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Zusammenfassung

In der vorliegenden Arbeit werden experimentelle Untelnsungen von Reaktio-
nen in der Gasphase unter Hochdruckbedingungen vorgeStéhrend zur Ana-
lyse experimenteller Daten im allgemeinen statistischecfien geeignet sind,
zeigen die Ergebnisse dieser Arbeit einige Einschrankustgistischer Modelle
und ferner die Komplexitat der Reaktionskinetik auf.

Im ersten Teil werden experimentelle Untersuchungen zwemttschen Zerfall
des Formylradikals (HCO / DCO) uber weite Temperatur- und Kiveceiche
vorgestellt. Es war nicht moglich, die experimentellendaliickenlos mit sta-
tistischen Modellen zu beschreiben. Die beobachtete @hltingigkeit der Ge-
schwindigkeitskonstanten fur den thermischen Zerfallriterhingegen mit einem
isolierten Resonanzmodell beschrieben werden, welchesdhestatistische mi-
kroskopische Kinetik von HCO und DCO berticksichtigt. Ein \feich der Ge-
schwindigkeitskonstanten fir die thermischen Zerfalle O und DCO zeigt,
dass diese trotz unterschiedlicher mikroskopischer Dykder Radikale mit dem
gleichen Modell wiedergegeben werden konnten.

Im zweiten Teil der Arbeit wurden Untersuchungen zur Rekoration des Vi-
noxyradikals mit molekularem Sauerstoff vorgelegt. Diesstétigen, dal3 die Re-
aktion tber ein komplexbildendes Intermediat verlauft Gegensatz zum bisher
angenommenen einfachen Additionsmechanismus. Die sgithhelRende Kine-
tik wurde aus dem Verhaltnis zwischen Folgereaktionen uadiBsierungspro-
zessen bestimmt. Wichtige Parameter fur die Analyse siheid#ie Potential-
flache und die Energielibertragungsprozesse. Experirteebtaiersuchungen der
Hochdruckgeschwindigkeitskonstanten in einem weiten pgenaturbereich und
ein Vergleich mitab initio-Rechnungen erlaubte die Bestimmung thermochemi-
scher Daten. Damit und mit detaillierten statistischenfaleen war eine Be-
schreibung des Falloff-Verhaltens der Geschwindigkeitskante fur die Rekom-
bination moglich. Eine weitere Parametrisierung fuhrteinfiachen analytischen
Ausdrtcken, welche fur Modellierungen in der Atmospharerd Verbrennungs-
chemie verwendet werden kdnnen.






Chapter 1
Summary

A general objective of this work is to provide experimentaladon the kinetics of
gas phase reactions under high-pressure conditionsstialirate theories have
proved to be a powerful tool for the analysis of kinetic dget, the results from
this work reveal some restrictions of statistical modeld #re complexity of the
reaction kinetics.

The first part presents experimental investigations onhibental decomposition
of the formyl radical (HCO / DCO) in wide temperature and pressanges.
It was not possible to represent the experimental data amdyrwith statistical
models. However, an isolated resonance model, which takesaccount the
non-statistical microscopic kinetics of HCO / DCO radicaldovweed for a rep-
resentation of the observed pressure dependence of teemnahdecomposition
rate constants. A comparison between the thermal decotigrosate constants
of HCO and DCO, shows that these can be represented with theraand in
spite of the different microscopic dynamics of the radicals

The investigations on the recombination of vinoxy radi¢&ld,CHO) with molec-
ular oxygen presented in the second part of this work shoat, tthis reaction
proceeds via a complex formation, as opposed to the simplé@u mechanism
assumed in previous experimental studies. The overaltikges determined by
the competition between a consecutive unimolecular reasof the complex and
its collisional stabilization. Crucial features for the bysés are the potential en-
ergy surface and the energy transfer processes. Expeghustérmination of the
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high-pressure rate constants in a wide temperature rardjeanparison of the
results withab initio calculations allowed for the determination of thermochemi
cal data. With these as input parameters and detailedtstatigpproaches it was
possible to reproduce the falloff behavior of the recomtiamarate constant. Fur-
ther parametrization of the results yielded simple anedytexpressions, which
are recommended for atmospheric and combustion modeling.



Chapter 2
Introduction

Simulations of unsteady combustion processes, consgleanable temperature
and pressure gradients, require data on the kinetics ofegitry reactions in
wide ranges of experimental conditions. In the last yeagsnibn-statistical be-
havior of the microscopic kinetics (k(E)) of two- and thregemic species (e.g.
HCO, DCO, HQ, HNO etc.), associated with their low density of states,sala
ject of discussions (for summary see Ref. [1]).

The thermal decomposition of the formyl (HCO) radicals urder temperature
combustion conditions is a main objective of this work. Dadhe low disso-
ciation barrier, the competition between the HCO dissammtwhich is a chain
carrier, and bimolecular reactions with e.g. H, Oh, @ading to chain termina-
tion, is critical for the combustion dynamics.

The HCO dissociation is interesting from a theoretical pontiew as well. Sta-
tistical rate theories are based on the ergodic assumptibich postulates fast
internal vibrational energy redistribution (IVR) above tteaction barrier. This
requires a large number of states per energy interval, valiotvs to approximate
the specific rate constant k(E) by statistical (averagegtfans, increasing with
energy. In HCO / DCO radicals isolated resonance states éaseaheir disso-
ciation barriers [1, 2], which leads to weak mode couplind bence to slow IVR.
These cause fluctuations of the specific rate constants bysooflmagnitude from
resonance to resonance, depending on the modes which @exgxecode speci-
fity). Furthermore, the dynamics of HCO is strictly mode specwhile this of

9
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DCO is non-regular, mainly due to vibrational coupling effec

As opposed to numerous studies on non-statistical effadtsei microscopic dy-
namics of the radicals, there is no experimental confirmaimo such effects on
their macroscopic decomposition rate constant (k(T,[MPhich is of practical
relevance. Comparison between the kinetics of the two redadiaws to test ifi)
the fluctuating lifetimes of the resonance statedii) the mode specifitgause de-
viations from statistical predictions on their thermal dieposition rate constant.
There are three direct studies on the formyl (HCO) decomiposit combustion
relevant temperatures [3, 4, 5]. Timonen et al. [3] invedgd the decomposition
rate constant at pressures of few mbar, while the measutsrfiem Refs. [4, 5]
were performed in overlapping pressure range4 par). Based on a comparison
of the second order rate constants from Refs. [3, 4, 5], Kgesmow et al. [5] re-
ported discrepancies between the results from Ref. [3] ansl. Reb] by a factor
2.2 to 3.5. Possible falloff effects (deviations from thewased linear dependence
of the rate constant on pressure) have not been discussstktiS&al models pre-
dict that the rate constant for the formyl decompositiomithe low pressure limit
in this experimental range (e. g. up po= 2bar [4]), which has been widely ac-
cepted for modeling till now. Theoretical investigatiomsrh Refs. [6, 7] predict
deviations ok(T, [M]) from the linear range at much lower pressures (e. g. atp >
1 mbar in Ref. [7]), due to the non-statistical microscopinayics of the radical.
Yet there is still no explicit experimental confirmation oich effects.

This work presents investigations on the decompositiomeMHCO / DCO radi-
cals under low temperature combustion conditions (T < 80p K200 bar). The
experimental results are compared to statistical modslsiedl as to an isolated
resonance model, which takes into account the fluctuatibk&s .

Another goal of this study is to find a theoretical descriptad the experimen-
tal results and to identify if the non-statistical specifecdmposition ratek(E))
influence the thermal rate constaktT,[M]). This would provide accurate in-
formation on their dissociation kinetics, as well as singuhalytical expressions,
which can be directly used for modeling.

In recent years, progress has been made in understandikig#ties of complex-
forming association reactions. These are in general mrechf reactive species
(radicals) with stable molecules, in which a complex with ratdi lifetime is
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formed (chemical activation). The lifetime is comparalaelte timescale of re-
action and stabilization processes, hence the compekligomeen these introduce
a complicated temperature and pressure dependence.

It has been shown that (for summary see Ref. [8]) the chematadadion is im-
portant for the chemistry of some alkoxy radicals in the aph®re. The second
part of this work presents investigations on the recommmnatf vinoxy radicals
(CH2CHO) with G,. The CHCHO radical is an important intermediate in atmo-
spheric and combustion processes (see e. g. [9, 10, 11])tddbe relatively high
oxygen concentrations under practical relevant envirarisyeéhe above reaction
is the main oxidation pathway for G&HO [12, 13].

The scarce experimental investigations on the kinetich®fabove reaction [12,
13,14, 15] do not allow for a reliable theoretical modelifignese adopt a simple
addition mechanism for the data interpretation, while te&oal calculations do
not exclude the possibility of complex formation. The matken and the kinetics
of the complex-forming reactions are very sensitive to taction channel barri-
ers (see e. g. [8]), since these have in general comparaigletfieUnfortunately
these barriers are still not calculated with sufficient aacy, hence experimental
confirmation of the results is necessary.

This work presents investigations of the recombinationimbxy radicals with Q

in broad temperature and pressure ranges 98— 660K, p= 1—50bar). Ex-
perimental data on the high-pressure rate constant at @ighdratures allow for
a direct access to the rate determining reaction barriensp@dson of these data
to ab initio calculations [16] yields reliable information on the pdtehenergy
surface.

The molecular parameters (vibrational frequencies, imtat constants) obtained
by ab initio calculations [16] can be adjusted to represent the expataheesults
as well. The obtained parameters are used for modeling datlodf behavior of
the title reaction with detailed statistical approacheg.(&aster Equation [16]).
Further parametrization of the results yields simple amadyexpressions for the
rate constant, which can be directly used for modeling.
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Chapter 3

Experimental Part

3.1 Detection Technique. LIF.

The detection of radical species under high pressure dgondilemands experi-
mental techniques capable of detecting low concentraselectively.

The disadvantage @fbsorption based approachesthe relatively low selectivity
- the absorption spectra of different species might be inlairspectral ranges. To
get reliable data modeling of the observed signals is nacgsshich introduces
uncertainty in the data interpretation.

The response of non-reson&dman scatterinflL 7] is fast and thus insensitive to
quenching (loss) processes, due to the short lifetime oéxieded states. Disad-
vantage of this approach is its low cross section, due totwhie emitted signals
are weak.

The high spectral selectivity and sensitivity (large apton cross sections) of
thelaser induced fluorescence (LIR)ake it a premier candidate for detection of
radical species under high pressure conditions.

Laser Induced Fluorescence

Laser Induced Fluorescence (LIF) for detection of specreseuhigh pressure
conditions has been established in the group of Prof. H. ldigd8, 19]. The
basic concepts of this detection method are described ititdrature [17], so

13
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only a brief description of a simplified two-level model, whiis schematically
presented in Fig. 3.1, will be discussed.

Figure 3.1: Two level energy diagram for a qualitative digdimm of LIF.

As shown in Fig.| 3.4, initially an electron is excited fronvéé 1 to level 2
by stimulated absorption of a photon. The rate coefficierthisfprocess is given
by byo, which is related to the Einstein coefficieniBbj; = Bjjl,/c, where |,
is the spectral intensity of the laser beam and c is the ligaed). The sponta-
neous emission of a photon, due to which the excited ele¢aitsback to level
1, is called fluorescence, characterized by the Einsteifficeat A»;. Parallel to
spontaneous emission, different competition proceskegiace. The absorption
process can be followed by a stimulated emission of a phdsair (The absorbed
energy might be lost in concurrent radiationless trans#tjieuch as energy trans-
fer to other species by collisions, in which no emission obtphs is observed.
The last are termed as quenching processes and are chasatter pseudo-first
order rate coefficient §.

In order to derive the dependence of the fluorescence ityessthe external con-
ditions some approximations are made [17]. Itis assumegbtiaa to laser excita-
tion all the electrons are in level 1, and in the course ofrlageitation steady state
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among the absorption and emission processes is reachettheffoore the laser
linewidth is stated to be equal or larger than the absorpin@width (in general
pressure broadening is not accounted for). Applying th@ggeoximations and
considering that the rates of the stimulated processesapefional to the laser
intensity, one can show that the fluorescence intensityléde® to the Einstein
coefficient for spontaneous emission and the populatiotaté 2 [17, 20]:

Bi2 1

A 3.1
2—i-|3211+'|v_t ' (3-1)

F ON2A2 O NSB
1

Eq. relates F also to the initial population of IeveIleX. F depends on the
laser intensityJ and the saturation spectral intendi§§, defined as:

jsat _ (A21+Q21)C
sat_ (1217 e21)e

; 3.2
B12+B21 (3.2)

For quantitative measurements one should consider thaldmgs due to reflec-
tion and quenching processes.>1Qlepends on the quenching partner and the
temperature. Itis known for some species at given exteoraditions, but in gen-
eral no sufficient information on this are available [17].

Considering Eg. 3.1 one can distinguish two limiting cases:

ly « I,33 - linear regime:

Biz Iy
FroNY——2 VA 3.3
1B+ By IS8 21 (33)
The fluorescence intensity is proportional to the poputatid the excited state
and hence to the intensity of the laser beam.
ly » 1,58 - saturated regime:

FoNg_ o2

— A 3.4
1Byt Byy 2t (3.4)

At higher laser intensities a regime of saturation is redcbeie to the equilibrium
population distribution between the excited and the gratates, the rates of the
stimulated processes dominate. The advantages of thasaturegime are clear:
the fluorescence signal is maximal and independent on thieiditiens of the ex-
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citation laser energy, which leads to an optimal signal isecatio. Furthermore,
the dependence of the fluorescence signal on the quenchegaastant, which
is usually unknown, is eliminated.

To reach a regime of saturation one needs laser energiesrttlggn the charac-
teristic saturation intensiti®, which is proportional to the quenching rate and
hence to the type and the concentration of the detectedespand the collision
partner(s). In experiments under high pressure conditie@sconcentrations of
the bath gases are high. In order to reach saturation redito@er laser intensi-
ties one chooses inefficient collision partners as He and 8y71, 22, 23]. In this
work N> has been used as well.

A consequence of the absorption process is that the photoot isradiated in-
stantly but with a time delay with respect to the absorptiehich depends on
the lifetime of the excited state of the molecule. In this kvvansitions between
electronic levels of the detected radicals were employdu [dnger lifetimes of
vibrationally and rotationally excited states makes théificdlt for detection un-
der high pressure conditions since the quenching procesbese rate depends
on the concentration of the collision partner, occur prioflilorescence.

3.2 Experimental Setup

The experimental conditions in this work (p < 1000 bar, T <@60) demand a
special experimental configuration. The experimentalsetaployed for the in-
vestigations presented in this work is schematically gineffig. 3.2.

The measurements were performed in a T - shaped high presslijreupplied
with three windows (Suprasil 1). The photolysis and exataiaser beams coun-
terpropagated coaxially through two of the cell windows,ilevtthe LIF signal
was collected perpendicularly through the third one. Tloisstruction, as well
as the additionally used monochromator (Zeiss, M4 Qlllpveéd minimization
of the scattered light. The detector was a photomultiplieet(Hamamatsu R212
/ Hamamatsu 1P28). The obtained output voltage was amp(@&thford Re-
search System SR240), integrated over a definite time intStenford Research
System SR250) and digitalized (Stanford Research System $R2dfransfered
to a computer interface via a GPIB card.
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Figure 3.2: Setup of the high pressure system. Legend: H\gh Noltage, PMT
- Photomultiplier, MC - Monochromator, Boxcar - Boxcar Intetpr, GM - Gas
Mixture, DG - Delay Generator, ADC - A/D Converter, FC - Flow Qailer
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An internally triggered Delay Generator (DG535) contrdliihe delay be-
tween the photolysis and the excitation lasers. Furthegritdriggered a boxcar
to integrate over a time interval defined by the boxcar irgegr The delay gen-
erator (DG) was controlled by a personal computer (prograckage LabView).
In the experiments where the OPO was used as a probe lasggrthton of its
repetition rate required a second delay generator. Themeiasthat the pump
Nd:YAG laser was constructed for a repetition rate of 10 Hhjolw assured an
optimal temperature profile in the Nd:YAG crystals. A homehfrequency di-
vider was used to keep the repetition rate of the flash lamphédNd: YAG laser
at 10 Hz, and split the frequency of the Q - switch.

The gas mixtures flew perpendicularly to the plane definedbythree windows
of the cell, through 2 separate bores. The flow rate was deedrby a flow meter
(Bronkhorst, F-231M-FAC-33-P). Two thermocouples were usegheasure the
temperature in the reactor.

The experiments were performed under flow (quasi - statigramnditions. The
flow rate was high enough to assure that reaction (photglgsiglucts do not in-
terfere the observed concentration decays. Still thisvatbthermal equilibrium
conditions in the reaction volume (within 10 K temperaturadijent).

3.2.1 The High-Pressure Cell

The stainless steel cell (material RGT 601) used in this witokva measurements
up to temperatures of 1000 K and pressures of 1000 bar (BYy. 3.

The cylindrical cell has a diameter of about 7 cm (9 cm inalgdhe heating coat-
ing), which allows preheating of the gas mixture before ngagthe reaction zone.
The cell volume (1.5 cq) was enclosed by three windows (Suprasil |, diameter
and length = 10 mm, Heraeus), built in three bored holes. Tinelaws were
placed in windows caps and fixed to the stamp with a graphéte $ee construc-
tion of the cell and the sealing are described in detail ir}.[22

The reaction volume (about 0.2 éris determined from the profile of the pho-
tolysis laser beam in the cell (diameter0.5cm, length = 1.2cm). Two ther-
mocouples, implemented in the high-pressure capillaaksyed for an accurate
determination of the temperature in the reaction zone.
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Figure 3.3: The high pressure cell. For a detailed desonggee Ref. [22].

3.2.2 The Mixture Preparation

The reactivity of the radical species being detected inwusk demanded mix-
tures with high purity and, for reactions performed undeua® first order condi-
tions, an exact determination of concentrations of theti@apartners. The setup
consisted of a low- and a high- pressure sections, as showig.ir8.4. The low
pressure section contained a stainless steel tube withadd</e-16 ports. This
connected the mixing bottle (Messer Griesheim, 46,d800 bar) with a rotary
vane pump (VakUUbrand RD-4) and a pressure gauge (Pfeiffep@onCapac-
itance Gauge, Type CMR 263, 0.001-10 mbar, digital read cstegy - Pfeiffer
Single Gauge Type 251A). Prior to mixture preparation, tbtlés were evacu-
ated to a pressure of less tharm2®ar, after which the radical precursor and the
reaction partners were allowed to flow in. Careful controlhef pressure allowed
a determination of the initial concentrations of the reatsa The bottles were
than connected to the high-pressure part of the setup aed ¥ilith the collision
partner to the desired pressure (max 200 bar).
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Low Pressure Section High Pressure Section

Reaction Partner (OH—
Radical Preqursor O—M—

Pressure Gauge i

sl

Rotary Vane Pump Cool Trap Mixing Bottle He-Bottle

Steel Tube

Figure 3.4: Schematic representation of the setup useddpapation of the high-
pressure mixtures.

The mixtures were left for at least 12 hours to homogenizéghvhas been proved
to be sufficient for complete mixing (e.g. [21, 24]). The cheais used are listed
in Table 3.1.

Table 3.1: Chemicals used for mixture preparation. The ehgicecursors were
degassed several times prior to use. Reaction partners #dmgdmses were used
without further purification.

| Chemical | Manufacturer | Purity [/ |
CH3CHO Roth >09.5
CDsCDO Sigma >99.0
Co,H50CH3 Merck >99.0

O, Messer Griesheim > 99.995

He Messer Griesheim > 99.999

N> Messer Griesheim > 99.996

Ar Messer Griesheim > 99.999




Chapter 4
Theoretical Part

The discussions in the following sections are concentraitettie theoretical back-
ground of unimolecular reactions. These are related togbpective recombina-
tion reactions by the principle of microscopic reverstgiliSome details on the
kinetics of complex forming reactions are presented as well

The first step toward understanding of the pressure depead#runimolecular
reactions is the recognition from Lindemann in 1922, thaséhcan be separated
into activation and reaction steps [25]. Weaknesses ofriiadel are:i) Con-
cerning the activation step, it is assumed that each amiliads to activation /
deactivation of a molecule (strong collision assumption);The energy depen-
dence of the rate of the reaction step (R 4.3) is not accouated

The model was further developed by Hinshelwood, who comsdlboth effects.
The Lindemann - Hinshelwood model for unimolecular reatdioan be presented
by the following mechanism:

A+M “E) AfE)+ M R 4.1
A*E)+M 5 A+m R4.2
A*(E) “E) products R 4.3

In R 4.1 a molecule A is activated by collision with a bath gadeaule M.
The activated molecule A*(E) can be deactivated by anotblismon with M (R
4.2). In general large number of collisions take place wnsufficient amount of

21
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energy is accumulated in the molecule to allow for react®d 3), characterized
by a rate constantkE).

The microscopic rates of these processes depend excep enghgy also on the
rotational excitation of the molecule (J). At first, for sikaty, rotational excita-
tion will be neglected in the discussions.

In order to visualize the processes discussed above, thesel@ematically pre-
sented in Fig. 4.1 for a two channel reaction:

c Koo(E) koolE)

Figure 4.1: The competition between energy transfer andtiogaprocesses.
Tight and loose transition states. See text for furthendisions.

The solid curve represents the variation of the potentiafggnalong the re-
action coordinate for a reaction with two possible transitstates (B and C). The
energy levels of the reactant are presented by horizon&s.liThe corresponding
rates of collisional energy transfer between these ardddheith ki.1(E) for up
and down transitions, respectively. The reaction ratesgaibe two possible tran-
sition states are indicated byE) and kc(E).
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The overall reaction rate is determined by the competitienvben the processes
of collisional excitation / deactivation {k(E)) and, reaction, with a rate constant
ko(E).

It is difficult to describe the microscopic dynamics even tioe simplest reac-
tions, but this problem is overcome if one considers thassiedl properties of
the processes described above. The statistical approaskdsto calculate the
unimolecular reaction rate are based on two assumptions:

Ergodicity AssumptionThis postulates, that the internal energy of a molecule is
redistributed statistically among its internal degreese#dom prior to any other
dynamical processes.

In the energy range above the threshold, which is of intéoeshe reaction kinet-
ics, the density of states is in general very high. This adléast energy flow be-
tween the vibrational modes of the reaction species andgtroupling between
the reaction coordinate and the other degrees of freedomceHbe reaction rate
can be calculated from the statistical properties of theliegum distribution of
states;

Transition State (TS) AssumptioFhis postulates the existence of a critical sur-
face along the reaction coordinate, and any trajectoryipg$isrough it leads to
product formation, without recrossing this so called titms state.

In order to calculate the thermal rate constant as a funciidhe pressure, one
has to determine the population of the different energylée(lé(E)) considering
the energy transfer and reaction processes|(Eq. 4.1).

[ee]

K(T,p) = / N(E)ko(E)dE 4.1)
E—E,

In order to solve Eqg. 4.1, one needs information of the endegpendence of the
reaction rate(E) for energy interval dE, the models for which will be discubse
below. Furthermore, this requires a proper energy weighbithe population
distributionN(E), depending on the macroscopic factors like the temperatnae
pressure. There is a direct connection between the enesgybdtion and the
temperature. The pressure dependence of the rate constsed because the
population, maintained by collisional energy transferlépleted relative to the
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thermal population by reaction processes (except, as shelaw, in the high-

pressure limit).

In the following sections first the models used to calculaee fate constant of
the reaction step (R 4.3) will be discussed, and then the osed to estimate
the population distribution. Integration of these over énergy gives the overall
thermal rate constant (see Eq. 4.1).

4.1 The Reaction Step

In general the rate of the reaction step is given by the faligvexpression [25,26]:

W7 (E — Eo)
h-p(E)

wherep(E) the density of states of the reactant, defined as the numi=tatefs
per energy interval, and h the Planck’s constanf. (E — Eo) is the number of
"open channels”, which lead to reaction, or the number of imalestates in the
TS with energy higher than the dissociation thresholghplE) gives the reac-
tion rate through a single open channel, which, multipligdi® number of open
channeldV7 (E — Eq) determines the rate of the reaction step.

Until the 1970’s, the density of states have been mainly@pprated with analyt-
ical expressions (e.g. Whitten - Rabinovitch Approximati@i]) and the quan-
tization of the vibrational energy levels has been negtecta 1973 Beyer and
Swineheart developed mathematically a direct count algoriBeyer - Swine-
heart - Algorithm [26]), which has been widely used to codre harmonic den-
sity of states. Approximating a molecule as a harmonic lagoil introduces some
uncertainty in the calculations. In some models additi@meatections for anhar-
monicity and rotational / vibrational coupling are inclade

In order to calculate the/” (E — Ep), one considers two types of transition states
(TS), shown in Fig. 4.1 with B and C, respectivelgose- there is not a defined
barrier (TS) for the reactiornight - there is a fixed maximum in the potential along
the reaction coordinate.

W7 (E — Eg) depends strongly on the properties and the position of #resition

K(E) = (4.2)
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state. In the discussions till now only the dependence ofrtiteoscopic rate co-
efficients on the energy has been considered. One shouldrke@pd, that these
depend also on the angular momentum of the reaction spddiesis assumed to
be conserved by the motion along the transition state, leutttational energy still
varies since the geometry of the molecule changes. Thiesaadditional cen-
trifugal barriers, which depend on the angular momentunmeiolecule J [26].
Except for very high J, the centrifugal barrier is in gengrasitioned near the
barrier for reaction [26]. For reactions with tight tramnit states, the significant
chemical barrier dominates the rotational term and detegsiihe potential max-
imum. The effect is stronger in reactions with loose traosistates, in which the
differences between the geometry of the transition statietlaa reactants is sig-
nificant. In this case the contributions from rotationalieat@n are important for
the position and the barrier height of the transition stdte to the low chemical
barrier.

Some of the models used to calculate the number of open clsafonghe two
types of transition states shown in Fig. 4.1 will be shortgcdssed in the follow-
ing sections.

4.1.1 Tight Transition State

An approach, which is widely used to describe the microscogiie coefficients
for reactions which proceed via a tight TS, is the Rice - Ranggper Kassel -
Marcus (RRKM) model [26, 28, 29, 30].

The ergodicity assumption postulates a fast energy flow aaestrong coupling
between the reaction coordinate and the other vibraticegiesks of freedom. The
reaction rate is calculated for modes which participat@@reaction process, i. €.
their energy can flow into the reaction coordinate and allavitie molecule to re-
act ("active" degrees of freedom). The modes which stay urgdwh (conserved)
during the reaction process have no influence on the reaeten In general all
of the vibrational modes are considered as active, whilérdament of rotational
degrees of freedom depends on the reaction under conswterat

The zero point energies {of the reaction species can not be redistributed to the
reaction coordinate [1], i. e. this is always "conserved". ¢¢e for the reactants
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and the transition state should be excluded from the enesmgiaale for reaction.
According to the RRKM modeW7 (E — Ep) is equal to the sum of states in the
transition state, which have an energy that is equal to drdrithan the dissocia-
tion barrier. In order to estimate the number of open chameé can use similar
approaches as those used for the calculations of the derisstates. For more
details see Sec. 4.1 and Refs. [25, 26, 29].

The reaction species are approximated as harmonic oscdlland their energy
and angular momentum as conserved quantities. In realiitiooal effects as
the centrifugal barriers or anharmonic effects as rotatienibrational (Coriolis)
coupling affect the reaction and stabilization proces8ssstated above, the cen-
trifugal barriers are more important for reactions withded'S.

The coupling between the rotational and vibrational mo@esiflis coupling) al-
lows an energy flow between these, which is restricted byrleegy conservation
law. The total rotational energy of a molecule is related4dhiree moments of in-
ertia (k, ly, 1) [1]. One can approximate a molecule as a "symmetric" topyaf t
of its moments of inertia have similar magnitude, whichefiffrom the third one.
In general the rotation along the degenerate axes is aaa ot by the quantum
number K, and along the symmetry axis - by J. In general ongass that J is an
active degree of freedom, while the K rotor can be treatech@stve or adiabatic
degree of freedom, respectively for strong or weak Coriaigpting [1, 26, 31].

4.1.2 Loose Transition State

As stated above the position and the barrier height for iImastvith loose TS are
very sensitive to the available angular momentum.

Wide practical applications for description of the kinetaf this class of reactions
is a simplified Statistical Adiabatic Channel Model (SACM).it® original ver-
sion [32], the molecular modes are assumed to be conseread #ie reaction
path, and the reaction channels todaliabatic- i. e. the reaction takes place from
a defined reactant state to a defined product state, charactevith one set of
guantum numbers. The modes which are similar for the retatashthe prod-
uct stay in the same quantum state during the reaction pgodéd® calculations
are performed for reaction coordinate, which is assumee teelparated from all
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other molecular motions. The channels are considered asibfieere is a suf-
ficient amount of energy for the reactants to overcome tharatlebarrier for a
specified J.

For the model it is important that the adiabatic assumptsowalid on average,
even if the individual reaction channels are not strictljabdtic. Exact SACM
calculations are possible only for small species, sincath&batic channels have
to be calculated for each quantum state of the reactantjd=rirgy the available
energy and angular momentum.

The simplified version of this model (s - SACM) has been dewsdbpy Troe
[33, 34]. In this, the number of open channels is determingdrbinterpolation
of the reaction channels between the product and reactatesst The reaction
coordinate is in general approximated as a Morse poteBBaB4].

4.2 The Thermal Rate Constant

Let's consider again the Lindemann - Hinshelwood mechanBalving the rate
equations for this with the steady state approximationAd{f)] [1, 26] one ob-
tains the following equation for the specific rate constast B0]:

ka(E)[ki(E) /k-1(E)]
k-1(E)[M] +ka(E)

Kuni(E)E = k_1(E)[M] dE (4.3)
In order to integrate this equation one needs a properlyhtieig of the rate co-
efficients among the energy. The experimental data givesrnrdtion on the rate
constant as a function of the temperature and pressurehvelne&c macroscopic
factors. Different levels of theory are used to calculates dkerall thermal rate
constant as a function of these.

4.2.1 RRKM Model

An approach which is directly associated with Eq. 4.3 is theeRiRamsperger
- Kassel - Marcus (RRKM) model. Here one calculates the strafigsion rate
constant (as shown with vertical dashed arrows in|Fig. 4rid,the weak collision
effects are considered by multiplication with a correctiactor.
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The models used to calculdtg E) have been already discussed.

As stated above, in order to determine the thermal rate anhi&ee Eqg. 4.1) one
needs the population distribution. Applying the steadyestpproximation for
[A*(E)] for the Lindemann - Hinshelwood mechanism, this canXtpessed as:

A'(E)] _ ki(E)[M]
A k-1(E)[M] +kz(E)

N(E) = | (4.4)

At high pressures (ki (E)[M] » ko(E)) a rapid pre - equilibrium is reached:

AE)] k@) PERp( )

NE =" TiaE T ow

(4.5)

where Qjp is the vibrational partition function of the reactant [25].

If the pressure is decreased, the equilibrium populatiawéen [A] and [A(E)]
is depleted by the reaction. The highly excitetB) react faster, since theig(€)
is higher, which introduces pressure dependence of thelgibgu (and hence of
the rate constant).

As seen from reaction R 4.2 in the Lindemann - Hinshelwoodhaerismk_1(E)
is the rate constant for deactivation of the molecule. Inegainthe deactivation
is an efficient process, which shows a weak energy dependéng€E) is ap-
proximated withBZ, where Z is the overall collisional frequency [25] afdds a
collision efficiency factor, which allows for weak collisieeffects.

Substituting these approximations in Eq. 4.3, one getsdhewfing expression
for the thermal rate constant:

k(T,[M]) =

BZ[M] /°° kz(E)p(E)exp(—kB%)dE (4.6)

Quib .E: ko(E) +BZ[M]

In this [M] is the concentration of the bath gas, which is pdjnal to the pres-
sure. From Eq. 4.6 one can distinguish two limiting cases:
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Low Pressure Rangekz(E) » Z[M]:

o) = TG00 [ p(Ejexp( o ) e @)
wa kBT
E=Ep

The low pressure rate consta(’k, [M]) depends on the density of states of the
reactant and the rate of the energy transfer processess Iimtit the rate constant
contains information on the energy transfer processes\diuin the reaction step,
since under these conditions once the molecule reachesswztion threshold

it reacts further. As seen from Eq. 4.7k§(T,[M]) increases linearly with pres-
sure ([M]).

High Pressure Rangeka(E) « Z [M]:

1

Keo(T) = Out
E

/°° kg(E)p(E)exp<—%)dE (4.8)
=Eo

In the high-pressure regime the Boltzmann distribution canbe depleted by
reaction, due to the large number of collisions, which namtit. In this range
the kinetics depends on the rate of the reaction step, bubmdtite bimolecular
energy transfer processek.(T) is pressure independent, and, substituting the
Boltzmann distribution function [25, 26] in Eq. 4.8, one rwes the standard
transition state expression (Eg. 4.9):

_ ksT Qs Eo
ko (T) = T@exp(—@) (4.9)

where b is the energy difference between the zero point levels ofrtmesition
state and the reactant.

In the so called "falloff" range between the high- and the lpvwessure limits the
competition between collisional stabilization and reacprocesses determine the
overall rate constant.

The rate constant can be represent in reduced falloff cuwiaish allow extrap-
olation of the rate constant in the falloff range if suffidienformation on the
limiting ranges is available. For the Lindemann mechanitm@,reduced falloff
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curve is given by the following expression [35]:

kuni . kO/koo

o = Tk (4.10)

in this ky has units s?, i.e. this is multiplied by the pressure (concentration).
The energy dependence of the rate of the reaction step utesda broadening
of the falloff curves. Based on comparisons with experimetidda, Troe [36]
extracted a empirical factor {k«(ko/k«)), which accounts for this effect. The
reduced falloff curves are corrected with this so calledrgjrcollision broadening
factor . sc(ko/ks) (see also Ref. [35]):

(o] 00 2 -1
Kini __ko/keo F(H(%) ) (4.11)

Ko L1-+ko/ke °°
In the RRKM model the weak collision effects are accounted fothie collision
efficiency parameteB, which do not change the broadening of the falloff curve.
One of the weak points of the model is that the additional teeoéng caused from
these is not accounted for.
The RRKM model is a great success for the reaction rate theofibs could
represent the experimentally observed rate constant fionalecular reactions
with tight transition state. The model fails for reactionsase rotational excitation
and weak collision effects play a significant role.

4.2.2 Troe Formalism

A different approach has been developed by Troe [25, 37, B&. starting point

of the model is to calculate tHew pressure rate constarisee Eq. 4.7) in the
strong collision limit so that the population can be approximated by the Boltz-
mann distribution function [22, 25]. The density of statesresponds that at the
dissociation threshold, since almost all molecules whesdch this barrier react
further. The reaction species are approximated as nonti#tgtaarmonic oscilla-
tors. These assumptions are substituted in Ed. 4.7 and thaed rate constant
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is multiplied with a number of correction factors to allow these:

IGS(T) = BZ[M]pv,h(EO)kBT exp( Eo

Quib - @) FanhFe Frot Frotint Feorr (4.12)
i

wherepyn(Ep) is the harmonic density of states at the dissociation tialdsAp-
proximating a molecule as a harmonic oscillator introdugesertainty, e. g. its
vibrational levels are not equally spaced but get closeettugy with increasing
energy. This effect is corrected byds. Fg accounts for the dependence of the
density of states on the internal energy of the moleculg, fBr the rotational
contributions top(Ep) and Rotint @accounts for possible internal rotationgef is
introduced for the assumption that there is no coupling betwthe other correc-
tion factors. For more details see Ref. [25].

Thehigh-pressure rate constars calculated with the standard transition state ex-
pression (Eq. 4.9).

In order to extrapolate the rate constant infdloff range one needs information
on the broadening effects. The strong collision broadefanwr (k. sc) has been
already discussed in the previous section. Troe recogtiegdhe weak collision
effects broaden additionally the falloff curves and introed the weak collision
broadening factor &ye(ko/ks) [39]. This is related to the collision efficiendy
which is extracted from comparison of the calculated strooifjsion low pres-
sure rate constant with experimental resulis=(k5"/k39. The efficiency of the
energy transfer processes, which are rate determininggitoth pressure range,
depend strongly on the properties of the bath gas. Inefti@eltision partners
are gases which have in general only translational degifefesemlom (e. g. He,
Ar), since they are not able to accumulate a large amount efggn For these
B =0.1-0.2, while for effective partners (e.g. G the strong collision limit
can be reache@(= 1).

The dependence of the weak collision broadening factorgéii.ks found to be
similar to the one of Esd(ko/k=) and its magnitude is related to the collision effi-
ciency with the following expression [35]:

Fewe ~ B*14 (4.13)
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The total broadening factor iscF= F¢scxFcwe, and the falloff behavior of the
thermal rate constant can be represented by Eq! 4.14:

-1
@ _ Ko/ F(H(%)z) (4.14)
ko  1-+Ko/Ke '
The model developed by Troe is a powerful tool for analyzirgezgimental data
if sufficient information of the temperature dependencéefrate constant in the
two limiting cases (high- and low- pressure ranges) is ab#l. Furthermore,
parametrization of the results from complicated rate tiesofe. g. Master Equa-
tion) with Eq. yields simple analytical expressionstfee falloff behavior
of the rate constant, which can be directly used for combosind atmospheric

modeling.

4.2.3 Master Equation Analysis

More detailed information on the weak collision effects ¢@nobtained if one
examines the energy transfer processes between the indivedergy levels (as
shown with solid vertical arrows in Fig. 4.1).

Considering the microscopic dynamics in the Lindemann - kiéhgood mech-
anism, one obtains a system of coupled differential eqnat{&qg.| 4.15), called
Master Equation (ME):

dN(

=Z[M] [P(Eij)N(E;) — P(Eji )N(E)] —k2(E)N(E)  (4.15)
]

wherei=0,..,nandj=0,..,n, and n is the number of diffeedmiquations, which
should be solved in order to determine the population of titgvidual energy
levels. N(E) is the population of level & P(Ej) the probability collision in-
duced redistribution of energy between levels i and j as{#;l is the specific rate
constants. The first two terms in Eq. 4.15 describe the ptipalaedistribution
induced by collision. The third one represents the popardtyst by reaction.
Eq. [4.15 is the one dimensional ME. The system of differémggations (Eq.
4.15) can be solved also for a given energy as a function cdigellar momen-
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tum (two dimensional ME, e.qg. [40]).

In order to solve Eq. 4.15 one separates the energy range dhevhreshold in
equal intervals (grains) [1, 41]. The energy of the statea particular interval

is assumed to be the same. The Master equation describesothebity for a
molecule to be in a particular grain.

The rate of theeaction stegs approximated with some of the models described
above (see Sec. 4.1 and Ref. [26]).

The probability for energy transfebetween the energy grains is approximated by
model functions [26]. A relative simple approximation fbig is the exponential
down model, given by the following expression:

P(E;,E) O exp[— (?)} (Ei <Ej) (4.16)

wherea determines the average downward energy transfered p&icol(o =

A (Eqown)- The respective upwards transfered energy is determipedebprin-
ciple of microscopic reversibility. For more details onstlind other models used
for estimation of the probability for energy transfer preses see Ref. [26]. This
is the most uncertain part in this approach and in generapegoison with exper-
imental data is needed for the analysis.

Different program packages for solving Eq. 4.15 are avieléd.g. [42]).

The ME analysis is the most detailed statistical approacth mispect to the ap-
proximation used for the energy transfer processes. Evethi®omodel compar-
ison with experimental data is needed in order to extracttiksion efficiency
and validate the model for the energy transfer probability.

Based on comparison between the results obtained from theeMaguation
and the ones received from analysis with the Troe formalime [38] extracted
the following connection between the collision efficiengydahe mean energy
transfered per collisiofAE):

B (AE)
1-BY2  Fe(T)kgT

(4.17)

Fe accounts for the change in the density of states with eneegy $ec. 4.2.2).



34 CHAPTER 4. THEORETICAL PART

4.2.4 Complex Forming Bimolecular Reactions

Investigations on the kinetics of complex forming reacsi¢@GFR) is a challenging
task. The complexity of this class of reactions results ftbe competition be-
tween different reaction channels, which occur on simitaetscales. In general,
information on the rate constant of CFR can be obtained withileéel models like

the Master Equation analysis if an accurate potential grngrgace and informa-
tion on the energy transfer processes is available.

This section presents a simplified model, which can be apfli@formation on
the rate constant in broad temperature and pressure raxigessos for parametriza-
tion of the results obtained by detailed statistical rateudations.

A schematic representation of the mechanism of a complerifgy reaction is
presented in Fig. 4.2. The fate of the complex (AB), formed hwy $0 called
chemical activation, is determined by its lifetime [8], fahich the heights of
the entrance (to complex) and the exit (to products) barréee of crucial im-
portance. lIts further kinetics can be investigated wittothes for reactions with
several channels (see Fig. 4.2).

For the discussions in this section, it is assumed that dhigliged part of the
population does not contribute to the reaction processa#hat the back reaction
of the products negligible. Hence these are shown in [Figwitl2 gray arrows.
Both of these channels can open at particular external gonsdjtbut this is not a
subject of the discussions in this chapter.

The gray regions in Fig. 4.2 represent the population thistion of the complex
in the two limiting cases - high- and low- pressure rangesWsirespectively with
dashed and dotted gray lines). The pressure dependenceeratércoefficients for
stabilization / direct reaction processes (respective(y]) and kp([M])), and
the sum of these is presented in Fig. 4.3.
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= T >
A+B L; AB* “ . Products
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Figure 4.2: Reaction mechanism for complex-forming reastid he gray regions
represent the population in the two limiting pressure rangéhe dotted lines
represent schematically the addition and direct reactathvpays.

—k,(IM]) + k(M)
k(IMI)
= = -k, (IM])
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log ((k, +k)/cm’s™)
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Figure 4.3: The pressure dependence of complex-formingioees, determined
from the pressure dependent addition and the pressureandept reaction to

products.
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At low pressureghe reaction processes dominate the collisional stabiliza
tion. Solving the rate equations for the Lindemann - Hinsloeld model with
the mechanism presented in Fig. 4.2 and steady state apyatian for [AB*],
one obtains the following expression for the rate constantpfoduct forma-
tion [19,21,18]:

kekp kekp o Kckp

(M) = etk " korke B kg =0 @419

kp([M]), presented with dashed line in Fig. 4.3 decreases piifissure, since the
concentration of the complex [ABis depleted by collisional stabilization.pR
determines the low pressure range of the overall rate aoinsta

The stabilization rate [M]) is directly related to the pressure, solagh pres-
suresthe reaction leads to the formation of the stabilized complB:

kekm [M] O kckm [M] K

kf([M]):k_C‘i_kP—FkM[M], f—k_c—i—kP, f =

ke (4.19)

The falloff behavior of k([M]) is as the one of simple recombination reactions.
In the high-pressure limit a thermal distribution of AB isaohed, as shown in
Fig. 4.2 with dashed gray line. The overall rate constanhis tange is pressure
independent and is determined from the rate constant focdhglex formation
kc.

In order to describe the population between these two casesapplies steady
state approximation for the concentration of the interraed{AB*), governed by
the rates of the processes described above [43].

As seen from Fig. 4/3 in complex forming reactions S - shapédff curves are
observed. The pressure dependence of the overall rateacbnshich is the sum
of k¢ ([M]) and kp([M]) can be presented by the following expression [20, 44]:

2yt 1+2z_(1+{log }2)71
k=18 [1- Y _p(rHioo) } 1€ [—F Y 4.20
D 14y © + K 1ty © (4.20)
0
ke kP — k8’ k? — k3
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In this expression it is assumed that the broadening of thafffaurves (k) is
equal for the two transition regions{®R— k:°, ki%— kp).

The properties of the complex AB*, the reaction channel basrand the energy
transfer processes determine the temperature and prelepeedence of the over-
all rate constant [20, 21].

The analysis presented in this section allows for a simpteapglation of the
falloff curves if experimental data in broad p- and T- ranges available. Fur-
thermore, this allows for a parametrization of the resuttsnf more complicated
theoretical models and yields simple expressions, whichbeadirectly used for
modeling.

4.2.5 Non - Statistical Models

Statistical models require high density of states of theteads above the reaction
barrier. In the last years discussions on non - statisticatascopic kinetics of
some reaction species is a subject of discussions (seeStHie resolved experi-
ments as well as quantum mechanical calculations for soawtioa species with
low density of states (e. g. HCO, DCO, HHNO etc., for summary see Ref. [1])
reveal significant fluctuations of their specific rate conttaThe slow IVR caused
by the large distance between their vibrational statesraditts the ergodic as-
sumption, which allows for the statistical approximatiafik(E). Whether these
affect the thermal rate constant can be proved by using thet @uantum me-
chanical calculations on k(E) instead of the statisticgrapimations presented
above. There are a few non - statistical models presentée ilitérature (see e.g.
Ref. [45,29]), which use the average value of the specificaastants calculated
quantum mechanically. These predict deviations of thentaérate constant from
statistical predictions, but these are not experimentahfirmed so far.

Another possibility is to implement directly the quantumahanical values of
K(E) in the calculations. This can be done by exchangingttegial in the RRKM
model for the thermal rate constant (Eg. 4.6) with a discsatamation over nu-
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merical results on k(E), as shown in Eq. 4.21:

— BZ[M] k(Ei)exq_kI:_iT)

Qb 4 K(Ei)+BZ[M] 4.21)

k(T, M)

Further improvement of the model would be to consider thie stpecific nature
of the activation / deactivation processes, but this is gestilvhich is quite poorly

understood till now. In order to make some estimations osd¢hene should con-
sider the energy transfered per collision depending on tiaerwhich is activated
/ deactivated. More details on the model are given laterigwilork.



Chapter 5

The Decomposition of Formyl
Radicals

5.1 Introduction

The formyl radical (HCO) is an important intermediate in carsiiion processes,
e. g. in the oxidation of methane:

H,0,0H HOZOHM

CHy; —— CHz —>CH20 "Heo CO

Similar processes occur in the oxidation of higher hydrbcas.

Due to the low C-H bond energy(6000 cnt?) the thermal decomposition com-
petes with bimolecular reactions even under low tempesatambustion condi-
tions (up to 1000 K).

HCO + [M] — H+CO+[M] R5.1
HCO + [0y, OH,H] — CO +[HO,, H20, H] R5.2

The decomposition (R 5.1) is a chain propagating step, whéerecombination
reactions (R 5.2) lead to chain termination. Hence the fatleeoformyl radical is
crucial for ignition and combustion processes. A detailedvdedge of its kinet-
ics of the thermal decomposition is needed for accurate astidn modeling.

Another aspect which makes the reaction interesting i®itsafled non-statistical

39
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behavior. The base of statistical rate theories is the écgpassumption (see Ch.
4). The hypothesis of fast internal vibrational energy s&diution (IVR) allows
for the rate of reaction step to be calculated assuming hiestiergy levels of the
reactant(s) are statistically populated.

The fast IVR demands a sufficient density of stafg&]). In general, at energies
as high as the dissociation threshold, there are a lot ddssfar energy interval
(e. g. for the HNQ@ decompositiorp(Eg) > 100 cm). The energy levels of HCO,
calculated quantum mechanically in Ref. [2] are illustrateBig.(5.1.

10000 -
k(E)
goood4 | = T -
A\
E Vee= T

(&) 6000 < e (V—/—/—/—/— .
L

4000 +

2000+

Figure 5.1: Energy level diagram of HCO. The positions of thergy levels were
calculated quantum mechanically [2].o 5 the dissociation threshold, K(E
the specific rate constant for level, and R(EE;) - the rate of energy transfer
processes between the leve|sad F.

As one can see from Fig. 5.1, the spacing between the enextgg $ significant
even at energies above the threshold, which is the rangeriamtdor the kinet-
ics of the radical. The reason for this anomalous low denfitstates §(Eg) «

0.01 cm) is the structure of the radical. HCO has only threeatibnal degrees
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of freedom and a low dissociation barrigo(~ 6000 cntl). Furthermore, its
frequencies, which are related to the reduced mass of thatwig fragments, are
large due to the light H atom involved in two of the three vilmaal modes. This
causes isolated quasi-bounded vibrational states, orlkal casonances, which
are characterized with a energy widfh)(defined as its full width at half max-
imum. These states are termed as isolated if their widthsraedl compared to
the spacing between therh €< 1/p(E) [1]). The decomposition rate constant
of each resonance is related to its widkiE,) = I';/k). The large spacing and
weak coupling between the energy levels in HCO restricts\ieldetween these.
Hence, oppositely to statistical predictions, the micogsc decomposition rates
of neighboring resonances vary by orders of magnitude [2,488,49,50,51,52],
depending on the modes which are excited in a particulaz §fég. 5.2).
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Figure 5.2: State specific rate constants of HCO. Open cirdl@d calculations
from Schinke and co. [2], solid line - Whitten-Rabinovitch Appimation, dashed
line - dissociation threshold.

The investigations show, that states in which the dissociatoordinate (the CH
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stretch) is excited decompose fast, while excitation inGfevibration results in a
long resonance lifetime, since a sufficient time is neededdstribute the energy
into the dissociation mode. In other words the dissociatipmamics of HCO is

strictly mode specific, or regular.

Investigations of the isotope effects by the decomposuidDCO have been per-
formed as well:

DCO+[M] — D+CO +[M] R5.3

Substituting the hydrogen atom in HCO with deuterium, whgctwiice as heavy,
leads to significant decrease of the vibrational frequeneied subsequently higher
density of states. The dynamics of this radical is found talifferent from the
mode specific (regular) behavior of HCO [53]. This is a restittaupling effects,
which will be discussed later in this work. Due to these therogcopic dynamics
of DCO, on the contrary to this in HCO, is not mode specific [54, 23though
the resonance states in DCO are not assignable with reganeé tmades which
are excited, strong fluctuations of their lifetimes are obse as well.

The studies on the HCO / DCO radical till now were focused on éx@ug its
state specific dynamics|[2,47,48,54,49,50,51, 52, 55] eBrpEents determining
the resonance positions and widths have been performedynaath high resolu-
tion Stimulated Emission Pumping (SEP) spectroscopy [@%5,52, 54,55, 56].
The main idea of this technique will be shortly discussed. H&dicals are pro-
duced by the photolysis of a proper precursor (e.g3CHO) and subsequently
cooled so that almost all of them are rotationally and vibretlly cold. They
are then promoted to a specific energy level with a pump laset, simulated
emission is initiated by a shifted (dump) laser. One mogitbe changes in the
fluorescence intensity as a function of the wavelength oflithrep laser. From the
spectrum one can extract information for the resonanceiposiand widths. In
some studies Dispersed Fluorescence [52] was employedlias we
The experimental studies proved the existence of metastabbnances in HCO
up to energies of more than 20000 chwhich correspond to 12 excitation quanta
in the CO stretching mode [52]. Similar observations are nteplofor the DCO
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radical as well. The experimental results have been condifbyequantum me-
chanical calculations [2,46,47,48,54], based on an atep@tential energy sur-
face [46,57,58]. Strong fluctuations of the resonancariies, depending on the
modes which are exited are reported (see Fig. 5.2).

As opposed to the extensive studies of the state specifianigaaf HCO, there
are only a few direct measurements of the thermal rate cotista,p) [3,4,5,59].
Timonen et al. [3] performed experiments on this at pressbetween 3 and
8 mbar and temperatures ranging from 637 K to 832 K. Mixture€ld3CHO
(CDsCDO) and different collision partners (HepNAr) were photolysed to gen-
erate the formyl radicals (HCO / DCO), which were subsequeti¢iected by
photoionization mass spectrometry. The experimentalwata represented well
by an "isolated resonance model", developed by Wagner and Boéha
Friedrichs et al. [4] performed experiments behind inctdamd reflected shock
waves p = 0.28 - 1.90bar,T = 835 - 1230K). Frequency Modulation spec-
troscopy was used to detect the HCO, generated by photo@itsacof CH,O

/ Ar mixtures. The experimental data were compared to a M&sigation analy-
sis, but the narrow pressure range did not allow for a rigetest of the model.
Krasnoperov et al. [5,59] examined the decomposition ratest@ant at pressures
0.8 - 100 bar (T = 498 - 769 K). The HCO were produced by photslydi
CH3CHO / He mixtures. As detection techniques were employed C&iing
Down Spectroscopy (CRDS), single- and multi- pass absorgpestroscopy.

In the data interpretation in Refs. [3, 4, 5] was assumed Heatdte constants is
in the low pressure limit, i. e. the experimentally obtairfiest order rate coeffi-
cients are divided by the bath gas concentration. The seseprted by Timonen
et al. [3] are a factor of 3.5 to 2.2 (respectively at 498 anfl KBhigher than
these by Refs. [4,5]. Possible falloff effects, which wouddise deviations from
the adopted linear pressure dependence of k(T,[M]), arelisotissed. The non
- Arrhenius behavior of the rate constant above 10 bar obderv[5] were at-
tributed to the non-statistical behavior of the radicadcdissed in Ref. [6].
Wagner and Bowman [6] presented the first theoretical modakwtries to as-
sociate the non statistical behavior of HCO to its therma cainstant. In this the
integral in the standard RRKM expression is exchanged withnangation over
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isolated resonance states. Their decomposition ratesawenad to be the same,
since there was no information on the exact resonanceniéstiat this time. De-
composition of the molecule was considered only at vibreticenergy where a
resonance exists.

The model was compared to the experimental data availdbtedn [3, 60, 61].
The only direct high temperature study was the one from Tenaet al. [3], where
the thermal decomposition of HCO was investigated in a lichgeessure range,
as discussed above. Refs. [60, 61] presented investigaiiotise recombination
of H and CO at lower temperatures, and in order to interpretekelts correctly,
one should consider the temperature dependence of theiaoléfficiency.

The theoretical model predicted, that the tunneling staées strong influence on
the thermal rate constant due to their significant populati6, 7, 62, 63]. These
would cause deviation from the low pressure limit at extrignh@w pressures,
which was not confirmed from the experimental data [3,60,B&hce the authors
in Ref. [6] concluded that the tunneling states are not dynaltyiaccessible and
postulated deviations from the linear range at pressuregeabO bar, and lower
high-pressure rate constant compared to the standard RRKMImod

In a later work Wagner and co. [7] reexamined the conclusajriRef. [6]. De-
viations of the rate constant from the linear regime areipted at much lower
pressures (> 1 mbar). In[[7] a new model was also presentadhiah, in a similar
approach, the exact lifetimes of some of the resonancesmuleed. The work is
mainly concentrated on the contribution of individual nesices to the thermal
rate constant. In order to calculate the overall decomiposiate one must include
all the resonance states important for the kinetics. Theore#or the discrepan-
cies between the two theoretical studies [6, 7] is the treatrof the tunneling
effects. Some further discussions on the problem are madefi{62, 63].
Investigations of the influence of non - statistical effemighe thermal decompo-
sition of HOCI were performed by Hase et al. [29, 64]. The artghise RRKM
based approach, in which they implement the average valtleeajuantum me-
chanically calculated [65] specific rate constants and @mfhis to a standard
SACM model. Differences between the approximations for laf€)found only at
higher energies, and thus deviations in the falloff- andhigh- pressure- ranges
compared to the statistical model are reported, while thedoessure rate con-
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stant is stated to be the same.

Another example for a radical with strong fluctuations of $pecific decomposi-
tion rate constant is H[66]. Adversely to the HCO and HOCI the fluctuations
of k(E) of HO, are statistically distributed and unassignable. In othenda these
are not mode specific and have been described with a stat@istribution model.
In [45] the averaged specific rate constants from this moaelmplemented in
an RRKM based approach and used to calculate the decompasiteoconstant.
Compared to the applied statistical model, deviations grerted in the low pres-
sure and the falloff ranges.

The theoretical investigations of HOCI and Li€an be used only as model stud-
ies, since no comparison with experiments is presented.

Statistical theories postulate that both the state speaifid the thermal rate
coefficients, can be presented with proper average furs{iph, 26]). The liter-
ature data proves the strong influence of the low densityatéstof some radi-
cals [1] on their state specific dynamics. A goal of this stiglio prove if this
affects their macroscopic decomposition as well.

The HCO and DCO are probably the most appropriate candidatéiseee stud-

ies. Their microscopic dynamics have been subject to numsestudies, and the
extended experimental conditions covered in this worknatlee testing of differ-

ent levels of theory on their macroscopic decompositioa.rdhe investigations
in this work would also allow to check if the mode specific ogropic behav-
ior of HCO affects the thermal rate in a different manner comm@ao the not

assignable dynamics of DCO.

5.2 Experimental Details
5.2.1 Generation and Detection of Formyl Radicals
Photodissociation of acetaldehyde was used to generaterthgl radicals:

CH3CHO + hv(308 nm) — HCO + CHs R5.4
—  CHs+CO R5.5
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where the major channel (9§ is reaction R 5.4 [67].

The output of an excimer laser (Lambda Physik, Compex 102, Xetjlerated at
308 nm was used to generate the radicals. The beam was fdoefsed the cell
with a lens or a telescope, so the laser fluency was up to 60 m3.cm

An Optical Parametric Oscillator (OPO, Continuum Sunlite) Epumped from
an Nd:YAG-Laser (Continuum PL8010, 310mJ at 335 nm, pulggheb-7 ns)
was used for the excitation of the formyl radicals. The HCO (D@(icals were
excited at about 258.5 (259) nm. The excitation wavelengih varied with the
temperature.

The fluorescence signal was passed trough a monochromagms(44 QIll)
centered at 335 nm. The slit of the monochromator was set tmr2@vhich en-
abled the detection of different rotational and vibratidrensitions. More details
on the setup are given in the experimental part of this work.

5.2.2 Temperature Control

The significant temperature dependence of the rate consitainé title reaction
demands an accurate determination of the temperature me#otion zone. The
difference between the readings of the two thermocouplestipned in the cell
volume, was kept below 5K (10K at the highest temperatureisis is an upper
estimate for the uncertainty in the temperature deternonatnd this could lead
to max 15 % deviation of the rate constant.

The flow was set from 0.5 to 3 standard liters mindtedepending on the pres-
sure and the temperature. It was verified that the reactibome (= 0.15 cnt,
determined by the profile of the photolysis laser beam in #ig was completely
scavenged by the flow before each laser shot. To ensure xpieriments were
performed at various repetition rates of the lasers. Noemite on the temporal
concentration profiles was observed.

The relatively short fluorescence lifetime of HCO allowed sweaments in M
despite its higher quenching rate. Due to the higher thecoradiuctivity of N, it
was difficult to control the temperature in these experimeRteheating the mix-
ture before it enters the cell resulted in a decrease of teergbd fluorescence
intensity. No further efforts were made to overcome thisbpm, since it was
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possible to keep the temperature gradient in the cell lowdnyrehsing the flow.
Thus the flow rates in Nas a collision partner were in general lower than these in

He.
As bath gases were used He, Ar, [¢éee Table 3/1). The precursors, acetalde-
hyde and d4 - acetaldehyde, were degassed several timeseshdithout further

purification.

5.3 Experimental Results

The temporal profiles of the relative HCO concentration slibgiagle exponen-
tial decays (Fig. 5.3):
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Figure 5.3: Typical time profileT =590 K, p = 122.7 bar. The fit with Eq. 5.1
yields a rate constant &f= 1.2x10° s~1.

The signals were fitted with a nonlinear least-squares piireeto a monoex-

ponential function:
l; = loexp(—kt) (5.1)
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wherek is the first order rate constant aha the LIF intensity.

The photolysis of CHCHO yields CH and CHO radicals. The unimolecular de-
composition of HCO plays a dominant role for the observed [H@€&ays under
the experimental conditions in this work. Other possiblect®ns are radical -
radical recombinations (second order), and reactionseofatlicals with the pre-
cursor (pseudo first order). In order to get reliable dagthlermal decomposition
was isolated from competing reactions, since a modelingp@fobserved decay
would introduce additional uncertainties due to uncetiasof the rates of inter-
fering reactions.

The rates of radical recombination reactions depend $figitt the temperature
due to the low activation energy. The pressure dependeradedsveaker com-
pared to the unimolecular decomposition. On the contragyutiimolecular de-
composition rate has a significapt and T- dependence. It is proportional to
the initial concentration of the radicals, compared to thadyatic dependence of
the rate of bimolecular reactions on this. Thus the experimeere performed
with low initial radical concentrations and at high tempgaras and pressures in
order to isolate the HCO decomposition. The influence of fatarg reactions
was checked by variation of the laser energy (radical-eddeactions) and the
precursor concentrations (radical-precursor reactioii$lese were found to be
significant under the experimental conditions in this wdrkhe decomposition
rate was less than 18~1. Hence in this experiments the radical concentrations
were kept low. Additionally, an accurate modeling was perfed to examine the
conditions by which the loss reactions have no influence erotiserved signal.
This determined the low temperature limit of 590 K. At tengiares higher than
800K, the reaction was too fast to be resolved on the expeatahgéme scale and
the temperature was difficult to control. The pressure waeddetween 1 and
170 bar.

Different initial HCO concentrations were obtained by vaoa of the photoly-
sis laser energy, which was measured behind the cell. The@thm cross sec-
tion of acetaldehyde (308 nm) ofxA02°cn¥ [68] and the quantum vyield of
0.95 [67] were adopted for estimation of the radicals cotre¢ions. Extensive
tests have been done at 700 K gmé: 10 bar, where the radicals concentration
was varied in the range (3 - 40102 cm2 and the precursor concentration (2 -
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20)x 105 cm3. The results are shown in Fig.5.4.
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Figure 5.4: Experimental results of the thermal decommrsibtf HCO at 700K
at various precursor and radical concentrations.

No influence of this on the rate constants were observed loey@nexperimental
uncertainty. At these experimental conditions the ratestaort was in the order of
1x10° s~1. At lower temperatures and pressures, the radical corat@nts were
kept low. No dependence of the initial precursor conceianatwas observed,
which indicates that under these experimental conditieespndary reactions
with the precursor are unimportant. These observatione h#so been proved
with a modeling of the concentration / time decays of HCO (sefe [R8]). The
experimental results, as well as the radical and precustrentrations are listed
in Table 5.1. The concentrations of the HCO andsCadicals are the same, so
only values for [HCO] are given.
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Table 5.1: Experimental results at 700K. No significant dgens of the experi-
mentally determined rate constant is observed in spiteeo$ttong varied radical
and precursor concentrations. See text for further disonss

E/ p(He)/ | [CH3CHO]/10" | [HCOJ/10* | k/10* | Exp.
mJ/cn? | bar cm™3 cm—3 s1
10.0 8.9 16.5 7.3 9.3 1
7.5 9.0 16.5 5.5 108 | 1
35.0 9.8 18.6 28.7 119 | 3
12.5 10.1 8.3 4.6 96 | 3
22.5 10.4 8.3 8.2 100 | 3
45.0 10.6 19.6 39.0 123 | 3
30.0 10.8 8.3 10.9 128 | 3
50.0 11.2 2.1 4.6 10.0 | 3
30.0 11.2 20.7 27.4 114 | 3
60.0 11.4 2.1 5.5 10.8 | 3
50.0 12.1 9.2 20.5 11.0 | 3

5.4 Discussion

The thermal decomposition of formyl radicals has been iyated in broad tem-
perature and pressure ranges. The mixtures were prepdted Ar or N, in order
to examine the dependence of the collision efficiency onytpe of the bath gas.
Strong fluctuations of the specific rate constants of HCO and @®bserved
in state resolved experiments and numerical stimulatidrég, 47,48, 49,50, 51,
52,54,55]. The widths of neighboring resonances are fooddfer by more than
three orders of magnitude (see Fig. 5.2). The reason is thelémsity of states
resulting in weak mode coupling and hence slow IVR. The coipetbetween
decomposition and IVR processes contradicts the erggdisgumption (see Sec.
5.1), which is the base of the statistical theories.

It is well known that the specific rate constants of all reactspecies fluctuate
to some extent [1], though statistical (averaged) apprakions of these prove to
work well in most of the cases. The question is, where is timd Ibf statistical
theories? Are there molecules in which the fluctuations efgbecific decompo-
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sition rates can not be approximated with statistical n@delaverage functions
without introducing uncertainty in the calculations onitmeacroscopic kinetics?
This work presents experimental investigations on themlaédecomposition rate
of formyl radical, comparison of the results with statiatimodels as well as with
an isolated resonance model.

The experimental results at 752 K in Helium have been useddtothe predic-
tions of different levels of theory. These will be shortlgdiissed in the following
sections.

5.4.1 Effects of the State Specific Rate Constant on k(T,[M])
5.4.1.1 Statistical Models

RRKM Model

For unimolecular reactions with tight transition statesayally the RRKM model
(see Sec. 4.2.1) allows a good representation of the peesigypendence of the
rate constant.

The reaction step.Some details on the calculation of the specific rate constant
with the RRKM model are given in the theoretical part of this kv@see Sec.
4.1.1). This is calculated with Eq. 4.2, for which here thensand density of
states are approximated with the Whitten - Rabinovitch appration [27]. Tun-
neling corrections are not included, but the tunnel effactsfound to have no
influence on the shape of the falloff curve in the range of teasarements in this
work (see Ref. [70]). The influence of rotational excitatismbt accounted for,

in general this is found to have a minor influence on the shagieedalloff curves

for reactions with tight transition states [26].

The thermal rate constanThe RRKM model is based on a humber of assump-
tions, which are presented in detail in Sec. 4.2.1. The therate constant is
calculated with Eq. 4.6.

Weak collision effectsin the RRKM model, one calculates the strong collision
rate constant and then multiplies it with a fact@) {o allow for the weak colli-
sion effects. The collision efficienc{) is the only fit parameter in the model (see
Eq.[4.6), it is extracted from comparison with the experitabdata. Variations
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of this parameter have no influence on the shape of the falloffe, since the
correction factor is the same for the whole pressure range.

The parameters used for the calculations are given in therap In Fig.| 5.5
experimental results from this work, Timonen et al. [3], 8&maperov et al. [5]
are compared with this model. Since there were no measutemeported at
the same temperature, the expressions recommended in Bé&fkafe used for
comparison.
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Figure 5.5: Comparison of experimental data at 752 K with téeécal models.
RRKM.

The model predicts a linear pressure dependen&€TofM|) in the range of the
measurements, and hence deviates from the experimentalakhiens.

In order to check if the reason for the disagreement is theoxppations made
in this model (see Sec 4.2.1), particularly concerning teatment of the weak
collision effects, some more detailed approaches have dygared as well.
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Troe Formalism

Troe [37, 38, 25] developed a different approach (see S&2)4.In this model,
the macroscopic coefficients in the limiting ranges are patazed.

The low pressure rate constamts stated in the theoretical part of this work (Sec.
4.2.1), in the low pressure limit the reaction rate is goeerhy the energy transfer
processes (see Eq. 4.7).

In this model one first calculates the low pressure strontisamt rate constant
(Eq.[4.12), approximating the density of states with itsieadt the dissociation
threshold (g). The anharmonic and rotational effects are considereld eot-
rection factors, and have no influence on the shape of thefffalirves. The
value of the calculated strong collision low pressure ratestantky>9(752 K) =
2x 10 BcmPs1,

High-pressure decomposition raté 4.6 x 108s~1 is calculated with the standard
transition state expression (see Eq. 4.9).

In order to interpolate the falloff curve between this twagas (high- and low-
pressure limits) one needs information on the broadenicigrfdsee Sec. 4.2.2).
Weak collision effectdn this model the weak collision effects are extracted by a
comparison ok3¥(T) with experimental data on this. For this the low pressate
constant from Timonen et al. [3], extracted from measuramanpressures of a
few mbar has been used, since the measurements in Refs. @rdparformed at
higher pressures. The collision efficiengy= kg "(T)/kS%(T) = 0.03 is used to
determine the weak collision broadening factg't = %14 = 0.6). The strong
collision broadening factors is calculated as describdgiah [35], which yielded
avalue of 0.8 foF3°. Hence the overall broadening factoFif= F¥ x F¥*=0.5.

A falloff simulation with Eq. 4.14 and these parametdn(%‘( Fe, kinf) is presented
in Fig.[5.6.
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Figure 5.6: Comparison of experimental data at 752 K with t&cal models.
Troe Formalism.

The falloff simulation, presented in Fig. 5.6 fits well to tmeasurement of Timo-
nen et al. [3], since the experimental low pressure rateated from this work
has been used to extract the collision efficiency. Howeveptlssure dependence
of the decomposition rate is not correctly predicted.

Master Equation Analysis

The most detailed approach, concerning the treatment oivdak collision ef-
fects is the Master Equation analysis (see Sec. 4.2.3).

The reaction stepk(E) is calculated as described in Section 4.1.1, whereuhe s
and density of states are counted with the Beyer-Swinehé&gotitam [26]. In
this work the calculations are performed fbe 0, since, as stated in Secs. 4.1
and 4.1.1, this has a minor influence on the rate constaneéations with tight
transition states. The K rotor has been treated as an adialegfree of freedom
(see sec 4.1.1), in [70] the same calculations are done factwe K rotor. No
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significant differences in the results from the analysisodorgerved.

Weak collision effects.The probability for energy transfer processes (see Sec.
4.2.3) has been approximated with the exponential down hi{sde Eq. 4.16).
Based on comparison with the experimental data, the eneaggferred down-
ward per collision is found to be = 220 cn11,

More details on the theoretical background of the calcoitetiare given in [26]

as well as in the theoretical part of this work. For these tfeg@am package
UNIMOL has been used [42]. The parameters for the calculadie given in the
appendix.
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Figure 5.7: Comparison of experimental data at 752 K with écal models.
Master Equation.

One can see (Fig. 5.7), that even with this approach, theesbigne calculated
falloff curve is in poor agreement with the experimentakdat

The applied statistical models predict linear dependehtieedk(T,[M]) on pres-
sure in the range of the measurements, which contradicexgperimental results.
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5.4.1.2 Non - Statistical Model

The model applied in this work is shortly presented in $e2.%4.In this the in-
tegral in the RRKM expression is exchanged with summation thesresonance
lifetimes calculated in Ref. [2]. As in the previous sectiofiist discussions on
the rate of the reaction step will be presented. Finally ttieemal rate constant
will be calculated and compared to the experimental results

The reaction step.

Since this work focuses on the investigation of the decomipagates of HCO
and DCO, a comparison between the microscopic decomposities of the two
radicals is presented in the following section. As statemabthe exchange of the
H atom with D results in higher density of states in DCO. In E@ a comparison
of the energy levels (from Ref. [2]) of HCO and DCO is presented.

10000 1

8000 +

6000 4

4000 4
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2000 +

HCO DCO

Figure 5.8: Comparison between the energy levels of DCO and H@&skd on
the quantum mechanical calculations from Ref. [2]
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Only the resonance states of the radicals which are significpopulated under
the respective external conditions contribute to the nsmpic decomposition
rate at these. For temperatures up to 1000 K and pressur@9@dar, these are
the states up to 10000 crh so only these will be further discussed.
In order to check if the number of states characterized ifRigfe [2] is sufficient,
in Fig. 5.9 a comparison of the sum of states of HCO betweenradrdc count
(Beyer-Swinehart algorithm [42]) and quantum mechanickutation (Ref. [2])
is presented. One can see that the number of states cattglza@tum mechan-
ically exceeds the harmonic count. This is due to anharmefficts, which are
not accounted for in the Beyer-Swinehart algorithm [26]. Thaor differences
in the sum of states proves that the anharmonic effects in HE@at significant.
This analysis proves that the quantum mechanical calonstre sufficiently ac-
curate concerning the number of the resonance states.
The next point of the discussion is the resonances lifetidestated in the intro-
duction of this chapter, the resonance states of the foraaltal are "isolated", in
the sense that the resonance widths are in general smallbcedthfp the distance
between them. Hence the coupling between these is weak andghenergy
transfer between these states is restrained. The decdiopasaie of each state is
determined by its width:

(E) = (5.2)
whererl’; is the resonance width aridthe Planck constant.
Due to the weak mode coupling, the width of the resonancerakpen the distri-
bution of the energy quanta in different vibrational modéthe energy is initially
stored in the reaction coordinate (CH stretch), fast decaitipo is observed. On
the other hand, energy accumulation in the CO vibration tesala long reso-
nance lifetime. In other words, HCO shows strictly mode djpebehavior.
The resonance lifetimes are presented in Fig. 5.10.
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Figure 5.9: Sum of states of HCO. Solid line - harmonic counyé«Swinehart
algorithm), open circles - QM calculations from Schinke and[2]
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Figure 5.10: State specific rate constants of HCO. Solid liné/hitten-
Rabinovitch Approximation, open circles - QM calculatiomsri Schinke and
co. [2].
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Figure 5.11: Sum of states of DCO. Solid line - harmonic coBelyer-Swinehart
algorithm), open circles - QM calculations from Schinke aod[2].
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Figure 5.12: State specific rate constants of DCO. Solid lin&/hitten-
Rabinovitch Approximation, open circles - QM calculatiomsni Schinke and
co. [2].
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Some complications in the characterization of the resomatates occur in the
case of DCO. Basically, its higher density of states is assatiaith stronger
anharmonic effects. As seen from Fig. 5.11, the deviati@ta/den the quan-
tum mechanical calculations and the harmonic count in DCQaager than these
in HCO. Though the sum of states calculated quantum mechyngsaeeds the
harmonic count, an open question remains whether all resenstates important
for the kinetics of the radical have been characterized.

The magnitude of the vibrational frequencies of the reacsipecies determines
the position of their energy levels. The resonance betweefréquencies of the
DCO vibrations

CD:CO:CDO=847cm!: 1795¢cm?!: 1910cmi[55]~1:1:2

causes additional coupling between these (the so callediFesonance). So in
general the mode coupling is weak, due to the relatively lewsity of states, but
there are additional vibrational coupling effects, due kool the resonance states
in DCO are not assignable (mode specific).

Comparison of the quantum mechanical calculations from Rg&brj the specific
rate constant with statistical approximation is given ig.Fb.12. In this case
the average overestimation of the decomposition rate fhanstatistical model is
higher than in HCO. One of the possible reasons is that noff #fileoresonance
states have been characterized.

The microscopic decomposition rates of DCO show strong faiiins despite its
higher density of states. The fluctuations are not mode Bpédcie to the coupling
effects discussed above.

Higher density of states, stronger mixing between them, paosdsible influence
of rotational and anharmonic effects, which in general érsthe energy transfer
processes, poses the question if the unimolecular decotigposate can be de-
scribed with statistical theories.

The fluctuations of the resonance lifetimes in HCO and DCO aseciasted with
the distribution of energy quanta in different vibrationaddes and the weak cou-
pling between them. The calculations of the specific ratestzomts used in this
work (from Ref. [2]) are done for J = 0. Some calculations for 0 krave been
performed [71, 72,73, 74], the number of states charaeigriz these is smaller
and the rotational excitation considered is still lowenthiae mean J for the ex-
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periments in this work. In most of the cases the resonancéhsvidre weakly
influenced by excitations of the rotational levels [71, 72, 74].

As opposed to the strictly mode specific behavior of HCO, tsemance states in
DCO are not assignable. A goal of this work is also to checkefehare differ-
ences in the macroscopic behavior of the radicals.

The Thermal Rate Constant

As shown in the previous sections, the models using stalséiveraging of the
specific rate constants, are in poor agreement with the expetal data. An aver-
age function of the specific rate constants calculated guantechanically could
improve the results to some extent (see e. g. Ref. [45, 29]thieumost realistic
approach would be to introduce the "exactly" calculated i§ipa@ate constants.
The simplest approach which allows this correction is ehglygmodified RRKM
model. Compared to the standard RRKM (Eg. 4.6), the integragkaced with
summation over the discrete decomposition rates:

Bz M] K(E)-exp—Er)
Qb £ KE)+B-Z-M]
where k(E) are the specific rate constants, calculated quantum mieettiginin
Ref. [2], Z is the Lennard Johnes collision number, calcdlas in Ref. [37],
[M] the bath gas concentratio, the collision efficiency, which is used as a fit
parameter, and & the vibrational partition function [25]. The calculatediddf

is presented in Fig. 5.13:

(5.3)

k(T,[M])
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Figure 5.13: Comparison of experimental data at 752 K witlotéical models.
Isolated Resonance Model.

As one can see from Fig. 5.13, there is an excellent agreeleéneen the ex-
perimental data from this work and the isolated resonanadgei(®RM). A clear
deviation from the linear regime in the experimental rangehis work is ob-
served, with k~ [M] %85, The agreement between this model and the data from
the other two direct measurements [3, 5] is satisfactory.

In Fig. [5.13 the IRM falloff is calculated with the values o(from Ref. [2],
since the highest number of resonances have been chazadténere. Several
sets [46, 2,47, 75] of quantum mechanically calculated k@) been used and
no significant differences in the falloffs were observee(sgy. Ref. [70], where
the specific rate constants are taken from Ref. [46]). In Ré&f] $bectra have
been calculated and thus it was not possible to characteoine of the broader
resonances. In Ref. [2] a variational calculation of resor&eBiegert states based
on the Kohn variational principle have been performed. Sbroader resonances
have been additionally characterized, but these are nairiiaupt for the reaction
kinetics due to their positions (high energies) and shfatitnes.
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The isolated resonance model allows a test for the impogtahdifferent reso-
nances on the thermal decomposition by taking only themthecsummation in
Eqg.5.3. In Fig. 5.14 the falloff curve which includes onlethesonance states
with excitation in the reaction coordinate (CH stretch),aspared to the one in
which the rest of the resonance states are included, andxhet"dalloff.

105
106-5
10° 3
i E
(7]
-~ 4
~x 107
103-§
] g ——IRM
10%4. .~ CH excited
i~ eee-- CO / HCO excited
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Figure 5.14: Comparison of experimental data at 752 K with IRMuding dif-
ferent sets of resonance states.

For this calculation the resonance lifetimes from Ref. [48}dnbeen used, since
in this work the assignments of the modes which are excitedjizen in the pa-
per. The resonances in which the CH vibration is excited, there is at least one
energy quantum in this, contribute up to more than 80 % of #@chposition
rate at pressures higher than 1 bar. The reason is the inmgyesish pressure sta-
bilization rate, due to which the short living resonancesanee rate determining.
The best way to visualize the deviations between the moddls plot these in
reduced falloff curves, as shown in Fig. 5.15.
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Figure 5.15: Reduced strong collision falloff curves. Conmgmar of statistical
model (RRKM) with the isolated resonance model.

Deviations from the linear range are observable at pressira few tens ofibar.
Furthermore an asymmetric broadening of the falloff cursexbserved. The rea-
son is the fluctuations of the specific rate constants, whiehat represented with
a smooth function, as in statistical theories. The strorfisamn falloff curves
calculated with these are, in general, almost identicaltdufe similar energy
dependence of the specific rate constant.

These effects can be explained if one considers the fluohsadf the specific rate
constants of HCO. The dependence of k(T,[M]) on pressureEseet.6) is de-
termined from the competition between the collisional gitediion rate Z[M])
and the rate of the reaction step (k(E)). In the low pressamgeBZ[M] « k(E),
or the time between collisions is longer than the time fomwoiecular decay. The
rate in the falloff range is determined from the competitimiween these pro-
cesses, and in the high-pressure limit the reaction stegge@sdetermining. In the
formyl radical, from resonance to resonance, the specifecganstants vary by
orders of magnitude, so resonances with shorter lifetinasreach their high-
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pressure limit at low pressures, while the broader res@sare still in their low

pressure limit [7]. This causes the deviations from thedimange already in the
pbar range, since the time between collisions must be suffiéoe all the reso-

nance states to be in their low pressure limit. The asymmbtoadening of the
falloff curves is also a result of the fluctuations of R(Ewhich determines the
dominating processes (stabilization / reaction) in thieofatange and when the
high-pressure limit is reached.

A guestion which received attention in the discussions efdacomposition of
HCO is the effects of tunneling on the rate constant [6, 7,8R,Bhe first 8 quasi

bounded resonance states with finite lifetime calculatechfRef. [2] lie below

the classical threshold for dissociation. These must tunrmader to decompose
and the tunneling probability is included in the resonaiifegime. In Fig.[5.16

a calculation including only the tunneling resonances imgared to the exact
falloff curve.
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Figure 5.16: Comparison of experimental data at 752 K with IRMuding dif-
ferent sets of resonance states.
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As obvious from Fig. 5.16, at low pressures these contrituteore than 80 %

of the thermal rate constant.

Including the first 35 resonance states (upt8300 cnT?) results in a deviation

of max 5 % (for p < 1000 bar, T < 1000 K) from the rate calculatéith\®48 states

(up to~ 20000 cntl). These are well characterised and can be considered as
isolated, due to the large energy separation between them.

After proving the accuracy of the model, this is applied favdeling of further
experimental data.

5.4.2 Falloff in Different Bath Gases

The broad range covered in the measurements inTHe $90 - 800K,p =1 -
230 bar) allowed for an estimation of the temperature depecel of the collision
efficiency, which is the only fit parameter in the calculagon

For a comparison with literature data [4] some measuremems as a bath gas
were performed.

The environment in flames and motors contains mainly Nitnpge experiments
in this collision partner were performed as well. High-ge® measurements
with LIF in Nitrogen are associated with some difficulties€sSec. 5.2.2), hence
it was not possible to extend the experimental ranges as amighHe. Still, as
shown above the theoretical model is in good agreement Wwehekperimental
data and allows to extract reliable data of the measureneis as well.

5.4.2.1 Falloff in He

The experimentally observed pressure dependence of theoastant at 752 K
in He is in good agreement with the IRM. In this section we coredarther
measurements in He with the same model, in order to extradethperature de-
pendence of the rate constant and the collision efficiency.

The only study of the thermal decomposition rate constaatlmoader pressure
range is the work from Krasnoperov et. al. [5]. For comparisome direct mea-
surements from Ref. [5] are compared to the IRM, calculate8306rK. These are
shown in Fig: 5.17 together with measurements from this vaoikfrom Timonen
et al. [3] in similar temperature ranges.
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Figure 5.17: Comparison of experimental data in He with IHMs estimated
from Eq./ 5.4.
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Figure 5.18: Comparison of experimental data in He with IHMMs estimated
from Eq./5.4.
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As one can see from Fig. 5.17, the agreement between the rmnudidte available
experimental data is satisfactory, as opposed to the davsateported in [5] be-
tween the results from Refs. [3,4,5]. The statement of Refc§s] be partly due
to the comparison of second order rate constants obtainedrfieasurements at
different pressures in Arrhenius plot, without considgnossible falloff effects.
To examine the temperature dependence of the rate constdriha collision
efficiency some further measurements at different temperatwere performed.
These are presented in Fig. 5.18. In the figure the expressemommended
in [3, 5] are taken since there are only a few measurementmitastemperature
ranges.

In order to prove the validity of the model and to extract mfiation on the col-
lision efficiency parameter in broader temperature rarfgemodel was applied
to the recombination of H and CO, which is related to the HCO dgusition
by the principle of detailed balance. The direct measurésneom Ahumada et
al. [61] at room temperature have been used for the comparssioce no other
direct measurements in He at low temperatures were availabl

] T=300K

O Ahmudaet al.
IRM
—— RRKM

-3
[He] / cm

Figure 5.19: Comparison of experimental data of the recoatinn of H and
CO [61] in He with IRM.
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The experimental data is well represented from the modgl (Fi19). Com-
parison with the RRKM is also presented, and one can see thhisicdse the
agreement is worse.

In spite that there are some studies concerning the estimatithe energy trans-
fered per collision, till now no generally valid model is fadi Hence in this study
the collision efficiency has been adjusted to the experiaieasults. The compar-
ison of the model to the measurements from this work, as vgalha ones from
Ahumada et al. [61], allow a fair estimation for the deperweaf the collision
efficiency in He on temperature. Furthermore, the resuttfthe experiments
performed in this work in M and Ar, which will be presented later yield addi-
tional information on the collision efficiency in differenobllision partners. The
results are presented in Fig. 5.20:
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Figure 5.20: Collision efficiency obtained by fitting expeeintal data from this
work to Eq./ 5.3. Open triangles - He, open cirklesy; Npen square - Ar. Filled
triangle - fit of the results from Ref. [61] to EQ. 5.3. The lisdinear regression
of the results in all the three collision partners.

The symbols in this figure represent the values obtainedtngithe experimental
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data with Eq. 5.3, where the only fit parameteB.isSlightly negative temperature
dependence of the collision efficiency is observed (Fig0b.2s seen from the
Fig. '5.20, the dependence @fon the collision partner is not significant. Linear
regression of for the three collision partners yields the following exgsien:

5 T

B=00897-3-10 - (5.4)

Subsequently the values obtained from this fit (Eq. 5.4) aesldor the calcula-
tions of the falloff curves in He presented above. The reduitm the fit of Eq.
5.3 to the experimental results are presented in Table 5.2.

Table 5.2: Results for the collisional efficiency, obtaingditiing the experimen-
tal data to Eq. 5.3.

[T/K] 300 [ 590 [ 593 [ 643 [ 700 | 752 | 800 |

He | 0.080| 0.080 0.077| 0.065| 0.066| 0.070
N2 0.067| 0.076| 0.068
Ar 0.071

Considering the experimental uncertainty, a temperatuiepaendent collision
efficiency of 0.07 for T = 300 - 800 K is probably a good approaiion as well.
In general the mean energy transfered per colliglidn) is related td3, but in this
case no efforts are made to extract information on this diyaiithe reason is the
mode specific nature of the radical, due to which, the mearggnensfered per
collision depends on the mode which participates in thasioil process. Hence
one should considers the state specific nature of both theng®usition and acti-
vation processes and treat all these processes on micioseog. Further more
rotational effects are not considered.

Based on a fit of the isolated resonance model, the followipgession is recom-
mended for modeling:

0.85 kcal
k(T,[He])=7-109(T/K)‘0‘18{%} exp(—%) st (5.5)
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This represents the falloff curve calculated with the itedaresonance model
within 30 % for T = 500 - 1000 K and p = 0.01 - 200 bar.

The temperature dependence of the rate constant at diffanessures is presented
in Fig.'5.21.

10" 3
10° 3

10° 3

k/s*

10* 3

10’ 3

107 3

12 14 16 18 2.0
1000K /T

Figure 5.21: Isobar Arrhenius representation of the foradgtomposition rate
constant. The lines are calculated with the IRM for the repepressures (given
below the curves). The filled circles are results from thiskyepen triangles -
Krasnoperov et al. [5], filled squares - Timonen et al. [3].

The agreement between the model and the available expeaahderte is pleas-
ing. The IRM explains the reason for the discrepancies betweelow pressure
rate constants reported from Refs. [3, 4, 5] and confirms tfeetsfof the non -
statistical microscopic dynamics of HCO on its macroscojmetics. The tem-
perature dependence of the collision efficiency determaiexie allows reliable
extrapolation of the results for k(T,[M]). The results ore tdependence of this
parameter on the collision partner are presented below.
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5.4.2.2 Falloffin Ar

For comparison with further measurements on the formyl agaasition from the
literature [3, 4] some measurements in Ar were done. Thepmsented in Fig.
5.22:
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Figure 5.22: Comparison of experimental data on the decoitigrosf HCO in
Ar with IRM.

In this case also good agreement is observed, adopting thsiaro efficiency

obtained from Eq. 5.4. The results from this work show thatwheak collision
effects are similar in He and Ar in the range under considarat

The model is also applied to the measurements of the recatntoinat room tem-
perature from Ahumada et. al. [61]. The results are predent¢he following

figure:
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Figure 5.23: Comparison of experimental data of the recoatizn of H and
CO [61] in Ar with IRM.

As seen from Fig! 5.23 a satisfactory agreement betweenxiherimental data
from Ref. [61] with the IRM is observed.

5.4.2.3 Falloffin N

After proving the accuracy of the model we present some mmeasnts in N,
which are interesting for combustion modeling. As a fit pagtanthe uncertainty
of the collision efficiency depends on the range in which tkgeeiments are per-
formed. The collision efficiency from Eq. 5.4 is adopted foe falloff curves
in N2, since no significant deviations of this from te one in He dreesved as
discussed above. The results are presented in Fig. 5.24.
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Figure 5.24: Falloff curve for the rate constant in nitrogenbath gas. Solid
symbols: experimental results from this work, open symboésults from the
expression recommended in Ref. [3], down triangles: T = 54&ikKles: T = 593

K, squares: T =643 K, up triangles: T =700 K, solid line: rat@stant calculated
from[5.3, adopting the collision efficiency from Eq. 5.4.

The following analytical expression (Eq. 5.6), extractamhf the calculated with
the IRM falloff curves is recommended for combustion modglin

0.85 kcal
K(T,[N2]) = 6-10°(T /K) 918 {%] exp(—%) st (5.6)

The rate constant calculated with this expression reptesiea falloff calculation
with the IRM within 30 % in the temperature range 500 - 1000 K preksures
0.01 - 300 bar.

The goal of this work was to find a theoretical approach ablkepoesent the ex-
perimental results in broad pressure and temperature sarigeviations of the
rate constant from the low pressure range are observed ipbwerange. Ex-
trapolation of the "low pressure” rate constants reporte now with statistical
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theories, which predict linear pressure dependence ofatieeconstant up to p >
100 bar, is associated with significant uncertainty. For ganson in Fig. 5.25
the expression from Ref. [3], which is widely used in comlarstnodels, is com-
pared to the pressure dependence extracted from this Wekk, [Eq./ 5.6).
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Figure 5.25: Comparison of the rate constants calculatdd vsiblated resonance
model (gray line), Eq. 5.6 (black dashed line), expressemommended from
Ref. [3] (open gray circles).

One sees that at lower pressures the expressions from R€pdBprmed at a
few mbar) and this work give similar values for the rate canstbut the differ-
ences are significant at higher pressures. The curves ardatad for 0.01, 1 and
100 bar as indicated in the Fig. 5.25.
Extrapolation of Eq. 5.6 beyond the given ranges, espgdaalisidering the tem-
perature range is not recommended.

5.4.3 Isotope Effect

The DCO radical is considered in the literature to be an ingeliate case between
statistical and non statistical behavior. As stated abinefluctuations of its state
specific rate constants are not mode specific. The macr@sdegpbmposition
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rate of the radical is of a considerable interest for the rbigzal modeling, since
this analysis would show if the thermal decomposition isuficed only by the
fluctuations of the microscopic rate coefficient, or if thenncstatistical behavior
is just a consequence of the mode specific dynamics of the H@iGata This
guestion is important for modeling of other mode specificri hoegular species
with strong fluctuating specific rate constants.

A comparison of the results from the RRKM model and the IRM to thgee-
mentally observed pressure dependence of the rate coisssiatwvn in Fig. 5.26.
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Figure 5.26: Comparison between predictions of statistiwbries and the IRM
for DCO.

The RRKM model predicts a linear pressure dependence of thecoaistant in
the experimental range on this work (> 100 bar), which is nppsrted from the
experimental results. In Fig. 5.26 direct measurements fRef. [3] are used
for comparison with the models, since for the DCO decompmsitio expression
is recommended in Ref. [3]. No comparison of k(T,[M]) with thuer statistical
models for DCO are performed, since no significant effectshenshape of the
falloff curve calculated with other statistical approaslaee expected, as shown
for the HCO decomposition.
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Since the structures of the two radicals are similar, thieidihces i3 are ex-

pected to be insignificant. For this reason, as well as becatithe narrower
experimental range of the measurements on the DCO decomoposite adopt
the collision efficiency from Eq. 5.4 for both radicals.

In Fig. a comparison between the decomposition rateC@ and DCO at
700K is presented.

The formyl radical (HCO) decomposes faster compared to DCOchwhas a
higher density of states. This is in agreement with the ptaxdis of statistical
theories (see Eq. 4.2), although neither of the radicafsl$éuhe assumptions of
statistical theories. In both cases good agreement betinedRM and the exper-
imental results is observed. Further results of the DCO deosition at different
temperatures are presented in Fig. 5.28.
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Figure 5.27: Isotope effect on the thermal decompositidiowhyl radical.
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Figure 5.28: Comparison of experimental data on the thermebmposition of
DCO in He with IRM (Black Line). Filled symbols - this work, opegrsbols -
Timonen et al. [3].

In order to check which of the resonance states are impdidarie kinetics of
this radical, calculations including different sets ofaeance states have been
performed as well. The first 85 resonances (up to 8700%rare found to be
important for its kinetics for T < 1000 K, p <1000 bar.

Concerning the number of resonances characterized, on&lsdauthat the cal-
culations and the experiments on the specific rates of DCO aol more com-
plicated than the ones of HCO. Due to the higher density aést@td the stronger
anharmonic effects in DCO, the obtained spectra are difftouliterpret. In [2]
the resonances are calculated from a variation of Siegegessand more states are
found in comparison with other studies, where the resorsmammainly charac-
terized from the calculated spectrum. The falloff curvesD&€O have also been
calculated with the specific rates from [54], where 173 rasoe states have been
characterized, but a few broader resonances (actuallyoaeses with widths 24
and 122 cm?) at relative low energies (respectively 6770 and 7360 Hrmere
missing in Ref. [54]. Differences between the calculatetbfiaturves were ob-
served at pressures higher than 200 bar, but these are @@%srfor p < 1000 bar.
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The basic difference between the HCO and DCO radicals is that BlioWs a

regular (mode specific) microscopic dynamics, while themesice states in DCO
can not be unambiguously assigned. The results from thi& sloow that the

thermal rate constant depends basically on the resondettimés.

The IRM allows good representation of the experimental data this work and

the literature. Further improvements of the model would desalering the in-

fluence of rotational excitation on the reaction step. Camogrthe activation

process, one should examine the dynamics of the energyfdrgm®cesses de-
pending on the mode which is excited. These processes arly poalerstood

till now and no data on these is found in the literature for aoy - statistical

reactions.

5.5 Conclusions

Extensive experimental studies on the thermal decompasitf formyl radical
(HCO) and its heavier isotope DCO (p = 1 - 230 bar, T= 590 - 800 Klifierent
collision partners have been performed. Comparison ofssitzel models to the
experimental results from this work show that these are or pgreement.

The state specific dynamics of both the HCO and DCO radicals leee exten-
sively studied [2,46,47,48,49,50,51,52,54,55]. Thisva#ld to implement the
"exact" resonance lifetimes, calculated quantum mechbyitaan RRKM based
approach. The extended range of experimental conditidowed to determine
the dependence of the collision efficiency, which was thg hparameter in the
calculations, on the temperature and the collision parfhleis model allowed to
represent the observed temperature and pressure deperafehe rate constant
for both HCO and DCO radicals. A comparison of the thermal rathe mode
specific HCO and the non - regular DCO show that the deviaticr Btatisti-
cal models result from the fluctuations of the specific ratestants, or the mode
specifity is not critical for the macroscopic decompositidthe radicals.
Significant broadening of the falloff curves is observed paned to the predic-
tions of statistical theories. Deviations from the lineapdndence of the rate
constant on pressure (low pressure limit) are observedeltar range. This
discards the assumptions that at 1 bar the rate constaiit is 8te low pressure
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range. Extrapolations of the rate constant, based on nerasuats of the "low
pressure” rate assuming linear dependence of the presguod, have been used
till now in combustion modeling, can introduce significantartainties.

The following expression is recommended for combustionefing:

0.85 keal
K(T,[Nz]) = 6-10°T 018 {%] exp(—%) st (5.7

Further improvements of the model would be to consider tfieence of rota-
tional excitation on the microscopic dynamics of the raldi¢dl now no system-
atic studies on the specific rate constants for higher J aiéale. Another point
is that if one treats the decomposition as a state specifiogsghena, one could
anticipate the same for the activation / deactivation pgses. There are no stud-
ies on this matter up to now.

This work is the first experimental evidence for measurable statistical effects
of the macroscopic kinetics of a radical. The IRM predictshiiglow pressure
and lower high-pressure rate constants, or broader falloffes than the ones
calculated with statistical models.

5.6 Outlook

The non - statistical effects in the microscopic dynamicsmoéll reaction species
have been widely investigated in the last few years. Nowsday known that the
microscopic decomposition rates of all the molecules flatettio some extend [1],
though in most of the cases their specific rate constants eale$cribed with a
proper average function with sufficient accuracy.

Except for HCO and DCO, non - statistical effects are reporgedaeall for the
specific rate constants of HOCI [65], H(66], H>S [76], NG, [77], HNO [78]
and others. These are more pronounced in molecules withéowity of states in
the energy regime relevant for their kinetics (close to theibr for dissociation).
The question where is the limit of statistical theories am#/hich cases the non
- statistical microscopic dynamics is important for theseroscopic decomposi-
tion rate, which is of practical relevance.



Chapter 6

The Recombination of CH,CHO
and O,

6.1 Introduction

The investigations presented in this chapter are condedtoa the recombination
of vinoxy radicals, CHCHO, with G, in He as a bath gas.

CH,CHO+ O, — Products R 6

Vinoxy radicals are important intermediates in photocleainprocesses in the
atmosphere. They are formed in the alkene ozonolysis [9y8ith is a sink for
unsaturated hydrocarbons in atmospheric environmentgy fhave been found
as major products of reactions of oxygen atoms with primdejires [10, 80].
As product of the reactions of &84, CoH3 or CH» with OCGP) (see Ref. [11,
81, 82] and references cited therein), {LHHO is an important intermediate in
the combustion of hydrocarbons. For example the formatiddHyCHO by the
recombination of G{P) with GHy [11,83] is a critical step for fuel consumption
in ethylene flames.

Due to the relatively high oxygen concentrations in comibasand atmospheric
environments, R 6 is the main oxidation pathway for vinoxgicals. Hence its
kinetics is of considerable interest for atmospheric andlmgstion modeling.
There are some experimental data on the recombination okyiradicals with

81
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02 [12,13, 14, 15] at room temperature and pressures up to 400 o Refs.
[12,13, 14], the radicals were generated by laser pho®{i€83 nm) of methyl
vinyl ether (MVE) and detected by laser induced fluoresc€B8& nm).

Gutman and Nelson [12] measured the recombination rateeaspres between
1.5 and 100 Torr in M and Sk as collision partnersT( = 298 and 476 K). The
data were not compared to a theoretical model due to thewmaxperimental
range and the weak pressure dependence observed. As muableranechanism
for the reaction, the simple recombination to a stab}€B,CHO was inferred.
It was suggested that a pressure independent pathway (ge6.E), namely the
1,4 H atom migration in the complex followed by a fast fragtad¢ion can not be
excluded. The mechanism was supported by a product anatysitich OH and
CH,0O were detected as reaction products.

0" ( \
/
O o—o:,
AN | | “H
CHCHO+0 2| >C—C— H —| ' N¢c_ ¢
H \ H/ \
0 N
! ) °
\ )
14. M lfast
/O.
<|3 CH,0 + CO + OH
Né— o n
H’ No

Figure 6.1: Reaction mechanism for the recombination of xyn@dicals with
oxygen as proposed in Ref. [12].

According to this mechanism, the pressure dependence chtbeonstant is
determined by the sum of a pressure dependent addition aressupe indepen-
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dent fragmentation. However, it was not possible to supb@imechanism, since
the product analysis experiments were inconclusive. big@&sns on the rate
constant at lower pressures, where this mechanism is egtrhave a stronger
impact on the falloff behavior, were beyond the accessikfggmental range.
Hence the authors concluded that the simple addition is &t probable reac-
tion pathway.

Applying a similar experimental approach, Lorenz et al] [i&formed measure-
ments in He as collision partner at 298 K€ 7.5 - 210 Torr). The results were
analyzed assuming a simple recombination mechanism,tdeblpt OH radicals
were identified as a reaction product in this work as well.

Oguchi et al. [14] performed experiments in He as bath gas3p 200 Torr, T
= 298 K). Although that the recombination to the adduct hasldeund to play a
dominant role under these experimental conditions, OHcedslihave been iden-
tified as a direct reaction product as well. The OH produdtgieecreased from
20 to 10 % in the pressure range from 10 to 200 Torr. Theoteatiodeling of the
observed pressure dependence has not been presented.

Zhu et al. [15] applied CRDS to monitor the decay of the vinoxdicals, gener-
ated by laser photolysis of MVE. The experiments were peréat at 298 K and
p =2.5-400 Torr with N, SFs and CF as collision partners. Time resolved mea-
surements of glyoxal ((CHQ) revealed a slow formation rate, which excludes
(CHOY), as a direct reaction product. It was not possible to exanfieeappear-
ance rate of HICO, which was detected as a product as well.

For the data analysis in Refs. [12,13, 15] it is assumed tretdbombination
leads entirely to the formation of a stabilized complex. eethe Troe formalism
(see Sec. 4.2.2) for simple recombination reactions has agpglied in order to
represent the experimental results in Refs. [13, 15], batdbes not account for
the formation of a complex with a finite lifetime. In the lasise S - shaped falloff
curves are observed, and the formalism presented in Se2.mMust be modified,
as discussed in Sec. 4.2.4.

The present work was performed in collaboration with theugrof C. Fittschen
(see Ref. [84]). In this study laser photolysis / laser induit@orescence (347.4
nm) has been employed to monitor the temporal decay ofGHD at T = 298 -
550 K and p = 1.4 - 5000 mbar. More details on the experimesetalsand the
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evaluation of the signal time profiles are given in Ref. [16, 84d the results will
be discussed later in this work.

The only theoretical study in which a comparison with exmemtal results from
Ref. [15] is presented is the work from Oguchi et al. [85]. Thadtér Equation
analysis performed postulated a simple recombination am@sm. The molecu-
lar parameters for this are calculated at the B3LYP/6-31(&{a)l of theory. The
threshold energy for the recombination and the downwarsstesred energy have
been adjusted to the experiments from Ref. [1%] {E3.6 kJ / mol). The experi-
mental data reported from Ref. [15] are limited to room terapee and pressures
above 2.5 Torr.

Extended theoretical analysis of the energetics and thetikghof the title reac-
tion were performed by Kuwata et al. [79, 86] and Lee et al].[820wever, no
comparison with experimental data was presented.

The detailed reaction mechanism can be represented witbltb@ing scheme:

CHCHO +- Oz — *OOCH,CHO R6.1
*O0OCH,CHO — CHCHO + Oy R6.2
*O0OCH,CHO — HOOCHCO R6.3
*OOCH,CHO+M — OOCH,CHO + M R6.4
OOCHCHO+M — *OOCHCHO + M R6.5

The asterisk of the complex, *OOGBHO, indicates rotational / vibrational ex-
citation from the chemical activation, M is the collisionrireer.

Theoretical calculations (see e. g. Ref. [79, 82]) prediat tHOOCHCO de-
composes further on a very fast time scale, so that R 6. 3 caorm®dered as
irreversible under practical relevant temperature andsunee environments (T <
1000 K, p > 10 mbar). The lowest possible fragmentation paysmare:

HOOCH,CO — HOOCH, + CO R6.6
HOOCH, — CHO + OH R6.7

In order to reveal the reaction mechanism one needs infamanh the potential
energy surface (PES). The barrier heights of the entrarstexahchannel barriers
are critical for the pressure dependence of the rate canstawell as for the reac-
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tion mechanism. In generalb initio methods yield reliable data on the molecular
structure and frequencies, but the reaction barriers, lwhre rate determining,
are associated with great uncertainty.

Fig./6.2 represents a simplified schematic PES of the tidletien.

Entrance
barrier

ooooo

oooooooo

0,CH,CHO HO,CH,CO

OH+CH,O+CO

Figure 6.2: Schematic representation of the energy diafwathe recombination
of CH,CHO and Q.

The simple addition mechanism (to stableGPl,CHO), postulated from the
experimental studies till now, supposes a high exit barhrethis case the channel
to products is closed and in the low pressure limit the ratestamt is pressure
dependent (third order). The pressure dependence of theaastant can be rep-
resented with the formalism presented in Sec. 4.2.2.

For a low exit barrier the reaction is pressure independahteads to fragmenta-
tion. The lifetime of the complex in this case is too shortltovafor stabilization.
For comparable entrance / exit barrier heights competiiemveen the reaction
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(re-dissociation / isomerization) and stabilization ipested. The rate constant
is pressure independent in the low pressure limit, in whiehforward reaction is
faster than the collisional stabilization. This is detared by the ratio between
the rate constants of the competing reaction processeshwitroduces a compli-
cated temperature dependence. The lifetime of the compglexmines the falloff
behavior of the rate constant. In the high-pressure lingtrdaction is pressure
independent and is governed by the addition step. Henchifoclass of reactions
S - shaped falloff curves are expected [18, 44], as discuissgdc. 4.2.4.
Information on the rate determining barriers can be obthfngem investigations
of the temperature dependence of the rate constant in thepgnagsure limit. Itis
difficult to extract information on the entrance barriemfrexperiments in the low
pressure range, since in this several reaction channelsapiale. Under certain
external conditions, the complex can became thermallyabhestand one can in-
vestigate its thermodynamical properties. Informatioriusther reaction channel
barriers can be obtained if the experimentally access#ohgperature and pressure
ranges are broad enough.

The goal of this work is to obtain experimental informationtbe rate determin-
ing barriers, as well as on the thermodynamic stability efdcbmplex. The aim is
to model the rate constant of the title reaction at variousresl conditions and
provide simple expressions for it, which can be directlyduse combustion and
atmospheric modeling.

6.2 Experimental Details

Laser photolysis of ethyl vinyl ether at 193 nm (Lambda PkyS§iompex 102,
ArF) has been employed to generate the vinoxy radicals:

CoHsOCH3 + hv(193 nm) —  CH2CHO + CoHs R6.8

In order to estimate the radical concentrations, the altisorpoefficient of ethyl-
vinyl ether is assumed to be identical to the one of methgidvethera(193nm)

= 8x10 18 cn?? [87,88] (@ = 1 [89]). The laser fluence of the photolysis laser
was varied between 2.5 and 25 J theading to radical concentrations from
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103 to 10" cm—3. Information on the precursor concentrations are givemén t
appendix. All experiments were performed under pseudot-dider conditions
under excess concentrations of oxygen (JCHO] « [O2]). Low initial radical
concentrations were employed in order to suppress the nfuef secondary re-
actions. These were found to be insignificant under the @xjatal conditions
in this work, which was proved as described in Sec. 5.3.

The vinoxy radicals were excited by an excimer (Compex 102pkhda Physik,
XeCl) pumped dye laser (Scanmate 2E, Lambda Physik, p - Teypheperating
at 337 nm. The fluorescence signal was passed through a nronaatior (Zeiss,
M4 QIll) at (400+ 20) nm and detected with a photomultiplier tube (Hamamatsu
R212). The experiments were performed in He as collisiompartMore details
on mixture preparation, precursor, reaction partner arid dp@s purities are given
in Sec! 3.2.2.

6.3 Experimental results

In this work the rate constants of the different reactiomeieds have been investi-
gated by variation of the external conditions. The measargeawere performed
in the high-pressure limit, so the rate determining facteese temperature and
the [O;] concentration. The investigations at different tempées are presented
in the following sections.

6.3.1 Low Temperature Range

Theoretical calculations predict that the adductiC8,CHO, is thermodynami-
cally stable at low temperatures (efgH(0 K) =-112 kJ / mol Ref. [14]). There-
fore the collisional activation of OOCGKCHO (R 6. 5.) can be safely considered
to be insignificant at temperatures up to 470 K. Applying tieady state approx-
imation for [FOOCH,CHO)] one can solve the rate equations for the mechanism
presented in Sec. 6.1. Hence the temporal decay in the viooxgentrations is
given with the following expression:

1 dIn[CH,CHO

"~ [Og] dt = ko1

Ke.3+ks.4[M]
Ke.2 + Ks.3+ Ks.4[M]

= ke (6.1)
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0.1

LIF - Intensity / a. u.

LIF - Intensity / a. u.

Figure 6.3: Typical time profile for the recombination of exy and Q at 298
K and 14.6 bar. The fit with Eq. 6.2 gives a pseudo-first ordar canstant of
2.4x10%s1. With an oxygen concentration of Za0%cm3 the recombination
rate constant isdgq = 3x10 13cm3s 1.

The obtained signal time profiles (see Fig. 6.3) were evatuatith a mono
exponential fit function:

[CHCHOJ = [CH2CHOJ exp(—kg[O2]t) (6.2)

where in the high-pressure limigks equal to ks ; (see also Sec. 4.2.4).
Considering the reaction mechanism, employing higher axygencentrations
shifts the reaction to the products. Hence]@as increased by raising the tem-
perature, in order to suppress the thermal re-dissociatiba recombination rate
constant was investigated in the temperature range of 298 Kdand pressures
from 4 to 46 bar.
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6.3.2 Intermediate Temperature Range

At temperatures higher than 470 K, OO&EHO becomes thermodynamically
unstable, since its thermal lifetime is comparable to theeticale of the recom-
bination. This is supported from the experimental signaletiprofiles at these
conditions. In the temperature range 470 - 530 K a relaxatia@quilibrium was
observed (see Fig. 6.4). Hence the collisional activatioiemmperatures above
470 K should be accounted for. The measurements were pafociose to the
high-pressure limit, which is necessary in order to asswatdollisional stabiliza-
tion is reached [90], in other words that the pressure indeéget route (isomer-
ization and further fragmentation) do not play a rolg; k< kg 4[M]. In any case
the contributions from the pressure independent route arerrfiess than 5 %).

10

LIF intensity / a. u.

200

Figure 6.4: Typical time profile for the equilibrium K sk / ke» at 516 K and
5.3 bar. The fit with Eq. 6/5 givesk = 3.6 x10 13cm®s~1 and K = 3.6<10~ Y/
with an oxygen concentration of 1x20cm™3.

The relatively long time in which the vinoxy concentratidays constant al-
lows for the assumption that under these conditignsi& small compared tode,
so for the data interpretation it was assumed thatk 0. Applying the steady
state approximation for the concentration of [*OO&ZHO] with the mechanism
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presented in Sec. 6.1, one obtains:

_ d[CHCHO] _ ke1K5.4[02][M][CHCHO] — ks 2k 5[M][OOCHCHO)

dt Ke.2 + Ke.4[M] (6:3)
_ d[OOCHCHO] _ ke 2ks s[M][OOCHCHO] Ko 1ks 4[0z]M][CHCHO
dt Ke.2 + Ke.4[M] (6.4)

These equations can be solved with standard methods (e.pjadeaTransform
Method [30]). The solution (Eq. 6.5) has been used to fit thainobd signal time
profiles in this temperature range.

[CH,CHO), _  +[Oz]exp(—([02] + ) (et
[CH,CHOJg 140y

(6.5)

where in the high-pressure limj 2j-k§:£?ﬂl\/}|] is equal to kg, and the equilibrium
constant K is:

_ ke1kes
Ke.2Ks 5

This fit function enabled us to extract the equilibrium canstand rate constant
for the recombination of vinoxy and/rom each signal. The values obtained for
the recombination rate constangkwith Eq./6.5 at 473 K are consistent with the
ones received by the monoexponential decays, performedlat{O,] concen-
trations (see Sec. 6.3.1).

Information on the equilibrium constant was extracted atdl73 - 530K, p=2 -
25 bar.

On longer time scales loss of vinoxy (bi - exponential detayas observed.
There is not a straightforward way to determine if the losgus to the isomer-
ization or to other competing processes (e. g. pseudo fidgraeaction with
the precursor, impurities etc.). Since it is difficult toigsdite the rates of all the
possible competing processes, this experimental rangenetasvaluated. Con-
sidering the time profiles under these experimental camtione can speculate
that the barrier for the isomerization is not much highentttee one for the re-
dissociation. In general one could extract informatiomfrthese bi - exponential
decays on &3, assuming that the loss is entirely due to the isomeriz4ter e.

K (6.6)
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g. Ref. [16]). In this work investigations ory have been performed at higher
temperatures (see Sec. 6.3.3).

At lower temperatures (respectively higher oxygen conegions), the equilib-
rium is shifted to the product side and was not observed oaxperimental time
scale. The rate of thermal decomposition of the addugi/&) increases strongly
with temperature, so at higher temperatures the relaxatiequilibrium was too
fast for the time resolution in this work.

6.3.3 High Temperature Range

Above 570 K thermodynamical equilibrium between the reatstand the sta-
bilized adduct is reached on a time scale faster than the ras@ution of this
work. The observed mono exponential decays of {CHO] (see Fig. 6.5) were
assumed to be entirely due to the isomerization channel.
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Figure 6.5: Typical time profile for the complex decompasitat 618K and 2.7
bar. The fit with Eq.[ 6.10 gives a pseudo-first order rate eonstf 9.2 x10°
s1. With an oxygen concentration of x40 cm~2 and equilibrium constant
of 7.9x 1019 cm? the isomerization rate constant isg= 9.7x 10* s 1.
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The equilibrium constant, which has been determined in teeipus section re-
lates the concentrations of the reaction species:

d[OOCHCHQ] d[CH,CHO]
dt = Kl (6.7)
Applying the principle of detailed balance,
d[CH,CHO d[CH,CHQO] d[HOOCHCO
dICH.CHO) o | Koy d! = |, dl dtHZ l_0 (69

solving the rate equation for R 6.3 and substituting'Eq. @&, obtains:

d[CH,CHO]
dt

d[CH,CHO]

+K[O2 =4

— —ke3K[Oo][CH,CHO  (6.9)

Hence the decays in the vinoxy concentrations were fittel thg following ex-
pression:

K[O]
CH,CHOQJ = [CH,CHOJ,expq — — |t 6.10
(CHaCHO| = [CHCHOpexp| - (koo gy )t} (610
No pressure dependence of the isomerization rate constblserved in the
pressure range 2 - 28 bar, which points out that R 6.3 was imitite pressure
limit under these experimental conditions. The tempeeatange covered was
570 - 660 K.

6.4 Discussions

The literature data (Refs. [12, 13, 15, 14]) on the rate consththe above reac-
tion are in poor agreement. Two of the studies [13, 15] giyeressions for the
falloff behavior of the rate constant at room temperatuasglo on modeling with
the Troe formalism for simple addition reactions. As disagsabove, this mech-
anism is not complete. In order to get a reliable data on thetids of the title
reaction, one needs information in broad experimentalearmgnd detailed theo-
retical modeling.

The goal of this work is to extract information of the reantrmechanism and the
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kinetics of the recombination of G€HO and Q.

At low temperatures the kinetics is determined by the rednation to a stable
adduct, QCH,CHO. This becomes thermodynamically unstable at higher tem-
peratures, which allows to extract information on the elqtiiim constant for the
recombination / back dissociation. Third law analysis &f tbsults yields the re-
action enthalpy at 0 K. The isomerization rate constant leas lextracted at still
higher temperatures.

The experiments performed in this study allowed for deteation of the rate
constants for addition, re-dissociation and isomerizatibannels of the title re-
action in the high-pressure limit. The results provide infation on the reaction
channel barriers, which are compared to the calculatiorth@mpotential energy
surface, performed by B. Viskolcz [16]. The information oe #mergetics of the
title reaction allows a reliable modeling of the falloff keetor of the rate constant
of the title reaction. The data reported from Ref. [84] in th#dff range have
been used for the preformed Master Equation analysis (RéJ).[T'he results
from this are further parametrized with the formalism preed in Sec.| 4.2/4.
The extracted analytical expressions allow for extrapahatf the rate constant
for T =298 - 500 K.

6.4.1 The Reaction Threshold

The complicated kinetics of the title reaction requiresuaate data on its poten-
tial energy surface.

The ab initio calculations performed by B. Viskolcz have been compared to
the experimental results in this work and used for the catmnis (presented
in Ref. [16]). The molecular parameters have been calculatethe MP2/6-
311G(d,p) level of theory [91]. In generab initio methods yield reliable data
on the vibrational frequencies and the rotational consta@nly a fine tuning of
these has been made when necessary [16], in order to reptiesaxperimental
results. The uncertainty in the calculated barriers, whanke a major influence on
the rate constants, is higher. The theoretical methodstosealculate these will
not be further discussed, since in this work the barrierlitsigave been adjusted
to the experimental data. The high-pressure rate condtants been calculated
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from the standard transition state expression (Eq. 4.9.€Ftropy contributions
to these are accounted for by the partition functions, ¢aled with the molecular
parameters from Ref. [16]. The experimentally determineestiiold barriers for
the respective temperature ranges are presented in theifod) sections.

6.4.1.1 The Recombination Barrier.

The experiments performed in this work allowed to extraébrimation on the
temperature dependence of the high-pressure additiorcoatgant Kgf =kg1
see Sec.| 4.2.4). The experimental results signify that ¢laetion barrier for
the recombination is very small (about 1 kJ / mol), i. e. tlansition state is
quite loose. Theb initio calculations on the molecular parameters for "looser"
transition states are associated with higher uncertaimntyhis case the entropy
contribution (determined by the molecular geometry andudescies) to the rate
constant can be significant. Due to the weak T - dependente oétombination
rate constant, and the narrow temperature range, detaromnaf the reaction
barrier only from the experimental data is difficult as wallence the kinetics
of the R 6 in the whole falloff range has been modeled by a Mdstgiation
analysis, which allowed to extract the entrance threshaiddr. The results from
this will be discussed later in this work, since in order toaid reliable data with
this approach, one needs accurate information on potemehy surface, which
has been obtained as described below.

6.4.1.2 The Reaction Enthalpy

At higher temperatures the adduct becomes thermodyndynicadtable. The re-
laxation into equilibrium in the intermediate temperattaage (see Sec. 6.3.2)
points out that in this the energetically favorable pathwsathe re-dissociation
(compared to the isomerization). In this work data on theildgium constant
have been extracted in the temperature range 470 - 530 K. Gmopavith the
data obtained in Ref. [84] allow to extend the experimentadjesto T = 420 - 530
K.

In order to obtain the reaction enthalpy at 0 K, a third lawlgsia has been per-
formed. The entropy contributions to the equilibrium camstwere calculated
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with the molecular parameters calculatl initio [16]. A good agreement be-
tween these and the experimental data was found (see Fiy. Bh@ reaction
enthalpy at 0 K was adjusted to the experimental data, whelded

AHS(0K) = —97 kJ/mol (6.11)

The thermodynamical data needed for the analysis are givreiappendix.
A van't Hoff plot of the equilibrium constant Kis presented in Fig. 6.6.

T/K
540 510 480 450 420

10° . r . r .
2.0 2.2 2.4

1000K /T

Figure 6.6: van't Hoff plot of the equilibrium constant. IEdi circles - this work,
open circles - Ref. [84], solid line - results from the third/lanalysis. For further
discussions see text.

The equilibrium constant for the temperature range 420 -K688n be repre-
sented with the following expression:

-1.2
Kp(T)=1.2x10"% (%) exp(%ﬂol) bar ! (6.12)

As stated in Sec. 6.1 the only study in which theoretical Wattoons are com-
pared to experimental data from Ref. [15] is the work from Ouuwet al. [14].
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In Ref. [14] G2 method has been used to estimate the bond disocenergy
AHS(OK) = —112 k¥mol. The scarce experimental data from Ref. [15] did not
allow for a validation of the theoretically predicted value

6.4.1.3 The Isomerization Barrier

The rate of thermal decomposition of the addugisjkshows a strong positive
temperature dependence. Hence at higher temperatures@dasequilibrium
has been established on the experimental time scale (see6S&8). k3 was
determined from the loss of vinoxy observed experimentaitia the equilibrium
constant, calculated with the parameters obtained in #naqars section.

The results for the isomerization rate constant are predantthe following Ar-
rhenius plot.

700 600 500 400

T T T T T T
14 16 18 20 2.2 24

1000K /T

Figure 6.7: Arrhenius plot of the isomerization rate constahe filled circles are
results from this work, open circles - from Ref. [84]. The Brage result of TST
calculations, respectively: solid - fé 5, dashed - fokg',. See text for further
discussions.
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The fluctuations in the results from Ref. [84] observed in Bid.can be partly
due to the data evaluation. In [84] the rate coefficients vesteacted by fitting
biexponential signal time profiles with a complicated fitdtian, which yields a
relation between the rate coefficients for the re-dissmeiand the isomerization.
Since in this temperature range these have similar magniseke Fig. 6.7), the
results are very sensitive to the noise and to the experahentertainty.

The threshold barrier at 0 K for the isomerization (Eq. 6.&3Jetermined by a
comparison of the experimental results to a transitioredtaory (TST) calcula-
tion (Eq. 4.9) with the molecular parameters calculatkdnitio in Ref. [16]:

AE(0K) = 82 kJ/mol (6.13)

The parameters for the analysis are listed in the appendie. t&dmperature de-
pendence of the isomerization rate constant in the temperedange 420 - 660 K
can be represented with the following expression:

ke5(T) = 1.2 1012exp(— (6.14)

83 kJ/mol o1
RT

The barrier for the re-dissociation equals the sum of theti@aenthalpyAH (0K )
=97 kJmol and the recombination barrier (1 kJ / mol). Hence with-dissociation
barrier of about 98 kJ / mol and the parameters listed in tpeiagix, one can cal-
culate the temperature dependenc&®f. The results from a TST calculations
on this are presented in Fig. 6.7, and a linear fit of thesalyigie following
expression for the rate constant in the temperature range @20 K:

(6.15)

keo(T) =1.2x 1015exp(_w> g1

RT

The comparison of the rate constants show, that in spiteofdwer enthalpy
barrier, the back dissociation is favored compared to thenésization at tem-
peratures above 400 K. The reason is the larger entropyilsotns to the re-
dissociation rate constant. In other words the transitiategor the re-dissociation
is looser than the one for the isomerization.

kg3 « kg, was a necessary assumption for the investigation on theit&gun
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constant performed in this work. These were performed alB@0eK, wherekg ;

is more than 5 times smaller thagf,. Furthermore, one should compare the
time scale on which the equilibrium is established, whicpetels on [Q], to the
experimental time scale. The temporal decay of §CHO] allow for the assump-
tion, that the loss of [CEHICHO] due to the isomerization was insignificant under
the experimental conditions applied for investigationthefequilibrium constant.
The experimentally determined barrier heights have beed @sr the Master
Equation analysis [92] of the falloff curves of the title cdan.

6.4.2 Pressure Dependence of the Rate Constant

In spite of the postulated simple addition mechanism, tloelpet analysis per-
formed in Refs. [12, 13, 15] signifies that a direct fragmeatatoute exists. Un-
fortunately the investigations concerning this possibkction pathway were in-
conclusive, but signify that the entrance and the exit cehharriers have com-
parable heights. This is supported by the results from Ré{, [& which investi-
gation of the OH product yields were performed, but in thiglgtno modeling of
the rate constant has been presented.

The experimental results from this work show clearly that thaction proceeds
via a complex formation. It was not possible to apply dingtille Troe Formalism
for complex - forming reactions presented in see Sec. 4sithde the information
on the rate constant in the falloff- and low pressure- rangexe not sufficient.
Hence a steady state Master Equation analysis [43, 93, @¢hveltcounts for the
population distribution maintained by the chemical adio reaction and stabi-
lization processes had to be performed (Ref. [16]).

As stated above, the heights of the entrance- and exit- eh&arriers are crucial
for the reaction kinetics. These are adjusted to reprebenéxperimental data
from this work and Ref. [84]. The barrier for re-dissociatmiithe adduct is de-
termined to bé\ E(0 K) = 98 kJ / mol and for the exit channeA-E(0 K) =82 kJ /
mol. These have been used as input parameters for the fartabysis. In spite of
the low barrier for the recombinatioA E(0 K) = 1 kJ / mol), the transition state is
tight, hence RRKM / ME calculations have been performed (R&f)[IThe spe-
cific rate constants have been calculated with a direct goatedures (see Sec.
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4.1, Ref. [16]). The calculations were performed for J = 44ichlis the average
quantum number for &CH,CHO for room temperature. This was not varied for
different temperatures, since due to the tight charactérefransition states it is
expected that the uncertainty introduced from this paramstinsignificant [16].
For the falloff calculations (Ref. [16]) the vibrational freencies and rotational
constants calculateab initio [16] for reactants, products and transition states have
been slightly adjusted to the experimental results. The kiiyeais yields a ratio
between the high- and low- pressure limiting rate coeffisigf®6]. In order to
represent the experimental data adopting a thresholcebéorithe recombination
of 1 kJ / mol, it was necessary to scale down the last threeiémrecjes of the en-
trance transition state with a factor of 0.55. More disaussion the matter are
given in Ref. [16]. This resulted in a higher re-dissociatiate constant, due to
the introduced additional looseness of the transitiorestatd subsequently lower
low-pressure rate constant for R 6.

The steady state population distribution of the complexbesen calculated with
a stepladder model [16, 20]. The mean down transfered emenggollision has
been adjusted to the experimental results from this workthaditerature data.
These are best represented witEs; = 500 cnT!, temperature-independent [16].
Due to the great experimental uncertainty, consideringvisak p- and T- depen-
dence of the rate constant, it was not possible to examindgpendence of this
parameter on the collision partner.

The results are presented in the following figures.
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Figure 6.8: Falloff curve for reaction R 6 at T = 298 K. The dairay line rep-
resents the results from the Master Equation analysis (Rg¥, [®e black dashed
line - the best fit with Eq. 4.20. The symbols are experimemsiilts as follows:
filled circles - this work, open circles - Fittschen and c&][Dbpen stars - Gutman
et al. ([N2]) [12], open triangles - Oguchi et al. [14], open squares rebha et
al. [13], black cross - Zhu et al. (BY) [15].
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Figure 6.9: Falloff curve for reaction R 6 at T = 375 K. The dadray line rep-

resents the results from the Master Equation analysis (R¢¥, [®e black dashed
line - the best fit with Eg. 4.20. The symbols are experimemsillts as follows:

filled circles - this work, open circles - Fittschen and cd&][1
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Figure 6.10: Falloff curve for reaction R 6 at T = 433 K. Theidajray line
represents the results from the Master Equation analysit[6RP, the black
dashed line - the best fit with Eg. 4.20. The symbols are exeerial results as
follows: filled circles - this work, open circles - Fittschand co. [16].
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Figure 6.11: Falloff curve for reaction R 6 at T = 473 K. Theidajray line
represents the results from the Master Equation analysik[6R®, the black
dashed line - the best fit with Eq. 4.20. The symbols are exygrial results as
follows: filled circles - this work, open circles - Fittschand co. [16], open stars
- Gutman et al. ([N]) [12].
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One can see that the rate constant of the title reaction shemsveak pres-
sure dependence. In the whole falloff range the rate conshamges less than 1
order of magnitude (e. g. a factor of three at room tempegatlihe experimen-
tal results are associated with significant uncertaintyttics work this is 30 %.
There is no reason to believe that the uncertainity of theeexggents performed
in the falloff range (Refs. [12,13, 15,14, 16]) is much snralldence it is difficult
obtain reliable data on the pressure dependence of theet#tétion based only on
experimental results. The agreement between these anaahesia performed
with the experimentally determined structure and enthpimameters is pleasing.
The obtained falloff curves are further parametrized whth formalim described
in Sec.[4.2.4. The fitting of all four parametek§ {, k3 ;,k3 5, ) is associated
with great uncertainty. Hence the valuesgt andklgD obtained from the Master
Equation analysis have been adopted fof the fit With!E7q4ng.and Fc have
been adjusted to the results from the Master Equation asalyke results from
this study, as well as comparison with literature data aesgamted in Tab. 6.4.

Table 6.4: Parameters for simulation of the falloff behawbR 6 with Eq. 4.20.

Literature| T/ | kg¢ /10| kQ /1073 | KQ,/10 | F
K cmi s cmPs1 cmis 1

This work | 298 3.0 22.5 104 0.67
Ref. [13] | 298 2.6 200 0.60
Ref. [15] | 298 19 160 0.50
Thiswork | 375 4.0 13.4 9.2 0.60
This work | 433 4.9 9.5 8.4 0.54
This work | 473 5.7 6.8 8.0 0.52

The temperature dependence each of the parameters listab.i6.4 will be
discussed below.
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6.4.2.1 The High Pressure Range

As seen from the falloff curves presented above, the higlssure rate constant
shows a weak positive temperature dependence. In ordeptesent the exper-
imental results in the falloff range with a reaction barrérabout 1 kJ / mol
it was necessary to adjust the vibrational frequenciesutatiedab initio (from
Ref. [16]), as discussed above. The correction introducdsiadal looseness in
the entrance transition state and hence increases thesgocdition rate constant
and decreases the low pressure rate constant for R 6. Manesdisns on this
topic are given in Ref, [16]. The results from the Master Epumatalculations are
presented in Fig. 6.12.

1 0-12

2.0 ) 25 ) 3.0

1000K /T

Figure 6.12: Temperature dependence of the high-presateeonstant for the
recombination of CRICHO and Q. The symbols are respectively: filled circles
- results from the Master Equation (ME) analysis, open stansan value of the
experiments from this work, open triangle Ref. [13], openasgqRef. [15]. The
solid line is a linear fit of the results from the Master Eqaatanalysis (Eg. 4.8),
the dashed line - TST calculation.
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The mean values from the measurements on the recombinar@rmped in this
work are presented in Fig. 6.12. At low temperatures (2985 RY, the mea-
surements were performed in the high-pressure limit. beirgy the temperature
causes a shift of the falloff transition regions to higheegaures. Hence some
of the measurements were done close to the high-pressutedsiseen from the
lower values of the rate constant at 433 K. At 473 K most of tleasarements
are performed in the falloff range and are not shown in Fi§j26.

A transition state calculation (Eq. 4.9) with the parametebtained from the
ME analysis is presented in Fig. 6,12 as well. The Master Eguanalysis is
performed for J = 44, which is the mean J fog@H,CHO at room temperature,
S0 some deviations between this and the TST calculationsbeerved at higher
temperatures. The reason is that the rotational contabstio the rate constant
in the Master Equation analysis are underestimated, buethéts are consistent
within 30 %.

The values okg'; are listed in Table 6/4, and the parameters for the analysis a
given in the appendix. A linear fit of the results from the MaidEquation analy-
sis [16] yields the following expression for the recombioatrate constant:

43 kJ/moI) cm’ (6.16)

&1 =ke1=17x10 %
Kot = Kot X xp( =T 5

The positive temperature dependenc&gfis associated with the small barrier at
the entrance channel, which is a consequence of the lossmfaace stabilization
of CH,CHO by the recombination.

The complex forming mechanism of R 6 has no impact on its ipigissure rate
coefficient. In this limit the rate constant does not depamthe collision partner,
so a comparison with literature data is presented in/Fic6 &slwell. The results
from this work at 298 K are consistent with the ones from Re3].[IThe data
reported from Ref. [15] are about 40 % lower than the ones bthin this work.
The reasons for the disagreement are not clear, but thdisagsge within the
combined experimental uncertainity.
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6.4.2.2 The Low Pressure Range

The kinetics of the title reaction in this limit is governeg the low pressure
(fragmentation) rate constar(kgvD). This can be presented as a product of the
maximal (high-pressure) association rate constgat(gee Eq. 4.19), and a yield
factorY, which dependes on the branching ratio between the produtiation
and re-dissociation [94]:

Ko = Koikos _ LY (6.17)

" keotkes '1%+1

The temperature dependencekgf has already been discussed above. The the-
oretical analysis performed in Ref. [92] allows for a deteration of the yield
factorY as well. This requires information on the energy dependeftie ki-
netics of the complex along the isomerization and re-dission channels. The
results on this obtained by Ref. [92] are presented in/Fig3.6.1

k/s*
f(E) x 1000/ cm

1 v 1 v 1 v
8000 12000 16000 20000
-1
E/cm

Figure 6.13: Energy dependence of the specific rate cosstamh Ref. [92] for
the re-dissociation (black solid curve) and isomerizafgmay solid curve). The
dashed lines represent the initial population for 298 Kygtashed curve) and
473 K (black dashed curve).
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As seen from Fig.[ 6.13, vibrational channel switching [20]observed at
about 8700 cm!. Since the energy dependence of the density of states for the
two channels is equal, the results show that the number of opannels at the
entrance increases with energy faster than the one at the Eixe population
distribution, obtained by the chemical activation is presd in Fig. 6.13 as well.
According to this, the domination of the re-dissociatiomhel (and hence the
ratio ks 2/ke 3) increases with the temperature, since the populatiomilaision
shifts to higher energies. Hence the falloff curves at hgyngeratures became
closer to those by simple recombination reactions.

The exact results from Ref. [92] yieM(298 K) = 0.345 and/(473 K) = 0.141.
This corresponds (see Eg. 6.17) to a branching tatigks 3 of ~2 at 298 K and
~6 at 473 K. Considering the slightly increasing with tempeamaks 1 one can
see that the ratio re-dissociation / isomerizatiyp( ks 3) compensates this effect
and introduces even negative temperature dependerkg% pofhown in Figl 6.14.

-13

/ cm®s?
=
o

0
6, D

T v T v I v
2.0 2.2 24 2.6 2.8 3.0 3.2 3.4

1000K /T

Figure 6.14: The temperature dependence of the low presslﬁeonstanng,
obtained from Ref. [16].
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The temperature dependence of the low pressure rate con$taré can be
described by the following expression:

210K

Qp =k =5.14x 10_14exp(?) o

5 (6.18)

In this limit the reaction rate is determined from the contpet between individ-
ual reaction channels. Hence from the extracted expressionnterpretation on
the thermodynamical properties (activation energiesopgitcontributions etc.)
of the rate constants are made.

6.4.2.3 The Low Pressure Addition Rate Constant

The low pressure addition rate constanis given by the product of the high-
pressure association rate constant and the ratio betweatsthilization and reac-
tion processes:

0 Ke.4[M]
Ko = k6'1k6.2+ ke.3
kgf decreases with temperature, since at higher temperaheesmplex formed
possesses more energy, hence its lifetime is shorter. Tdatine T- dependence
introduced by the faster reaction processes (the denooniimeEq. 6.19) compen-
sates the increasing with temperatugg kAt the same time, the shorter lifetime
of the complex shifts the transition between the limitingd éhe falloff- ranges to
higher pressures.

Information on the temperature dependencdxggf has been extracted from the
parametrization of the results obtained by the Master Eguainalysis [16] with
Eq. [4.20. The results are graphically presented in Fig. .6Tlie temperature
dependence d{g,f can be described by Eq. 6.20:

(6.19)

923K\ cm®

ke =1.0x 10‘32exp<?> < (6.20)
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Figure 6.15: The temperature dependence of the low presstwenbination rate
constant. The open symbols are results from the paramtstnzaf the results
from the ME [16] with Eq! 4.20, the solid line - linear fit of the.

Comparison of the literature data to the results from thiskvsgiven in Table
6.4. For the data evaluation in previous studies on thergtietion [13, 15] a sim-
ple recombination mechanism has been adopted. This igtieesontributions
of the direct reaction channel at lower pressures, whesetbeuld be significant.
Hence the discrepancies between the literature data anelghks from this work,
which are nearly a factor of 10, are not unexpected.

6.4.2.4 The Broadening Factor

The broadening of the falloff curves depends on the enewryysfer processes,
which influence the branching ratio between the competiagtien and stabiliza-
tion processes. In general at higher temperatures thergedf the complex is
shorter, i. e. the reaction processes are faster. The tatopeidependence of the
stabilization rate constant is positive as well. In this kvtite broadening factor,
which determines the pressure dependence of the rate ngrisia been treated as
a fit parameter, so no further discussion on its detailed ¢zatpre dependence are
made. The parametrization of the results from the Mastento analysis with
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Eq./4.20 yields the temperature dependence of the broagitattor presented in
Fig. 6.16.

0.8
0.7 4
lLo 0.6
0.5 o
0.4 T v T v T
300 400 500
T/K

Figure 6.16: The temperature dependence of the broadeawtay for reaction 6.
The symbols are respectively: open circles - this work, dpamgle Ref. [13],
open square Ref. [15]. The solid line is a fit of the results fthimwork with Eq.

6.21.

In general the broadening factor shows negative temperatependence at
lower temperatures, and increases finally at high tempe&st$ome expressions
which account for this effect are purposed in Ref. [36]. Inevrtb represent the
broadening factor (which accounts for the weak collisideast as well) obtained
in this work, a two parameters fit function was sufficient. Témperature depen-
dence of kis given with the following expression:

Fe= exp(—L) +exp(— 3OCT)O K) (6.21)

730 K

The deviations between the results from this work and tleeditire data [13, 15]
are caused by the simple addition mechanism adopted inquesgtudies, as well
as the narrow experimental range in these.
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6.5 Conclusions

The results from this work confirm that the recombination of,CHO with O,
proceeds via a complex formation. Reliable data on the @adiinetics have
been obtained by a comparison of experimental results iadotemperature and
pressure ranges witb initio calculations and detailed kinetics modeling.
Based on experiments performed in the high-pressure ranfgemation on the
reaction channel barriers can be won with relatively sinfpley. TST) theoretical
models. The parameters needed for the TST analysis arenettabmab initio
calculations performed in Ref. [16].

The investigations at low temperatures yielded a reactaoridr for the recombi-
nation of about 1 kJ / mol. In order to reproduce the expertaigesults in the
falloff range, slight modification of the vibrational fregicies calculatedb initio
(see Sec. 7.6) was necessary [16].

At higher temperatures the adduct became thermally urestabhe investiga-
tions showed that in this temperature range the re - dissogiahannel opens,
due to which relaxation of the [G¥HO] in equilibrium was observed. Third
law analysis of the extracted equilibrium constants yidldeeaction enthalpy of
AHS(0K) = 97 kJmol. The entropy contributions to the equilibrium constant
were calculated fronab initio structures and frequencies [16], no modifications
of these were needed.

Information on the barrier height of the exit channel hasnbexracted at still
higher temperatures. This has been determined to be 82 kiJatdK.

In spite of the smaller enthalpy barrier for the isomarizatithe re-dissociation
is favored at lower temperatures. This results from theiggmt entropy contri-
butions to kg », due to the "looser" transition state. The parameters useithéo
analysis are listed in the appendix.

The potential energy surface, with the rate determiningiéa, obtained by the
high-pressure experimental data is presented in Fig. 6TfTe further reac-
tion channel barriers, calculated on a CCSD(T)/cc-pVDZ /| Q26s311G(d,p)
[95,16] are presented as well, in order to show that thesen&ia are insignificant
under the experimental conditions in this work.
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Figure 6.17: Potential energy surface of the vinoxy oxmtati The solid lines
represent the experimentally determined barriers, thieathsthe results from the
calculations, performed by B. Viskolcz [95].

In Fig. 6.17 the reaction barriers (relatively to the vinoxyD, level) at 0 K
are plotted against the reaction coordinate. The barrightedetermined in this
work are presented with solid black lines. The barriersrdeitged in this work for
the respective reaction channels relatively to the reéxtanel are listed below:

R6.1 A Er)(0 K) = 1 kJ / mol
R6.2 A E;e(0 K) = 98 kJ / mol

Parametrization of the results obtained from the Masteakqgu analysis with
the formalism presented in Sec. 4.2.4 allows reliable pxiegion of the rate
constant of R 6. For the temperature range 298 - 470 K thefffalloves can be
simulated with Eq. 4.20 and the following parameters:

43 kJ/moI> cm® (6.22)

ot =Ke1=17x10"
Ko.r =Ko 8 eXp< RT s
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23K o
Q) =1.0x 10—32exp(¥) % (6.23)
€=k =5.14x 10_14exp(@<> ? (6.24)

T 3000 K
Fc= exp(—m) +exp<— T ) (6.25)

The obtained parameters are recommended for atmosphdraoarbustion mod-
eling. The falloff curves of R 6 at different temperatures)dated with Eq. 4.20
and the parameters listed above, are presented in Fig. 6.18.
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Figure 6.18: Falloff curves at different temperatures,sated with Eq. 4.20 with
the parameters from the equations given above.

The results from this work show that at atmospheric relepegdsures the rate
constant shows very weak temperature and pressure dependen
The investigation on the recombination of vinoxy radicaigwvexygen reveal the
complexity of the reaction kinetics. The rate constant eftitie reaction in wide
experimental range, combined with accurate theoreticaatnng yielded reliable
data on the title reaction. The simple analytical expressf@resented above can
be directly used for atmosphere and combustion modeling.
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Appendix

7.1 Experimental Results for the HCO Decomposi-
tion

Table, 7.1 Experimental results for the HCO decompositiaderat 590 K.

| T/ K | p(He)/bar | p(CH3CHO)/mbar| kii/10¢st | Nexp
590 17.3 0.4 2.2 3
590 19.5 0.2 2.2 3
590 25.0 0.2 3.0 3
590 32.0 0.3 3.7 3
590 32.5 0.7 3.0 3
590 33.1 0.7 3.7 3
590 43.2 0.4 4.2 3
590 45.0 0.9 45 3
590 53.4 0.4 51 3
590 53.5 1.1 4.8 3
590 61.5 0.5 6.4 3
590 67.3 1.4 6.7 3
590 73.0 1.5 6.1 3
590 73.2 0.6 6.7 3
590 81.6 1.7 8.4 3
590 84.7 0.7 9.0 3
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| T/K | p(He)/bar | p(CHsCHO)/mbar | kyni/10*s? | Nexp
590 92.7 1.9 9.6 3
590 93.0 1.9 9.3 3
590 97.1 0.8 9.3 3
590 102.2 2.1 10.8 2
590 107.0 0.9 9.8 3
590 113.6 2.3 11.8 3
590 115.7 1.0 9.7 3
590 119.0 25 9.1 3
590 123.0 1.0 10.6 3
590 123.0 25 12.6 3
590 132.6 1.1 10.7 3
590 139.2 1.2 10.3 3
590 230.0 3.0 17.1 1

Table. 7.2. Experimental results for the HCO decompositiore at 643 K.

| T/ K | p(He)/bar | p(CH3CHO)/mbar| kii/10¢st | Nexp
643 1.1 0.2 1.1 3
643 1.9 0.2 1.7 3
643 3.6 0.4 1.7 3
643 3.7 0.3 2.5 3
643 5.9 0.8 3.6 3
643 6.1 0.5 3.6 3
643 6.4 0.2 35 3
643 7.0 0.8 2.8 2
643 9.7 1.4 5.4 3
643 10.2 0.3 5.1 3
643 10.5 0.9 5.7 3
643 13.0 0.4 5.0 3
643 13.6 1.9 7.2 3
643 14.3 0.4 5.9 3
643 17.3 1.5 8.6 3
643 17.5 2.5 9.4 3
643 19.6 0.5 7.1 3
643 20.4 0.7 5.9 3
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| T/K | p(He)/bar | p(CH3CHO)/mbar | kyni/10*s? | Nexp
643 28.1 2.5 13.1 3
643 28.5 0.8 10.7 3
643 31.2 1.1 10.5 3
643 36.9 0.9 13.0 3
643 37.3 3.3 15.3 3
643 45.2 1.5 13.9 3
643 46.1 1.2 15.6 2
643 50.7 1.3 17.1 3
643 56.6 1.5 16.8 3
643 57.3 1.9 16.8 4
643 64.0 1.7 215 3
643 69.0 2.3 18.7 4
643 76.7 2.0 215 3
643 82.5 2.7 19.8 4
643 87.5 2.3 22.9 3
643 95.7 2.5 26.0 3
643 102.0 3.4 24.6 7
643 104.2 2.8 25.0 3
643 113.5 3.0 28.2 3
643 130.0 3.0 28.2 3
643 153.0 2.0 34.3 3

Table. 7.3. Experimental results for the HCO decompositidde at 700 K.

| T/ K | p(He)/bar | p(CHsCHO)/mbar| kuni/10*sT | Neyp
700 15 0.7 2.8 3
700 1.8 0.3 4.0 3
700 2.7 0.1 4.4 3
700 2.7 0.5 4.9 3
700 3.1 0.2 4.3 3
700 3.4 0.6 6.4 3
700 6.0 0.4 6.9 3
700 6.0 0.4 8.1 3
700 6.0 1.0 9.6 3
700 6.7 0.3 8.4 3
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| T/K | p(He)/bar | p(CHsCHO)/mbar | kyni/10%s? | Nexp
700 7.4 0.8 10.0 3
700 8.0 1.4 12.2 3
700 8.9 1.6 9.3 1
700 9.0 1.6 10.8 1
700 9.7 1.7 13.6 3
700 9.8 1.8 11.9 3
700 10.1 0.8 9.6 3
700 10.4 0.8 10.0 3
700 10.6 1.9 12.3 3
700 10.8 0.8 12.8 3
700 11.0 0.7 14.6 3
700 11.0 0.5 14.4 3
700 11.2 0.2 10.0 3
700 11.2 2.0 11.4 3
700 11.2 0.5 14.0 3
700 11.4 0.2 10.8 3
700 12.1 0.9 11.0 3
700 13.5 1.0 13.3 8
700 14.0 0.5 19.1 3
700 14.0 1.0 13.7 3
700 14.6 1.0 19.2 3
700 15.1 0.7 19.9 3
700 16.6 0.7 20.2 4
700 18.9 1.3 20.9 3
700 19.3 0.9 20.6 3
700 22.5 15 23.3 3
700 23.0 1.7 22.6 3
700 25.1 1.2 24.2 3
700 25.2 1.2 23.9 6
700 25.5 1.8 235 3
700 29.6 2.2 23.7 3
700 29.9 1.5 26.2 3
700 31.1 0.5 22.0 3
700 32.9 1.6 27.7 3
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| T/K | p(He)/bar | p(CHsCHO)/mbar| kyi/10%s? | Nexp
700 45.4 0.8 36.0 3
700 53.4 0.9 44.4 3
700 61.4 1.0 44.5 3
700 68.1 1.1 51.7 3
700 77.3 1.3 53.0 3
700 88.1 1.5 84.5 3
700 91.3 1.5 45.8 3

Table/| 7.4. Experimental results for the HCO decompositiode at 752 K.

| T/ K | p(He)/bar | p(CH3CHO)/mbar| kyi/10¢s™t | Nexp
752 1.1 0.2 3.7 3
752 1.7 0.3 5.0 4
752 2.7 0.6 7.8 3
752 3.1 0.9 7.7 3
752 3.8 0.9 10.8 3
752 4.9 0.3 11.3 3
752 5.2 0.3 13.6 3
752 5.9 1.2 16.8 3
752 7.5 1.5 21.0 3
752 9.4 0.7 26.2 3
752 9.7 1.9 24.2 3
752 10.9 0.5 25.8 3
752 15.7 0.8 38.8 3
752 16.4 1.1 38.5 3
752 17.2 1.0 40.9 3
752 20.4 1.0 43.0 3
752 20.9 1.5 43.2 3
752 23.6 1.6 47.4 3
752 29.0 1.5 59.5 3
752 36.4 1.8 74.5 4
752 46.3 2.3 80.8 3
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Table!| 7.5. Experimental results for the HCO decompositiodé at 800 K.

| T/ K | p(He)/bar | p(CH3CHO)/mbar| kyi/10%s™t | Nexp
800 1.1 0.5 7.2 3
800 1.6 0.2 9.8 3
800 1.9 0.8 10.5 3
800 2.2 0.2 12.8 3
800 2.6 1.1 11.9 3
800 3.1 0.3 16.4 3
800 35 0.6 17.3 3
800 3.8 1.6 19.4 3
800 3.9 0.4 21.8 3
800 5.0 0.4 21.1 4
800 5.1 0.6 25.0 3
800 5.9 1.0 24.7 3
800 6.5 25 29.7 3
800 7.0 0.8 335 3
800 8.0 0.8 31.1 3
800 9.9 1.1 39.5 3
800 12.7 1.4 53.1 3
800 13.0 1.2 42.0 4
800 18.5 2.1 88.0 3
800 22.0 2.1 83.3 3
800 22.2 25 89.0 3
800 25.8 1.4 153.7 3
800 33.0 1.8 182.6 3
800 38.7 2.1 182.0 2
800 44.6 1.0 196.9 3
800 47.1 25 182.0 3
800 48.1 2.4 218.0 3
800 51.1 1.2 199.5 3
800 59.3 1.4 271.2 3
800 66.5 1.6 340.2 3
800 70.7 1.2 309.2 3
800 72.7 1.7 397.7 3
800 81.3 1.9 304.0 3
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| T/K | p(He)/bar | p(CHsCHO)/mbar | kyni/10%s? | Nexp
800 89.2 2.1 386.8 3
800 90.2 15 279.7 3
800 08.3 2.3 419.2 2
800 108.5 25 456.0 3
800 115.4 2.7 495.1 3
800 124.1 2.9 457.3 3

Table 7.6. Experimental results for the HCO decompositiofiriat 643 K.

| T/ K | p(Ar)/bar | p(CHsCHO)/mbar| kuni/10*st | Neyp
643 5.3 0.2 2.0 3
643 7.8 0.3 2.7 8
643 9.7 0.4 3.6 3
643 14.1 0.6 4.4 3
643 18.4 0.8 5.9 6
643 24.3 1.0 8.2 3
643 30.3 1.3 9.3 5
643 35.9 1.5 10.8 4
643 42.2 1.8 12.2 6
643 49.4 2.0 11.3 5
643 55.2 2.3 11.4 5

Table 7.7. Experimental results for the HCO decompositioNdmat 546 K.

| T /K | p(Nz)/bar | p(CH3CHO)/mbar| kyi/10%s? | Nexp
546 75.9 2.4 2.2 3
546 76.0 2.4 2.3 3
546 76.3 2.4 2.3 3

Table 7.8. Experimental results for the HCO decompositiadNzmat 593 K.

| T/K | p(N2)/bar| p(CH3CHO)/mbar | kuni/10*s7! | Nexp
593 17.0 0.5 2.2 3
593 22.3 0.7 2.3 2
593 30.7 1.0 3.4 4
593 38.5 1.2 3.8 3
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| T/K | p(N2)/bar| p(CH3CHO)/mbar | Kuni/10* st | Nexp
593 45.6 1.4 3.8 3
593 54.9 1.7 5.2 3
593 64.4 2.0 45 4
593 70.6 2.2 5.5 4

Table 7.9.Experimental results for the HCO decompositiddimat 643 K.

| T /K | p(Nz)/bar | p(CHCHO)/mbar| kuni/10*s? | Nexp
643 1.2 0.1 0.9 3
643 1.3 0.1 0.9 3
643 1.7 0.1 1.1 3
643 1.8 0.1 1.0 3
643 1.9 0.1 1.0 3
643 2.1 0.2 1.5 4
643 2.5 0.1 1.1 3
643 3.2 0.1 1.2 3
643 3.3 0.2 1.8 3
643 4.0 0.2 1.6 3
643 4.6 0.2 2.1 3
643 5.8 0.3 2.5 2
643 6.1 0.3 2.0 3
643 6.3 0.3 2.2 3
643 75 0.4 2.7 2
643 9.1 0.5 3.3 2
643 9.3 0.5 35 2
643 9.6 0.5 3.8 4
643 10.4 0.6 4.3 3
643 10.8 0.5 3.7 3
643 12.1 0.6 4.8 3
643 12.1 0.6 5.3 3
643 13.3 0.7 5.1 3
643 13.8 0.7 5.6 2
643 14.6 0.7 6.2 3
643 14.8 0.8 6.2 3
643 15.5 0.7 4.8 3
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| T/K | p(Np)/bar | p(CHsCHO)/mbar| kuni/10°s™t | Nexp
643 17.7 0.9 7.0 3
643 22.7 1.0 7.4 3
643 23.8 1.2 9.6 3
643 24.8 1.2 8.0 3
643 30.3 1.3 9.9 4
643 325 1.5 11.0 3
643 37.2 1.7 11.9 3
643 39.6 1.7 11.0 3
643 45.1 2.1 14.0 3
643 45.8 2.0 12.9 4
643 55.4 2.6 18.0 4
643 63.7 3.0 19.8 4
643 74.0 35 25.1 4
643 82.7 3.9 28.6 4

Table 7.10. Experimental results for the HCO decompositidiz at 700 K.

| T /K | p(N2)/bar | p(CHsCHO)/mbar| kyy/10*s? | Nexp
700 1.3 0.1 1.3 3
700 1.4 0.1 1.8 4
700 1.4 0.1 2.3 3
700 14 0.2 1.7 3
700 1.6 0.1 1.6 3
700 1.9 0.1 2.3 3
700 2.2 0.2 2.4 3
700 2.6 0.2 2.5 3
700 2.7 0.4 2.8 2
700 2.9 0.2 2.8 4
700 3.0 0.3 2.7 3
700 3.3 0.3 4.3 4
700 3.7 0.3 3.6 3
700 3.8 0.3 5.2 4
700 3.8 0.3 3.7 3
700 4.0 0.6 4.7 3
700 4.5 0.3 5.0 3
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| T/K | p(Nz)/bar | p(CH3CHO)/mbar | kyni/10*s? | Nexp
700 4.8 0.4 5.3 4
700 5.0 0.4 5.3 4
700 5.1 0.4 4.8 3
700 5.6 0.5 5.7 3
700 5.8 0.5 5.5 2
700 5.8 0.5 7.0 3
700 5.8 0.9 7.6 4
700 6.0 0.3 6.2 3
700 6.3 0.5 6.7 3
700 6.3 0.5 7.0 3
700 6.9 0.4 7.1 5
700 7.0 0.6 7.8 4
700 7.4 0.5 7.7 4
700 7.7 0.6 6.7 3
700 8.1 0.7 8.8 4
700 8.5 0.6 7.8 3
700 8.7 0.7 9.9 3
700 9.0 0.8 10.6 3
700 9.5 0.7 8.6 3
700 9.9 1.5 11.5 3
700 10.3 0.9 9.4 5
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7.2 Parameters for Analysis of the HCO Decompo-

sition

Reaction Enthalpy / cmt:
Threshold Energy / cm':
HCO:

Frequencies / cmt:

Moments of Inertia / amu. &
Electronic Partition Function:
HCO”

Frequencies / cmt:

Moments of Inertia / amu. &
Electronic Partition Function:
Lennard - Jones Parameters:
He

He

Ar

Ar

A H% (0K) =5001 [46]
Eo = 6009 [46]
v =1081, 1868, 2435 | [46]
1=0.71,11.61,12.32 | [6]
Q=2
v =400, 2120,589  [6]
|=2.01,11.96,13.97  [6]
Q=2
0.3=2.5510"1%m [96]
gL3/K = 10K [96]
013=3.47101%m [96]
e y/K = 114K [96]
0,3=3.910 1%m [96]
eL)/K = 71K [96]

0.3=3.7010 1%m [4]
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7.3 Experimental Results for the DCO Decomposi-

tion

Table 7.11. Experimental Results for the DCO decompositidiarat 643 K.

| T/ K | p(He)/bar | p(CD3CDO)/mbar| ku,i/10*s* | Nexp |
643 2.9 0.1 0.5 3
643 3.2 0.1 0.6 3
643 5.0 0.1 0.9 3
643 8.8 0.2 1.4 3
643 17.4 0.4 2.8 3
643 275 0.7 3.6 3
643 41.0 1.0 6.3 3
643 53.0 1.4 7.7 3
643 54.8 2.8 8.0 3
643 64.6 1.3 9.3 3
643 66.2 1.7 8.4 3
643 108.0 25 15.3 3
643 119.0 3.8 12.8 3
643 128.0 3.0 16.6 3
643 173.0 35 17.3 3

Table 7.12. Experimental results for the DCO decompositidrde at 700 K.

| T/ K | p(He)/bar | p(CD3CDO)/mbar| kyni/10°s ! | Nexp |
700 1.5 0.2 1.3 3
700 1.7 0.1 1.1 3
700 2.9 0.4 1.9 3
700 3.2 0.1 1.8 4
700 5.0 0.2 2.8 3
700 5.0 0.7 3.0 3
700 7.7 0.3 3.8 3
700 8.0 1.2 4.6 3
700 10.6 1.8 6.2 3
700 12.2 0.6 6.2 3
700 12.3 1.8 6.9 3
700 15.9 2.3 8.3 3
700 19.0 2.8 10.9 3
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| T/K | p(He)/bar | p(CD3CDO)/mbar| ku,i/10°s* | Nexp |
700 19.1 0.8 7.3 3
700 24.4 0.8 11.9 3
700 27.7 1.2 11.9 4
700 30.9 1.4 12.6 3
700 32.3 14 12.8 3
700 33.1 1.1 12.5 3
700 40.6 1.3 13.6 3
700 50.2 1.7 20.4 3
700 53.5 2.8 21.2 3
700 61.1 2.0 22.1 4
700 108.0 3.6 36.6 3
700 172.0 3.4 48.4 3

Table 7.13. Experimental results for the DCO decompositiarde at 750 K.

| T/ K | p(He)/bar | p(CD3CDO)/mbar| kyni/10*s* | Nexp |
750 3.9 0.2 4.0 3
750 6.5 0.4 6.3 3
750 8.6 1.3 9.6 3
750 10.1 1.6 11.4 3
750 10.4 0.6 10.4 3
750 16.1 0.9 14.4 3
750 21.0 1.2 17.3 3
750 26.7 15 23.4 3
750 30.6 1.9 25.1 3
750 40.3 1.2 30.4 3
750 42.6 2.5 34.3 3
750 44.6 2.0 38.9 3
750 46.9 14 36.6 4
750 52.4 2.3 37.3 4
750 575 1.7 37.9 3
750 65.8 2.0 51.2 3
750 76.2 2.3 69.7 3
750 98.6 3.0 68.4 3
750 131.0 4.7 94.5 3
750 161.0 3.2 109.0 3
750 169.4 3.4 107.0 3
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Table 7.14. Experimental results for the DCO decompositidde at 800 K.

| T/ K | p(He)/bar | p(CD3CDO)/mbar| kuy/10*s* | Nexp |
800 2.5 0.1 7.7 1
800 3.0 0.5 7.2 4
800 3.8 0.2 8.6 3
800 54 0.8 12.0 3
800 6.7 0.3 13.8 3
800 7.5 0.3 13.3 3
800 8.2 1.2 15.9 3
800 11.7 0.6 32.1 3
800 27.2 1.4 44.6 3
800 34.0 1.7 58.3 2
800 40.4 2.0 70.9 3
800 43.6 1.9 99.7 3
800 994 2.0 133.0 2
800 159.0 3.2 267.0 5

7.4 Parameters for Analysis of the DCO Decompo-

sition
Reaction Enthalpy / cmt: A HO (0K) = 5478 [55]
Threshold Energy / cmt: Eo = 6561 [55]
DCO:
Frequencies / cmt: v =847,1795, 1910 [55]

Moments of Inertia/amu. & 1=1.18, 13.50, 14.67 [6]
Electronic Partition Function: =2

DCO”:

Frequencies / cmt: v =120, 2048, 461l  [55]
Moments of Inertia/amu. & 1=3.00, 15.47, 18.47  [6]
Electronic Partition Function: £=2

Lennard - Jones Parameters: see Sec. 7.2

The Lennard - Jones Parameters for DCO are estimated to baniseas the ones
for HCO (see Sec. 7.2).
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7.5 Experimental Results for the Reaction of CHCHO
and O,

Table 7.15. Experimental results for the reaction of,CHO and Q at 298 K.
| p(He)/bar | [02]/10"%cm 3 | [He]/107%cm > | kg1 /10 emP st | Neyp |

3.8 14.8 0.9 3.0 2
14.6 7.9 3.6 3.0 3
15.6 8.4 3.8 2.8 3
16.6 15.9 4.1 2.9 3
22.1 21.3 5.4 2.8 3
25.8 22.6 6.3 3.1 4
26.4 9.8 6.4 3.0 3
30.9 11.5 7.5 2.9 3
43.6 21.6 10.7 3.5 3

Table 7.16. Experimental results for the reaction of,CHO and Q at 375 K.
| p(He)/bar| [02]/10"%cm 3 | [He]/107%cm > [ kg1 /10 BemP st | Neyp |

6.6 18.0 13 3.8 3
15.6 12.0 3.0 3.9 3
20.2 154 3.9 3.5 3
29.1 18.5 5.6 3.6 3
32.5 18.5 6.3 4.2 3
40.3 15.8 7.8 4.1 3
42.7 17.2 8.3 4.0 3

Table 7.17. Experimental results for the reaction ob,CHO and Q at 433 K.
| p(He)/bar| [02]/10"%cm 3 | [He]/107%cm [ kg1 /10 PemP st | Neyp |

3.4 7.3 0.6 4.0 3
4.9 5.2 0.8 4.3 3
4.9 4.2 0.8 4.2 3
5.7 6.1 1.0 3.8 3
8.3 5.2 14 4.2 3
8.3 8.8 1.4 4.1 3
12.1 7.0 2.1 4.2 3
14.4 8.1 2.4 4.2 3
14.9 9.8 2.5 4.3 3
18.7 4.9 3.1 3.9 3
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| p(He)/bar | [02]/10"°cm 3 | [He]/10°%cm 3 | kg1 /10 PemP st | Neyp |

19.1 12.6 3.2 4.4 3
34.0 17.0 5.7 4.2 3
38.5 13.0 6.4 4.2 3

Table 7.18. Experimental results for the reaction ob,CHO and Q at 473 K.
| p(He)/bar| [0,]/10"°cm 3 | [He]/10°%cm > | kg1 /10 PemP st | Neyp |

2.0 5.6 0.3 3.5 3
3.2 6.3 0.5 3.9 3
5.9 12.7 0.9 4.8 3
7.3 7.0 11 4.2 3
7.6 16.3 1.2 3.4 3
111 6.5 1.7 4.5 3
11.2 5.8 1.7 4.1 3
18.1 10.9 2.8 4.8 3
19.7 4.7 3.0 4.2 3
46.0 14.6 7.0 4.4 3

Table 7.19. Experimental results for the equilibrium besw® 6.1 and R 6.2.

T/K | p(He) /bar| [O;] / 10*® | kg1 /10713 | Kp/bar? Nexp
cm—3 cmist
473 2.0 5.6 35 2695 3
473 3.2 6.3 3.9 3073 3
473 7.3 7.0 4.2 2667 3
473 11.1 6.5 4.5 2946 3
473 11.2 5.8 4.1 2624 3
484 10.6 6.0 4.4 1841 3
492 39.6 6.0 4.5 1147 3
493 6.9 6.4 4.6 1558 3
494 2.3 6.4 3.7 1170 3
494 4.6 4.2 3.6 1673 3
494 11.1 5.5 4.1 1204 3
494 11.5 6.4 3.4 1042 3
497 10.1 5.6 4.1 1093 2
503 23.8 27.0 4.9 640 3
505 3.3 18.7 3.3 701 3
505 4.5 25.8 3.8 841 3
505 9.8 17.3 4.6 524 3
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| T/K | p(He) /bar| [Og] / 10" [ ke1/10 = [ Kp/bar® | Nexp |
510 6.5 14.7 3.9 671 3
516 5.4 12.1 3.6 554 3
524 6.1 13.5 3.6 444 3
531.5 9.1 15.3 4.2 290 3
531.5 24.1 26.0 4.6 258 3

Table 7.20. Experimental results for the isomerizatiorhefaddition complex.

T/K | p/bar| [Og]/ [He]/ K/ ke.3/ Nexp
107 em 23| 100%cm=3 | 10 Pcm? | 10%°s 1
572 10.1 1.6 1.3 36.1 2.1 4
572 26.6 2.7 3.4 36.1 1.7 3
581 3.0 15 0.4 26.0 2.6 3
581 23.2 2.3 2.9 26.0 2.4 3
581 8.8 1.4 1.1 26.0 3.3 3
597 4.9 2.4 0.6 15.0 3.7 3
597 27.3 2.6 3.3 15.0 3.5 3
599 10.5 1.6 1.3 14.3 4.1 3
611 22.7 2.1 2.7 9.8 6.9 3
613 7.3 1.1 0.9 9.2 9.9 3
615 8.4 1.2 1.0 8.6 8.4 3
616 21.1 2.0 2.5 8.4 8.3 3
618 2.6 1.2 0.3 7.9 9.5 2
620 2.5 1.2 0.3 7.4 10.2 2
631 20.8 1.9 2.4 54 12.4 3
633 2.4 1.1 0.3 51 14.8 2
652 2.2 1.0 0.2 3.0 25.7 2
652 20.4 1.8 2.3 3.0 22.1 2
654 2.1 0.9 0.2 2.8 26.7 2
660 20.0 1.7 2.2 2.4 27.0 3
660 1.9 0.8 0.2 2.4 30.5 2
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7.6 Parameters for Analysis of the Reaction of
CH,CHO and O,

Table 7.21: Molecular parameters used for the analysisadfti@n R 6. The vi-
brational frequencies and rotational constants have beenlated on the MP2/6-

311G/d,p level of theory (see Ref. [16]).

Species Frequencies / cm Rot. const. / cm?
0,2 1580 1.446
CH,CHO | 437,505, 702, 974, 976, 1154, 1419,  2.225,
1490, 1588, 2996, 3171, 3290 | 0.3786, 0.3235
TS - Addition | 54°, 110, 149, 286, 524, 588, 719 0.3784,
992, 1048, 1219, 1375, 1502, 1600, 0.0843, 0.0780
1700, 3242, 3360, 3473
0,CH,CHO | 47,140, 302, 445, 596, 746, 996 0.5708,
1058, 1116, 1248, 1284, 1359, 1423,0.0981, 0.0891
1471, 1790, 3000, 3126, 3200
TS - 1,4 Hshift| 203, 401, 440, 531, 714, 742, 889, 0.5413,
1062, 1149, 1225, 1257, 1277, 1490, 0.1204, 0.1006
1931, 1994, 3098, 3211

a .- data from Ref. [97]
b _ the values were scaled with a factor of 0.55 in order to regmethe experi-

mentally observed rate constant
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