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Abstract

Peroxy radicals are key intermediates in atmospharemistry. Their reaction
mechanism are different depending if they are fatimea polluted environment (high
NOx concentration) or in a clean environment (lo@¥\toncentration). This dissertation
deals with the reaction between peroxy radicals @itl radicals in order to better
understand the reaction scheme in clean envirorsm@tiove the oceans or tropical
forest). Kinetic studies were carried out usingefgshotolysis coupled to detection of
radical species by laser induced fluorescence tqoanLIF, for OH), and continuous
wave-cavity ring-down spectroscopy (cw-CRDS, foropg radicals). Moreover, the
reaction mechanisms of these reactions were detethliy quantum chemical methods,
such as Gaussian-4 (G4), complete basis set mé&&)(and cheap HEAT (CHEAT1)
method.

Two systems were studied with the above mentidaeldniques: CkD, + OH
and GHsO2 + OH. The rate constant and reaction mechanisimotf reactions were
determined for the first time. In addition, the GRDS technique was applied to measure
the absorption spectrum of the ¢bi and CHI in the near infrared region and to
determine the absorption cross sections of a fdectsel lines of the methyl peroxy
radical. Furthermore, a method test was carried which ensured the appropriate

quantum chemical method for these radical-radieattions.

Keywords: Atmospheric chemistry, radicals, perokgsh photolysis, laser induced
fluorescence, LIF, cavity ring-down spectroscopRS, rate constant, absorption cross
section, quantum chemistry, CHEAT1, G4, CBS-APNgaction mechanism



Resumeé

Les radicaux peroxyles sont des intermédiaires adés la chimie atmosphérique.
Leurs schémas de réaction sont difféerentes seloellss sont formées dans un
environnement pollué (concentration de NOx élewgée)lans un environnement propre
(concentration de NOx faible). Dans le cadre de&edéese la réaction entre les radicaux
peroxyles et les radicaux OH a été étudiée afinmieux comprendre la chimie
atmosphérique dans des environnements propreseésusl des océans ou dans la forét
tropicale). Des études cinétiques expérimentalégténeffectuées a l'aide de photolyse
laser couplée a la détection du radical OH paedarique de fluorescence induite par
laser (LIF), et pour la détection des radicaux p@es par la spectroscopie d'onde
continue de la cavité en forme d'anneau vers le(basCRDS). Les mécanismes de
réaction de ces réactions ont été déterminés mamdthodes chimiques quantiques,
comme Gaussian-4 (G4), modele complet de consigirase (CBS) et CHEATL.

Deux systemes ont été étudiés avec les technigeesannées ci-dessus: Gbb
+ OH et GHsO2 + OH. La constante de vitesse et les mécanismeSaid#ion pour les
deux réactions ont été déterminés pour la prenfiéseEn outre, la technique cw-CRDS
a été appliquée pour mesurer le spectre d’absarptiaadical CHO; et de la molécule
CHzal dans la région proche infrarouge ainsi que paiemniner les sections efficaces
d'absorption de quelques raies sélectionnées doatadHO.. En outre, un test de la
méthode théorique a été effectuée, qui a assunétlaode chimique quantique approprié

pour ces réactions radicale-radicale.

Mots-clés: la chimie atmosphérique, radicaux, pgiess flash photolyse, laser induced
fluorescence, LIF, cavity ring-down spectroscopRES, constante de vitesse, section
efficace d'absorption, chimie quantique, CHEAT1,, @&BS-APNO, mécanisme de

réaction
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1 Introduction

1.1 Atmospheric introduction

The atmosphere ¢ftpuog” [atmog vapour and §dadipa” [sphaird ball) is a gas layer
surrounding the Earth which is retained by the igyanf the planet. Its main role is the
protection of the Earth from the harmful UV radestias well as reducing the temperature
Oextremes between day and night thanks to the lgoese effect. In terms of temperature
evolution with heights four different layers can tistinguished namely troposphere,
stratosphere, mesosphere and thermosphere.

1.1.1 Troposphere

The troposphere, the lowest layer of the atmosphédrere the atmosphere interacts
with the Earth’s surface, is the most significamtrtipn for the living world. The
temperature decreases with the increasing altdud® this layer is mostly heated by the
energy transport from the surface, i.e., the Earthirface absorbs most of the solar
radiation and emits infrared radiation which inntis absorbed by the atmosphere. The
gas near to the Earth’s surface is heated anddises$o the convection. During the rise,
adiabatic expansion and cooling occur resultingttbeospheric vertical mixing, which
allows transport from the ground to the higheroegi The vertical mixing takes usually
a couple of days and is also influenced by the nexat
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Figure 1.1: Schematic view of the changes in the temperature thithe altitude and
the pressuré.



The pressure shows a different tendency as theeietyre, namely it decreases
constantly over the entire altitude due to the el@sing air density. A schematic view
about the atmosphere and its temperature variatitine different layers can be seen in
Figure 1.1.

The average depth of the troposphere is 17 kmthikbkest region can be found
above the tropics (around 20 km) while the thinmegion is above the polar regions
(around 7 kmd The troposphere can be subdivided into two reggi@mospheric
boundary layer (ABL) and free troposphere (FT). ABlthe region closest to the Earth’s
surface, its average thickness is around 1 kmtlwain change between 100 m and 3 km.
ABL represents the contact with the ground sur(io®l or sea). Since the ABL functions
practically as a transition between the solid quil surface and gas surface, it has
different properties compared to the bulk phasehef troposphere. Trace gases of
biogenic and anthropogenic origin are emitted theoboundary layer and the oxidation
of many species is initiated within this layer brefonixing with the free troposphere.

The troposphere by itself acts as a huge chemgeator, which is driven by the
solar radiation. The tropospheric chemistry is eéattomplex, which is a result of the
huge number of emitted species by natural (maimged, plants emission) and
anthropogenic (vehicles, industries, solvents wus®)rces. The man-made emission
increased dramatically in the last century dueh® progress of the world and the
industrialization, which initiated a lot of harmfybrocesses and reactions. The
simultaneous, excessive NOx (sum of NO and)N&hd volatile organic compounds
(VOCs) emission is the major reason of troposphgoitution leading to very serious
problems such as smog formation, acid rains, ise@a@amount of tropospheric ozone,
global warming, etc. Thus, in the last few decaniese and more attention was turned
towards VOCs and their reactions.

The pioneer work, which shows the importance ofeustnding the details of the
atmospheric chemistry of VOCs, was the publicatbout the Los Angeles smog by
Haagensmittet al.in 1952. Since that time the degradation mechanis®OCs are still
in the centre of interestSince this first study the knowledge about theaitke of the
photochemical smog formation has increased expa@tigntbecause more and more
systems and techniques are available such as srhamber studies, kinetic
measurements, air monitoring, computer modellingngum chemistry eté.

The removal of VOCs from the atmosphere can happehemical or physical

way. Considering the chemical reactions, the VO&s lze removed by photochemical

9



oxidation by OH, photolysis and reaction with otlspecies (for instance Cl, NQ@at
night), @). The result of the oxidation by OH is formatiohavganic peroxy radicals
(details in Chapter 1.3.2).

The further reaction pathways of these peroxy eddgidepend on the composition
of the atmosphere. If the reactions takes placer@sence of NQthis can lead to
photochemical smog formation and build-up of @hile in absence of NQGself- and
cross reactions with other peroxides will be thgampathways leading mostly to stable,
oxidized products The 3¢ category of the chemical removal belongs to tlaetiens
with halogens and Nfand forming halogenates and nitrato-carbonyl camge by
addition to double bonfls Since some VOCs have strong absorption bandsen t
ultraviolet and visible part of the spectrum, theoilysis has some importance as
removal process, particularly for ketones and ajdel>.

VOCs and their degradation products can be remplgsically in two ways: dry
or wet deposition. The dry deposition refers tordraoval of gases and patrticles by direct
transfer process to the surface without any pretipn. The wet deposition means all
deposition processes in which the gases and ptack removed from the troposphere
by uptake into the particle phase, i.e., the mdéscare dissolved or trapped in water. So
fog, rain, hail, snow can be the agents of thedegsition. These two processes can be
looked at as a natural cleaning mechanism of tigospheré

The lifetime of VOCs in the troposphere dependstlair structure and it is
governed either by their photolysis or by theirroiel reactivity towards OH radicals,
NOs and Q. It is important to understand the details of pheto-oxidation processes of
VOCs since it can lead to formation of new spesigsh as oxygenated volatile organic
compounds (OVOCs). Since the OVOCs have relatiosivapour pressures and higher
solubility in water, the physical removal througletwdeposition increases for such
species. They can also condense on existing pegtiehich leads to formation of
secondary organic aerosols (SOGA)

1.2 Peroxy radicals
Peroxy radicals play a key role in the chemistryEaith’s atmosphefe. They are

reactive intermediates formed mostly through tlopdspheric degradation of VOCs.
Thus, understanding the role of the peroxy radasaintermediate in the degradation
process is essential. Furthermore, the peroxy atdare also involved in the formation

of tropospheric ozone and other important secongaliytants. So, the attention was
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turned towards the chemical features and reactobmeeroxy radicals in the last three
decades. In the troposphere the formation of peradicals is mostly linked to the OH
radical, which is the most significant oxidant iaytime, i.e., due to OH radicals alkyl
radicals (R) will be formed via hydrogen abstract@nd the alkyl radical associates
subsequently with an oxygen molecule resultingénopy radical3’. Another way of

tropospheric peroxy formation is the addition of @HNG; radicals to an unsaturated

carbon-carbon bond forming a new radical which teadth & forming RQ radical§?®,

1.3 Formation of peroxy radicals in the laboratory

In the laboratory two different methods can be uegrepare organic peroxy
radicals: generating alkyl radical (R) in preseoit@. or generating directly R{Oadicals
from species which have an R@oiety’. Methods for producing R radicals can be
distinguished in three groups: photolysis, absimacind addition.

The photolysis is one of the most popular waysetoegate alkyl radicals. In some
kinetic and mechanistic studies of peroxy radicat®alkanes were used as precufsor

RN=NR+h—>2R+N R1
This method provides a clean source for alkyl raidi¢the by-product is theoxMholecule)

and can also serve for generation of alkyl raditdads are difficult to produce through
other ways, for instance is87 or CR radical’. However, the use of azoalkanes is limited
by their low commercial availability. A more easdyailable alternative is the photolysis
of organic halides.

RX+hw—->R+X R2
The most frequently used halides are the iodidedatheir easy availability and the low

reactivity of the by-product I. Photolysis of chittgs and bromides at 193 nm in presence
of oxygen has also commonly been applied to form R@icald?. Furthermore, the
carbonyl compounds such as acetone or halogenattdng can be also be used as
photolysis source for producing R&dical$®14 Their photolysis at 193 nm results in R
radicals and CO, which in presence of oxygen fo.R

CH3COCHs + hv - 2 CHs + CO R3
Finally, the photolysis of aldehydes can lead toaRl HCO radicals and thus

simultaneously producing R@nd HQ (forming from HCO in presence of".

RCHO + v - R + HCO R4
Another rather frequently used method to generatRals is the hydrogen abstraction.
RH+ X— R + HX R5

11



where X could be F, Cl, Br, OH, NQO(D) or H atom&®~28 If only one isomer of R is
required, RH needs to have either chemically ed@mtad atoms such as GHC:Hs etc.
or one significantly more reactive H atom, for exdenn the case of GCHO.

The third category is the addition of an atom mousmsaturated carbon-carbon

bond. As it was mentioned above this process is noy @nluseful method in the
laboratory but also it is very important in the asphere.

RC=CR’ + X + M— RXC-CR"+ M R 6
The methods of forming RCradicals directly can be classified in two groups:

RO:NO, decomposition and hydrogen abstraction from hyeroxides®?° The
equilibrium between R&radicals, NQ and peroxynitrates is the following:

RONO2+ M« RG; + NGO, + M R7
This reaction is not very commonly used for Rf@neration in the laboratory, but is an

important equilibrium reaction in the atmosphetealiows transportation of NOx far
away from their source through the transport of2RQy and its subsequent thermal
decomposition. More often RQ@adicals are generated in presence o MOstudy the
RO:NO-> molecule. The hydrogen abstraction from hydrop&®xs another potential
source of RQradicals.

ROOH + X— RO, + HX R8
For higher hydroperoxides several pathways exit dbstraction. Though, the RO

formation is the main channel, this method is ncean source of R{Qadicals. Another
disadvantage of using ROOH is that they tend tthbemally unstable and explosive

1.3.1 Structure of peroxy radicals

The structural features of simpler peroxy radicais well-knowd®2?1 For
formation of a peroxy radical only a carbon radi@atl a ground state-@olecule are
needed as it was mentioned before. The peroxyasdmnaver-type electronic structures
which can be explained by two unpaired electronthefQ molecule in itst-orbitals.
Considering spin density, the unpaired electropaigitioning between the two oxygen
atoms. Electron spin resonance (ESR) experimentseshthat the terminal oxygen has
two times higher proportion of spin density thae iner oxygeh Interestingly most of
the negative charge is carried by the inner oxygeved by both experimental and
theoretical studies. The explanation of this appamntradiction is that there is a
corresponding shift in the electron density which can help to understandlainge
electron density on the terminal oxydérmNaturally, the R group influences the structure

and the chemical features. If R is an electron dvalwving group it can increase the
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reactivity of the entire radical, since the pogtnharge start to build up in the terminal
O. Consequently, the electron withdrawing R groegulting higher spin density on the
terminal oxygen (more shift in the electron density) makes the peroxy radicals more
reactive. As R is becoming a more electron donagiroyp the corresponding shift in
electron density occurred in direction from theanmxygen towards to the terminal
oxygen, which influences the polarity of the peroaglicals. This finding is in agreement
with the conventional Lewis structure and electdensity theory. Let us consider a set
of calculation where the R group was in ordersC&Hs and GH7?2. The spin density
around the oxygen atoms was not sensitive for hla@ge of the R group in this series, it
was almost the same value for all three radicatsjrad 0.32 on the inner O and around
0.68 on the outer O. The dipole moment increas¢l thve growing R group from 2.894
to 3.207 calculated at MP2 level of theory.

1.3.2 Reactivity of peroxy radicals

In view of chemical reaction mechanism for peroagicals, two main regimes can
be defined: polluted environment and clean enviremmThe polluted environment is
strongly influenced by anthropogenic activity, lgwpto high NOx concentrations,
whereas the latter one contains NOx only in lowcemtration leading to a different
chemistry. Such low NOx-conditions can be foundif@tance in the marine boundary
layer or the remote troposphere. In this sectigergeral picture will be given about the
photochemistry of the troposphere by takingsGihid CHO, as example, in a latter
section the possible reaction schemes will be dsediin more detail.

The ozone formation and removal plays the centlal in the troposphere as ozone
is the main precursor for OH radicals and the aphesc chemistry of most other trace
gases is somehow linked to it. In the troposphkesanly known reaction leading to
formation of ozone is the photolysis of BBy the solar radiation (wavelength < 400 nm)

NO; + hv — NO + OFP) RO
with the atomic O recombining subsequently with O
OCP)+ O +M — Oz + M R 10

In an unperturbed environment, i.e., in the abs&id¢OCs, the ozone will react with
NO to form again N@ thus establishing an equilibrium between NO,:N{Dd Q

depending on the intensity of the solar radiatiom.the presence of VOCs, this
equilibrium however will be perturbed, leading toet formation of ozone. The initiation

is the OH reaction with VOCs, the subsequent reastare catalyzed by NOT'he ozone
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removal happens by photodissociation, reaction wiiaturated organic molecules, dry
deposition...etc.

Considering the reaction mechanism during daytihee ®H radical plays the
main role, whereas at night the di® the main component in the chemical reactiohs. T
OH radical generation is also linked to the ozdriee initiation step is the photolysis of
ozone and formation of electronically excited Onasavhich react with water leading to
OH radicals (R 11, R 12).

Oz + hv (< 330 nm)— O(D) + Ox(*4) R11

O(D) + H.0— 2 OH R 12
Most of the excited OD) are quenched by collision with another speaiesstly

with Nz or @) and form OfP) which can recombine with;@nd produce &R 10).

O(D) + M— OCP) + M R 13
Only a small fraction of GD) (up to around 10 %) reacts with® due to mainly the

low concentration of BD in the troposphere compared to the concentratiothe
guenching molecules. Two alternative ways (R 1415R are also known for the OH
formation which can play a major role dependingconditions.

HONO + v — OH + NO R 14
Alkenes + @ —» RO, + OH R 15
OH radicals will than react with alkanes (€id our example) and form an alkyl radical

(CHsin our case).

OH + CHs— H20 + CHs R 16
This reaction is the first initiation step to preguperoxy radicals (R{) The

formed methyl radicals react at atmospheric presfast (k7= 1.4 x 10%cnm’s?) with

oxygen, resulting in the corresponding peroxy raldic

CHz + O (+M) — CH302 (+M) R 17
= .
NO + O
N % ; e 0% .
RH=, / 1 RH=, J 3
J—oH | ) —OH=—X\_No
i
[
HO,
R Self- and cross ‘: R \‘ o
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Figure 1.2 : The schematic representation of the reaction in theroposphere at
and high NOx concentration. Initial ROz formation is the same in both cases.
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The scheme of Figure li2showing the different chemistry of R@dicals under
high and low NOx conditions. In polluted regione RG radicals react mostly with NO
As it can be seen in Figure 1.2 the reaction widislthe predominant reaction channel

where the products are alkoxy radical andaNO

CHz02 + NO— CH30 + NO R 18
RO radicals react rapidly with @&nd form HQ radicals and a carbonyl compound:
CH30 + O — CH20 + HO, R 19

This reaction is the principal pathway of the H@dical formation in the troposphere.
The HQ is also able to react with NO thus recycling tHe @dical and N@

HO2 + NO— OH+NO> R 20
The entire reaction cycle summary can be seen@Fhitjure 1.2.

Clean regions are almost fully exempt from anthggoc pollutions which means
low NOx concentration. In this case the reactidmesee until forming of R@radicals is
the same as in the high NOx case. Then the faROaffollows another way, since the
chemical composition is changed. The priority & self- and cross reactions of peroxy
radicals characterizes this area.

The peroxy radicals and H@an combine and undergo chain termination reaction

forming stable products, as shown in the following:

HO2 + HO2 — H202 + O, R 21
RO, + HO2; - ROOH + G R 22a
—-RO+HO+O R 22b
CH3O2 + RG; - CH:O+ RO+ Q R 23a
— CH30OH + R'CHO + O R 23b
— CH3CHO + ROH + Q R 23c

where R can also be a @Hroup.

The results of self- and cross reactions are mesdlyle products which mean the
termination of the radical chain, few pathways sashin the example R 23a however
sustain the radical pool. The schematic summatlyeofropospheric process is depictured
in Figure 1.2.

Furthermore, the role of OH should be considerednore detail since it can
influence the reaction scheme of clean environmenre than it was thought or expected
before. The lifetime of R@radicals becomes long under these conditions,rsacion
between OH and RQadicals is possible. But surprisingly there ismfiormation in the
literature about this kind of reactions, conseqlyetiitey are not considered in current

atmospheric chemistry models. In my dissertatiendignificance of this reaction type
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will be pointed out and it will be shown that wititdhis reaction we cannot describe the
chemistry of remote boundary layers. The detailthiaf reaction and possible pathways

will be explained in later Chapters.

1.3.3 Detection of peroxy radicals and possible technigseor rate

constant measurements in complex system

As it was mentioned above the atmosphere is vempéex system, so
understanding all processes is a big challengeoraatry kinetic measurements are
carried out to determine the rate constant of eteamg reactions which can help to
understand the whole picture. In addition, compomai models and quantum chemical
techniques can be helpful for the interpretatiorthef experimental results and in the
determination of reaction mechanisms.

RO radicals have high reactivity and studying thengiséry and the reactivity of
RO radicals in the laboratory asks for sensitive cigta techniques: self-reaction of RO
radicals depends on their absolute concentrationhance studying their reaction with
other species asks for a balancing between detestiositivity and time resolution. The
commonly used measurement techniques for kineti@asorement and detection
techniques for R@radicals in field and laboratory experiments Ww#l introduced in the
next Chapters.
1.3.3.1Experimental kinetics measurement

Some commonly used experimental techniques witlibeussed in this section.
1.3.3.1.1 Discharge flow technique

Producing the radicals occurs continuously in @dior indirect manner with
electric or microwave discharge in a moveable tigjein a fast flow system and is mixed
with the reaction partner in the reactor. The radi@and the reaction partner are highly
diluted in bath gas and both are pumped througlsystem with high speed. Different
reaction times between the radical and the reactmbe achieved due to the movable
injector which delivers the radicals to the faswflsystem and varying in the reaction
times is obtained by moving the injector. The cornicgion of the radical species or the
reaction products is detected at the end of thetsgawhich ensures the time-resolved
measurement through determining the steady-stateeotrations at different positions
of the injector. The reaction occurs generally s¢yualo-first order conditions, i.e., the
concentration of one reaction partner is in largeess of the other reactant. The

drawbacks of this method is the undefined mixintetbetween injector and reactor flow,
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l.e., the time zero is not well defined and thus/@how reactions can be measured to
keep this mixing time short compared to the timkesohthe reaction. Another drawback
is possible heterogeneous reactions on the walyedlsas difficulties of obtaining a
laminar, well-mixed flow, limiting this technique tow pressure experiments.
1.3.3.1.2 Flash photolysis technique

The principle of flash photolysis method is verynple, the reactants and
precursors are mixed and introduced together imtophotolysis cell at an appropriate
pressure. The radicals are formed in the cell dusutsed photolysis of the precursor,
generally by a pulsed laser (but pulsed flash laanpsised as well) and the evolution of
their concentration can subsequently be followed biyne resolved detection technique.
The main advantage of this method is that the améstand the radicals are present in the
cell in homogeneous concentration distribution. frfrethod was investigated by Norrish
and Porter who received the Nobel-prize in 1967%H&>. The timescale of the reaction
to be studied is determined by the duration ofghetolysis pulse. While Norrish and
Porter used flash lamps with a duration of a felliseconds to create the radicals in the
cell, nowadays the application of pulsed high epéagers with pulses in the nanosecond
range allows the investigation of reactions on achlmghorter timescale. Another
advantage compared to the flow tube techniqueasttie wall reactions are generally
suppressed: the reaction volume is created by pistgdn the centre of the cell. This
technique can also be used at higher pressuresawbdck compared to the flow tube
technique is the generation of the radicals: aablet precursor is not always easily
available, and co-photolysis of the reaction partren lead to complications. This
technique is very useful in the measurement ofpir@xy radicals, and hence in this
dissertation the flash photolysis technique hasihesed to follow the kinetics of the
reaction between peroxy radicals and OH radicals.
1.3.3.1.3 Relative rate technique

This method uses the simultaneous monitoring ofdwmore species relative to
each other. The ratio of the decay rate of thetamadue to the reaction with a given
radical, for instance RQafter a given reaction time is compared to theagieate of the
reference compound, considering

RO, + Reactant— Productsl R 24
RO, + Reference— Products2 R 25
The rates will be the following:

—d[Reactant]

” = k,4[RO,][Reactant] Eql
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—d[Reference

” ] = k,5[RO;][Reference] Eq 2
Since [RQ] can be considered as constant after integratidncambination of Eq 1 and

Eq 2 the following connection can be found:

[Reactant], @ [Reference]; Eq 3

[Reactantly ks [Reference]y
where [ Jthe concentration at a given timeptHe initial concentration,2 and ksthe
rate constants of R 24 and R 25. During the measemts, the concentration of reactant

' - Reactant
and reference species are followed as a functiotined. The plot ofin [Reactant],
[Reactant]g

[Referencel: . . . k .
[Referencel, must give a straight line where the slopeéé;. If the les is

againstin
known, k4 is determined. This technique is relatively easget-up compared to flow
tube or photolysis experiments, as no time resaotredsurement are needed and only the
stable reaction products need to be followed, nfmrimation about the radical
concentration is needed. The drawback of this niethpothat heterogeneous reactions
might take place, and also unknown chemistry magicur, leading to systematic errors

during data evaluation.
1.3.3.2Detection of the peroxy radicals

The above mentioned methods can be coupled toaedetection techniques
which can be classified into two groups: the opticanon-optical technique. The optical
techniques (spectroscopy) will be descripted fiveich will be followed by the non-
optical techniques.

The peroxy radicals are important reactive interiated present in low
concentration in the atmosphere so quite sensidehniques such as peroxy radical
chemical amplifier (PERCA) or fluorescence assagay expansion (FAGE) techniques
are require to quantify their concentration in #itenosphere. Furthermore, since the
typical atmospheric processes involve a large tsao€organic compounds, selectivity
in diagnostic is highly required. In order to fulfihese conditions in laboratory
experiments, different techniques are employedthénlast fifty years UV spectroscopy
was mainly used to follow the reaction of peroxdicals but in recent years the IR
spectroscopic techniques have gained ground.
1.3.3.2.1 UV absorption spectroscopy
UV absorption spectroscopy has been used for detecif organic compounds
containingr- or non-bonding electrons. These molecules artaldbsorb the energy of
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UV light and the above mentioned electrons getntel@onding molecular orbitals. The
most often observed transitions are those in witetelectrons from the highest occupied
molecular orbital (HOMO) are excited to the lowestoccupied molecular orbital
(LUMO). The electron transitions can occur as ®ngt combination of transitions.
Although, the UV spectrum of the molecule is vergdd the transitions are specific for
every single species which allows us in princigedtstinguish the different organic
species based on their UV absorption spectrum. UWiespectra of different peroxy

radicals are depicted in Figure 1.3.
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- CH30,
o 4.0x10-18; = CHs0,
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0 . :
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Al nm

Figure 1.3 : The absorption spectra of different peroxy radicalan the UV region
(between 190 and 300 nn¥Y.
Due to the significance of GB» radicals in the atmospheric degradation of

methane, there has been a wealth of spectrosdoglies of the UV absorption spectrum
of this radical from the last fifty yedr® 33 Generally, two techniques have been
employed: modulated and flash photolysis, both dopt with UV absorption
spectroscopy. These studies investigated the rathemg4 « X transition (from the
ground state to the first excited state) which fien&om a high UV absorption cross
section. But this transition to the repulsistate results in a wide, structureless spectrum
with a peak around 240 nm. The position of the geaklifferent RQ radicals is almost
fully independent from the R group, which makeéatrd to differentiate the peroxy
radical$*. In the case of C¥D. the recommended absorption cross section is
(4.58 + 0.41) x 108 cn? molecule! at 298 K. In the case of ethyl-peroxy radicals a
similar value of absorption Cross section was féurfd
(4.24 +0.27) x 168 cn? moleculée'.

Compared to IR spectroscopy where the transitiamwrobetween individual
vibrational and rotational levels resulting in ghandividual peak, in UV spectroscopy
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the broadening of the spectrum is pretty commorwéir, this approach is relatively
sensitive, while intrinsically non-selective, sintte upper state in the UV transition is
not bound resulting in broad, unstructured specfs.a consequence little or no
information about individual peroxy radicals can te¢rieved from UV absorption if

different species are present. Taking into acctl@tdrawbacks of the UV absorption
spectroscopy, the infrared spectroscopy came iotegfound in the peroxy radical
detection.

1.3.3.2.2 IR absorption spectroscopy

The infrared spectroscopy excites the vibrationsatwims, which allows the
determination of functional groups. The infraregioa of the electronic spectrum is quite
broad, and three regions are commonly distinguishear-IR (around 0.8—25m), mid-

IR (approximately 2.5-25m) and far-IR (about 25-10Q0n) region. In this work, the
detection of peroxy radicals has been carriedrottie near-IR region.

Infrared spectroscopy is based on the fact thatecubks absorb specific
frequencies (resonant frequencies) that are claistot of their structure. The infrared
light interacts with the molecules causing vibraéibchanges. Vibrations can be in the
form of a bend or a stretch for each bond. Themasbfrequencies are related to the
strength of the bond and the mass of the atomishatr @nd of it. Thus, the frequency of
the vibrations are associated with a particulamarmode of motion and a particular
bond type.

In the IR region thed « X transition cannot be applied, here the much weak
B < X (from the ground state to the second excited )sted@sition appears, since it
corresponds to the forbidden transition efd@romophore. Due to the weaker transition,
the absorption cross section in near-IR i$ 1@ times smaller than in the UV region, but
the spectrum is well-structured and sensitive éoctiiange of the R group, thus, different
peroxy radicals can be distinguish easily. With ttewvelopment of more sensitive
techniques in the last three decades, these imssiire more commonly used for the
detection of the R@radicals. During this work the electronic transitisas been used to
measure CkD; radical in the near infrared (IR) region at aro@d@8 cm' as well as the
OH stretching overtone of HQadicals at around 6638.20 ém
1.3.3.2.3 FT-IR spectroscopy

This technique is an absorption spectroscopic ntetfibie light source is not a

monochromatic beam, but a broad band beam congamiany frequencies. The IR
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radiation passes through an interferometer whicdus a combination of frequencies.
The modulated light passes through the sampletartcansmitted intensity is detected.
This measurement results one data point on therspecThen the path length of the
beam is modified so another combination of freqieswill take part in the measurement
and the sample is irradiated again. The processpmsated several times so several data
points are measured which are analyzed by a comipsitey Fourier transformation (FT).
This technique has numerous advantages such a$ $péspectrum measurement, easy
and accurate data processing. Its main drawbaekbatow sensitivity and the difficulty

in obtaining a time resolved absorption spectrum.

1.3.3.2.4 Wavelength-modulation spectroscopy (WMS)

This technique is similar to the direct absorpspectroscopy, but the wavelength
is additionally modulated by a rapid sinusoid agjffrencyF. The interaction between the
rapidly modulating wavelength and the nonlinearogbison feature gives a rise to
harmonic components in the signal which can beatsdl by a lock-in amplifier. The
Fourier analysis of the transmitted light intenshpws the components of the signal are
F, 2F, 3F.. etc. In general, the second harmogi€)(is used because its signal is strongly
dependent on the spectral parameters and gas fespdihe WMS technique is very
selective and sensitive but the low intensity & fide bands2f, 3F... etc) can cause
problems for high concentrations.
1.3.3.2.5 Cavity ring-down spectroscopy (CRDS)

About the cavity ring-down spectroscopy only a v@mgrt summary will be given
here, but it will be explained in details in Chapel.1. The CRDS is a highly sensitive
optical spectroscopic techniques which is widelgdusor measurements of gaseous
sample. The measurement based on that the samptebakthe light at specific
wavelengths so the quantity of the absorbing sperae be determined.

The typical CRDS set-up consists of a light sowtech is a laser, an optical
cavity which has two entrances covered by two lyighflected mirrors and a detector.
The laser beam enters to the cavity, and trappeze ttue to the highly reflected mirrors,
only a little portion of the light can leak out fnothe cavity. Then the laser is turned off,
in order to allow the measurement of the exponkytikecaying light leaking out from
the cavity. During the decay, the light is travadliback and forth several times between
the mirrors giving a very long pathway (arounda f&n depending on the reflectivity of
the mirrors). If some species are in the cavityotabsorbs the light, the decay will be

faster. The CRDS technique measures how long ésté&br the beam to decay to 1/e of
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its initial intensity, and this so called ring-doviime can be used to determine the
concentration of the absorbing species.

There is a big advantages of CRDS compared tottier absorption techniques.
It is very sensitive due the long path length.
1.3.3.2.6 Mass spectrometry (MS)

The mass spectrometry is one of the most popubdytral tools due to its wide
range of application and its sensitivity, sinceanh be used for analysis of organic and
inorganic compounds and in principle all specias lsa detected. The principle is very
simple: the sample is vaporized and ionized. Tihe will be separated by their mass to
charge ratio using an appropriate separation tgaensuch as an electric or magnetic
field. The detection can occur by an electron rpliéir in a time-of-flight spectrometer
or by determining a resonance frequency in a quuelspectrometer.

The ionization method can be very variable, suclelastron ionization (El),
chemical ionization (CI) or photo ionization whiare typically used for gas and liquid
samples, and electrospray ionization (ESI), matggisted laser desorption ionization
(MALDI) applied usually in the case of liquid andlisl sample. For the measurement of
atmospheric gas samples the most often used imnzachnique is chemical ionization
because fragmentation is mostly avoided, thus siyid the obtain spectrum. During
Cl the sample is mixed with large amount of a reagas containing ions, for example
H3O" in the very popular proton-transfer-reaction (PT&hnique. Through collision of
these ions with species contained in the sampléngaisig a higher affinity for the ion
(H* compared to kD in the case of PTR), a chemical reaction takasgphnd, in the case
of PTR, the H-ion is transfered from the3" to the trace species. Cl can be used to
form anions or cations, in both cases the main mdge of CI is that only little
fragmentation occurs and thus the identificationhef species is much easier. Also, the
instrument is robust, easy handling and easy tsp@rt, making it an ideal instrument
for analysis of atmospheric trace gases during fiaimpaigns.

Following the ionization, the analyzer could beeveral types, the most common
are time of flight (TOF), ion traps (IT) and quagale mass analyser. In the case of TOF
the formed ions are accelerated by an electrid fiekh known strength. Due to the
acceleration every ion has the same kinetic enleuagyheir masses are different so their
velocity, which depends on the mass to charge,rafiibbe also different. The time it
takes for the ion to reach the detector is measénedbn trap is a combination of electric

and magnetic field which is used to capture thegddhion. The time that the ion spend
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in the “trap” is determined by their charge and snd$e schematic working principle of
the quadrupole analyser is the following: the ipass through oscillating electric fields
created by four parallel metal rods. At any giveagtiency of the electric field, only ions
having one specific mass to charge ratio can gatir between the rods.

1.3.3.2.7 Electron spin resonance (ESR) spectroscopy

This technique is working according the same pplecias NMR (nuclear
magnetic resonance) but here the spin of electsomscited through radiation following
its splitting by a strong magnetic field insteadtloé spin of nuclei. There is a given
limitation in the application of this technique nalsnat least one unpaired electron is
necessary for the measurement. For measuremenDofdglicals the matrix isolation
ESR (MIESR) technigue has been used. The matratiso is carried out as following:
the sample diluted in bath gas containing a cormtdasspecies such as® or CQ is
sprayed over a copper finger cooled by liquid mj&no and housed in a stainless steel
vacuum chamber. The inlet is a small orifice an e pressure in the vacuum chamber
decreases to YOmbar and the radicals are frozen together witrctimelensable species
into a matrix. The analysis takes place by ESRadiantage of this technique is that the
ESR is not selective enough for the Rfdie to its similarities in the electron structure.
So the spectrums of RQadicals are overlapping whereas theH@d RQ are well
distinguishable with this technigtfeThe big advantage of MIESR instrument is not only
being a highly sensitive technique but it can beduduring field campaign also. However
this technique is not useful if time-resolved measents are desired.
1.3.3.2.8 Peroxy radicals chemical amplifier (PERCA)

The chemical amplifier system measures the suteo€dncentration of all types
of RO, and HQ together. They are converted to N@a chain reaction. It relies on the
HO«-catalysed oxidation of CO and NO to £€&nd NQ. The reaction cycle which
characterizes the PERCA measurement is the folpwimgh concentration of NO and
CO is present in the reaction tube: the NO engheesonversion of R€and HQ to OH
(and additionally N@). The reaction cycle is amplified by the large mpitees of CO,

converting OH radicals rapidly back to KiQ’he summary of the whole cycle is:

OH+CO—-H+CO; R 26
H+ O+ M— HO2+ M R 27
RO,/ HO2, + NO— NO> + OH/ RO R 28

The detected species is the concentration of. N@e cycle is relatively fast, because

high CO concentrations are added (around 10 %)theadconcentration of NLIs,
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depending on the conditions, 50-150 times highenpared to the initial concentration
of RG, in the sample. The NQletection is generally done by either chemilumieese
or laser induced fluorescence (LiFpr CRDS.

The most significant disadvantage of the PERCA& the HQ concentration
cannot be differed from the R@oncentration, and furthermore, the differentiatad
several peroxy radicals was also not possible.r&eent studies have reported different
heterogeneous loss rate of H@nd RQ. The HQ has greater heterogeneous loss
compared to R@which can be actively used to separate these imds lof species during
the atmospheric measurement. In a recent studyademket materials and experimental
arrangements were tested in order to investigatesitmoval efficiency versus the relative
humidity. The conclusion of this study is that t@ncentration of Hgand RQ can be
measured separately, the best results was readmex glass inlet was combined with
longer removal celf. Currently the PERCA system is besides MIESR ah@E capable
to measure R@concentration during the field campaign.
1.3.3.2.9 Fluorescence assay by gas expansion (FAGE) techeiqu

The FAGE technique uses 308 nm radiation (prodbgedarious laser techniques)
to excite the OH radicals, then the fluorescenaetected (at also 308 nm) and applied
for measuring the concentration of OH. In additid@, concentration is also measurable
simultaneously in a second detection cell by additif NO and thus chemical conversion
of HO, occurs (R 29F. The mostly used technique for excitation and ctete of OH is
laser induced fluorescence (LIF) technique.

HO2 + NO— OH + NO; R 29
Since the H@is measurable in the FAGE cell by conversion to, @t¢ organic

peroxy radicals also have the potential to be chaliyi converted to OH via R 30 and
R 31:

RO, + NO— RO + NQ R 30
RO+ QG — HO2+ RO R 31
The formed HQ will convert further to OH through R 29. So iretfirst cell the

background, i.e., the OH concentration in the sangpmMmeasured, while simultaneously
the quantity of HQor RQ is detected in the second cell. In order to asaie and wall

reactions the measurements are carried out at tesspre and low laser pulse energy,
and that is why the excitation of the OH radicalsws at 308 nm instead of 282 nm. The
FAGE is a well applicable technique in the fielitice it is very sensitive, able to measure

important components and transportable.
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1.4 OH radicals

The role of OH in the chemistry of the atmospherd more specifically in the
formation of RQ radicals has already been shortly mentioned irp@hnd..3. The daytime
chemistry of the troposphere is linked to the OHigal, making the OH radical the
primary oxidizing species in the troposphere. Muegp hydroxyl radicals are able to
react virtually with all trace species in the trepbere. Its significance originated from
its high reactivity, its concentration is on theer of 16 cn® during daytime, which is
sustained by catalytic cycles regenerating the Bttt of them can be seen in Figure 1.2.
The OH radical is forming in the troposphere thto&y11l and R 12. Its most abundant
reaction partners in the troposphere are the VOCi$ @an be seen in R 16, and this
reaction results in peroxy radical formation. Sittee OH radicals are the most significant
species of the troposphere it is important to be &bfollow its concentration and study
its reactions. In the following sections a few coomty used detection methods for
laboratory and field measurements of OH will be cdégd shortly. Some of the
techniques, which have been described earliethearsed for OH detection as well, such
as direct absorption in UV and IR region, cw-CRDE and ESR.

1.4.1 Resonance fluorescence technique

This technique is based on the absorption-emisgentroscopy and often used to detect
OH radicals. In this case the light source cons$tthe fluorescence emission of OH
radicals generated in an electronically excitetedtg microwave or electric discharge of
H-O-Ar gas mixture. The radiation is aligned to eniter detection cell. The OH radicals
in the detection cell are excited from the groutadesto the first excited state due to the
radiation of OH. Then the OH radicals relax backhe ground state by emitting the
excess energy in form of fluorescence. The maimatdhge of this method is its simplicity
and high selectivity, and besides it is cheap coetpto laser induced fluorescence. This
method is limited to the measurement of free atamd small radicals that can be
generated directly in an excited state. Other nsoreplex, fluorescing species are most

often detected by laser induced fluorescence.
1.4.2 Laser induced fluorescence (LIF) technique

The basis of this method is as follows: the taspetcies present in the electronic
ground state is excited to the higher electronatesby a photon of an appropriate

wavelength, emitted by a laser (usually dye laggiten, the absorbed photon excites the
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species into a vibrational excited state, so thexigg will not only be in an excited
electronic level but also in an excited vibratioleatel. From this higher vibrational level
the species can get back to the ground vibratiteval of the excited electronic level
through non radiative transitions. Then the specias undergo spontaneous light
emission to return to the electronic ground leVais process is called fluorescence. Dye
lasers are convenient as laser source since thguiéncy can be adjusted very accurately
to a given vibrational transition, so a large sel@y can be reached. The detection is
usually at a different, red-shifted wavelength caneg to the exciting wavelength.

In the frame of this dissertation the LIF techmdias been used for the detection
of OH radicals. The OH radicals were excited frdma first ground vibrational level of
the ground electronic level R) to the first excited vibrational level of the dir
electronically excited level (). The exciting wavelength is 282.438 nm (where a
rotational transition also occurs) whereas the \emgth of the detection (usually with
photomultiplier tube (PMT)) is around 310 nm (14da0-0, A-X transitions). This

process is shown in Figure 1.4.
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Figure 1.4: The laser induced fluorescence process of OH arour82 nm.
The sensitivity of the method depends strongly la laser intensity, furthermore the

absorption cross section of the measured speaiesitym yield, quenching... etc. The
big advantage of this method is the sensitivitye Timit of the technique is that not all
species can be detected, since not all specidaate$ce following the excitation into an

electronically excited state: dissociative exciéates cannot be detected.
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1.5 Overview of the dissertation

Chapter 2 describes the goals of the dissertaG@tmapter 3 provides a detailed
description about the experimental techniques,psetund theoretical methods used for
the entire work carried out in the frame of thissdirtation. The first part of Chapter 3
describes the experimental setup used at the Uiyenf Lille 1 for the simultaneous
measurement of RQ HO, and OH radicals applying laser photolysis coupled
continuous wave-cavity ring-down spectroscopy (cRBS) and laser induced
fluorescence (LIF) technique. The other part isceoned with the calculation methods
describing the newly developed CHEAT1 technique cwhivas used during this
dissertation for all calculations at the UniversifySzeged.

In Chapter 4.1 a description of the measurementgearaing the absorption
spectrum of CBO> in the near IR region can be found. First thetnetaabsorption
spectrum was measured by cw-CRDS around 1335 nreredfter, the absolute
absorption cross sections at a few selected wagtlsrhave been determined from
kinetic measurements. Furthermore, in Chapter He2measurement of the absorption
spectrum of the precursor GHn near-IR region by non-time resolved techniggialso
given.

Chapter 5 is about the GB.+ OH reaction. Chapter 5.1 describes the first ever
determination of the rate constant of the readdbt+ CH:O2 which was measured at 294
K by simultaneous coupling of Laser Induced Fluoceese (LIF) and cw-Cavity Ring-
Down Spectroscopy (cw-CRDS) to laser photolysisafiiér 5.2 discuss the reaction
mechanism of this reaction, which was determinequmntum chemical methods.

In Chapter 6 the measurements concerning theioeaof GHsO, + OH is
described. The rate constant determination at 288d&K50 Torr pressure is discussed in

Chapter 6.1 whereas the reaction mechanism detationns written in Chapter 6.2.

27



2 Aim of the dissertation

It was discussed in the previous chapter that #rexy radicals play an important
role in the chemical process of the troposphet®o#t polluted and clean environment.
While the influence of R®in the polluted environment is known and numerous
experimental and quantum chemical results areaailabout this, the reaction scheme
in the clean environment is much less known. Therehe question at low NO
concentration, when the self- and cross reacti@m®me predominant, if RQadicals
could also react with the OH radical, i.e., thara possibility that under these conditions
OH radicals do not react only with hydrocarbong, gmssibly also with peroxy radicals.
However, there are no experimental or theoretiatd th the literature about any R®
OH reaction, so it is not a surprise, that thistiea is not included in the atmospheric
chemistry models.

In this dissertation, the RG- OH reaction family was studied using experimenta
and quantum chemical techniques. The investigatiatarted with the reaction of the
smallest peroxy radical, G2, and OH radicals.

»  Clarifying the disagreement in the literature imgection of the absorption cross
section of CHOz (The absorption cross section is needed to deterithe rate
constant of reaction G&. + OH) (University of Lille1)

»  Measuring the rate constant of the reaction betv¢y0., and OH radicals using
laser photolysis coupled to continuous wavelengt¥itg ring-down spectroscopy
and laser induced fluorescence detection techni(iisersity of Lillel)

»  Selecting a suitable quantum chemical method wgiebs us accurate results for
radical-radical reactions in short time. (Univeysif Szeged)

»  Determination of the potential energy surface ef @+sO. + OH reaction using
composite methods such as Gaussian-4 and CBS-ARNGtadying the reaction
mechanism (University of Szeged)

»  Measuring the rate constant okHzO. + OH reaction using laser photolysis
coupled to continuous wavelength-cavity ring-dowpedroscopy and laser
induced fluorescence detection techniques (UnitxeasiLillel)

» Investigation of the reaction mechanism @HEO. + OH reaction and comparing

the results to the CG3@. + OH reaction mechanism. (University of Szeged)
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Furthermore, other questions were addressed: wghidiei situation with larger peroxy
radicals, is this type of reaction also still imgamt for larger radicals? Is there a tendency
in the value of the rate constant depending onRkgroup? How can the reaction

pathways change with the growing R-group?
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3 Experimental and theoretical methods

In this Chapter the principle and the details ef ¢éxperimental technique as well as
the details of the quantum chemical calculation #wedmain part of data evaluation used
for the entire work are described. Experiments Hsaen carried out at PC2A laboratory

at University Lille 1, while the calculations haveen carried out at University of Szeged.

3.1 Experimental technique

A complex experimental system was used for the oreasent, which consists of
a laser photolysis reactor coupled simultaneowstyo detection techniques: cavity ring-
down spectroscopy (CRDS) and laser induced fluerese (LIF) technique. In this
section the experimental set-up employed for mé&aguhe RQ and OH radicals are
presented. The set-up has four main parts: theystg cell, the photolysis laser, the cw-
CRDS system and the LIF system. A schematic viewhef experimental set-up is
presented in Figure 3.1. The characterization efset-up, the details of the CRDS and

LIF techniques and the measurements will be ex@thin the following sections.
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Figure 3.1.: Schematic view ofthe entire system, cw-CRDS and LIF technique
coupled to laser photolysis as used for all measurent in this dissertation.
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3.1.1 The cw-CRDS spectroscopy set-up

The cavity is formed by two high reflectivity mino(R = 0.99985, Los Gatos).
One of the mirrors is mounted on a piezo electandducer (P-305.00, PI) in order to
modulate periodically the cavity length by a trialag signal. This is necessary to reach
the resonance between cavity and laser waveleibthlaser source was a distributed
feedback (DFB) laser, a continuous light source diode laser emission passes through
a fibred optical isolator, then the beam passébdacousto-optical modulator (AOM),
The AOM has two outputs, one is the zero orderctifhn which is connected to a
wavemeter, and the other is the first order refbectlt is this reflection that is coupled
through a short focal length lens into the caviiyis short focal length lens allows the
beam to be focused at the centre of the cavitynfode matching, so as to excite the
fundamental TEMo mode only The optical signal transmitted through the cavity
converted into current by an avalanche effect piotte (Perkin EImer C30662E). When
the constructive interference occurs in the caartg the light intensity measured by the
photodiode at the exit of the cavity reaches a-psesset value, a trigger signal is sent to
the AOM to deviate the laser beam. Thus no lightmrthe cavity anymore and the decay
of the light trapped in the cavity is measuralte: ting-down events show up.

In order to improve the signal to noise ratio bgreasing the number of events at
a given time, a home-designed piezo tracking senib was used. This tracking unit
reverses the direction of the piezo movement as ssoan event has occurred, thus
avoiding the full scan of the piezo. With thisltdas possible to increase the number of
registered events by a factor of four comparedtexperiment without tracking seffo

In order to optimise the recording of the eventsirahouse designed event filter
switch was used. The photodiode signal and the Afder signal are connected to the
switch that allows the photodiode signal to bestged by the computer only if the AOM
trigger signal is high, i.ethe laser beam is deviated and the cavity is ianasce. The
data are recorded by a fast, 16 bit analogue atignigard (National Instruments PCI-
6259) which has 1.25 MHz acquisition frequency stthe ring-down signal is sampled
with a resolution of 800 A% Schematic representation of the cw-CRDS systesd irs

this work is shown in thEigure 3.2.
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Figure 3.2: Schematic representation of cw-CRDS system used dag this
dissertation.

Mode matching lens

3.1.1.1The CRDS equation

One of the main advantages of CRDS techniquesikotig pathway (up to several
kilometres) within a short cavity because the lighvels many times between the two
mirrors. Another advantage of the technique isdéection method itself: it does not
measure the absolute intensity of the transmitigtit las do typical absorption
spectroscopic techniques, but it measures the deoayof the light leaking out of the
cavity. This method prevents errors occurring fromensity fluctuations of the light
source in “classical” absorption measurements. [igig intensity leaking out of the
cavity decays usually exponentially, i.e., the ffiméensity falls infinitesimally close to
zero. The decay constant, namely the ring-down {neepresents the residence time of
the light inside the cavity. The ring-down timean empty cavity depends only on the

reflectivity of the mirrors and can be calculatgdthe following equation:

=L
0™ c(1-p)

Eq 4

wherero is the ring-down time of the empty cavity (s)s the cavity length (cmy;, is the
velocity of the light (cm38) andRis the reflectivity of the mirrors.

If chemical species which can absorb the lightpaesent within the cavity, the
ring-down timetaps decreases, depending on the concentration ofttberlaing species
as well as the absorption cross sectmgs at the given wavelength and will be the

following:

L
Tabs = {(1-R)+capsol} Eq5

32



wherertansis the ring-down time in the presence of the alisgrbpeciesN is the density
number of the absorbing species ®m is the absorption cross section @@ndl is the
absorption path length.

The connexion between the absorption cross sectiprand absorption co-
efficient (@) shows the next equation.

X =Cyps XO Eq 6
After the summary of Eq 5 and Eq 6 an unique foenmain be extracted for the calculation

of the absorption co-efficient.

Ri(1 1
azcabsxaz?’(rabs—;) Eq7

Here, Rrepresents the ratio between the cavity lengththadabsorption path
length, ewsis the concentration of the absorbing species. BaseEq 7 iftassandto are
measured the absorption co-efficient is known.

Since the cw-CRDS spectroscopy is an absolutenigah, reference is needed.
The time taken by the light to decay from the engatyity (o used as reference) and in
the presence of the absorbing species is measncel the absorption cross section of
the absorbing species at a fixed wavelength is knalae absolute concentration of the
absorbing species is obtained.

The ring-down time for each individual event wadedmined by a two-step
process. In a first step a rough guess estimatdohégr regression of the logarithm of
the first 20 us of the decay was calculated andl ithéhe second step the decay was fitted
to an exponential decay over seven previously deted ring-down times using a

LabView program.
3.1.2 Photolysis cell

The photolysis cell was constructed from six s&salsteel tubes internally coated
with Teflon. The tubes are connected along threpgralicular axes that pass through a
cubic central structure to form a three dimensianats with one long axis (78 cm) and

two short axes (27 cm). The schematic diagramet#lil is shown in Figure 3.3.
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Figure 3.3: Schematic view of the photolysis cellnset: the different parts of the
end flange.1: mirror holder, 2: collar, 3: plate
The end flange of each long axis serves as theo$e¢hé tube, furthermore it allows to

enter the photolysis beam (through a quartz windawvd) supports the CRDS mirror. The
end flange thus consists of three parts (showherirtset of Figure 3.3): plate (3), collar
(2) and mirror holder (1).

The plate (3) is made also of stainless steel ardirectly fixed to the cell. A
circular opening with diameter around 3 cm is ledan its centre, this is where the quartz
window is placed for the photolysis beam. The qttteeaded opening, which allows us
to fix the collar, is located directly next to thaartz window. The collar (2) creates the
connection between the mirror holder and the plgsi®icell, and it is fixed at an angle
of 4°. There is an additional tube on the collathvwdiameter around 2 mm to ensure a
constant helium flow in front of the mirrors in @ro protect them from contamination.
One end of the mirror holder (1) is fixed to thdlaoby a rubber O-ring, and a high
reflectivity CRDS mirror is mounted to the otherdernThe O-ring allows some
movements for the mirror holder which is sufficiemalign the mirror. The mirror holder
is mounted in a three axis optical support withnameetric adjustment screws (X-Y-Z
Newport U100 A) that enables to reach the beshaient.
3.1.2.1Photolysis laser

The photolysis is achieved by a high energy Krkragc, i.e., excited dimelaser
(Lambda Physik LPX 202i series) operated at 248 Tihe excimer medium is a gas
mixture which contains Kr, #and Ne (as a buffer gas). A high voltage dischasge
applied to the gas mixture, leading to formatiorthef bound (associative) excited state
of an excimer molecule (Kr-F). The ground statéhefexcimer molecule is repulsive and
thus population inversion is always fulfilled artdrsilated emission results in build-up

of a laser pulse. The laser pulse has a durati@b afs, which is much shorter than the
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reaction time of species studied in this dissenafi he maximum repetition rate that can
be achieved by the laser is 10 Hz, although duhegneasurements the laser was used
with a repetition rate of 1 Hz or less for pradtieasons. The pulse energy was between
10 and 90 mJcrh

3.1.3 Laser induced fluorescence (LIF) technique in theet-up

The other major part of the experimental techniguthe LIF system used for
detection of OH radicals. The LIF system consithe following main parts: dye laser

(and Etalon), detector, Boxcar integrator and caepisee Figure 3.4).
3.1.3.1LIF technique

The exciting laser is a dye laser (PrecisionSca®®R4-HPR, Sirah Laser)
pumped by the frequency doubled output of a Nd: ¥\&3er (Spectra Physics Navigator
Il YHP40-532QW). The dye laser is set to gener&2.4238 nm photons, which excite
the OH radicals. The light emitted by the excitdd @dicals is collected perpendicular
to the laser beams using lenses and detected theoumterference filter (308 £ 5 mm)
by a PMT. The photons are converted to an eletsigaal by the PMT, then sent to the
Boxcar integrator and transferred to the data atgpm card. Since the OH fluorescence
decays under our experimental conditions withinea thundred nanoseconds, very
accurate synchronisation of the data collectingesded. So the Boxcar integrator is
triggered by a photodiode detecting the laser pubse appropriate time window (both
length and delay with respect to the laser pulsejefined for data acquisition in the
boxcar in order to record a maximum of the fluoeese signal without adding noise and

background due to laser stray light.
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Figure 3.4: Schematic view of the whole setup involving LIF ad CRDS system
The use of an etalon appeared necessary sincelkhextitation laser suffered

from a rapid wavelength drift which resulted ira@id decrease in fluorescence intensity.
In order to ensure this condition, a temperaturdrotled etalon was installed at the exit
of the exciting laser and an error signal creatgdhe etalon is used to adjust the
excitation laser. Figure 3.5 shows the schemagicesentation of the etalon.

Photo diode 2 ~—y i

Photo diode

Neutral

density filter A
: LIF laser

Figure 3.5 Schematic representation and principle of etalon wesd during this
work 42
The incident beam passes through a thick quartdawnwhich allows the larger

fraction (~96 %) to pass through and only ~2+2 %&filected at the front and back surface
of the window. The window is thick enough to iselabth reflections, one from the front
and one from the back surface, what allows theesyuEnt geometrical separation of the
reflections. The reflections pass through a neutiesity filter. One reflection is

deflected by a prism towards the etalon and itsnisity after traversing the etalon is
measured by PD2. The intensity of the other rafhacgoes directly to the PD1 and is
used to normalize the transmission of the etaldhgéancoming laser intensity. The etalon
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itself consists of a thick quartz plate with botinfaces broadband coated, it can hence be
considered as a cavity. The transmission of thistycalepends therefore on whether
constructive or destructive interference occurfiithe etalon. In the previous case high
transmission can be observed whereas the latterleads to a low transmission. The
reflection in the etalon depends on the wavelemjtthe incident beam, the angle at
which the light passes through the etalon, thedist between the two reflective surfaces
and the reflective index of the material coverezlgbrface.

Since the thickness of the etalon is stronglydohko the temperature, the intensity
of the transmission for a given wavelength (in case the excitation wavelength for OH-
radicals) is constant if the temperature of théoetes precisely controlled. Any increase
or decrease in intensity is due to the drift in elangth and will be used to control the

laser.

3.1.4 Measurement techniques

3.1.4.1Kinetics applications

For the kinetic measurements the time-resolved maake applied. A complete
description of the experimental setup and its ‘adiah for kinetic applications has
already been published so here only a short deémeripwill be giverft. The
synchronisation of the LIF and CRDS techniquesaatg@eved by using two different
delay generators (DG1 and DG2). The DGL1 runs iatbrtriggered at 10 kHz and is the
clock of the entire experiment. It is responsildetivo important tasks: (a) it ensures the
10 kHz repetition rate of the LIF laser by sendihg trigger pulses continuously thus
resulting in 100 ps time resolution for OH concatiem profile and (b) it triggers DG2
which in turn sends the trigger signal to the exaifaser and the acquisition system. The
CRDS and LIF acquisition procedure is started imiatetly while the photolysis pulse is
triggered only after a given delay. Thus, the posiof the photolysis laser pulse is known
in both cases, relative to the start of the CRDt& daquisition time and also relative to
the LIF signals. This allows also measuring thesbas, i.e., to obtain some ring-down
events and LIF signals without the species gengiayethe photolysis pulse in the cell.
The photolysis laser needs to run at a repetit@be on the order of 1 Hz or less, so in
order to decrease the repetition rate of DG2'g@igcycle compared to DG1, a dummy
delay of 1 s or more (depending on the photolysis)ris set on an unused output channel
of DG2. Because DG2 takes only a new trigger pfrils® DG1 once the delays of all
output channels have been fulfilled, the photolysgetition rate can be set to any value.
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The delay of each ring-down event relative to thetplysis laser pulse can be calculated
from its position within the acquisition time wingoThis way, for each photolysis pulse,
a number of randomly occurring ring-down eventsda&rmined, but their delays with
respect to the photolysis pulse can be calculatee i Figure 3.6).
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Figure 3.6: The typical time-resolved cw-CRDS signal. The badme (before the
photolysis pulse) is represented by the black dotgAt O s the photolysis beam
arrives.) The red dots are the signal after the pholysis.
The number of ring-down events obtained per atitijom time window depends

strongly on the quality of the alignment and alsotlee user-set trigger threshold. But
around 100 events are commonly obtained in a the window. A typical kinetic trace
Is obtained by accumulating ring-down events o€r ghotolysis shots, leading to a total
of up to 10000 ring-down events randomly scattenesr the 1 s time window (500 ms
before and 500 ms after the photolysis pulse).
3.1.4.2Spectroscopic applications

The cw-CRDS technique can be used for measuringrpiisn spectra. Two
configurations of this technique were employed miyirihis dissertation for obtaining
spectra: in a time resolved manner coupled to labetolysis for reactive species
(CH302) and non-time resolved type for stable speciess(IChh this section these two
configurations will be described.
3.1.4.2.1 Time resolved measurements

The time resolved measurement technique is used Wigespectrum of a labile
species such as GE» is measured, i.e., the detected species is foopéser photolysis

At the spectroscopic application the part of thecsum accessible by our DFB

laser was measured by continuously changing theeagth. One kinetic decay is
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registered at each wavelength over a total timer sgal s before and 1 s after the
photolysis pulse. After accumulation of sufficiemg-down events (the user can set the
condition, for example “at least 10 ring-down eweintthe time-window 0 — 2 ms”), the
wavelength of the DFB diode was incremented by rado®.01 crit by the LabView
program. In order to improve the precision of thavelength measurement, the
wavenumber has been recorded by the LabView progtarach 10 increment only and
a polynomial fit through the entire dataset f (I) has then been used to calculate the
wavenumber for each individual measurement. A gacclracy for the wavenumber
obtained by this method is verified by comparing tfositions of water lines (always
present in the reactor through small leaks, bud alater in the bath gas helium) in the
baseline as well as in the absorption spectra thigrpositions of the water lines in high
resolution spectra such as found in the liter4tuiEhe raw data were analyzed by the
homemade LabView based Kinetic Analyzer programrii@uthe data evaluation the
ring-down times o andtang Were converted to absorption coefficients, wita imethod
explained in section “The CRDS equation” of Chaftérl.1. Once all ring-down events
have been converted to alphas, we extrapolateni @i to get the absorption coefficient
to be used in the spectrum for the given wavelength
3.1.4.2.2 Non-time resolved measurements

The non-time resolved measurement technique is wbeth the spectrum of a
stable molecule such as @Hs required, so the photolysis laser is not ndefie
measuring its spectrum. In this measurement thelibasto has to be measured
separately in the absence of the stable specien fhie absorption of the stable species
has to be recorded at the same condition. The waveber of the DFB diode laser
emission is slowly varied in the region of interbgtapplying a desired voltage in small
increments to the laser diode controller unit usirggdata acquisition card via a LabView
program. Two data files are obtained at each measamt: the first contains the ring-
down times as a function of the voltage appliedhe DFB controller, the second file
contains the wavenumber as a function of voltagkcamtains 10 times less data pairs
than the first file. At the end of the data acdiosi, all data points from the second file
are fitted to a polynomial leading to a mathemétiedation between voltage and
wavenumber. This relation is than applied to eachvidual data from the first file in
order to obtain a more precise wavenumber. Thetdzdtment was carried out with help

of home-made LabView based Kinetic Analyser program
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3.2 Quantum chemical methods

In this dissertation the quantum chemical methodsewised to investigate the
reaction mechanism of the reaction4Cii+ OH and GHsO2 + OH. First of all a method
test was carried out on a simpler systemz @HHO,. Here, a short description will be

given about the tested and used methods.
3.2.1 Composite methods

The low level of theory calculations such as HFr{té® Fock), MP2 (Mgller-
Plesset) or DFT (density functional theory) methgke acceptable results in geometry
optimization but their energy calculations arenediible, the accuracy of the data is often
not appropriate. The high levab initio calculations, such as coupled cluster methods are
the solutions of this problem. Unfortunately, theguire extremely large computer effort
to calculate the geometry and the frequency veourately. The composite methods
overcome this problem with combining several metheo they use low level of theory
methods for geometry optimization and frequenciekutation, while the energy
calculations happen at higher levels of theory. Tinest frequently used composite
methods are the CBS (complete basis set) and Gausgirc4) family such as CBS-
APNO, G3MP2B3, and G4. The composite methods aifeibseveral steps. First step
is usually the geometry optimization at acceptaddeuracy level of theory that is
followed by more single point (SP) energy calcwatiSeveral methods and basis sets
used for SP calculations, normally the low levethafory techniques are combined with
the large basis set while the higher level calooteat happen with small basis sets. In
order to be able to combine the different methaus lzasis sets several corrections are
applied. The combination of the results of the SRwations will give the final energy
which approach good agreement with the value ofitjle levelab initio calculation with
large basis set. So, the composite methods acheéatvely high accuracy through the
parametrization combined with easy and cheap cationl methods.
3.2.1.1G3MP2B3 method

The G3MP2B3 methddis a further investigated version of G3MP2 com{gosi
method®. The G3MP2 level of theory reproduces experimevddlies with acceptable
accuracy in many cases, but for certain molecules not appropriate due to the
optimization at MP2 level of theory. For larger tyss it is easier to obtain a geometry
at B3LYP level of theory and cheaper than at MR2llef theory, and the accuracy is
not worse, even slightly better in several casebea6-31G(d) levéf. Thus, the MP2/6-
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31G(d) geometry and HF/6-31G(d) scaled frequeney.8929) calculations were

changed to a B3LYP/6-31G(d) geometry and scalequérecy (f=0.96) calculations,

which created a simpler and cheaper method. Theggralculation consists of three
steps, MP2/6-31G(d), MP2/G3MP2Large and QCISD(BI&(d)) calculations. The

G3MP2Large basis is the modification of the 6-313d5@p) basis, i.e., the first row

atoms have 3df2df the second row atoms have 2p8dafization functions. In the case
of atoms the spin orbit correction (E(SO)) was dalsken into account. In order to
determine E(SO) values fits were carried out tmavwkn experimental dataset (G2/97).
Since the QCISD(T) calculation was carried out vathall basis set, and a calculation
with large basis set (G3MP2Large) happened at |devel of theory (MP2) the results

will show little deviation compared to the calcubat at QCISD(T)/G3MP2Large level

of theory. In order to handle this difference tbecalled high level energy correction is
used which is calculable from the A, B parametérsrgin Table 3.1.

E(HLC) = —Ang — B(n, — ng) Eq 8
wheren. > np, and they mean the number of electrons wittndp spin. Finally, the
last part of the G3MP2B3 energy calculation iszée point energy (ZPE), which results
from the vibrational motion of a molecular systedo, if everything is put together, the
energy calculation will be the following
Eo(G3MP2B3) = E(QCISD(T)/6 — 31G(d)) — E(MP2/G3MP2Large) —
E(MP2/6 —31G(d)) — E (50) — E (HLC) — E (ZP) Eq9
3.2.1.2G4 method

The G4 method is the newest member of the Gaussifemily, which is
modified in five ways compared to the G3 theorys#bf all the level of theory of
geometry optimization is varied to B3LYP/6-31G(2jf,As it was shown in Chapter
3.2.1.1, the B3LYP method is more appropriate &mrgetry optimization than MP2 level
of theory, and at the same time the zero pointection is also determined. The next
change is the calculation of Hartree-Fock energwitliusing a linear two-point
extrapolation schemiéand aug-cc-pWZ basis sef§. The Hartree-Fock approximation
simplifies one many-electron function of the molesuo many single-electron functions,
which can be solved. So the molecular orbitalscarsidered as a sum of single-electron
functions. It is obvious that more single-electfonctions will result in a more accurate
result, i.e., the result will be closer to the ora orbital, but we cannot have too many

single-electron function due to the increasing nucakeffort. So there is a limit (which
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is the limit of the number of single-electron fupais) as an error involved in the program,
which means that we cannot get as close to theftmeion as we could due to the
computer capacity.

Then a series of single point calculations werei@dout. The first one is based
on the fourth order Mgller-Plesset perturbatiorotigewith 6-31 G(d) basis, MP4/6-31
G(d), then other additional calculations were ealrout to determine the correction to
reach a value for the energy as precise as pos3idecorrection is needed because the
results of calculations at lower level of theoryiwiarge basis will be combined with data
from calculation at higher level of theory with dinaasis. The correction for diffuse
function is the following:

AE(+) = E(MP4/6 —31 + G(d)) — E(MP4/6 — 31G(d)) Eq 10
The correction for higher polarization functionsieeded in order to be able to combine
the calculations with differently polarized basihis correction is defined by the
following equation:
AE(2df,p) = E(MP4/6 — 31G(2df,p)) — E(MP4/6 — 31G(d)) Eq 11
The next correction is coming from the correlatimtween the coupled cluster theory
and MP4 calculation:
AE(CC) = E(CCSD(T)/6 — 31G(d)) — E(MP4/6 — 31G(d)) Eq 12
The next one is the correction for the large bssisffects, which will be the following:
AE(G3LargeXP) = E(MP2/G3LargeXP) — E(MP2/6 — 31G(2df,p)) —
E(MP2/6 —31+ G(d)) + E(MP2/6 — 31G(2df,p)) Eq 13
The first three corrections are the same as ircdéise of G3. At the fourth correction the
basis set was changed to a larger one. The otfferedice here is the replacement of
QCISD calculation with coupled cluster (CCSD(T))lccdation, which was needed
because the QCISD makes quite big mistakes in s@wes. The MP4 and CCSD(T)
calculations were used in frozen core approximaitimmwhich only the valence electrons
are considered, and the all electron correlatezutation was carried out at MP2 level of
theory.
The next correction is for the HF limit, which isfthed by the next equation:
AE(HF) = E(HF /limit) — E(HF /G3LargeXP) Eq 14
Then for atoms the spin-orbit correctiakE6o) has to be taken into account, which
results from an interaction between the electron apd its motion. The spin-orbit term

is taken from the experiments if they are availaid accuratab initio calculations. A
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novelty is that the spin-orbit correction is apgli®r molecules also with a first order
correction. In this case the values are taken foourate quantum chemical calculations.

An empirical correction called higher level corient(HLC) is also included in the
scheme which represents all of the factors notidensd at this point. The HLC is given
in the following form:

AE(HLC) = —Ang — A’ — B(n, —ng) — Cng — D(n, —ng) + E  Eq15
where A, A, B, C, D and E are given parametersisaelable 5.3, nand p are the
number ofa andp valence electrons. The -Ais for closed shell molecules, -A’- Bh
ng) is for open shell systems, -£nB(n.- ng) is for atomsE corrects for the energy of
pairs of electrons in molecular and atomic spewigsse valence electrons consist of only
one pair ofs electrons.

Finally, the zero point correction is added whislas computed during the
frequency calculation at B3LYP/6-31G(2df,p) levéltioeory. So, the full G4 energy is
the following:

Ey(G4) = E(MP4/6 —31G(d)) + AE(+) + AE(2df,p) + AE(CC) +

AE(G3LargeXP) + AE(HF) + AE(SO) + AE(HLC) + E(ZPE)
Eq 16

3.2.1.3 CBS-APNO

Since the one of the major error sourceahnnitio calculation is the truncation of the
basis set, Petersson and coworkers in 1988 devebpew method, the complete basis
set (CBS) model which includes the basis set timea@rrof®. The CBS models use an
asymptotic extrapolation to reduce the error froam¢ation of the basis sets employed
in calculation of the correlation eneffy It needs three main things for energy
calculation: basis set for each atom, CBS selfisterst-field (SCF) energy and the CBS
correlation energy. Naturally, with time the metheals improved so further corrections
were included. The general approach as it was equaabove is the following: first
determination of the geometry and ZPE at low lefdheory, then perform a series of
high-level single-point electronic energy calcudas at this geometry, using large basis
sets for the self-consistent field (SCF) calculationedium basis sets for the MP2
calculation, and small basis sets for the highdeocalculation®. In the components
selection the computer time and the error playrgyortant role. The CBS-APNO method
uses the APNO (atomic pair natural orbital) bagisfer asymptotic approach of the
complete basis calculation. The APNO is a largesbast which consists of many

polarization functions.
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The geometry optimization occurs in two levelslhafdry, for a pre-optimization
the unrestricted HF / 6-311G(d) level of theory aaplied with scaling factor 0.9251,
which is followed by a frequency calculation at #ame level. Then a re-optimization
occurs at QCISD/6-311G(d) level of theory. Thenesal/single point calculations are
carried out at different level of theory. The higheder correlation is obtained at
QCISD(T)/6-311++G(2df,p) level of theory. A sizensistent high level correction, the
empirical correction can also be observed. The @BSIO method takes into account
also the core-core and core-valence electron ativak (calculated by CBS2), which
appear in the CBS-APNO energy as core correlatengy.

Although, the CBS-APNO model gave a very good improent over otheab

initio calculations, the method is limited by its protit@ computational cost.

3.2.2 CHEAT1

The CHEAT1 method is a simplified form of HEAT348)¢, which is robust,
highly accurate and is significantly lower in congtional cost compared to the
HEAT345-(Q) method. The protocol consists of théofeing steps:
3.2.2.1Geometry Optimization

The geometries were optimized at the CCSD/cc-pVé&dell of theory?™>*
applying the ‘tight’ convergence criterion of thawsian program package. The normal
mode analysis at the PES stationary points wasedaout using numerical second
derivatives. Harmonic frequencies were scaled hactor (f) of 0.941 (with 0.119
uncertainties) according to the CCCBDB databases Vidue was obtained from a linear
fit of 60 experimental vibrations from 27 moleculekere, the CCSD/cc-pVTZ geometry
and scaled vibrational wavenumbers were used imhstédahe unscaled CCSD(T)/cc-
pVQZ frequencies used in the HEAT345-(Q) protocol.
3.2.2.2Energy Extrapolation

Similar to what was done in a previous wdr&f the group, the non-relativistic
limit was approximated in the following way. Theadh-point exponential extrapolation
of FelleP® was appliedAE%}. ), where the HF energies were obtained from catiaris
using the cc-pVXZ basis séfts8wherein X = D, T and Q). The two-point>unction
form was used for the estimation of the correlagioargies using CCSD(?Jwith triple

and quadruple zeta basis seAcEggSD(T)). This latter choice usually yields relative

energies that are similar to those obtained fromXh= D, T extrapolation, which was

44



also the case here. The HF extrapolation results eempared with those obtained using
the cc-pV5Z basis set, and it was found that tiferéinces in the predicted HF barriers
were always less than 0.4 kcal / mol. The effeatsiig an augmented basis set on the
correlation energy was also studied using the augwXZ basis sé&t>’with X =T, Q,

as well as X = D, T, Q used as a reference. Therdiice between the extrapolated
energies obtained from the cc-pVXZ and aug-cc-p\b&8is sets was quite small: the
maximum deviation was 0.4 kcal / mol, but the agerdeviation was only0.1 kcal / mol.
Therefore, the independence of the extrapolatedgesefrom the basis sets used was
satisfactory. In short, the HF extrapolatiaxEf%) is based on the augmented double-,
triple- and quadruple-zeta basis sets, while tigersnted triple- and quadruple-zeta basis
sets are used in CCSD(T) extrapolatidE§¢sp r))- The frozen-core approximation was

also utilized in the CCSD(T) calculations.

3.2.2.3High-Level Corrections
The contribution of the triple excitation to theeegy AE ¢¢cspr)) and high-level

correction AE 4, ) energy can be the most important terms in HEAT@2p and in our
protocol they are estimated as using the followirethod:
AEccspery + AEpic = AE(r)_1(q) Eq 17
AE ) gy = E(CCSDT(Q)/cc — pVDZ) — E(CCSD(T)/cc — pVDZ) Eq 18
As will be demonstrated later, this single-refeeetreatment is found to be sufficient due
to the contribution of connected higher excitatiomsrporated by using a perturbative
ansatz. The sum of the remaining terms of the HE&SFE)) protocol is approximated
as zero AE,,; + AEpgoc + AEg, = 0). Neglecting the latter terms may decrease the
accuracy of the computed heat of formation usirgatomization scheme, but we see
evidences that it is able to provide accuratative energies for organic species. Indeed,
relativistic effects evaluated by Douglas-Kroll-ldeDKH) fourth-order relativistic
calculations that employ spin-orbit terms computeing HF/cc-pVTZ single-point
calculations show that its contribution to the tiglaenergies is less than 0.3 kcal / mol.
3.2.2.4Vertical Excitation Energy
In order to check the possible low-lying electroexcited states, the calculation
of the first six vertical excitation energies (VE®as performed using the equation of
motion coupled cluster singles and doubles (EOM-BQ8ethod®-%2with the cc-pVTZ

basis set according to their reference electra@ie ge.qg. first six VEEs of th€, was
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obtained using singlet reference electronic statbthat of theéO, was obtained triplet
reference electronic state). Calculation of the \\E&n important element of the present
protocol, although it has no direct energy ternpréivides information about low-lying
excited states which is otherwise only availableéh@ literature for simple species, in
spite of their significance to kinetic studies. Téecurate estimation of the electronic
partition function, @ is usually an issue in kinetic investigations,iahhcan be done
using our simplified protocol. In addition, it alsdumbrates the possible importance of
the higher excitation to the correlation ened¥)_rq)-

Finally, the zero-point corrected energy of thiaglified protocol can be given as:

Eocupar1 = ERy + EggSD(T) + AE(ry_1(0) + AEzpvE Eq 19

For simplicity, the above mentioned protocol iereéd as CHEAT1 method in this study
due to its similarity to HEAT345-(Q). According tour preliminary results,
the CCSDT(Q)/cc-pVDZ calculations on an open-skgitem containing 41 electrons
with C; symmetry can be carried out within a month of wiatle, while the single-point
calculation for the current system can be perforinddss than a day on a single CPU.

The largest computational cost of CHEAT1 methoithésgeometry optimization
at the CCSD/cc-pVTZ level of theory. In order tadia robust alternative, transition
states calculated by several functionals as imphedein Gaussian09 (B2PLY®
B2PLYP with the D2 version of Grimme’s dispersienntf* (B2PLYPD), B3LYP>
BHandHLYP, BMK®® CAM-B3LYP®®, M06-2X ’°, M06-HF' "2 M06'2, MPW1PW91,
THCTHhyb and TPSSh and MP2 using cc-pVTZ are coegpwind compared with
CCSD geometries obtained within the frame of theeBM1 method.

Furthermore, the CHEAT1 performance was comparetidse computed with
standard composite methods and literature valuss composite methods applied to the
CHs+ HO; reaction system are as follows: CBS#Nf'4 CBS-QB33 CBS-APNJ?,
G2%, G37, G3MP2B3° G4'7, WiU>° and W1BD°. A reasonable modification of the
CBS-QB3, CBS-QBHH was also tested, where the B3BY3/1G(2d,d, ®** geometries
were replaced by the ones obtained with the BHant®tc-pVTZ level of theory. The
quantum chemical calculations were performed wite Gaussian09 program suite,

except the single-point energies for t€y_r o term, for which a combination of the

MRCC 2" and Molpro2010.%* *2program packages was used.

aThis notation means three-field polarization: @duitional d polarization functions on the secoods
atoms, one d function on the first row atoms apdanction on hydrogens.
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Table 3.1:Summary of the used quantum chemical methods.

G3MP2B3 G4 CBS-APNO CHEAT1
Geometry g :;Iié%) B3LYP/6-31G(2df,p) (?(5@5%1361(3 ()Bf:j) CCSDl/cc-pVTZ
HF/6-31G(d),
HF/6-31+G(d),
HF/6-31G(2df,p),
HF/G3LargeXP, QCISD(T)/6-
%‘_:3'?228/ HF/Limit, MP2/6-31G(d),|  311++G(2df.p).
Single point MP2/6-31G(d) MP2/6-31+G(d), MP2/CBSB6, CCSD(Q)/cc-pvDz
energies MP2/ MP2/6-31G(2df,p), HF/CBSB5A, CCSD(T)/cc-pvDZ
G3MP2Large MP2/ G3LargeXP, MP2/CBSB5A
MP4/6-31G(d),
MP4/6-31+G(d),
MP4/6-31G(2df,p),
CCSD(T)/ 6-31G(d)
Spin-orbit Atomi . Atomic species and .
. omic species - negligible
corrections molecules
Molecules
Molecules A=6.947 Calculated
A=10.041 A'=7.128 CCSD(Q)/
Higher-level B=4.995 B=2.441 Empirical correction
correction Atoms Atoms -1.74S |41 cc—p\;DZ—
C=10.188 C=7.116 CCSD(T)/ec-pvDZ
D=2.323 D=1.414
E=2.745
Zero point
energy B3LYP/6-31G(d) B3LYP/6-31G(2df,p) QCISD/6-311G(d) C6D/cc-pVTZ

3.2.3 Method test

Reaction CHO, + OH is a radical-radical recombination reactiadnwhich

description is a real challenge both experimentalig theoretically. In the literature only

a few paper can be found which studies similaresyst but they use mostly lower level

of theory calculatioff®2 Since higher level calculations were plannedetegnine the

PES as accurately as possible, which can be coatgdidn the case of radical-radical

reactions. So a method test was carried out, wenaraaller, similar test system, €H

HO> was used. The reaction channels were the following

One of the possible reactions is the fast radiadieal recombination of H&aNdCHa:

CHsz + HO, —» CH3;0O0H
The formed hot methyl hydroperoxide (6§BH) can be stabilized by collision or it can

undergo O-O bond scission, resulting in the fororatf two other important combustion

intermediates, the methoxyl and hydroxyl radicals:

CH300H— CH30 + OH
Alternatively, direct dissociation to formaldehyaled water can take place:

CH300H — CH20 + H.0

R 32

R 33

R 34
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Another competitive reaction is the H-shift of mdthydroperoxide, resulting in the
formation of singlet methanol oxide, GBIHO:

CH300H — CH3OHO R 35a
Thereatfter, this intermediate can decompose intbanel and the reactive triplet oxygen

atomvia dissociative intersystem crossing (ISC):

1CH30HO — CHs0OH +30 R 35b
Moreover, methyl hydroperoxide can also isomeiz@éthylene glycol by simultaneous

OH- and H-shifts.

CH300H — HOCH20OH R 36a
Water elimination from methylene glycol can alssulein the formation of formaldehyde

and water.

HOCH20OH — CH20 + H.0 R 36b
The consecutive occurrence of reactions R 36a aféiRcan be considered to be the

indirect water elimination of the GBOH species.
Furthermore, molecular hydrogen and the singletdizal, methylene peroxide (Criegee
formaldehyde oxide) can also form from the methydroperoxide:

CH300H — CH20 + H.O R 37
It is important to mention that the last three efeda have not been considered in previous

investigations. In contrast to this, the hydrogéstaction of the methyl radical from
HO: involving two different electronic states is quitell-known. In the triplet state, the
first elementary step is the formation of a weak dar Waals (vdW) complex, which is
followed by H-abstraction and results in the forimatof methane and the triplet
molecular oxygen:

CHz + HO; — CHz x HO, — CHa+ 30; R 38
However, singlet H-abstraction from HQesults in the direct formation of singlet

molecular oxygen and methane, since no stable gaMthals complex is identified in
this case.

CHz + HO; — CHs+ 102 R 39
The complete reaction mechanism is summarized her8e |.
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CH;0'+-OH
/ CH;OHO —® CH;0H + %0
CH + |[O —» (H, 0()“

CH,00 + H,

CIMIO HOCH OH

CHy + 0, U-IO+HO

Scheme 1The detailed outline of the CH + HO2 reaction system
According to previous theoretical studi®¥ the energetic description of

the CH + HO, system is complex, since both singlet and triptdential energy surfaces
(PES) must be considered, and the higher exciasbould be taken into account. In this
work, a newly-developed, HEAT345-(Q)-based higheleab initio method will be
introduced whilst computing the potential energyfate of the CH + HO; reaction
system. This will provide a general, single-refeeeibased accurate description of this
system, and yield reliable information for kinetimdeling. However, the calculation of
overall rate constant is omitted, since these tesan be sensitive to the combination of
the rate theories used for the kinetic modelinghd$ been shown previously that the
combination of several assumptions in differentekin theories may produce different
values in rate constant calculatiéf:

3.2.3.1Reaction Channels

Considering all the transition states depicted igufe 3.7, four groups can be
distinguished: water eliminatiodia four-centreed transition states (TS3 and TS5b),
hydrogen shifts (TS4a and TS5a) including simulbasse OH- and H-shift (TS5b),
molecular hydrogen eliminatiovia a transition state with five member ring (TS6) and

two transition states of H-abstraction reactionS{Bnd TS8).
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r2(C-0)= r(0-H)= 1(0-H)= Jd
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Figure 3.7: Structure and symmetry of the transition states othe reactions
between CH and HOz, optimized at the CCSD/cc-pVTZ level of theory. Ditances
are given in Angstrom (A).
The transition state of the water elimination fromethyl peroxide (TS3) was

found to be €symmetric (Figure 3.7). In this structure, theaiiag O-O bond is quite
elongated (1.925 A) compared to the equilibrium @@d length and the migrating
methyl hydrogen is relatively far from the oxygerQiH (1.461 A). In contrast, the other
water elimination TS structure, the asymmetric TSSbmore compact. The distance
between the carbon and the oxygen, r(C-0), is dr§83 A and the r(O-H) bond is just
1.149 A.

The critical structure of the transformation of mgthydroperoxide to methanol
oxide, TS4a, is more product-like, since the distdmetween the H-atom and the terminal
oxygen is 1.345 A, while that is just 1.035 A frahe other oxygen. To the best of our
knowledge, this H-shift transition state is chagaized here for the first time.

The formation of methylene glycol from methyl peidex utilizes the TS5a
transition state. In this case, the migrating Oblgris about 2 A from the formaldehyde
substructure of the transition state. On the oppasile of the formaldehyde skeleton, the
shifting H-atom is roughly 1.34 A from the closestygen and carbon atoms. All the
moving atoms of the TS5a structure are in a placep for the H of the migrating OH,
which makes this TS {ymmetric.

In the case of the Helimination involved in the TS6 structure, the\ieg

hydrogen atoms are as close as 0.866 A from edeh and the rest of the structure is
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similar to methylene peroxide. The long C-H (1.79land O-H (1.465 A) bonds also
indicate that TS6 is more product-like.

Comparing the two critical geometries of H-absimatby CH (TS7 and TS8),
the length of the forming C-H bond in the §ymmetric triplet transition state (TS7) is
less than that in thex@ymmetric singlet one (TS8) by 0.102 A. The borihg broken
in the co-linear triplet TS7 is longer than thathie bent singlet TS8 by 0.060 A.

20
TS8 (8.7)
0 187 CH,+OOH (0)...""" 1854 . TS8(1.5) |,
i 8 viw e oy TR
1 CHO+OH isc 2 A - (-4.4)
204  (-23.5) n‘::};,.(~-141~)éH oj;ia(m')* : (mi
= T CH30H+30:,'“."'“~».;,,( 22.8) o
g 40 - (-25.7) :;' - CH+O,
= | (-32.9)
© _—
L 604 cH+o,
w’ (-55.3) CH,00H !
< 804 (-66.9) Tssb
-100 4 A
-120 -
] HOCHOH ¢y Gvm0
40 JCHEAT (1283) 1224,

Reaction Coordinate

Figure 3.8: The potential energy diagram of CH + HO2 reaction system calculated

by the CHEAT1 protocol.
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Table 3.2:Relative zero-point corrected energiesEo) in kcal / mol. Maximum
absolute deviation (MAD) and mean unsigned deviatio(MUD) from CHEAT1 are
also given.

Relative Energy (kcal / mol)
Stationar Zhu and Jasper CCSD(T)/aug-cc-p\woZ//
Points / Lin 84 et a?.% CC(:S)D/cg-pV'IQZ CHEAT1 Ref®
CHs+ HO> 0.0 0.0 0.0 0.0
CHsOO0OH -70.5 -67.11 -66.8 -66.9 -66.8+1.0
OHCH:0H -128.5 -128.3
CH20 + H-0 -126.1 -122.88 -122.3 -122.4 -121.8 £ 0.
CHa4+ 102 -29.4 -25.56 -325 -32.9 -32.85+0.1
CHa4+ %02 -58.2 -54.8 -55.0 -55.3 -55.4+0.1
CHz0 + OH -24.8 -24.47 -23.8 -23.5 -23.8+0.5
!CH30HO -22.8 -22.8
CH3OH + 30 -26.2 -25.7 -25.9+0.1
1CH200 + H2 -2.8 -4.4
vdw -1.9 2.9 2.1 2.4
TS3 -24.1 -19.33 -18.8 -19.9
TS4a -17.4 -17.8
TS5a 2.2 0.3
TS5b -85.0 -85.1
TS6 2.4 1.5
TS7 -0.7 -1.9 -0.9 -1.8
TS8 4.1 20.2 (8.9 11.3 8.7
11.5(7.3)
MAD ¢ 4.6 [1.0]8 2.6
1.5 (1.0}
MuDe® 2.3 [0.3]9 0.6
MAD(Calc.-
exp.(Burcat)) 4.3 7.3 0.5 0.6

& Electronic energy is corrected according to the \ilsBBEh EOM-CCSD(T)/cc-pVTZ calculation.
b: Computed using the CCSD(T)/aug-cc-pVTZ//CCSD(Tiyac-pVDZ level of theory.
¢ Obtained at the CAS+1+2+QC/CBS//CASPT?2/aug-cc-g\Vavel of theory.

4 ThedEm-T( correction was calculated using cc-pVTZ Jor.
€ Compared to CHEATL1.

9 The values in parendissertation include the vaifié®, and the CAS+1+2+QC/CBS//CASPT2/aug-cc-
pVTZ results for TS8 are included for comparison.

f:Thevalues in squared bracket exclude the valué©ptind the CAS+1+2+QC/CBS//CASPT2/aug-cc-
pVTZ results for TS8 are included for comparison.

Recently, Klippenstein and coworkers provided aemappropriate PES (and
kinetic modelling) using multiple levels of theowhere extrapolated QCISD(T),
extrapolated CAS+1+2+QC and CCSD(T)/aug-cc-pVTZrgies were reported on
B3LYP/6-311++G(d,p), CASPT2/aug-cc-pVTZ and  CCSDdup-cc-pvDZ
geometries, respectively. MAD of their best estiniatnot more than 1.0 kcal / mol if
the issue with the singlet molecular oxygen is tedi{discussed later in Chapter 3.2.3.3).
As it is also shown later, B3LYP is unable to lecdtS7, which can explain the
replacement of the extrapolated QCISD(T)//B3LYP18-8+G(d,p) energies by the
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CCSD(T)/aug-cc-pVTZ/ICCSD(T)/aug-cc-pVDZ ones foe tritical point on the triplet
surface (vdW, TS7 and GH- 30y) in Ref®. In the case of TS8, it was demonstrated that
the higher excitations have important contributibmgshe relative energy. In order to
address this issue, Jaspeal.considered TS8 as a multi-reference system rétheran
electronic structure problem that can be descrilpedperly by single-reference
treatmenrft®,

A discrepancy is found in the relative energy af ®H, + O, value obtained
from the Burcat database (-32.85 kcal / mol), whsckignificantly lower than the result
of Jaspeket al.(-25.56 kcal / mol) and of Zhu and Lin (-29.4 ktahol). The reason for
this inconsistency can be explained by the inappatgtreatment of symmetry for the
singlet molecular oxygen electronic state. The afsdefault options in many quantum
chemistry program packages can cause the calausatioconverge in the second excited
state {£*y) instead of the first one {()(,g)). As Table 3.%hows, using the vertical
excitation energy as a correction to the CCSD(THearp\VoZ//CCSD/cc-pVTZ energy
(-32.5 kcal / mol) enables this method to agreehwthe literature value
(-32.85 kcal / mol). Such an unconventional corogcts unnecessary in the use of our
protocol since the CCSDT(Q) calculation addreskesproper treatment of the higher
excitations and provides an accurate reaction grferghis channel. The high-levab
initio relative energy obtained with CHEAT1 (-32.9 kcaldl) agrees very well with the
value obtained from the Burcat database (-32.85/kval)®°.

The PES obtained by Jasparal. differs from the PES calculated by CHEATL1
method in three reaction channels (Figure 3.8). Trhesition state (TS4a) of the
formation of methanol oxide species from $CHDH is the lowest lying of the three, with
a relative energy of -17.8 kcal / mol with respecthe energy at the entrance level. The
product of this H-shift, CEDHO, has 5 kcal / mol less energy than the TS4wesitian
state. The structure of this intermediate is preskmFigure 3.9

d(0-0-C)=
‘ 107.4
r(0-0)= é‘
1.496 r(C-0)=
& 1.441 “)

Figure 3.9: The structure of methanol oxide, CHOHO. Distances and the angle
are given in A and degrees, respectively.
Besides the exotic trivalent oxygen of methanoldexithe O-O and O-C distances in

CH3OHO do not differ from the corresponding value<éf:0H and HO», therefore it
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is unlikely to be an artifact of the CCSD/cc-pVTgtimization. Indeed, the existence of
its smaller homologue, water oxide »B), has also been demonstrated by
neutralization-re-ionization mass spectrometry expents. Its dissociative intersystem
crossing (ISC) can result in the formation of thglét oxygen atom and methanol, which
is slightly lower in energy (-25.7 kcal / mol) coarpd to the energy at the exit channel
of CHzO + OH (-23.5 kcal / mgl The crossing point of the singlet and the tripleface
(ISC) was determined by a non-relaxed scan of itkamte between the two O-atoms
with step size of 0.05 A starting with the @HO structure (Figure 3.9). Singlet (S) and
triplet (T) energies are computed at the CCSD(Tp¢@Z level of theory and the:T
diagnostic values were also calculated. The twerng@l energy surfaces cross each other
at the -14 kcal / mol energy level relative to teergy of CH + HO,, and the O-O
distance of the structure at the ISC is 1.8 A. @miing the T diagnostic results, all
geometries have the; Value below 0.02 in the case of triplet statesgnghs in the case
of the singlet surface the; Values are around 0.025 for the structures withelaO-O

distance than that in the ISC structure.

0.025_'
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0.015 3
=" 0.010 4
0.005 3
0.000 3
30 20
25 = - 25
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°7 CH, + HO,, (0.0) [° 3
+
] , (0. L B
04 pp— Lo =
= 54 L 5 =
3 e 8
& 10+ -0 §
O 5] I1SC(~-14) L5 ©
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Figure 3.10:Singlet (green) and triplet (red) CCSD(T)/cc-pVTZ mtential energy
surfaces as a function of O-O distance. The correspding T1 diagnostic values are
in the top panel.
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The transition state for the rearrangement of nmgtbgsoxide to methylene glycol
(TS5a) is almost the same (0.3 kcal / mol) as teegy of the reactants. The product of
this reaction, methylene glycol, is found as thepdst minimum of the CJ. potential
energy surface presented here (-128.3 kcal / mb#.transition state for the consecutive
water elimination step, TS5b, has a relative enefgy85.1 kcal / mol compared to the
energy of CH + HO; at the entrance level.

The barrier height of the molecular hydrogen eltion channel is high (68.4 kcal /
mol), but its relative energy is only slightly pipse (1.5 kcal / mol), whereas the products
of this channel, the Hand methylene peroxide, have a relative energg.dfkcal / mol.
Based on the reaction enthalpies, the standardofiéatmation values are estimated for
methyl hydroperoxide, methylene glycol, methanoldexand Criegee formaldehyde
oxide, CHOO, by means of the CHEAT1 protocol and the resaéssummarized in
Table 3.3. The heat of formation values of the yletle glycol and methanol oxide are
reported herein for the first time. The calculatgg)xH® of CHsOOH matches the
experimental values from Matthews and coworkenghereas the values for Criegee
formaldehyde oxide differ more. Nguyen and cowoskedetermined the heat of
formation of CHOO using CCSD(T) extrapolation of the CCSD(T)/acep¥/TZ
geometry, which is similar to our CCSD(T)/aug-ccspX//CCSD/cc-pVTZ calculations.
Indeed, by comparing CCSD(T)/aug-cc<pX//CCSD/cc-pVTZ and CHEAT1 results in
Table 3.3, itis clear that the lar§& y_r g, of 1CH,00 is responsible for this difference
and therefore demonstrates the important contohudf higher excitations to the total
energy of this system.

Table 3.3:Heat of formation values (in kcal / mol) at 0 K ¢, xH®) and 298.15 K

(Af298.15 «H°) calculated by the CHEAT1 protocol

Ao H® Literature @, <H°) g 20815 kH®
CH;OO0H -27.5 -27.35 -30.5
OHCH,OH -88.8 -92.0
1CH;OHO 16.7 13.4
1CH,O0 26.4 28.F° 24.8

3.2.3.2 Comparison of transition state structures

Due to the simplification of HEAT, the computatiigademanding steps of
CHEAT1 are the geometry optimization and frequecalgulation steps. It was therefore
attempted to find a less computationally intensalternative. To accomplish this, the
performance of several density functionals (B2PLBPRLYPD, B3LYP, BHandHLYP,
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BMK, CAM-B3LYP, M06-2X, M06-HF, M06, MPW1PW91, TH(Hhyb and TPSSh)
and MP2 was tested for each transition state, shrestructure of a TS is usually more
method dependent than those of the reactants dugi The most critical structural
parameters and their relative unsigned deviati®®B ¢0) from the CCSD/cc-pVTZ
values are depicted ifable 3.2.

Since there is no discernible effect of the disparderm in the B2PLYPD
calculations on the transition state structurescaih be excluded from the further
discussion. The TS of the direct water eliminatiopom CHOOH (TS3) is well-
characterized by the above-mentioned methods, éxoephe M06-HF and M06-2X
functionals, which deviate from the reference getoyney 10 % and 6 %, respectively.
The TPSSh and B3LYP structures are quite similéihéaeference TS geometry. All the
methods tested here effectively reproduce the C@8a@metry of TS4a. The largest
discrepancy (5 %) was found in the case of MP2.il8ino what was observed in the
case of TS3, the M06-HF and M06-2X method also laage RD % (7 % and 9 %,
respectively) for TS5a. In this case, the CAM-B3Ly&bmetry agrees the most with the
CCSD reference structure. Similar result was okthifor the MPW1PW91 TS5a
structure. The TS5b and TS6 structures obtained the DFT and MP2 methods are in
agreement with the reference TS geometry, sinciatgest RD % values are less than 3
% and 4 %, respectively. In contrast to this, tigestructures of the H-abstractions (TS7
and TS8) are difficult reproduce with the method®di here. The B3LYP, BMK,
THCTHhyb and TPSSh functionals are unable to lota¢eTS for the triplet oxygen
formation (TS7). Besides the hegemony of B3LYP fiomal in geometry optimization,
such dysfunction of this popular functional hasrbeeported several tim&s: The
length of the bond being formed (C-H) in TS7 is pypestimated by the other methods
tested here, particularly the M0O6 and MPW1PWO9L1 fionals, since they differ by 14 %
and 19 %, respectively. BHandHLYP, M06-HF and MR2ghe best match with CCSD
(the largest deviation is less than 3 %) in thee@asTS7. In contrast to these findings,
the geometry of TS8 obtained using B2PLYP, B3LYRGVYMPW1PW91, THCTHhyb
and TPSSh functionals reproduce the CCSD geom&B % < 3). MP2 and the
remaining functionals tend to provide incorrect (bhd distances in TS8. It is worth
mentioning that there is a tendency for larger afgons from the CCSD structure in C-H
distance for both TS7 and TS8 compared to that-bf @his is true for all the methods

tested here.
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A comparison of the maximum relative unsigned diwes (MRD %) can be a
good indicator of the efficient use of the methpglaed. On the whole, the B2PLYP and
the BHandHLYP functionals would be the best chdimesimilar calculation, which
would replace the CCSD/cc-pVTZ calculations. ltaiso important to mention, the
general performance of the MP2 is just slightlyegdi#nt (MRD % = 9 %) from the results
obtained with the B2PLYP and the BHandHLYP funciilsn(MRD % = 7 % for both

functionals).
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Table 3.4:The relative unsigned deviation (RD %) of the critcal geometrical parameters for the transition state studied.

Relative unsigned deviation (RD%) by Method

Structures
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3.2.3.3Analysis of Higher Excitations

The T1 diagnostics (from CCSD calculations) can indictte significance of
higher excitation®. For all transition states, the Values are higher than the critical
value of 0.02 when the aug-cc-pVQZ basis is usgdem@ in the case of TS5b. The
highest T value (0.065) belongs to TS8, but TS5a, TS6, aBd also have relatively
high values. This means that the accurate meas$uhe darrier height of TS8 can only
be obtained by the inclusion of higher excitatiofsr minima, T values are roughly
equivalent to or less than the critical value, @tae the case of the H@adical (0.030),
its triplet methyl complex (0.025) and methyleneopéle (0.042). Therefore, higher
excitations are needed to be taken into accouigrstructure as well.

As it was mentioned previously, the analysis of ¢igglet molecular oxygen
EOM (equation of motion) states shows that theggnef the CCSD calculation always
ends up in the second excited stdddj instead of the first one{1)(,g)). If one corrects
the CCSD(T)/aug-cc-p¥Z//CCSD/cc-pVTZ energy according to the calculated
negative VEE (-2371.29 ci), then the relative energy level of ¢H'O, will be reduced
to -32.5 kcal / mol, which is in excellent agreem@ith highly accurate literature values
(-32.85 kcal / mofP. This issue was not observed in other cases. iT$te/EE value of
the TS structures is positive and relatively hegitoughly 1 eV or more. The lowest VEE
(8791.52 crit, 1.1 eV) belongs to TS8 that corresponds to Hrabsbn on the singlet
surface. The vdW complex also has a similar VEEIi@gB376.94 cn). Amongst the
intermediates, the lowest positive VEE (132.28%imelongs to théO atom, which is in
good agreement with the experimental data (158:5%min the case of the OH radical,
the calculated VEE and the experimental excitatioergy (of the lowest electronic state)
are also consistent with each other (exp: 139.21 &hand calc: 133.89 c). Therefore,
similarly derived VEE values can be routinely utadhe evaluation of the £glectronic
partition function.
3.2.3.4Comparing the PES with other model chemistries

The relative energy of the transition states waestigated using several standard
composite methods (CBS-4M, CBS-QB3, CBS-APNO, G2, G3AMP2B3, G4, W1U,
W1BD). The replacement of the B3LYP with the BHaht® functional seemed to be
a reasonable modification to the CBS-QB3 proto€hbls can be called as COBS-QBHH
which is not a standard composite method, but daiwvariant of the G3MP2B3 is also

knowr?S,
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Table 3.5:Absolute deviation (AD) of the relative energy ofransition states (in kcal / mol) computed with diferent composite methods
and CCSD(T)/aug-cc-p\boZ//ICCSD/cc-pVTZ level of theory (denoted by CCSD(T)) Reference energies were obtained from CHEATL.

Absolute deviation (kcal / mol)
Geom a'?vls' %8883' QCBB:A EPBNS(') G2 | G3 | G3BMP2B3| G4 | WI1U| Wi1BD| CCSD(T)
TS3 2.2 0.7 1.1 03 | 34|03 0.9 05| 1.3 1.9 1.1
TS4a | 2.2 0.3 0.5 0.3 1.8 | 1.2 1.6 09| 01 0.6 0.4
TS5a | 4.9 0.9 2.1 na | 0.5 | 3.3 0.4 20| 16 3.2 1.9
TS5b | 2.9 0.1 0.3 0.5 1.1 21 1.8 1.4 | 0.3 0.0 0.1
TS6 0.8 1.4 0.7 08 | 23| 15 1.0 11| 06 1.4 0.9
TS7 1.3 n/a 0.7 0.6 0.0 | 0.7 n/a n/a n/a n/a 0.9
TS8 29.0 | 04 5.7 na | 10.2| n/a 13.6 24| 3.9 6.6 2.6
MAD [ 29.0 | 0.9 5.7 0.6 |10.2| 3.3 13.6 24 | 3.9 6.6 2.6
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Therefore, this variation of CBS-QB3 is also inaddn our test. The absolute
deviation (AD) from CHEATL1 relative energies obtahusing these model chemistries
are summarized imable 3.5

In the case of the TS3 water elimination transistate, the largest deviation was
shown by G2 (3.4 kcal / mol), whereas CBS-APNO 8l / mol) and G3 (0.3 kcal /
mol) showed the best agreement with results cakailay the CHEAT1 method. The
performance of G4 is just slightly lower than tho$&3 or CBS-APNO (0.%cal / mol).

A better agreement was found in the case of theaT8dirogen shift transition
state, in which the largest AD (2.2 kcal / mol) veddained with the CBS-4M method.
While G2 and G3MP2B3 best agree with the CHEAT iltedor TS5a, the CBS-APNO
protocol is unable to locate the proper structumethe TS5a transition state, which
contains a simultaneous OH- and H-shift. The redeginergy of TS5a calculated by CBS-
QB3 also deviates by less than 1 kcal / mol frosméhergy computed by the CHEAT1
protocol. The largest difference (dk@al / mol) was found in the case of CBS-4M.

For the asymmetric water elimination transitiontestélf S5b), the CBS-QB3,
W1BD and W1U energies coincide with the CHEAT1 (sex Table 3.5). The new CBS
variant and CBS-APNO also perform well in this cad# in all, CBS-QB3 model
chemistry provides the closest energetic descrniptd the new two steps water
elimination channel compared to the CHEAT1 method.

A fairly good performance of the model chemistriwas achieved in the
computing of the relative energy of TS6, the largescrepancy in AD was obtained with
the G2 method (2.3 kcal / mol). The other composietghods provide relative energy
values within 1.5kcal / mol compared to CHEATL1 result. However, thsults of the
composite methods differ more from the new methatz dor the triplet (TS7) and the
singlet (TS8) H-abstractions. The TS that resuhli¢tle formation of triplet oxygen (TS7)
was not found by CBS-QB3, G3MP2B3, G4, W1U and Wl®bereas CBS-APNO and
G3 are unable to locate the TS of the singlet omygennel (TS8). The relative energy
of the H-abstraction transition state TS7 can Heutated in good agreement with the
result of our new method if the transition stateidure can first be characterized. In
contrast, large differences were obtained in tlse cA TS8 using every composite method
(from 2.4 to 29.0 kcal / mol), except CBS-QB3, wiveas able to reproduce the CHEAT1
energy within 0.4 kcal / mol. The large deviatiorthe case of CBS-4M method can be
due to the low quality HF/3-21G(d) geometry of thensition state in which the C-H
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distance is significantly shorter (0.307 A) tharitie structure obtained by the CCSD/cc-
pVTZ level of theory.

According to the maximum of the absolute devia(i®lAD), either CBS-APNO
or CBS-QB3 could have been alternatives of the Kieg HEAT345-(Q) method, since
their MAD values are low, but these methods wereate to find all of the transition
states. None of the composite methods were capébdproducing the CHEAT1 results,
either due to the shortcoming of the geometry emtiissing proper high-level correction
term.
3.2.3.5Conclusion

The simplified HEAT345-(Q) (CHEAT1) protocol wadiiaduced by calculation
of the accurate potential energy surface ot @HHO; reaction system. Its performance
demonstrates that it provides a comprehensive,stotd highly accurate theoretical
description of the system studied. Since the CC&IVEC-pVDZ level of theory is
included in the CHEAT1 protocol, no multi-referertoeatment of the system is needed
for the proper description of the higher excitasiomhe importance of the high-level
correction termAEm-T(q) can be indicated by the high diagnostic values. In this case
the absolute deviation (AD) of the transition staten literature values is no more than
0.6 kcal / mol (within chemical accuracy), whichkaa the method attractive for accurate
calculations of kinetic properties.

Based on our combined theoretical method, threelowvying reaction channels
have been characterized. The triplet oxygen ataimagthanol can be formed by a two-
step mechanism involving H-shift of GBIOH and intersystem crossing of methanol
oxide. Indirect water eliminatiowia methylene glycol was also identified. Finally,
molecular hydrogen elimination can result in thenfation of methylene peroxide. Heats
of formation values for these intermediates are astimated. Among these new
channels, formation of methanol and triplet oxygem have some potential kinetic
importance due to the low-lying ISC (-14 kcal / jndlor the indirect water elimination
and H elimination channels, energy of the transitionesaTS5a and TS6) are just
slightly higher than that of the reactants. Bottheim involve tight transition states whose
energies are above that of the two lowest radicahnels, more the 20 kcal / mol above
the lowest radical asymptote (TS3; §H+ OH). These new channels (TS5, TS6) can
only compete with the H-abstraction channels baseenergetic consideration.

62



Transition state geometries are usually the mowtisee to the method applied,
so several DFT functional and MP2 structures whexked against the CCSD/cc-pVTZ
ones. B3LYP, BMK, THCTHhyp and TPSSh functionalgevenable to locate TS7 (H-
abstraction by CEfrom HO: resulting triplet oxygen) and MPW1PW91 and M06
structures differed the most from the CCSD one.id&ssthe hegemony of B3LYP
functional in geometry optimization, such dysfuoatof this popular functional had been
reported. The best agreement with the referencengeies was found in the cases of
B2PLYP/cc-pVTZ and BHandHLYP/cc-VTZ levels of thgorwhich were able to
reproduce the structures of all transition stateslied within a MAD of 7 %. The
performance of the MP2/cc-pVTZ level of theory asrewhat lower (9 %).

Relative energies cannot be reproduced accuratghygustandard composite
methods such as CBS-QB3, G3MP2B3, G4, W1U and Wid#ize they involve the
B3LYP functional in their geometry optimization gtetherefore TS7 cannot be
characterized. CBS-APNO and G3 methods are nottalyeovide the transition state
structure of TS8 (H-abstraction by €flom HO; resulting singlet oxygen), others (CBS-
4M, G3MP2B3 and G2) fail to provide an accurateivation energy for TS8.
Calculations with the CBS-QB3 and CBS-APNO protedwyve the lowest MAD values
(0.9 and 0.6 kcal / mol, respectively) for thosengition states which they are able to
characterize.

One of the cheapest options for reproducing theltesbtained from high-level
calculations would be the replacement of the B3LMRctional in CBS-QB3 with
BHandHLYP/cc-pVTZ (CBS-QBHH). However, the incredsé&D shown in the
activation energy of the TS8 (AD(CBS-QB3) = 0.4 lkcenol and AD(CBS-QBHH) =
5.7 kcal / mol) is the price to pay in order to gebmposite method that is able to localize
all the structures and provide accurate energyegalnother alternative can be a variant
of CBS-APNO, in which the HF optimization and vitoaal frequencies are replaced by
either the QCISD or MP2 methods.

In this Chapter, it was demonstrated the excelpentormance of the CHEAT1
method, showing that the current functionals are robust enough to provide good
guality transition states. The good performancthefcomposite methods is more likely
due to cancellation of error in the most cases.r@w, combined theoretical method can
be a robust, general and cheap alternative of HBAI®) for more general kinetics

purposes.
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4 CHs0. spectrum and absorption cross section

determination

CHs0z is formed as a primary intermediate in the oxmlatf CH,, one of the most
abundant tropospheric trace gas, as well as dtliendegradation process of many other
larger hydrocarbons, i.e., the &b} radical is one of the most abundant peroxy radical
Therefore, it is of great interest to study thectiwgty of CH3O. radicals and hence a
selective and sensitive detection method is nepgssa

The methods mostly used for the detection of:@Hradicals are UV or
infrared*%° (near or mid) absorption spectroscopy. In the,dabbratory experiments
have mainly used UV-absorption for the detectiol€bO. radicals. Numerous studies
deal with the determination of absorption crosdisedn UV region, there are lots of
available data between 195 and 300 7HW’323336.96.97 The maximal absorption
coefficient of 4.6 x108 cm? has been obtained at 240 nm. However, the abearpti
spectrum is broad, unstructured and does thus gitewent a selective detection of
CHsOz radicals in the presence of other species.

Peroxy radicals have a more structured and chaistateabsorption band in the
near infrared due to afi < X electronic transition (from the ground statg {o the
excited state4)). The corresponding absorption spectrum for th@ radicals has
been measured several tiffe¥% A first report on the absorption features of pgro
radicals in the near infrared was given in 197&lopziker and Wendt using a modulated
formation of peroxy radicals by Hg-photosensitizédcomposition of appropriate
precursors combined with phase sensitive detecticdhe transient absorpti&h Later
the spectrum has been published again by PushkatsMy® using pulsed cavity ring-
down spectroscopy (CRDS) coupled to laser photlyishkarskegt al used a Raman
shifted dye laser for generating the near IR ramliadnd were therefore able to cover a
wide wavelength range (7300 — 77009nThey have located the 0-0 transition at 7382.8
cmt and have obtained an absolute absorption crosemsed (2.7 + 1.4) x 18°cn?.
They have also reported another absorption streclue to a transition involving the
methyl torsionvi. in the radical, located at 7488 ¢niThis absorption band was later
confirmed again by the same grétip

A few years after Pushkarsky al., the spectrum of the GB- radical was again

measured by Atkinson and Spilln¥4ndemonstrating for the first time the coupling of
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continuous wave-CRDS to laser photolysis. They umeeéxternal-cavity diode (ECD)
laser and covered the wavelength rarge485 - 7694 cm, corresponding to thesz
transition. They located its maximum at 7490.24'cmompared to 7488 cinfor
Pushkarskyet al) and reported an absorption cross sectiam=o{1.5 + 0.8) x 13° cn?
molecule!. For obtaining the absorption cross section of thdical, both groups have
used the same method: measuring the time resole@lecays and taking advantage
of the known rate constant for the self-reactiol€bkO- radicals in order to deduce the
initial CH30O. concentration. For determining the kinetic decdysth groups have
prepared CkD- radicals by the 193 nm photolysis of acetone.lasnore, Pushkarsky
et al has prepared G radicals in a few experiments by 248 nm photolp$i€Hal.

A comparison of the absorption cross sections nbthiby both groups is not
straightforward, because Pushkarsély al quantified the cross section of the 0-0
transition, while Atkinson and Spillman measureel éivsorption cross section of the
transition. However, Pushkarslgt al. have measured the absorption spectrum in a
wavelength range that covers both peaks, and lwrasg that the CkD2 concentration
was constant during the measurement of the erngeetsum, an estimation can be made
for the absorption cross section of the transition in the Pushkarslet al. spectrum.
Doing so, one obtains a rather good agreemeatf= 1.1 and (1.5 0.8) x 10?° cn?

for Pushkarskyet al and Atkinson and Spillman, respectively. Thevaig results from

the literature are summarized in Table 4.1.

Table 4.1 :The relevant literature data about the CHO2 absorption cross section
and maximum of its absorption spectrum in the neatR-region

Peaks of the absorption spectrum in the . .
. Absorption cross section
near-IR region
Atkinson®* 7490.2 crmt (1.5 £ 0.8)x 10%°cn?
7490.4 cmt 1.1x 1029 cn?
Miller 5 7488.0 cmt 1.1x 1029 cn?
7382.8 cmt 2.7%x102° ¢

The absolute absorption cross sections for peradigals in thel « X transition
are not only interesting for a possible selectivargification in laboratory experiments,
but there is also the possibility that photolysigperoxy radicals in the near IR might
have some impact on the chemistry of the atmosptedeed, the energy of near IR
photons is high enough to induce a possible phsiwlyf peroxy radicals leading to the
formation of OH radicals. Frost al1°°have carried out model calculation on the impact
of such photolysis, using peak absorption crossisedetween 8x 102° cn? and
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8 x 10*8cn?. It turned out, that even with the lower limit filve cross sections the model
predicted a non-negligible effect on the compositdthe atmosphere.

Therefore, given the uncertainty in the literatarethe near infrared absorption
spectrum of ChHO; radicals, we measured again the absorption speaifithe CHO>
radical using the same technique as Atkinson aiith&g, i.e., laser photolysis coupled
to cw-CRDS. CHO- radicals have been prepared by 248 nm photolys@Hal. The
calibration of the spectrum was based on the saethad, but now taking into account
an additional loss of radicals through diffusidrturned out, that the precursor gldlso
absorbs in this wavelength range and in orderl®aut any impact of a change in ¢H
concentration on the absorption spectrum o§@#ithe absorption spectrum of this stable

precursor has also been determined in the wavéleagge accessible with our diode.

4.1 CH302 spectrum

CHzO2 radicals have been detected in a time-resolvedhergdescribed in Chapter
3.1.4.2.1) by coupling cw-CRDS to laser photolyMieasuring the whole spectrum took
2 days over which it was assured that the precurscentration (3.& 10 cm®) and
the laser energy (30 mJ @ndid not vary. CHI was taken through calibrated flow meters
from a darkened glass bulb, in which a 5 % mixtureHe had been prepared,-O
concentration was 7610 cn?, total pressure was 50 Torr.

The wavelength range 7473 — 7497 cmas accessible, i.e., the range of the
v1o transition of the CkID. radical. As it was mentioned in Chapter 3.1 theDSR
measurement technique is an absolute method oagetidown time with and without
absorbing species has been measured. In our exgrgrignandt were obtained in one
measurement: before and after the laser pulseepresentative of absence and presence
of CHzO, respectively. A typical CRDS-signal is depictad-igure 4.1. The black dots
represented the ring-down events in the absenGHeD. (before the laser pulse). At 0
s the photolysis laser pulse occurs, so the resirédpresent the absorption of the forming

CHsOzradicals In this case theywas around 18 ps.
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Figure 4.1: The general kinetic trace from a CRDS measurement.
Such kinetic decay has been measured for each evaytbl In order to obtain the
absorption spectrum, the absorption coefficientrieed to be calculated for each of this
kinetics. As a reminder | pliere again Eq.7

- :&[i_ij Eq7
c\r 7,

abs

The portion of the spectrum around the absorptiarima is shown ifrigure 4.2:
the baselineto (black line) at a given wavelength was obtainexnfreach kinetic trace
from the average over all ring-down events havirmguored in the 1 s before the
photolysis pulse (black dots in Figure 4.1). Thiga-o, i.€., the absorption coefficient
just after the photolysis pulse, was obtained tilng§ the time resolved ring-down times
T (red dots in Figure 4.1) to a bi-exponential de@gen line in the inset of Figure %.1
up to 200 ms after the photolysis pulse and extedijom to t = O s. Fitting to a bi-
exponential decay has no physical meaning, it justed out that such fit nicely
reproduced the shape of the §0H decay, consisting of a mixture between self-reacti
and diffusion at low initial radical concentratio®som these two values andto, the
absorption coefficientt =0 (blue line in Figure 4.2) can then be obtainedapplying
Eq 7.

67



6.0x1071

4.0x107

S,0T/1

2.0x1071

10

7487 7488 7489 7490
v/cm?

Figure 4.2: Portion of CH3O2 spectrum around the absorption maxima. Black line
obtained from averaging the ring-down events beforghotolysis laser, red line
ring-down time tt=0 obtained by extrapolating a bi-exponential fitof CH3zO2 decay
to t = 0 (right y-axis applies), and blue line abgption spectrum a (left y-axis
applies).

The v12 transition of the CED. spectrum comprises a rather broad absorption
feature with three distinct maxima, located at 74887489.16 and 7490.33 ¢mThe
first two maxima exhibit roughly the same absonpticoefficient, while the third
maximum is only half as strong. This relative pattaf the spectrum is in good agreement
with the results of Atkinson and Spilln¥nhowever the absolute positions of the peaks
such as obtained in this work are shifted by araiedi* towards lower wavenumbers.
Compared to the work of the Miller groli§® (v12 at 7488 crit) the agreement on the
position of the absorption maximum is very good, &sithey measured a much larger
wavelength range, it is not possible to comparaildedf the shape of this transition from

the low resolution figure such as given in theiblpzation.
4.1.1 Calibration of CH 302 spectrum

A major goal of this work was to determine the diboabsorption cross sections
of CHsOz in this wavelength range. Therefore, we have ediout an absolute calibration
of the absorption cross sections at the three wawueers corresponding to the distinct
absorption maxima mentioned in the previous seciiéa have proceeded principally in
the same way as Pushkarsityal®® and Atkinson and Spillm&f that is different, we
have deduced the initial GB2 concentration from the time resolved measuremettieof
concentration dependent decays. However, we hdivedethe method by taking into
account the irreversible loss of radicals due féusiion out of the photolyzed volume
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such as has already been applied in an earlier wfookir group to the measurement of
the absorption cross sections of Hadicald®.

CHs0O:> radicals are generated through recombination of @idicals with Q
(R 17), the rate constant of which is pressure niégeat, and has been measured in the
low pressure limit (1 — 6 Torr of helium and argdy)Selzert all%?, whereas the high
pressure limit has recently been determined bydreteset all%. A fit through Selzer’s
helium data set using the fall-off expression and-krom Fernandest al leads to a rate
constant of k7, so Tor ve= 1.4% 1012 cn’s. Under our @-concentrations (6 — 8 x 10
cm®), R 17 is therefore completed in a few 10 ps. mpetition to R 17 through the fast
CHs self-reaction (k = 5.9% 10! cn’s1)!% is non-negligible, especially under our
highest initial radical concentrations ([€]bl> 1 x 10 cn®). However, this reaction has
no influence on the subsequent {1 decay, because it takes place on a very short time
scale (tens of pus) and the produeHgdoes not react with CG3@.. The only result is a
lower initial concentration of C#D> compared to Cklsee later the model).

The rate constant for self-reaction of £ radicals, R 40, has been measured
several time®-28313319%nd is recommendé&t kio= 3.5 x 103 cnPs at 298 K.

2 CHO2—> 2CH: 0 + & R 40a
CH20 + CHOH + O, R 40b

The branching ratio between R 40a and R 40b hasreasured twic&® and the

recommended vald® at 298 K isksoa/ ksob = 0.37. The CkD radicals formed in R 40a

will induce secondary chemistry:

CH30 + @ — CH20 + HO, R 41
CH302 + HO2 —» CH300H + O R 42a
— CHO+H.O+ O R 42b

with a recommended rate constdhat 298 K ofksz = 5.2 x 102 cn®s. This secondary
chemistry leads to an acceleration of thesGHtlecay, and the apparent, observed rate
constant for the decay of GB> radicals through self-reaction has been recomntkasde
Kao, b= 4.8 x 103cm®s™. A very similar value (4.9 x 18 cn’s?) has been employed
by Pushkarskyet al®® and Atkinson and Spillmdh to deduce the initial C¥D.
concentration from the time resolved decays.

In the case of laser photolysis, &b radicals in this system are not only lost
through self-reaction (R 40) and reaction with H@dicals (R 41, R 42), but also by
diffusion out of the observation volume. When th#udion is approximated to an
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exponential losskyitr, CHsO2 concentration-time profiles can be described bg th

following equation:

d[CH.O
% = _2k40,0bs[CH302]2 — Kyt [CHZ0,] Eq 20
The decay can then be approximated as
1 1 Kt
= + + 2k t
[CHO,, [CHO], ([CHgoZ]O ‘*] =

where [CHO2]tis the radical concentration at time t after thetplysis pulse, [CkD2]o

is the initial radical concentration at time O aftee photolysis pulse. A plot of Eq 21
results in a straight line with the slope bemg= (kaitt / [CH302]o + 2ka0,0b9 and the
intercept being = 1 / [CHO2]o. Therefore, measuring kinetic decays at differeitial
CHzO2 concentrations allows distinguishing between ssdiction and diffusion: with
increasing initial radical concentration, the tdgm / [CH302]0 becomes smaller and the
decay approaches the “real” decay solely due fersattion.

Our goal is to deduce the absorption cross se¢tisyd by taking advantage of
the known apparent rate constant for the self-r@adto, obs Therefore, the concentration
term [CHO2] was replaced in Eq 21 by the absorption coeffitie= [CHzO2] x a. Now,
the slope of a plot 1d = f(t) becomes

K N 2K 40,065

" lcholxo o Ea 22
and the intercept
| -1 Eq 23
[CH3OZ]O xg

Figure 4.3ashows three decay curves with different initial {Lebncentrations, Figure
4.3bshows the corresponding plots of these decays ®ilEl can be seen that the slope
increases with decreasing radical concentrationtduke increased fraction of radicals
lost by diffusion compared to self-reaction.

70



8.0x10

64
3:0x40 (a) 6.0x10°

P"E - [CH3ll=4.3x10%cm?3 €
5 2.0x10 S, oxe
= -« [CH4l] = 2.8 x 1015 cm? s "
1.0x10% < [CHgl] = 1.5 10" cm® 2.0x10°
0 v T g 0
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
t/s t/s

Figure 4.3 Typical experiments at 100 Torr,v = 7488.18 cr, individual ring-
down events are averaged over 5 ms. (a):= f(t) such as obtained using Eq 7 ( b):
1/ a = f(t) for the same experiments.

In the example of Figure 4.3, the slope increases f(3.195+ 0.07) over
(3.339 + 0.06) to (3.646+ 0.07) x 10’ cms’. At an infinite high initial radical
concentration, the decay should solely be govehyetthe self-reaction, diffusion being
too slow. In order to separate the self-reactiomfthe loss through diffusion and extract
the absorption cross section from the “real” slope 2 kao, obd 0, €Xperiments are carried
out for a wide range of initial radical concentoats. From these experiments, the slope
(m) is then plotted as a function of the intercdptsgch as shown in Figure 4fdr all
three wavelengths: an extrapolation of the linegrassion td = O (i.e., [CHO2]o —» )
leads to a value oh, that is only due to self-reaction. The slopehafse plots is linked
to diffusion and should therefore depend on thesares only. To deduce coherent values
for all three wavelengths, the linear regressiangetbeen forced at each pressure for all
three wavelengths to the same value, namely 1424n8 s* for 100 and 50 Torr
respectively, obtained as the average of the thlgges from unforced, unweighted
regressions. These values are consistent withidpes obtained in our earlier work on
the spectrum of the HQadical®, 15 and 413 at the same pressures: these values are
somewhat higher than the values for{OH just as expected due to the smaller size of
the HQ radical compared to G&».. This way, absorption cross sections have been
extracted for all three wavelengths using a ratestamt of ko obs= 4.8 x 10% cnis™,

These values are summarized in Table 4.2
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Figure 4.4: Plot of m as a function of | for all three wavelenths: filled symbols 100
Torr, open symbols 50 Torr. For better visibility, error bars (95 % confidence
interval from Figure 4.3b-type regressions) are pltied for 2 data sets only.

4.1.2 Secondary chemistry influencing the CHO2 decays

There are other possible side reactions that nede tconsidered for a reliable
extraction of the initial CkD2 concentration from their kinetic decay. Attentluas to be
paid to HQ radicals due to their fast reaction with €M radicals, as it has been
explained already. However, R 40 followed by R i¥lnot the only possible source of
HO. radicals under our conditions, i.e., pulsed geimraof relatively high radical
concentrations. The fast reaction of #dicals with CHO-

CHz + CH302 — 2 CH:O R 43
can take place at short reaction times, i.e. tima frame when Cklis still available and

considerable amounts of GEk have already been formed. The fraction of;C&tlicals
reacting this way rather than through reaction BRepénds on the initial radical and O
concentration. This reaction with a rate constdof 9.1 x 10" cmPs? will lead through
the subsequent reaction sequence R 41 and R 4Raocaleration of the G, decay
(and thereby to an underestimation of the absarioss section). But this acceleration
occurs only during a short period until the iniajjenerated additional GO radicals
from R 43 have been used up and the steady-stai® €bhcentration obtained from
reaction R 40a becomes the major “accelerator’ ofl@hshows that under our conditions
the additional CBD from reaction R 43 plays some role up to 10 m@0after the laser
pulse, depending on the conditions. But the effetio small to be visible in Figure 4.3b,

where typical experiments are shown with a linegression of the data between 20 and
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200 ms after the laser pulse. This reaction, howeplays probably a major role under
the experimental conditions used by Pushkaetlgl and are possibly the reason for the
lower absorption cross section obtained by thisugr¢see further down for details).
Another point to consider is the reactivity of e product of the precursor photolysis,
the l-atoms. It is known that I-atoms recombineidpwith CHzO> radicals to form
CHsO21'% In a recent work, Dilloret all% have shown that in a subsequent reaction
CHsO2l molecules react very rapidly (1.5 x #0cms™) with I-atoms, leading back to
CHzO2 radicals and2l A model shows that under our conditions this tieacsequence
leads to a small decrease in 401 concentration: a steady state concentration ciCCH

is established in less than 1 ms and serves aftésves a catalyser to convert I-atoms
into lo. This conversion is mostly completed after 2 tm8 and has no impact on the
CHz0O- decay kinetic on longer time scales.

An increased influence of this secondary chemisitly increasing initial radical
concentration was always visible: from signals saslshown in Figure 41Be expected
radical concentration can be calculated from thel@Bincentration and the photolysis
energy: the agreement is very good at the lowestypsor concentration while at the
highest precursor concentration 30 % of the in{@iEk radicals have not been converted
to CHO2 (15.3 x 1&° cn® is expected, 10.4 x ¥dcmiis found). However, this does
not influence the extraction of the absorption sresction, because the Figure 4.3b-type
data are fitted over a time window of 20 — 200 rfisrahe photolysis pulse, a time
window where all discussed secondary chemistryggix® 41 and R 42a taken into

account by the use @&fo,onsnstead okasg) is completed.
4.1.3 Pressure dependence of the G4@: absorption cross sections

The CHO. absorption spectrum is rather broad, and also igtenck maxima do
not consist of sharp lines, but are probably dua tmwngestion of several individual
absorption lines. Therefore, a strong pressurerdkpee of the absorption cross section
is not expected. Nevertheless, the same set ofiexgres has been carried out to obtain
absorption cross sections for all three wavelengtha total pressure of 100 Torr. In
Figure 4.4, the slopen obtained in these experiments is plotted as atifumof the
interceptl as filled symbols together with the 50 Torr datpgn symbols). It can be seen
that, as expected, the slope of the 100 Torr ddtatier than for the 50 Torr experiments,
in agreement with a decreased impact of the ddfuswith increased pressure. The

extrapolation td = 0 shows, as expected, no pressure dependenroe absorption cross
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sections. The obtained absorption cross sectiortbéahree wavelengths at 100 Torr are

also summarized in Table 4.2.

Table 4.2 Summary of absorption coefficients from full spectum and absorption
cross section from kinetic measurements.

v/ cnit Qlfull spectrum/ CNTE OCHa0,,50 Torr/ 102°%C? | OcHy0,,100 Torr/ 10°2%cn?
7488.18 (4.38:0.3)x 107 3.43£0.21 3.3% 0.04
7489.16 (4.22:0.3)x 107 3.37+0.12 3.42+ 0.05
7490.33 (2.67#0.3)x 107 2.13+0.09 2.12+ 0.05

Also shown in Table 4.2re the absorption coefficients such as obtaineah fihe full

spectrum shown in Figure 4.6.
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O 2.040201
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1.0x1020 4
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A5yl spectrum/ cm

Figure 4.5 Plot of absorption cross sections obtained from intercepts ofFigure

4.3 with ka4o,0ps= 4.8 x -13"3 cm®s! as a function of absorption coefficientx
extracted from full spectrum (Figure 4.2).
In Figure 4.5are plotted the absorption cross sections at baghspres for all three

wavenumbers as a function of the absorption caeffimbtained from the full spectrum
at the same wavenumbers. Taking the average fthra# wavelengths at both pressures,
[CH30;] = 1.1 x 183cm—3was obtained, in very good agreement with the aanagon
expected from precursor and laser energy measutsr(tie@6 x 18 cm). Using this
concentration allows converting the entire relaibsorption spectrum Figure 4r20 an

absolute absorption spectrum, shown in Figure 4.6.
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Figure 4.6 :Full absorption spectrum of CHsO2-radicals.

4.1.4 Comparison of CH:O2 absorption cross sections with literature
data

A comparison of the maximal absorption cross sastmbtained in this work (3.4 x 10
20 cn?) with the two values published in earlier pap@is.¢= 1.1 and (1.5 0.8) x 10%°
cm? for Pushkarskyet al and Atkinson and Spillman) reveal a strong disagrent.
Different reasons are thinkable and three of theithbe discussed in the following
paragraph:

(a) the difference in radical generation,

(b) disregard of diffusion as source of &M loss and

(c) very different initial radical concentrations.

(a) A major difference is the generation of theopgradicals: in the earlier papers
(Pushkarskyet al and Atkinson and Spillman), GB. radicals have been prepared
by 193 nm photolysis of the corresponding ketorteeneas in this work Ciiphotolysis
at 248 nm has been used to prepare@HThe 193 nm photolysis of ketones could bear
the danger that unwanted photolytic reactions efpfecursor lead to formation of HO
or other radicals. Takahas#tial'® have, for example, quantified an H-atom yield &f 3
% following 193 nm photolysis of acetone. Therefoire the presence of high20
concentrations, H@and also CEHCOCHO: would be formed rapidly and react with
CHsO; radicals (5.2 and 3.8 x 18 cn’s™ for HO, and CHCOCH.O,, respectively).
Such possible additional loss of &4 radicals due to unidentified side reactions would
result in an overestimation of the &bt radical concentration and thus to an

underestimation of the absorption cross sectionpulllished results from our laboratory
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have shown formation of H®@adicals following the 248 nm photolysis of &Hhe yield

of this reaction (32 %) is, however, too small to influence the 40 decays of this
work. Also, to generate an underestimation of éofaaf 2 in the absorption cross section,
the concentrations of unidentified byproducts feilog the 193 nm photolysis of acetone
would need to be inconceivably high and can theecb® excluded as the main reason
for the disagreement.

(b) Another factor leading to an underestimatiothefabsorption cross section is
the fact that an irreversible loss of radicals tudiffusion out of the observation volume
has not been taken into account in the earlier area®ents. This effect is negligible in
the experiments of Pushkarsétyal.for two reasons: (1) they have worked at highti to
pressures (200 Torr Ne), which slows down the tdsadicals due to diffusion, and (2)
they have used very high initial radicals concdiures, i.e., their decays are situated very
close to the origin in a Figure 4.4-type plot (rated as dashed line in Figure 4.4) and
would lead only to a very minor correction for digfon at any pressure. This, however,
is not true anymore for the experiments such asepted in the work of Atkinson and
Spillman: the initial concentrations used in tiveark are somewhat lower (3 x*@m)
than the concentrations used in this work-[(8) x 10*cm3]. Thel value corresponding
to Atkinson and Spillman’s concentration has bew®ticated for the two bigger peaks
(1/(3x10%3x 3.3 x 1029 = 1 x 10) in Figure 4.4 by the dotted line. It is cleartthat
accounting for diffusion under these conditiond v&&d (in our experimental setup) to
an overestimation by a factor of 2 compared to ‘tteal” slope m, and thus an
underestimation of the absorption cross sectiothbysame factor. However, the effect
of diffusion depends much on the geometry of thgeexnental setup and the size of the
photolyzed volume, it is therefore not to conclérden Figure 4.4based on the geometry
of our setup), if diffusion alone can explain tbevér absorption cross section observed
in Atkinson and Spillman’s experiments.

(c) As mentioned, diffusion cannot explain the dre@ment with Pushkarsky et
al. In this case, secondary chemistry induced by tery high initial radical
concentrations might lead to an underestimation ibinot taken properly into account.
With an initial radical concentration of ¥#&m or more, even in the presence of 5 Torr
O2, R 43 will lead to high initial amounts of G8 radicals that are converted rapidly to
HO- and that subsequently speed up the@idecay. Figure 4.demonstrates the impact

of reaction R 43 on the decay of &b radicals: simulations have been carried out using
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a chemical model that contains besides reactiohg,RR 40 - R 42 the self-reactions of
CHs and HQ radicals.
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Figure 4.7: Simulations demonstrating the concentration dependee of the impact
of the reaction between CHand CHsOzradicals (R 43) on the CHO2decay: left
panels CHO2decay, right panels 1 / CHO2. Upper panel: [CHzJo= 5 x 1G°%cm™3,

lower panel [CHz]o= 1 x 1G%cm™3,

Two experimental conditions have been simulatedresponding roughly to the

conditions of Pushkarskgt al. ([CHs]o= 5 x 13°cm3, [O] = 2 x 138cm™, ki= 3 x

10 3cmPs?, upper graphs) and to the conditions used inbik ([CHs]o= 1 x 1G4%cm,
[0z =7 x 107 cni™3, ki= 1.4 x 103 cm’st, lower graphs). Both conditions have been
simulated with (red trace) and without (green tjdaking into account reaction R 43 in
the mechanism. From the lower left graph it casdrn that under the conditions used in
this work the difference between both decays isy \v@nall and the initial CED>
concentration is in both cases only slightly lowan the initial CHconcentration: in
the absence of reaction R 43 this difference igdadoss of Cklradicals by self-reaction
and represents less than 10 %. The linear regressimth traces in the lower right graph,
carried out between 20 and 200 ms, leads for hothlations within less than 5 % to the
expected slope (2 »xkobd. This is not true anymore for the conditions sastemployed
by Pushkarskyet al.: one can see from the upper left graph that a laegion of the
CHzs radicals reacts by either self-reaction or thro®gd3: roughly 50 % of the CH
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radicals react by self-reaction in the absenceesattion R 43, and barely 30 % of the
initial CHs radicals are converted to @Bt radicals when R 43 is added to the
mechanism. From the upper right graph it can be ses& under these conditions the
addition of R 43 to the reaction mechanism hasg steong impact on the G- decay:

the slope of the linear regression, fitted betw@eamd 3 ms, is for the green line within
20 % of what is expected but increases after amdif R 43 to the reaction mechanism
more than three times to what would be expectedlimg to an underestimation of the

absorption cross section of a factor of 3.
4.1.5 Atmospheric implications

This new, higher absorption cross section can bepaoed to the cross sections
used in the model study of Fratall% on the impact of peroxy radical photolysis on
the atmospheric trace gas composition. Supposaigtitie CHO. radical concentration
in the work of Pushkarskgt al®® was constant over the entire wavelength rangecane
deduce from our results on the transition a peak absorption cross section forOtde
transition of around 8.6 102°cn?. This is on the order of the lowest cross sectiested
by Frostet al%, and for which a small effect on the atmosphenimposition has been
predicted. The model predicted, for example, arreimge of 2630 % for several
aldehydes as well as peroxyacetyl-nitrates andlsteateases (up to 20 %) in the peroxy
radical concentration in a remote location. Thekaoir Frostet al was carried out in
1999, since then large progress on the understguadiatmospheric chemistry has been
made, also several field campaigns including thasueement of radical concentration
have been carried out. Particularly in remote emrrents with high VOC loads, OH
concentrations much higher than prediétéd®*by models have been measured. The
underprediction of OH concentration obtained irstheampaigns was strongly linked to
the NO concentration, i.e., the lifetime of peramgicals. Therefore, it would be very

interesting to investigate again the role of tharriefrared photolysis of peroxy radicals.

4.2 CHal spectrum

CHal has been used as a precursor for the generati@tgD, radicals. From a
decrease in ring-down time after admission o&ldbl the reactor, it was clear that &lH
Is absorbing in this wavelength region. A strongaption of CHI can induce some error
in the measurement of the @b absorption coefficient: the GH concentration

decreases following the photolysis pulse, and hémedaselingo that should be used
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for the calculation of the CG3®. absorption coefficient would be somewhat highdnisT
effect however is small as only 1-4 % of the iniHsl are photolyzed under our
conditions. To verify if this phenomena needs tdadken into account in the analysis of
CHsO> data, the Ckl spectrum has been recorded in the same wavelemgge.

The spectrum of the stable @Hnolecule, the precursor for the bp radicals,
was measured in the same reaction cell, but witheseér photolysis. The non-time
resolved measurement technique (details in Ch&ple4.2.2) was used for record the
baseline and the absorption spectrum. Since theg weasured at different time this
leads to a small complication: the baseline (asd #le absorption spectrum) presents a
zigzag with a rather long period (in the émange), as can be seen in Figure 4.8.
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Figure 4.8 Small portion of CHsl spectrum at 50 Torr total pressure: black line,
ring-down time with helium only (right y-axis applies); red line, ring-down time
with [CH sl] = 2.0 x 13“cm™3 (right y-axis applies); blue line,a (left y-axis applies).

This phenomena is due to an etalon effect origigaftiom a parasite cavity within
the cw-CRDS absorption path, i.e., two moderatefiective surfaces (for example the
outer surface of the cavity mirror and one of #esks) are aligned parallel and lead then
to an overlaying sinusoidal signal. The problenthist theperiod and intensity of this
signal is not well reproducible and changes dutiregday. This of course represents no
problem during the measurement of thesOlHspectrum, becauseandto are always
extracted from the same signal obtained at the Satakn” position. But this is not true
anymore for measuring the spectrum of stable spegloerause the measurement ahd
To are temporally delayed. In order to minimize tliemplication, the baseline
measurement has to be done as soon as possibte befafter the measurement of the
absorption spectrum. For this reason, the spediasrbeen measured in small portion of
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around 4 crit, which allowed measuring the absorption spectrodthe baseline within
less than 30 minutes: it has been found that ttedde’ position was stable enough for
our purposes over a time span of 30 minutes. Fesetmeasurements, 50 ring-down
events were acquired before incrementing the wagéheof the DFB diode. Every
portion was measured at the same absolute conttensand pressure as the £CH
spectrum. The result is shown in Figure 4.8 fomal§portion of the full spectrum: the
baselineto as black line, the absorptiamas red line, and the absorption spectaums
blue line. The change in ring-down by addingsCtd the gas mixture is represented by
the lower red line (right y-axis used for both &8 Both spectra contain water lines (one
is visible at 7484.34 crhin Figure 4.8), which however disappear in theetloe. The
blue line represents the absorption coefficientwdated by Eq 7 (left y-axis applied).
The full CHsl spectrum (green), now converted to absolute giigor cross sections
using a CHI concentration such as calculated from gas flowsmessure measurements,
is shown together with the full GB2 spectrum (grey) in Figure 4.9. As can be seen in
Figure 4.9, the absorption peaks of{L&e located away from the maximum absorption
peaks of CHO. and the absorption cross sections of3:[CHt the wavelengths
corresponding to the three @Bk peaks do not exceedx21022cn?. With such small
absorption cross sections, even the highest pleisofnergy, causing a decrease of 4 %
in the precursor concentration, leads only to ay v@nall change in the baseline
(corresponding to a theoretical increase in thg-dawn time from 18.000 to 18.009 ps).
This effect has thus been neglected in the anatyslee CHO. data.
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Figure 4.9: Full absorption spectrum of CHsl (green line, left y-axis) and CHO2
(grey line, right y-axis).
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4.3 Conclusion

The CHO. absorption spectrum has been measured in the evagthl range
7497.47473.8 cmt! at a total pressure of 50 Torr helium. RadicalgeHaeen prepared
by 248 nm laser photolysis of GHin the presence of Dand a relative absorption
spectrum has been extracted from a time-resolveasunement of the CG4@. decay at
each wavelength. Absolute absorption cross sectane determined at two pressures
(50 and 100 Torr) for three wavelengths (7488.1889716, 7490.33 cm),
corresponding to distinct absorption maxima in linead absorption band which was
determined by Pushkarskgt al No pressure dependence was observed, but the
absorption cross sections obtained in this work 2a1@ times larger than previously
published data: an explanation to this disagreem@amipossibly be found in neglecting
of diffusion by Atkinson and Spillman and unaccathsecondary chemistry in the work
of Pushkarskyt al. The higher absorption cross sections found inwloisk suggest that
the photolysis of peroxy radicals in the near-irdchregion might play some role in the
composition of the troposphere, especially in remehvironments with low NO
concentrations and hence long Retimes. Furthermore, the GHspectrum was
measured in the same wavelength region. Due te theasurements it was validated that
the CRDS technique is suitable for quantifying dfizO. radical. During the further
measurements which will be described in the nexapBdrs, cw-CRDS is applied for

following the concentration of G4> and HQ radicals.
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5 Experimental and quantum chemical

characterization of CHO, + OH reaction

This Chapter is separated in two main parts: erpantal work, and quantum
chemical calculations. The experimental techniquerse applied to determine the rate
constant of the C¥D. + OH reaction while the quantum chemical calcolativas used
to determine the reaction mechanism. Since theGzH OH reaction system is very
complex from a theoretical point of view, a testation, CH + HO,, was first investigated
in order to choose the appropriate method fordhisulation.

As it was mentioned in Chapter 1.3.2 in the trgbese in polluted environment
the peroxy radicals react with NOx. In absence OiN.e., in clean environment (in the
marine boundary layer and in the tropics regiom) gblf- and cross reaction of peroxy
radicals come into the foreground. The peroxyaadican undergo chain termination
reaction forming stable products (alcohol and aydef or chain propagation forming the
reactive alkoxy radical as it was explained in Gaagd.3.2. Their reaction with HO
results also in stable products (alkyl-acid andgex). The main reaction of the RO

radicals such as currently used in atmospheric tmadis summarized in Figure 5.1.

NO—NO,

Figure 5.1 : Schematic diagram of the most common reaction of pexy radicals in
the troposphere.’
But there is another possibility for the R@adicals: their reaction with OH.

Currently, this reaction is not considered in medkl a recent modeling study, Archibald
and co-workers* have investigated the impact of including the tieacbetween R®
and OH on the composition of the Marine Boundarydra(MBL). They have run
different scenarios using a model named BAMBO, Blase the master chemical
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mechanism (MCM) mechanisti. Different possible reaction paths were simuldted
peroxy radicals up to C4, leading for the simptast, CHO., to the following products:

OH + CH30O2 — CH202 + HO R 44a
— CH30 + HO, R 44b
— CH3:0H + O R 44c

For all scenarios they found only a small, neglgieffect on the mixing ratios ofzD
NOx, OH and other trace gas species in the marinedaoyhayer. However, a substantial
increase in the mixing ratios of HCOOH was obserffemm 0.16 ppt in the base case,
i.e., absence of R 44, to 25.5 ppt), if the reacpathway would be formation of the
Criegee radical R 44a. A strong increase in thengixatio of CHOH (from 37 ppt in
the base case, i.e., absence of R 44 to 294 pps)phserved if the major pathway would
be R 44c. The impact on the R@nd HQ radical budget was below 10 % for all
scenarios.

Besides a direct interest in the rate constaneaftion between peroxy radicals
and OH radicals through its possible impact ontodtmospheric composition, there is
also a fundamental interest: radical-radical reastiare difficult to measure and to our
knowledge, the reaction between OH radicals ang-piroxy radicals has never been
studied experimentally. The only estimation of th constant of the reaction &b} +
OH has been carried out by Tsang and Hanfffsbased on analogy with the reaction of
HO> with OH radicals they recommended for the readtietween CkO, and OH a rate
constant okss = 1.0 x 10*° cn’s® with an estimated uncertainty of a factor of 5tHa
absence of any experimental study of R 44, theimmaof CHO> radicals with Cl-atoms
can serve as proxy: it has been investigated Setnaes!82116.117gnd its rate constant
is very fast€ 1.7 x 10'° cn’s?), proposed reaction products are eitheg@Gldnd CHO;
(corresponding to R 44a and R 44b in equal am&tifswhile Daéle and Poufét
suggest R 44a as the major channel. Beggs '8 have investigated experimentally the
reaction of the most simple fluorinated peroxy catiCRO2 with OH. They determined
a rate constant for this reaction of (4.0 + 0.3%¢! cnst at 296 + 1 K with the product
probably being H@radicals. The same reaction has also been inagstigheoretically
by Du and Zhan@: DFT calculations have shown a multitude of pdssiteaction
products, with CEO + HO, being the major products on the triplet surfachilevthe
situation is more complicated on the singlet swafac
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The set-up has been described in Chapter 3.14drfiegh for measurement of this
system, since the concentration of{Chiradical is sensitively detectable with cw-CRDS

and the concentration of OH can be followed by LIF.

5.1 Determination of rate constant of CHO2 + OH reaction

5.1.1 Measurement technique

CHz0O2 radicals were generated by the 248 nm photolysidl in the presence
of O.. Absolute time-resolved (3. concentration profiles have been measured at one
of the most intense absorption peaks ofuhe transition of thel « X band at 7489.16
cmt using the absorption cross section such as detechiin Chapter4°.

OH radicals were co-generated by the simultanebo$ofysis of an appropriate

precursor: in most experiments; Ras been photolyzed in the presence #:H

Oz + hibagnm— O(lD) + O R 45
O@D) + H.0 — 2 OH R 46a
whereby Q is generated continuously by a commercial ozomeiggor (UVP-SOG 2)

through photolysis of ©by a mercury lamp, leading to ®{-atoms, which in turn
recombine with @ leading to Q. The major fraction of GD), generated within the
photolysis reactor, will be quenched by collisiongtly with &, leading to OP):

O(D) + M — O(CP) + M R 46b
The possible influence of these®@) on the OH-decays will be discussed further down.

In a few complementary experiment3(d photolysis at 248 nm, known as a clean OH-
sourcé?®1?! has been used as a precursor, thus excludingpf@gsemplications due to
OCP) chemistry. A rough estimate of the initiay @nd OfP) concentration can be
obtained from OH-decays in the absence o&IGH50 and 180§ at 100 and 50 Torr,
respectively). Under our typical photolysis enesgi@0 mJcrif), around one third of the
initial Os will be photolyzed. Under these conditions the anaink for OH-radicals
becomes the reaction with 1

OH + OfP) - O + H R 47
(ka7 = 3.5x10 cn’st), together with minor contributions from much skweaction

with Os

OH+ O3 —> HO2 + O R 48
(kag= 7.3x10" cn’s?) and diffusion out of the photolysis volume§ and 153 at 100

and 50 Torr, respectivef¥). Therefore, an GP) concentration of around 1 / 5%%@nT

3 can be estimated for the experiments at 100 /&6 Tespectively, leading to initialzO
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concentrations of around 3 / 15 x4@m? at 100 / 50 Torr, respectively. Only a few
percent of the initial OD) will be converted to OH radicals under our cdiotis (H:O

and Q concentrations), therefore it can safely be carsid that the C¥0D> concentration
was always in large excess over the OH concentratlowever, OP) has no impact on
the OH decays in the presence of:Oklbecause (a) OH decays are much faster under
these conditions and (b) ) will react predominantly with CdHunder these conditions:

CHal + O(GP) — CHz + 10 R 49a
— OH + CHql R 49b
— products R 49c

R 49 has been studied several titie¥*and a consistent rate constants betweagn
(1.7 / 2.0) x 16* cn’s was found, leading to pseudo-first order ratesdhafast on the
time scale of our OH decays. The consequence bfvyagt(a) is, under our conditions,
formation of additional CkD- radicals with a branching ratio of 0.%4, but also a rapid
formation of 10. The possible role of IO in our cdan system will be discussed further
down. Pathway (b) leads to a rise of the OH-comeéinn in the first 300 ps.

5.1.2 Results and Discussion

CHzs radicals are generated through the photolysiskdl @nd are converted to
CHzO2 radicals through R 17 within a few 10 ps underexperimental conditions. The
rate constarit;y has been measured at low pressure (1-6 Torr helndhargon) by Selzer
et al1%2 while the high pressure limit has been determine@drnandest all%, From
these valueski7 under our conditions can be estimatedato= 1.4 / 2.1x 10 cns?,

i.e., kj,= 7.2 /5.9x 10* s* for 50 / 100 Torr He, respectively. As it turneat ¢that the
rate constaritusis extremely fast, low initial Cklconcentrations were generated in these
experiments such that the OH radicals decayedsuitable time scale, i.e., pseudo-first
order decays on the order of a few 108Q[€H302]o,max= 1.3 x 163 cm3, see below).
Therefore other radical-radical reactions that majtange the initial composition of the
gas mixture (such as GH CHO: or CHs + CHg) are slow compared to R 17 and can be
neglected: a model shows, that under our conditiea<HO> concentration reaches its
maximum after 6 / 15 pus at 50 / 100 Torr and tmatiad 96 / 92 % of the initial GH
radicals have been converted to4Chl the remaining 4 / 8 % being converted e

or CHO, whereby CHO will be converted to CH¥D and HQ. The latter radical reacts
fast with OH, however it has no impact on the OHajemostly due to the delayed

85



formation compared to the OH decays, but also duddir much lower concentration

compared to CkO> radicals.
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Figure 5.2: Red and open gray dots (left y-axis): absolute C#D2 concentrations
from cw-CRDS measurements; grey dots are raw datadm individual ring-down
events, red dots are obtained by averaging over arte window of 1 ms. Insert
shows CHO:2 decay over 100 ms. Blue dots: relative OH concetfatiions from
simultaneous LIF measurements (right y-scale).
Figure 5.2shows a typical example of simultaneously meas@iddand CHO>

traces. The time resolution of the OH-decay is{180corresponding to the repetition rate
of the fluorescence excitation laser. OH-decayimecexponential only after around
300 us following the photolysis pulse, the initisle is due to OH-formation in R 49b.
The time resolution of the G decay is random due to the synchronization mode of
the experimental set-fib raw data from individual ring-down events arewhas open
grey dots inFigure 5.2, while the red dots represent the aeedging-down events
having occurred within a time-window of 1 ms. Theert shows the 3. decay on a
longer time scale (100 ms) and it can be seertlilea€ O, concentration seems nearly
stable on the time scale of the OH decay. Howeaysng a simple extrapolation of the
CHzO2 concentration to t = 0 s in order to extract thi rconstant of the GB&. + OH
from the pseudo-first order decays of the OH peofiears the risk, that rapid side
reactions alter the G3@. concentration at short times. On the other hamel,random
time resolution makes it very tedious to obtainsOpidecays with a time resolution high
enough to unravel details of its concentration-tipnefile on the time scale of the OH-

decays. Therefore, GB> decays have been simulated by a model takingaotount
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secondary chemistry with the goal of retrieving @td:0> concentration actually present
during the short time window of the correspondirtd @ecay.

Table 5.1 :Reaction mechanism used to simulate Ci®D2 and OH profiles

Reaction Rate constant Ref.
CH30; + OH — products Varied This work
CHsl + hvaagnn — CHz + |
CHz;+ O, —» CHO; 1.4/2.1x 16° 102,10¢
OH + OfP)— O, +H 3.5 x 101 10¢
OH+ G —> HO+ O 7.3 x 104 10€
OCP) + CHl — CHs + Ol 7.5 x 1012
— OH + CHi 2.7 x 10%? 124
— products 7.3 x 102
2CHO; - 2CHO + O 1.3 x 101 10¢
— CH,O + CHOH + O 2.2 x 1013
O(CP) + CHO; —» CHO+ &, 4.3 x 104 12¢
CHsz0, + | — CH30,l 2 x 101 10¢
CH3Oz 1 + | — CHOz+ o 1.5 x 10¢ 1o0¢
CH;0; + Ol — products 3.4x 1012 12t
CH30; + HO, » CHsO:H+ O, 5.2 x 101 10¢
CHz; + CHO; — 2 CHO 9.1 x 101 107
CH: O+ O — CH,O + HO, 1.9 x 10° 10€
2HG, - HXO+ O, 1.7 x 104 1z
2 CH; —» GHgs 6 x 10! 104
OH+ l,— IOH + 1 2.1 x 10 10¢
OCP)+Q 20 8 x 10 127
OCP) + Q (+M) — G5 (+M) 3.36 x 106 12¢

The complete model used for simulating the conedintr-time profiles is given in Table
5.1, and the rate constant of R 44 has been eatfattwo steps: in a first step, the £
profile has been simulated on a time scale addptdte CRDS measurements (up to 30
ms). The initial CHl and Q concentrations were obtained from pressure andhileter
readings, @ and OfP) concentrations were estimated as explained alOuy the
(identical) initial concentrations of GHadicals and I-atoms were varied such that the
experimental CkD, concentration was best reproduced over the f@sin8. Once the
initial radical concentrations were determined, #@mresponding OH decay was
simulated on a shorter time scale (2 — 5 ms, depgroh the CHO. concentration): only
the rate constant of R 4K, was adjusted such that the corresponding expetah®H
decay was best reproduced.
5.1.2.1Side reactions

Possible side reactions, those could alter theGzldoncentration on a short time

scale are:

(a) self-reaction 2 CHO2 — 2CH30 + O R 40a
— CH3OH + CH20 + O R 40b
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(b) with OP) CH3Oz+ OCP) — CH:0 + O; R 50

(c) with I-atoms CH302+ | — CH30al R 51
CH3021 +1 — CH3O2 + 12 R 52
(d) with 10 radicals CH302 + 10 — products R 53

(@) The initial CHO. concentrations being very low, the self-reactidrthe CHO>
radicals with a recommended rate constdmif kao = 3.5 x 10" cm’s? is also very slow
and can be safely neglected on the time scalecoDth decays.

(b) The reaction of CkD, with OCP)-atoms has been studied by Zellaeal!*® and a
rate constant ofso= (4.3 + 2.0) x 18! cn’s® has been found, which leads under our
conditions to pseudo-first order decays of 12006-¢/) slow compared to the OH decays.
(c) The reaction of C§D> radicals with I-atoms has first been mentionedéykin and
Cox!°® and has more recently been studied in detail tipDet all%, It was found that
CHsOz radicals catalyze the recombination of I-atoma @haperon-like mechanism. As
a consequence, the @Bb concentration decreases rapidly by around 10 % et
pseudo-first order rates of R 51 and R 52 are &l This decay occurs under our
conditions within 1 to 2 ms, i.e., the time scdl®or OH-decays, and therefore needs to
be taken into account.

(d) R 53 has been studied several times: Emami.**° as well as Balet al **' report a
rate constant of around 7 x ¥ocm®s?, while Dillon et al1%%126 have reported twice,
using very different experimental set-ups and cionk, a rate constant 15 - 30 times
slower (more discussion see further down). In Fegbu3and Figure 5.4 is shown the
impact of self-reaction and R 50 and R 53 on the@ldoncentration-time profile. The
upper panel of Figure 5.3 shows a4Chiprofile for an experiment with rather high initial
radical concentration, the insert shows a zoorh®khaded area and represents the time
scale of the OH decay, shown on a logarithmic soaline lower panel. The vertical
dashed line indicates 300 ps, the time when thed€thys became exponential. Three
different simulations of the mechanism in Table&& shown, which all reproduce very
well the CHO- concentration at longer time scales. Differencesdwer are visible in
the zoom: (a) the lower, full line represents a eladth the | and GP) concentrations
set to 0, i.e., no secondary chemistry is takem agcount; (b) the dashed line takes into
account I-chemistry, i.e., the I-atom concentratias set to the same value as the CH
concentration; (c) the dotted line finally represetine full model with additionally the

O(P) concentration set to the estimated value. leraareproduce C¥D. at longer time
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scales, the initial Cand I-concentrations need to be adjusted betweerdifferent
simulations by 10-15 %. Fitting of the correspomgd®H-decay leads to identical results
for kaafor (b) and (c), while neglecting any secondarynciséry would ask for an increase
in the rate constant of GB. + OH reaction of around 10 % in order to make arpifie
lower CHO- concentration: to illustrate the difference, athglations in the lower panel

use the same rate constant i.e., the simulation (a) was not optimized fgsraducing
the OH decay.
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Figure 5.3: Upper panel: CHsO2 concentration time profile, insert shows zoom of
the shaded area, representing the same time scal@h the OH-decay in the lower
panel. Lower panel: OH decay, open dots are experiemtal LIF intensities, the
horizontal dashed line in the insert upper panel ad in the lower panel indicates
300 ps. The full line presents a model without seedary chemistry, dotted blue
line includes I-chemistry R 51and R 52, dashed red line is the full model.

Figure 5.4shows the impact of 10 chemistry R 53: a 4CH profile with low initial
radical, but high GP) concentration is shown, conditions under whicbRhas the

highest impact. The full model from Table %2un by using the two rate constants found
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in the literature: the full line represents the mlowith ksz = 7 x 10'! cn’s? such as
proposed by Enangt al1*° and Baleet al1®!, while the dashed line represents a model
usingkss = 3.4 x 10"2 cnP’s?, the most recent value from Dill@ al'26. Again, the initial
CHs- and I-concentrations have been adjusted suchthibaf O, concentration is best

reproduced on longer time scales.
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Figure 5.4 Simulation showing the impact of the rate constainof R 53 on the
CH30:2 profile, full grey and dashed grey lines show theoncentration profile of
the product of R 53.

It can be seen that under the conditions of thieement the higher value fégzleads

to a strong decrease of the £ concentration on the time scale of typical OH-dscay
(few ms) and would therefore influence the retrtkvalue forkss. However, such high
rate constant for R 53 is not in agreement withetkgerimental CkD. profile. The lower
value forksz influences the CkD. concentration only at long reaction times as can be
seen from the slow rise of the product of R 53resented by the grey lines. It has thus

no impact on the retrieved value fas.
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Table 5.2:Reaction conditions and resulting rate constants4s for all experiments

CHsl /10 cm?3 | E/mJem? | [CHslo=[l]o/ 10®2cm3 | Kkas/100cmds!?
p =50 Torr. [O2] = 5x10 cm3, [O3] = 1.5x10° cm®, OCP) = 5x10* cm®
7.9 21 18.0 3.0
4.9 21 14.0 2.8
3.1 21 8.4 2.8
1.8 21 4.3 2.8
6.7 13.4 13.5 2.6
5.3 13.4 10.4 2.6
3.1 13.4 54 2.6
1.8 13.4 3.0 2.6
4.9 13.4 9.4 2.75
p =100 Torr, [O2] = 1.9x1G" cm3, [O3] = 0.3x163 cm3, OCP) = 1x10* cm®
6.6 13.4 10.5 3.0
54 13.4 7.9 3.2
4.2 13.4 6.4 2.8
3.0 13.4 4.4 2.9
1.7 13.4 2.2 3.3
1.7 20 3.6 2.95
1.7 22 4.5 2.6
3.0 22 7.2 2.8
3.0 18 6.6 2.8
4.2 18 8.8 2.75
4.2 22 10.2 2.85
5.4 22 13.6 2.6
54 18 11.0 2.8
6.6 18 13.7 2.5
6.6 22 16.4 2.8
Average: (2.80 £ 0.06) x 1&

The rate constants such as obtained by fitting@Hnd OH decays to the full model,
are summarized in Table 5aRd presented in Figure &S5 a function of the initial radical
concentration. No systematic trend is observedhi®retrieved rate constant between the
two different sets of experimental conditions (eiffnt pressure, €R) and Q
concentration), which can be taken as anotheratidic, that R 53 is too slow to influence
the CHO: concentration profile on short time scales. Therage value of the rate
constant for R 44, obtained from fitting all expeents to the full model using the rate
constants shown in Table 4.3 kis = (2.80+ 0.06)x 10%° cm®s?, with the error being
statistical only (95 % confidence interval), buh@t systematic errors need to be

considered.
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Figure 5.5: Rate constants for CHO2 + OH reaction. Open symbols are from
experiments at 50 Torr, red stars are results fromexperiments at 100 Torr.
Few experiments have been carried out usipQ:Hhs precursor, thus avoiding

complications due to R 50 and R 53. The other exymsttal conditions were exactly the
same except for the precursor, so these measurem@ensuitable to validate the results
that have been obtained with the other precurdoe.résult is plotted in Figure 5.7.

Since the CHO, + OH reaction is a second order reaction as Eghdvs, the
measurement of its rate constant needs to foll@vathsolute concentrations of both
species, which is complicated especially in thee @dgadicals.

- d[OH]
dt
In order to facilitate the measurement kpfspecial conditions were applied,

= k [JCH ,0,] JOH ] Eq 24

namely the OH decay was followed in large exces€IdiO, radicals. Under these
conditions, called pseudo-first order conditiot& toncentration of the GB» radicals
can be considered as constant on the time scéfe oéaction and the rate equation will

convert to the following form.

k =k[CHQ] Eq 25
=) Eq 26

In this case th&' can be determined by following the OH decay, asequent
of the following equation.

[OH] =[OH], & Eq 27
Thek’ value was determined by fitting the measured OFagéc an exponential curve.
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Figure 5.6: A typical OH decay with the fitted exponential cune.
The absolute CkD. concentration was followed simultaneously by cwBiERand OH-
decays were measured in the presence of diffexrtentrations of CkD2, The rate
constant of the C#D. + OH reaction can be determined from a linearasgjon of a plot
k' vs [CHO2] shown in Figure 5.7.
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Figure 5.7: Determination of ka4by using H202 as precursor of OH.

The value of the rate constant determined this way 2.7 x 18° cn’s?, so an
excellent agreement with the one obtained usinigsan OH-precursor has been found.
Thus, it is probable that the rate constant wassigstificantly influenced by reaction
R 50 and R 53.

However, with both precursors, the rate constahy fiepends on the reliable
determination of the C¥D. concentration, any systematic error directly nesua
proportional error in the rate constdai. The CHO. concentration has been obtained
from the time-resolved cw-CRDS measurements ansltlamsforming ring-down times
into absolute CkD2 concentrations. The absorption cross section (8.402° cn? at
7489.16 crit) has been determined as it was explained in Chdp'te A major source
of uncertainty in the determination of the €4 concentration is the uncertainty in the

rate constant for the self-reaction, on which isdabthe determination of the absorption
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cross section in all three experiments. An uncetyaof 30 % is given by the IUPAC
committee for the rate constaap 1%/, translating into the same uncertainty for thesGH
concentration. Another estimated uncertainty of92(s added in order to take into
account some dubiety remaining in the influencesexfondary chemistry due to self-
reaction and to R 50 and R 53 on thesOficoncentration at short reaction times, leading
to a final uncertainty of the rate constant of 1950

Kaa = (2.8+ 1.4)x 1010 cmis,

This very fast rate constant suggests that the ¢npiathe reaction of peroxy
radicals with OH radicals is not negligible undertain, remote condition and might be
even more important than shown by Archibatdal, who used rate constants of up to
1.5 x 1010 cnst. As already mentioned, this reaction is a negtesiek of RQ in
current atmospheric models and should have itsigést impact in the clean region of
troposphere, where NOx concentrations are low aDgllfetimes are lon Therefore, in
a recent work®?, the CHO, + OHreaction was included to the model which had been
used to reproduce the results of a previous fialdmaign at Cape Verde island, a side
that mostly receives clean Atlantic air and cantdden as a surrogate for the remote
marine boundary layer. The results showed thatehetion of peroxy radical with OH
has the same impact as a sink forsOtradicals than the reaction with H&o far taken
as the major sink for C3®- radicals under these conditions. Therefore, rieisessary to
know more about this family of reactions to getwiele picture about the atmospheric
reactions. Thus, more laboratory studies are netuegtermine the rate constants of

larger peroxy radicals with OH, and also, if poksilbletermine the reaction pathways.
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5.2 Determination of the PES of CRO2+ OH reaction system

After the determination of the rate constant ofsOkt+ OH reaction the next goal
was to investigate its reaction channels. Sinceisha complicated reaction system, first,
quantum chemical calculations were carried out. Tamposite methods, G4 and CBS-
APNO were used to determinate the products andne@iates. The results were
compared to the earlier calculated data founderBilwrcat database. (The Burcat database
is an online database where the parameters ofojelgr molecules and radicals can be
found.)

5.2.1 Comparing the results of the two different methods

There were two methods used for calculation ofRE& elements: G4 and CBS-
APNO. The largest difference between two methodbasthe optimization happens at
B3LYP/6-31G(2df,p) level of theory in the case off @hile at CBS-APNO a pre-
optimization by HF/6-311G(d,p) was followed by QOI8-311G(d,p) level of theory
calculation. The relative enthalpy values from te calculations and the calculated
heats of formation from the atomization energysanmmarized imable 5.3 In the case
of the CHO. + OH reaction, it can be concluded that CBS-APN@ &4 results are
consistent. One of the three differences betweertvtb methods is found in the case of
the 3TS1c structure, where the G4 overestimates theadicth enthalpy by 10 kJnidl
(20.8 kdmol) compared to that of CBS-APNO.
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Table 5.3:Comparison of the G4 and CBS-APNO results each othand with the
data from the literature.

AH / kJmol?
species G4 CBS-APNO daBt;g:gés
3CH302 + OH 0.0 0.0 0.0
3CH202 + H20 -53.0 -54.5
3CH30 + HO2 -16.6 -16.3 -15.4
-291.2 -290.2 -294.2
-131.5 -135.3
STS1c 20.8 10.5
3.7 -0.5
7.4 1.6
Svdwla -8.0 -8.5
Svdwlc -10.8 -13.9
3CH202 x H20 -63.0 -64.6
3CH30 x HO2 - -43.4
-311.9 -312.9
-154.0 -156.5

The main reason of the large difference is theat®n in the geometry of the structures
calculated by the two methods. As seen in FiguBere two structures are very similar,
there is no large difference in the distance ofdlemgated C-H bond and the shortened
H-O bond. However, a more significant differenee be observed in the distance of the
outside O and H-atom of the OH: in the cas&&1c structure obtained by G4 the above
mentioned O-H distance is 0.191 A shorter comp#oetie structure obtained by CBS-

APNO.

N 2.374A

1.268 A

1.208 A

TS1c ITS1c
CBS_APNO (10.7 kJmol-') G4 (20.8 kJmol!)

Figure 5.8 : Geometry of the®TS1c structure calculated by CBS-APNO and G4
level of theory.
In the case of minimum structure the enthalpy v&loalculated by the two

methods were in agreement also. Considering théewkaction system literature values
in the Burcat database can be found in only twesast CHO + HOand CHO + HO5.
In general, the data show good agreement withtdraiure ones. In the case of the OH
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+ H2Oz channel, the value from the literature is a bit@ehan what was calculated and
the G4 result is closer to it, though its 4 kJideviation from the CBS-APNO one is
definitely in the error limit also. Considering thaher channel, also pretty good
agreement can be seen, the literature data is alexaxtly the same value as the

calculated ones.
5.2.2 Thermodynamic control

The CHOs constitutional isomers were determined in ordegeb a full picture
about the possible products of the reaction systemied which can provide hints for
favorable structures and the possible channels. &@tploratory study was carried out at
G3MP2B3 level of theory. The enthalpy versus entrgmaph of the calculated G8s
constitutional isomers is depicted kigure 5.9 In terms of the isomer structure, four
groupscan be distinguished: mono-, bi-, tri- and tetrdenolar complexes. Comparing
the number of elements of the different groupsalagest number of isomers belongs to
the monomolecular complexes (black). Considerirggahtropy they are located in the
lowest region of the thermodynamic map, all of tHeawe a relative entropy value below
300 JmofK,

650

Monomolecule
] G3mMP2B3 Bimolecular complex
600 Trimolecular complex
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1 8 CHO$HO, o ©
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Figure 5.9: Thermodynamical control map of CH«O3 isomers calculated at
G3MP2B3 level of theory.
Their relative enthalpy values are also in the lovegion, i.e., these are negative

for every monomolecular complex which were takdn sccount during this study. The

HC(OH) structure is in the left corner, which means i$ lome of the most negative
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enthalpy and one of the lowest entropy values. Thethyloxo-hydroperoxide,
CH3OOOH structure resulted by the simple additiorhef $tarting radicals is also in the
region of the negative values considering the iredagnthalpy values, while its entropy
is one of the lowest value. This predicts thatrtt@omolecular structures can play an
important role in the reaction scheme.

Considering the bimolecular complexes (depicteded) they occupy the low
middle region of the graph. The starting struc(@itied red circle), CHO2 + OH can be
also found here. Its entropy is relatively high {&4Jmof'K ) among the bimolecular
complexes. In general, the bimolecular complexesrarstly at negative relative enthalpy
value region and their entropy is also rather laround 330 JmdK™2. There are few
complexes out of this range, for instance thes@k HO structure or Chix Os, the
enthalpy of which is positive, so this channel w#l probably not significant considering
the possible channels. Slightly negative relatinvthalpy belongs to Ci© + HO
structure while its entropy value is the highest @among the bimolecular complexes,
which means that this channel could be one ofdlierable one.

The tri- and tetra molecular complexes have smallgmificance, since more tri-
molecular structures are in the right side of thapg, i.e., they have positive relative

enthalpy values.
5.2.3 Reaction channels

The potential energy surface of the Ll + OH system is rather complex since
the crossing of singlet and triplet energy surfaceursvia radical-radical reaction. The
potential energy surface of this reaction is depiéh Figure 5.10. The reaction starts on
the triplet surface followed by the formation of §&MOOH adduct which means the first
crossing between the triplet and singlet surfaberd are two possible ways to reach this
minimum: eithewia a highly exoterm, barrierless radical-radical rmbmation process
or formation of a weak triplet van der Waals compié CHsO, and OH fvdW1a). At
both types of CEDOOH formation, at the direct addition or in these®f pre-complex
formation on the triplet surface transition occhesween the triplet and singlet surface.
The forming CHOOOH adduct (depicted in Figure 5.10) is the stgrpoint of most

pathway of this radical-radical reaction.
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Figure 5.10: The enthalpy profile of CHsO2 + OH reaction. The red elements are

on the triplet surface while the green ones are othe singlet surface. The enthalpy

values written in the graph are calculated at twodvel of theory,CBS-APNOand
(G4).

In this adduct, three oxygen atoms form an ozdweediructure where the middle
O-atom is a bit closer to the GBI part (r=1.415 A) than the OH part (r=1.420 A)eTh
C-O bond is shortened while the O-H bond stays#mee as it is in a separate OH radical.
In the case of thévdW1a complex the H-atom of the OH gets closehéinner O-atom
(2.118 A) stabilizing the structure with H-bond. ©to this approach the structure will
transfer to the singlet surface as it can be seémei Figure 5.10 it goes through a triplet
H-abstraction.

Starting at CHOOOH adduct, the CG3® + HO; channel through an ISC ends on
the triplet surface. There is no transition statgy the CHO x HO van der Waals
complex can be found at the crossing point, whias #43.6 kJmdl enthalpy at level of
CBS-APNO. This structure was not found by usingl&l of theory. Considering its
structure depicted in Figure 5.12 one H-bond casdes, which is formed between H of
HO, and the O-atom of G (r=1.853 A), while the O-atoms are not close goto
the H-atoms of Cklgroup to form secondary bond.
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Figure 5.11:Structure of CH3OOOH adduct.
The CHO + HQ structure has -16.3 kJmbknthalpy which means the highest value

among the minimum structure which can be explaimgthe fact that both species are
radicals. However, the enthalpy of the minimumdtite is relatively high, this channel

is actually barrierless so it can be concludedtiiatis the most possible pathway.
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2.426A 3 ? ‘::‘-"0—)
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3CH,0%HO,

J 1.941 A

Figure 5.12:The structure of the vdW complexes optimized at QC3D/6-311G(d,p)
level of theory according to CBS-APNO method.
After the radical-radical recombination of @b + OH, the formed hot

methyloxo-hydroperoxide (G#0OOH) can be stabilized by collision. Alternatively
can undergo elimination reactions resulting in fbemation of singlet molecular
complexes. One of these channels is the hydrogendple elimination, which results in
formaldehyde and hydrogen-peroxide. The next dtep f@rming the CHOOOH adduct
is theTSh202 formation. The transition state is low-lying aatiog to their enthalpies
relative to CHO>+OH. As Figure 5.13 demonstrates, TSOkHshows some similarity to
the structure of TS_#D since both structures have elongated C-H bonéstauhe
intramolecular hydrogen transfer from the methgugr to one of the oxygen. The main

difference is that the™H of the system belongs to the far O atom andthén®tS_HO;
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structure a five member ring is formed while in tdase of TS_ED a four member ring
can be seen (Figure 5.13). The enthalpy of thdatiigs HO- is slightly positive, 1.6
kJmol! at CBS-APNO which shows the largest differenceveen the two methods (G4
and CBS-APNO) on the singlet surface. This carelea $n the geometry also, in the case
of CBS-APNO calculation the middle H-atom shiftedia towards the C-atom. The
TS _HO; belongs to the CHD + H:O, minimum structure, which is the deepest minimum
in the PES (-290.2 kJmbht CBS-APNO level of theory). Before forming thignimum
there is a pre-complex which has relatively lonhaity, -311.9 kJmdl. In this structure
ring formation can be seen again, a six memberigrigrmed by the H-bond between
the O-atom of KO, and H-atom of formaldehyde (2.577 A) and betwdendther H-
atom of the HO, and the O-atom of Ci® (1.944 A). The two O-atoms which are
forming the HO- are getting quite close to each other the distarteeen them is 1.443

A.

H,0 elimination H,0, elimination
2 DEdA

2055 A’/'
I: 336 A

1506 A
J’ 1290A {
D28

H-atom shift

2.651 A 2. 374A

1.225 A ‘1 208A
{57 A 1. zss A

TS1a TS1c

Figure 5.13:Structure of the transition states in the reactionof CH302+ OH
obtained at QCISD/6-311G(d,p) level of theory aceding to CBS-APNO scheme.
The other elimination channel in the singlet sugfacthe water elimination. The

transition state (TS_#® in Figure 5.13) has the smallest enthalpy (-0radt*) obtained
by CBS-APNO). As Figure 5.13 shows, one C-H bonthefmethyl-group is elongated
(1.336 A) in the TS_D structure and this H gets closer to the inneth®distance will
be 1.290 A. The bonding O-O distance is also eltatija bit while the water structure is
forming. At the end of this path water al@ atom are leaving while GB molecule is
forming in the van der Waals complex. Accordingotr CBS-APNO calculation the
singlet CHO x HO x 10 structure has quite low enthalpy, -156.5 kJin®his structure

allows further reaction due to the rather reactdeatom.
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The highest barrier presented here of the PES geltmthe only one transition
state of the triplet surfacéT(S1c). Forming this structure was foregone by a dan
Waals pre-complex®{dW1c) also on the triplet surface. In the vdWi1lmptex the O
atom of the OH radical gets closer to the methglgr(2.411 A) and the outside O atom
of CHsO; is approaching the H atom of OH group (1.981 B)stthe forming six member
ring stabilizes the structure (Figure 5.12). Oltagrthe structure of the TS it can be seen
that two types of this H-shift TS exist. The ditface between them is the position of the
H-bond since in the case &fSla the inner O-atom, while at structure®6861c the
outside O-atom will form the secondary bond. Howetlgere is no large difference in
their enthalpy, sincévdW1c is the pre-complex thi@S1c is the one which has to be
taken into account. Considering its structure ikareember ring formation can be seen
here also, i.ethe H-atom of the OH is forming an H-bond with theside O-atom, but
in its distance a small moving away can be seenlwpriedicts the product of this channel.
Whereas the H-atom of the Gkt moving towards to the O-atom of OH, so the C-H
distance is elongated (1.268 A) and the O-H distamitl be shorter, 1.208 A. Before
reaching the minimum structure there is a postd@nWaals compleXCH20; x H,0
with enthalpy -64 kJmdi at CBS-APNO level of theory. Weak H-bonds can &ens
between the H-atom of thex8 molecule and O-atom of GB (2.243 A) and between
the H-atom of CHO and O-atom of kD (2.426 A). The minimum structurqgGH,0; +
H2O which is still on the triplet surface has relativlow enthalpy, -64.0 kJmdlat CBS-
APNO level of the theory. This channel is the onhe where there is no transition
between the two surfaces.The simplified schemehefreaction was summarized in
Figure 5.14.

——> CH,0 + HO,

CH,0, + OH ——> >

a——
CH,0, + H,0

Figure 5.14:The scheme of the reaction CkD2 + OH as result of theab initio
calculation at G4 and CBS-APNO level of theory. Theed species are on the triplet
surface, while the green species are on the singketrface.
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5.3 Conclusion

The rate constant of the reaction between the ripttpxy radical CHO,, and the
OH radical has been measured for the first timelafRre OH decays have been obtained
by high repetition rate LIF in the presence of esc€HO,. The absolute concentration
of CH:O. was measured simultaneously by time resolved c&k the near IR. A
very fast rate constant of (2481.4) x 10%° cn’s?, independent of pressure between 50
and 100 Torr, has been obtained. With such a &staonstant, the reaction of &bi
radicals (and peroxy radicals in general) with Odtlicals will be needed to be
implemented into atmospheric chemistry modelst agli have non-negligible impact
on the composition of the atmosphere especiallgemote environments where NO
concentrations are low and the lifetime of percxgicals is long.

As it turned out from our experimental study, thdsO. + OH reaction is pretty
significant in the tropospheric chemistry. Therefab initio calculation was carried out
to understand the reaction mechanism. Accordirmutdknowledge up to date this is the
first reporting of the potential energy surfaceta$ reaction. In order to have a first guess
about the PES, the isomers of £ structure were calculated at G3MP2B3 level of
theory. Then at two levels of theory, G4 and CBIN@Pwere used for determining the
potential energy surface which was very complicaheel to the cross points between the
singlet and triplet surface. At every TS structiR€ calculations were carried out to
validate the assumed pathway. Most of the caselrghatep is a barrierless addition of
the CHO. and OH. Then the most favorable channel ends aOCHHGO:; since this is
accordingly also a barrierless process, no TS waed only a vdW complex can be
obtained. The data obtained from the two differapethods show good agreement with

each other and the literature ones.
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6 Experimental and quantum chemical characterization
of CoHsO2 + OH reaction

It has been pointed ddtin Chapter 5 that the reaction of &4 radicals with OH
radicals can play an important role in removing fieroxy radicals in clean environments
such as the remote marine boundary layer. To dat&mowledge is constrained to the
rate constant while the reaction pathways and miogields are not known, but the
importance of this reaction, so far neglected maspheric chemistry models, is clear. In
current models, H®is considered as the major reaction partner og@Hn clean
environments. However, comparing the typical ratiche concentrations of [HD/
[OH] with the inverse ratio of the rate constantsiskz+on/ Kcrzoz+Hoz Shows®? that
CHs02 + OH can be competitive with the reaction with H@dicals. Including CkD> +
OH reaction into a model used to reproduce fiekld d@m Cape Verde Island from May
2007, considered as typical for clean environméfthave shown that G@, + OH
reaction represents around 25 % of the totad@Hink, on the same order of magnitude
as reaction with H@ In an earlier work, Archibalét al. ** had already modeled the
possible influence of the reaction of differentgear radicals, including €450,, with
OH radicals and came also to the conclusion thsicthss of reaction might have a non-
negligible influence on the composition of the agplwere, depending on the rate constant
and the product yields.

The corresponding reaction between ethylperoxyatadizHsO., and OH radicals,

CoHs02+ OH — Products R 54
is not taken into account in atmospheric chemistigdels, either. Its impact on the

composition of the atmosphere will possibly be eggortant compared to the Gk +
OH reaction for different reasons: (ajHzO: is less abundant in remote environments
compared to CkD- due to a shorter lifetime of its precursors coraddo CH, the major
precursor of CBO2 in remote environment. Indeed, hydrocarbon cheynistthe remote
marine boundary layer is dominated by the oxidatéiCHs, and thus CkD: radical
chemistry®** (b) Rate constants for the major competing reastiwith NO, NQ and
HO; are slightly faste?® for C;HsO2 compared to CkDs.

Nevertheless, the Hs02 + OH reaction can be seen as a more general model
reaction for larger peroxy radicals with OH compghte the reaction of methylperoxy
radicals. Indeed, considering the large varietpagsible peroxy radicals present in the

atmosphere, the fast reaction with OH radicalsade a sink for other peroxy radicals
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as well and could thus have an important impadhencomposition of the atmosphere.
The GHsO, + OH reaction has never been studied neither expeatally nor
theoretically. In the frame of this dissertatiore present the first measurement of the

rate constant of R 54.
6.1 Determination of the rate constant

6.1.1 Measurement technique

The experimental setup has been described in det&hapter 3.1. Since the
wavelength necessary to quantiiyHsO, radicals is out of range for our detection system
an alternative way has been chosen to quantif§sG, radicals: generating them from
Cl-atoms from oxalylchloride photolysis in presentethane and determining the initial
concentration of Cl-atoms in separate experimeptsdmverting the Cl-atoms to HO
radicals, easily quantifiable by our cw-CRDS system
Thus, in the first step, HOadicals were generated by 248 nm photolysis &f@0> in

presence of excess @BH and Q.

(COCI), + hv (248 nm)— COCI + CO +Cl R 55a
COCl— CO +Cl R 55b
Cl + CHsOH — CH20H + HCl R 56
CH20H + O, — CH,0 + HO; R 57

In the second step, GBH was replaced by, in order to convert quantitatively Cl-
atoms into GHsO; radicals:

Cl + GHg — CoHs + HCI R 58
CHs + O — C2Hs02 R 59
The time-resolved H® concentration profiles were detected by cw-CRDS tloa

strongest absorption line of tde— X band at 6638.20 ¢t The absorption cross section
of this line at 50 Torr helium as well as its haliinduced pressure broadening have been
determined earlier in our grotd and good agreement was found in a more recert wor
by Tanget al **". A very weak broadening coefficient has been aleskfor this line in
combination with a zero pressure line width largean predicted by theory. This is
probably due to the fact, that this absorption isha convolution of two nearly perfectly
overlapping line$®. The absorption cross section under the curremitions (55 Torr

0O.) was determined in the frame of this work using same method as described in

Chapter 4. The typical results of our experimengsshiown in Figure 6.1.
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Figure 6.1: Typical HO2 decays under our experimental conditions.
The absorption cross section determined in thdainvay as in the case of GBk

(Chapter 4.1). In this case also the conditionghef pseudo-first order reaction were
fulfilled. The upper part of Figure 6.1 shows ttacalateda vs. t graph for the several
measured concentrations. From theulvs t graph depicted in Figure 6.1 the slope and
intercept was determined in the case of every mmedsioncentration. Then the intercepts
were plotted against the slopes and a linear widfto the data points. In order to
eliminate the influence of the diffusion the expseits were carried out for several
concentration. In this case the slopenis= 2 kobs/ 0 . The extrapolation untl=0 (i.e.,
[HO2]o —» ) gives a value for the slope which is influencediydy the self-reaction.
The HO self-reaction can be considered as the main mraati the cell, since all side
reaction is negligible. The rate constant of the>Bk)-reaction is known, the absorption

cross section can be calculated and was found ¢o=h2.72x 101° cn?.

6.1.2 Determination of HO2 concentration

In a first step, H@ radicals were generated through R 55 and R 56abgr|
photolysis of (COC) in presence of excess @H and Q. Under our conditions
([CH3OH] = 7.0x10% c® and [Q]= 1.8 x 13 cnP®), R 55 and R 56 have (with rate
constant®® of kss= 5.5 x 10'cmPs? andkss = 9.6 x 10tcm®s!) pseudo-first order rates
of kss'= 3.8 x 10s?, andkss'= 1.7 x 10s?, and are thus completed within few 10 ps.
Photolysis of oxalylchloride, (COGl)at 193 nm is known to be a clean source of Cl-
atoms®. From a photofragment imaging study, carried guAhmedet al %, it was
concluded that 235 nm photolysis of (ClIGQOpads to an impulsive three-body
dissociation R 55a to form Cl, CO, and CICO, folemiby further rapid decomposition
of internally excited CICO into Cl and CO (R 55B).time resolved FTIR emission
study*® came to the same conclusion following the 248 rivot@ysis of (CICO).
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However, a possible “cold” COCI fragment, decompgsonly slowly into CO and Cl,
would not have been detected in this emission stkdyure 6.2 shows a typical HO
profile where, in order to improve the signal-tag®ratio, individual ring-down events

falling into 0.5 ms windows have been averaged.

(I/[HOzI)/cm3

o -
r*...~ .SXlooAOW 0.005 0.010 0.015 0.020 0.02:
oco N, o gt/s
[ ]
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Figure 6.2 HO2 concentration as a function of time: individual ring-down events
have been averaged in 0.5 ms bins. Inset figure she the same HQ profile plotted
as 1/ [HQ] = (t). Grey-shaded box indicates time window oFigure 6.3
It can be seen that the highest Héncentration is reached only in the second time

window, reflecting the non-instantaneous HOrmation. However, in the example of
Figure 6.2, 93 % of the maximal H@oncentration is already detected at the firsh dat
point (0.1 ms), in excellent agreement with a senpbdel. The subsequent decay o,HO
radicals is mostly due to self-reaction and diffussbut of the photolysis volume. The
inset figure shows the same K@rofile, now plotted as 1 / [HEp= f(t), showing good
linearity as expected for a bi-molecular reactibims observation supports the finding of
Ahmedet al of a rapid decomposition of the COCI fragmengrewith a photolysis at
248 nm. Radical concentrations were low, so thdtemtradical-radical reactions
preventing the quantitative transformation of Giras into HQ radicals, such as CI +
CH>OH or CHOH self-reaction, are negligible: a model calcalatshows that 98.5 %
of Cl-atoms are converted to H@ithin 50 ps. The possible reaction of Cl-atomghwi
H202 (not present in the first step, i.e., conversib&batoms to HQ), that would lead
to a GHsO2 concentration lower than the initial Cl-atom comization, can also safely
be neglected due to (a) the low rate constant bfx410* cns? and (b) the low
concentration of kD> compared to &s, making this reaction 1700 times slower than
R 58.
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The self-reaction of €402 (k = 4.0 x 10 cn’s?) leads with a yield of 63 % to
formation of GHsO radical$?® which subsequently are converted rather rapidtieuthe
high & concentrationsk(= 8 x 10™ cn’s?, leading to a pseudo-first order of 1.4 % 10
s1) to HO,, which in turn would accelerate the OH-decay duthe fast reaction of OH
radicals with HQ radicals k = 1.1 x 10 cn®s?). However, due to the low radical
concentrations and the rather slow rate constahieagelf-reaction, the formation of HO
radicals through this pathway is negligible. A mioslgows that on the time scale of a
typical OH-decay (5 ms), far less than 1 % efi€D, radicals have been reacted through
self-reaction. The formation of H@adicals from a photo-dissociation 0f® into HO,
radicals and H-atoms can be excluded as well.

From these considerations it is concluded thatriéasonable to deduce the initial
Cl-atom concentration, and with this the initiaHsO. concentration, by extrapolation

of the HQ concentration-time profile to a zero delay aftex photolysis pulse.
6.1.3 The rate constant

Since with the current experimental set-up it ispussible to directly follow the
C2Hs0O- concentration, the initial Cl-atom concentrati@s bbeen determined as explained
above for each (COGI)oncentration and laser photolysis energy by measiHO,
concentrations in presence of §H instead of eHe. Thereafter, the C¥OH flow was
changed against-8s. Now, GHs0-is formed through reactions R 58 and R 59 on an
equally fast time scaléss=5.93 x 10 cm’s? andksg= 7.8 x 10"°cmPs? lead to pseudo-
first order rates ofsg = 8.3 x 10s?, andksg = 1.4 x 13s?, i.e., the rate limiting step R
58 is about two times faster than in the conversio@l-atoms to HQ A model shows
that, under these conditions, very close to 100f%lloCl-atoms are transformed into
C2Hs0: radicals in less than 50 ps. In a final stegHvas added to the gas mixture and
the OH-decay was measured following the photolgsthe (COCI) / CoHs / H202 / Oz

/ He mixture.
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Figure 6.3 OH decays in the presence of £1502. Full lines represent the bi-
exponential fit to the OH-decays, the two dotted hies for the lowest and highest
[HO2] represent a single exponential fit.
Figure 6.3shows the normalized OH decays in absence (blackekiand in

presence of different concentrations (0, 2.7, 8.3, 11, 14, 17 x 6 cm®) (coloured
circles) of GHsO. on a logarithmic scale. In absence of peroxy &ddithe OH loss is
mostly due to the reaction with the precurse®iHand to a minor extent to diffusion as
well as reaction with impurities and later with tleaction product H® Its decay rate
was typically around 200'sand was used for an estimation of the initigiOk
concentration. In the presence ofHgsO- radicals, the OH decay rate increases with
increasing peroxy radical concentration. From aganmson of the typical HOdecay in
Figure 6.2, indicative of thesBs0, decay, and the OH decays in Figure 6.3 it carlysafe
be assumed that thelsO. concentration is constant during the OH-decaygtivmdow

of OH measurements in Figure 6.3 is grey shaddgéigare 6.2). Indeed, the-B50
formation is even faster than the H@ne, and the self-reaction obKO: is 27 times
slower than H@ self-reactiof*! (major loss process for the H@adicals in Figure 6.2)
and hence the £150, decay will be even slower than the H@ecay. Also, the 50
concentration is in large excess over the OH canagon, it can thus be assumed that
pseudo-first order conditions were fulfilled, s@ ttate constant can be determined the
same way as it was explained in Chapter 5.1.2thdrcase of kD- precursor.

Close inspection of OH-profiles shows that the Qifgentration does not
completely follow a mono-exponential shape and thatdecays are best expressed by
bi-exponential shape especially in the case ofdsgkHsO. concentrations. The origin
of this OH recycling, possibly from the products,niot known at present. At highest
initial concentration the intensity of the slowecdy was around 3 % with a rate constant
of around 300§ significantly faster than the diffusion. Underslang the origin of
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recycled OH-radicals needs further work and wilt be discussed any further in this
dissertation. However, considering the bi-exporariii, this is included in the decay
analysis and a faster decay rate was attribut&shdtor R 54.

Thekobs Obtained this way were plotted kiigure 6.4 as full symbols against the

initial C2HsO2 concentration.
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Figure 6.4 Plot of ks, obs, i.€., the pseudo-first order decay rate of OH vaus the
C2Hs02concentration.
The rate constant of the measured reaction hashiwem obtained as the slope of

the linear regression of this plot:
ksa = (1.2 £ 0.3) x 18% cn’st

while the intercept (386 is in good agreement with the expected value, the sum
of the pseudo-first order rates for the reactio@bif radicals with HO, and GHe (530 $
1. The given uncertainty represents an error o%®26n the absorption cross section of
the HQ radicals and thus on the concentration of thidsO. concentration, expected to
be the major source of uncertainty in this expeninstatistical errors for the fit being
much smaller. The open symbols in Figurerégresent the results obtained from a single
exponential fit to the OH decays: the differencevéesy small at the lower radials
concentrations, while the deviation becomes nolileeat higher concentrations and does
not well reproduce the observations, as can belsgére dotted line in Figure 6.3.

The obtained rate constant is fast as expectednbre than a factor of 2 slower
than the corresponding rate constant for the r@acti CHO; radicals, possibly showing
a beginning tendency of increasing alkyl chain tBngeducing the reactivity of

alkylperoxy radicals with OH. Earlier studies oraecgon CHO, + OH reaction have
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shown the importance of this reaction in the renemidronments, and particularly in the
marine boundary lay&? due to the fast rate constefdtit turns out to be a major sink
for CHsO: radicals under these conditions. The present wbadkvs that the reaction of
C2HsO- radicals with OH radicals is also very fast, andan be expected that models

will show this reaction to be a non-sink fofHzO, radicals.

6.2 Ab initio investigation of C2HsO2 + OH reaction system

After the experimental determination of the ratestant of the eHsO. + OH
reaction, theb initio calculations were carried out to investigate #action mechanism.
In this case no data was not found in the litemtlihe reaction mechanism is similar to
the previously determined reaction mechanism o€HgO, + OH system. The following
reaction channels were found in the reaction syste@Hs0, + OH.

The first step is the ISC, i.e., the addition of tiwo radicals forming ethyloxo-
hydroperoxide molecule.

OH + GH502 —» C2:HsOOOH R 60
Several pathways can be distinguished startingeahot ethyloxo-hydroperoxide. First,

CoHs0 + HO: products are formed by breaking of the O-O bond.

C2HsO0O0H — CoHs0 + HO, R 61
The next reaction type is the elimination. Two ldndf elimination from ethyloxo-

hydroperoxide can take place in the reaction systeenhydrogen-peroxide and water
elimination. The products of the hydrogen-perox@timination reaction is acetaldehyde
and hydrogen-peroxide.

CoHsOO0H — CoH40 + H20O2 R 62
The water elimination on the singlet surface casultefrom two types of pathways:

formation of a very instable and reactive vdW pastaplex and formation of Criegee
intermediate and water. The previous channel haiscd possible continuation due to the

very reactiveO.

C2Hs000H — CH40 x H,Ox 10 R 63
Furthermore, OH recombination can occur as thevotg reaction shows:
CHs000H — C,Hs00HO R 64

The water elimination can occur from the start &triee also, formation of Criegee
radicals and water can happen on the triplet ansiragiet surface, as well.

CoHs02 + OH — 1CoH40; + 1H0 R 65
CoHs02 + OH — 3CoH40; + 3°H 0 R 66
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There is another type of water elimination, whestadle vdW post-complex forms, then
water, oxygen molecule and ethylene formation wasipted.

CHs02 + OH — CoHa+ HXO + O R 67
Due to the method test and the previous experiamteCH:O, + OH reaction

system, the used method will be the CBS-APNO.
6.2.1 Thermodynamic control of the GHsO2 + OH reaction

As it was mentioned in Chapter 5.2 the first stéph® reaction mechanism
determination is the constitutional isomers caliakain order to get a first guess about
the possible products and intermediates of thetimmasystem studied. The structures
were generated automatically molgensoftwaré*3, which produced all of the existing
constitutional isomers of the 28¢0s structure. 45 structures were generated and
optimized at G3MP2B3 level of theory. The enthalmrsus entropy graph of the
calculated @HeOz constitutional isomers is depicted in Figure 82ansidering the
structure three groups can be distinguished betwlengenerated isomers, namely
monomolecular complexes (black), bimolecular comgde (red), and trimolecular
complexes (blue).

The monomolecular complexes are located on therltvirel of the map, i.e., they
have relatively low entropy, the lowest values aghentropy of the calculated isomers.
In terms of enthalpy, the monomolecular complexes an the left side, a negative
enthalpy value belongs to all of them. In termsmtfopy values there is no big deviation
among the monomolecular structure, all of them areund 321 JmdK™ The
CHsC(OHJ) structure has the lowest enthalpy (-657.4 kJinanhd also the lowest entropy
(313.9 ImotK™?) value, which is caused by the stable, ordereatstre. The @HsOOOH
isomer, formed by addition of-8s5 and OH, has the highest enthalpy value amongst the
monomolecular complexes, which results mostly ftbentense, ©like structure formed

by three adjacent oxygen atoms.
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Figure 6.5: Thermodynamic control map of GHeO3s isomers.
The middle region of the map was occupied by timeobecular complexes (red).

One exception is the starting structureH§D» + OH, which has one of the highest

entropy value (477.3 Jm&K1) on the map showing

the high reactivity of thimisture.

The enthalpy of the bimolecular complexes are rdthe, aside for some exception all
values are under -200 kJrrfolThe lowest value (-681.7 kJmlbelongs to the acetic
acid and water complex, but the carbonic acid amrthene structure is also among

bimolecular complexes with the low enthalpy valu€ke only bimolecular complex
which has positive enthalpy (182.0 kJridk the Q+ CoHs structure. The entropy values
are between 350 and 400 JrH6IL. The @+ CoHe structure means extreme in the entropy

value also, since it has one of the highest valaé.(

Jmolk1).

The trimolecular complexes could be also significamce the enthalpy values of

kJmol?) the calculated trimolecular structures are

negain this group structures such

as GHs + H.O + O, CO; + H2O + CHs..etc can be found. The lowest enthalpy value
(-730.1 kJmol) and the highest entropy value (473.2 JHol) belongs to the same

structure which is Co+ H>O + CHs, so maybe this

the construction of reaction mechanism.
6.2.2 Reaction channels

The potential energy surface of theHg0-

has to be taken into account during

+ OH system is quite complex,

similarly to the PES of CkD. + OH reaction. There are also low lying crossioinfs
between the triplet and singlet surface. The PE&Bcted in Figure 6.6. The reaction
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starts on the triplet surface, from where fouret#int main ways can be seen, two on the

triplet surface and the other two on the singletase.

50
6.6 0.0
Ts1c C,H50, + OH
0- >>>>>> TR e _ e C2H5O + HOZ
- ! 3VdW1 c 3de1 a -1_43
-501 CHO,+H0 [/ .8 9.0 C,Hs0 x HO,
— -41.0
‘T_o_1 00- 3C,H,40, X H,0

£ -82.0
~2-150;
—
L
<1200;

-250

-3001 cBs-aPNO

-350 : p
Reaction coordinate

Figure 6.6: Potential energy surface of @GHsO2 + OH reaction system at CBS-
APNO level of theory. The green species are on teenglet surface and the red
species are on the triplet surface.
One of the crossing point on the PES is the wajoohation of GHsOOOH

adduct by R60. There are two possibility in oraerdach the gHsOOO0OH adduct. One

is the radical-radical recombination (green), tigeo one is the transformation of the
weak, triplet van der Waals compledW1a). In both cases transition occurs between
the triplet and singlet surface, i.e., ISC happ&he. structure of the forming vdW adduct
is depicted in Figure 6.7. During the processtlinee oxygen atoms form an ozone like
structure, where the middle O is at the same distgn= 1.424 A) from the other two,
and this distance is barely larger than that indbene. The C-O bond is shortened by
0,018 A, it is 1.450 A in the 50, radical and here 1.432 A can be seen. The O-H
distance is almost unchanged in this structure ewetpto the value in the free OH. The
3vdw1a complex has a structure where the H of ther@ital forms a weak secondary
bond with the inner O of the ethyl-peroxy (r = 2814), while the O gets closer to one of
the H of the methyl group. The secondary bonds &bion allows the transformation of

the structure, which leads to theHsOOOH on the singlet surface.
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Figure 6.7: Structure of C2HsOOOH adduct.
The alternative band dissociation reaction of thdsOOOH adduct ends on the

triplet surface. From the BsO0O0H structure formation of a vdW complexHgO x
HO- occurs which is a crossing point again, becausestiucture is on the triplet surface.
Its relative enthalpy is -41.03 kJmolConsidering its structure depicted in Figure 6.9,
one H-bond can be seen which forms between thethedAQ and the O of eHs0 (r =
1.864 A). The outside O of H@pproaches also one of the H of the inner C, layt #ne
not close enough (r = 2.864 A) for forming a hydrodpond. In this channel there is no
TS, the vdW complex is followed by the products,jchhare the two reactive radicals,
C2HsO and HQ. The energy of the products is relatively high paned to the other
minima on the PES but it is understandable becausdighly reactive species are the
products. Since there is no barrier in this chanibebn be concluded that this is one of
the most possible pathway.

The channel on the singlet surface is describeR B, i.e., hydrogen-peroxide
elimination which results in acetaldehyde and hgdrmeperoxide. At this pathway the
adduct formation is followed by th& S1202 formation depicted in Figure 6.8TSn202
has small positive relative enthalpy value, 6.8inéi}. Considering its structure the
elongation of the C-H bond occurs (r = 1.224 A) émeloutside O gets closer to this H
(r = 1.521 A). The distance between the outsidef B, and the O of gHsO is
1.977 A, so a four member ring formation can besatered here. The TS is followed by
a vdW post-complex formation which is in the lowestthalpy region in the PES
(-333.96 kJmot). In the structure of this vdW complex the segaradf HO2 and GHsO
can be observed, the inner O has grabbed the igetadloser to the other H of the inner
C (r = 2.674 A). The C-O bond is shortened, andHHgelonging to the outside O gets

closer to the O of &450, and a five member ring is formed.
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H,O elimination H,0 and O, elimination H,0, elimination
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Figure 6.8: Structure of transition states of GHsO2 + OH reaction system.
At the channel described by R 64, i.e., the recoatinn of the OH and £1s0;

radicals the TS was found with relatively high eply, 22.5 kJmot. Its structure is a bit
tend, because the O of OH is around the other tvato®s (r = 2.444 A, 5 = 2.200 A)
which can be the reason of the high enthalpy. leantore, this O approaches the H of
the inner C (r =2.418 A), and forms a weak secontb@nd. The minimum structure,
C2HsOOHO is located also in the higher enthalpy regbthe PES, which allows to
conclude that here could be another continuatidhiefchannel.

The water elimination (R 65, R 66) also startethatadduct, has two types: the
single water elimination and the water ande®mination. ThéTSu20is the lowest lying
TS with 1.07 kdmot energy above the entrance level. It has a five beeming formation
contained three O atoms, the inner C and H. The ldi#tl is elongated (r = 1.289 A),
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because the H gets closer to O of water (r = 1845The distance of two O atoms in
C2H407 radical increased moderately,g= 2.111 A.

The products of the channel described by R 63 k@ stabilized in a “three
molecular” vdW complex on the singlet surface, vehleravingof 1O and water occurs
whereas eHsO molecule forms. The vdW complex has rather loth&py, -183.33
kJmol. Due to the highly reactivi®, this structure could be the starting point oftfar

reactions, such as GBOOH formation or KO, formation.

J_J'EQ_Q_Q J 1059 1.559

1.442 1
1. 521
J‘_ _2.674 > :
=3 2 140

'C,H,0 x H,0, J C,HOxH,0x0

. “ q x 2118/ ,
. 2149 I
!
I
J /2

<2472

vdWi1c_B

3
VAW1d_A vdW1d_B

Figure 6.9:Van der Waals structures of the GHsO2 + OH reaction system. The
given distance is inA.
In the case of water and; @limination the TS{TSu20 2 is a total dissociated

structure: the @part has got off from the C (r=2.024 A), and ofi¢he H of CH has
been also approached the O of OH. At the same thmedwo C-atoms get closer to each
other. Finally, a vdW post-complex is forming in iafn the C-O and C-H distances

increased more and the three productdi¢CO., H20) can be seen clearly. But in that
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case the energy barrier is too high, more thankl@@l! makes that this channel is not
a possible result of this reaction.

Besides the ¢HsO0O0OH adduct formation there is another channel whiart at the
C2Hs0O. + OH structure, water elimination on the tripletface (R 66). First of all, a vdW
pre-complex occurs before the formation’d61a. The enthalpy belongs to fiveWic
is -11.80 kdmot. Considering its structure, two isomers can badowhich are different
in the position of the O of OH. Whilst in structuw&®>vdW1c_A the O gets closer to the
H (r = 2.678 A) belongs to the inner C, in the otbase the O oriented towards H of
outside C. The H of OH is close to the outside @50, at both cases, even only a
minimal deviation can be seen in the distance dlbe. enthalpy of TS is fairly high,
13.15 kJmol, one of the largest enthalpy among the TS strastufwo variants of TS
were found, such & S1a andTS1c. The main difference in their structure isgbsition
of the two oxygen atoms of-H850 structure and due to this the number and position o
the hydrogen bonds. While in the caséT$1a only a hydrogen abstraction can be seen
which formed between the H of OH and H of inneri€ structure of°TS1c more
secondary bonds can be found. The reason of ttiesetice is mostly the orientation of
the two O atoms, since they are in opposite divastcompared to the OH in structure of
3TS1a, and there is no other chance for gettingedosin H. Here, the distance between
the O of H and the H of inner C atom is 1.255 Ajlevthe elongated C-H bond is 1.237
A long. In the other case H of inner C is closeth®O, the O-H distance is 1.236 A while
the length of the elongated C-H bond is 1.249 Ae dutside O approaches the H of OH,
their distance is 2.348 A. The TS is followed bydW post-complex formation with
enthalpy of -82.00 kJmd! In its structure two weak hydrogen bonds cancomd, one
is between one H of water and the outside O (142A), other one is between the O of
water and H of outside C (r = 2.472 A). The minimatructure 3C;H40; + HO has -
68.50 kJmot, which is one of the highest value among the mimmstructures.

6.3 Conclusion

The rate constant of the reaction of ethyl per@diaals, GHsO2 and OH radicals
was measured for the first time. OH decays werkovi@d under pseudo-first order
conditions in the presence of excesbl§D» radicals by laser induced fluorescence (LIF)
technique. @HsOz radicals were generated from Cl-atoms in the p@aseh GHs/ O,
whereby the concentration of Cl-atoms was deterdhipeor to each experiment by

conversion to HQ quantifiable by cw-CRDS in the near-IR regionfast rate constant
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of ks = (1.2 + 0.3) x 10° cn’s? was observed at 50 Torr, showing that the reaaifon

C2Hs02 + OH plays some role as sink fosHzO- radicals in remote environments and
needs to be integrated in atmospheric chemistryelsodhe OH decays were decaying
in a bi-exponential manner, suggesting that theti@a product recycles rapidly OH

radicals. A candidate would be the Criegee interatedwhich is a possible reaction
product and is known from indirect experimentsriodoice OH radicals. However, more
work is needed to determine the reaction produudsaath this the origin of the observed
OH recycling.

As it turned out from the previous experimentalgstigations the reaction between
the peroxy radicals and OH radical is pretty sigatift in the chemistry of the troposphere
soab initio calculations were carried to see what happernsarcase of the ethyl peroxy
and OH radicals. According to our knowledge updtedhis is the first reporting of the
potential energy surface of this reaction. In ottdenave a first guess about the PES, the
isomers of GHesO3 structure were calculated at G3MP2B3 level of the®hen CBS-
APNO level of theory was used for further calcuatand determination of the potential
energy surface, which was very complicated duééoctoss points between the singlet
and triplet surface. In most of the cases thedtegp is a barrierless addition of theH60-
and OH. Then the most favorable channel endstt@+ HO; since this is accordingly
also a barrierless process, no TS was found ontiv complex can be obtained.

However, more laboratory and high leaélinitio studies are needed for this reaction
to determine the reaction pathways and productlgiehformation indispensible for a
conclusive statement on the impact of this reactt@ss on the composition of the
atmosphere. The rate constants of reaction of lgrg@xy radicals with OH have also to
be studied. As it has been considered fos@zlit is clear now that the 502 + OH
reaction has also to be included in the atmospladrgnistry models to get the entire

picture of the composition of remote atmosphere.
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7 Summary

The atmosphere can be considered as a large cheegdctor in which various type
of reaction can occur. As it was shown the per@djaals are a significant intermediers
in the chemical process of the troposphere at Ipatlyted and clean environment. In the
polluted environment the role of the peroxy radicale clear, lots of experimental and
quantum chemical results are available about Busthe reaction channels in the clean
environment is much less known. There is the goest low NQ concentration, when
the self- and cross reactions become predominfaR4 radicals could also react with
the OH radical, i.e., there is a possibility thatlar these conditions OH radicals do not
react only with hydrocarbons, but possibly alsdwpéroxy radicals. However, there are
no experimental or theoretical data in the literatabout any R&©+ OH reaction, so it is
not a surprise, that this reaction is not inclustetthe atmospheric chemistry models. The
investigation is started with the reaction betwé®ss smallest peroxy radicals, b,
and OH radicals. Our main goal was studying the: ROOH reaction family and
understanding its role in the chemistry of tropaseh
Our concrete goals were the following:

» Clarifying the disagreement in the literature imgection of the absorption cross
section of CHO: (The absorption cross section is needed to deterirtia rate
constant of reaction G&. + OH) (University of Lillel)

» Measuring the rate constant of the reaction betviaesO,, and OH radicals using
laser photolysis coupled to continuous wavelengthtg ring-down spectroscopy
and laser induced fluorescence detection techni(iisersity of Lillel)

» Selecting a suitable quantum chemical method wbiehs us accurate results for
radical-radical reactions in short time. (Univeysf Szeged)

» Determination of the potential energy surface & @+:O> + OH reaction using
composite methods such as Gaussian-4 and CBS-ARPNQGtadying the reaction
mechanism (University of Szeged)

» Measuring the rate constant ofHzO. + OH reaction using laser photolysis coupled
to continuous wavelength-cavity ring-down spectopsc and laser induced
fluorescence detection techniques (University del)

» Investigation of the reaction mechanism @HEO. + OH reaction and comparing the

results to the CkD2 + OH reaction mechanism. (University of Szeged)
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The used experimental were the following: lasertplysis coupled continuous
wave-cavity ring-down spectroscopy (cw-CRDS) arsktanduced fluorescence (LIF)
technique which were used for the experimental oreasents carried out at University
of Lille 1. The calculation methods were G4 and G&ANO, in addition during the
method test a new technique was also described,ACHEechnique which is the
simplified version HEAT35-Q.

The next step was a method test which prepare€uttieer calculations. A test
system (CH + HO, system) was chosen which is smaller than theGzH OH system.
During this calculations not only a new method wested, but also the knowledge about
the test reaction was also expanded, since a nannels were discovered. Three new
reaction channels have been characterized GO, system which have the following
products: triplet oxygen atom and methanol, metig/lglycol and methylene peroxide.

The first step before measuring the rate consta@H30. + OH radicals during the
measurements was the determination of the absorptass section of G, (Chapter
4.1) since there was a given uncertainty in tleediure. The CkD. absorption spectrum
has been measured in a relative way in the waviiaagge 749747473.8 cm' and
absolute absorption cross sections were deternahéslo pressures (50 and 100 Torr)
for three wavelengths (7488.18, 7489.16, 7490.33%ncorresponding to distinct
absorption maxima in the broad absorption band. Aigker absorption cross sections
found in this work suggest that the photolysis efgxy radicals in the near-infrared
region might play some role in the compositionted troposphere, especially in remote
environments with low N©concentrations and hence long Ri@times. Furthermore,
the CHl spectrum was measured in the same wavelengtbrregi

Then, the next step was the determination of the canstant of the reaction
OH + CHO2 which was measured at 294 K by simultaneous cogf Laser Induced
Fluorescence (LIF) and cw-Cavity Ring-down Spedopy (cw-CDRS) to laser
photolysis. OH decays were measured under excesgSLdncentrations and a very fast
rate constant dfua= (2.8+ 1.4) x 101%m?s? was found independent of pressure at 50
and 100 Torr helium. This shows that this reacftbe peroxy radicals + OH generally)
has likely a large impact as a sink for £LH radicals, especially in remote environment,
where the NOx concentration is low.

As it turned out recently that the @Bb + OH reaction is pretty significant in the
chemistry of the troposphere, so more measurenaedib initio calculation are needed
to investigate the reaction mechanism of this reactAt first, the possible structures
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were chosen by pre-optimization of the isomerstai@z structure at G3AMP2B3 level of
theory. Then at two levels of theory, G4 and CBSN@Pwere used for determination of
the potential energy surface which was very conapdid due to the cross points between
the singlet and triplet surface. At every chaniiRC calculations on the TS structures
were carried out to validate the assumed pathwhg. most favorable channel ends at
CH30 + HO: since this is accordingly also a barrierless pgeceo TS was found only a
vdW complex can be obtained. The results obtairad the two different methods show
good agreement with each other and the valuesimtincat database. Then, we moved
to the larger peroxy radicals. The rate constarthefreaction €HsO> + OH was also
determined at 298 K and 50 Torr pressure. Sindeviailg of the GHsO. concentration
was not possible in our system, a two-step measnenvas carried out. The HO
concentration is well-detectable in our systens tas used during the measurements to
follow the GHsO2 concentration, i.e., £1s0; radicals were transformed to HOIn the
first step the reference H@oncentration was determined at same conditiavedsad at
the measurements but instead afl§D- formation, only HQ formation was in the cell.
In the second step, H@nd CHsO. were formed, then all of £1s0. were transformed
to HO.. The difference in the H{concentration gave us the concentration gi0».
The OH signal was detected in excess #140. concentrations, and a relatively fast rate
constant, 1.2 x ¥ cm’st was found which supports the significance of;RGDH type
reactions. The reaction 0£EBs02 + OH plays some role as sink fosHzO> radicals in
remote environments and needs to be integratetnospheric chemistry models.

Ab initio calculations were carried out to determine thetrea channels of reaction
C2HsO2 + OH. The potential energy surface of this reacti@as reported for the first time
according to our knowledge. The reaction channeewimilar to those on the PES of
CHsOz + OH reaction, however, a few new structures wieneloped also mostly due to
the more chance for the H-abstraction. In genénalfirst step in most of the cases is a
barrierless addition of £1s0. and OH. Then the most favorable channel endst@

+ HO; since this is accordingly also a barrierless pgscao TS was found only a vdW
complex can be obtained.

Summarizing the above mentioned facts we can claahthe RQ@ + OH type of
reactions has prior impact in the clean environmimits the composition of the
atmosphere is strongly influenced by this react®m.we strongly suggest this reaction
type has included in the atmospheric chemistry nspde the processes happening in the

atmosphere could be described more accurately.
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8 Osszefoglalas

Az atmoszféraban a peroxi gyokok szerepe kiemélkgdentsen befolyasoljak a
troposzféra oxidacios folyamatait. A peroxi gyokidakcioi €s azok jelebsége a
kornyezetnek megfelétn valtozik: alacsony NOx koncentracié esetént@ikbrnyezet)

a peroxi gyokok egymas kozotti reakcidéi a domin&nsaig magas NOx koncentracio
esetén (szennyezett kornyezet) a nitrogén oxidokkatérds reakciok valnak
részletesen ismernink kell a peroxi gyokok reakcitagas NOx koncentracio mellett
a peroxi gyokok reakcidi jol ismertek, szamos Retéés elméleti eredmény talalhaté az
irodalomban, ezzel szemben az alacsony NOx kora@atr mellett tortéé
reakciomechanizmus kevésbé felderitett. Felmeritkéedés, hogy alacsony NOx
koncentracié mellett, amikor a peroxi gyokok On- kisesztreakcidi a dominansak,
milyen szerepet jatszanak a peroxi gyokok OH gybkdeéns reakcioi. Erél a gyok-
gyok tipusu reakciordl azonban nincs adat a szd&iom, és eddig az atmoszféra kémiai
modellekben sem vették szamitasba.

Doktori munkam célja, ezen elemi reakciok, vagyi® + OH tipusu reakciok kinetikali
jellemezése kisérleti ill. kvantumkémiai médszerdikkodvetked lépéseken keresztil:

» Tisztazni a szakirodalomban taldlhaté véleményKigéget a CkD. gyok
abszorpciés keresztmetszetével kapcsolatban. (8zoahbcidos keresztmetszetre
szikseég volt a sebességi egyitthatdjat meghatdnoalds

» Meghatarozni a CkD. + OH reakcidé sebességi egyutthatojat direkt késesl
mobdszerrel. Ehhez |ézer fotolizishez kapcsolt leegengéses spektroszkopiat
(continuous wave -cavity ring-down spectroscopy;@RDS) és Iézer indukalt
fluoreszcencia (LIF) technikat alkalmaztunk.

» Kivalasztani egy megfeléén magas szifit és megfelél pontossagu
kvantumkémiai médszert, ami alkalmas gyok-gyok mekimacios reakcidk
potencialis energia fellleteinek szamitasara.

» Meghatarozni CkD. + OH reakcio potencidlis energia fellletét kompozi
szamitasos modszerrel (G4, CBS-APNO) illetve megadn lehetséges
reakciocsatornakat.

» Meghatarozni a 8450. + OH reakcio sebességi allandodjat kisérletes nayosz

» Tanulmanyozni a €450, + OH reakcio potencialis energia fellletét majd

0sszehasonlitani azt a @bt + OH reakcidéval.
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A haszndlt kisérleti modszerek illetve kvantum kaintechnikak a kovetkék
voltak: lézer fotolizishez kapcsolt cw-CRDS és lt#ehnikat, kompozit szamitasos
modszerek; G4, CBS-APNO. A modszer tesztelese sagym Uj eljarast is
kifejlesztettink, a CHEAT1 technikat, amely a kdyab kidolgozott HEAT35-Q
modszer egyszésitett valtozata.

Az RO, + OH reakciok potencialis energia fellletének (PE3amitasa étt
modszertesztet végeztink. A feladatnak leginkdbbgfehed elméleti szint
kivalasztadsahoz egy jol ismert tesztrendszert 3(GHHO, rendszer) alkalmaztunk,
amelynek potencidlis energia felllete hasonlitzagalni kivant reakciokhoz. Azonban
ez egy kisebb rendszer, igy magasabb elméletiiszmidszert alkalmazhattunk a
referencia potencialis energia felllet szamitasara.

Az altalunk kifejlesztett CHEAT1 mddszer jeléatgépid megtakaritassal éri el a
HEAT35-Q moédszer pontossagat. A teljes potencéiisrgia fellilet tesztelése soran (j
reakciocsatornakat fedeztiink fel. A kevert éprendszerben az Ujonnan azonositott
csatornak termékei rendre a koveieztriplet oxigén atom és metanol, metilén glikol
(CH2(OH),) valamint metilén peroxid (C#€DOH).

Az CHzO, + OH reakcio sebességi allanddjanak meghataroaasatiikséglink volt
a CHO. abszorpcios keresztmetszettére. igy édpésként ezt a paramétert hataroztuk
meg, mivel az irodalomban talalhaté adatok nemakolisszhangban egymassal. A
CHsO. gyok abszorpciés spektrumat Gjramértik 7497443,8 cm® hullamhossz
tartomanyban. Az abszorpcios keresztmetszetetyiodhason (50 és 100 Torr) és harom,
az abszorpciés spektrum maximumaihoz tartozé hhiéaszon (7488,18, 7489,16,
7490,33 cm') hataroztuk meg. Ebben a nyomastartomanyban ngrasztaltunk
nyomasfiiggést.

Az altalunk meghatarozott abszorpcios keresztmeta g&x 167° cn?, 2-3-szor nagyobb,
mint az irodalomban megtalalhaté értekek. Enne&salileg az az oka, hogy a korabbi
tanulmanyokban az adatelemzésnél vagy nem vegig&lémbe a diffuziét (Atkinson és
Spillman) vagy alulbecsiilték a masodlagos reakgdniiségét (Pushkarskegt al).
Tovabba, elleériztitk a CHI abszorpciés spektrumat is ugyanebben a
hullamhossztartomanyban, bizonyitva, hogy alGlem zavarta a mérésunket.

Ezutan meghataroztuk a @Bk + OH sebességi egyutthatojat 294 K
hémérseékleten 1ézer fotolizishez kapcsolt cw-CDR&S\k LIF moédszer segitségével. Az

V4

nyomason, pszeudo étendi kérilmények kozott.

124



Egy viszonylagosan nagy sebességi egyiitthatot klaptu = (2,8+ 1,4) x 10°cm’s?,
ami alapjan figyelembe véve az atmoszférdban uddlkkoncentracié viszonyokat,
kijelenthetjuk, hogy a peroxi gyok és OH gyok kdzerajlo reakcidt szamitasba kell
venni a komplex lég kori modellekben.

A kovetked |épés a reakcibmechanizmus tisztazasa volt, amelyeinitio
szamitasok segitségével tettiink megélgat a CHOs struktlra lehetséges szingulett és
triplett izomereit &- optimaltuk G3MP2B3 szinten. Majd G4 és CBS-APNO
modszereket alkalmazva, meghataroztuREeS az el&dleges reakciok szempontjabdl
fontos minimumait A [CH3O2 + OH] szerkezeifl kiindulva igyekeztink felderiteni a
primer elemi Iépésekhez tartozo termékeket. EhReszér az atmeneti allapotokat (TS)
kellett meghatarozni. Az atmeneti allapotokbdl #ilva IRC szamolasokkal
azonositottuk a megfetel elemi lépéseket. A gyok-gyok potencidlis fellletek
jellegzetessége, hogy tobb esetben (pl. homogéés kdisszociacidés reakciok) nem
talalhaté atmeneti allapot. A reakcio entalpiaka&sivalasi entalpiak esetén a CBS-
APNO és G4 modszerek j6 egyezést mutattak egyméssa Burcat adatbazisban
taladlhato adatokkal.

A kbvetked Iépésben arra a kérdésre prébaltunk valaszolgy tajon magasabb
homoldgok esetében is hasonléan gyors-e a reaktibez a @HsO> + OH reakcio
sebességi allanddjat 298 Krhérsékleten és 50 Torr nyomason hataroztuk megelMiv
C2Hs0- koncentraciojanak kdzvetlen kovetésére nem vbkiség a rendszeriinkben,
egy kétlépéses technikat dolgoztunk ki. Ehhez @akalfeltételeknek kellett teljesulnidk:
a HO mennyisége pontosan detektalhatd legyen ésHa(@; kvantitativan €s gyorsan
HO. gyokké alakithat6 legyen. igy a mérés soran keltksszes gHsO, gyokot HQ
gyokként tudjuk detektélni. Az éldépésben a rendszer kalibralasa tortént, vaggk cs
HO- gyokot fejlesztettiink, igy a referencia koncentitiataroztuk meg. A masodik
|épésnél a tényleges mérés esetében. A masodikbE&péHQ és CHsO. gyokot
fejleszttettiink, majd az 6sszesHsO> gyokot HQ gyokké alakitottuk. A kilonbség a
két |épésben mért HCkoncentracié k6zott megadja a mérés soran kidlaBiisO.
koncentraciot. Az OH jelet a 50, gyok nagy feleslegében detektaltuk, vagyis a
reakcio pszeudo disendi kortlmények kozott zajlott. A sebességi allandasdnloan,
mint a CHO2 + OH reakcio esetében meglayssin nagy 1,2 x 1 cm’st ami szintén
alatdmasztja a feltételezést, hogy axRADH tipusu reakciok jelets szerepet toltenek

be az atmoszféra kémiaban.
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Ebben az esetben igb initio szdmitasokat végeztink a reakciomechanizmus
felderitésére, amelyek CBS-APNO szinten torténtekreakciécsatorndk hasonl6ak
voltak, mint a CHO. + OH reakci6 esetében, de néhany (] tipusu csatmalaltunk,
kdszénheaten Kkent annak, hogy tobb lelisteg van H-absztrakcidra és izomerizaciora.
Az els 1épés a legtbbb esetben aHeO. és OH gyok gat nélkuli addiciéja, vagyis
C2HsOOOH szerkezet kialakulasa. Az energetikailag ldgk#&bb csatorna esetében
szintén gat nélkili folyamatot tapasztaltunk, vagyb-t nem talaltunk, csak egy vdw
poszt-komplex volt megfigyelh&t A dominans csatorna termékeiHzO + HO,.

Osszegezve a fentieket kijelenthetjiik, hogy a gegyokok OH gyokkel vald
reakcidja kiemelt fontossagu alacsony NOx koncerdja kornyezetben, hiszen
jelentbsen befolyasolja a légkor Osszetételét. Ezek alajpgdntos lenne, hogy az
atmoszféra kémiai modellekbe bele foglalni ezekedakciokat, igy a komplex 1égkari

modell pontosabban irné le az atmoszféraban lefadjlamatokat.
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