimated for the effective quantum yield of 2,3-pentanedione applying fluorescent
lamps with peak wavelength of 312 nm. Relationships between molecular structure and OH reactivity, as well as the atmospheric fate

of 2,3-pentanedione, have been discussed.

1. INTRODUCTION

2,3-Pentanedione (CH;C(O)C(O)CH,CHs, 2,3PD) is a
constituent of natural fragrances and synthetic flavoring agents,
a selective polar solvent, and a starting material for the manu-
facture of dyes and pharmaceuticals." It is volatile enough to
escape into the atmosphere where it is expected to react primarily
with OH radicals and to undergo photolysis. 2,3PD belongs to
the family of o-dicarbonyls, several of which are of great
importance for the chemistry of the troposphere, including
glyoxal, C(O)(H)C(O)(H), methyl-glyoxal, CH;C(O)C(O)H,
and biacetyl, CH;C(O)C(O)CHj;. While these latter oxygenates
have been the subjects of numerous reaction kinetic and photo-
chemical studies, see, for example, refs 2—4 and refs 5—7,
respectively, no such studies have been reported for 2,3PD in
the homogeneous gas phase.

We have performed reaction kinetic and photochemical
investigations of 2,3-pentanedione. The objectives of the present
study were to improve our understanding of the effect of vicinal
carbonyl groups on the reactivity with OH radicals and to asses
the atmospheric fate of the potentially important volatile organic

v ACS Publications ©2011 American chemical Society

compound (OVOC), 2,3PD. In this paper we present rate
coeflicients for the overall reaction of 2,3PD with OH radicals,
k;, absorption cross sections as a function of wavelength,
05,3pp(4), photolysis rate coefficients, J,, and quantum yield,
D,, at selected wavelengths, all of them determined at laboratory
temperature (T ~ 300 K).

OH + CH3C(O)C(O)CH,CH;3 — products  k, (1)

CH3C(O)C(O)CH2CH3 + hy — products CI)Z and ]2
(2)

Experiments were carried out both in the Chemical Research
Center, Budapest (CRC, Budapest), and the Ecole des Mines de
Douai (EMD, Douai) by employing the complementary experi-
mental techniques that are available at the two research sites.
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Thus, kinetic experiments were carried out using the direct
discharge flow method and using also relative-rate techniques
to obtain rate coefficient for reaction (1). Photolysis experiments
were performed employing both a pulsed laser at 351 nm and a
continuous broadband irradiation source at 312 nm. The kinetic
and photochemical data we present are believed to be the first
determinations in the literature and, apart from the work of
Jackson and Yarwood,® no absorption spectrum for 2,3PD has
been reported.

2. EXPERIMENTAL SECTION

Discharge Flow Technique. Absolute rate coefficient for the
reaction OH + CH;C(O)C(O)CH,CHj; (1) was determined in
Budapest by using the low pressure fast discharge flow technique
(DF) coupled with resonance fluorescence detection (RF).”*°

The flow-tube reactor was constructed of Pyrex and had an
inner diameter of 4.0 cm and an overall length of 60 cm. The
internal surface of the reactor was coated with a thin film of
halocarbon wax to reduce heterogeneous loss of OH radicals.
The reactor was equipped coaxially with a movable injector;
helium was the carrier gas. OH radicals were produced inside the
injector by reacting H atoms with a slight excess of NO,: H +
NO, — OH + NO; H atoms were generated by microwave
discharge of trace H, in helium flow. 2,3-Pentanedione was used,
premixed in helium, from blackened bulb reservoirs and the
concentration of the mixture was checked by GC or UV—vis
absorption before use.

The OH(A—X) excitation radiation was produced by a micro-
wave powered resonance lamp operated with flowing Ar/H,O at
low pressure. The RF radiation emerging from the detection cell
was passed through an interference filter centered at 307 nm and
detected by a photomultiplier. The minimum detectable OH
concentration was approximately 2 x 10° molecules cm .

Relative-Rate Experiments Using a Pyrex Reactor. Kinetic
experiments were performed in a 10 L Pyrex bulb, PR, to
determine relative rate coefficient for reaction (1) in Budapest
(RR-PR experiments). OH radicals were produced by the photo-
oxidation of CH3ONO in synthetic air. The photolytic light
source was a modified movie projector operated with a 3 kW Xe
arc. The irradiating light was passed through a heat reflecting
mirror and three liquid filters of 12 cm optical path each in the
following order: water, an aqueous solution of chrome alum, and
an aqueous solution of methylene blue.'" The transmitted light
had a bell-shaped intensity profile with a maximum at A, =
362 nm and a full width at half-maximum of w = 28 nm.

The reaction mixtures contained (5.6 — 6.0) X 10" molecules cm ™
2,3PD, (7.9 — 8.5) x 10"° molecules cm > MEK (methyl
ethyl ketone, reference reactant), 1.0 x 10"° molecules cm
¢-C,Fg (GC standard), ~4 x 10'® molecules cm > methyl
nitrite, and synthetic air made up to 1050 mbar overall pressure.
The reaction temperature was measured inside the reactor using
a retractable thermocouple. It was found constant and slightly
above the ambient temperature (T = 302 + 4 K). Samples for
analysis were withdrawn by a gastight syringe through a septum
connected to a thin glass tube which reached in the middle of the
bulb. Concentrations were determined by isothermal GC and
flame ionization detection (FID). The GC parameters are given
in Table SI-2 in the Supporting Information.

Relative-Rate and Photochemical Experiments Using a
Collapsible Teflon Reactor. A collapsible Teflon reactor, TR,
was used at Douai'” to determine relative rate coefficients for

3

reaction 1, as well as to obtain photolysis rate coefficients for
2,3PD, J,. The reactor had a volume of ~250 L. Two types of
fluorescent tubes were used for irradiation: Vilbert-Lourmat T-20
M (20 W) with peak intensity at A,;,, = 312 nm and w = 11 nm, as
well Philips TL-K (40 W) with 4., = 365 nm and w = 34 nm.

Most of the reactants were volatile liquids (2,3PD, MEK, etc.),
measured amounts of which were injected in a small evacuated
glass vessel first, and were then flushed into the Teflon-bag
reactor one by one with a stream of purified air. In the final step,
the reactor was filled to its full volume with air (or N in the case
of NO, photolysis). Concentration depletion of the organics was
measured at regular intervals using online GC-FID analysis
(Table SI-2 in the Supporting Information).

The following were the initial concentrations: OH-reaction (RR-
TR experiments), [2,3PD]o = (1.2 — 3.0) x 10"* molecules cm >,
[ethanol]o = 4.3 x 10" molecules cm ™ (reference reactant),
[MEK]o = (2.8 — 4.2) x 10" molecules cm > (reference reactant),
and [CH;0NO], ~ 1 X 10" molecules cm™ > (OH radical
source); continuous photolysis (CP-TR experiments): [2,3PD],
= (2.5 — 6.5) x 10" molecules cm .

In the NO, actinometry measurements, the photolysis rate
coefficient, Jyo,, was determined at 312 nm by monitoring the
consumption of NO, during the irradiation of dilute NO,/N,
mixtures; the initial concentration was [NO,], &~ 8 x 10"}
molecules cm >, A calibrated commercial NO, analyzer was used
for the concentration measurements, which was operated con-
tinuously by sampling a small flow of the irradiated gas mixture
from the Teflon bag.

Measurements of Absorption Cross Sections. The UV —vis
absorption spectrum of 2,3PD was determined in Budapest
employing a home-built gas spectrophotometer.'* Briefly, the
light beam of a D, lamp was passed through a 50.2 cm absorption
cell thermostatted to T = 298 £ 1 K, dispersed by a 0.25 m
monochromator, and detected by a photomultiplier interfaced to
alock-in amplifier and PC. The spectral resolution was ~0.4 nm.
The light intensity was strongly reduced by using neutral filters to
minimize potential photolysis of the analyzed samples.

Laser Photolysis Technique. Pulsed laser photolysis (PLP)
at 351 nm was used to determine photolysis quantum yield for
2,3PD, ®,(351 nm) in Budapest. The concentration depletion
was determined after a measured number of laser shots using GC
analysis."**

An exciplex laser provided the pulsed laser light; the laser was
operated at S Hz. Photolysis was performed in a 11.6 (optical
path) x 3.6 cm (internal diameter) cylindrical quartz cell (PLP-
QR experiments). A septum joint was attached to the cell for GC
sampling (Table SI-2). The laser energy was measured using a
calibrated laser energy meter; the energy was typically ~20 m]
pulse . The photolysis was carried out in synthetic air with
mixtures containing 6.3 X 10"* molecules cm* 2,3-pentane-
dione and 1.5 x 10" molecules cm ™ ¢-C,Fs.

Chemicals. 2,3PD was purchased from Merck and Sigma-
Aldrich with the nominal purities of =98 and 97%, respectively.
The samples were purified by multiple trap-to-trap distillations in
vacuum (6x), retaining ~2/3 middle fraction at each step.
Purity of the distilled 2,3PD was 98.5% in the liquid phase and
299.5% in the gas phase. MEK (Sigma-Aldrich, >99.7%), c-C,Fg
(PCRInc., 99%), methanol (Merck, 99.9%) and ethanol (Merck,
99.9%) were degassed by several freeze—pump—thaw cycles
prior to use. Most of the gases were used as obtained: H,
(99.95%, Messer-Griesheim), He (99.996%, Messer-Griesheim ),
synthetic air (Messer Hungaria, > 99.5%), zero-grade air (Claind
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Type AZ 2000 generator). NO, (Messer-Griesheim, 98%) was
purified by repeated trap-to-trap distillations in vacuum from
slurries kept at low temperatures. Methyl nitrite, CH;0NO, was
prepared from methanol with nitrous acid"® and was purified by
trap-to-trap distillations.

Errors. Unless otherwise stated, the quoted uncertainties are
two standard deviations throughout the paper and represent
precision only. The errors are typically those that have returned
from regression analyses and have always been propagated for
the derived quantities.

3.1. KINETIC RESULTS AND DISCUSSION

3.1.1. DF-RF Determination of k;. The experiments were
conducted at T'= 300 = 3 K reaction temperature and P = 2.49 &
0.06 mbar He pressure. The standard pseudo-first-order kinetic
method was employed to determine absolute rate coefficient for
OH + CH;C(O)C(O)CH,CH; (1) with a large excess of
[2,3PD] over the hydroxyl radical concentration of [OH], ~
3 x 10" molecules cm™>. The experiments were performed by
recording the OH resonance fluorescence signal strengths versus
the varied reaction distance, z, with, S°*,, and without, S°* ¢ of
the reactant 2,3-pentanedione flow. Under the plug-flow condition
of the low-pressure DF technique, the reaction time equals z X
v+, where vy, is the average linear flow velocity in the flow tube.
The bimolecular reaction between OH and 2,3PD was kinetically
isolated from the interfering reactions in the homogeneous gas
phase, but the consumption of OH was significant on the surface of
the reactor, which was found to obey first-order kinetics with an
effective “wall rate coefficient” of k.

Therefore, assuming pseudo-first-order kinetics and with the
provision that the wall activity for OH was not very different in
the presence and absence of 2,3PD, the experimental observables
were evaluated by the eqs I—III:

SSHH z
— In Soé._l == kl/vl_- (I)
K| = k;[2,3PD| + const (1r)
z
—In S = k,— (111)

Vlin

The measured hydroxyl decays, when plotted according to
eq I, displayed straight lines, indicating the validity of first-order
kinetics. The slopes provided the pseudo-first-order rate coeffi-
cient, k', by linear least-squares analysis (LSQ). Sample decay
plots are shown in the inset of Figure 1. The main panel of this
figure shows a plot of k,’ versus [2,3PD] (eq II); the bimolecular
rate coeflicient, k;, was obtained as LSQ slope. The plotted In
SOHOH versus z data gave also straight lines, the slopes of which
supplied k,, (eq III).

Large heterogeneous effects were observed in the first experi-
ments portrayed by very high OH consumption on the surface of
the reactor and a smaller than expected signal magnitudes in the
experiments that were carried out in close succession to each
other. Such effects are indicative of the adsorption of 2,3PD on
the walls of the reactor and an enhanced heterogeneous reaction
with the OH radicals. Similar behavior was reported by Stevens
and co-workers for discharge flow reactions of OH with different
polar reactants including carbonyls (see, e.g,, ref 16 and refer-
ences therein). These authors have reported the heterogeneous

T T T T T
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200 | £ i
180 F % .
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".‘m L
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100 T=300K h
i P =2.5 mbar
80 -
" 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50

[2,3PD] / 10" molecule cm™

Figure 1. Plots used to determine k;. The figure in the inset shows
representative OH-decays vs the reaction distance, where SOHDn
and S are the OH signal strengths with and without 2,3PD flow,
respectively, and the 2,3PD concentrations are given in 10'?
molecules cm >,

effects to be minimized by the addition of O,. However, this
option was not feasible in our current experiments because a
substantial reformation of OH was observed when oxygen flow
was added to the reaction system that might have caused an
underestimation of the rate coeflicients in the measurements.
Long evacuation time and conditioning of the walls of the flow
tube with OH radicals were used prior to each experiment. In this
way, reasonable reproducibility was achieved, but the bimolecu-
lar rate coefficient plot showed a significant intercept (Figure 1),
and the k, = 7—47 s~ ! values were somewhat larger than the
usual wall consumption of OH (~3—20 s~ ') that we observed
previously in DF experiments with inert wall coatings.

The experimental conditions and kinetic results are summar-
ized in Table 1. We have not corrected the measured rate
coeflicient for viscous flow and axial diffusion in the present
work. Instead, an 8% contribution was included in the error
margins to account for such effects and other potential systematic
errors by experience with previous reaction systems. Thus, the
following rate coefficient is proposed by the DF-RF study for the
reaction of OH radicals with 2,3-pentanedione: k,(300 K) =
(225 £0.44) x 10~ "> cm® molecule ' s given with an overall
uncertainty at the 20 level.

3.1.2. Relative-Rate Kinetic Studies. Relative rate coeffi-
cients for the reaction of OH with 2,3-pentanedione were
determined by comparing the rate of loss of the substrate to
that of a reference compound the rate coefficient for which is
accurately known. 2,3PD was found to photolyze slowly at the
wavelengths used to produce OH, however, no loss of the
reference compounds at the time scale of the kinetic experiments
was observed by test irradiations conducted in the absence of
2,3PD and the OH-source CH;ONO.

OH + 2,3-pentanedione — products, k; (1)
OH + reference — products, ks (ref)
2, 3-pentanedione + hv — products, ], (2)

Amax = 362 and 365 nm.
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Table 1. Summary of Experimental Conditions and Results for the Reaction OH + 2,3PD (1) Using the DF-RF Method (T =300 +

3 K, P =2.49 + 0.06 mbar He Buffer Gas)”

[2,3PD] (10"

-3
molecules cm ™)

[OH], (10"

Vi (cm s™") molecules cm ™)

874—105S 2—10 4.79—46.9

“The errors represent 20 statistical uncertainties.

ke (s71)
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Figure 2. Plot used to determine rate coeflicient ratio for the reaction of
OH radicals with 2,3PD obtained from measurements using the Pyrex
reactor and MEK as the reference reactant.

Provided that 2,3PD and the reference compounds are lost
only by reactions with OH, neither 2,3PD, nor the reference
compounds are reformed in the systems and that the photolysis
0f 2,3PD is slow compared to the studied chemical reactions, the
following expression is obtained

In{[2,3PD],/[2,3PD}} — Jo x t = (ks k)  Inf ref]/fref],}
(v)

where [2,3PD],, [2,3PD],, [ref]o, and [ref], are the concentra-
tions of the 2,3PD and reference at time zero and ¢, ], is the
photolysis rate coefficient determined from separate experi-
ments, t is the reaction time, k; and k..¢ are the rate coefficients
for the 2,3PD reaction and the reference reaction, respectively.
Thus, plots of the left-hand side of eq IV versus In {[ref]o/[ref],}
should be linear with zero intercept and slope equal to k/k..¢.

OH radicals were produced by the photolysis of methyl nitrite
in air

CH,ONO + hv — CH;O + NO
(Amax = 362 and 365 nm)

CH3;0 + O, — HO, + HCHO

HO, + NO — OH + NO,

RR-PR Determination of k;. Relative-rate kinetic experiments
were carried out in synthetic air, at T = 302 & 4 K reaction
temperature and 1050 mbar overall pressure, using the Pyrex
reactor. The reaction with methyl ethyl ketone, OH + MEK (3),
served as reference. The measured concentration ratios plotted

T T T M T T T T T M T

0.35 -

0.30

| OH+23PD (1)
025 OH+EtOH (9

0.20
0.15

0.10

In([2,3PD], / [2,3PD]) - J ¢

k/k,=0.74+0.04

0.05 T=300 K

0.00

0.0 0.1 0.2 0.3 0.4 0.5
In((EtOH], / [EtOH] )

Figure 3. Plot used to determine rate coefficient ratio for the reaction of
OH radicals with 2,3PD obtained from measurements using the Teflon
bag reactor and EtOH as the reference reactant.

according to eq IV are presented in Figure 2. The photolysis rate
coefficient needed for the data evaluation was determined by
measuring the photodepletion of 2,3PD in the absence of
CH;ONO and MEK but, otherwise, under the same experi-
mental conditions. Single exponential time dependence was
observed providing J,(362 nm) = (1.99 £ 0.32) X 10 °s 'as
the decay constant. This photolysis rate has resulted in a
maximum correction of ~9% of the OH-reaction in eq IV. Linear
least-squares analysis of the data plotted in Figure 2 have supplied
ki/ks =1.89 £ 0.06. The rate coefficient ratio has been put to an
absolute scale by taking k3 = (1.09 & 0.18) x 10 > cm’
molecule ' s™' from ref 17 to give k; = (2.06 + 0.34) x
10" em® molecule ' s ', (The rate coefficient value we use for
the reference reaction agrees within 10% with those recom-
mended by the [IUPAC and JPL data evaluations."*'?)

RR-TR Determination of k;. Two reference reactions, OH +
MEK (3) and OH + C,H;OH (EtOH; 4), were used in the
relative-rate experiments that were performed in the Teflon-bag
reactor. The reaction conditions were: T = 300 £ 2 K and P =
1000 mbar overall pressure synthetic air. Similar to the Pyrex-
reactor experiments, photolysis loss of 2,3PD had to be taken
into account in deriving the rate coefficient ratios. The photolysis
rate coefficient has been determined to be J,(365 nm) = (2.01 &
0.08) x 10> s '; the correction for photolysis was less than
15%. A plot according to eq IV is presented in Figure 3 displaying
results with the application of the EtOH reference reaction. An
LSQ slope of the straight line of Figure 3 provides k; /k, = 0.74 £
0.04, which is resolved to the absolute rate coefficient of k; =
(1.9540.27) x 10~ "* cm® molecule 's~ ' by taking k, = (3.2 +
0.4) x 10~"* cm® molecule ' s~ ! from ref 18.

Well-obeyed straight line with zero intercept similar to those
shown in Figures 2 and 3 was obtained also with the application
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of the methyl ethyl ketone reference reaction'” in the Teflon-
reactor experiments supplying k; /k3 = 1.79 £ 0.11 and k; = (1.95
+ 0.34) x 107" cm’ molecule ' s~ '. The relative-rate plot
obtained with the OH + MEK (3) reference reaction is presented
as Figure SI-2 in the Supporting Information.

3.1.3. Reactivity of 2,3-Pentanedione with OH. The abso-
lute and relative-rate kinetic studies have provided rate coeffi-
cients for reaction (1) in good agreement with each other: DF-
RF, 2.25 £ 0.44; RR-PR, 2.06 + 0.34; RR-TR, 1.95 & 0.27 and
1.95 &£ 0.34, all given in 10~"? cm® molecule ' s7'. Note also
that k; has been found invariant to the reaction pressure in a wide
range between ~2 and ~1000 mbar. The good agreement lends
credence to the reliability of the results in particular that they
were obtained from independent measurements in two labora-
tories using different experimental techniques. The recom-
mended rate coefficient for the reaction of OH radicals with
2,3PD is the nonweighted average of the k; determinations:

ki (300 K) = (2.09 & 0.38) x 10~"* cm® molecule ' s7!

given with an overall accuracy proposed to be valid at the 95%
confidence level.

To our knowledge, no prior rate coefficient has been reported
for reaction (1). The only other o-diketone that has been a
subject of OH-kinetic study is 2,3-butanedione (CH;C(O)
C(O)CHj, or biacetyl). A rate coefficient of (2.3 £ 0.2) x
10" cm® molecule ' s7! (T = 298 K) has been determined by
Dagaut et al.* for the OH + biacetyl reaction in good agreement
with a previous measurement by Darnall et al.>® The rate
coefficient we propose from our current work for the OH +
CH;C(O)C(O)CH,CHj; (1) reaction is ~10 times higher,
which can be rationalized, however, by the increased reactivity
of the CH, group not present in the biacetyl molecule (see
below).

A structural isomer of 2,3PD is 2,4-pentanedione (2,4PD),
which is a 5-diketone. Holloway and co-workers have carried out
a detailed kinetic study of the reaction of OH with 2,4PD using
both direct and relative kinetic methods.*' The rate coefficient
they have reported is (8.78 £ 0.58) x 10 '" cm® molecule 's™"
(T =298 K), which is more than 40 times higher than the k; value
we have determined for the OH + CH;C(O)C(O)CH,CHj; (1)
reaction. Holloway et al.*' have explained the high rate coeffi-
cient by that 2,4-pentanedione exists in the gas phase predomi-
nantly as the enol tautomer, CH;C(O) CH=C(OH)CHj, which
undergoes fast addition reaction with the OH radical, while the
keto-form ketones react via the slower hydrogen abstraction
reaction. In contrast to 2,4PD, the vicinal diketone 2,3PD exists
predominantly in the keto form with the enol form being present
to a few percentages, at the most, in the gas phase at room
tempe1‘ature.22’23

The reactivity properties of 2,3PD can be understood by the
considerable knowledge that has been gathered throughout the
years for the kinetics and mechanism of the reactions of OH
radicals with the aliphatic monoketones, see, for example, refs 24
and 25 and also the review paper by Mellouki et al.>® The C=0
group slightly reduces the bond dissociation energy (BDE) of a
neighboring C—H bond," but it is strongly electron withdraw-
ing, which overrides the BDE-reducing effect, and so hydrogen
abstraction by the electrophilic OH radical becomes less facile at
the a-position.”**” On the other hand, a characteristic feature
of the OH reactions of C,, = 3 ketones is the increased reactivity
of the C—H bonds at the SB-position.”>*® This latter effect is

thought to be the decisive factor in determining the pronounced
reactivity of 2,3PD toward OH, compared, for example, with
propane, CH3CH,CHj;, which has the same number and types of
H atoms, but its rate coeflicient is about half of that of the 2,3PD
reaction (k(OH + propane) = 1.1 X 10~ "> cm® molecule ' s,
T =298 K"°).

An important development for understanding the reactivity of
OH radicals with polar organic molecules, including carbonyls,
has been the recognition of the important role that weakly bound
‘prereaction’ (or ‘prereactive’) complexes play in the molecular
mechanisms of the reactions, as it has been reviewed”® >° and
discussed in detail, for example, in refs 31 and 32. Specifically, the
role of hydrogen bonded complexes in enhancing the reactivity
of the -C—H bond in the reactions of OH with aliphatic ketones
has been assessed by Alvarez-Idaboy and co-workers by quantum
chemical and theoretical reaction kinetics computations.*” They
have shown that the [-prereaction complexes, C=0---HO- -

-HgC,, significantly lower the reaction barrier via hydrogen-
bond-like interactions in the transition state thus leading to
increased rate coeflicients.

One of the most frequently used methods to estimate OH
reaction rate coefficients for gas-phase organic compounds has
been Atkinson’s structure—reactivity (SAR) approach,”” which
was found to work very well for the OH + aliphatic ketones
reactions.”* According to the SAR procedure, the total rate
coefficient for the reaction OH + CH;C(O)C(O)CH,CH; (1)
can be estimated as the sum of the following group rate
coefficients (T = 298 K):

ki = kpimF( > CO) + kecF( > CO)F(— CH;)
+ kPrimP(_ CHZC(O) _) (V)

where kpim and k. are the rate coefficients per CH;— and
—CH,— groups and Fs are the substituent factors. Taking the
tabulated generic rate coefficients kyyim, ksec and the substituent
factors from ref 27 one obtains k; = 1.33 x 107'? cm?®
molecule ' s, which is an ~50% underestimate of the experi-
mental value. We believe the reason is simply that the substituent
factors currently available do not reflect the activating effect
of a —C(0O)C(O)— moiety on the 3-C—H bond. Conversely,
a F(—C(0)C(0)—) factor can be derived by using our mea-
sured rate coefficient and the group reactivity parameters given in
ref 27.

ki (meas) = kyimF(— C(O)C(0) —)
+ keF(— C(O)C(O) —)F(— CH3)
+ KprimF(— CH,C(O) —) (VD)

This estimation provides F(—C(O)C(O)—) = 1.55, which
indicates a definite, but smaller, activating effect than that of
the —CH,C(O)— group, F(—CH,C(0)—) = 3.9.”

3.2. PHOTOCHEMICAL RESULTS AND DISCUSSION

3.2.1. UV—Vis Absorption Spectrum of 2,3-Pentanedione.
The absorption spectrum for 2,3PD was determined over the
wavelength range of A = 210—450 nm, at room temperature
(T =298 + 1 K). The wavelength-dependent cross sections,
03,3pp(4), were obtained from absorption measurements
applying the Beer—Lambert law:

ln{ (I())/(I)} = 02,3PD (l)/[Z, 3PD} (VII)
where /(= 50.2 cm) is the optical path length, and I, and I are the
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Figure 4. Absorption spectrum of 2,3-pentanedione in the gas phase
at laboratory temperature: (—), this work; (----), Jackson and
Yarwood.®.

transmitted light intensities in the absence and presence of
2,3PD, respectively. The spectrum is shown in Figure 4 and
the corresponding absorption cross sections, 0,3pp(4), are
tabulated in 1 nm intervals in the Supporting Information
(Table SI-1) where representative Beer—Lambert (BL) plots
are also presented (Figure SI-1).

As a first step, survey spectra were taken using the 2,3PD, as
obtained from the supplier (nominally >98% purity sample).
One of the characteristic features of the spectrum determined
was a strong absorption band at ~250 nm, which had a shoulder
at ~270 nm. The 250 nm peak disappeared, however, when the
spectrum was recorded with the purified sample and a lower-
intensity unstructured band emerged with a maximum at 270 nm.
The short-wavelength feature of the spectrum appeared again
when the 2,3PD/He mixture applied for the analysis was
prepared and stored in a bulb, which was used previously for
storing other organics in gas mixtures, indicating the potential
chemical transformation of 2,3PD on contaminated surfaces.
Therefore, new, carefully cleaned glass parts were installed, and
the absorption spectra were taken with the purified 2,3PD
samples from mixtures stored for 1, 2, and 15 days, and recording
of the spectra was done under static and flow-through conditions
as well. The measurements have provided absorption cross
sections in good agreement and so their average is proposed as
the final result. This spectrum is presented in Figure 4.

As seen in Figure 4, 2,3PD has two broad absorption bands in
the spectral range above ~220 nm: one in the UV and the other
one in the visible with maximum at 270 and 415 nm, respectively.
There is some indication for a vibrational structure of the second
band, which may have been blurred, however, by the relatively
low resolution (~0.4 nm) of our spectrometer. We have
observed weak absorption extended to even longer wavelengths
in the visible region but do not report the spectrum above
450 nm because of the large scatter and significant intercept of
the BL-plots. The absorption spectrum of 2,3PD is similar to that
of biacetyl in terms of the band positions, absorption cross
sections and band widths.**

The only absorption spectrum that is available for 2,3PD from
the literature has been reported by Jackson and Yarwood,® which
is presented also in Figure 4. The UV-portion of the spectrum
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Figure 5. Depletion of 2,3PD concentration in pulsed laser photolysis
experiments: 7 is the number of laser shots and E is the energy per pulse.
The slope is proportional to the ®,(351 nm) photolysis quantum yield.
The open symbols designate experiments performed with reaction
mixtures containing 1-pentene as an OH scavenger.

reported by these authors, a large peak at 253 nm with a shoulder
at 280 nm, shows close resemblance to that we observed with the
2,3PD sample when used without purification. As discussed, the
strong short-wavelength band was absent in the spectrum that we
obtained with the purified 2,3PD. The absorption band lying at
longer wavelengths shows significant disparity as well (Figure 4).
We note that we have obtained the same spectrum with the
purified sample and without purification above ~350 nm.
Clearly, this is not yet a proof for that our spectrum should be
preferred at longer wavelengths as well.

3.2.2.Pulsed Laser Photolysis Results. The 351 nm PLP-QR
experiments were performed at laboratory temperature (T = 300
+ 2 K) in synthetic air at 1000 mbar total pressure to determine
the photolysis quantum yield, ®,(351 nm). The concentration
of 2,3PD was measured before photolysis, [2,3PD],, and after n
laser shots, [2,3PD],, by GC analysis. Fresh gas mixtures were
prepared for each irradiation. The experimental observables were
evaluated according to eq VIIL:">'*

In([2,3PD],/[2,3PD],) = — C x ®,(351 nm) X (n X E)
(V1)

with C = £, (351 nm) X Ep,(351 nm) " X 05, 3pp(351 nm) x / x V!

where E is the laser energy (m]) per pulse, £,,(351 nm) is the
transmission of the entrance window (the measured value was
0.930 for one window), Ep,(351 nm) is the energy of one photon
(mJ photon™ '), / (= 11.6 cm) is the optical path length, and V'is
the total volume of the cell (cm?). @,(351 nm) was obtained by
plotting In([2,3PD],,/[2,3PD],) against (n x E) and making use
of the absorption cross section measured in the present work
and the known parameters in eq VIIL. A plot of In([2,3PD],/
[2,3PD]y) versus (n x E) is presented in Figure S.

The reaction mixture contained 1-pentene in two experiments
to trap the OH radicals potentially formed in the photo-oxidation
system. Open symbols in Figure 5 represent the data obtained in
the presence of OH-scavenger. The concentration of 1-pentene
was 9.11 x 10" and 8.9 x 10"° molecules cm > at low and high
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2,3PD depletion, respectively. The result is seen invariant to the
absence or presence of the OH scavenger 1-pentene that is
believed to be a strong indication for the reliability of the
quantum yield determined in the PLP-QR experiments. Linear
least-squares analysis of all data in Figure S has provided
®,(351 nm) = 0.11 £ 0.01, where the error given represents 20
statistical uncertainty. Systematic errors were assessed for the
parameters used in eq VIII, for example, it is +=4% for the energy
measurement judged by NO, actinometry. Root mean squares
combination of the statistical and systematic errors gives £20%,
which is the proposed overall uncertainty at the 20 (95%
confidence) level. That is, the recommended quantum yield
from our present study is:

®,(351 nm) = 0.11 £ 0.02

The “real” accuracy of the measurements can be considerable
poorer than that given above due to the small absorption cross
section of the 2,3PD molecule at the 351 nm photolysis
wavelength.

3.2.3. Broadband Photolysis Results. Continuous photolysis
of 2,3PD was carried out in the collapsible Teflon reactor in air
buffer gas using fluorescent UV lamps with maximum emissions
at 312 nm (T =300 £ 2 K, P = 1000 mbar, CP-TR experiments).
The photolysis rate coefficient (“photolysis frequency”),
J>(312 nm), was determined by monitoring the loss of the
photolyte via online GC analysis. Experiments were performed
with and without adding 1-pentene to the irradiated gas mixtures.
1-Pentene served to trap the OH radicals that potentially formed
in the reaction systems. The depletion of 2,3PD concentration
has been found to follow first-order kinetics as shown in Figure 6,
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-0.10

-0.15

-0.20

In([2,3PD], / [2,3PD] )

025L J,(312nm)=(1.40 £ 0.06) x 10° 5™

o3 0L vy
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Time / minute

Figure 6. Depletion of 2,3PD concentration in the broadband photo-
lysis experiments performed in the Teflon-film reactor at 312 nm. The
reaction mixtures contained 1-pentene as an OH scavenger. The slope of
the straight line gives the J, photolysis rate coefficient.

where the In([2,3PD],/[2,3PD],) data are plotted against the
reaction time, £, from two series of photolysis experiments. The J,
values have been obtained by linear regression as the slope of the
straight lines and are listed in the second column of Table 2.

The photolysis rate coefficient determined for 2,3PD is higher
by ~30% in the absence of OH-scavenger. The OH radicals that
caused the additional consumption of 2,3PD were probably
formed via secondary reactions involving peroxy-radical chem-
istry in the photo-oxidation systems. The formation of OH by the
primary photodissociation of 2,3PD can not be excluded either,
but no products were determined in our current photolysis study
to assess the primary and secondary photochemical processes.
The photolysis rate coeflicient determined in the presence of the
OH scavenger is discussed next.

J» has been normalized to the photon flux by using NO,
actinometry (note that the emission spectrum of the fluorescent
lamps and the absorption spectra of 2,3PD and NO,"? overlap in
a substantial wavelength range). A dilute mixture of NO, in
atmospheric pressure N, buffer gas was photolyzed in the Teflon
reactor under the very same irradiation conditions than those of
the 2,3PD photolysis experiments and the concentration deple-
tion of NO, was measured as a function of the photolysis time up
to 15—20% conversion. A plot of In[NO], versus t yielded a
straight line, the slope of which was equated to Jxo, after minor
correction for secondary reactions as proposed by Holmes
et al.>**® The determined Jno, photolysis frequencies along with
the ratios J5/Jno, are given in Table 2.

The J,/Jno, values in Table 2 have been utilized to estimate an
“integral” or “effective” quantum yield,***” @, for the photo-
lysis of 2,3PD with the broad-band fluorescent lamp with 4,,,,, =
312 nm and w = 12 nm maximal emission wavelength and a full
width at half maxima, respectively. The following expression was
used:

(D;ff _ ] 2

JNo,

» 0.50N0, (Amax — 0.5W) 4+ ONOyAmax + 0.50N0, (Amax + 0.5w)
0~502,3PD(lmax —OSW) + (72’3PD/‘[fmax + O.SUz}g}pD(lm“ + OSW)

X (I)NO;_ (IX)

In eq IX, @y, is the quantum yield for nitrogen dioxide
photolysis, which was taken unity'**” over the whole wavelength
range studied; the absorption cross sections of NO,, GNOZ(i),
were taken from ref 19 for the calculations and the 05 3pp(4)
values from the present work (Table SI-1 in the Supporting
Infrmation). The estimated effective quantum vyield is
®,**(312 nm) = 0.41 % 0.0S. Trial calculations have shown
only small change of the effective quantum yields when more
overlap between the emission spectrum of the lamp and the
absorption spectra of NO, and 2,3PD were taken into account.

As discussed, there was a strong, albeit indirect, indication for
the formation of OH radicals in the broadband photolysis study
performed at 312 nm causing a potential overestimation of the

Table 2. Photolysis Rate Coeflicients and Effective Quantum Yields Determined in the Collapsible Teflon Reactor at 312 nm
Using Broadband Fluorescent Lamps (T = 300 &+ 2 K, P = 1000 mbar Air)

) (1075571
1.92 4 0.08 (2)
1.40 & 0.06 (3)

OH scavenger

no scavenger

1-pentene”

Jno, (1073 s71)

0.78 & 0.01 (9)

100 X (J»/Jno,) @,

1.80 + 0.12¢ 0.41 + 0.05*

“The number of experiments are given in the parentheses; 6 X 20 W lamps were used in the experiments. b Effective quantum yield (see text).
¢ OH-scavenger: [1-pentene], = 9.1 x 10"* molecules cm . dUsing J» values determined in the presence of OH scavenger.
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quantum yields. In contrast, no such problem was observed in the
PLP experiments at 351 nm. No obvious reason can be given to
explain the diverse behavior. We just note that more photolysis
channels are accessible at the lower wavelength studied (see next
section) that may have led to different secondary photooxidation
processes. The concentration of 1-pentene was not varied in the
CP experiments, but it was assumed to be sufficiently high to
scavenge all OH formed in the system. Thus, the determined
quantum yield is proposed to be only an upper limit, that is,
®,*F(312 nm) < 0.41.

3.2.4. Photochemistry of 2,3PD. We have determined
photolysis quantum vyields for 2,3-pentanedione using 351 nm
XeF laser and 312 nm fluorescence lamps at room temperature
(T =300 + 2 K) in 1000 mbar air buffer gas with the results of
®,(351nm) =0.11  0.02 and @, (312 nm) < 0.41. These are
high values for the studied wavelengths and pressure. They
appear high in comparison, for example, with the long-wave-
length photolysis quantum yields of monoketones'* and the
365 nm quantum yield of the a-diketone biacetyl.*® On the other
side, however, high quantum yields have been reported for the
photolysis of the a-ketoaldehyde, methylglyoxal, CH;C(O)C-
(O)H, even at around 400 nm photolysis wavelength, although
determined at lower pressures.® Clearly, further investigations
are needed to determine accurate photolysis quantum yields for
2,3PD. Among the quantum yields determined, we give pre-
ference to that obtained by the laser photolysis method.

Consumption yields were measured and no photolysis pro-
ducts were determined in our current work. Thermochemistry
and the scarce information available from the literature suggest
channels 2a—2d to be primary photolysis channels for 2,3PD at
the relatively low excitation energies of the investigations:

CH;C(0)C(O)CH,CH; + h v

— CH3CO + CH3CH2CO  AgaHP208 =302 kI mol™ ", Jireqhola = 395 nm (2a)

— CH3CO + CH;CH, + CO  AgyHP208 = 344 kJ mol™ % Zpreshora = 346 nm (2b)

— CH3C(0)C(0) + CH3CH, AgcH295 = 354 kI mol™ %, Apreqnotg =336 nm  (2¢)

=

The applied photolysis wavelengths of 312 and 351 nm
correspond to the excitation energies of 382 and 340 kJ mol ™',
respectively. Three different C—C photodissociation routes are
energetically accessible at 312 nm excitation, channels 2a—2c,
while at 351 nm, only the formation of CH;CO + CH3;CH,CO,
channel 24, is feasible at ambient temperatures. The free radical
product CH3C(O)C(O) formed via channel 2c may undergo
decomposition depending on its excess energy”*’ to form
CH;CO and CO. The photoisomerization reaction 2d may take
place at both excitation wavelengths studied: this channel has
been proposed by Turro and Lee in a classical liquid-phase
photochemical study*" (see below). (The reaction enthalpies for
the different photolysis channels have been obtained by taking
the recently published standard enthalpy of formation of AgH®9g
(2,3PD) = —343.7 #+ 2.5 k] mol " from ref 39 and the other
enthalpy data from refs 19,39, and 40.)

Little is known about the photochemistry of 2,3PD from the
literature. Turro and Lee*" have studied the photochemistry of 2,3PD
in solution at 435 nm. They have shown that photolysis of 2,3PD
forms 1-hydroxy-1-methyl-2-cyclobutanone via an intramolecular

AsaHP295 < 274 KJ mol ™, Aireshola > 435 nm*' (2d)

photoreduction process, eq 2d, with a quantum yield of ~0.06.*'
Jackson and Yarwood® have investigated the fluorescence and
phosphorescence of 2,3PD in the gas phase at 365, 405, and
436 nm. They have derived a rate coefficient expression by the
temperature dependent quenching of the phosphorescence of
2,3PD* consistent with the eq 2d photoisomerization process.*'
In an unpublished photo-oxidation study, performed at 254 nm in
the Teflon reactor in our own laboratory, the build-up of acetalde-
hyde, CH;CHO, was observed concomitant with the consumption
of 2,3PD,* indicating the occurrence of photodissociation channels
2a—2c.

3.3. ATMOSPHERIC IMPLICATIONS

The absorption spectrum of 2,3-pentanedione extends to long
wavelengths (Figure 4) where the solar flux increases rapidly in
the troposphere, for example, the flux is ~150 times higher at
400 nm than that at 300 nm at the Earth’s surface. Also, as
presented in sections 3.2.2—3.2.4, 2,3PD undergoes photoche-
mical changes with quantum yields that are still fairly uncertain,
but they are believed significant even at relatively long wave-
lengths. These factors imply a likely short photolysis lifetime of
2,3PD, Tphoy in the troposphere.

As discussed, we prefer the quantum yield determined with the
monochromatic laser light, ®,(351 nm) = 0.11 & 0.02. We
estimate Tphot43 by assuming ®, to be 0.1 over the whole
wavelength range of 290—450 nm and utilizing the measured
absorption cross sections along with tabulated actinic fluxes
taken from ref 43. This estimation has provided the photolysis
lifetime of less than one hour for 2,3PD during daytime at mid
latitudes on the ground level. The same qualitative result is
obtained assuming 0.06 for the photolysis quantum yield*' due to
the significant absorption of 2,3PD and the high solar flux in the
longer wavelength region.

Similar to other carbonyl molecules, OH-reaction can be an
important initiation step for the tropospheric degradation of
2,3PD beside photolysis. The k; value determined at laboratory
temperature can be used to estimate the tropospheric lifetime of
2,3PD with respect to its reaction with OH radicals, Toy. With an
average global OH concentration of [OH]ggpa = 1 X 10°
radicals cm ™ (24 h average),** the tropospheric lifetime of
Ton ~ 1/[k,(300 K) x [OH]gioba] = 5.3 days is estimated.

In summary, our estimations show that photolysis is likely the
dominant process to control the loss of 2,3PD in the tropo-
sphere. While this conclusion is believed correct in qualitative
terms, accurate lifetime can not be given as yet, mostly because of
the uncertainty of the photolysis quantum yields. It is noted also
that the simple assessment used here is based on the assumption
that 2,3PD is uniformly mixed through the troposphere that is
probably not the case in view of the short lifetime of this OVOC
and the average tropospheric transport time scale (1—2 months).
The short lifetime indicates that 2,3PD will be removed rapidly
close to its local sources in the atmosphere.

B ASSOCIATED CONTENT

© Ssupporting Information. Absorption cross sections for
2,3-pentanedione tabulated in 1 nm intervals along with repre-
sentative Beer—Lambert plots; GC conditions; relative-rate plot
to obtain k;(OH + 2,3PD)/k;(OH + MEK). This material is
available free of charge via the Internet at http://pubs.acs.org.
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ABSTRACT

The low-pressure fast discharge flow method wasd ue study the kinetics of the
oxidation reaction system OH + (GQHCC(O)H + Q at room temperature. OH radicals were
monitored by resonance florescence detection; imeluas the carrier gas. The rate constant
for the overall reaction between OH radicals andalpidehyde, (ChsCC(O)H, (1) was
determined to béy(298 K) = (2.65 + 0.34) x I® cn® molecule® s?, given with 2
statistical uncertainty. The OH yields 6b4 = 0.26 £ 0.10 and oy = 0.15 £ 0.06 were
measured for the pivaloyl radical, (§kCC(O), + Q reaction atP = 1.81 and 3.46 mbar
reaction pressures, respectively. Comparison wihakure and the atmospheric implications

have been discussed.

Keywords:atmospheric kinetics, pivalaldehyde, OH reactide cnstant, OH product yield.
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INTRODUCTION

Aldehydes, among them pivalaldehyde (PVA), 2,2-dimlepropanal
((CH3)3CC(O)H)), are important trace constituents of ttreasphere. They are emitted from
both biogenic and anthropogenic sources, and aetioa intermediates formed in the
atmospheric degradation of most atmospheric organithe oxidative degradation of
aldehydes contributes significantly to the H@d Q budget of the troposphere and they are
precursors for peroxyacylnitrates, which are congod® of urban smog and efficient
reservoirs of N@ 2. Similarly to other aldehydes, a major atmosphéogs process of
pivalaldehyde is the reaction with OH radicals (e reaction takes place predominantly via
the abstraction of the aldehydic H afbileading to the pivaloyl (PVL), 2,2-dimethyl-
propionyl ((CH)3CC(0)), radical. PVL reacts exclusively with, @ the atmosphere and is
known to form the pivaloyl-peroxyl radical, (GHCC(0) (2a) 3. By analogy with the
acetyl (CHCO) + Q >° and propionyl (GHsCO)+ O, " reactions, OH formation is also an

expected reaction channel in the reaction of P\dicads with Q (2b).

OH + (CH)sCC(O)H - (CHg)sCC(O) + HO 1)

(CHs)sCC(O) + @ — products )
(CHs)sCC(O) + Q@+ M — (CHs)sCC(O)Q + M (2a)

(CHg)sCC(0) + Q — OH + other products (2b)

Objective of our study was to determine rate condiar the overall reaction between
OH radicals and pivalaldehyd&;, and to determine OH yields (branching ratid$y =

kon'ko, at room temperature and a few mbar pressureliointne



EXPERIMENTAL

The low-pressure fast discharge flow method (DF}¥ waplied to investigate the
oxidation kinetics of pivalaldehyde initiated by Q#dicals. OH was detected directly by
A3 (v=0) — X°T(v=0) resonance fluorescence (RF) using a microvpmweered resonance
lamp for excitation. Details of the kinetic appasaand RF detection have been presented

previously®*°.

The 60.0-cm-long, 4.01-cm-i.d. flow tube reactaswconstructed of Pyrex and was
coaxially equipped with a moveable quartz injectbine inner surface of the reactor was
coated with a thin layer of halocarbon wax to rexbeterogeneous wall effects. OH radicals
were reacted with (CHECC(O)H in the flow reactor in the presence and absef Q. OH
was produced in the reaction of H atoms with ahsligxcess of N@inside the moveable
injector: H + NQ - OH + NO. Hydrogen atoms were obtained by microw@digeharge
dissociation of H, in large excess of He flow. Helium was the maanrier gas which was
regulated by calibrated mass flow controllers. Bnealler flows of reactants and radical-
source molecules were regulated by needle valveslarermined from the pressure rise over
time in known volumes. The reaction pressure waasoed with a calibrated capacitance
manometer. The flow tube was connected downstreamdetection block where the induced
resonance fluorescence of OH was viewed throughtanference filter centred at 307 nm
and detected by a photomultiplier. The multiplietput was fed into a purpose-built data
acquisition PC-board for signal averaging and ferthnalysis. The detection limit for OH
was ~2 x 18molecule crit (at SN = 1 signal-to-noise ratio).

The experimental procedure involved monitoringle toncentration of OH radicals
at different positions of the moveable injector {atied reaction times) in the presence and

absence of @ i.e.,, for OH + (CH);CC(O)H and OH + (CH3CC(O)H + Q. Both



pivaldehyde and ©were used in large excess over OH and they enteestkactor upstream
through side arms. The initial OH concentration \i@sl] = 3 x 13* molecule cm®, along
with [(CH3)sCC(O)H] = 4 x 10 and [Q] = 1 x 10° molecule ci. The “O, flow on” and
“O, flow off” runs, or vice versa, were conducted iback-to-back manner. The linear flow
velocity wasvii, = 15 m §* allowing kinetic measurements to be performedtenms time

scale.

Table 1. Materials used in the experiments

Name Supplier Purity (%) Notes
He Messer-Griesheim 99.996 a
H, Messer Griesheim 99.995 b
Ar Linde 99.9990 b
O, Messer Griesheim 99.995
NO; Messer Griesheim 98 ¢
(CH3)sCC(O)H  Aldrich > 97 d

8 As a carrier gas, it was passed through liquicsgin-cooled silica-gel traps before entering
the flow system® Used as5% H, + 10% Ar mixture in He®Purified by low-temperature

trap-to-trap distillation in vacuum and used asm¥ture in He ? Degassed by freeze-pump-
thaw cycles prior to use. It was metered in thevftabe either directly or premixed in 10—

15% with He.

RESULTS

The experiments were carried-out at room tempegaiur 298 + 3 K, and® = 1.82
and 3.46 mbar pressures of He.

OH signals were found to decrease with increassagtion time both in the absence
and presence of Dbut the depletion was slower and the OH signadsewbigger when
oxygen was added to the system indicating the medton of OH via reaction (2b). OH

obeyed first-order kinetics for both OH + PVA andHG PVA + O, Figure 1 presents



representative OH kinetic plots, where the decayesidrawn are non-linear least-squares

(LSQ) fits to the experimental data.

35 T T T T T T T T T T T

3.0 | -

Lol OH + (CH,),CC(O)H + O,

1.5 | —

RF signal (a. u.)

10 OH +(CH).CC(OH T

05 1 : 1 . L . L . 1 . 1
6 7 8 9 10 11

Reaction time (ms)

Figure 1. Typical OH decay plots determined for OH + (§4€C(O)H and OH +
(CH3)3CC(O)H + Q in back-to-back experiment® € 1.82 mbarT = 299 K, [OH} = 3.4 x

10", [PVA] = 3.6 x 16%and [Q] = 1.9 x 16° molecule criY).



The decay constant measured in the absence,dk @he pseudo-first-order rate
constant for the reaction OH + PVA (K), = k; [PVA] + const a plot of thek;’ values vs. the
pivalaldehyde concentration is shown in Figure ateDplotted include al;’ from both the
1.82 and 3.46 mbar experiments and show no didderrpressure dependence. The
experimental data have defined a reasonable goaididtline with a small intercept. A linear
LSQ analysis has provided the rate constant vdiue o

k(298 K) = (2.65 + 0.34) x I cm?® molecule* s™.

(The errors above and throughout this Communicatesignate & statistical uncertainty.)



OH+(CH,).CC(O)H (1)
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Figure 2. Plot of the pseudo-first-order decay constant ws.pivalaldehyde concentration in
the absence of OThe slope of the straight line provides the catestant for the reaction OH

+ (CHg)sCC(O)H ().



Under our experimental conditions only reactionjs (2a), (2b) and the heterogeneous
loss of OH took place, OH + wall products (w). As we have shown in a previous
publicatior?, the system of differential equations of reactiofiy—(w) can be solved
analytically, providing Eq. (I) for the OH vyield:

Ton= (k' —=K) / (ka' = Ku) (1
wherek;' is, the OH decay constant with (HCC(O)H (see also above, is the OH decay
constant with (CRH);sCC(O)H + Q andk, is the ‘wall’ rate constant of OH. The depletidn o
OH radicals on the wall of the reactor was deteediiim separate experiments tokye= 8 +
3st

The experimental conditions and kinetic resules summarised in Table 2. The OH
yield has been found significant at the low presswof the investigations; the more accurate
result was obtained at 1.81 mbar where the OH medftion was more significant and the

reproducibility was better-o4(1.81 mbar) = 0.26 = 0.10.

Table 2. Experimental conditions and kinetic results for t®é&l-initiated oxidation of
pivalaldehydeT = 298 + 3 K)

P(He) [PVA] k2 kP Ton* 25° Runs®

(mbar) (10%cm®) (s (sh

1.81 0.77-4.37 22.8-223.3 18.1-192.1 0.26 £ 0.10 13

3.46 1.70-6.49 63.6-177.6 58.2-172.2 0.15+0.06 5

20H decay constant in the absence of \H decay constant in the presence ef the G
concentration was ~2 x fOmolecule ci®. € OH yield (branching ratio)/ oy = koy/ko. °
Number of back-to-back determinationskof andk .



DISCUSSION

The rate constant we have determined for the dveaction between OH radicals
and pivalaldehydel; (300 K) = (2.65 + 0.34) x 18" cn® molecule® s, agrees well with
most of the data reported in the literature. Asifistance, in a recent study by D’Anna et‘al.
the rate constant value &f(298 K) = (2.86 + 0.13) x I&' cn® molecule® s* has been
determined by relative-rate kinetic experiments (tother references see also the paper of
these authors). In an early work from our own labany, a significantly higher rate constant
was determined for reaction (1) using also the BFakethodf. The reason of the disparity is
not known; the only apparent difference is a sonawtigher, but still not unusually high,
wall consumption of OHK, = 20 s%) in the previous experiments

Le Crane and co-workérshave carried out a detailed laboratory study oe th
atmospheric chemistry of pivalaldehyde using flgsotolysis — UV absorption and
continuous photolysis — FTIR absorption methods98D mbar synthetic air at 296 K.
Pivaloyl (PVL), (CH)3sCC(O), radicals were produced by reacting pivalaydie with ClI
atoms. The authors have shown that the atmospla¢eiof PVL radicals is the addition ta O
to give pivalylperoxyl radical, (CksCC(O)Q, (reaction (2a)) with a yield of >0.98. The OH
yields of 0.26 and 0.15 we have determined do antradict with the results of Le Crane et
al., since we have performed the experiments ahnhmeer pressures. In two of our recent
studies, OH formation was shown to be the domigatiraction product for the GBO + Q°
and GHsCO+0Q, ’ reactions in the low pressure regime of the Dfnegue. At ~1 mbar
pressure of He, the OH yields were found closertibypbut they decreased quickly with
increasing pressure as understood by the efficemipetition between the pressure dependent
O.-addition and the pressure independent OH-elinonatf. In our current study, we have

observed also significant, although smaller OHdgefor the reaction (C§HCC(O) + Q.



Some pressure dependence is also evident by therpeel data, but measurements were done
only at two pressures and no OH yields could berdehed above ~4 mbar because of the

small OH signals at higher pressures. The OH yiatdscompared in Table 3.

Table 3. Comparison of OH vyields/ty) for the acyl + @ reactions in the low pressure

regime [ = 300 K).

Reaction P(He) Ion Reference
(mbar)

(CH3):CC(O)+Q  1.81 0.26 £0.10  This work
CH;CO + G 2.00 0.86 Kovécs et. al
C,HsCO + & 2.00 0.86 +0.14  Ziigner et &l.
(CH3)sCC(O)+Q  3.46 0.15+0.06  This work
CHsCO + G 3.50 0.57 Kovécs et. al
C,HsCO + O 3.59 0.68 +0.10  Ziigner et 4l.

The OH vyields presented in Table 3 are seen tddse ¢to each other for the @EIO + G, and
C,HsCO + G reactions, while they are more than 3-times smédlethe (CH)3;CC(O) + Q
reaction at comparable pressures. One possiblamequn for the apparent small OH yields
is that the pivaloyl radical is much less stablertmally compared with its acetyl and
propionyl counterpartd! and so the decomposition reaction of PVL, EEC(O) + M —
(CHs)3sC + CO + M, could compete efficiently with its ré@aa with the oxygen molecule. In
this case, estimation &by is no longer viable by using the simple Eq. (I).

The high rate constant we have determined for im@ac{l) implies a short
tropospheric lifetime of pivalaldehyde. Taking amemge global OH concentration of
[OH]giobai = 1 x 16 molecule cri® *%, one obtaingon ~ 1/(ky(298 K) x [OHLiona) = 11 hours
estimate for the lifetime of PVA in the troposphevéh respect to its reaction with OH

radicals. Photolysis may be of comparable imposaic the atmospheric removal of PVA,



but no photochemical study of pivalaldehyde hasieported in the gas phase. Based on our
current experimental findings, and analogies whth &cetyl and propionyl radical reactions
with O, >’, the OH yield for the PVA + ©reaction must be very small in atmospheric
pressure air. Thus, the atmospheric photooxidaifguivalaldehyde is likely to occur via the
OH initiation step, followed by the formation ofettperoxyl radical (Ck)3sCC(O)Q which

undergoes subsequent reactions with NO; Bi@l other peroxyl radicals.
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