Theése de Claudio Bettinelli, Lille 1, 2011

THESE

présentée a

L'UNIVERSITE DE LILLE 1

Pour obtenir le titre de Docteur
de 'Ecole Doctorale
Sciences de la Matiere, du Rayonnement et de I'Envi  ronnement

par

Claudio Bettinelli

Etude de la photolyse a 266 nm ou 355 nm de

composes carbonylés d’'interét atmosphérique

Soutenue le 9 Décembre 2011

Ne°d'ordre : 40722

Directrice de these Christa FITTSCHEN Directrice de Recherches, Université Lille 1
Rapporteurs : Elena JIMENEZ MARTINEZ Professeur, Université Castilla La Mancha (Espagne)
Holger SOMNITZ Université de Essen - Duisburg (Allemagne)
Membres du jury : Bela VISKOLCZ Professeur, Université de Szeged (Hongrie)
Jean-Frangois PAUWELS Professeur, Université Lille 1
Pascal DREAN Maitre de Conférences, Université Lille 1
Membre invité : Bernard LEMOINE Chargé de Recherches, Université Lille 1

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

Remerciements

Ce travail, réalisé a I'Université de Lille 1, essu d’'une collaboration entre les laboratoires de
Physico-chimie des Processus de Combustion et B8phére (PC2A) et Physique des Lasers,
Atomes et Molécules (PhLAM). Il a été effectué aminsdu Centre d’Etudes et de Recherches
Lasers et Applications (CERLA), avec le soutierafinier: Marie-Curie Early Stage Training Site
“TOTECAT".

Je tiens d’abord a remercier messieurs Pascal DMaitre de Conférences, et Bernard Lemoine,
Chargé de Recherche CNRS, pour avoir encadré ttétse, pour m’avoir laissé libre de pouvoir
appliguer mes idées et choix et d’'autre part daetd disponibles a I'écoute. J'exprime toute ma
gratitude a Mme Christa Fittschen, Directrice deleche, pour I'énergie et la passion transmise
au cours des ces années, mais surtout pour m'deniré la possibilité de participer a des congres
nationaux et internationaux.

Je ne saurais oublier de remercier Maria Antinokva$ etElena Jiméneamembres du groupe
‘Quimica y Contaminacion Atmosférica (QYCA)’ de hiversité de Castilla la Mancha (Espagne)
pour la collaboration effectué avec le PC2A.

Je remercie I'ensemble des membres du jury et dicyléer Holger Somnitz, Professeutrsstitute

of Physical and Theoretical Chemistry de I'Unive¥sie Duisburg-Essen (Allemagne) et Elena Jiménez
Professeur de I'Université de Castilla la Manchsp@fne) pour avoir accepté de juger ce mémoire.

Je tiens a remercier aussi 'ensemble des memlessatoratoires PC2A et CERLA, chercheurs,
enseignants-chercheurs, étudiants pour m’'avoirealdicet aidé a comprendre et aimer la France.

Je termine en remerciant mes parents, pour la sage@ec laquelle ils ont su encourager et accepter
leur fils parti “chez les francais”, et tous mesigmue seulement pour en faire la liste il fauduai
autre mémoire, pour m’avoir fait comprendre ce gula vie dans le “Nord”.

Enfin, la plus importante, Pauline, que je souhegtaercier pour I'écoute, la compréhension mais

surtout pour la patience montrée pendant cettaaterannée.

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

Index
O | 1 (Yo 18 o3 1o o F PP PREPPRR PP 9
1.1 Definition of Volatile Organic COMPOUNGS. ceueeuuiiiiiiiieceeeceeeeeeeeee e e e e e 9
1.2 VOCS SOUICES aNd EIMISSIONS .......ceemmmmmnnseeeeessasnreeeeeessssssneeeeessassnneeessannnnneeeesaannnrneeeas 10
1.2.1 Anthropogenic emiSSION Of VOCS........uuuuciiiiie e eeere e e e e e 10
[.2.2 NAIUFAI SOUICES ... ettt e e e e e e e e e e e e e e e e e e enees 10
1.2.3 INdireCt SOUICES Of VOCS.......coiiiiiiiieeee ettt 11
1.3 IMPACE Of tN8 VOIS ...ttt sttt e e e e e e e e e e e e e e e e e e e e e e eaeebbnnna s 12
1.3.1 Effects on human health ... 12
1.3.2 ENVIronmental €ffECTS .......ooi i 12
[.4 Chemistry Of the trOPOSPNEIE. ........... eummmmeeeeetieae e ettt a e e e e e e 13
1.4.1 Atmospheric layer and troPOSPNEIE ........cccovvvviiiiiiiiciee e ee e 13
R S Yo = L] 01T 1 0 o o USSP 14
[.4.3 PhOtOChEMICAl PrOCESS. ... i it eeeas 16
1.5 Reactive species and tropospheric mechaniSms............ccccceviveeiiieeeeeiiieeeeeeeeeeeeeeeeaeens 18
[.5.1 Nitrogen OXIdES (NG ... .cciii e eeeieeeeeeeeer s e e e e e e e e e e e s e e e e e e e eaeeeeeeeeesanns 18
1.5.2 Hydroxy radiCals (H) .......oooviiieiiiiiiieiiis e e e e e e e e e e e e e e eeeeenenenanns 20
1.5.3 NITrateS FAOICAIS ........eveeiiieii i e ettt e e e e e e e e e e 22
[.5.4 OZONE ... .ot 23
1.6 VOC degradation MECNANISIMS .........uuiiieemmmmiiiiiiiiiiiaa e e e e e e e e e e eeeeeeeeeaeeanneseeernnnn e s 25
1.6.1 REACLION WIth OZONE ...t e e e e e e 25
[.6.2 REACHION WITH INQL....eiiieiii e e et e e e e e sraaeneas 26
1.6.3 Reaction With OH radiCal ............oo oo 26
1.6.4 VOCS OXIAALION .....euviiiiiiiiiiiieiieiaeeeeii bbbttt e e e e e e e e e e e e e e s s smmmr e e e e e e e e e e e e e eeaaaaaaans 27
1.6.5 Photolysis of ketones and aldenydes ...ceooveeeeiiiiiiiiiii e 29
L7 VOC IFEUIME .ottt e e e e e n e e e e s e a e e e e e e e nnn e e eas 30
. EXPERIMENT AL ... e e e e e e e e e e e e 33
5

© 2012 Tous droits réservés.

http://doc.univ-lille1.fr



Theése de Claudio Bettinelli, Lille 1, 2011

A g1 oo [ Tox 1 o o OO PR PPPPPPRPPN 33
[1.2 Description of the experimental SEE-UP ......cooiiiiiiiiiiiiiii e 33
[1.3 PROTOIYSIS DRAIM ...t ettt e e e e e e e e e e eeeeeneee 34
[1.4 REACLION CEII .. .. e e e e e e e e e e e e e as 36
[RSRST=Taa] o] (=X a1 (o To [8ex i o] o PP UUPPT 39
[1.5.1 Introduction system for VOC with high vapquessure ..............oouuveveiiiiinnnnesiceee 39
[1.5.2 Introduction system for low vapour presSaoBNPOUNGS.........covverereeeeeeeiieeeeeeiiiinnnaas 41
[1.6 DEEECTION SYSTEIM ...uiiiiii ettt e e e e e e e e e e e et e ee e e e bbb ennansebab b a e e e e e eeeeeeaeeeees 42
[1.6.1 Tuneable Diode Laser Absorption Spectrosd@@yLAS) set-up.......ccceevvvvvvvvnnnnnn.. . 43,
[1.7 CO and HCO Detection With TDLAS .......ooiiiiiiiiiee e 45
[1.7.1 IR @bSOrption SPECIIOSCOPY .....ceeeiiccceemrereertinnnaaaaseeeeaeeeeeeeeeeeressssrnnnnnsesssnnnnnnnaaeaens 45
11.7.2 CroSS SECtION CAICUIALION .......coiiiiiiiee e 46
LB C B | o (] (Yot (o] T o] o Yo =T (1] = 49
[1.7.4 Data evaluation PrOCEAUIE ... eeeeeeeeeeteeeeieeeattnnnareeeseseaeaeeseaaaaaaaseerseemnene 53
11.7.5 Evaluation of the UNCErtaiNtIeS ......cccceuiiiiiiiiiiiiiiieee e 55
I8 FIUBINCE ...ttt e e e e e et e e e e e e e e e e e e e e n e e e e 58
11.8.1 Estimation of the fluence of the UV beam.............cccoiiiiiiiiie 58
11.8.2 Measurement of the fluence with the {KDBr photolysSis ............oooviiiiiiiiiiiiiicen. 61
lll. Photolysis of acetone (CH3COCH3) at 266 NM ..........iiiiiiiiiiiiiiiiiiie e 65
I11.1 PreVIOUS STUAIES. .....ueiiiiiiiiiiieismmmm sttt e et e e s smmnee e s s e e e e e e e nnnneeeeeeaan 65
1.2 EXperimental detalilS..........ooeeei i ee e e e e 72
[11.3 PROTOIYSIS SIgNAIS ...uuuiiiiiii ettt e e e e e e e e e e e e e e eeeeeennnne 72
[11.3.1 Description of the time-profiles. ... 72
[11.3.2 Origin of the slow kinetic in the time-piitds of CO ...........ccvieeiiiiiiiiiieeeeeeeeee e 73
[11.3.3 Energy balance in the photodissociatiomOEtoNe. .............ovvviiiiiiiiiieieeeierveeeeeee, 75
[11.3.4 EXCItEA STALES. ... ettt bttt e e e e e e e e e e e e e e e s mmmn e e e e e e e e e e e e e e e e e e s s e nnnnnes 76
1.4 QUANTUM YIEIA FESUILS .. e e e e e e e e e 78
6

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

[11.5 ACEIONE CONCIUSIONS ... ..eiiiiiieii i ettt e e e et e e e e e e e e e e e e e e e e n e e e eeeans 79

IV. Photolysis of hydroxyacetone (CH3COCH,O0H) at 266 NM. .........ceviiiiiiiiiiiiiiiiieeeeeee, 81
Y% R 1 (0o [ [ i [0 ] ISP PPPPPPPPPP 81
V.2 Experimental detailS. ........oooo i 84
IV.3 Time resolved signals of CO in the photolysidiydroxyacetone at 266 nm. ............... 85..
IV.4 CO vibrational EXCItEd STALES ..........correeiiiiiiriiiiee e e 88
IV.5 Energy balance in the photodissociation of HAC............cooriiiriiiiii e 91
V.6 CO v=1 energy dePENUENCE .........ccciieeeeeeeie e e e e e e eee e ettt e e s e e eeeeaesaaeaeeaaaeeeaenennnes 91
V.7 CO quantum Yield rESUILS ..........ovieiceeeeeeeeeieie st e e e e e e e e e e eaaes 93
V.8 H2CO PhotolySIS SIgNAIS ....ccoeiieeeeeeee e erre e e e e e e e e e e e eees 94
V.9 H2CO QUANTUM YIEIA.....ccoiiiiieeeeeee i emmmmm ettt eeeeee e s s e e e e e e e e e e eeeeens 95
V.10 HydroXyacetOone CONCIUSIONS ... ... ittt s e e e e e e e e e e e e e e e nnne e e as 96

V. Photolysis of methyl vinyl ketone at 355 NM ... 99
V.1 PrEVIOUS STUIES ....ceeiiiiiiiieee ettt e e e e e e e e e et e e e e eeeeeas 99
V.2 Experimental detailS. ..........ooooiiiiiomeeeeeeee e 102
V.3 CO profiles in the MVK photolysis at 355 NM............coooiiiiiiii e 102
V.4 QUAaNTUM YIEld rESUILS .....cceeeeiiiiiieeeeee s e e e e e e e e e e e e e e e eeees 105
V.5 Methyl vinyl Ketone CONCIUSIONS ........uueemeeeiiiiiiiiiiee e 106

VI. Photolysis of 3,3,3-trifluoro propionaldehyde (CF;CH,CHO) at 266 nm.................... 107
V1.1 PreViOUS STUTIES ....ooeiiiiiiiiiiee ettt e e e e e e e e e e e e e e e e a e 107
V1.2 Control of 3,3,3-trifluoro propionaldehyde amntration in the photolysis cell ........... 110
V1.3 CO profiles with high and low £c0NCeNtration................ueeeiiiiinneiereeeeieeee e 111
V1.4 Origin of the kinetic part in the time-prof8ef [COJ ........oovvviiiiiiiiiie 112
VI.5 Determination of the quantum yield of CO byryiag the laser fluence....................... 114
V1.6 Determination of the quantum yield of diredDC..............oooriiiiiiiiiii s 116
VI.7 CRDS eXperiments at 248 NIM ............mummmmmeeeeeeeeeieiiiiiiiiiaaaa e e e e eaeeaaeseeaaesaeeeeeeesnssnnes 117
V1.8 3,3,3-trifluoro propionaldehyde CONCIUSIONS .. ..uoiiiiiiiiiiiiii 118

7

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

VII. Photolysis of acrolein (CH,=CHCHO) at 355 NM......cccceeiiiiiiiiiiiiie e 119
VL1 PreVIOUS STUGIES .....coeiiiiiiiiiiii ettt e e e e e e e e e e e e s smmmmnr e e e e e e e e e e e e e e e e e e e aannne 119
VII.2 Experimental detailS. ..o 122
V1.3 PROOIYSIS SIGNAUIS ... oot eeee e e e e e e e e e as 123

VI1.3.1 CO profiles WItROUL Q...........cooiiiiiiii e e 123

VI1.3.2 CO profiles with high @concentrations............cccceeeeeeeieeiiieeeeeee e 125
V1.4 EXCILEA STALES ......vveiiiiiiiiiieees sttt e et ettt e e e e e e e et e e e e e n e e e e e e e e e 126
VILS VILA RESUILS ...ttt e e e e e e e e e e e s s s e e et e e e e e e e e e e e e e e e e nnabbbanees 128
VII.6 CRDS eXperiments at 248 NIM .......oiii i eeeeeeeeetiiss s e e e e e e e e e e e e e eeaeeeeeseeeeeeeeennnnnnes 130
VIL.7 ACIOl€IN CONCIUSIONS ......ovviiiieiiit mmmmm e e e ettt e st e e e e eeeen e e e e e s nnnnreeeeeans 130

VIII. Conclusions and PEISPECHIVES .......evvvuieiiiie e e et e e e e e e e e e e e eaaea e eeeeees 131

A. Annex Cavity Ring Down Spectroscopy (CRDS) .....coooiiiiiiiiiiiiiiiiie e 135
A.1l. The choice of the CRDS teChNIQUE .........uumeiiiiiieiee e 135
A.2. 3,3,3-trifluoro propionaldehyde photolysis at 248nm...........cccoeeeeeiiiiiiiiiiiiiiiiiieees 136

A.2.1. HO, profiles and quantum YieldsS ...........cooiieeeeeeiiiiiiiieee e 136
A.2.2. Study of the dependence of the @ncentration ............ccceeveeeeeeieiiiicccee e, 139
A.3. HO; signals in acrolein photolysis at 248 NM ..o eeeeeeeeeeeeeeeeee e 140
A.3.1. Study of the dependence of the VOC concentratiOn...........cccoeeeeeeeeeeeeeveeeeennnnnns L4
A4, CRDS CONCIUSIONS....cciiiiiiiiiiiiiie e e iereeenr e e sttt e e e s e e e e s e e e e e e en e e e e e e e annnes 142
A.4.1. 3,3,3-trifluoro propionaldenyde ..........coo e i 142
A2, ACTOIBIN ... et 142

B.  ANNEXINSIUMENTAL ... 143
B.1. Calibration of the mass flow controller with theyal system...............cccccviievininnns 143
B.2. Control of the PreSSUIe QAUQES ............ o eeeeerrrmmnnnaaaaaeaeaesaeaeeeeeessrnmenneeesssnrnnnnn 145
B.3. Working principles of the attenuator.........ccccc oo 146
B.4. Calculation of the vapour pressure of hydroxyacetan..............cccceeeeeieiniiieeeeeee s e 148

8

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

l. Introduction

|.1 Definition of Volatile Organic Compounds.

Volatile Organic Compounds, referred as VOCs infttlewing, are organic molecules that can be
defined according to different points of view. Omecside, the European directive of the European
Community 1999/13/EC (Esig) defines a VOC on thsebaf its vapour pressure, regardless to its

reactivity:

“Volatile Organic Compounds are functionally defined as organic compounds having at 293.15 K (i.e., 20°C) a
vapour pressure of 0.01 kPa or more, or having a corresponding volatility under particular conditions of use.
An organic compound is defined as any compound containing at least the element carbon and one or more of
hydrogen, halogens (e.g., chlorine, fluorine or bromine), oxygen, sulphur, phosphorus, silicon, or nitrogen, with

the exception of carbon oxides and inorganic carbonates and bicarbonates”.

On the other hand, the United States EnvironmePRtaltection Agency (EPA) gives more

importance to the reactivity of these moleculesARB04):

“Volatile organic compounds means any compound of carbon, excluding carbon monoxide, carbon dioxide,
carbonic acid, metallic carbides or carbonates, and ammonium carbonate, which participates in atmospheric

photochemical reactions ”

Methane (CH) is the most abundant organic species in the agiheys. Methane is a VOC
according to the first definition but not any maecording to the second one because of its low
reactivity, making its lifetime to be very long cpared with other VOCs. It mainly participates to
the global warming of the atmosphere. Methane & thometimes considered apart from other

VOCs, leading to the common expression of Non-Maghdolatile Organic Compounds NMVOC.

© 2012 Tous droits réservés. http://doc.univ-lille1 fr
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|.2 VOCs sources and emissions

VOCs released in the atmosphere can be class#iduogenic if they are biologically produced or
anthropogenic if they are produced by the actiomah. Molecules in the atmosphere are subjected
to photolysis and / or oxidation to give rise thetVOCs, which are often oxygenated (OVOCS).

|.2.1 Anthropogenic emission of V&C

Pollution from anthropogenic sources in industr@al urban areas are various and concern
principally petroleum use or combustion. Severadigts have been performed to quantify the
annual amount of these emissions and define timgimeal composition (Watson, Probert et al.
1991). Fuelwood and gasoline combustion are the mmmortant sources of paraffins (around 9000
ktons/year) and major aromatics like benzene, t@duand xylene (Watson, Probert et al. 1991).
Chemical manufactures and use of solvents are nsioorces of aldehydes and aromatics which
represent only 7% of the total VOCs emissions (@ &{dl).

source Fuelwood Gasoline chemicals solvent usgetroleum
paraffins 9316 10979 4760 7218 350
olefines 7654 2479 1674 38 85
aromatics* 7503 2800 540 168 52
formaldehyde 0 1314 39 34 494
other aldehydes 0 53 80 0 0.036
other aromatics 0.2 2881 834 86 3
total 24474 19326 8118 7968 4137

Table I-1 Global VOCs Emissions by Source Category (ktons/year); * = benzene, toluene and xylene (Watson, Probert et
al. 1991).

[.2.2 Natural sources

The Biogenic Volatile Organic Compounds (BVOC) emaitted from both terrestrial and marine
sources. It is estimated that on a worldwide sttadetotal amount of the biogenic emissions are 10
times higher than the anthropogenic ones (Atkirmaoh Arey 1998). The most abundant emissions
are due to forests (terpenes emitted by treesdwied by humic acid from the decomposition of the
organic matter (soils), biomass fires and eruptiohvolcanoes (Guenther, Hewitt et al. 1995;

Niinemets, Loreto et al. 2004).

10
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Studies have estimated the North America biogemissions to be 86 Tg (1 Tg = @) per year.

Tropical forests are believed to produce about b&léll global natural emissions of NMVOCs
(Table 1-2). More than one thousand different coomus are known to be emitted by natural
sources. These emissions are composed of metHz0#dl) ( hexene derivatives (8%), 2-methyl-3-
buten-2-ol (5%), monoterpenes, sesquiterpenes (208@)isoprene (30%) (Atkinson and Arey

1998; Guenther, Geron et al. 2000). This work deatls the photolysis of isoprene derivatives.

compounds vegetation soils Biomass burning total
Isoprene 29.3 0 0 29.3
2-methyl-3-buten-2-ol 3.2 0 0 3.2
Monoterpenes 17.9 0 0 17.9
Other reactive NMVOC 15.9 0.2 0.2 16.3
Other NMVOC 15.9 0.9 0.4 17.2
total NMVOC 82.2 1.1 0.6 83.9

Table 1-2 Annual emission rates fluxes of NMVOC and COV from natural sources in North America expressed in

equivalent tera gram-carbon (Tg-C). Other reactive NMVOC are primarily ethene, propene, hexenol, hexenyl-acetate,
hexenal, acetaldehyde and formaldehyde (Guenther, Geron et al. 2000)

[.2.3 Indirect sources of VOCs

Degradation products of primary VOCs are calledred sources of VOCs. The most important
indirect sources are products from the reactiorhvifte OH radical, followed by subsequent
oxidation, and photolysis. Isoprene is the mostndlant hydrocarbon released in the atmosphere.
Its oxidation, initiated by the OH radical followdy subsequent addition of,@nd reaction with
NO, gives rise to a huge number of VOCs (Atkinsom arey 2003) with methacrolein and
methylvinylketone being formed in important yield@able I-3).

Products of the oxidation of isoprene
Oxydant methylvinylketone methacrolein formaldehyde OH methyl furane
OH 32 23 - - 4
NOs 3.5 3.5 11 - -
Os 16 39 90 27 -

© 2012 Tous droits réservés.

Table 1-3 Yields (%) of some secondary VOCs from the reaction of isoprene with OH, NOz or Oz (Atkinson and Arey
1998).
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[.3 Impact of the VOCs

|.3.1 Effects on human health

VOCs, once emitted in the atmosphere, may haveoagtimpact on human health. They are
generally not acutely toxic but may have chronfe@t. The United States Environmental Agency
(EPA) evaluates the level of risk for continuousadlation exposure on the human population
considered without non cancerous effects. Somecaogerous effects on human are: eyes, nose,
and throat irritation, headaches, loss of coorthmatnausea, damage to liver, kidney, and central
nervous system (EPAdefinition). Some VOCs, likerfaldehyde, acetaldehyde and benzene, are
known to cause cancer on animals and consequertlikaly to cause cancer also on humans. Due
to the low concentrations of VOCs and because yhgsms are difficult to be detected, analysis
of VOCs and their effects on human health is sblivadays a developing area.

[.3.2 Environmental effects

Most of the VOCs, due to their physical-chemicalgarties, are ubiquitous (Ciccioli, Cecinato et

al. 1996). For example, propane, butane, and mtrey ¥ OCs have been found in Antarctica and

Greenland, remote regions that are considered tbb@ad from anthropogenic sources (Swanson
2003; Beyersdorf, Blake et al. 2010). The discowaranthropogenic VOCs in such remote area
indicates that VOCs can be transported on a gletale (Aghedo, Schultz et al. 2007; Beyersdorf,
Blake et al. 2010).

When molecules absorb and emit in the thermal igyeathey are called greenhouse gases, CO
H,O, CH, and Q are amongst the main greenhouse gases. The @ituabrsens when the
degradation products of VOCs contribute to the mineese effect. It is therefore important to
determine the pathways of degradation of VOCs, rikeoto know whether they give rise to
greenhouse compounds or not.

Since the late '50 it has been shown that VOC diadas responsible for the photochemical smog
called Los Angeles type because of its first apiariin the homonymous city in the early 40’s
(Delmas R. 2005). This particular smog irritatee t#tyes and the respiratory systems and it is
nowadays occurring in many cities all over the wohh this type of smog, the ozone is produced at

low altitude from the oxidation of VOCs under hifOx levels. In addition to the tropospheric

12
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ozone production, there is also a formation of laydes (principal cause of the irritation of the
respiratory systems) and peroxyacetyl nitrate PAgddtion 1-17 page 20).
|.4 Chemistry of the troposphere

[.4.1 Atmospheric layer and troposphere

The Earth’s atmosphere is conventionally divided ainseries of layers, according to their
characteristics and properties. The lowest and o&s$e part of the atmosphere in contact with the
Earth’s surface is called the troposphere, thectira of which is shown in Figure I-1 on the next
page. The temperature decreases rapidly with h&igit 293 K at the surface of the Earth to 223 K
at an altitude of 10 km. The tropopause is a bownteyer separating the troposphere and the
stratosphere. The altitude of the tropopause vavrittsthe seasons and the latitude (about 9-12 km
at the poles and 15-18 km at the equator).

The troposphere contains almost 80% of the mastheofatmosphere and a dry volume of air
contains roughly M (78%), Q (20%), Ar (0.93%) and C£(0.036%). The remaining part is
constituted by water vapour, depending on altitadd temperature and trace gases (VOGs, O
NOx, etc...).

The troposphere is itself divided in two parts wdiktinct characteristics:

* The boundary layer extends from the Earth’s surigcéo a few hundred meters to about 1

km.

* The free troposphere, between the boundary layeéttlan tropopause, is a turbulent region
mixed by high-speed winds.

The stratosphere is situated above the tropopéusetends to an altitude of around 50 km. In the

stratosphere, the temperature increases withddtitdue to the absorption of solar UV radiations by

O, and thereby formation of the ozone layer.

13
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Structure of Troposphers

Altitude (ki)
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Figure I-1 Temperature profile in the troposphere and mixing effect of the winds (COMET program of the University

corporation for atmospheric research UCAR).

[.4.2 Solar spectrum

The solar emission can be assimilated as the emisdia blackbody at a temperature of 5800 K
(Figure I-2) (Ravishankara and Moortgat 1994).Ha visible and infrared (IR) ranges, the spectral
radiation density can be approximately described bgntinuous Boltzmann distribution expressed
by the Planck’s law (Delmas R. 2005):

2hc?

wherey()) is expressed in J s or in W m® h is the Planck constant; k is the Boltzmann

constant and c is the speed of light.
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Figure I-2 Solar radiation flux in the outer atmosphere (Ravishankara and Moortgat 1994).

The radiation flux in the atmosphere will be altene intensity due to absorption by molecules and
subjected to the Lambert Beer law:

1(A) =1,(A)em -2

where t{) is the attenuation coefficient and m is the nudssr to be crossed.

The shortest wavelengths of the UV radiation arsodied almost completely in the upper
atmospheric layers (Figure 1I-3). In addition, theident solar radiation at a wavelength shorten tha
200 nm is strongly attenuated by absorption of wdbr oxygen (Delmas R. 2005). Water vapour
and CQ instead contribute for wavelengths below 80 arsl i respectively (Figure I-3 right). At
wavelengths above 180 nm, the absorption crossesect O, declines sharply, but oxygen still
absorbs efficiently due to its high concentration.
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Figure 1-3 Left : Actinic flux as function of the altitude and wavelength for a solar zenith angle 33° Right : absorption

cross sections for atmospheric species absorbing in the range 100-260 nm (Finlayson-Pitts and Pitts 2000).
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The actinic flux FX), plotted in Figure I-3 left, represents the antooinlight available at a given
altitude. Usually expressed in photons T nm?, it includes direct, reflected and scattered
radiation. The actinic flux, which is the relevaqantity for light intensity in photochemical
processes, depends on many factors like solartzangle (and thus daytime, season and latitude),
altitude, albedo, etc... (Finlayson-Pitts and F1860). From Figure I-3, we notice that below 50 km
there is no radiation available at wavelengths wel80 nm, and radiations between 200 and 290
nm are almost completely absorbed by ozone in @2®Bkm height interval. This wavelength limit
is called the actinic cut-off. The available radiat in the troposphere are then limited to

wavelengths longer than 290 nm (Delmas R. 2005).

|.4.3 Photochemical processes

Photochemical processes play a central role inctimmistry of the atmosphere because they
represent the major source of radicals. The interaof light with a molecule depends strongly on
the wavelength of the radiation. Photons in the ldige possess enough energy (several hundreds
of kJ mol*, see Table I-4) to induce chemical changes fonthprity of atmospheric species: bond
ruptures (Table I-5) and electronic excitation. Yalsmall fraction (a few percent) of the incoming
photons fulfils this condition, but it is enough toansform the atmosphere into a vast

photochemical reactor.

Electromagnetic | visible near UV | middle-UV far UV
region

A (nm) 780 - 400 400 - 300 300-200| 200-120
E (kJ mot) 154 - 299| 299 - 399 450-599| 599 - 997

Table I-4 Visible and UV radiations with the relative photon energies (Delmas R. 2005).

Bond HCH; | CH,CH-CHO | CHCOCH; | ONO | Br-CHs
Energy (kJ maf) 435 354 350 300 293

Table I-5 Energies required for some bond breaking (Delmas R. 2005).

When a photon is absorbed by a molecule, it indtloesransition from the electronic fundamental
state to an excited state. For instance, we contheéeone photon process that brings the molecule
AB to an excited state AB* (I-3).

AB+ hv— AB* -3
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From the excited state AB* the molecule can evdiekowing different pathways: physical,

chemicals or others. The primary photochemical ggees encountered in the atmosphere are:

Emission AB* — ABj + hv’ -4
Energy transfer AB*+M-> AB+ M -5
Dissociation AB*— A +B I-6
Isomerization AB*— AB’ I-7
Non radiative transition AB*> AB; -8

The dissociation is often responsible for the raldgeneration producing reactive species that drive
most of the cycles in the atmosphere.

The photodissociation of the molecule AB absorlarrgdiation k is expressed from reaction (1-9).
The formation of the products A or B is predictablih equation (I-10) that describes the
dependence of the photodissociation from the inte$ the incident radiation and the absorption
efficiency of the molecule AB (Delmas R. 2005).

AB+hv —- A+B -9

% =J,[AB] = F,0,0,[AB] -10

where J is the photolysis rate constant{snd F is the intensity of the photons flux expressed in
photons crifs*. The parameteb, called the quantum yield is the probability fareaction to occur
after absorption of a photon at the wavelerigthihe aim of our work was to determine the quantum
yield of photolysis of some aldehydes and ketones.
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| .5 Reactive species and tropospheric mechanisms

1.5.1 Nitrogen oxides (N

[.5.1.1 Sources and emissions

The presence of nitrogen oxides NO and;Ni©Dthe atmosphere is mainly due to human actwitie
(Delmas R. 2005). The most important source ofxN©fossil fuel combustion that represents
almost 50% of the global emissions (Table I-6). \é&nissions within the troposphere are more
punctual but still not negligible. The process afimonia oxidation, for example, produces the

highest amount of NQin the atmosphere corresponding to 34% of the ¢mtassions.

Sources .
Surface sources Tropospheric sources
of NO,
Fossil fuel Biomass Biogenic soil Lightning Aircrafts Ammonnia oxidation total
combustion burning emission
Tg n/Y| 22 6.7 5.5 2 0.5% 13 38.2
Origin (% 100 95 40 0 100 60 83

Table I-6 Main sources of NOx and quantification of their emissions (Tons/Y), and proportion of their anthropogenic origin
(Delmas R. 2005).

1.5.1.2 Reactivity of NQ

It is estimated that NO represents the majorityheftotal NQ emissions. Only a small fraction of
the NQ (10-30%) is emitted as N(dYao, Lau et al. 2005), the remaining coming frone t
oxidation of NO (Atkinson 2000). When the oxidatitakes place close to the emission sources,

where the NO concentrations are elevated, it oaeynislly and is driven directly from O
2NO + G — 2 NG, -11

In absence of competitive reactions, the ratio NQ/Ns regulated by a photostationary cycle
related to the concentration of; @Atkinson and Arey 1998). During daytime, BQvill be
photolyzed leading to NO :

NO, + v — NO + OfP) (.<420nm) 1-12

Oxygen in theP state subsequently reacts with molecular oxygeeherate ozone :

OCP)+Q+M — O3+ M 1-13
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Under tropospheric conditions, the oxidation of bi€gurs mainly with ozone:
NO+O; - NO, + G, I-14

At typical boundary layer concentration of 6f 30 ppbv, the oxidation reaction I-14, closimg t
photostationary cycle, occurs on a timescale aicir min (Jenkin and Clemitshaw 2000)

The presence of HOQand RQ radicals in the atmosphere perturbs the photosiaty cycle,
because it leads through reaction (I-15) and (I-icé)an oxidation of NO to N©Owithout

simultaneous destruction okCand hence to a build-up of tropospheric ozone:

NO+ HO, — NO, + OH -15

NO+ RO, —» NO, + RO I-16

.5.1.3 Losses

Other than the build-up of tropospheric ozone, rection between HOX radicals (see paragraph
1.5.2 page 20) and NOx species leads to the geoeraf the oxyacids, nitric acid (HND
peroxynitric acid (H@NO,) and nitrous acid (HONO) that remove nitrogen esidrom the
atmosphere (Jenkin and Clemitshaw 2000) (Figurg k4 the same way the reactions of the
organic peroxy radicals (RPwith NO can generate organic nitrates (RQN®@hich are thermal

reservoir of this species.

RO,NO,

RONO,

O
03 or HD;
k\ hu Or/. nitrate

N O aerosol

A HNO,

H>0 / surface g i
) wet and dry

fossil fuel HO,NO, i deposition |
combustion i

Y Y

GROUND

Figure I-4 Daytime cycles of oxidized nitrogen compounds in the troposphere (Jenkin and Clemitshaw 2000).
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Organic peroxy radicals (RDcan react with N@generating the peroxyacyl nitrates (PAN) (I-17)
(Atkinson 2000)

NO, + RO, (+M) 5 ROONG, (+M) -17

As is shown in Table I-7, if the radical R contamsketonic group (C=0), the bond OO-NO
formed in reaction (I-17) is more stable comparedn alkyl peroxy derivatives. This increases the
lifetime of the products (Atkinson and Arey 1998)rh a few seconds for methyl radicals to 50
minutes for acetyl radicals.

R H CHs C,Hs CHsCO CH=CH(CH)CO
k-17 (1) 0.076 1.6 4 0.00033 0.00035
lifetime 13 ¥ 0.61 0.25 & 50 min® 48 min9

Table 1-7 Thermal decomposition rates (k.17) and lifetimes for a series of peroxy nitrates at 298 K and 760 Torr.
a)(Atkinson, Baulch et al. 1997b); b) (Atkinson, Baulch et al. 1997a); c) (Roberts and Bertman 1992).

1.5.2 Hydroxy radicals (HQ)

The radicals OH and H{are the two hydroxy radicals important in atmosjghehemistry. Even if
their concentrations in the atmosphere are quite (0 to 1¢ cm®), they have a fundamental
relevance in the chemistry of the atmosphere becthey are the main oxidizing agents of VOCs

(Atkinson 2000) (see paragraph 1.6.4 page 27).

[.5.2.1 Sources of HQ

The OH radical is principally generated by the phatis of Q at wavelengths lower than 330 nm.
The oxygen atom in the singlet state D generatedhlsy photodissociation (I-18) subsequently
reacts with HO (1-19) to form the hydroxyl radical (Jenkin ante@itshaw 2000).

O;+ hv — O, + O(D) (A<330nm) 1-18

O(D) + H,0 — 2 OH 1-19
It should also be noted that only a small quantityO(*D) reacts with HO because of the

antagonist quenching reaction (I-20):

O('D) (+M) — O(+M) 1-20
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Seen the dependence on th@®Honcentration, the OH yield is influenced bytatte, latitude and
season. During night OH is principally formed by @action on unsaturated VOCs (Jenkin and
Clemitshaw 2000). Early in the morning, the phasayof HONO can also be a major OH source:

HONO + v — OH + NO ¢.<400nm) -21

A major source of H@radicals in the troposphere is the reaction gfwith alkoxy radicals.
Another source of H@radicals during daytime is the photolysis of algh#s. In particular
conditions, like in heavy industrial areas or urle@émospheres with high VOC concentrations, these
reactions can overcome the ozone photodissociagmadical source (I-18 and 1-19). As an
example, the photolysis of formaldehyde (Atkinsod &rey 1998) produces two molecules of HO
for each molecule of formaldehyde (reactions fre22 ito 1-24).

H.,CO +h — H+ HCO [-22
HCO + QG — HO, + CO [-23
H + O, (+M) — HO; (+M) I-24

.5.2.2 Losses

HOx radicals can be removed from the atmospheritjir a variety of reactions. The products of
these reactions can act as reservoirs becauseiofathility to regenerate HOradicals. The most

significant tropospheric sinks for the K@re reactions with peroxy radicals:

HO, + HO,— O + H,0, I-25
RO, + HO,— ROOH + Q -26
OH+ HG— H0 + G 1-27

or the removal by reaction with NGpecies (Jenkin and Clemitshaw 2000)
OH + NG, (+M) — HONO; (+M) 1-28
OH+ NO(+M) — HONO (+M) 1-29
The average OH concentration over 24 hours is estithto be [OHE 10° molec cn®, but varies,
depending on the atmospheric conditions: soladi@teon, ozone and water vapour concentration
and trace gas load. On the other hand the contiensaof HQ radicals is estimated to be 100

times more important than the concentration of @Hiaals ([HQ] = 10° molec cn) (Atkinson
2000).
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[.5.3 Nitrates radicals

The nitrates radicals, principally N@nd NOs, destroy @Q in processes occurring during night-
time. They basically represent the chemistry of V@G@dation at night (Jenkin and Clemitshaw
2000).

.5.3.1 Sources

The radical N@is formed by reaction of NQwith Os (I-30) (Atkinson 2000) and its concentration
become noticeably during night, because it is tgaolhotolyzed during day (I-31) making its
lifetime extremely short (t < 5s)(Jenkin and Clesh#&w 2000): .

NO; + O; — NO; + G, [-30

NO; + hv — NO, +O¢P) I-31

The average nighttime concentration of N@Atkinson and Arey 1998) is believed to be [NG
10° molec cn. Another important reaction of NQuring night is its equilibrium reaction with
NO; (I-32) (Atkinson 2000).

NO;+ NO, (+M) S N,Os (+M) -32

The equilibrium is fast. At an average night coriaion of NQ of 10 ppbv, NOs is formed in
almost 2 s and it is destroyed in 15 s at 298K if#Asn 2000). As a consequence, their behaviour is

strongly coupled and any process removing oneesfiecies is also a sink for the other.

1.5.3.2 Losses

During daytime the N@radical is removed efficiently by photolysis (I;883) leading to N@and
ozone formation. In case of strong solar irradratibis reaction occurs on the second time scale
(Atkinson 2000). At night Nexeact rapidly with NO by the reaction 1-34.

NO; + hv— NO + O, (A<520nm) -33

NO; + NO— 2 NG, -34

N.Os, formed during night, is removed from the atmosphley wet or dry deposition, or by
heterogeneous reaction with®1(I-35) (Jenkin and Clemitshaw 2000).

N,Os + M — NO, + NO; + M [-35
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1.5.40zone
1.5.4.1 Stratospheric

Almost 90% of ozone is contained in the stratospl{@elmas R. 2005). The remaining 10% is
contained and formed in the troposphere. The utatedsg of the basics of ozone photochemistry
began with Chapman (1930), who supposed that UMtiad was responsible for ozone production
in the stratosphere. The atomic oxygen is formedhieydissociation of ©at wavelength shorter
than 242 nm.

0O, +hv — O+ 0O (<242nm) [-36

The ozone then will be formed by reaction of thendt oxygen with one molecule 0,0
0, + O (+M) — O3 (+M) [-37

Ozone formed by reaction (I-37) is removed by plysie at wavelengths shorter than 310 nm,

producing oxygen in the singlet state (I-18) readilenched by atmospherig & N, (I-38).

o('D) + M- OFP) + M 1-38

The ozone absorbing the radiation at wavelengtherndhan 310 nm works actively as a filter,

protecting the surface of the Earth from the UVAl @& radiations (Newman and Morris) (Figure

-5).
Absorption Cross Section
w-“ﬁE P 3 Solar tlux
A7F 3 1090
107 F 3 E Top of the atmosphere
E E = r
~ E 3 a -6
e 108k 4 =
© E E = _8 i
1oL i £ 10
* 1 ]
10_205-\02 10* i R R [
200 225 250 275 300 325 350 200 225 250 275 300 325 350
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Figure I-5 Absorption cross sections of O, and Os in the wavelength range 200-350nm and relative actinic flux at: the

stratosphere the ozone layer and the hearth surface (Newman and Morris).

1.5.4.2 Tropospheric

The tropospheric ozone represents 10% of the atmeospozone and is formed from the direct

reaction of molecular oxygen with atomic oxyger87lr. The atomic oxygen is formed from the
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NO, photolysis at wavelength lower than 420 nm (I-A®Ri{hson and Arey 1998; Jenkin and
Clemitshaw 2000). The tropospheric ozone conceatran unperturbed atmospheres depends
principally on the ratio between N@nd NO, because it is formed by reactions I-12 lal#l but it

is removed from the atmosphere by reaction with(ND?) (Atkinson and Baulch 2004).

This photostationary equilibrium of the three spesd3-NO-NO,, resumed in Figure 1-6, can be
altered by parallel reactions oxidizing NO to N@Quring the photodegradation of VOCs. These
compounds, after photolysis or OH reaction andras@nce of @ generate peroxy radicals (RO
that subsequently oxidized NO to Bl\tkinson and Arey 1998)

RGO, + NO— NO,+ RO -39

The alkoxy radical formed can be further oxidizgdmolecular oxygen to produce H@adicals

RO +Q — RO + HG, I-40

HO, will oxidize another NO to N@with subsequent production o O

HO; + NO— NO, + OH I-41

hv
A<420nm

Figure I-6 Tropospheric ozone formation and relevance of the VOC in the NO/NO- equilibrium. Adapted from (Jenkin and

Clemitshaw 2000).

Once again the concentrations of Hahd RQ radicals are dependent upon the solar intensity,
which means that in the most enlightened hourshef day, ozone will reach its maximum
concentrations. Contrarily during night-time unsated VOCs consume ozone generating OH
(Atkinson and Baulch 2004).
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|.6 VOC degradation mechanisms

In the atmosphere, VOCs can be removed by:

e dry or wet deposition (Matsunaga, Guenther et @072. A deposition phenomenon is a
condensation/absorption process on dust particlesater droplets (generally aerosols) that
brings those hydrocarbons back to the ground. Fast of the VOCs wet or dry deposition
starts to be relevant only after transformatiomxidized species such as alcohols, acids or
peroxy-alcoxy radicals (Atkinson and Baulch 2004).

e reaction with OH, @ NOs; or photolysis (Atkinson 2000). The photolysis prexds
relatively important particularly for aldehydes awetones because of their ability to absorb

radiation at wavelength longer than 290 nm.

In the following paragraphs we present briefly thaamics of those removal reactions trying to

understand their importance in the atmosphere.

[.6.1 Reaction with ozone

The degradation by ozone occurs only for unsatdrst®Cs. The ozone is added to the double
bond (RC=CR) generating an ozonide, a five atomg that dissociates depending on its internal
energy. The dissociation leads to a carbonyl ofitteegee intermediate) and to aldehydes and / or
ketones (Jenkin and Clemitshaw 2000; Zhang, Lal.&002).

O3 + RHC=C(R)— RCHO + [(R)COOJ"* -42

O; + RHC=C(R)— (R),CO + [RCHOOT* -43

The Criegee intermediate is stabilized by collisimndecomposes. The main products of this

decomposition are carboxylic acids RC(O)OH and @tiaal (Zhang, Lei et al. 2002).

[RCHOOT™ + H,0 — RC(O)OH + HO -44
[RCHOO]"* — R4CHO + OH -45

It should be noted that the ozone reaction with ¥@Cconsider to be one of the most important
sources of OH at nighttime (Atkinson 2000).
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1.6.2 Reaction with N@

During nighttime the N@ reaction plays an important role because of theease of its
concentration (paragraph 1.5.3 page 22). The r@agiroceeds via H atom abstraction for saturated
molecules (I-46) (very minor compared to reactiathv®H) or aldehydes (1-47) (Atkinson 2000),
leading in presence of oxygen to R&nhd RCOQradicals.

RH + NO; — R + HNG 1-46

RC(O)H + NQ — RCO + HNQ -47

Peroxy radicals react with H@nd RQ to give rise to smaller aldehydes, carboxylic scitydro
peroxides or with N@to produce RENO, (Atkinson 2000).

The addition of N@to unsaturated VOCs, in presence gf @nerates nitratoalkyl peroxy radicals.
These radicals react with HORO, or NGO, to originate peroxy nitrate in a thermal equilim.
Peroxy nitrates act as reservoirs of Nf2leased thermally during day (Jenkin and Cleraitsh
2000).

|.6.3 Reaction with OH radical

The OH radical reacts with VOCs by hydrogen absivacor addition to an unsaturated bond,
followed by reaction with @to give peroxy radicals (Atkinson 2000).

For alkanes, ethers, alcohols, aldehydes, carbandsesters, the main reaction is the hydrogen
abstraction from the various C-H bonds (I-48) (Agon 2000).

RCHO + OH— RCO +HO I-48
For unsaturated molecules the reaction proceedsdddion to the double bond:
RCH=CHR + OH— RCH-CROH [-49

The radicals generated in the reactions 1-48 aff@lWill react rapidly under atmospheric conditions
with oxygen to originate an important class of comnpds in the atmospheric chemistry: the organic
peroxy radicals (Atkinson and Baulch 2004).

CH4CO + Q — CH,C(0)0; -50

26

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

The further fate of peroxy radicals depends oretngronment: under polluted condition®. high
NOx level, they will rapidly be converted to alkoxgdicals, thereby oxidizing NO to N@nd
leading to the formation of Hwhile in remote environmentse. low NOXx levels, their lifetime can

exceed several minutes and the primary fate issaerction with other peroxy radicals.

[.6.4VOCs oxidation

The oxidation of VOC is initiated either by absaoptof sunlight in the UV range or by reaction
with OH or NQ radicals or ozone. The OH radical, together witB,Hin presence of nitrogen
oxides, catalyses the VOCs degradation to idealy &d water vapour.

RR'+hv - R +R’ I-51
RH + OH— R +H,0 -52
The alkyl radicals produced from the initiationctan are subsequently oxidized to alkoxy radicals
from a first reaction with @and a further reaction with NO (Atkinson 2000).
R+ 0O — RO I-53
RGO, + NO— RO + NQ [-54

The formed alkyl radical is secondarily oxidized @y and generates HQadical that acts as the

chain propagator (Jenkin and Clemitshaw 2000).

RO + Q@ — R4O + HG, I-55
RO — R4OH [-56
RO — ‘R + carbonyl [-57

Once again the chain of reaction is catalyzed bydxi@ng to the OH regeneration. The new OH
formed in this way will be available for a new iatton of the oxidation process (Atkinson 2000).

The NOx-catalyzed VOC oxidation is schematicallgwsh in Figure I-7:
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Figure I-7 Schematic of the VOCs oxidation cycle catalyzed by NOx radicals (Jenkin and Clemitshaw 2000).

The OHe-initiated oxidation mechanism of isoprenaje oof the most abundant biogenic
hydrocarbons present in the atmosphere (GuentleeonGet al. 2000), is presented in Figure I-8. In
presence of NO it gives origin to a large numbev6iCs among which are found methacrolein and
methylvinylketone (Paulot, Crounse et al. 2009)(iFeg I-8). Hydroxyacetone is also formed
directly in the atmosphere from the oxidation @prene but clearly with lower yield because of the

numerous steps. The investigation of the photolykihese three molecules has been the subject of
this phD work.

HC +0OH
+0 8] CHy o
_=CHy 3 S
HQC/// R _CHz e >4\
29 Q CH»
g HaC
isoprene
5% ]
o\ Hae methylvinylketone
+OH
CH O\A
l +0, \CH2
OH
s aH,

HS  ho +0
)\/ 2 i HC O\\ \
HAC 7

o0 methacroleine
14% l +0,
o +NO g
; e HO +0, R
Ho CH; + 1semerisation i HO
L o w
HsC o B5% Ha
l +oH
0/ \0 8]
2 HO b
decomposition +NO Ho % +0,
Q + - ——— e
H o HLC
HC o
HyC du hydroxyacetone

Figure 1-8 Schematic of the isoprene oxidation ways leading to to the formation of methylvinylketone, methacrolein and

hydroxyacetone (adapted from Paulot, Crounse et al. 2009).
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[.6.5 Photolysis of ketones and aldehydes

The photolysis process and the photodissociatioogss have been already introduced in paragraph
1.4.3 page 16. This paragraph will be devoted gspghotodissociation of oxygenated VOCSs, giving
particular attention to aldehydes and ketones. mbprity of molecules belonging to one of these
two groups have non-zero absorption cross sectiotige actinic range (Atkinson 2000) which can

influence and reduce their lifetime in the atmosph{paragraph 1.7 page 30).

The photolysis of ketones and aldehydes proceeddissociation of the C-R bond in thgosition
of the carbonyl group (Blitz, Heard et al. 2006jdRamar, Gierczak et al. 2008). According to the

energy of the incident photons, one or two bondg beabroken.

RiICOR, + wv— R+ CO+ R I-58

R]_CORZ + h\) - R]_CO + % |'59

For ketones analyzed in the current work the radRgaappearing in reactions 1-58 and I-59 is the

methyl radical. For aldehydes insteagsrepresented by H.

R]_C(O)H + h)-’ R]_ + CHO |'60

R,C(O)H + v — R+ CO + H -61

The formation of the photofragment (for example @GOpredictable with equation 1-62 describing
the dependence of the photodissociation from thensity of the incident radiation and the

absorption efficiency of the moleculg@®OR, (Delmas R. 2005).

[co| = J,[RCOR] = F,0,,[RCOR] 162

where J is the photolysis rate constant(so; is the absorption cross section andsfthe intensity
of the photon flux expressed in photons&sil. The paramete®, called the quantum yield is the

probability for a reaction to occur after absorptaf a photon at a determined wavelerigth

In the current phD work we studied the photolysisatslehydes and ketones at two different
wavelengths 266 nm and 355 nm. At these wavelentgtesmolecules studied reaach their
maximum of UV absorption, as can be seen in Figf@re
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Figure 1-9 UV absorption spectrum at 298 K of: -acetone (O ,(Gierczak, Burkholder et al. 1998)), hydroxyacetone (A,
(Orlando, Tyndall et al. 1999)), 3,3,3-trifluoropropionaldehyde (A,(Sellevag, Kelly et al. 2004)), acrolein (+, (Magneron,
Thévenet et al. 2002)), methyl vinyl ketone (¢, (Gierczak, Burkholder et al. 1997)).

As presented in reaction 1-62 the absorption csession, together with the intensity of the inciden
radiation are the key elements of a photolytic pssc For volatile organic compounds like
aldehydes and ketones that have high absorpti@s aections in the UV region the photolysis can

result in an important removal process (Atkinso8®@0

[.7 VOC lifetime

For each VOC, depending on the removal processesopisly presented, it is possible to determine
its time of residence in the atmosphere (DelmaalR5).

If we consider that a molecule AB undergoes phais|ythe lifetime will be defined as:

AB+hv—A+B 1-63
. =1 _ [rg

73, —d[Ag] -64
dt

The same will be for a bimolecular reaction (withl,GD; or NGs).

AB + C— Products [-65
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=1 __[n8]
Klc]™ _[_] -66

If we consider the example of OH reaction, thetiliie of the VOC will depend on the rate constant
and on the OH concentration. In the atmosphererealttions occur simultaneously so that the
calculation of the effective lifetime of a molecuieeds to include the contribution from all reactio

pathways.

the = Z—;[C_.] 1-67
The lifetime of a VOC is a parameter that has alydaeen largely studied for reactions with OH,
NO; and Q (Atkinson and Arey 1998). Some of the data presetiterature are reported in this
work to give an overview on the relative importarafethese three major reactions for different
species. The individual lifetimes presented in katiies (Table 1-8 and Table 1-9) are determined
on the average of 12h daytime for a OH concentmatic?x1G molec cn¥; an average of 12 night-
time [NOs] = 5x13 molec cni® and the ozone concentration over 24h][© 7x10" molec cn?®
(Atkinson and Arey 1998).
From these lifetime values we can observe thatanimgVOC react fast with both, OH and BO
determining an average lifetime of a few hours. hopogenic VOCs are generally less reactive
and have longer residence times. It is also passdhotice how photolysis in the case of ketones
and aldehydes becomes relevant to the total renfealess. This particular effect is due to the
non-negligible absorption cross sections that thwseclasses of compounds still have in the actinic

region ¢ > 290 nm).
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biogenic VOC OH N@ O3
isoprene 1.4h 1.6h 1.3 days
camphene 26h 1.7h 18 days
3-carene 1.6h 7min 11h
limonene 50min5min 2.0h
myrcene 40 min 6 min 50 min

a -phellandrene 50min 8 min 8h

a -pinene 1.8h 25 miri.1 day
sabinene 1.2h 7min 4.6h
a-caryophyllene 40 min4 min 2 min
longifolene 3.0h 1.6h >33days
methanol 12 daysl yr >4.5 yr
2-methyl-3-buten-2-0l12.1 h 8 days 1.7 day
cis-3-hexen-1-ol 1.3h 41h 6h

linalool

50 min 6 min 55 min

Table 1-8 Calculated Tropospheric Lifetimes for Selected Biogenic VOCs for the reaction with OH Radicals, NO3
Radicals, and O3 (Atkinson and Arey 1998).

VOC OH NG O; Photolysis
Propane 10day 7yr >4500 yr
n-Butane 4.7day 2.8yr >4500 yr
Ethene 1.4day 225day 10 day
Propene 5.3h 49day 1.6day
Benzene 9.4day >4yr >4.5 yr

Toluene 19day 19yr >4.5 yr

Styrene 2.4h 3.7h 1.0 day

Phenol 53h 9 min

Formaldehyde l2day 80day >45yr 4h
Acetaldehyde 8.8h 17day >45yr 6day
Benzaldehyde 11 h 18 day

Acetone 53day >11yr ~60day 4 day
Glyoxal 1.1 day 5h
Methylglyoxal 9.3h >45yr 2h
Pinonaldehyde 29h 23day >2.2yr
Methanol ~ 12 dayl yr

Ethanol 3.5day 26 day

Methacrolein 4.1 h llday 15day ~1day
Methylvinyl ketone 6.8 h >385 day3.6 day ~2 day

Ethyl acetate

6.9day 10yr

Table 1-9 VOCs calculated relative lifetimes for photolysis, reaction with the OH radical, NO3z radical, and with O3

(Atkinson 2000).
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Il. EXPERIMENTAL

1.1 Introduction

The exceptional characteristics of the tunableaned laser diode and the low time constant of the
infrared detection with photonic effect (<1us) ggteheir utilization in the field of kinetics ingh
gas phase. Since 1982, research groups have caingld® detection together with a photolysis
laser used to initiate elementary reactions (Thraistt Tyndall 1982). The combination of these
techniques allows recording time resolved signdlsalwsorbing photoproducts created by the
photolysis of environmental interesting species.sifilar system was developed in Lille by
coupling a pulsed UV laser for flash photolysishnéin IR spectrometer working in the middle IR
(Hanoune, Dusanter et al. 2001).

In this chapter we present in a first part the expental set-up and in a second part we will focus

on the method of data analysis.
[1.2 Description of the experimental set-up

The experimental set-up used in the current worketched in Figure II-1 and it can be divided
into three main parts: the UV beam, the IR beamthaghotolysis cell. Each one will be described

individually in the chapter.

Quantel 980
Idr:c::g ?:slzr det2 YAG laser
O @ 355/266nm

detl

beam

beam stop pump 6“‘\ monochromator
splitter / reaction cell
—c D2
\ % i
L= A
reference cell D1 — mirrors
Ge plate

Introduction line

Figure 1l-1Schematic of the experimental set-up used in the current work and composed of: reaction cell and sample
introduction (blue); UV photolysis beam (green) and IR TDLAS detection system (red). Det = detector and D = dichroic

mirrors.
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[1.3 Photolysis beam

The UV beam for the photolysis is generated by aGYRaser (Quantel model 980). The two
principal parts of the laser are: the optical h€adure 11-2) and the power supply. The power
supply provides the powering of the optical head e cooling of the system to evacuate the heat
generated by the flash lamps. The optical headsghlly composed of the oscillator, the amplifier

and the harmonic generator(s).

frequency tripling

dic!hroic / quadrupling frequency doubling
L, 266nm/355 nm \
<—3£ —= crystal [—= crystal \
& / 532 nm
< R il R2
1 oscillator Pockels cells A
a [ ]
/ | ~ L |
Nd crystal bars
1064 nm
> ——— s /
\ [ | /
telescope amplifier

Figure II-2 Schematic of the optical head of the Nd YAG laser model Quantel 980 (R1,R2 = cavity mirrors).

Wavelength nm 1064 532 355 266
Energy mJ/pulse 1200 600 280 130

Table II-1 Characteristics of the Quantel YG981C Q-switched Nd:YAG laser for a 10 Hz repetition rate.
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The YAG oscillator

The oscillator consists in a neodymium doped wttrialuminium garnet crystal rod (115
mm long and 60 mm diameter) and is at the originthef laser pulse generation. Nd
electrons in the ground state are excited to areufgvel by optical pumping on the side
faces of the crystal bar. The pumping is perforfgdwo flash lamps that flash the crystal
rod with a repetition rate of 10 Hz. The relaxatadrthe excited electros is followed by the
emission of a 1064 nm radiation. This radiatiortreggoped into a cavity, built with one
mirror (Ry) coated for the emitting wavelength and an outputor (R,) having variable
radial reflectivity (which provides a constant déngnergy profile: top hat beam profile).
The laser time diagram is shown on Figure 1I-3. Aw@tch composed by pockels cells
works as a shutter inside the cavity. It is opesyinchronization with the maximum of the
neodymium fluorescence and sends a pulse of 6 ratialw The pockels cells can be
activated at several frequencies concerted withLthelz flash lamp repetition rate (1, 2, 5,
10 Hz ). The flash lamps discharge their pulse wittielay of 175 ps with respect to the
electric command occurring in 50 ps. The flash @udgcites the neodymium electrons
producing the fluorescence phenomena. The neodyriiwonescence is a photochemical
process slower than the pulse of the flash lamps.Q-switch trigger is sent with a delay of
285 us, corresponding to the optimal intensityhaf heodymium fluorescence process that
produces a laser pulse duration of 6 ns.

Internal fire
order of
flashlamp

50 us

=

~175 us

Flashlamp
electrical pulse

~ 285 us

Neodymium
fluorescence

2ps

Q-switch —)ﬂ(——

internal trigger I

1 1
1 -500ns ! +500ns
1 1

1
1
1
i
11
~ 45 ns (build up time)

Q-switch (out :
synchrao)

~6ns

Laser output
pulse

3 Laser timing diagram.
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* The amplifier

The near infrared beam at 1064 nm produced in #wtyc by the oscillator is firstly
enlarged by a telescope and then amplified by aY®N& unit. This second amplification
element is constituted by a Nd crystal bar pumpedlash lamps with the same repetition
rates of the YAG oscillator (10 Hz).

« Harmonic generators

After the amplification, the infrared beam emissiwavelength is doubled by the “Second
Harmonic Generator crystal” (SHG). Harmonic germsatare made of nonlinear KDP
crystals cut at the proper angle depending ondfeired wavelength. The 532 nm radiation
can be tripled or quadrupled by a second KDP drystét. To obtain the maximum
harmonic conversion these crystals should be dirgfhase matched. The phase matching
is adjusted by angle tilting for the doubling cafstand adjusted thermally for the
tripling/quadrupling crystals.

The UV photolysis beam presents a spot surface@® 8 0.1 cri. The regularity of the shape of
the UV beam has been checked daily by impact oha&ogensitive paper. Power intensity of the
UV beam was measured each two samples to ensuidasestability. Laser stability has been
taken as fundamental criteria for the analysis. fdwer of the laser pulse was measured at the exit
of the laser unit and at the entrance of the gelbrder to evaluate the loss of energy in theaapti

pathway through the cell.

I1.4 Reaction cell

The reaction system presented in Figure |I-4 igrgke path cell made of stainless steel with an
internal diameter of 3.6 cm and a length of 120 dmwo Cak windows close the extremities,
allowing both UV and IR transmissions. They haverbglted to minimize the optical interferences
and the back reflection of the two laser beamsmalknitrogen flow (averagely 20 ml nithon the
internal side of the windows prevents any depasitad reactants. In addition, two Teflon
diaphragms have been placed at each extremityeotel to minimize the mixing of the sample
flow with the protecting one. The two diaphragmséian internal diameter of 1.1 = 0.1 cm and
were placed at 1 cm from the Gakindows (Figure 1I-4). All around the cell werelleadl heating
elements (Thermocoax) for the cell thermostatatidiwee thermo captors (K type) were installed,
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in the center and at each extremity of the cellhwai feedback action on the heating system. In the
current work the cell was thermostated at 25 + 1fdiCthe analysis of all molecules, except for
hydroxyacetone which has been photolyzed at 60°€.1The pressure in the cell was controlled
and kept constant by a mechanical pressure regylagdgbold MR16) placed between the exit of
the cell and the pumping system. The pressure veasuned with a capacity gauge (Baratron MKS
0-100 = 1 Torr) that was periodically calibratech(®x B.1 page 143).

Introduction Temperature
line controllers Pump

e Teflon
ol Liom @ / N > ﬁ diaphragm

: ”ﬁ

o fl
E ’\. Heating coils = Pressure . i ®,,,=3.6cm
1 1 1 I
PNy gauge N,
- L=110cm Lo
I 1
f L=112cm !

Figure II-4 Schematic of the structure of the reaction cell.

The input flows of the gases were regulated by niksg controllers that were periodically
calibrated and checked with a DRYCAL automatic eyst(BIOSINT). Its working principle is
based on the time required for a frictionless pigtocross a known volume. Two automatic valves
are placed at the beginning and at the end ofube bf known volume. When the measurement
begins, the outlet valve closes and the gas flasesathe piston through the tube. When the piston
terminates its trajectory the reading is completé an internal processor calculates the flow. The
result is immediately displayed on a LCD screen.mdss flow controllers used in this work have
been calibrated with the help of the DRYCAL systiemboth, He and N This instrument assures
high precision in the flow estimation with an asated error on the slope of the calibration lower
than 0.2%. Calibration stability and calibrationnes for each mass flow controller used are
reported in Annex B.1 page 143. The input gas fi@ssed by Low Density Poly Ethylene (LDPE)
6 mm tubes and was pumped at the exit of the bedugh a trap cooled with liquid nitrogen to
condensate the toxic compounds and to preventatimination of the oil of the pump. The buffer

gas (Mor He) and the chemicals were pre-mixed before thebduction in the cell.
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The concentration of stable species in the cell gasulated in the approximation of an ideal gas

using the following equation II-1:

[M]:i: 966010° "~ -1
RT T

[M] is the total concentration, “P” and “T” are pectively the Pressure (Torr) and the Temperature
(K), while “R” is the gas constant (1.034%0cm?® Torr K%). The concentration [C] of the stable
species is calculated from the fraction of the floimhe species “F over the total one “F at a

given “P” and “T".

[C] = R [9.66ELO18?P -2

tot
After each photolysis pulse the gas mixture in pfetolyzed volume should be renewed. The
renewal rate of the gases through pumping can loelated as follows: in the approximation of a
laminar flow expressed in émmin™ in the standard conditions, ¥ 293 K and p= 1 atm, the

refreshing time is given by II-3 :

| o

T
°S 11-3

t, =600+ Lo
Ftot 0 T

e

RS

were “Ro’ is the total flow, “S” is the section of the cellL” is the cell length, “T” is the
temperature and “P” is the pressure inside the cell

As an example, the following experimental condisioR = 500 cmimin™®; L = 110 cm, p = 30 Torr;

T =298 K and S = 10 chrgave a refreshing time 5 s. The refreshing of the gas mixture was
also due to the radial diffusion of the moleculesf the central photolysis beam cylinder to the
surrounding wall of the cell. The resulting dilutibetween each UV flash was in the ratio of the
section of the cell over the section of the UV bdaimout 10) and occurred in less than 10 ms. A

repetition rate of 5 or 2 Hz was chosen in our expents.
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1.5 Samplesintroduction

The introduction system for the carbonyl compoundgss chosen according to their vapour

pressure. If it was high enough (several 10 mbaey tcould be introduced in the cell after pre-

mixing with the carrier gas in balloons (10 L), paeed at a concentration of several percent (3-
10%) of VOC (Figure 1I-5). If the vapour pressuffetite compounds at room temperature was too
low the VOC was put into a heated flask and brougtihe cell by bubbling the carrier gas (He or

N>) through the liquid (paragraph 11.5.2 page 41y(ie 11-6).

Mass flow Pressure
Pump N,/ He Pressure ——— contralisr

H controller
|_| Cell

Mass flow

controller N,/ He
Temperature
controller []
1n I 0. Cell
mixture mixture H m
balloon balloon

Sample

Michrometric
valve

Thermostated
bath

Figure 11-5 schematic of the line employed for the sample preparation. The glass balloons directly connected to the line

were black covered for a best conservation of the samples.

Figure 11-6 simplified scheme of the introduction of sample with the method of the bubbler. The transport gas and the

sample are pre-heated in a thermostated bath before their introduction in the photolysis cell.

[1.5.1 Introduction system for VOC with high vapour press

The preparation of gas mixtures with known conaiins of VOC in balloons can be applied to

all volatile compounds and is largely used in gagtic studies for its characteristics:

» Universal for all volatile compounds
» Easy preparation of the samples at different, mypeilble concentrations

» Use of a flow meter to adjust the flow

After careful removal of dissolved air from thquid carbonyl sample by pump and freeze cycles,

the balloon was filled with vapour of the carbongimpounds up to a given pressure, limited by the
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vapour pressure of each molecule (Figure 1I-5prhter to reproduce the same photolysis condition
for all molecules, balloons were prepared introdgci30 Torr of carbonyl compound and
completing it with He or Blup to 1000 Torr. Finally, the concentration of #@C in the balloon
results as the fraction of the pressure introdusethe total pressure reached (lI-4).

onc “_4
=

tot

C =

where “Roc’ is pressure of VOC (Torr), & is the final pressure (Torr).

The introduction of the mixture in the cell was utsged by a flow meter. The calibration of the
flow meter, made for N was not anymore valid because, in the presencédigii VOC
concentrations, the heat capacity of the gas isexkand thus changed the thermal resistance of the
filament of the flow meter. Therefore, flow metengre calibrated for the gas mixtures by
measuring the time required to increase the pressua calibrated volume. The timé needed to
increase the pressure p in a given volume was esasured with pure JNat a given flow b
admitted through a calibrated flow meter. The rgpéAt is related to the flow & The time needed

to increase the pressure in the same volume wasigasured using the gas mixture delivered

through the flow meter to be calibrated. The measdiow is then given by (1I-5):

_ . (aPrat),

O (aP/at), -5

This way it is possible to calibrate flow meter lwid gas containing a given concentration of a
VOC.
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[1.5.2 Introduction system for low vapour pressure comsun

The introduction system for compounds with low vappressure, sketched in Figure II-6, consists
in a bubbler heated in a thermostated bath. Thespi@at gas, regulated by a mass flow controller
(2000 SCCM), brought the VOC vapours through thetds line where it was diluted by the main
bath gas flow. A trap situated in the thermostatath had a double purpose: to pre-warm the
carrier gas before entering the bubbler and preaentback-flow of liquid to the flow meter in case
of a mistake in manipulation of the gas handlingtem. The pressuredJjRnside the bubbler was
chosen in the range 300 - 600 Torr and was coattddy throttling a needle valve placed at the exit
of the bubbler. The pressure was measured by ayreegauge Tylan General (0-1000 £ 0.1 Torr).
The flow of carbonyl compoundrue, at the exit of the bubbler, was calculated usggation
[I-6, assuming that the carrier gas was saturatiéa twe vapour pressure of the VOC and that the
mixture could be described as an ideal gas:

I:mixture I
R, -V

Dy, 1I-6
where “Fixwre’ 1S the VOC flow + the transport gas; B is the input N flow; “Py” is the pressure

inside the bubbler, “Y is the vapour pressure.

The temperature of the organic compound insidebtii#bler was taken as the temperature of the
thermostated bath, which is not exactly the case Value of the vapour pressure taken into
account was consequently slightly higher and the tf the VOC thus overestimated. We expected
the VOC flow to be known within an error of + 10% previous study made by Christensen, using
such an introduction system for methanol found greement of 10% between the calculated flow

and the measured one (Christensen, Okumura e2Gg).2

41

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

I1.6 Detection system

Detection was performed by IR with the technique Tafneable Diode Laser Absorption
Spectroscopy (TDLAS). The IR beam was generated Hiode laser. Diodes are semiconductors
(type p-n junctions) that generate laser emissibanthey are stimulated with current. The applied
current pumps electrons from one band to the otheéucing a difference of population. The return
at the normal distribution is followed by the enmssof a radiation 1 proportional to the gap

difference (Figure II-7).

Ee

holes hv

p types

n types

Figure 11-7 General representation of a p-n semiconductor generating laser radiation for the return of excited electron at

the ground state with emission of a radiation equivalent to the Electronic Gap (EQ).

Diode lasers are widely spread on the market eCtghmunications and electronics (laser printers
and CD players) because of their small size, edsse and high reliability. They are divided in
four major families, depending on their nature:ligal arsenide, indium phosphite, antimonides
and lead salts. Semiconductor emission cover tleetig range from visible to infrared (Figure
11-8).

Antimonide |

Indfum- \*. i
Phosphite .-~ 1 [1/InAsSb
[ inAssbp .=
- PbSnSe
B Galnassb.~ | J

Gallium-
m Arsenide -

| PbSnSeTe T

|:| Af‘:-?_?’“‘ls.-- H;‘V E |ﬂ33§e__i Lead Sait
Nr‘in‘di.:l__: - ,ququ_f‘--"'- - N/\;r ' \ L aser
‘Wmean..~ room- 4% N
IR |“ ] T temperature : cryogenic r '.'-'[
e el P S T S S S . ' -
0.5 1 LASER WAVELENGTH {pm) 10

Figure 11-8 Overview of the different semiconductors diodes and their spectral emissions (Werle, Mucke et al. 1995).

42

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

Lead-salt diodes allow working in the mid-IR in thpectral range from 30 to 3000 ¢rwhere
atmospheric molecules have fundamental absorptamds presenting strong absorption cross
sections. In addition the tune ability of the lessdt diode makes TDLAS a powerful tool for kinetic
studies. With this technique it is possible to ttime wavelength on small intervals (some 3oy
varying the applied current (Werle, Mucke et al98p In addition, diode lasers have a linewidth
emission of about IHcm*, an order of magnitude lower than typical linewilt pressures used

in this work (30-90 Torr), allowing even to obseatesorption lines in the Doppler limit profile.

[1.6.1 Tuneable Diode Laser Absorption Spectroscopy (TDIs&Bup

The IR beam generated by the diode was split ingarts, one part was directed to a reference cell,
used to stabilize the emission wavelength, therotbethe photolysis cell (Figure 11-9). Both
absorption paths are composed of the same elenexatspt for the monochromator placed in the
detection path, used for filtering the wavelengthe elements composing the reference and the

detection lines are shown in Figure II-9.

oscilloscope cantreller
| ©O _
100 @ Cryogenic
Q0 L5830 O system
Lock-in Beam
Reference cell I splitter
ampli — 7mi(:07_ | reference
line
detector
" detector reaction cell
ampli

T E Detection
— 1 Mono- — _ line
- chromator
Pre-ampli

Figure 11-9 Schematic of the experimental set-up of the detection line for the TDLAS technique coupled with a reference

line for the wavelength stabilization.

The diode laser support (model L5376) is cryogdlyicaoled with liquid N, which is typical for

lead-salt diode lasers working in a temperaturgeaover 80 K. The diodes are mounted under
vacuum on a heated coil finger which can be regdlétom 80 to 120 K, depending on the diode
laser operating specification. The vacuum chamhbdrth be periodically evacuated to ensure high

thermal isolation. The frequency of this operatwas indicated by the laser controller that
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displayed the thermal stability inside the chamB&e TDL controller (model L5376) is the device
that is connected to the diode laser and contf@scurrent injection to the diode. The applied
current depends on the diode type, and was inaae& comprised between 500-1000 mA.

The laser crystal is very small and the output besrhighly divergent, therefore it has to be
collimated by a parabolic mirror. The beam is diedcthrough the photolysis cell by two plane,
silver coated mirrors. The alignment of the IR beaas carefully checked at the beginning of
every experiment with the help of two diaphragmatie on the two windows of the cell. A
wavelength determination was made possible by &ngranonochromator (photonics L5100-6
pm). Due to the fact that our diode lasers (for &@ HCO) are mono-mode, the monochromator
mainly filters parasite radiations, incoming to fifetosensitive surface of the detector such as UV
and VIS (visible) light, coming from unwanted reflions, thermal IR radiation and possible

fluorescence induced by excitation of impuritiestio® windows through the photolysis laser.

The IR beam was focused on the photovoltaic InSR2-Eboled detector (Fermion Corps model
PV-6-500). The electric signal was amplified by ra-pmplifier (EG&G INSTRUMENTS 5184)
followed by an amplifier (Fermion Corps model PVAEB5). The signal is acquired by an
oscilloscope interfaced with a PC. The oscilloscfpektronix TDS 520B) has a passing band of
500 MHz and a sampling power of 1 Gigasignal/svem ¢thannels. The oscilloscope was triggered
by a photodiode placed at the end of the UV lind amnals were finally transferred to the
computer through a GPIB interface and processduavitabview program.

A small part of the IR beam (10%) was directedhi® iteference cell (Figure 11-9), a glass tube 20
cm long, filled with CO or KHCO 10 Torr). The IR beam passing through the referesadl is
sent to an amplifier connected to the oscilloscdpes signal was used for the stabilization of the
laser emission frequency at the center of an abisarpine. This was achieved by modulating of the
incoming IR signal by a 18 kHz sine wave. The refiee cell signal was then demodulated by a
lock-in amplifier which yielded a correction seatthe input of the laser power supply. Any shift in
the frequency emission was detected as a variatiothe derivative signal and corrected with a

feedback signal sent to the diode power supply.
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[1.7 CO and H,CO Detection with TDLAS

In the following part we present the time resolhedasorption spectroscopy (TDLAS) and the

procedure chosen to monitor CO andCB.

[1.7.1 IR absorption spectroscopy

Absorption spectroscopy can be used for the qudivet detection of species using the Lambert
Beer law (11-7):

TWw) = :_ = exp(-0, 0C)) -7

where “T)” represents the transmission, “[C]” is the concdianaof the absorbing molecule, “”
the length of the optical path,*land “ly” are respectively the IR intensity with and witthou
absorbing speciesoy” is the absorption cross section at the frequen¢gn?’). The absorption
cross sectiors, at a given wavelength can be expressed with tregiated intensity “S” of the

absorption line (11-8):

o,=Slfv-v,) -8

where the function “f{-vo)” describes the integrated profile with an imposeshdition of

normalization (II-9):
[fw-vodv=1 11-9

The function “f@)” can be rewritten as equation II1-10 if we intradua coefficient of normalization

“a”, while “@(v)” is a mathematical function of the profile wittivo) = 1.

f W) :gﬂb(v—vo) 11-10

If the wavelength emission is centred on the alismrpine then the function “%)” simply depends

on the normalization factor (lI-11).

)=+ I1-11
a
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[1.7.2 Cross section calculation

From equations 1I-8 and II-11 it can be seen thatdross sections” is defined as the ratio of the
integrated intensity “S” over the normalizationtfac‘a”:

g=— 1-12

Equation (lI-12) shows that the absorption crossice “c” depends linearly on the integrated
intensities of the peak (expressed in cm mbletabulated for atmospheric pressure. For CO lines
this information was taken from the “wave numbelibcation tables for heterodyne Frequency
measurements” NIST Special Publication 821 (Mald &xells 1998). The line intensity “S” is
independent of the pressure but changes with teahperfollowing the Boltzmann distribution of

the population level of energy (lI-13):

S(T) = scro)(TlJ exr{E?[Ti —%B 13

In

where “Ty” is the reference temperature (298K),™E the energy of the lower level, “k” is the

Boltzmann constant, “z” is a parameter dependinghernstructure of the molecule (for CO and for

all linear molecules z=1).
The normalization factor “a” of equation I1-12 igumction of the Voigt profile (11-14).

a =20V, OL065+0.447r + 0.058 ) II-14

The Voigt profile is a combination of the effectstao profiles (Doppler and collisional) on the

absorption line profile (Olivero and Longbothum I9@I1-15).

Av +1/0.8663 1 cor + 4AY Zaopp) II-15

voigt coll

= % (10692 v

The parameter “r” in equation 1I-14 is defined las tatio of the collisional over the Voigt profile.
The collisional profile is a good estimation of thee profile at high pressure while the Doppler
profile is better adapted at low pressure (Figu#0). In the intermediate range such as in our
experiments both broadening processes coexist @ndescribed by the Voigt profile which is a
combination of the collisional and Doppler (Oliveand Longbothum 1977).
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Figure 11-10 Resulting broadening of CO at 2082cm™ in N, in a pressure range 0-100 Torr. Voigt profile (plain line),

collisional profile (dashed line), Doppler profile (point line).

Doppler and collisional profiles, needed for thdcgktion of the normalization factor “a”

appearing in equation 1l-15, will now be approackegarately.
1. Doppler broadening

In a gas sample at thermal equilibriatna temperature “T”, the velocity of a moleculddas the
Boltzmann distribution law and as a consequencédlitigeis enlarged symmetrically around the

value ‘v, following a Gaussian distribution of the veloc(tl-16).

2
1 V-V
f (v-v,)==[éxp - o 11-16
vy = (Aj

The Doppler profile is characterized by its fulldth at half maximum:

AV = "—01/2KTT'”2 = 3.58&0'4,/% W, 11-17
C

where “M” is the molecular mass of the molecule arid the temperature (K).
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1. Pure collisional broadening

Collisions between molecules generate a pertunbah the interaction radiation-matter. Those
collisions are described by the Poisson law andltré@s a widening linear with the pressure and

with a Lorentzian profile:

1, 12
vy, (v-v,) 1 11-18
Av

fLv-v,) =

coll

Av¢o is proportional to the pressure and depends obritedening coefficient which is specific

to each collision partner (11-19):

Av,, =y[P 11-19

For a gas mixture, this results in the combinatibthe component of each gas.

Al/coll—mix = yo [po + Z yl |:pi “-20

where %" and “py” represent the self broadening of the main gas ‘afdand “p” is the
broadening given by the other gases. In our camgsidering the high dilution of the absorbing
molecules, we can assimilate the photolysis mixtara hypothetic pure flow @r He) and as a

consequence we applied equation 1I-19 instead-201I

The concentrations can be calculated from the traniaf the intensity “I” and 4" using equation

I1-21.
] _M II-21

The intensity of the diode emissiony™is obtained by placing a chopper in the detectioa. The

motion of the chopper cuts off regularly the IR imegenerating a square signal (Figure 11-11). The

difference between the maximum and minimum intgneipresents .
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Figure 1I-11 Example of the IR signal recorded for the determination of lo.

[1.7.3 IR detection procedure

It was observed in the course of the measuremanthie sensitivity depend on the position of the
IR beam with respect to the position of the UV beamparticular concerning the shape of the
temporal IR signal recorded for the kinetics. Thgrement, complicated by the strong astigmatism
of the IR diode laser beam, has been checked leynpglawo diaphragms front of the windows on
each extremities of the cell. Control of the reocgal alignment was verified weekly to ensure the
reproducibility of the measurements.

The time resolved CO and,BO measurements were performed according to tHewioig

procedure.
v' Record of the baseline off the absorption line.
v Search of the wavelength of the absorption lindreamsing the reference cell.
v’ Stabilization of the diode laser emission on toghefabsorption line.
v' Record of the kinetic as the average of severaigiysis pulses.
v Analysis and fit of the collected signals

The baseline has been recorded by setting the iemis§ the IR diode away from the absorption
line of the detected molecule. An example of theebae is reported in Figure 11-13 (gray line). The

baseline is used to remove systematic interfereaifesting the signal.
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The search of the wavelength of the absorptionHeebeen performed introducing 10 Torr of pure

CO or HCO in the reference cell. The current applied ®If diode laser was then set to achieve

the centre of the absorption line and the emissias stabilized on that wavelength by a first

derivative frequency lock-in procedure (paragrap®.1 page 43). The assignment of a line was

checked using the monochromator (+ 1 3nand by comparison with the GEISA database

(Jacquinet-Husson, Scott et al. 2008).

intensity / 18° cm

5-

0 T r
2060 2080 2100 2120 2140 2160 2180 2200 2220
wavelength\ / cnit

Figure 1I-12 Intensity of the CO absorption lines at 296 K, from GEISA database (Jacquinet-Husson, Scott et al. 2008) .

In the current work we performed analysis at défdérwavelengths, choosing always the most

intense absorption line accessible in the dioderlamission range. The absorption lines used for
CO were 2136, 2099, 2082, 2111 and 2115 ¢Rigure 11-12). For HCO, all measurements were
performed at 2820 ¢

A S y Rotational assignment
cmit cm/molec.crif  cm® atm*

2136  1.74x1H 0.0728 P(2)

2099  2.91x1H 0.0579 P(11)

2082  1.43x1H 0.0553 P(15)

2111 3.72x18 0.0599 P(8)

2115  3.79x1H 0.0611 P(7)

Table 1I-2 Intensity, broadening coefficient and rotational assignment for the CO absorption lines used in the current

work. Data refers to air at atmospheric pressure and 296 K, according to the GEISA database (Jacquinet-Husson, Scott

et al. 2008)
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To increase the signal-to noise ratio and to renparasites and interferences from the absorption
signal, two different methods have been used. Randoise was attenuated by averaging signals
with the numerical oscilloscope. Depending on tigaa-to-noise ratio and on the laser repetition
rate, up to 500 signals were averaged. Two systerpatasites have been observed: an intense
peak in the first few pus was generated electrolyidsl the photolysis laser (probably discharge of
flash lamps). It can be seen in Figure 1I-13 thaicicurs in both, the baseline and in the absarptio

signal. It can be eliminated by subtracting theebas from the absorption signal.

40 UV laser pulse )
— Base line
-+ Raw signal
» = Signal with correction of the base line
5 shock waves
g / J
C\U 20' H

t/us

Figure 11-13 Typical signal (voltage expressed in mV): on the center of the absorption line (dash line) and away from the

line (gray line) and the relative subtraction (dark line).

Another parasite in form of regular oscillationsg{fre 1I-13) was visible all along the signal. Taes

interferences are probably due to shock waves.echlg a radial expansion of the gas induced by
heating after absorption of the UV laser pulse.sEheaves, originating in the centre of the cell,
bounce back on the walls and come back. The depsithe gas and thus the refractive index
changes and this phenomenon created small desadibthe IR beam. The nature of this parasite
can be evaluated calculating the time laps betviwershock waves. For example, in Figure 1I-14
the interval is 100 ps, corresponding to the tieguired to cover twice the radius of the cell (see

Figure 1I-14). The velocity v of this shock wavendae calculated as (11-22):

(rcell [ 2)
At

= (1'5[5(7;]4[ 2)100= 360ms 11-22

V=

shockwave
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This value, compatible to the speed of sound, cowidil that the wave was due to a gas expansion.
In Figure 11-13 we see that the parasite appeaisodin the baseline and the absorption line bt it i
efficiently removed by subtraction.

Photolysiscell

3.6cm

UV laser YAG
beam

IR diode laser
beam

Figure II-14 Radial propagation of the shock waves respect to the photolysis and IR beam.

The records of the transient profiles of CO in tifwational excited states were performed without
stabilization since at room temperature the comagah of vibrationally excited CO is very low
and the absorption lines were too low to be used aference. However, the position of lines of
CO v = 1 were easily found because their intensdg just above our detection limit when pure CO
was introduced in the long cell. For CO in uppeates (v = 2 and v = 3), the line positions are
tabulated in the GEISA database (Jacquinet-HusSoott et al. 2008), but it was not possible to
detect them even with large amount of pure CO énldimg cell. To tune the emission of the diode
laser to a line of CO in the states v = 2 or v $£h®, following procedure was used. The emission
wavelength was first tuned on a detectable lin€0f(which could be a line of CO or a line of an
isotopic species in v = 0) close to the target.lihAe Fabry Perot interferometer, made of a
germanium bar, was then introduced in the IR be&ma. given wavelength, the difference between
two fringes is known. For example, at 2099 %rit is 0.0471 cnt. Sweeping the wavelength of
emission, the fringes scrolled on the oscilloscepeeen. By counting the number of fringes, the
laser emission was moved from the position of thewkn line to the expected position of av = 2 or
v = 3 line. The final tuning was obtained by monitg the line when a VOC was photolyzed in
order to get the better S/N ratio.
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The calculation of the CO concentration in the #tistates has been performed slightly differently

because the absorption cross section should bmeatsti. Seen that the intensity of a line is:

| = D2 [N"-N) 1I-23

where D is the dipolar moment and (N”-N’) is thdfelience in population between two sequent

energetic levels. Considering that N">>N’ , the Bgsion can be reduced to:

| = D [{N") II-24

Knowing that the dipolar moment is a function ot thibration effect we can resume for the

different vibration states the following conditiofigble 11-3).

state v=0 v=1 v=2 v=3
D 0.1765 0.1521 0.1861 0.2146
Di%D,? ~1 ~2 ~3 ~4

Table II-3 Dipolar moment of the CO vibrational state and ratios respect to state the v=0.

The Table 1I-3 resumes the dipolar moment for aangxle created for one line of intensity R5. If

we search the absorption cross section for a wiral state v=2 with intensity R5 we will have:
2

G(Rs,v:z):c(Rs,v:o)%[qN") 11-25
0

But as the population distribution is given by #Beltzmann distribution and we are at the same
condition for both absorption cross sections, thsuiting absorption coefficient will be simply
dependent from the ratio of the two dipolar momerthe two states.

[1.7.4 Data evaluation procedure

In the current work two different types of time ok&d signals have been observed. In this
paragraph the two typologies are approached sebanaith respect to the two different fitting
equations used.

The signal presented in Figure II-15 representexample of the type of signal that has been
recorded during the detection o®D in the photolysis of hydroxyacetone (paragragl® lpage
94). Similar profiles have been encountered alsthendetection of CO during the photolysis of
acetyl bromide (paragraph 11.8.2 page 61) .
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Figure 11-15 H,CO signal from the photolysis of hydroxyacetone in N, with [CH;COCH,0OH] = 7.23x10™ molec cm™

Here, a rapid rise of the signal is observed infitls¢ 20 ps. This fast rise was at least partidig

to the time constant of the experimental set-up \wad considered immediate on our time scale.
The decay, due to diffusion, could be approximatsdinear and hence the intercept a of a linear
regression was considered for the calculation ®fcttncentration of molecules formed immediately
after the photolysis pulse.

The second typology of signal that has been recdonmddhe detection of CO after photolysis of
acetone, methylvinylketone, hydroxyacetone, 3,8fR«ro propionaldehyde and acrolein (chapters

I, IV, V, VI, VII); a typical example is shown ifrigure 11-16.

50,
40

30

I/ mV

20
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2]

0 1000 2000 3000 4000
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Figure 1I-16 CO signal from the photolysis of 3,3,3-trifluoro propionaldehyde in N, at 30 Torr with [CF3CH,CHO] =

5.1x10" molec cm™®,
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This type of signal consists in a fast and almostantaneous increase of the concentration of CO,
followed by a slower formation. In order to evakidhe two different components: CO formed
directly in the first 20 ps (called Ggac: in 11-26) and CO formed in the following kineticqress

(called CQecondanjn 11-26), we fitted the curves with an exponehéquation including an offset.

[€O] = (COlecs +[COLcapmiary * (1 - 7)) [74") 1-26

secondary

where the kinetics occurs at a rate k aggi& the diffusion rate, introduced to take into aguothe
diffusion of photolysis products out of the phot#g volume. The empirical values fofirkvere

found to be ki n2 = 80 $'in Nzand kg e = 300 §'in He, at a pressure close to 30 Torr.

[1.7.5 Evaluation of the uncertainties

In the following, we discuss the contributions lo¢ fparameters appearing in equation 11-21 and the

uncertainty on the [CO] measurement.
o 1", the length of the cell:

Its uncertainty is due to the difficulty in the exaetermination of the path length (110+1cie,
the portion of the photolysis cell containing th®®. This uncertainty is introduced by the use of
protection flows in front of the CaRvindows, necessary to prevent the deposition otgisis
products. This uncertainty it is hardly estimablecduse highly dependent on the flows. It is

nevertheless considered to be less than 3%.
* “oR” the absorption cross section:

The calculation of the absorption cross sectiofC@f has been performed (paragraph 11.7.2 page
46) on the base of the line intensity tabulatedtlos GEISA database (Table 11-2) (Jacquinet-
Husson, Scott et al. 2008). The IR integrated sitgr(S) of CO lines and broadening parameters
are well tabulated in GEISA database, but the aogurs not always well determined. Another
component affecting the uncertainty associatedh® dross section is directly linked on the
broadening ¢) of the line. In this work we used the broadenpagameters with Nand He as
buffer gas (Sinclair, Duggan et al. 1997; Sincl&yggan et al. 1998). In addition, collisional
broadening with the precursor gas was not takeantmunt (even if it is not negligible) because no
data are available in literature. Taking into actoaihis two contributions, the uncertainty,wn

the absorption cross section can be estimated to 10%. Certainly this parameter is one of the

most influent in the whole calculation of the exded uncertainty on the CO measurements.
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* “I"the IR diode intensity:

The contribution of the laser diode intensity playsninor role in the uncertainties for the CO

determination and it is estimated to be almostigdig: even though the observed absorptions are
rather small (a few % maximal), a change in theldiaser intensity has only a minor impact on the
results, because the baseline is always measumdsniracted to the signal just before the
photolysis pulse.

Also the application of the modulation during thgnsl detection can introduce a minor source of
uncertainty. In fact, the amplitude of the sinusrgvanodulation of the wavelength of the IR laser is
low enough compared with the CO linewidth to be stdered negligible for the absorption

measurement.

In order to verify the detection procedure andrtteasurement of CO concentration during kinetic
experiments, we decided to perform two differerdgtdebased on the measurement of known,
stationary CO concentrations (Air Liquid, 99% pyriin the cell. A balloon of CO in Nat a
suitable concentration (0.01%) was prepared an@harflows of the mixture were introduced in
the cell through a flow meter. In the first methibg CO concentration was measured from the
integrated intensity of the CO absorption line, livhn the second one is was measured from the

transmittance of the IR signal.

1. Measurement of the integrated intensity of the absorption line

The intensity of the transition was obtained byns@ag the IR wavelength over the absorption
profile by applying a smooth modulation. The lin@fge was recorded and the amplitude of the
CO line was obtained after subtraction (Figure)-1

0 20
5 151
> >
E -10- — E 101
_15 51
//
-20 —d 01
0 200 400 600 800 0 200 400 600 800
t/ us t/ us

Figure 11-17 Signals recorded recorded applying the modulation (gray line) and the resulting signal (dark line) after

subtraction of the baseline (dashed line).
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2. Measurement of the variation of the diode laser intensity

In this method, we measured the CO concentrasdhevariation of the diode laser intensity (with
the diode stabilized on the centre of the absampliee). The absorbing molecules present in the

cell reduce the IR signal proportionally to theancentration (lI-21).

The CO concentration was measured on the CO aimorte at 2115 ¢ at a pressure of 30

Torr. The CO absorption cross section for the datmn of the CO concentrations used in the two
different methods was115 = 2.27x10" cn? molec*. In Figure 11-18, the CO concentrations

obtained with both methods are plotted versus ritreduced concentrations, determined from the
flows and pressure. The good agreement of the otrat®ns obtained with both methods (slopes
of 1.001 and 1.137 are obtained) gives confideac#hk reliability of the CO measurements during
time resolved experiments. From the differenceh& two curves we can evaluate the overall

uncertainty on our CO measurements to be bettar1hgo.

4.0x104
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o? 3 .O>< 101'4' ,’O ,,,’.
5 i
o ey
2 2.0x104 o
o} v
E // -
£ e 4
0 Bt
1.0x10'4 o3
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0.0-% : : : .
0.0 1.0x10+ 2.0x10+ 3.0x10M 4.0x104

[CO] introduced/ Cl‘ﬁ3

Figure 11-18 Check of reliability of the CO measurement though measurement of a known CO concentration with two
different methods: variation of the diode laser intensity (lp) (full symbols, m=1.001) and measurement of full line through

modulation (open symbols, m=1.137).
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1.8 Fluence

[1.8.1 Estimation of the fluence of the UV beam

The fluence is a crucial parameter for the deteation of the quantum yield and represents the
energy density in a delimited area. In the curremtk, the fluence was determined from the energy

and the area of the UV photolysis beam (0.95+0?) asing the equation 11-27:

F= S 11-27

where “E” is the laser energy (J pufde“1” is the wavelength, “S” is the surface of the laspot
(cn?), “h” is the Planck constant and “c” is the speédight. The two fundamental parameters in
the fluence determination with equation II-27 dne surface “S” and the laser energy “E”. Both

will be discussed in the following paragraphs.
[1.8.1.1 Control of the laser beam spot “S”

The surface was regularly checked by printing glsitaser pulse on a photosensitive paper in front
of the window of the celli. just before the beam enters the cell). The impoessf the beam was
accurately verified to ensure that the shape oftds@m was round. The diameter was 1.1 cm,

measured with an accuracy of + 1 dra, the section area was S = 0.95 + 0.14.cm

The top hat of the laser beam was also checkedantidimera recording the fluorescence produced
by a white sheet of paper illuminated by the lasesam at 266 nm or 355 nm (Figure 11-19 and
Figure 11-20, right).
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Figure 11-19 Profile of the 266 nm beam laser spot modeled with the software IRIS to create a 3D picture (left) from the

fluorescence recorded with a camera (right).

Figure 11-20 Profile of the 355 nm beam laser spot modeled with the software IRIS to create a 3D picture (left) from the

fluorescence recorded with a camera (right).

The top of the beam profile was processed withsibiéware IRIS to create a 3D picture of the
profile (Figure 11-19 and Figure 11-20, left). AB5 nm, the energy is distributed quite equally over
the surface. Provided that the IR beam probed dheme irradiated by the portion of the UV beam
displayed in red / orange on Figure II-20, the riices could be averaged using equation (l1-26) At
266 nm Figure 11-19, the irregularities of the sm¥tould have prevented the fluence to be
determined as an average. We showed neverthelasshtih average was close to the effective
fluence measured using acetyl bromide as an acetemn(see paragraph 11.8.2 page 61).

The energy of the pulse was measured regularly avipower meter (Ophir An/2 power range 0.1-
300+0.1 W). The power meter is composed by a thpimaletector having a central metallic disc

surrounded by thermocouples. When the laser be#nthe central area of the sensor disc, the
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absorbed photons are converted to thermal energyhaat is transferred to the cooled periphery
passing through the thermocouples. The currentrgeate by the thermocouples is converted into
optical power. The sampling head of the power metes placed routinely for practical reasons at
the exit of the laser. The laser energy was medsaifter each experiment to ensure its stability
during the whole series of experiment. In our calse,fluence measured at the exit of the laser
varied between 5x1®and 1.4x18 photons crif.

The calibration of the power meter was verifiedchynparison with another power meter, available
at the laboratory that had been previously caldatatWe carried out several measurements with
both power meters at different energies. At a igpetrate of 10 Hz, the laser power was varied in
a range 0.1-0.8 W modifying the parameter of theGyrlaser called “time delay” of the Q-switch.
The results obtain with the power meter used is Work have been plotted versus the results of the
calibrated one. As can be seen in Figure II-21réiselts obtained with our power meter are in very
good agreement with the results obtained with Hibated one. Small variations were found in the
results at lower energy because of the difficuttyhe stabilization of the energy with variation of
the Q switch delay. A slope of 0.99 was derived,ctvhshowed that we could rely on the

measurements of the power meter currently useaisnork.

1.6
0.8
0.6
0.4

0.2

Laser power / W (our power meter)

.0 " " " " :
0.0 0.2 0.4 0.6 0.8 1.0
Laser power / W (calibrated power meter)

Figure 1I-21 Plot of the power measured with the power meter currently used in our work against the power measured

with a calibrated power meter. The result of the linear regression is Y = 0.9914 X.
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11.8.2 Measurement of the fluence with theCBBr photolysis

The fluence at 266 nm was also measured by uswellecharacterized photolysis process. In this
work the photolysis of C¥COBr has been chosen as actinometer. The choittesofmolecule has
been motivated by the following reasons:

* The CO quantum yield is known to be close to thggyud,ss nn= 0.92 £ 0.1 and is not
pressure dependent (Khamaganov, Karunanandan2&oa).

« CHsCOBr presents a strong absorption at 254 nm anchB66 s, = 2.42x10° cnt 6,66 =
1.96x10" cn? (Khamaganov, Karunanandan et al. 2007), whichwaitbto measure the
concentrations of C¥OBr in situusing UV spectroscopy at 254 nm, and to get a Bigh
ratio during the record of CO profiles.

« CO is expected to be produced almost instantangdtaystiecomposition of CiCO (II-28)
with no secondary chemistry leading to CO.

CH,COBr+hv - CH, +CO+Br [1-28

The fluence has been measured from the photolyflsiscetyl bromide. The concentrations of
CHsCOBr were measured in situ via UV absorption at @84using a line equipped by a Hg lamp,
a monochromator, a photomultiplier (Figure Il-2®noected to an analog voltmeter with an input
resistance of 100 K. The flow of CHCOBr was regulated through a needle valve. We wdde

the concentration of CJ€OBr to be stable before starting the photolysise Bb the high S/N ratio

of the signal, only 10 traces needed to be averabee concentration was measured again after

each record, to be sure that it had not changeaddgltire records of CO time-profiles (Figure [I-23).

Dissociation of the acetyl bromide inside the cdlle to the Hg-lamp was neglected. The
concentrations obtained from the UV signals weteutated using Lambert Beer law (Table 11-4).

Trasmission % 92.5 86.5 78 75
[CH3COBI]/ 10°molec et 2.94 5.47 0.36 10.80

Table II-4 Determination of [CH3;COBr] from the absorption at 254 nm.
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Figure 11-22 UV line mounted for the 254 nm detection. The beam stopper was placed between the dichroic mirror and a

plane silver mirror which reflected the 254 nm beam to a photomultiplier.

200y

5 ]
150 [VOC] / 10*°molec cn?

11

\ « 94
- 55
2.9

0 T T T T :
0 200 400 600 800 1000
t/us

=
o
()

[CO]/ 102 molec cm
(€]
Q.

Figure 11-23 [CO] signals from CH3;COBr photolysis at 266 nm for four different acetyl bromide concentrations between
[CHsCOBY] = 2.9 and 10.8x10™ molec cm™ at 28 Torr He, photolysis repetition rate has been 5 Hz.
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CO concentrations obtained from these experimerdgse wlotted versus the acetyl bromide
concentrations multiplied by the absorption crassgien at 266 nm and the nominal quantum yield

(®=0.92 £ 0.1 (Khamaganov, Karunanandan et al. 2007)
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Figure 11-24 Variation of [CO] obtained after the photolysis as function of photolyzed [CH3;COBr]. The [CH3COBI] has

been measured with a Hg lamp at 254nm. The result of the linear regression is Y = 9.07x10™° X.

Linear correlation is found (Figure 11-24), the péobeing the fluence F = 9.07*%@hotons cnf.
The fluence determined from measurements with tiveep meter resulted in F = 9.30%i@hotons
cm There is a good agreement between both valudsyardecided to rely on the power meter to

derive the fluence to be used for the evaluatioousfexperiments.
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1. Photolysis of acetone (CECOCH3) at 266 nm
Acetone is the simplest ketone and has been thgciubf numerous studies detailed in the
following. In this chapter we present our resulistbe photolysis of acetone at 266 nm at room
temperature at a pressure of 30 Torr. These reselts also used as reference for the photolysis of
hydroxyacetone.

[11.1 Previous studies

Acetone is an abundant and ubiquitous VOC in tbpadsphere. Airborne field campaigns have
shown its presence over the tropical pacific ocedmte the principal sources are mostly located in
the Northern hemisphere (Singh, Chen et al. 2001).

Seen that the different sinks of acetone dependlt@ode they can have different implications on
the tropospheric chemistry. In particular, its teactwith OH radicals is dominant at lower altitsde
while photolysis becomes more important at highétude because of increasing intensity of
radiation in the wavelength range 290-320 nm wiktreasing heights together with a decrease of
the rate constant of the OH reaction with decrepsmperature.

Previous studies explain how, at higher altitudles, photolysis of one molecule of acetone could
be an efficient source of H@adical production than OH initiated reactions (&lch2004). This
occurs mainly because the H@oduced by the photolysis can react with NO teddH that will

be then available for a reaction with a second oube of acetone. In addition, photolysis of
acetone in the Upper Troposphere (UT) is knowneab important source of peroxyacetylnitrate
(PAN) which can be transported on a large scale dist@higgnson and Arey 2003). The kinetics
of the reaction of acetone with OH was studied éyesal authors (see table 2 in ref (Wollenhaupt,
Carl et al. 2000)), but the most interesting statlfemperatures relevant to the atmosphere was
given by Wollenhaupt et al. in 2000 (WollenhaupayiCt al. 2000). They investigated the reaction
in the temperature range 202 - 395 K at a pressu@0 Torr, using pulsed laser photolysis of
suitable precursors to generate OH radicals andneexe fluorescence or pulsed laser-induced
fluorescence to monitor the OH time profiles. THeynd that the rate constant of the reaction of

OH with acetone could not be described by a sirdyl@enius expression, but rather by a two-

423

1320
exponential functionk,, = 8.8 x 10712¢e" 7 + 1.7 x 107 *e7. The rate constant decreases
slightly between 202 and 295 K, the values beirspeetively 1.50x1%* and 1.35x18° cnt® s?,
and increases from 240 to 395 K. This behaviour ataghuted to a change of mechanism, which

could be an electrophilic addition of OH to thebzaryl C-atom followed by formation of acetic
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acid and methyl radicals at low temperatures, whildrogen abstraction is expected to occur at
higher temperatures. Arnold and Chipperfield (Ach2D04) completed the model studying the OH
reaction on acetone at different latitudes, distigiging two areas of interest: tropical areas and
mid-latitude areas. They determined the OH ratestaois and attributed to acetone a lifetime of 9
days at the tropics and 74 days at the mid latgude

The photoexcitation of acetone from the groundtedeec state (§ to its first electronically excited
state (9 has been intensively studied. This electroniaditéon in acetone results in a low and
wide absorption band from 220 to 330 nm (Figurel)llwith its maximum around 280 nm,
corresponding to a perpendicular transition fromm horbital of the oxygen atom to the orbital

of the carbonyl group (Blitz, Heard et al. 2006heTUV spectrum of acetone was measured by
several authors but the IUPAC recommendation iedas the data of Gierczak et al. (Gierczak,
Burkholder et al. 1998). Around the maximum of apson at=~ 280 nm, Gierczak’s values are
slightly lower than those given by other groups (Mfthaupt, Carl et al. 2000). At 266 nm, the

values of all studies are in agreement and thescsestion, at 298 K, is estimated to dgs =

2.98x10°° cnt.
6.0x1020,
—
8 4.0x1020
€
(&)
b  2.0x1020
0 : : : : :
220 240 260 280 300 320
A/ nm

Figure IlI-1 UV absorption cross section for acetone at 298 K (Gierczak, Burkholder et al. 1998).

The photodissociation of acetone was studied bgraggroups as early as 1926 (Bowen and Watts
1926). The first investigations on the photodisathen mechanism were performed by Norrish in a
series of papers published in the 1930’s (CroneNwrish 1933; Norrish 1934; Norrish, Crone et

al. 1934). At 193 nm, acetone dissociates into tvathyl radicals and carbon monoxide. Whatever

the wavelength is, the first process iscanleavage of one C-C bond leading to one methytehd
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CHz and to one acetyl radical GEIO. The question whether the acetyl radical is &bldissociate
into CH; and CO has been addressed by most of the stuties.previous quantum yield
determinations are discussed in details in (Rajakuierczak et al. 2008) and are summarized in

Table 111-1.
Acetone is expected to dissociate according to mweon pathways (Rajakumar, Gierczak et al.
2008):
CH3;COCH; + hv - CH,CO + CH; (A < 338 nm) 11-1
CH;COCH;, + hv - 2CH; + CO A < 299 nm) -2

CH3CO formed in reaction lll-1 after absorption of &opon can possesss sufficient energy
(CH3CO*) to dissociate into CHand CO (l11-3) or can be stabilized by collisidi-4).

CH;CO* -~ CH;+ CO -3

CHCO*+ M - CH;,CO + M -4

In previous studies it has been shown that thérife of the activate C}CO* radicals is lower than
100 ns (Somnitz, Fida et al. 2005; Rajakumar, Gadtcet al. 2008). On our time scale (ms) this
reaction time can be considered immediate and esnaequence the dissociation reaction 111-3
cannot be distinguished from reaction IlI-2 withr @xperimental set-up.

The quantum vyield of reaction IlI-1 could be detered through monitoring CHand / or CHCO.
Khamaganov et al. (Khamaganov, Karunanandan &08l7) studied the photolysis of acetone at
248 and 266 nm monitoring the formation of metladicals by LIF at 216.4 nm. At 248 nm, they
found that the quantum yield decreased with inéngagressure, starting from 1.4 at zero pressure
and converging to 1 at twice the atmospheric pressthis behaviour could be explained by hot
acetyl radicals being stabilized by collisions wiitle bath gas at elevated pressure but dissodmted
yield CH; at low pressures. In an experiment performed mogéecular beam in He, North et al.
found that 30% of the acetyl radicals had enougérgnto dissociate (North, Blank et al. 1995),
while Khamaganov found 42%. Somnitz et al. (Somritda et al. 2005) studied the same reaction
using quantitative infrared diode laser spectrogaafpCO. At low pressures (up to 100 Torr), the
results of both studies are in good agreement Htdrel at more elevated pressures. In 2009
Somnitz (Somnitz, Ufer et al. 2009) performed otivgperiments at 248 nm detecting directly CO
and CQ in the range of pressure 19-675 Torr in differeath gas (He, Kr, Ar, SFN,, O, and

N./O;). He found different pressure dependences in #th gases due to the efficiency of the
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colliders. At 75 Torr he obtained a CO quantumd/ied 0.49 for N, in agreement with Rajakumar
who determined the quantum yield from the relatbgy =1 - ®cpzco=1 - 0.53 = 0.47 at a pressure
of 60 Torr (Rajakumar, Gierczak et al. 2008). Khgareov et al. (Khamaganov, Karunanandan et
al. 2009) studied again the photolysis of acetom&nitoring atomic bromine generated by reaction
of the photofragments GHand CHCO with bromine. They showed that the overall quanyield
was 1 with no dependence on pressure at 248nme &hi266 nm there was a slight dependence,
starting from 0.96 at zero pressure to 0.82 atTai®. This work confirmed their previous study.
Investigations on the mechanism of photodissomati@re conducted by Emrich and Warneck
(Warneck 2001) in 2001, and more recently by BRBltz, Heard et al. 2006). They determined the
guantum yield of production of the acetyl radicatvieeen 266 and 330 nm as a function of pressure
and temperature: Emrich converting it to PAN byctee with G, and NQ, while Blitz partially
converted it to OH by reaction with,OThey analyzed their experimental data by a Staimer
graph: Blitz showed that there was a dependencéaih, wavelength and pressure on the
dissociating states;S&nd T,. At a pressure higher than 25 Torr, the statesTreadily quenched
(reaction IlI-11), and dissociation occurs from Bestate whatever the wavelength. They were able
to determine that the intersystem crossing betw8&hand (T1) (reaction 111-9) was more efficient
above 320 nm, and almost zero below 295 nm. From\ramenius analysis of the temperature
dependence of the photodissociation, barriers sdatiation respectively on the 8nd T, states
were located at respectively 300 and 306 nen34 kJ mof and 56 kJ mét above the Sand T
states (Figure IlI-2). Below 25 Torr, dissociatiamtcurs exclusively from the ;Sstate at
wavelengths shorter than 300 nm, and from tharfl T, states above 300 nm. In a recent paper,
Szilagyi et al. (Szilagyi, Kovacs et al. 2009) fdualso a curvature in their Stern-Volmer analysis
performed at 308 nm in different gases.

Blitz et al. found that the yield of GBO at 248 nm was lower than yields at longer wangles,
which was due to the competitive way of dissociatleading to methyl radicals and carbon
monoxide. They derived a yield for CO of 0.63 aB2#n and 0.37 at 266 nm. The temperature
dependence on the yield of CO is due to the diatoai of the acetyl radical which needs at least
71 kJ mot". This energy comes from both, the internal exicitabf the acetyl radical after the
photodissociation, and from the ambient thermatgneBlitz et al. tested the following mechanism

available above 300 nm (reactions IlI-5 to lll-IddaFigure 11I-2) :
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CH,COCH; (S) +hv — CH;COCH; (S1, S*) 11-5
(S1) — CHsCO + CH, 111-6

(S*) - 2CH + CO -7
SS+M—S+M 111-8

(S) — (T) 111-9

(T1) — CH,CO + CH; 111-10
(T)+M->S+M lI-11

Below 300 nm, only the four first reactions (llI-&) (11-8) are to be considerede. there is not
ISC from () to (Ty).

Energy
kJ mol-! A (nm)

500

450

2 CHs + CO
400 e

CHsCO + CH,4

350

Figure 11I-2 Schematic of the energy diagram for acetone photolysis (adapted from (Blitz, Heard et al. 2006) and
(Somnitz, Fida et al. 2005)).
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Authors Experimental conditions Alnm| @Pcpsco | Peo ®chs Dot
250 to 300 nm - 760 Torr — Bath gas : air. 250 0.76 0.45 - -
(Meyrahn, Pauly et a 'CH,CO converted to PAN by addition of NO 260 | 0.80 0.18 - -
1986) PAN, CO, CQ quantified by GC 270 0.64 0.10 - -
(Gierczak, Burkholder gt248 to 337 nm — 100 to 760 Torr — Synthetic air 248 - - - 1.10
al. 1998) Loss of acetone measured by GC 266 - - - 0.94
(Khamaganov, 248 and 266 nm — 298 K — 5 to 1500 Torr of N 248 1.421t0 1.0
Karunanandan et al.CH3 and CHCO monitored by LIF 266 0.93
2007)
248 and 266 nm — 60 to 760 Torr of N 248 0.98
(Khamaganov, Reaction of CHand CHCO with Br, to yield Br atoms 266 0.96 to 0. 82
Karunanandan et al.detected by time-resolved resonance fluorescence
2009) 248 nm : 224, 234 and 298 K
266 nm : 298 K
266 to 327.5 nm — 0.3 to 400 Torr of He — 218 t6 R9 | 250 0.37 0.62
(Blitz, Heard et al. 2006) CH3CO partially converted to OH by reaction with O | 265 0.37
OH monitored by LIF
(Somnitz, Fida et al.248 nm —298 K- 15to 675 Torr ofN 248 0.45t0 0.25
2005) Detection of CO by diode laser absorption spectpgc
(Somnitz, Ufer et all 248 nm — 298 K — 19 to 675 Torr of (He, Kr, Ar,sSF248 N :0.51 to
2009) N2, O, and N/Oy) 0.30
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Detection of CO by diode laser absorption spectpgc

He :0.54 tg
0.37

(Rajakumar, Gierczak et248 nm — 296 K — 60 to 670 Torr i, Hr He 248 0.60 to
al. 2008) CH3CO detected by CRDS 0.82
(Emrich and Warneck280 to 300 nm — 97 to 750 Torr of air 280 1.00 to
2000) Conversion of CHCO to PAN by addition of N® 0.77
(Szilagyi, Kovacs et al. 308 nm — 10 to 760 Torr of He / Xe / Air bO 308 0.58 to 0.1]
2009) Loss of acetone measured by GC (in air).
279 t0 313 nm = 272 to 301 Torr — 25 to 745 Toraim | 279 0.015
(Gardner, Wijayaratne et 290 0.026
al. 1984) 299 0.0211
313 0.0169
330-240 nm, pressures (0- 1000 Torr) 21°C. 240 0.64
Gandini and Hackeltco monitored by resonance fluorescence 250 0.35
1077) 265 0.19
275 0.06
305 0.03

Table IlI-1 Previous determinations of quantum yields of photodissociation of acetone. Pressures expressed in mbar in the papers are converted in Torr in this table.
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[11.2 Experimental details

A mixture of acetone (Sigma Aldrich reagent 99.9%6ity) in He or N was prepared in 10 L
balloons using a volumetric method. For detailsardong the preparation, the reader is referred to
paragraph 11.5.1 page 39. Typically30 Torr of acetone were introduced in the ballagnich was
then completed up to 1000 Torr with He or Bl The mixture was flown to the cell through a flow
meter which was calibrated taking into account ghesence of acetone in the mixture. The flow
rates were varied between 2 and 60 ccni'n@fiP, while the carrier gas was flown at a rat@ 8

to 750 ccm mift STP. The concentration of acetone was then imathge 0.4 — 1.3x®molec cm

3, Acetone was photolyzed at 266 nm at room temperd295 K) and at the average pressure of 30
Torr. Most experiments have been performed jn He as buffer gas has been used only once in
order to detect upper vibrational states of CO.tHis experiment, performed at 35 Torr, the

concentration of acetone was kept fixed at 5.4%flec cn?.

[11.3 Photolysis signals

[11.3.1 Description of the time-profiles.

The CO concentration time profiles obtained from dlcetone photolysis at 266 nm have been fitted
to equation IlI-12, such as already presented iagraph 11.7.4 page 53.

[CO] = ([COlyyeqt + [COlg X (L-€% ) ) x @*ar ™ 11-12

slow

In this chapter are presented some typical sigaatsthe calculation on the kinetic parameters.

Typical profiles we have obtained at different cemications of acetone are shown Figure I11-3.
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Figure 111-3 Time resolved profiles of [CO] after photolysis of different acetone concentrations (reported in legend) at 36

Torr N2 and a laser energy of 54 mJ at a repetition rate of 5Hz. The right graph shows a zoom on the first 100 psec.

The presence of the non zero component at thenorigi at very short times after the laser pulse,
proved the existence of CO formed immediately aftexr UV photolysis pulse, in the first
microseconds (Figure 111-3). In this part of theofile we were not able to distinguish any kinetics
because the increase was too fast to be time-exhdiv the following, this CO formed just after the
laser pulse is called Gf.:and is considered to be formed in reaction IlI-7.

This almost instantaneous formation of £ was followed by a slower formation of CO which
extended up te 750us (named CQ, in what follows). This component is suspectedriginate
from the relaxation of CO, formed in reaction lli¥¥excited vibrational states, to the ground state
CO (v=0).

This hypothesis was confirmed in the current wosk the direct detection of CO in upper
vibrational states as explained further down irageaph 111.3.4 page 76. In the next paragraph, the

rate of formation of CQ,, will be analyzed.

[11.3.2 Origin of the slow kinetic in the time-profiles©O

In order to study the origin of G, the time-profiles of [CO] were fitted to equatibh12. From

the signals recorded in different experiments wieaeked the value of the pseudo first order kinetic
constant k and we plotted the results versus tle¢éoae concentration as shown in Figure 1l1-4.
Even though the scatter of the data is quite haghnear dependence can be determined with a
slope of (9.6 0.7)x10" cn molec' s* that can be interpreted as the rate constaniafagon of
CO(v=1) to CO(v=0) by collision with acetone mol&xs1 No literature value is, to our knowledge,

available for this rate constant. However, thisugaseems reasonable if compared to the literature
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value for the relaxation of CO(v=1) with propyn&l:= 4.43x10" cn?® molec! s* (Chowdhury
2003).

In the case of CO profiles recorded ip, the CO(v=1) will relax also by collisions with fier gas
molecules (N). In Figure 111-4 the rate constant of the relazatby N, can be extrapolated from the
intercept of the linear regressiony(¥ 2408 ). With [N,] = 1x10® molec cn, this value leads to

a rate constant k= 2804 /1x%& 2.8x10" cn®molec* s*. This value can be compared to literature
values: Stephenson (Stephenson 1973) indicatestieonstantdon. = 177 § Torr?, which can
be converted todenz = 5.1%10" cm® moleculé' s*. The value found in our work is lower than the
literature value, but still in the same order ofgmizude.

This difference in the rate constant is probablg tluthe presence of CO in the upper vibrational
excited states,e. v>1. The relaxation to CO v=0 might be then slowled/n by the progressive re-

population of CO(v=1) through a relaxation of thmoar vibrational states.
5000
4000

3000

k/st

20000 ° -

1000

0.0 5.0x10t 1.0x10 1.5x101
[CH3COCH;] /molec cri?

Figure 111-4 Pseudo first order kinetic constant plotted versus acetone concentration. The values refer to fits of different

experiments. The linear regression results in Y = 9.62x10™ X + 2408.

In order to clarify the nature of the componentafwe decided to neglect the presence of a
reaction radical-radical originating CO. To provatt CQy. is not formed by secondary reactions
R+R we normalized the profiles of Figure 11I-3 amtiog to [COlirect (Figure III-5 left). After
normalization, all signals start at the same paird grow with at different rates forming the same

amount of CQow.
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Figure 11I-5 Left: CO profiles of Figure 11I-3 normalized respect to the COugirect. Right: Dependence between the k (m),

COsiow (A) and the [acetone] introduced in the cell.

The results of the fit for the normalized signais displayed in Figure 111-5 right. It is possille

remark that the values of Gg), are highly scattered around the value 2.8 andptbted rate

constants draw a linear trend (slope = 1.02%1@n° molec* s*) with a non null intercept (YO =

3090 §"). The non null intercept can rationally repregéetrelaxation CO by Noecause for [N =

10" molecule crit we can determine a rate constant k = 3.5%10n° molec’ s, slightly lower

than the expected 5.1x10cm® molec’ s* given by Stephenson (Stephenson 1973) but stithef

same order of magnitude. This difference may betdube relaxation of upper vibrational excited

states that, populating CO v=1, lowers the apparenstant. The slope (1.02x*0cm’® molec's™)

instead can represent the relaxation of CO by aeefdhe determined value is in good agreement

with what found in Figure Ill-4 but higher than tifaund for propynal: k = 4.43x2%§ cm?® molec!

s by Chowdhury (Chowdhury 2003). Considering theet#hces between the two molecules we

can consider this value reasonable for the CO atilaxx operated by acetone molecules.

[11.3.3 Energy balance in the photodissociation of acetone.

At 248 nm, Somnitz et al. estimated the energystiokl for the acetone photodissociation to be
399 kJ mof for the direct formation of CO, and 353 kJ thdbr the dissociation into CHand
CH3CO*. In his work Somnitz determined also the dimition of remaining energy after
photodissociation (135 kJ mtl He found that 46% (63 kJ miYlis kept within CHCO*, and 43%
(=58 kJ mot") in the relative motion of the photofragments £Gthd CHCO. Only 11 % (14 kJ
mol™) is associated to the Glradical (Somnitz, Fida et al. 2005).

© 2012 Tous droits réservés.
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The photolysis of acetone at 248 nm was alreadgiesiuin 1995 by North (North, Blank et al.
1995). They. found a value in agreement with thieevaf Somnitz for the average translational
energy of the fragments Glnd CHCO, estimated to be 60 kJ mot-.

A 266 nm-photon provides an energy of 448 kJ“m®he remaining energy after the absorption of
one photon at 266 nm will be 95 kJ MolConsidering the same percentage found by Somnitz,
CHsCO will keep 59 kJ mal. CO needs: 25 kJ mof* for each quantum of vibrational excitation.
As a result, a 266-nm photon carries enough enévggnable the production of CO in the
vibrational state up to v=2. This energy calculaijastified the record of the CO profiles performed
in Figure 111-6 but not for the CO v = 3 that witquire 75 kJ mal.

[11.3.4 Excited states

In order to prove that the CO appearing at longee tkinetic was effectively coming from the
excited states we decided to detect and recordCtbeformed, during photolysis, in the upper
vibrational excited states. The detection of the&sées represented a real challenge in the datectio
due to the weakness of the line, the low populadibthese states (v=2 and v=3) and the limitations
imposed by our reference cell: pressure achievabteoptical path length (paragraph 11.6.1 page
43). As a matter of fact, we had to perform theedgbn of the CO vibrational states v>1 using a
different method with respect to the CO v=0.

With our instrumental set-up the excited stateogdi®on lines were selected with the help of an
interferometer of Fabry Perot. The interferomesea IGermanium bar, placed at the entrance of the
monochromator, capable to introduce regular interfees in the signal of the diode. Knowing the
tabulated wavelength of the excited states (Jaetuinsson, Scott et al. 2008) and having as
reference a fundamental line it was possible talsetietection on the excited one. The operation of
stabilization was than performed on the positioresghthe absorption line was supposed to be, but
without any possibility of visual verification. Theame problem emerged at the moment of the

baseline subtraction that was chosen in a zerakpsition close to the absorption line.

Signals of CO in the excited vibrational statesl(?¥ have been successfully recorded in He as
buffer gas. The signals presented in Figure lll&en been simulated in order to verify the
relaxation constant of the upper vibrational extitgtates. No adapted model was found to
reproduce the kinetics recorded. Firstly, the isitignof the signals could not be reproduced
accurately due to the difficulty of the stabilization the absorption lines and because of thedack
literature on the CO(v>0) absorption cross sectibmsany case, to give an idea of the expected
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concentration, CO(v=1) and CO(v=2) intensities wareltiplied respectively by 2 and 3 (see
paragraph 11.7.3 page 49). Secondly, the kinetammot be related with the vibrational relaxation
because of irregularities generated by the baselib&action.

Still we can obtain information from the shape:

CO(v=1) signal corresponds in shape and structutbe CO(v=0). A rapid rise immediately after
the photolysis pulse is followed by an exponeritiaktic. This form will be expected in presence of
a relaxing CO(v=2) vibrational state.

CO(v=2) profile instead shows the presence of a zemo component at t=0 followed by a fast
relaxation. For this vibrational state it was imgbte to identify a secondary formation. It is then
possible to deduce that the CO(v=3) relaxation ctoo fast to be detected or that CO is not

formed in the vibrational state v=3.

0.6

Arbitrary units / mV
o©
B
[ ]
[ ]

o
N
>

Figure llI-6Excited states recorded in He for a concentration of [CH3COCHj3] = 5.4x10"® molec cm™. CO(v=0) profile (),
CO(v=1) profile (m) CO(v=2) profile (A). The photolysis was performed at 30 Torr and the laser energy was 94 mJ for a
repetition rate of 5Hz.
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[11.4 Quantum yield results

The CO formed in the acetone photolysis, as desgriby equation IlI-13, depends on the
wavelength of the radiation, on the laser flueno# @n the quantum yield parameté).(

[CO] =0, X{[CH ,COCH 3]>< Fass X 0266} 1-13

The quantum vyield of the photolysis process candiermined from the plot (Figure IlI-7) of the
measured CO concentrations versus {CBCH;] x F,s6 X 0266) as the slope of the linear
regression. The good linearity is confirmed by ¢berelation coefficient greater than 0.95 for both

curves.

The CQirect (Originated from reaction IlI-7) has a lower slppensequently a lower quantum yield
Do girect =0.11£0.02. On the other hand, the &P formed at longer reaction time (from the
relaxation of the excited states of CO), has a wunaryield defined bybco sow= 0.29 + 0.04. For
CO, the total quantum yield valu®do «) determined for the acetone photolysis at 266 amhe

estimated as the sum of the two components:

D oot = P codrer T P cosiow 1-14

The result of equation 111-14 ®co o= 0.40+ 0.04.

2.5x10%,
2.0x10% o
1.5x101

1.0x10%%

[CO]/ molec cnit

5.0x10

0.l O : : .
0.0 2.0x10° 4.0x10° 6.0x10°

[acetone] xo x Fluence /molec/cin

Figure IlI-7 Linear relation occurring between the different components of CO formed from the relaxation of the upper
vibrational excited states (m) and CO from reaction 1lI-7 (A) and the acetone concentrations introduced multiplied by the
absorption cross section and the fluence. Clear squares and clear dots represent the outliers. The results of the linear

regressions Y = a X are respectively: — a =.0.1079 for the triangles and — a =.0.2944 for the dark squares.
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1.5 Acetone conclusions

It has been proved the presence of CO formed imatedgliafter the photolysis pulse, confirming
the mechanism proposed in literature (Blitz, Heatrdl. 2006; Rajakumar, Gierczak et al. 2008). It
has been proved also the existence of another pgtbt\CO formation at longer reaction time. The
estimated quantum vyields for these two pathwaysCOf formation are respectivel®co dgirect
=0.11+0.02 an@co siow= 0.29 + 0.04. This CQ,, represents the relaxation to the v=0 state from of
CO in the upper vibrational excited states (CO antl CO v=2) that have been directly detected
and recorded on a 1 ms time scale. The total quagield value of CO determined for the acetone
photolysis at 266 nm is estimated to dgo ot =0.40+0.04 in good agreement with the values of

Somnitz and Khamaganov (Somnitz, Fida et al. 28@&maganov, Karunanandan et al. 2007).
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V. Photolysis of hydroxyacetone (CHCOCH,OH) at 266 nm.

V.1 Introduction

Hydroxyacetone (HAC) is formed in the atmosphereaasecondary product of the OH-initiated
oxidation of isopreneHAC can be removed by reaction with OH or photislys

Dillon et al. extensively studied the reaction dfl @ith hydroxyacetone in the temperature range
233 — 263 K at a pressure of 60 Torr in & He in different conditions (Dillon, Horowitz el.
2006). The kinetics was followed by measuring tpnefiles of [OH] using PLIF. OH radicals were
generated using three different methods. The pysitobf HONO generateid situ was performed

at 351 nm where HAC was not photolyzed. In thistet O¢P) was also produced from traces of
NO,, which resulted in undesired chemistry taken imtoount in the analysis. The photolysis of
H,O, at 248 nm was found not to be suitable becausesltwe formation of OH produced by
photofragments perturbed the kinetic. The last ogttivas the photolysis of Gat 248 nm in the
presence of CH The large cross section of; @t this wavelength made it possible to use low
fluences, and hence to neglect the photolysis oCHAhis method was particularly adapted for
studies at low temperatures. The results showedthiearate constant could be described by the
following Arrhenius expression (lI-1) indicatingahthe kinetics is faster and faster as temperature
decreases.

305+10
Kpacron = (2.15+0.3) x 10712~ 7 V-1

Baasandorj et al. (Baasandorj, Griffith et al. 20@&ently remeasured the temperature dependence
of the reaction HAC + OH and derived the followiAghenius expression (eq. IV-2) which is in

complete contradiction with Dillon’s result :

—(545+60)
kyaceon = (1.88+£0.75) x 1072~ T V-2

At 298 K, the above expression (eq. 1I-1) givesaug of kiac:on(298 K) = (5.98 + 0.5)x 1¢ cm®

s*, while (eq. IV-2) gives Kac+on(298 K) = (3.02 + 0.28)x1# cnt s*. This latter rate constant is
in agreement with values obtained by other groupslando et al. in 1999 used a relative method
and found (2.5 + 0.6)x18 cn?® s with respect to {rzon + omyand (3.5 = 0.7)x1¢ cn?® st with
respect to k2nson + ony(Orlando, Tyndall et al. 1999); Dagaut et al. 883 found (3.0 + 0.3)x1H
cm® s' (Dagaut, Liu et al. 1989) and Chowdhury found @02 (2.8 + 0.2)x1®* cm® s*
(Chowdhury, Upadhyaya et al. 2002). Dillon measufresl concentrations of HAC by UV
spectroscopy at 184.9 nm, using its own vabag o= (5.43 + 0.08)x18® cnf moleculé', which
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was confirmed by Baasandorj in 2009. He said tmaidiscrepancy between its value and the others
might come from erroneous measurements of [HACJfopered by volumetric methods. The
lifetime of HAC with respect to removal by OH iseth unclear, ranging from 2 to 4 days in the
upper troposphere. Photolysis of HAC may be predantiover removal by OH.

The photoexcitation of HAC from the ground electcostate (%) to its first electronically excited
state (9) results in a low and wide absorption band fror® 8 300 nm with its maximum at 266
nm. The absorption maximum of HAC is slightly highban that of acetonand is blue-shifted
approximately by 15 — 20 nm. The UV spectrum of H#A&s first measured by Orlando et al. in
1999 (Orlando, Tyndall et al. 1999). In 2006, Bukaya et al. (Butokovskaya, Pouvsesle et al.
2006) measured again the spectrum and they fowatdhb values of Orlando were overestimated
by more than 20% near the maximum of absorptioP68t Nm :G2e6(oriando)= 6.74x1F° cnf” and
O266(Butkovskayai= 5.43%107° cnf’. The absorption profiles of Orlando and Butkovskaye presented
in Figure IV-1.

8.0x10%%

6.0x102%

4.0x1029

o, / cn? molect

2.0x10%Y

240 260 280 300 320
wavelength A nm

Figure IV-1 UV absorption cross section of hydroxyacetone at 298 K according to (a) (Orlando, Tyndall et al. 1999) (b)

(Butokovskaya, Pouvsesle et al. 2006).

Data about the energies required to break bondsBlA€ were given by Chowdhury et al.
(Chowdhury, Upadhyaya et al. 2002). The primargaligation is likely to occur through C-C bond
rupture (eq. IV-3 and 1V-4). The wavelength thrddsowere determined from the enthalpies of

dissociation given in figure 1V.2.

82

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

CH;COCH,0OH + hv -~ COCHOH + CH; V-3
CH;COCH,0OH + hv - CH,CO + CHOH V-4
CH;COCH,0OH + hv - CH;COCH, + OH V-5

CH3CO formed in reactionV-4 after absorption of a photocan posse: sufficient energy
(CH3CO¥) to dissociate into CHand CO (111-3) or be stabilizelly collision il11-4).

CH;CO* -~ CH;+ CO V-6

CHCO*+ M - CH;,CO + M V-7

In previous studies it has been shown that thérife of the activatCH3;CO* radicds is lower than
100 ns Somnitz, Fida et al. 201, Rajakumar, Gierczak et al. 200&)n our time scale (ms) s
reaction time can be considered immediate as a consequendhe dissociation reactiolll-3

cannot be distinguished from reactIV-9 with our experimental set-up.
CH;COCH0OH + v » CHz+ CO + CHOH V-8

o
AHP = 334 kJ mol’ ‘ AHO =334 kJ mol’

CH,CO + CH,OH CH, + COCH,OH

l AHY = 54 kJ mol* OH

CH, + CO
Figure IV-2 Energies required for bond breaking in HAC.
The radical COCKEDH formed in reactionlV-3) may decompose according to (IV-9) :
COCHOH — COCH, + OH AH°® = 151 kJ mot) V-9

The first study of the photolysis of HAC was giviey Orlando et al. in 199(Orlando, Tyndall et
al. 1999) A mixture of HAC in air in a 47 L ainlesssteel chamber was illuminated with a-arc
lamp equipped with two different filters, enablitige photolysis to occur in the 2— 420 nm range
or at wavelengths higher than 290 nm. Fluence weasored using the photolysis of, as an
actinomete After 5 to 1000 s of irradiation, the mixture svanalysed by FTIR spectroscopy. Tl
determined the photolysis rate of HAC relative hattof chlorine and they derived the ove

quantum vyield of photolysi® = 0.65 £+ 0.25 in the 240 420 nm range. For wavelengtlonger
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than 290 nm, the absorption of HAC is low and meaments were subjected to too many
uncertainties due to extremely slow photolysisgate

The analysis of the products formed in the courséhe photolysis showed that formaldehyde
H,CO, carbon monoxide CO and carbon dioxide, @@re the main products. These compounds
are signatures of a photolysis occurring through@ bond scission (Norrish type | mechanism, eq.
V-3 and IV-4).

Reactions V-3 and V-4 were justified also by theal studies made by Wual{ initio
calculations) and measurements by Chowdhury (LB:LTRey proved that the C-C bond breaking
in the a position of the kenotic group led to two reactiomgh equal energetic probabilities
(Chowdhury, Upadhyaya et al. 2002; Wu, Xie et GD32).

In the following, we present our results on thetphis of hydroxyacetone at 266 nm. The rates of

formation of CO and CpD were investigated.

V.2 Experimental details.

Hydroxyacetone was purchased from Aldrich (tecHngrade, 90%) and used without further
purification. It has a high boiling point (145 °@pd a low vapor pressure at room temperature (4
Torr). A recent publication by Petitiean et al. t{ffean, Reyés-Pérez et al. 2010) on the
measurement of the vapor pressure of hydroxyacefmes a value of 20.7 Torr at 323 K. Our own
measurement (see Annex B.4 page 148) made at 3g/& a value of 21 mbar, in fair agreement
with the published value. Hydroxyacetone was thewri to the cell using a pre-warmed carrier gas
(He or Nb) bubbling in the liquid (see paragraph 11.5.2 pdde The temperature of the bubbler was
set at 323 K. For the experiments performed irth¢ flow of the carrier gas was controlled by a
mass flow meter and was set to achieve concentstiothe range 3.15x10- 1.06x16° molec
cm?®. The pressure inside the bubbler was in the rafgd00 to 800 mbar and was manually
controlled by throttling a needle valve placedhet éxit of the bubbler. The cell and the windows,
the valves and all the tubes were heated at 60WCd@r to prevent hydroxyacetone to condense on
the walls. The working pressure was set at 26 Tidre experiment performed in He was focused
on the detection of CO vibrational state. In trasethe concentration of hydroxyacetone was fixed
at 1.2x16° molec cn? for 28 Torr and the cell warmed at 60°C.

The photolysis of hydroxyacetone was performedeéti@n and the repetition rate was set at 5 Hz.
The expected photoproducts at this wavelength laeehtydroxymethyl radical C#0H and the
acetyl radical CHCO. CHOH was readily converted into formaldehyde LOHy reaction with @
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introduced in a large excess. At a typical conegitn of G of 10'° molec cnT, the total

conversion of CKHOH into CHO took place in less than 108.

V.3 Timeresolved signals of CO in the photolysis of hydroxyacetone at 266 nm.

The time profiles of [CO] obtained after photolysiSHAC are shown in Figure IV-3. They are
composed of a fast increase of [CO] occurring i fibst us after the laser pulse, followed by a
slower formation of CO. The last part of the p@fi$ due to diffusion of CO out of the photolysis

beam cylinder. The experimental traces were fitteelquation 1V-10:

[CO] = ([CO]yyeet +[COL i X (1-€) ) x g e IV-10

slow

The presence of the non-zero component at thenofadier the laser pulse) proved the existence of
CO formed immediately after the UV photolysis pulgethe first microseconds (Figure 1V-3). In
this part of the profile we could not distinguisiy&inetics because the increase was too fast to be
resolved. This CO formed just after the laser putsealled CQect and is considered to be
originated by reaction IlI-3.

This almost instantaneous formation of £ was followed by a slower formation of CO which
extended to= 750 us. This component is suspected to be originatedf@@@ed by reaction 111-3
and present in the excited vibrational states whatdix to populate the fundamental one.

This hypothesis was confirmed in the current woykhe record of the CO upper vibrational states
produced in the hydroxyacetone photolysis (pardgi&p4 page 91). It can be also proved initially
with the study of the pseudo first kinetic rate stamt extracted from the fit of the CO profiles
already presented in Figure IV-3.

A series of pseudo first order constant have beearded for the photolysis of HAC inldnd the
results of the fit have been plotted in Figure IVE4en if the points are scattered (probably due to
the noise found in the first 35, see paragraph 11.7.3 page 49) the dependetioeas and present

a slope of 1.81xI8 cn® molec’ s™. This value can rationally represent the relaxatdCO (v=1)

by collision with hydroxyacetone molecules if it gensidered that in literature we found a k =
4.43x10" cm® molec* s* for propynal (Chowdhury 2003).

Experiments were carried out in, Nr in He. The shape of the kinetic part was gyeafiected by
the bath gas. In He the quenching of vibrationalgited states of CO is not efficient. At 294 Ke th
rate constant for the vibrational deactivation @ @ He is kome = 1.66x10" cn® moleculé' st
(Reid, Simpson et al. 1995). In, khe rate constantckn, = 177 § Torr*, which can be converted
to keomz = 5.1x10" cn® moleculé' s, was proposed by Stephenson in 1973 (Stephensts).19
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From the non-zero intercept of the pseudo firstepmlot (Figure IV-4)(¥% = 1163 &), a rate
constant of the vibrational quenching of CO withy][¥ 1x10"® molec cn can be derivedk=
1.16x10™ cm® molec* s1 ). Our value is lower than the literature one, 4till is of the same order
of magnitude. This difference in the kinetic is Ipably due to the presence of CO in several excited
states. The relaxation to CO(v=0) will be then stdvdown by the refill of the state CO(v=1) due to
relaxation of upper vibrational states (see pagagl®.4 page 88). Even with this difference, it is
possible to affirm that Nparticipates as collisional partner for the CO(vrelaxation.

It is then likely that in He, quenching occurs niaiby collisions with molecules of HAC rather
than by collisions with He. At a typical [HAC] of0}® to 13° molecule cn? and [He] of 18
molecule crit, quenching by [HAC] is four to forty times morefiefent than quenching by He.
Quenching by Mis less efficient than quenching by HAC, but du¢hie large amount of molecules

of N, it dominates over quenching by HAC.

[VOC] / x 10*°molec cn?

" 10
© 9.9
9.8
C?E .‘..'R'oo
: FLITE <94
810— ®%0s050,0
g . ¢ 8.9
k 8.1
ke
E 7.2
Q 51
IL—)‘ W“.tco'intoc;.-o. 60
. © 4.6
Wo.c..-.-u..-..'.-
X - 29
o4 - ' )
0 1000 2000 3000
t/us

Figure IV-3 Time resolved kinetic signals of the [CO] formation in the photolysis of different [HAC]. The photolysis was

performed at 26 Torr in N2 and the laser energy was 83 mJ for a repetition rate of 5Hz.
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Figure 1V-4 Pseudo first order kinetic constant plotted versus HAC concentration with N as buffer gas. The values refers

to the fits of different experiments and the result of the linear regressionis Y = 1.81x10° X + 1163.

In order to clarify the nature of the component gfwe decided to neglect the presence of a
reaction radical-radical originating CO. To provatt CQy.w is not formed by secondary reactions
R+R we normalized the profiles of Figure IV-3 divig by the CQec: After this operation all
signals start at the same point (Figure IV-5 laftyl grows with different k to form the same amount
of CQon- The results of the fit for the normalized sigrale displayed in Figure IV-5 right. In case
of a radical-radical reaction the normalized petfilat different [HAC] would be disposed
proportionally to the [HAC], and it is not the case fact it is possible to remark that the valoés
COy0w are highly scattered around the value 1.28 andtki®ak values draws a linear trend. The
high dispersion of the points had already been @meoed in Figure IV-4 and it is probably
introduced by the choice of the fitting range af thw CO profiles. The presence of an interference

in the first 25us (paragraph 11.7.3 page 49) prevented the posgitol start the fit at t=0.
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Figure V-5 right: CO profiles of Figure IV-3 noriieed respect to the G Left: Dependence between thes (
and CQy (A) versus the [HAC] introduced in the cell.

V.4 CO vibrational excited states

In order to prove that the CO appearing at longee tkinetic was effectively coming from the
excited states we decided to detect and recordCtbeformed, during photolysis, in the upper
vibrational excited states. The record of thestesteepresent a real challenge in the detection due
to the weakness of the line, the low populatiorthafse states f) limitations imposed by our
reference cell: pressure achievable and lengtimefcell (paragraph 11.6.1 page 43). As matter of
fact, we were obliged to perform the detectionled CO vibrational states v>1 using a different
method with respect to CO v=0 (paragraph I1.7.3ep49).

Signals of CO in the excited vibrational states1(?s3) have been successfully recorded in He as
buffer gas. The signals presented in Figure IV-§ehbeen modelled in order to verify the
relaxation constant of the upper vibrational extis¢éates. As happened for acetone (see paragraph
l11.3.4 page 76), no adapted model was found taodyce the kinetics recorded. Firstly, the
intensity of the signals could not be reproducecleately due to the difficulty on the stabilization
on the absorption lines and because of the lackterfiture on the CO(v>0) absorption cross
sections. In any case, to give an idea on theio,r&0(v=1,2,3) intensities were multiplied
respectively by a factor: 2 and 3 and 4 to take axtcount the difference in the dipolar moments
(see paragraph 11.7.3 page 49). Secondly, the ikgetannot be related with the vibrational
relaxation because of irregularities generatedhigyltaseline subtraction. Still we can obtain some
important information from their shape. The firftservation is that in all profiles there is a non-
zero component at t=0, meaning that CO in excitates was produced almost instantaneously
after the laser shot. The increase of respectipf@@],-; and [CO]-; just after the rapid rise could

be attributed to relaxation of CO in the respedyive= 2 and v = 3 states. It might be distingudhe
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a very slight increase in profile of v = 3, suggegtthat CO is produced also in states higher than

v=3.

Signals of the excited state CO(v=1) have beenrdecbalso in M as buffer gas (Figure IV-7). In
N, the signals were converted into CO concentratamsa correction factor of 2 has been applied
on the absorption cross section of CO(v=1) to take account the different dipolar moment (see
paragraph 11.7.3 page 49). Inp the [COJ-; presents a rapid increase in the signal prediciiGg
formed immediately after the laser pulse. In additithe slight increase found in the figss$
suggests the presence of a CO(v=2) state relaringhe CO(v=1). Profiles, converted into [CO],

were modelled with a Labview homemade program.mbdel employed is reported in Table IV-1.

reactions k(s™) concentrations molecules cm’
co -> diff 40 co 1.90E+12
vl -> diff 40 vl 6.50E+11
vl -> co 3500 v2 2.80E+11
v2 -> vl 10000

Table 1V-1 Model employed for the simulation of gig IV-7 with relative relaxation constants and @amtrations.

Differently from the signals recorded in He, thedabsucceed in the fit of the profiles (Figure
IV-7). This difference is probably due to the simy of the N> system (only v=1) respect to He
were the excited state are present up to v=4.derdo best reproduce the experimental signals we
were obliged to introduce CO in the excited stat2.\WJnluckily CO in the vibrational state v=2 in
N as buffer gas was not recorded. As previously saithe paragraph, the [CO] intensities were
determined with respect to the difference in th@oliir moment (see paragraph 11.7.3 page 49) but
without knowing the exact cross section of the wppbrational excited state. From the model
applied we have noticed that the CO(v=1) crossi@eds not exactly estimated. In fact we were
obliged to rise the concentration of the CO(v=1)akhactor of 1.4 to reproduce the concentration of
COyow formed in the fundamental state. We can conclhaé tseen the large uncertainty on the
absorption cross section of the CYy, little information can be extracted from théemsities. In
any case, concerning the kinetic, a great conceslarnth the model has been found. In the model
the rate constant for the relaxation of CO(v=1) viasnd to be k=3500% This value just
approaches the rate constant k = 5000faund in literature (Stephenson 1973) but is imajo

agreement with our previous measurement (Figuré)IVFhis difference can represent the effect of
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the upper excited states relaxation. We supposidnthat the kinetic of Cg, formation is
lowered by the progressive relaxation of the upilerational excited states. This means that while
the vibrational state CO(v=1) relaxes, populating tundamental state CO(v=0), CO(v=2) relaxes

too, re-populating the state CO(v=1).
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Figure IV-6 [CQ] signals recorded for different vibrational states: CO v=0 (m), CO v=1 (A), CO v=2 (), CO v=3 (¢), in He

for a concentration of [HAC] = 1.2x10" molec cm™. The photolysis was performed at 28 Torr and the laser energy was

94 mJ for a repetition rate of 5Hz.
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Figure 1V-7 CO profiles recorded for vibrational states v=0 (o) and v=1 () in N for a concentration of [HAC] = 1.4x10"
molec cm™. The photolysis was performed at 34 Torr and the laser energy was 94 mJ for a repetition rate of 5Hz. Lines

represent the result of the simulation obtained applying the model presented in Table IV-1.

V.5 Energy balance in the photodissociation of HAC.

After photodissociation of acetone at 248 nm inenolar beam conditions, North et al. (North,
Blank et al. 1995) found that the average trarstati energy of the fragments gbnd CHCO was

~ 60 kJ mof. Since no data are available for hydroxyacetohis, talue can be used as a hint.
Dissociation of hydroxyacetone needs 334 kJaid dissociation of C}€0O 71 kJ mot. The
energy required to produce CO from the photodisgimei of hydroxyacetone is then higher (465 kJ
mol'1) than 448 kJ mdiif we trust the thermodynamical values reportedvab It should also be
noted that experiments were performed at 323 Kclwlkbuld help the dissociation of GED. A
266 nm-photon provides an energy of 448 kJ hawld CO needs 25 kJ mot for each quantum of
vibrational excitation. Even if a 266-nm photonras enough energy to enable the production of
CO in the vibrational ground state, excitation @ @p to v = 3 (which requires 75 kJ niplis

clearly not possible.

V.6 CO (v=1) energy dependence

In order to know whether CO in vibrational excitsthtes came from a single or multi-photon
absorption process, we recorded CO in the v =tk stecording to the fluence which was varied

using a polarizer (the higher fluence was obtairesdoving the polarizer). The curve we have
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obtained is shown in Figure IV-8. The experimentaia were fitted to a polynomial function. The
exponent returned is (2.02 = 0.04), which shows ©@ in vibrational states is a two-photons
absorption process. The same analysis could npetfermed for v = 2 and v = 3 because the S/N
ratio was too low at the lower fluences used. Taet that this excited CO may come from
photolysis of residual products can be discardexhige the repetition rate of the laser was set at 1

Hz, which enabled the complete renewal of the mexhetween two pulses.
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Figure IV-8 Energy dependence of [CO] (in arbitrary unit) in the vibrational state v = 1. Experimental conditions were :
[HAC] = 6.6x10™ molecule cm™, repetition rate of the laser = 1 Hz. The fit of the experimental data to the function [CO] =

A x E"gave A=3.2x10° and n = 2.02 + 0.04.
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V.7 CO quantum yield results

The linear dependence of CO with the concentratibiWOC introduced in the reaction cell is
proportional to the quantum yield¢o). This condition is emphasized multipling the [V the
fluence and the absorption cross section. Thetre$sluch operation is represented in Figure IV-9
where we found both CO components for three diffedays of analysis. From the good linearity
of the regression [CO] versus the number of phottrsorbedve can extract the quantum yield as

the slope as presented in equation IV-11.
[cO|= &, {[CH,COCH,OH](F,s [T, IV-11

From a first observation of the Figure IV-9, theigit of each photolysis pathways emerges
immediately. Differently from what we found in aceg, the CO formed directly in the first us after
the UV photolysis pulse (reaction IV-4) represetite most important pathwafPco girect
=0.15+0.02. For hydroxyacetone in fact the {aPhas little weight in the photolysis process,
guantifiable as almost half of the CO direbto siow=0.08+0.01.

2.5x108%;
2.0x108;
1.5x10

1.0x104

[CO] /molec cni®

5.0x102
(] FTT ol

0.0 " . s
0.0 5.0x10% 1.0x104 1.5x104

[HAC] x o x Fluence / molec cth

Figure 1V-9 Linear relation occurring between the different component of [COlgirect (m) and [COJsiow () and the [HAC]
introduced multiplied by the absorption cross section and the fluence. The results of the linear regressions Y = a X are

respectively: —a =0.1528 for the dark squares and —a =0.07973 for the clear triangles.
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V.8 H,CO photolysis signals

The hydroxyacetone after photolysis produce,GH radicals (IV-4) that react in the presence of
O, to produce formaldehyde as in reaction 1V-12 (Askan, Baulch et al. 2001).

CH,OH + O, - H,CO + HG IV-12

For the HCO detection, as for the CO detection, the hydrogi@e has been introduced in the cell
with the method for low vapour pressure compoumpdsagraph 11.5.2 page 41). Signals oi0®
differently from the CO ones did not present angwslcomponent because of the high
concentrations of @introduced in the cell. The choice of such highaantrations has been taken
voluntarily to convert totally the radical in detalle formaldehyde. As we can immediately notice
from Figure IV-10 the conversion of GBH occur in less than the 25 us, time close taghgoral
limit of detection. HCO profiles presented in Figure 1V-10 were fitted & line as previously

presented in paragraph 11.7.4 page 53.

3.0x10'3 [HAC] / 10'° x molec cnit

+ 11.8
« 11.5

C?g 2,O><10"3- * 10.3

[&] . .

% . e g0, ..""-l_--. Py v ...'..'.'.' L] ". * « 8.38

E '.. [ ° . . ] °

o 6.89

o .

N

L. 1.0x1084

0.0 - . . . 1
0 100 200 300 400 500

t/ us

Figure 1V-10 Time resolved kinetic signals of the [H.CQO] formation in the photolysis of different [HAC] in the presence of

O.. The photolysis was performed at 32 Torr in N2 and the laser energy was 83 mJ for a repetition rate of 5Hz.
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V.9 H,CO Quantum yield

As proved by IV-13 the concentration o3& generated after photolysis of hydroxyacetonién
presence of @varies linearly with the initial hydroxyacetonencentration. As previously seen for
CO, from the linearity of the [f¥CO] versus the number of photons absorbed (IV4L¥,possible
to obtain the value of quantum yield of the phagsdciation pathway IV-4.

[H ZCO] = CDHzco [{[CH3COCH20H] [Foee [0266} IV-13

To prove the quality of the linear regression mdtlseveral series of experiments have been
plotted, as function of absorbed photons, on a sgragh (Figure 1V-11). It is possible to remark
that a good linearity and a strong agreement widifierent series of experiments can be found in
the HCO vyield. From the linear regression of Figure IV-ve obtained a quantum vyield of
Dpypc=0.25+0.02.

4.0x103,
3.0x104

2.0x104

[H,CO] / molec cm?

Aa

1.0x103

0.0 : , , , , :
0.0 2.5x108 5.0x108 7.5x108 1.0x10¢ 1.2x104 1.5x104

[HAC] x o x Fluence / molec cth

Figure 1V-11 Linear dependence of the [H,CO] with the [HAC] in presence of O, for different days of analysis. Clear

triangles (A) represent the outliers. The result of the linear regressions is Y = 0.254X.
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I'V.10 Hydroxyacetone conclusions

With the TDLAS technique we have been capabledacetthe temporal evolution of CO angd®

in the photolysis process of hydroxyacetone atr#@6 Confirming the model proposed in literature
for the photodissociation of ketones (Chowdhuryatipyaya et al. 2002; Blitz, Heard et al. 2006)
we detect and record the formation of CO immedyatdter the photolysis pulse, proof of the
existence of the reaction 1lI-3. Varying the hydyagetone concentration inside the cell we
established the parameter of the quantum yieldhHerphotodissociation process at 266 nm. This
value for CO direct formed in reaction IlI-3 is dehined to bedco girect =0.15+0.02. This
photolysis way is considered to be the predomirsinthe chosen wavelength because of the
estimatedbdco siow=0.08+0.01 over a total dbco tor =0.23+0.04.

CO formed in the kinetic is supposed to be the @@he vibrational excited states, relaxing by
collisions with N or He. The presence of CO in the upper vibratienalited states have been
documented in two different buffer gas He (CO v213) and in N (limited at CO v=1). The
energetic balance is justified by a two photonsogiigon process proved varying the UV fluence
for the photolysis.

Formaldehyde formed in the reaction of the,OH fragment with @ has been detected as a
product of the hydroxyacetone photolysis at 26& &stimation of the #£O quantum yield gives a
value of®,c=0.25+0.04.

The possibility to detect both CO andGD gave an opportunity to evaluate the photodissioci
pathway IV-4 from the point of view of both photaggment: in the detection 0,80 we followed
the CHOH radical while in the CO detection we trace tigsaciation of CHCO*. Due to the @
excess, the C}DH radical was totally converted into formaldehytdé-12); as a consequence the
®yoco Will represent the quantum yield of the photodesation path (IV-4). On the other hand the
lower quantum yield of CO is limited by the dissi®@n ratio of the CECO* radical. From the
ratio of the two quantum yield we can estimate,thmbur experimental condition, the dissociation
of the CHCO* is quantifiable as:

cl)Hzco _q)COtot _ 025-023

notdissociatel — - =008 IV-14

CH,CO*
@, o 025
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This value can be compared with the calculation enayl Rajakumar (Rajakumar, Gierczak et al.
2008) on the ratio of the dissociated {L¥D* over the stabilized by collision. He reportedaue

of kaiay/kaisy = 8x10%° For [N;] ~10™ molecule cri? give a ratio of 0.08. This value is in

agreement with that found in our experiment and oapresent an additional proof of the
dissociation path II-3.
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V. Photolysis of methyl vinyl ketone at 355 nm

V.1 Previous studies

Methylvinylketone (MVK) is the simplest unsaturatégttone which can be formed in the
atmosphere by the troposheric oxidation of isopr@Paulot, Crounse et al. 2009). The main
pathway of degradation of MVK is its reaction witre OH radical which was studied by Gierczak
et al.in 1997 (Gierczak, Burkholder et al. 1997) an@@®5 by Romeret al. (Romero, Blitz et al.
2005).

Gierczak measured the rate coefficients for theti@a of OH with MVK over the temperature
range 232 — 378 K mainly at a pressure of 100 ©bid,. OH radicals were produced by pulsed
photolysis of HO, at 248 nm or 266 nm, where the photolysis of MVid dot influence the
results. Their value at 298 K is 2.03%1@m’® molec! s*. They were able to derive the Arrhenius
parameters from their results at various tempeeatand found A = (2.67 + 0.45)xtbcm® molec?

s and E/R=(-612 + 49) K. The reaction of MVK with QHisults in a lifetime in the atmosphere of
6 to 10 hours.

The photolysis of MVK can occur in the three foliog pathways depending on the photolysis
wavelength (Romero, Blitz et al. 2005):

CH;COCHCH + v — C,H; + CH;,CO AH°; = 405 kJ mot, A, = 295.3 nm V-1
CH;COCHCH + v — C,H;CO + CH AH°, = 449 kJ mot, A, = 266 nm V-2
CH;COCHCH, + v — CzHg + CO AH°3 = 247 kJ mot, A; = 484.2 nm V-3

For MVK the single bond cleavage leads to the pectida of two different acyl radicals but the
molecular channel (V-3) is the most accessible. Rivigr at 355 nm we will expect only the
molecular channel (V-3) to occur.

The photolysis of MVK was studied at 193.3 nm byt al.in 1993 (Fahr, Braun et al. 1993) as
a clean source of vinyl radicals. In 1997, Giercadkal. (Gierczak, Burkholder et al. 1997)
performed quantum yields measurements of MVK at 338 and 351 nm, with fluence varying in
the range 6 — 140 mJ &npulse’, measured using the photolysis of N&s reference. Quantum
yields were derived from the loss of MVK using gdsomatographic analysis.,@as added in
large excess in order to reduce unwanted secomeacyions. Pressure was set to 25 or 650 Torr.
At 351 nm, which is close to our study at 355 nhe guantum yield was found to be extremely
small, lower than 0.01, with no effect of pressue.308 nm, the quantum yield decreased with
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increasing pressure, which was not any more the @837 nm. They did not observe CO or,CO
as end products of photolysis. Major detected endycts were acetylene, propylene and methanol
in agreement with a study by Raber and Moortgab@Rand Moortgat 1996) who concluded that
the major primary photolysis products of MVK wagHg and CO.

In their paper published in 2005, Romeitoal. gave quantum yields for acyl radical production at
308 nm and 320 nm for MEK, DEK and MVK, by monitggithe OH production from the RCO +
O, reaction by LIF at 282 nm. They concluded that dbeninant radical dissociation mechanism
was CHCO + R (Romero, Blitz et al. 2005).

Two acyl radicals may be expected. The pressurertgmce of the rate coefficients for OH
production in the photolysis of MVK and acetondhe same and clearly different of the pressure
dependence of the reactionHsCO + Q. For MVK, the dominant radical pathway is the Viny
radical elimination but the main pathway is cleais + CO.

In 2009, Earleet al. (Earle, Mills et al. 2009) photolyzed MVK at 3081rin order to determine the
importance of each pathway of photolysis and tdyaseathe effect of the presence of oxygen on
these yields. Chemical analysis was performed lsyapomatography with a good resolution for
CHa, GH,, CHg, CsHg and 1,3-GHg. Photolysis of NQwas used as comparison to obtain reliable
quantum yields. The fluence of the laser in theeeipents was in the order of a few mJ pulse

! The used cross section at 308 nm was taken @ B2 cnf assumed not to depend on
temperature, which was varied in the range 3005-KL7At room temperature, they derived a ratio
[CsHe] / [CO] of 0.78 £ 0.04, in agreement with the poms value of Raber and Moortgat (Raber
and Moortgat 1996), indicating that there couldsexinother source of CO than the molecular
channel. If CH was formed, one would expect &#=C=0 to be detected (or CO +HB). It was

not the case, but the authors pointed out that ¢brmpound could have been missed in their
chromatographic analysis.

Small yields of GH,, CH4, C:Hs and 1,3-GHg were detected, but only at high temperatures. The
conclusion is that the radical channels are notthe channels in the photolysis of MVK at 308
nm.

The quantum yield of §Hg varied linearly with the fluence, which showed fhvecess not to be
multiphoton. Secondary chemistry was also discatssrthuse the yields ofs@s and CH were
independent of the number of pulses. The variatith pressure observed by Gierczak et al. and
Raber and Moortgat in their experiment measurirgldlss of MVK is consistent with the observed
dependence of the yields ofH or CH,.
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At 474 K, which is quite a high temperature, a catlichannel seems to be opened, singd,C
C,H,4, CHe and 1,3-GHg were detected. The quantum yield of propylene fdiomaat 10 Torr and
300 K was found to be 0.08 + 0.02 in pure MVK.

Measurements of the absorption cross section ohyhetinyl ketone (see Figure V-1) were
performed in the range 213 — 359 mwvith the absorption maximum occurring at around 889
(6330 = 7.3%x10°° cnf) (Raber and Moortgat 1996; Gierczak, Burkholdeale1997). The absorption
rapidly drops at 380 nm but at 355 nm, methyl vikgfone still has an appreciable absorption cross
section 0Ofosss= 4.15x10°° cnt.

8.0x102
6.0x102%

4.0x102%

cross section / ¢fn

2.0x10%%

260 280 300 320 340 360 380 400

wavelengtt\ / nm

Figure V-1 Linear UV absorption cross section of methyl vinyl ketone at 298 K (Gierczak, Burkholder et al. 1997).

It should be taken into account that working at 85% the energy of one photon (338 kJ Mas

not sufficient to generate the acyl radical (V-HafR2), reason why no other possible ways of CO
formation exists at this wavelength and in the tsoale of the reaction. In addition, seen the low
energy threshold of the molecular channel (247 &IYna small amount of exceeding energy will
be distributed within the nascent CO angHE (91 kJ mot). Somnitz et al. evaluated the
distribution of remaining energy after photodisstioin for acetone (Somnitz, Fida et al. 2005) and
estimate that 43% will be dissipated in the relatmotion of the photofragments and 46% is kept
within the CHCO* radicals. Seen that no data are available foiKMind seen that the molecular
channel is the most energetically probable, we thkevalue of 11 % as an indication to evaluate
the energy conserved by CO after photolysis. Thesgy (10 kJ mal) is not sufficient to reach the
vibrational state CO v=1(25 kJ mof* for each quantum of vibrational excitation).
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V.2 Experimental details.

In this work the photolysis of methyl vinyl ketorm@as been performed at 355 nm achieved by
changing the laser YAG harmonio £rystal for the @ tripling frequency crystal (paragraph 11.3
page 34). The compound has been introduced inglh&ith the method of the bubbler, placed in a
thermo-stated bath at 40°C (paragraph 11.5.2 pdgeAktually, the high vapor pressure of methyl
vinyl ketone allows operating at the ambient terapge. The concentrations of the methyl vinyl
ketone have been determined, during the coursénefanalysis, with the manually stabilized
bubbler pressure presented in paragraph 11.5.2 pag&he bubbling pressure (from which depends
the concentration inside the cell) was manuallpift®d regulating a needle valve. The pressure
inside the bubbler was read by a pressure gaugedan operation range of 1-1000 1 Torr. A
flux of N> (AirLiquid products 99%purity) has been used thiege concentrations of VOC in the
cell in the range 2.6x10— 5.5x18° molec cni.

V.3 CO profilesin the MVK photolysis at 355 nm

As for acetone and hydroxyacetone, previously mteskein chapter Il and IV, CO signals present

the same shape and were fitted to equation V-4.

[CO] = ([Co]direct + [CO] X (1 'e_k‘xt ) ) X e_kd'ff . V-4

slow

They are composed by two different components feiger2): a first component called G
appearing immediately after the photolysis pulse arsecond one called Gg) formed at longer
reaction time. The first component is the CO fornbgdthe molecular channel (V-3), while the
COyow is suspected to be originated CO formed by reacWe3 and present in the excited

vibrational states that relaxing populate the funeatal one.
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Figure V-2 Time profiles of [CO] obtained in the photolysis at 355 nm of different MVK concentrations. The photolysis

was performed at 28 Torr in N2 and the laser energy was 135 mJ for a repetition rate of 5 Hz.

The two component C§y and CQject €xtracted from the fit of Figure V-2 are shownHigure
V-3. Both components present a linear dependentde tve methyl vinyl ketone concentrations
introduced in the cell. For the linear regressibrihe CQyect (dots in Figure V-3) concentrations
the last point of the curve has been excluded Isecatia saturation of methyl vinyl ketone in the
bubbler. The removal of this point is also justifiey the Pearson coefficient. Thé parameter of
the linear regression with the last point includes R = 0.3267, absolutely too low, while with its
exclusion it rose to R= 0.9845. From the linearity encountered in Figur8 we can deduce that
the process of C{J, formation is due to relaxation of vibrational erd states of CO and cannot
be a radical-radical reaction, from which we wilMe expected an exponential dependence.

In addition, to clarify the nature of the compon@al, and to prove that CgJ,, is not formed by
secondary reactions R+R we normalized the CO pooftlividing by the C@Qec. After this
operation all signals start at 1 (Figure V-4) anovwgs with different k to form the same amount of
COsow- It is possible to remark that the values ofs@fare highly scattered around the value 2. In
case of a radical-radical reaction the normalizedfilps at different [MVK] will be disposed

proportionally to the [MVK], and it is not the case
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Figure V-3 COuirect (*) and COsow generated in the upper vibrational excited states (o) as function of the methyl vinyl

ketone concentrations. Triangle (A) represent the outlier.
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Figure V-4 CO profiles at different [MVK] normalized respect to the COuirect. EXperiments were performed at 29 Torr in
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V.4 Quantum yield results
The CO formed in the methyl vinyl ketone photolysis described in equation V-5, depends on the

wavelength of the radiation, on the laser fluenoa @ the quantum vyield
[CO] = CD x{[CH3cmHCH2] X F355 X 0355} V-5

where the absorption cross sectiofs = 4.15x10° cnf mole¢! and the fluence F = 3.8x10

photons crif .
Plotting [CO] versus absorbed photons is possiblédrive the quantum yield simply from the

slope of the equation formed fitting the pointsg{ife V-5) with a linear regression. The results of
this calculation give back the values of the quanttield for each CO pathwayco girec= 0.016 £
0.002 andDbco siow= 0.008 + 0.001. For CO, the total quantum yielthgaletermined for the MVK

photolysis is estimated as the sum of both:

CDCOtot = cDCOdirect+ cDCOsIow: 0016+ 0008: 0024 V-6

1.5%1013

1.0x10%3

[CO]/ molec cr?

5.0x10124

0.0' T T T T 1
0.0 2.0x10% 4.0x10* 6.0x104 8.0x10* 1.0x1015

[MVK] x o x Fluence /molec cm™

Figure V-5 Quantum yield for the photolysis of methyl vinyl ketone with the distinction of the two components : COgirect (*)

, COslow (D)
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V.5 Methyl vinyl ketone conclusions

The technique of TDLAS is proved to be a useful foothe detection of CO in the photolysis of
methyl vinyl ketone at the wavelength 355 nm. Theag advantage of this technique is the
capability to follow the apparition of CO on a nime scale. It has been proved the presence of CO
formed immediately after the photolysis pulse, aomhg the mechanism (V-3) proposed in the
literature (Raber and Moortgat 1996). This diremthpof CO formation has been detected to be the
major pathway and it is quantified from the vaibgs girect= 0.016 £ 0.002. It has been proved also
the existence of another pathway of CO formatiologer reaction time. This Gy is suspected

to be the relaxation of upper vibrational excitéates of CO. The quantum yield obtained for this
process is defined bco s0i=0.008 £ 0.001. The total quantum yield value dateed for the
methyl vinyl ketone photolysisbco 1t = 0.024) is in good agreement with the values alhé® and
Moortgat, estimated to BBco (o= 0.023 £ 0.003.
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VI. Photolysis of 3,3,3-trifluoro propionaldehyde (CRCH,CHO) at
266 nm

VI.1 Previous studies

The phase out of chlorofluorocarbons (CFCs) begathé 1987 with the Montreal protocol that
planned their slow diminution until the zero emassifixed in 1996 (UNEP). This decision was
justified by the discovering by Molina and RowlaiMiolina and Rowland 1974) a few years before
of their implication in the destruction of the $tspheric ozone. Major chemical factories started t
be interested in alternatives to CFCs since th€®4.98FCs were progressively replaced by Hydro
Chloro Fluoro Carbons (HCFCs), also responsibleerozone depletion but much less than their
precursors CFCs (EPAdefinition). The HCFCs are ktable in the lower atmosphere than their
ancestors CFCs. The direct consequence of théiehigactivity at low altitude is the lower impact
that these compounds have in the enlargement obzbee hole (Kelly, Bossoutrot et al. 2005).
More recently in 2007, approximately 200 countiaggseed to accelerate the entire elimination of
hydrochlorofluorocarbons by 2020 (UNEP) .

The modern successors of HCFCs are hydrofluorooarigd FCs), that progressively enter in the
markets because they are not ozone destructorsexample, DuPont began to produce HFCs
immediately after the ban of the CFCs (DUPONT). Flgdrofluorocarbons (HFCs), chlorine free
alternatives, have even shorter lifetimes in theeloatmosphere then their ancestors (Wallington,
Dagaut et al. 1987; Hurley, Wallington et al. 2Q0Bhey are used principally as refrigerants and
widely employed in mobile air conditioning systenieir large application is principally driven by
their excellent thermodynamic properties and pemorces at high temperatures. At the same time,
these three groups of halocarbons are powerfuhpmese gases with very high Global Warming
Potential. Exactly for this reason, in 2005, theGdFhave been included in the Kyoto Protocol
(www.kyotoprotocol.com).

Recently, hydrofluoroethers (HFES) and partiallypofinated alcohols, like the family of
CRs(CH,)CH,OH, have been suggested as alternatives for HFE€$1@fCs (Sellevag, Kelly et al.
2004; Sellevag, Stenstrgm et al. 2005). As thedestors, partially fluorinated alcohols have been
used in applications such as: cleaning of eleatrotomponents, refrigeration, and carrier
compounds for lubricants. Since their introductoionthe market, a number of investigations on the
kinetics and mechanisms for the atmospheric degoadaf CRsCH,OH has been performed trying

to prevent the great damage occurred with the GAGdlington, Dagaut et al. 1987).
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Nowadays, it is known that fluoroaldehydesR@CHO), are primary degradation products in the
gas-phase oxidation of the respective alcohold€®ad, Kelly et al. 2004; Antifiolo, Jiménez et al.
2009). For fluorinated aldehydes, as it has beaemed for the ketonethie major tropospheric
sinks are the reaction with OH radicals and phaislyKelly, Bossoutrot et al. 2005). In recent
years, several studies have been performed on dterngination of the OH rate constant with
CRCH,CHO. The results obtained by LIF and FTIR are presgin Table VI-1.

Temperature / K k / I6 x cm® molec' s* technique reference
298 2.59 PLP/LIF (Antifiolo, Jiménez et al. 2009)
298 2.96 PLP/LIF (Kelly, Bossoutrot et al, 2005)
296 2.57 RR/FTIR (Hurley, Wallington et al. 2004)

Table VI-1 Rate constant for the reaction of CFsCH,CHO with OH radicals, determined by several authors.

A first reason for the study of fluorinated aldebgds that up to now no natural source has been
found for the trifluoroacetic acid, but in a recstudy fluorinated aldehydes were thought to be an
indirect source of CJEOOH in the atmosphere (Antifiolo, Jiménez et al9Q A second reason
justifying this study is that, while their reactianth OH radicals is well documented (Table VI-1),
only few data are present in the literature deswgilthe photolysis process of the 3,3,3-trifluoro
propionaldehyde. A study on the photolysis 0gCH,CHO between 290-400nm was performed by
Sellevag (Sellevag, Kelly et al. 2004) reportingumntum yield lower than 0.04. Another pioneer
study was performed in the frame of the EU proj&@&ADICAL” (Moortgat 2000), where it was
found that the effective quantum yields of JCHO and CECH,CHO photolysis were respectively
0.0620.1 and 0.25+£0.04. Another study of the phisl process of this fluorinated aldehyde has
been performed by Chiappero in 2006 (Chiapperoakta et al. 2006). In his work, performed at
700 Torr (very different from our conditions: 30rT) they estimated the quantum yield todng =
0.7440.08 at 254 nm and ondy,:= 0.04+£0.01 at 308 nm (Chiappero, Malanca et @620A more
recent work on the photolysis of the 3,3,3-triflagropionaldehyde at 308 nm has been performed
by Antifiolo et al. (Antifiolo, Jiménez et al. 201They measured the quantum yield at 308 nm and
trace the time resolved evolution of the photopatsiby FTIR. The quantum yield has been found
as®y = 0.026+0.01 at 760 Torr Air, in good agreemenhwitte earlier literature (Sellevag, Kelly
et al. 2004; Chiappero, Malanca et al. 2006).
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In both studies the different possible photolysesthmays of 3,3,3-trifluoro propionaldehyde
photolysis process have been proposed to be asvil[Chiappero, Malanca et al. 2006; Antifiolo,
Jiménez et al. 2011):

CR,CH,CHO+hv — CECH, +HCO VI-1
CR,CH,CHO+hv — CRCH,CO+H VI-2
CFR,CH,CHO+hv — CECH, +CO VI-3

In the presence of QHCO radicals formed in reaction II-1 are converieto CO, detectable by

our system, through the fast reaction VI-4.
HCO+0O, - HO, +CO ViI-4

This reaction has been widely studied using maffigrént techniques; from UV-Vis absorption
(Colberg and Friedrichs 2006) to mass spectrom@iBsbitt, Gleason et al. 1999) and its rate
constant is well known:\k, = 5.2x10" cm® molec's™ (Atkinson, Baulch et al. 2001).

Antifiolo et al. (Antifiolo, Jiménez et al. 2011) tetenined the degradation products of the 3,3,3-
trifluoro propionaldehyde photolysis at 308 nm d&odnd the CECH3 IR absorption can be below
the detection limit and an upper limit for that ohel was reported to be 5%. The same result has
been found in a more recent work after 266 and @48vhotolysis (E. Jimenez, private
communication). For this reason they have negletttegbossibility of the third channel (VI-3) to be
open and interpreted their data considering oragtien (VI-1) and (VI-2). To justify the detection
of CO they proposed two reactions: the conversibid@GO in presence of D(VI-4) and the
possible decomposition of @EH,CO from (VI-5).

CKCH,CO - CFCH, +CO VI-5

They estimated, like Somnitz has done for thes@®I radical (Somnitz, Fida et al. 2005), the
internal energy available for the dissociation €49 kJ mof. They conclude that at 308 nm the
barrier of dissociation can be achieved with onetph and, as a consequence, part of the CO
detected originated also from reaction VI-5.

In this work we detect the CO formed after the phais of CRCH,CHO at 266 nm. At this
wavelength the photon energy is sufficient to opkannel (VI-2). In previous studies it has been
shown that the lifetime of the excited ¢EO* radical is lower than 100 ns (Somnitz, Fidaakt
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2005; Rajakumar, Gierczak et al. 2008). No study lteeen performed on the §&FH,CO lifetime,
however we estimate it to be on the same order aniude and consider, that all CO that is
formed immediately on our time scale originatesrfra decomposition of GEH,CO*.

In order to quantify the yield of HCO radicals farthin reaction II-1 we performed the photolysis
in presence of high concentration of, @ading to a rapid conversion of HCO radicalsinfed in
reaction (VI-1), into detectable CO (VI-4).

The UV spectrum of CJEH,CHO displayed in Figure VI-1 was measured by Sae\Chiappero
and later by Antifiolo et al (Sellevag, Kelly et 2004; Chiappero, Malanca et al. 2006; Antifiolo,
Jiménez et al. 2011). There is a slight differelme®veen the spectra but the values at 266 nm are in
good agreement within each other. We employed #ieevof Sellevag that at 266 nm gives an
absorption cross section ®fs nm= 1.96x10" cn? molec™.

5e-024
4e-024
3e-029

2e-024

o, / cn? molec?t

0 T T
200 250 300
wavelengthh nm

Figure VI-1 UV absorption cross section of 3,3,3-trifluoro propionaldehyde at 298 K by (a) solid line (Sellevag, Kelly et al.
2004) and (b) dash line (Chiappero, Malanca et al. 2006) (c) dot lines (Antifiolo, Jiménez et al. 2011).

VI.2 Control of 3,3,3-trifluoro propionaldehyde concentration in the photolysis cell

The 3,3,3-trifluoro propionaldehyde was purchasednf Apollo Scientific Reagents. It has been
introduced into the cell from diluted mixtures, paeed in balloons as explained in paragraph 11.5.1
page 39. The balloons have been prepared introglueipressure of 30 Torr of 3,3,3-trifluoro
propionaldehyde and subsequently diluted with HE.0up to a pressure of 1000 Torr. Either o

He (AirLiquid products 99% purity) have been usedcarrier gas. Experiments were performed at
room temperature using aldehyde concentration teetve1x16° and 7.7x1& molec cr?, at a

total pressure of 30 Torr and a temperature of R9A flow of pure Q (AirLiquid products 99%
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purity) was added to the mixture inside the celbider to convert HCO radical into detectable CO.
The Q flow was varied to achieve concentrations betwegxID® (minimum achievable ©
concentration due to leak rate) and 2.6%Holec cn.

VI.3 CO profileswith high and low O, concentration

Typical CO signals obtained are shown in Figure2VIFhe profile displayed in black was obtained
using a high concentration o, Qvhile the profile displayed in gray was obtaiveith a very low
concentration of @ due to a leak (see paragraph V1.4 page 112). Ekmnlatter showed an
instantaneous (at our time scale) production of Wiiich meant that it was produced by a direct
photodissociation of the aldehyde (VI-5). The coriaion of CO increased until around 50€:
this slow formation is due to the presence of traom®unts of @that converts HCO slowly into CO
by reaction VI-4. From a fit of these data to apa@ential increase (typically% 4000 &) the G
concentration due to the leak can be estimateé @rdund [G] = 8x10" cm>. The decay at longer
times was due to diffusion of CO out of the IR prdizam.

The profile in dark gray showed a fast increas¢Gsd] in the first few microseconds. This fast
increase was due both to direct production of CO5Vand fast conversion of HCO into CO

(VI-4) which could not be distinguished when high@ncentrations was used.

[CO] /102 cm®
nN

2-/

0 250 500 750 1000 1250 1500
t/ pus

Figure VI-2 CO profiles originated from the photolysis of the 3,3,3-trifluoro propionaldehyde with low O, concentrations
[02] = 8.2x10™ molec cm™ (gray dots) and in presence of high O, concentrations [O2] = 3.3x10*° molec cm™ (black
dots).
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VI.4 Origin of the kinetic part in the time-profiles of [CO]

The rate constant of the HCOz@eaction (VI-4)(equal to the CO formation rateeafthe laser
pulse) was verified by carrying out experimentsaim excess of ©([0,] = from 4.4x10° to

4.2x10° cm®). The CO concentration-time profiles obtained gsl® different [Q] are shown in
Figure VI-3. Q was in large excess with respect to HCO with hsghexpected initial
concentrations of 10" cri®. Under these conditions the kinetic of CO formatian be described

by a pseudo-first order kinetics:

_d[chO] = K[O,][HCO] = K[HCO] VI-6

where Kk is the rate constant of the HCO zréaction, and k’ = k[¢} is the pseudo-first order rate

constant.

[05] /x 10"°molec crt

e 0.00

e 1.42
2.54

e 507

2 10.1

e 20.0

29.7
* 39.2

n

[CO] / x 102 molec cm®

0 50 100 150 200
t/us

Figure VI-3 HCO + CO kinetic presented as CO signals at variable O, concentrations.
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The time profiles were fitted to the following edioa (VI-7) :

[CO] = ([CO] direct + [CO] x (1 _e-kVXt ) ) x e_kdm ! V|'7

secondary

The results of the fits provided a set of pseudst-forder rate constants k' which were plotted
against [Q] (Figure VI-4). As can be seen, the points arecalinperfectly aligned and the slope of
the line lead to k = 5.17xT8 cm® moleculé' s*. The rate constant k available in literature s k
5.2x10™ cm® moleculé' s* (NIST ; Atkinson, Baulch et al. 2001). The goodemment confirms
that the slow increase of CO is due to the conearsi HCO into CO. In addition, we were not able
to distinguish any other way which would have lecCO.

The value obtained from the fit of the CO signaloreled in presence of the, @ak (gray dots in
Figure VI-2) was k' = 42625 The oxygen concentration determined from thisugsefirst order
rate constant usinguko+oz = 5.2x10" cn® molec! s* was [Q] = 8.2x13* molec cn?, in good
agreement with the estimated leak][© 1x10" molec cn. The oxygen leak has been taken into
account and added to the lowestd@ncentration presented in Figure VI-4. Using @mti@ations of
O, higher than 1t cm®, this leak could be neglected.

2.0x10H
1.5x10
‘_'1</)
=
1.0x10
Y=5.17 102 X
5.0x104
0 : : : : .
0.0 1.0x10% 2.0x1(06 3.0x10"% 4.0x10% 5.0x1(0"6

[O,] / molec cn?®

Figure VI-4 : Extrapolation of the rate constant for the reaction of HCO + O, obtained from the fit of the CO
concentration-time profiles at different [O2] concentrations, corrected with respect to a leak [Oz]= 10" molec cm™ . The

result of the linear regression is Y = 5.17x10™.
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VI.5 Determination of the quantum yield of CO by varying the laser fluence

In order to determine the quantum vyield of CO, keseof experiments was performed at a given
concentration of aldehyde ([@EH,CHO] = 3.2x16° molec cn) and in presence of a large excess
of O, ([O2] = 4x10° molec cni). In this condition the HCO radical will be totaltonverted into
CO and the quantum yield will comprehend (VI-8) tiwe photolysis pathways:

P ot = Prco + P codirect VI-8

where®yco and®dcogirectare respectively the quantum yield of the photdpots generated in (lI-1)

and (VI-2).

The fluence was varied by changing the angle lafree followed by a polarizer. A telescope was

used to increase the fluence by a factor of 2 deoto get a better S/N ratio. The CO concentration

time profiles obtained this way are shown in Figure.

150, Fluence / 1¢ photons cn?
e 18
092
2 8.1
0 6.9
= 54

H
o
(o]

| / arb. Units

0 500 1000 1500
t /s

Figure VI-5 Time resolved profiles of [CO] for different laser fluences. The photolysis was performed at 30 Torr in He and
the aldehyde concentration was [CF3CH,CHO] = 3.15%10"™ molec cm™ and in presence of high O, concentration [O;] =

4.09%x10"® molec cm™.
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It should be mentioned that the measurement ofitieace using CECOBr as an actinometer (see
paragraph 11.8.2 page 61) was performed just aibang this set of experiments, without modifying
the alignment of the IR and UV beams. We remindcfmmvenience that the maximal fluence with
the telescope and the polarizer placed in the Udfrbeas 9.1x1%5 photons cnif. The data with a
fluence of 18.2x1¥ photons crif was obtained by removing the polarizer. In thisiese of
experiments we were not able to distinguish CO &mtndirectly (VI-5) from that formed by
conversion of HCO (VI-4), reason why the profilesre/fitted to VI-9:

[CO] =[COJ ,,, x e™*ar™ VI-9

where [CO)y is the concentration of CO comprising CO formecediy (VI-5) and CO formed

from conversion of HCO (VI-4), and;ik is the diffusion rate constant.

The plot of [CO}y versus the fluence is shown Figure VI-6. The datald be fitted to a line, with
the intercept imposed to be zero. From this figuian be seen that the photodissociation, in our
experimental conditions, is consistent with a ohetpn process. The slope S of the line is related
to the quantum yield by the following relationsififi-10).

o = Slope
" [CRCH,CHOIX 0,

VI-10

The quantum yield of production of CO and HCO ia ghotolysis of CECH,CHO at 266 nm was
found to bedcoror = 0.48+0.07.

6.0x10"

4.0x10'4

[CO] / molec cnT

2.0x104

0.0 : : : -
0.0 5.0x1(06 1.0x107 1.5x107 2.0x107

Fluence / photons cf

Figure VI-6 CO formed from reaction II-1 and reaction VI-2 in presence of high O, concentrations and at laser energies.
The result of the linear fitis Y = 2.99x10 X.
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V1.6 Determination of the quantum yield of direct CO

Using Q in large excess, it was impossible to distinguisé formation of direct CO from the
conversion of HCO into CO (dark gray trace on FegWil-2). In order to determine the quantum
yield of CO formed directly by pathway VI-2, we gbtyzed CRECH,CHO without introducing @
There was still a small amount of Que to a leak (see paragraph V1.4 page 112), wémngiained
the slow increase of [CO] due to partial and slawwersion of HCO (VI-4) (Figure VI-7). The
[CO] profiles were fitted to equation VI-7, withyk fixed to O {.e. no diffusion was taken into
account).

[CF3CH,CHO] / 10 molec cn®

* 7.6

5.0

* 3.6

2-://’—*"—"—"—.—"_"‘_‘ e 21
.

0 500 1000 1500
t/us

[CO)/ 10 molec crit

Figure VI-7 Time resolved profiles of [CO] for different aldehyde concentrations. The photolysis was performed at 28 Torr

in N2 and the laser energy was 76 mJ for a repetition rate of 1Hz.

116

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

2.0x10%

1.5x10%

1.0x104

[CO]/ molec crit

5.0x10'4

0.0 T T T ]
0.0 2.0x10% 4.0x10% 6.0x10% 8.0x10%

[CFsCH,CHO] / molec crit

Figure VI-8 CO formed from reaction XI-3 in presence of low O, concentrations (leak). The result of the linear fitis Y =

2.3x10™ X.

The plot of [CO}irect against [CECH,CHOY] is displayed Figure VI-8. Once again the quanyield

will be directly related to the slope of the lineagression.

S
D cogiess = = VI-11

Oope X F

The fluence was 1.1x1bphotons crif and the quantum yield derived from the slope (Fégui-8)

is then®co = 0.11+0.02. This quantum vyield represent only ¢batribution of CO formed by
reaction VI-5.

From the quantum yields obtained in presence df banpcentration of @and with the leak only it
is possible to determine the quantum yield of cleanhl, simply as the difference of the two
values (VI-12). Form this calculation we obtainaue of®yco = 0.37+0.07.

Do = Peoror ~ Peodirect VI-12

VI.7 CRDS experiments at 248 nm

In the current work of thesis a great help to theerpretation of the mechanism of photo-
dissociation has been given by measuring the foomatf HO, radicals after photolysis of the VOC
by Cavity Ring Down Spectroscopy (CRDS) (Thieba@djnaire et al. 2007; Thiebaud, Parker et
al. 2008). The choice of the CRDS has been driwetiné possibility to convert HCO (II-1) radical
and H atoms (VI-2) formed after the aldehyde phaislinto detectable H(details in the Annex).
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These reactions occur with,@nd can be pushed to the total conversion in poesef an excess of

O, as it was already seen for the CO detection ¢papd 11.7 page 45).

In this experiment different concentrations of alglde 3,3,3-trifluoro propionaldehyde have been
photolyzed with an excimer laser at 248 nm and H@ originated from the reaction of the
photofragments with ©have been detected. Signals and calculations egerted in details in
Annex CRDS. From these records emerges two diffenaays of formation. The major HO
concentration is formed from the rapid conversibRIGO radical and is characterized bpaco=
0.51+0.01. The second, clearly less importantrabgbly due to the reaction of H atoms coming
from the single bond breaking in the alpha posibbthe aldehydic group and was estimatgg~
0.1. This results confirm the pathway of photodisstion (VI-2) corresponding to the Gt
recorded with the TDLAS in absence of.O

Both quantum vyields obtained by CRDS at 248 nmragood agreement with the values recorded

at 266 nm with the TDLAS, confirming the photolypathway proposed.

V1.8 3,3,3-trifluoro propionaldehyde conclusions

With this technigue we have been able to distirtgaisd quantify two ways of photolysis at 266 nm
(reaction II-1 and VI-2), in agreement with whasHhseen proposed in literature articles (Sellevag,
Kelly et al. 2004; Chiappero, Malanca et al. 2086tifiolo, Jiménez et al. 2011). The photolysis
pathway giving birth to HCO (reaction VI-4) has bedirectly detected from the conversion of this
last one into CO by reaction with,~rom the variation of the {Zoncentration inside the cell the
value of the rate constant for the reaction HCO,-h& been determined to k = 5.2%38m*s?, in
good agreement with the literature value (AtkinsBaulch et al. 2001). The record of different
time resolved signals of CO, formed after photalysnade accessible also the quantum vyield for
the direct formation of CO after photodissociat@in266 nm. Value obtained for the direct CO
formation after the break of the two bonds in thgha position (reaction VI-2) i®codirect =
0.11+0.02. The quantum yield of the HCO radicah¢t®n 11-1) has been shown to be the major
pathway of photolysis with &yco= 0.37£0.07. Ulterior confirmation of the photolygpathways
was given by the CRDS signals. With this thecnitheephotofragment HCO and H were detected
after conversion into HO The results lead to quantum yield for HCOdgf-o = 0.51+0.01 and for

H atoms ofdy =~ 0.1, in good agreement with the value obtainezb&tnm.
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VIl.  Photolysis of acrolein (CH=CHCHO) at 355 nm

VI1.1 Previous studies

Propenal (acrolein, Ci#CHCHO) is found to be a principal component smbthe Los Angeles
type (Stephens, Darley et al. 196Ih)the troposphere acrolein has been observednaeotrations
that can reach 13 ppbv, but the typical levelsnauneh lower and expected to be about 15% of those
of formaldehyde observed in urban air masses (@aydperry et al. 1987). Acrolein is emitted
into the atmosphere by different sources such agastion and chemical industries. It is also used
in a number of agricultural chemicals and releasdatie atmosphere from the combustion of wood,
polymers, tobacco, and gasoline. Like other carboognpounds, acrolein is subjected to reactions
with the OH radical and photolysis.

The reaction of acrolein with the OH radical wasdgtd by Magneron et al. in 2002 (Magneron,
Thévenet et al. 2002) in the temperature range-2832 K. The reaction proceeds by addition of
OH to the double bond (35 %) or by abstractionhef aldehydic hydrogen (65 %). They were able

to derive an Arrhenius expression (llI-1) which sled negative temperature dependence:

333+54

ko = (655 +1.22) x 1072 x e~ T ViI-1

At room temperature, the rate constant determirsgtguequation I11-1 is &4 = (1.99 = 0.24) x 10

1 em® molec! s*. Magneron et al. also studied the photolysis oflain in the simulation chamber
EUPHORE. They were not able to observe any phaslyoduct by FTIR spectroscopy and they
concluded that the photolysis quantum yield of Eenowas below 0.005. The predominant sink of
acrolein in the atmosphere is then oxidation itetidby the OH radical.

The UV spectrum of acrolein, shown in Figure lll\v#as recorded by Magneron et al. in 2002
(Magneron, Thévenet et al. 2002) over the wavelengihge 220 — 400 nm, in static conditions at
298 K from 0.02 to 10 Torr. The spectrum exhibitr@ad band between 250 and 400 nm assigned
to the n— T¢ transition. The $and T, states lays, respectively 298 kJ thaind 278 kJ md|,
above the ground state.3n this study, the cross section was measur&@b4ainm and 356 nm, the

values being respectively 4.18 and 3.63 ¥%1eh?. At 355 nm, it seems reasonable to asg =
3.9 x 10°° cnt’
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Figure VII-1 Absorption cross section of acrolein at 298 K (Magneron, Thévenet et al. 2002).

Gardner et al. (Gardner, Sperry et al. 1987) stuthe photolysis of acrolein at 313 nm and 298 K

in conditions close to the tropospheric ones, in presence of oxygen. They proposed the

following scheme to explain their results:

CH,=CHCHO + v - (S1)

S (tM) - Ty (+M)
T+ (G 0orNy) - S+ (0, 0r Ny
S orT; - CO+GH,

S;or T; » CHsCH (singlet) + CO
S;or Ty » CHRCH (triplet) + CO
S orT; - CH,=CH + HCO

Sl orT,— CH2=CHCO +H

VII-2

VII-3

Vil-4

VII-5

VII-6

VII-7

VII-8

VII-9

Channels VII-5 to VII-7 are molecular channels whare decarbonylations. The second channel

(VI11-8) is a C-C cleavage which is a Norrish typenéchanism. The last channel (VII-9) leads to

radical products resulting of a C-H cleavage. The minimum excitation energy required f

acrolein decomposition by processes VII-5 to Vi@ respectively 17, 414, 343, 305 and 364 kJ

mol™ [(Gardner, Sperry et al. 1987) and references ¢tierein]. We remind for convenience that

120

© 2012 Tous droits réservés.

http://doc.univ-lille1.fr



Theése de Claudio Bettinelli, Lille 1, 2011

313 and 355 nm corresponds respectively to 382 &' mnd 337 kJ mdl. Fang (Fang 1999)
performed detailedb initio calculations on the three photodissociation pajiswahe potential
energy profiles he derived are gathered in Figuie2\{with the original energies given in kcal
mol™ converted in kJ md). At 313 or 355 nm, acrolein can be excited to$hstate, which lays

298 kJ mot above the ground state.

CO path HCO path H path

H,=CHCO*+H
i
1
62 |
1
CH,=CHCO+H

CH,=CH+HCO*

1
| CH,=CH+HCO

Energy k] mol?

CH,=CH +CO

= * 7
CH,=CHCHO (s0)

Figure VII-2 Schematic potential energy profiles of the CH,CHCHO dissociation, with distinction of the three different
paths (adapted from (Umstead, Shortridge et al. 1978; Fang 1999)).

From the % state, acrolein can evolve according to three rpathways:

» Decarbonylation (see profiles at left in Figure 2)t Fang showed that decarbonylation
through channels VII-6 and VII-7 involves a twofstenechanism. The first step is an
exothermic isomerization of acrolein to methylket&oHCHCO which implies a migration
of the aldehydic hydrogen to the terminal carbaghlyi favored in the twisted geometry of
the T, state rather than in the planar geometry of thet&e. Intersystem crossing is known
to be efficient between the &nd T, states. From the;Tstate, the barrier to isomerization
was determined to be 156 kJ MolThe saddle point lays 207 kJ maibove the ground
state. Decarbonylation then takes place througmall darrier of 27 kJ mdl Due to the
high barrier to overcome for the isomerizations tthannel should not operate at 313 nm or
at 355 nm. In fact, the main pathway of photodisgan leading to ¢H, and CO is
probably nonadiabaticd,e. it proceeds on the ground state surface. Thisrdenglation is
slightly exothermic and the barrier height to disation is at least of 355 kJ mblIf we

take into account the energy carried by acroleimain temperature=(295 K) which can be
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estimated to 20 kJ mdl dissociation following this pathway is possibléiem acrolein
absorbs 355 nm-photons, but we are just at thehbtd.

* Norrish type-l mechanism (see profiles in the maddi Figure VII-2) : an intersystem
crossing from $populates the jIstate. Dissociation into GBH and HCO occurs through a
barrier of 130 kJ md.

* C-H cleavage (see profiles at right in Figure V)i-the reaction is endothermic by 354 kJ
mol™. It may proceed from the;®r T; states, but it is likely to occur on the grounatet

surface after relaxation via thg/S; intersection point.

In their paper, Gardner et al (Gardner, Sperrylell@37) found evidence that all the channels
should be taken into account to explain their tssat 313 nm. The main products they detected
were CO and @H,, their quantum vyield being respectively at 26 TO®7 and 0.05. At high
pressure, close to the atmospheric one, these uquayields decreased, being respectively 0.005
and 0.002. The quantum vyield for the acrolein bas 0.08 at 26 Torr and 0.0065 at atmospheric
pressure. They also detected formaldehyge® methanol CEDH and glyoxal (HCQ) The vinyl
radical produced in channel VII-8 was believed idd/glyoxal and formaldehyde by reaction with
O,. They showed that the formation of €EH through the channels VII-6 and VII-7 was necgssa
to rationalize their experimental observation. Aduog to them, at low pressures 0$,33 % of

the CHH rearranged to £, while the remaining reacted with, OAt atmospheric pressure,

reaction with @ was predominant.
VI1.2 Experimental details.

Acrolein (Sigma Aldrich reagent 90% purity) has tastroduced in the reaction cell with the
bubbler system (paragraph 11.5.2 page 41) thernex$tat 25°C. The suitable concentration for the
analysis has been achieved adding a dilution ffltananert gas: hlor He. Due to the expected low
guantum vyield, the photolysis was performed at 3%5 near the maximum of absorption. Analyses
were performed at room temperature varying thehgide concentration in the range 1.2 - 1.7 x
10'" molec cn? at a pressure close to 30 Torr. The photolysisbeen performed at 355 nm to
reach the maximum of absorption possible. A flowpofe Q (AirLiquid products 99% purity) was
added to the mixture to convert HCO radical inttedble CO reaction VII-10. The flow was

varied to achieve groncentrations between 1 x'2@nd 1.6 x 18 molec cn.
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HCO+Q - HO,+ CO VII-10

VI1.3 Photolysis signals

The photolysis of acrolein was studied in presesfaexygen in low or high concentration. We first
present the photolysis of acrolein without addedOwith a low concentration of Ofollowed by

the results obtained with a high concentration of O

VI1.3.1 CO profiles without @

The [CO] signals originated from the photolysis3&86 nm of different acrolein concentrations in
He as the bath gas are presented in Figure VIR3thése records we observe two different
components of CO: one formed in the first microselsy called C@., and a second one
appearing at longer reaction time calledsf)the maximum being reached~aR50us. Diffusion

of CO out the photolyse beam cylinder constitulbeslast part of the time profile.

The curves were fitted using equation :

[CO] = ([CO] direct + [CO] slow X (1_ e—kfﬂ))x (e_kdiﬁ m) V”-ll
40,
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Figure VII-3 Time resolved kinetic signals of the [CO] in the photolysis of different acrolein concentrations, without added
0O; (02 was nevertheless present in the cell due to a leak, see text). The photolysis was performed in 33 Torr of He and

the laser energy was 113 mJ pulse’1 for a repetition rate of 5Hz.
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In Figure VII-3 the CO signals presented are prbpoal to the concentration of the acrolein
introduced in the cell. A brief observation shobkl made on the signals at 1.3 x“1@olec cn?
(orange squares) and at 1.6 x1folec cnT (blue triangles) that present a G{) component
lower than expected. The concentration of acrolMas too close and small variations in the bubbler
(temperature of the liquid, pressure) might haveca#d them. Even with this difference, the two
components: C@ectand CQoy are still linear with the VOC concentration intumeéd in the cell
(Figure VII-4). The variation of the Cg previously detected is enlightened also in the high

dispersion of the points (squares) representingeaselts of the fits of the CO profiles.

The second component (G&) is hardly explainable with the model proposetitarature because
the only reported pathway of CO formation is theateposition of the CH=CHCO* radical. If we
assume that the lifetime of the GHCHCO* radical is comparable (of the same ordenagnitude)
with that one of the C¥CO* radical estimated to be lower than to 100 nsn{Bitz, Fida et al.
2005; Rajakumar, Gierczak et al. 2008) it restigt ho other pathway of CO formation is possible.
This CQyow, appearing at longer reaction time, is in factpggsed to come from the relaxation of
CO in the upper vibrational excited states. Corditions of the presence of upper vibrational states
(CO v=1,2) relaxing and populating the fundamenta will be reported in paragraph VII.4 page
126.

40
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Figure VII-4 Linear relation occurring between the CO formed from the relaxation of the upper vibrational excited states

(w) and CO formed directly (A) versus the acrolein concentrations.

VII1.3.2 CO profiles with high ©@concentrations

The addition of high @concentrations ([ > 2.6 x 16° molec cn) totally converted HCO into
CO in almost 7 us, which was too fast to be tinssheed by our set-up. In this way, the HCO
radical was detected after the laser pulse togethir CO formed directly and the kinetic part
which remained in the time-profiles was due to offrecesses than the HCO + @action.

In Figure VII-5 are reported CO profiles at high €édncentrations, together with a signal recorded
without O, to emphasize the difference. In the case of the g@iles recorded at high ;O
concentrations, we still found a G& component. This component, that is neither the HCO
conversion nor the decomposition of the £BHCO* radical is a first proof of the presence of
vibrational excited states of CO.

204
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Figure VII-5 Time resolved kinetic signals of the [CQO] in presence of high concentrations of oxygen, [CH,=CHCHQ] = 8.0
- 9.8 x 10" molec cm™. The photolysis was performed at 35 Torr in N2 and the laser energy was 94 mJ pulse™ for a
repetition rate of 5Hz. Rate constant for the profile obtained without O, is 5347 s?, and it is 10 600 s™ for the other
profiles.

125

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

VI1.4 Excited states

Introducing the paragraph on the excited statésportant to remember that the energy of a 355
nm photon is not sufficient to create CO in therailonal state. The energy threshold for the CO
formation extracted from Figure VII-2 is 298 kJ mathile the 355 nm photons have 337 kJ ™ol
as a consequence the excess energy is 39 ki fmm this energy should be subtracted of the
roto-vibrational energy of each fragment to obtai@ disposable energy for CO. Knowing that CO
needs~ 25 kJ mof for each quantum of vibrational excitation, evemsidering the entire amount
of exceeding energy we will not be able to prodd€ev=2 (Figure VII-6).

In the previous paragraph (VII.3.1 page 5) we preskthe hypothesis on the origin of the {o@

the relaxation of the excited vibrational statesfi’dt confirmation was given adding high, O
concentration to exclude reaction XII-8, but théirdgve proof to this hypothesis was given by the
direct detection and record of CO v=1,2 time resdlwsignals. Profiles of the CO in the
fundamental state and excited vibrational state$,Z/=have been recorded in a single day of
analysis at same acrolein concentration and ph&itobonditions (Figure VII-6). The shape of the
CO v=1 signal corresponds to the fundamental onevE@ a rapid rise immediately after the
photolysis pulse (C&ec) is followed by an exponential kinetic (G&). The CO v=2 signal is too
low to identify a secondary formation. The CO pexfiwere fitted to extract the pseudo first order
kinetic constant and to verify if the slow rise@O v=0 can correspond to the relaxation of the
excited state CO v=1. Form Figure VII-6 CO v=0 fation results k = 8337"s in pretty good
correspondence with the k = 7661 sf the CO v=1 excited state relaxation. Seen fffecdty
encountered in the simple record of the CO excitiade signal the simple information extracted

from the CO v=2 was the presence of CO in suchatimal state.

1.5

|/ Arbitrar units

"0 200 400 600 800 1000
t/ psec

Figure VII-6 [CO] signals recorded for different vibrational states en He for a concentration of [CH,CHCHQ] = 4 x 10
molec cm™. CO v=0 (+), CO v=1 (A), CO v=2 (A). The photolysis was performed at 30 Torr and the laser energy was 94

mJ for a repetition rate of 5Hz.
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The detection of the upper vibrational states of €@ be confirmed also with the study on the
dependence of the pseudo first order rate congkdnivith the acrolein concentrations (Figure
VII-7). In fact the CO formed in the upper vibrata states can relax by collision with acrolein
itself other than the buffer-dilution gas (He os) Mind Q. Seen that the collision in He are less
efficient that in N the effect on the relaxation induced by the a@nohgll be more effective in He
then in N. In Figure VII-7 are presented the results ofa#ht rate constant (k iftsversus the
acrolein concentration in two buffer gas (He anyl N

It is possible to note that in He there is an eviddependence of the relaxation with the
concentration of acrolein. The slope of the linemression gives k = 4.78 x 1bcm?® molec* s™.
This value is in agreement with the rate constamt 4.43 x 10“ cm® molec' s* proposed in
literature for propynal by Chowdhury (Chowdhury 300

In Figure VII-7, the relaxation by Ncan be extrapolated from the non null interceptoof
regression (¥ = 1626 §). With this value and a Ntoncentration [N = 1.2 x 16® molec cnT, we
determined the rate constant to be k = 1.35 *°1@h7 molec¢’ s'. In literature Stephenson
(Stephenson 1973) indicated that the rate consfahte relaxation of CO v = 1 driven by, I8¢ k =
5.09 x 10" cn® molec* s. Even if the points for Nare concentrated on a small [VOC] range, we
tried to apply a linear regression in order to ¢hié@crolein plays a role on the relaxation on the
CO vibrational excited state also in.N'he slope of the fit is k = 4.02 x 1bcm® molec' s?, which

is the expected rate constant. From these obsemngaive concluded that in,Nboth the bath gas
and acrolein participate to the CO relaxation, il He it depends mainly of the concentration of

acrolein.
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Figure VII-7 Pseudo first order kinetic constant of the CO v=0 formation (A), CO v=1 relaxation (A), recorded for different

concentrations of acrolein in He. (o) represent the CO v=0 formation in No.
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VII1.5 VIl .4 Results

The CO formed in the acrolein photolysis at 355 asdescribed by equation VII-12, depends on
the absorption cross section, on the laser fluandeon the quantum yield parame®j.(
[cd] = x{[CH, = CHCHO|x F,..x 7.} vi-iz
The CO quantum yield of the photolysis processlmamletermined from the plot of the measured
CO concentrations versus ([GHCHCHO] x RssX o355 as the slope of the linear regression. In
absence of ©the component called G (Figure VII-3) was extracted from the regressidn o
Figure VII-8 were the quantum yield was found to &g, =0.006£0.001. This component was
originated by reactions from VII-5 to VII-7. In mence of high ©concentrations instead the
component called Cgk: is comprehensive of two photolysis pathways: th@ ©rmed by
reactions from VII-5to VII-7and also reaction VI]-&here the HCO converted into detectable CO
by reaction VII-10. As explained in the previousgmraphs the CQ,, represents the relaxation of
the CO vibrational excited states into the fundataemne.
From the linear regression of Figure VII-9 we obtaialues for the quantum yields that are
respectively:®yco + ¢c5=0.013+0.002 an@®co sow=0.013+0.002. For CO, the total quantum yield
value (Pcowy) determined for the acrolein photolysis at 355 mm presence of high O

concentrations is then estimated as the sum diMbe&omponents:

D cootmitno, = Prcorco T Peosiow = 0.013+0.013=0.026 VII-13

As a consequence the HCO quantum ykldocan be determined as the direct substraction of the
®pco+co (Figure VII-9) in presence of high oxygen concetidra and ®co with low oxygen

concentration (already evaluated in Figure VII-8) & determined in equation VII-14:
Do = Prcorco ~ Peogey = 0.013 - 0.006 = 0.007 VII-14

Form Figure VII-9 we can observe that in the curexperiments no difference was found in the
Dco siowin two different buffer gas (Nand He). This experimental evidence is probablised by a
high efficient relaxation CO/acrolein due to thgthaldehyde concentration in the cell ([acrolein]
10" molec cn).
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Figure VII-8 Linear relation occurring between the different COgiect (*) and the acrolein concentrations introduced

multiplied by the absorption cross section and the fluence. The result of the fit is Y=0.006 X.
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Figure VII-9 Linear relation occurring between the different component of CO formed in the photolysis process of acrolein
in two different gas N2 (green triangles) and He (red and orange squares). Clear circle represent the outliers. In He is
presented COuirect (Clear green triangles) and COgow (dark green triangles). In Nz is presented COgirect(red squares) and

COsiow (Orange squares).
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VI1.6 CRDS experiments at 248 nm

In the current work of thesis a great help to theerpretation of the mechanism of photo-
dissociation has been given by the measure of therétlicals formed after photolysis by Cavity
Ring Down Spectroscopy (CRDS) (Thiebaud, Crunairal.e2007; Thiebaud, Parker et al. 2008).
The choice of the CRDS has been driven by the pitisgito convert HCO (VI1-8) radical and H
atoms (VII-9) formed after the aldehyde photolyisi® detectable H@(details in the Annex A.2
page 136). These reactions occur witha@d can be pushed to the total conversion in poesef

an excess of §as it was already seen for the CO detection.

In this experiment different concentrations of &eirohave been photolyzed with an excimer laser
at 248 nm. Signals and calculations are reportadetails in Annex CRDS A.4.2 (page 142). The
formation of HQ in the photolysis of acrolein at 248 nm seems éocbmposed by a single
pathway. The H@recorded came from the HCO conversion and no acelef HQ coming from
the H atom were detected, probably because of &tge time scale. The quantum yield associated
to the photolysis pathway VII-8 ®hco= 0.028+0.001. This quantum yields obtained by CRIDS
248 nm is in good agreement with the values recbed€266 nm with the TDLAS, confirming the
photolysis pathway proposed.

VI1.7 Acrolein conclusions

It has been possible to distinguish and quantify plotolysis pathways of acrolein photolysis at
355 nm: the CO direct formation as presented inti@as from VII-5 to VII-7 and the HCO radical
formation (reaction VII-8) in agreement with the deb proposed in literature (Gardner, Sperry et
al. 1987; Jen and Chen 1999). The photolysis patlgiang birth to HCO VII-8 has been directly
detected from the conversion of this last one @@ by reaction with high £concentrations ([&)

= 1 x 13" molec cn?). Values obtained for the direct CO formation foe photodissociation at
355 nm arebco=0.006+0.001, while the dissociation yield of th€®I radical has been proved to
be the more important and defined wittbg-0 =0.007+0.002.

It has been proved that the &) component is originated from the relaxation of tngper
vibrational excited states of CO, that have beeectly detected up to a state v=2 in He. It hasibee
reported a correspondence within the CO v=0 pseatioconstant formation and the pseudo rate
constant relaxation of the vibrational state CO .vBbth in He and in BN gas acrolein play a
relevant role in the relaxation of the vibratiogtdtes with an associated k = 4.02 £“16m® molec

1t
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VIIL. Conclusions and perspectives
This work deals with the determination of quantuields of photolysis of ketones and aldehydes
produced by oxidation of isoprene, which is the tmalsundant hydrocarbon emitted, in the
atmosphere by trees. The molecules we have studieel acetone, hydroxyacetone,
methylvinylketone and acrolein.
Nowadays in the domain of the atmospheric chemigityg of studies have been performed on the
theme of the degradation of volatile organic compsuand on their effect on the environment.
Those studies approach the subject both in thedtieal and in the experimental ways, permitting
the scientific community to have a global vision the complex dynamics of the atmospheric
reactivity. The present work finds its place in tagperimental collection of data about the
photolysis processes of volatile organic compouftis. experiments were performed with a double
goal: to better understand the atmospheric fatpadiutants and radicals, produced from their
degradation in the atmosphere, and to enlarge akebdses of atmospheric processes, to furnish
solid bases for further work on climate and poltisamodeling.
The lifetime of volatile organic compounds is pipally limited by reaction with oxidants ¢O0Os,
NO,) and by reaction with the radical OH. Though, particular class of molecules like ketones
and aldehydes photolysis has a significant pape@ally in the UV region.
The experimental set-up used in this work was caegmof a UV laser photolyse beam coupled to
an IR spectrometer for detection of CO around 2260' and HCO around 2800 cih The
temporal resolution of the detection is of the ordé 1us. This set-up allows recording time-
profiles of photofragments (CO o8O in our case) during the first milliseconds aftaotolysis,
i.e. before secondary reactions take place.
In the course of this study different VOCs haverbghotolysed at 266 nm or 355 nm. The
conclusions obtained for three ketones (acetondroltyacetone and methylvinylketone) and two
aldehydes (3,3,3-trifluoro propionaldheyde and leind are listed molecule by molecule in the

following. The reader should refer to each chapdind the corresponding references.
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* Acetone
Acetone has been chosen as a reference for theditltkes, since its photolysis was already well
documented. The time-profiles of CO were made ofnatantaneous rise of CO assigned to the
dissociation of hot acetyl radicals and by CO appgafrom a secondary kinetic during the first
millisecond. We did not find any set of secondagations which could have given CO with such a
kinetics. We then assigned this second rise of €@elaxation from vibrational excited states,
which was confirmed by the direct detection of @QHe vibrational state v =1 and v= 2. For each
component we have determined the quantum yiel&@&in2n, estimated to BBco girec:=0.11 + 0.02
for CO formed immediately after the laser pulse énd sow= 0.29 = 0.04 for the CO appearing
later in the kinetic. Finally the determined tot@lantum yield i8Dco o =0.40+0.04, in agreement
with the values proposed by Somnitz and Khamagd8owmnitz, Fida et al. 2005; Khamaganov,
Karunanandan et al. 2007).

* Hydroxyacetone
The time-profiles we have recorded during the plyste of hydroxyacetone at 266 nm had the
same shape of those of acetone previously describece again, for each dissociations pathway
we have determined the quantum yield at 266 nm.tdta¢ quantum yield is estimated to ®eo ot
=0.23 £ 0.02. CO formed immediately is considdretle the predominant pathway at 266 nm with
Dco dgirect= 0.15+0.02 while the quantum yield for the CO egming later, in the kinetic, is defined
by ®co siow= 0.08 + 0.01. The behaviour of CO in the upperational excited states have been
studied in two different buffer gas He (CO v=132.and N (limited at CO v=1). The excitation of
CO in the vibrational states can be hardly expkhimith the absorption of only one photon. The
dependence of CO in the v = 1 state against tlende showed that it was produced from a two-
photons absorption process. Together with CO wecatlst CHOH through its conversion into
H,CO in presence of Olts quantum yield estimation gave a valuebgbco= 0.25 + 0.04. In fact
the difference between thi,coand thedcorrcan represent the fraction of @EO* dissociating
into CO. From our results we estimate the ratios©BF jissociatefCH3CO*stabilized t0 be 0.08 in
agreement with the value proposed by Rajakumaiaiajpar, Gierczak et al. 2008).

* Methyl vinyl ketone
The photolysis of methyl vinyl ketone has been grenied at 355 nm. As for the other two ketones,
the presence of CO formed immediately after theerlgsulse has been observed. We have
determined the total quantum yield for the methglvketone photolysi®co 1ot =0.023 £ 0.003, in
agreement with the values of Raber and Moortga¢rdfwas still a kinetic component in the time
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profile of CO, but it was weaker than the one oétane and hydroxyaceton@dpgirect =0.016
+0.002 andDcosiow= 0.008 + 0.001)

» 3,3,3-trifluoro propionaldehyde
Using the TDLAS experiment, we were able to disfisg two channels of dissociation of the
3,3,3-trifluoropropionaldehyde at 266 nm. In presenof low Q concentrations, a small
instantaneous increase of CO was observed, whiaHirst channel leading to trifluoroethane and
CO. This fast increase was followed by a kinetioc&sponding to the conversion of HCO with, O
which was confirmed by the study of the kineticngsdifferent concentrations of,OThe quantum
yield value obtained for the direct CO formation @&ogiect = 0.10 = 0.02 while the
photodissociation yield of the HCO radical®gco= 0.37 £ 0.07. The Norrish typedl cleavage is
then the predominant way of photolysis. The thindrmel, which gives H atom and a carboxy
radical, was investigated by CRDS at a sligthlyedént wavelength (248 nm).

* Acrolein
Acrolein has been photolysed at 355 nm. As for 33tBfluoro propionaldehyde, it has been
possible to distinguish and quantify two ways obfaitysis: that one generating CO direct after the
laser pulse and the HCO radical. The quantum wialdes obtained for the direct CO formation is
Dco direct =0.006£0.001, while the dissociation yield of tHEO radical isPyco = 0.007 £ 0.002
proving that it is the major photodissociaton patkiwlt has been proved also that the (&0
component is originated from the relaxation of dipger vibrational excited states of CO, that have

been directly detected (on a ms time scale) upstate v = 2 in He.

« CRDS

It should be noted that photolysis was carriedaiu248 nm. A comparative study with the Cavity
Ring Down Spectroscopy (CRDS) has been performedoltaboration with Chaithanya Jain,
member of the group “homogeneous and heterogersgmaspheric chemistry” directed by Christa
Fittschen. These experiments confirmed the intéapoms proposed in this work for the photolysis
of the aldehydes. From the records made on th8-8j8uoro propionaldheyde we confirmed the H
and HCO formation after photodissociation at 248 fitmee major pathway is the formation of the
HCO radical, characterized b)yc0o=0.51 + 0.01. A second one is the reaction of thatéin
coming from the single bond breaking of the aldetsytydrogen defined by = 0.1. In acrolein
photolysis, differently from the fluorinated aldel®ey no evidence of the H dissociation channel
have been found. The totality of the H@corded comes from the HCO conversion and the

associated quantum yieldds,co= 0.028 + 0.001.
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In conclusion, the experiments we have presented canclusive in the case of the 3,3,3-
trifluoropropionaldehyde, but multi-photons abs@pt occurred for the other molecules. Our

experimental set-up was not sensitive enough tblemeorking at low fluence.

Finally the research on the VOC photolysis can Xtereled to other molecules with atmospheric
interest. For example, glycolaldehyde and glyoxalat are atmospheric relevant carbonyl
compounds formed from the photochemical oxidatidnvalatile organic compounds such as

ethene, 1,3-butadiene, isoprene, methyl vinyl ketamd acrolein.
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A. Annex Cavity Ring Down Spectroscopy (CRDS)
A.l The choice of the CRDS technique

In the current work, the measurement of time-pesfibf HQ formed in the photolysis of aldehydes
(in presence of ¢ by Cavity Ring Down Spectroscopy (CRDS) was utademn to help to the
interpretation of the mechanism of photodissocmat@e have used this technique to further study
the photolysis of acrolein and of the 3,3,3-triflagropionaldehyde. The CRDS experiments have
been performed in Lille by the graduate studentitGhaya D Jain, member of the group of
“Homogeneous and Heterogeneous Atmospheric Chefhistirected by Christa Fittschen.
Material, set-up and procedure for these analysee wxplained in detail in previous publications
(Thiebaud, Crunaire et al. 2007; Thiebaud, Parked.€2008; Parker, Jain et al. 2009; Parker, Jain
et al. 2011).

The HQ radical was formed by reaction of @ith the HCO radical (Atkinson, Baulch et al. 2001
which is a major sub-product of aldehyde photolysction VIII-1) :

HCO +Q - HO,+ CO V-1

For O, concentrations in the range{G 1 — 10x16° molec cn®, it is reasonable to consider that
the conversion is complete and immediate on the tatale of the experimental set-up because

HCO will be converted in 2 to 20 us, respectively.

It should be emphasized that time-profiles of CQHgCO using the TDLAS set-up were obtained
by photolysing the carbonyl compounds at 266 nm3,83trifluoro propionaldehyde) or 355 nm

(acrolein), while in the following the laser wasexcimer one firing at 248 nm.
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A.2. 3,3,3-trifluoro propionaldehyde photolysis at 248 nm

The detection of H@radicals formed in the photolysis of the 3,3,8tdro propionaldehyde can
be useful to distinguish the two different photadypathways VIII-2 and VIII-3 (Chiappero,
Malanca et al. 2006; Antifiolo, Jiménez et al. 20&ayling to the formation of HCO radicals or H

atoms(this work)

CRCH,CHO + v —» CRCH,+ HCO VIII-2

CRCH,CHO + v - CRCH,CO+H VIII-3

In presence of a large excess of, ®ICO radicals are readily converted into HIII-1)
(Atkinson, Baulch et al. 2001). The H atoms alsactevith Q (reaction VIlI-4) to give HQ, the

rate constant beingikoz) = 2.54x10" cn® molec™ s™.

H+ O, (+ M) > HO, (+ M) Viil-4

A.2.1 HO, profiles and quantum yields

Absolute concentration time profiles for H€dicals have been measured by cw-CRDS following
the 248 nm photolysis of GEH,CHO in 40 Torr of helium. In these experiments, the
concentration of Cf£H,CHO was fixed to 6.2x10 molec cn? and a large excess of, (JO,)/
[CF3CH,CHO] = 200) was used to completely convert the HCO rdslifermed in reaction
VIII-1. HO,, profiles recorded for three different photolysieergies are shown in Figure VIII-1.
There are made of a fast increase of jHOllowed by diffusion.

Profiles were fitted using equation (VIII-5) :

[HO,] = ([HO, ], + Ax (L- g™ o2 ))x (e ") VIII-5

where [HQ]o is the concentration of H®riginating from the fast conversion of HC®represents
the concentration of HQbriginating from the reaction of H with,0

In the case of a large concentration of &d low temporal resolution, equation VIII-5 coudd
simplified to :
[HO,] = ([HO,],)x (e™"*) VIII-6
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where [HQ], is the concentration of H®riginating from the conversion of HCO and H.
From the plot of the formation of H@adicals versus the absorbed photons (Figure 3)]lit was

possible to evaluate a total yield®fo,= 0.61 + 0.03.

1.5x104

[HO,] / molec cni®

t/s

Figure VIII-1 Temporal profiles of HO- radicals obtained in the photolysis at 248 nm of [CF3sCH,CHO] = 6.2x10™ cm? in

the presence of [O;] = 1.3x10"" cm?, for three different photolysis energies. Absorbed photons are 2.48, 1.27 and
0.63x10" cm™.

Another experiment was performed varying the aldehgoncentration (from 0.28 to E)™
molec cn?) and represented in Figure VIII-2. These signaéseanrecorded with a better time
resolution and with a lower BP(O, = 1.4x16° molec cn?) in order to distinguish the conversion
of HCO from the formation of HOby reaction (VIlI-4) if H atoms were produced bsaction
VIII-3. As it is possible to notice from Figure W2, the HQ was mostly formed on very short
time scales, too fast to be resolved by the cw-CRBiSup. Even if the S/N ratio was not very
good, a minor fraction of the H@ould be detected in a delayed way. This secorfdanyation of
HO, represents the reaction of H-atoms with, @nd suggests the existence of the
photodissociation pathway (VIII-3). The profiles neditted using the general equation VIIIA.
and [HQ]oia €xtracted from the fit of the profiles were respey plotted versus the number of
photons in Figure VI1II-3 (respectively plain ane@at triangles). From the linear regression of the
curve (clear triangles) we determined the quantigtdyof reaction VIII-3, estimated to bk =
0.10 = 0.03. The total quantum yield determinednfitbe slope of the line with plain triangles was
found to bedyo, = 0.50 £ 0.02. It is lower than the quantum yielstaoned with the high ©

concentration (squares in Figure VIII-Byo,= 0.61).
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It is considered that the value ®f;0, = 0.50 + 0.02 is underestimated because of theehi§fN

and the presence of the kinetic.

3.0x101%,

2.0x10

1.0x1014

[HO,] / molec cm™

[aldehyde] / 10*° molec cm™

+ 15

-+ 1.0
+ 0.8

= 0.3

0.0

0.00

001 002 003 004 0.05

Time/s

Figure VIII-2 Temporal profiles of HO, radicals obtained after photolysis at 248 nm of different [CF3CH,CHO] in the

presence of [02] = 1.4x10"® cm™ using constant photolysis energy (49.4 mJ cm™). Total pressure was 40 Torr in He.

3.0x10'

2.0x10'4

[HO,] / cmi®

1.0x104

0.0

2.0x104 4.0x10M 6.0x104

Absorbed photons / cfn

Figure VIII-3 HO; radical concentration obtained from 248 nm photolysis as a function of absorbed photons. HO; tot
results (A) and H results (A) from photolysis of 6.2x10™ cm™ CF3sCH.CHO in the presence of 1.3x10* ¢cm™® O, at

various energies. (o) are results from the photolysis of different CFsCH,CHO concentrations in the presence of 1.4x10"°

cm® 0, using constant photolysis energy (49.4 mJ cm'z). The total pressure for all experiments was 40 Torr He. The

results of the linear regressions Y = a X are respectively: (A)-a =0.50, (A)-a=0.1, (n)-a=0.61.
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A.2.2 Study of the dependence of the @ncentration

Two measurements for the influence of @n the kinetic have been performed varying the
concentration of @in the range [¢] = 0.1 — 1x1&’ molec cn®. It is possible to notice the slight
increase in the slow HCformation: addition of more Oincreases the rate of H@ormation by
reaction VIlI-4. It means that the HOradical is produced from the direct reaction of a
photofragment with @(Figure VIII-4). In addition, both curves preseshia Figure VIlII-4 have an
apparent rate constant k in agreement with theaggevalue .oz = 2.54x10" cn?® molec™ s*

(Table VIII-1) (Fernandes, Luther et al. 2008).

[O,] / molec cnt Kexpected/ S* Kmeasured S*
1.13x10" 2865 3553
1.31x10'° 332 340

Table VIII-1 Values extracted from the fit of the kinetic (Figure VIII-4) and the expected values for both [O2].

2.5x10%

2.0x10'Y

1.5x10Y

1.0x104

[HO,] / molec cni

5.0x10'

0.0 - ; . .
0.000 0.002 0.004 0.006 0.008
Time/s

Figure VIII-4 Signal of HO, after photolysis at 248 nm of 3,3,3trifluoro propionaldehyde at two different O, concentrations
[02] =1.13x10"" molec cm™ (+) and [0,] =1.31x10"® molec cm™ (A).
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A.3. HO, signalsin acrolein photolysis at 248 nm

The second molecule analyzed with the CRDS teclenigas acrolein. The photodissociation
pathways, already presented in chapter VIl (pa@),1éad to the formation of HCO radicals and H
atoms (respectively reactions VIII-7 and VIII-8)om these two photofragments we obtain,HO
after reaction with ©@ (reactions VIll-land VIII-4), like in the photoligs of 3,3,3-
trifluoropropionaldehyde.

CH,=CHCHO + lv — CH,=CH+ CHO VIII-7

CH,=CHCHO + v —» CH=CHCO + H VIII-8

The time-profiles of HQ obtained with different concentrations of acrolame shown in Figure
VIII-5. It is possible to excluda priori the formation of a secondary H®y reaction of H atom
with O, (VIII-4). This observation led to the conclusiomat the only H@ detected was likely
produced immediately after the excimer pulse by H@Qidly converted by reaction VIII-1. As a
consequence the recorded data have been fittedquatien VIII-6, described by a simple

exponential decay :

[HO,] = ([HO,],)x[e™"") VIIl-6

A.3.1.Study of the dependence of the VOC concentration

As expected, the HOvariation with the acrolein concentration is lineaffectively, analyzing the
raw signals of H@ in the same conditions (UV excimer laser energy mase and oxygen
concentration), we distinguish clearly that thenaigat highest concentration lays on top, followed

by the others two placed in order of decreasingmbade.
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Figure VIII-5 HO, signals recorded for the photolysis (56mJ cm-2) of different acrolein concentrations: [CH,=CHCHO]=
1.1x10"" molec cm™ and [Oz]= 5.23x10'® molec cm™ (+); .[CH,=CHCHO]= 7.21x10"® molec cm™® and [Oz]= 5.53x10"°
molec cm™ (A) and [CH,=CHCHO]= 4.64x10" molec cm™ and [O2]= 5.64x10"° molec cm™ (m).

Two series of H@signals have been recorded, using an excimer gérs6 and 34 mJ per pulse.
The concentrations of acrolein presented in Figuldé-6 are divided by the fluence and the
absorption cross section at 248 nm. The lineadprasents the probability for an H®@ be from
the photoproducts originated by photolysis. If wengider that all HCO radicals were totally

converted because of the high é@ncentration, we can assume #ab, = Pyco= 0.028 £ 0.03

2.5
2.0

1.5

oo

1.0

[HO,] / 10** molec cri®

0.5

0.0 . . . . .
0 20 40 60 80 100

[Aldehyde] xo x fluence / 18 molec cn®

Figure VIII-6 Quantum yield for the acrolein photodissociation at 56mJ cm? (A) and 34mJ cm? (o). Result of the linear

regression Y=aX gives: a=0.028
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A4, CRDS conclusions
Acrolein and 3,3,3-trifluoro propionaldehyde haweb photolyzed at 248 nm in the presenceof O

and the formation of H@radicals has been observed by CRDS. This techrigadeen employed
to compare parallel different results: CO,G® signals by TLDAS and HCOby CRDS. Even
photolysing at different wavelengths (266 for thA& laser and 248 for the excimer laser), the
interpretation of the proposed photo-dissociatioechanisms are in agreement with both

measurements. Here are presented briefly the aitsmmg obtained by the CRDS experiment.

A.4.1.3,3,3-trifluoro propionaldehyde

This fluorinated aldehyde has been photolyzed withexcimer laser at 248 nm and the ;HO
originated from the reaction of the photofragmentith O, has been detected. From these
experiments, two different ways of H@rmation have been observed. The main pathwalyes
rapid conversion of HCO radical (VIII-2), represemtin the signals by the rapid rise att = 0. A
second one, clearly less important, is the reaatibthe H atoms coming from the single bond
breaking in thex position of the aldehydic group (VIII-3). The HC&ay is clearly predominant
and characterized by @pco = 0.51+£0.03, while the H way hasd&, = 0.10+0.004. From the
combination of those two pathways we obtain theealfd,;= 0.61+0.03

A.4.2 Acrolein

The formation of HQ@ in the photolysis of acrolein at 248 nm seemsdabmposed by a single
pathway, differently from the 3,3,3-trifluoro pramaldehyde. The HOrecorded came from the
HCO conversion and the quantum yield associatexdyrded for two different energies @&co =
0.028+0.001. No evidence of H@oming from the H atom were detected, probablyabse of a

too large time scale.
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B. Annex instrumental

B.1. Calibration of the mass flow controller with the Drycal system
The introduction of the gases inside the cell heenlbperformed with mass flow controllers Tylan.

In Table VIII-2 are reported the eight mass flowntollers used in the current work of thesis
reporting their field of application and theirsibahtion curve parameters. The flow meter of 5000
ml min™® was used coupled with the protection of the winsidov experiments performed with low
vapor pressure VOCs. For this category of compouwds employed the bubbler system
(paragraph 11.5.2 page 41) in which the flow of taerier gas was introduced in the bubbler by the
500 ml min* flow meter; called “bubbling” in Table VIII-2. Fothe introduction of high vapor
pressure compounds instead (paragraph 11.5.1 p@lgee¥e chosen the two flow meter “Low flows
of VOC” in order to reduced the consumption of Y{@C inside the balloon. In this second set-up
all flows were reduced and as a consequence therfleter “dilution” was substituted by “lower

dilution” in order to reach suitable concentratarVOC inside the cell.

Low High Low Low

Lower
Use Dilution  Bubbling Windows flows of flows of flows of flows of diluti
ilution
O, O, VOC (A) VOC (B)
Flow max ml/min 5000 500 300 50 300 50 50 1000
Regression a 617.2 127.5 124.09 7.35 60.8 10.9 7.5 287.5
curve b 137.8 4.8 -3 1.68 11.6 1 -3 32.7
Table VIII-2 Maximum flow and calibrations coefficients for the linear regression Y=a X + b.
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Calibration with Drycal assures high precisionhe flow estimation, but in order to be sure about
their operability we have performed a control af ttalibration in function of time (Figure VIII-8).
This protocol ensures the reliability of the flowalculations at distance of months from the
calibration. The calibration of mass flow control&hould be repeated at the same conditions after
different months. To proof the good operation of mass flow controllers here are reported some
calibration curves and their replicas in the tilhés evident that not important variation occurrad
between the measures. Great attention has beesefb@an the flow-meter called tylanB, used for
the sample introduction during the experiments lobtplysis. As is proved in Figure VIII-7 no

relevant variation on the regression curve has be&rcted in four different calibrations.

10

regression curve elements

repetitions

Figure VIII-7 Regression coefficients of the linear regression Y=a X + b for different replicas for the flow meter used for
the VOC introduction and called “low flows of VOC (B)” in 0. Gray columns are the parameter a and clear columns are

the parameter b.
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B.2. Control of the pressure gauges
The pressure inside the cell has been measureshfdr recorded signal in order to determine the

number of molecules that can occupy the voluméeftell at a certain temperature.
The pressure has been measured by two differegegaBaratron MKS) with capacity 0-100 Torr.
In order to check the response to a given pressarbave performed a parallel control on a fixed

scale of pressures.

The mixture pressure is varied, controlled and kepistant by a mechanically regulated membrane
(Leybold MR16) placed between the exit of the egldl the pumping system. As we can see from
Figure VIII-8 the measure are almost identical, wimgy that the precision of those gauges is + 0.1
Torr. The good correspondences between the twouresaprove the goodness of the measure and

ensure that the gauges remain stables all longrtalysis.

80

o
o

N
o

Exit gauge (Torr)

)
(=)

0 20 40 60 80
Entrance gauge (Torr)

Figure VIII-8 Control of the response of two gauges (Baratron MKS). Gray columns are measurement performed at the

exit and clear columns are the entrance of the cell. The result of the fitis Y=1.02 X -1.26
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B.3. Working principles of the attenuator

The energy of the UV beam can be changed modifyireg laser parameters or introducint
polarize on the UV line. At 266 nnthe energy can be changeeulating the angle and t
temperature of the"hamonic crystal but these operations are long, dtiand generates distul
on the laser profile. For this reason we prefetoedmploy arattenuator, which consists il wave
plate followed by a polarizer posed on a rotatingp®rt. The advantage chis mounting is the
possibility to reduce the power of the laser beansddecting a polarization maintaining the st

direction of the polar at the exit.

Figure VIII-9 Schematic of the quarter wave plate-polarizer effect on a left handed circularly polarized light

The incident radiation has an optical wavelengtiplgéode defined a

| = Asin(at)
If we put an half wave plate on the optical wayotigh the cell, we assist to a variation of
intensity due to a delay induced on the X axe @logv axe of the incident radiation). The wz
plate is mounted on a turning support which angle lbe adjusted manuy. If the plate has an

angle6, the slow axe will be affected by the delaymobn the componenFigure VIiI-10). Such
delay will modify the components of the A vec

Ax= Asir(@)sir{at - 77) = -Asin(@)sir(at) = —Ax

Ay= Aco$6)sir(at)
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At the exit of the wave plate the polarisationtod ector A will be turned with an anglé @rigure
VIII-10) because of the delay introduced on thevsixe.

Y=rapid axe

Y=rapid axe

x= slow axe
x= slow axe

Figure VIII-10 Visual representation of the wavelength polarization before (left) and after (right) the wave plate

The radiation exits the wave plate and encountees golarizer that will select a particular
polarization. Depending on the orientation on tlevevplate only a certain amount of radiation will
pass through the polarizer. The intensity of theid@ent radiation will be reduced by the
combination of these two elements of a factor ddjpgnon the angle of the wave pla. (

| = A?sin?(26) = I sin?(26)

In conclusion the wave plate followed by the pdlariis a very suitable set-up to modify the laser
energy at the entrance of the cell, without chagdjre polarization of the beam in the cell.

147

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Theése de Claudio Bettinelli, Lille 1, 2011

B.4. Calculation of the vapour pressure of hydroxyacetone

Due to lack of data in literature about the hydemgtone vapor pressure we have been obliged to
determine it experimentally, with the procedureortégd. The measurements have been performed
with a thermally isolated box. That box was equgppéth: an inside thermometer to check the
temperature stability during the analysis and asguee gauge for the Vp measurements. The
temperature stability has been checked before padsure vapor measurement. The temperature at
which the HA is warmed are variables from 30 to@O®ferring to our opertives conditions during
the photolysis experieces. In such a range we chiewe the thermal stability of the compound
inside the box in almost 15 minutes (Figure VIIl}1The record of the temperature in the first 15
min and the control of the thermal stability hagmeonsidered a necessary condition to start the
measurement of the vapor pressure.
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Figure VIII-11 Pressure stability inside the thermo stated box at different temperatures. 50C (), 40C (A), 38T (m).
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Figure VIII-12 Representation of the analysis made on the pressure variation at different temperatures.
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Several replicas have been performed at differahtes of temperatures and pressure recorded has
been plotted in Figure VIII-12. The calculation thle Vp as function of temperature has been

possible only assuming the hypothesis:

"The linearity is conceivable only taking a smaitdrval of temperature (30-60 °C), in which the

logarithmic effect on the vapor pressure is notrgetarkable”.

By the way, in order to verify the relation betwdée saturation pressure and the temperature, we
determine the latent heat of vaporization whicltes the natural logarithm of the pressure with the

inverse of the temperature (Figure VIII-13):
|n&:—MXLVx i—l
P R T, T

Where R= perfect gas constant; M= molecular mags; P atm; T= boiling temperature (K). As
result from this evaluation the value of Pv attémaperature of 45°C is Pv = 16.6£1.0 Torr.
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©
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Figure VIII-13 The temperature of the thermostated box versus the natural logarithm of the saturation pressure recorded.
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Résumé :

Les sources d’émission de composés organiqueslsd@aOV) dans I'atmosphére sont tres majoritairetme
la végétation, suivie par l'activité humaine. Lebras (foréts d’Amérique du Nord) émettent de gesnd
quantités d’isoprene, hydrocarbure insaturé qudadrpar oxydation & de nombreux composeés carbsnylé
dont la méthylvinylcétone (MVK) et I'hydroxyacétor@lAC). Ces COV secondaires sont eux-mémes
oxydés ou photolysés. Des mécanismes élaborésydaeddéion de I'isoprene, comprenant plusieurs desi
de réactions incluant toutes les especes secosdaigranismes des groupes de Mainz (Allemagnekou d
Leeds (Royaune-Uni)), se développent par I'ajoutidienées expérimentales nouvelles ou plus prédises.
particulier, les rendements quantiques de photplyétnis comme la fraction de photons absorbésalan
lieu a une dégradation des molécules, sont peuusonar difficiles & mesurer ou devant étre dédiits
rendement de produits secondaires.

Ce travail est une contribution a la déterminaties rendements quantiques de photolyse de composés
carbonylés. Nous avons utilisé la photolyse lasemplge a la spectroscopie infrarouge de CO ¢GH
résolue dans le temps. L'acétone, 'HAC ont ététqllgeées a 266 nm, I'acroléine et la MVK a 355 iras
rendements quantiques ont été obtenus mais dodtemtpris avec précaution compte-tenu de la passibl
absorption a plusieurs photons, dont CO observé des états vibrationnels excités constitue lavereu

La photolyse de I'acrolein et du 3,3,3-trifluoropemal, aldéhyde fluoré provenant de la dégradadiem
HFC, ont également été étudiées a 248 nm et amatygsgointement par CRDS dans un autre groupe.
Abstract :

Emissions of organic volatile compounds in the api@re (COV) are due to human activities, and mainl
from vegetation. Isoprene, which is an unsaturatgttocarbon, is emitted in large quantities by decus
trees (forests of North America) and leads by ademato carbonyl compounds, like methylvinylketone
(MVK) or hydroxyacetone (HAC). These compoundstammselves oxidized or photolysed. Mechanisms of
isoprene oxidation, comprising tens of reactiom$uiding all secondary species, are still under kigraent
(Mainz or Leeds mechanisms). They are improvednjusion of new or more precise experimental data,
like quantum yields of photolysis, which are defirees the efficiency of photons in breaking bonds.

We used time-resolved laser infrared spectroscoppled to UV laser photolysis (TDLAS) to study the
photolysis of acetone and HAC at 266 nm, and of Ma&kd acrolein at 355 nm. Quantum yields were
obtained, but they should be taken with care dueth# multi-photons absorption which occurred,
demonstrated by the observation of CO in vibratienaited states.

A joint analysis of the photolysis at 248 nm of@dem and 3,3,3-trifluoropropionaldehyde by CRDSswa
also studied. The quantum yields of different cledsnf photolysis were obtained.

Mots-clés:

Photolyse laser - Spectroscopie infrarouge - Reedémguantique — Hydroxyacétone - 3,3,3-

trifluoropropanal — Diode laser — Acétone — Méthyileyle cétone - Acroléine
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