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Abstract

Five rate constant expressions for combustion relevant bimoleculdiaesof NCN, HNO and HCO
have been measured directly behind shock waves. NCN and HNO amnlamshort-lived flame
intermediates that are involved in the formation of nitrogen oxide )N#llutants. HCO is a key
radical on the main oxidation pathway of hydrocarbons yielding CO. Atelnowledge of the rate
constants of all involved reactions in the ensuing complex reaction mechamiakes it possible to
develop strategies to (at least) reduce the problem of pollutant formatiamibustion processes.

Concentration-time profiles of NCN radicals have been detected via UVdhaserption spectroscopy
to measure the rate constants of the reactions NCN + H, NCN,+ahtd NCN + Q. The thermal
decomposition of cyanogen azide (NgNvas used as quantitative NCN source behind shock waves.
The extremely toxic and highly explosive N@Kad to be directly synthesized from the reaction of
NaNs; with BrCN since it could not be purified. The thermal decomposition of ettgide (GHsl)
has been used as high temperature H atom source. The rate constamteafdiion NCN + H, which
critically determines the formation of HCN along the prompt-NO formation pathkas/been directly
measured for the first time. From the measured rate constant data, comglcsuld be drawn for the
product channel branching ratios and the disputed value of the entbfafpymation of NCN. The
reaction NCN + H, which has so far always been neglected for NCN modeling in flames ctaurte
to be comparatively fast and hence gains some importance und@t-lame conditions. From the
consideration of possible reaction product sets, the abstraction re&tfibin+ H, — HNCN + H
turned out to be the most reasonable reaction channel.

Using the sensitive absorption based frequency modulation spectypstidf® has been detected for
the first time behind shock waves. A reaction mechanism for the simulation &f téhmation from

the 193 nm photolysis of glyoxal/NO mixtures was compiled from available litexatata and has
been validated experimentally. HNO detection was performed at threeedhiffaibsorption lines of the
(ALA” + X1A')(100+ 000) transition. HNO and HCO concentration-time profiles have been mea-
sured at similar reaction conditions at room temperature and behind slawels w-rom the consistent
modeling of the two species profiles, the HNO absorption cross sectiorekabtained for the tran-
sition at¥ =16173.86 cm?. Based on these analyses high temperature rate constant values for the
reaction HNO + Q@ — NO + HO, were obtained for the first time. The resulting rate expression is up
to five orders of magnitude higher than frequently ukggb o, expressions in existing combustion
mechanisms.

HCO formation from the thermal decomposition of glyoxal has been obddnyérequency modula-
tion spectroscopy. By adding oxygen to the reaction mixtures, the ratéacows the reaction HCO
+ O, — HO, + CO could be directly measured. These experiments significantly extendrtbe of
available rate constant data towards higher temperatures of 1285 - 18660 Were also used to test
the capability of an extensive glyoxal oxidation mechanism for intermediatdéigih temperatures.






Zusammenfassung

Die Geschwindigkeitskonstanten von funf verbrennungsrelevantenldkmaren Reaktionen von
NCN, HNO und HCO wurden hinter StoRBwellen direkt gemessen. Bei NGNHMO handelt es
sich um kurzlebige Zwischenprodukte in Flammen, die an der Stickoxidx{N&ldung beteiligt
sind. Das HCO-Radikal ist ein zentrales Intermediat wahrend der Oxidadio Kohlenwasserstoffen,
die zur CO-Bildung fuhrt. Komplexe Reaktionsmechanismen sind nétig, umdhadStoffbildung
in Verbrennungsprozessen zu beschreiben. Durch genaue kedatriGeschwindigkeitskonstanten
aller beteiligten Reaktionen, kdnnen Strategien entwickelt werden, um Sidsedstoffbildung zu
verringern.

Konzentrations-Zeit-Profile von NCN-Radikalen wurden mittels UV Laslesakptions-Spektroskopie
aufgenommen. Auf diese Weise gelang es, die Geschwindigkeitskonstient@eaktionen NCN + H,
NCN + H, und NCN + Q erstmals bei hohen Temperaturen direkt zu messen. Als quantitative Quelle
fur NCN-Radikal hinter Sto3wellen wurde der thermische Zerfall vonraga (NCN;) verwendet.
Das sehr giftige und hochexplosive NgMurde aus Naklund BrCN direkt synthetisiert, da es
nicht aufgereinigt werden konnte. Als Quelle fiir H-Atome diente derallerbn Ethyliodid (GHsl).
Die Geschwindigkeitskonstante der Reaktion NCN + H, die entscheiderdigfit CN-Bildung und
damit fur die prompt-NO-Bildung ist, wurde zum ersten Mal direkt experigleestimmt. Aus
den gemessenen Geschwindigkeitskonstanten fir NCN + H konnten dRiitése auf die Produkt-
verteilung der Reaktion und die nach wie vor umstrittene Bildungsenthalpii@iisRadikals gezo-
gen werden. Zusatzlich wurde die Reaktion NCN # Hie bisher fir die Simulation von Flammen
vernachlassigt wurde, hinsichtlich ihrer Reaktionsprodukte betrachtetwahrscheinlichster Reak-
tionskanal wurde der Abstraktionskanal NCN $ B HNCN + H ermittelt.

Mittels der sehr empfindlichen Frequenz-Modulations-Spektroskopies iststmals gelungen HNO
hinter StoRwellen nachzuweisen. Zunachst wurde ein Reaktionsmauoligniir Simulation der
HNO Bildung aus der 193 nm Photolyse von Glyoxal/NO-Mischungen ausaltitelaten zusam-
mengestellt und danach experimentell Uberprift. Fur die HNO-Detektiodemudrei verschiedene
Linien des ATA” + X1A')(100+ 000) Ubergangs ausgewéhlt. Durch Kombination von HNO- und
HCO-Experimenten bei &hnlichen Reaktionsbedingungen hinter StolRwatdrei Zimmertemperatur
konnte der HNO Absorptionsquerschnitt iei=16173.86 cm' bestimmt werden. Basierend auf
diesen Ergebnissen wurden erstmals Geschwindigkeitskonstanten Realidon HNO + Q — NO

+ HO, bei hohen Temperaturen gemessen. Die ermittelten Ergebnisse liegen big GrdRenord-
nungen uber den bisher in Verbrennungsmechanismen enthalteneniékesdfiirkyno o, .

Weiterhin wurde die HCO-Bildung aus dem thermischen Zerfall von Glymiéls FM-Spektroskopie
beobachtet. Durch den Zusatz von Sauerstoff zu den Reaktionsmigshuvurde zusatzlich die
Geschwindigkeitskonstante der Reaktion HCO #-© HO, + CO direkt gemessen. Diese Messun-
gen haben den zugénglichen Temperaturbereich der Geschwindigksitzite auf 1285 bis 1760 K
erweitert. AuRerdem wurde mit den Messungen ein umfangreicher Mischas zur Oxidation von
Glyoxal bei mittleren und hohen Temperaturen validiert.
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1. Introduction

1 Introduction

The global requirement for energy, heat, and electricity is continuallwigg since the industrial
revolution. Even though the effort of making regenerative energycesuaccessible is considerable,
the combustion of fossil fuels like coal, oil, and gas is still required to covehigh energy demand
of all industrial nations. Fid.Il1a summarizes the mix of primary energy sufjilg graph shows
that about 82% of the worlds energy requirement is currently (statu®) 20%ered by fossil materials
and only 13% by renewable sources. In addition, parts of renewabteesy namely bio-fuels and
waste, are also based on combustion. As pointed out i Eig. 1.1b, GloiaéReenarios assume that
combustion will still play the leading role in energy supply in the conceivatileréll!
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Figure 1.1: a) Fuel share of the world total primary energy supply in 201®ega tonnes of oil
equivalents (Mtoe). b) Outlook on world total primary energy supply taseNew poli-
cies Scenario (NPS) and on a post-2012 climate-policy framework (48@8pted from
Ref.[1. *: geothermal, solar, wind, heat, etc.

Alternative energy sources to fossil fuels are required because déinerseveral problems connected
with their use. Not only are they slowly running out and are expected torbeanore and more
expensive on the long run, also toxic substances are released intovihensrent by burning of
the fuels. The most prominent pollutant gas is carbon dioxideJC@®hich is known as a major
green house gas causing global warming. And in fact the traceable ipaaothropogenic C®
on the environment is constantly growifef] Furthermore, sulfates (SQresponsible for acid rain),

nitrogen oxides (NQ see section 1.1), polycyclic aromatic hydrocarbons (PAH), and swtities
are formed during combustidfl.
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Since combustion will remain crucial for our energy supply, extensivdiestlare required to promote
effective use of fossil fuels and to optimize the combustion processeaémaeFor a full characteriza-
tion of combustion processes, a combination of chemical and physicéditipgneed to be considered.
Within flames, mixing (fuel-fuel or fuel-air), transportation, and streamiraz@sses take place that
affect the distribution of the reacting species. Also the heat transpdrthenheat distribution are
important factors. Furthermore, myriads of elementary chemical reactionegqd simultaneously in
flames and they are strongly coupled to these physical faBlofsproper reaction mechanism for
the combustion of only one combustible easily includes several hundredsnoéntary reactions and
their temperature and pressure dependencies have to be knownialigpiee kinetics of very reactive,
mostly radical-like intermediates are important. Different reactive speateaned under different
conditions affecting the amount of harmful substances that are produceletailed knowledge of
the elementary reactions and their rate constants provides the backfpothelconstruction of more
effective combustors and thereby lower pollutant emissions.

1.1 Formation mechanisms and environmental impact of nitrgen oxides (NQ)

Subject to combustion conditions different amounts of environmentally hanitfagen oxides such

as NO, NQ, and NO (NOy) are generated from the burning of fossil fuels. Released into the at-
mosphere all nitrogen oxides have diverse, dangerous impacts onvinenement over a variety of
mostly radical reactions. Which kind of reactions take place is dependdhtgarticular conditions

like temperature, solar radiation, humidity and concentration as well as the mtihe surrounding
reactantg®.7 8l

For example, through the photochemical proceks (1); ptOvides atomic oxygen that contributes to
the (undesired) formation of the so called “urban ozone” in the tropasplfiest layer of the atmo-
sphere, ~ 10 km heigh#!

NO2 + hv (A < 400nm) — NO + O (1)

O+ O, — O3 (2)

In contrast, in the stratosphere (between 10 - 50 km above the groved)llmzone concentrations
are higher and NQis responsible for the destruction of the ozone layer over a catalytic cycle:

NO + O3 — NOy + Oy (3
NO, + O — NO + Oy 4)
net reaction O+ 03 - O+ 0Oy (5)

At high humidity levels, NQ species will be washed out of the atmosphere and lead to generation of
nitric acid according to reactiofl(6). This elution of nitrogen oxides fromatineosphere contributes

2



1. Introduction

to the formation of acid raiff!
N2Os + HoO — 2HNO; — 2H' + 2NO3 (6)

Depending on the combustion conditions, for example the fuel air gatand the type of fuel, four
main pathways of N@formation can occut®:2:1°!

Thermal NO Prompt NO
+0 +O +CH
@+OH 0, +0, OH
+H, OH
+H +0
:
A A A
! {(HNCO) A
L-E--?----E-?NE__:

Figure 1.2: Reaction path diagram abstracting fuel-, thermal-, and pro@dbNnation pathways,
according to Glarborg:!!

(i) Fossil fuels like coal naturally contain a certain amount of nitrogen thrabeaxidized to NO over
several reaction steps (see Hig.1.2). This so-called fuel-N-caomegspecially takes place under
fuel-air equivalent ratios below < 1.3.

(ii) Even if the fuel itself does not contain any nitrogen, N@mation takes place due to the oxidation
of atmospheric nitrogen, calladermal-NQ For this pathway, the combustion temperature needs to
be very high such that O atoms from the atmospheric oxygen can oxidizehstable N=N triple
bond according to the following mechanism.

O+ Np — NO + N @)
N+ O, — NO + O (8)
N+ OH — NO + H 9)

This is the so-called Zeldovich mechani$H.

(iii) Another way to form NO, especially under leaner combustion conditiodsabtower tempera-
tures, proceeds through,®. According to Wolfrumi23! N,O can be formed by the recombination
reaction (10).

No+O+M— NO+ M (20)
N,O + O — NO + NO (11)

Due to the need for a collision partner M, this mechanism is favored at hegspres.

3
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(iv) The fourth way of NQ formation, theprompt-NQ was supposed to proceed according to the Feni-
more mechanism for a long time. This mechanism describes the reaction of gdralt&rbon radicals
with nitrogen molecules stemming from the combustion air over the spin-forbid@etiont4!

CH(*M) +Nz (=) — N(*S) +HCN('z") (12a)

Although there has not been any experimental evidence of this elemeagatyon step, it has been
widely accepted for a very long time. The required intersystem cross8() (brobability from the
doublet to the quartet potential energy surface is actually very lowjraashuge deviation between
experimental flame modeling wd#:18 and theoreticall{*’! determined rate constants. The mea-
sured rate constant data for the reaction CHztalke about two orders of magnitude higher than the
theoretical estimates for the rate constant of reaction channel @28)A solution for this dilemma
was found by Moskaleva and Lin in 208#:22:221 They introduced a new prompt-NO initiation path-
way over the spin-allowed formation of NCN radicals:

CH(?M) +Nz2 (*=") — H(*S) +NCN(327). (12b)

Based on quantum chemical methods, Lin and cowol&#3 Berman et al?4, and Harding et
al.[2] calculated the potential energy surface (PES) diagram for the reackm ®, shown in

Fig.[1.3. It can be seen that the formation of NCN + H is thermodynamicallywardale compared
to HCN + H formation, but does not require an ISC process. As the besriergy thresholds for both
reaction pathways (12a) and (12b) are similar and, additionally, thedastion step forming NCN is
a simple bond fission process compared to the activation-controlled H@Nfion, the spin-allowed
reaction channel is dominating the overall reaction. However for thegeveaction NCN + H, the
ISC point is energetically lower than the energy of the educts such that ielyg tix produce HCN +
N.[23.261 The rate constant of the reaction NCN + H has been directly measured iratthisowthe first

time. The accessible reaction channels and the product branching ratidiseussed in chapter 4.

384 NCHN
g = Doublet g&’:;tfé
el Surface : SNCN+H ™ /

(o))
o
T

-50 F

-100

771
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-200

-250 |
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Figure 1.3: Potential energy surface for the reaction Chacording to Lin and coworkef&?:21:23]
Berman et all24l and Harding et al?°!
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In the meantime, the formation of NCN and its correlation with CH and NO cond&mtsan flames

has been experimentally proven by several laser-induced fluoks(di) studied2?28:2%Moreover,

a shock tube study by Vasudevan el finally verified that NCN is the main product (> 70%) of the
reaction CH + N. Consequently, NCN high-temperature kinetics has been implemented intotpromp
NO mechanism for flame simulations. Prominent examples are the detailed methagiKonnov
(Konnov 0.6 mechanisr®f! and Lamoureux et al. (GDFkin3.0_NCN mechani&#32. Until now,
however, due to the lack of experimental data, NCN reaction rates are radatly from theoretical
predictions and estimations provided by the M. C. Lin group. It was a maircigeof this work to
make accurate high-temperature bimolecular rate constants available thiat isimorove NCN flame
modeling mechanisms.

1.2 High temperature cyanonitrene (NCN) kinetics

After Moskaleva and LiF% proposed NCN to be the main product of the initial prompt-NO reaction
CH + Ny, several studies have been performed to detect NCN formation in flandet® agorovide
first high-temperature NCN rate constant data. In 2006 El Bakali E€laémbedded the prompt-
NO pathway and NCN chemistry in the GDF-Kin 3.0 mechanism. Rate constardssikms were
adopted from the early estimates of Glarborg éB4lAlready by using these roughly estimated rate
constant data they obtained much better agreements between simulated anceth€hs and NO
concentration profiles for low-pressure methane, ethane, and grdipames than for the mechanism
without NCN chemistry, especially under fuel rich conditions. Gerseh €8lamplemented the new
prompt-NO reaction (12b) into the combustion mechanism GRI-MecRE.and could also show
significant improvements simulating HCN profiles under fuel rich conditiona fmethane-air flame.
As expected, the rate constant for reaction (12b) turned out to béakcard the value from the
calculations by Moskaleva and Lin had to be adjusted to improve the simulatigisres

Vasudevan et d8 studied the reaction CH + Nbehind shock waves using NCN and CH laser
absorption. They determined the total rate constant for the overall reg&®) and branching ratios

@ = kiop/(Ki2a+ kiop) at temperatures between 1943 and 3543 K. Their obtained rate cormtant f
the NCN formation is in very good agreement with the results of multi-refergpeatum chemical
calculations performed by Harding et al. for temperatures between 1088dk3000 K22 Their

ab initio calculations also revealed that an accurate value of the enthalpynoftion of NCN is
crucial for the resulting rate constant. A work by Goos €€4lhighlighted this issue and reviewed
experimental and calculated values fgH5,5 ((NCN). Values in-between 445 and 501 kJ/mol have
been reported in the literature. Most recent studies favor a theoregica of about 459 kJ/md#3.23]
whereas experiments differ between 452 kJIg§band 467 kJ/mols?

A set of rate constants for NCN consumption reactions including NCN + HY M@®I, NCN + C and
NCN + CN, calculated using ab initio data and Rice-Ramsperger-KasseksERRKM) theory, was
published by Lin and coworkers already in the year 280882 Later, Lin and coworkers expanded
their NCN submechanism by NCN decomposiffShand the reactions NCN +34 NCN + NO#2]
and NG, NCN + 0,44 and NCN + OH 2], Very recently, they updated their predictions for
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the reaction NCN + HZ3! In 2008 Sutton et a8l modeled NO and NCN profiles measured by
laser-induced fluorescence (LIF) in low-pressure rich, stoichiometnid lean methane flames. Their
simulations of the experimental data could be improved using the NCN rate obdata published
by Lin et al. instead of the estimated data from Glarborg &4In a similar study, Konnok®! also
adopted the NCN data from Lin and coworkers to work out a mechanisti@N/NO modeling in
lean and rich flames of CHC,Hy4, CoHg and GHg.

A

NCN—»HCN—»NCO oH _gNO- RO _INo

0, 9 [§) 0

Figure 1.4: Reaction scheme for prompt-NO formation in a rich-Cl-N, flame, according to Lam-
oureux et a2l

Lamoureux et al? combined LIF and cavity ring-down spectroscopy (CRDS) to measuriabs
concentration profiles of CH, NCN and NO in methane and ethylene flamesinyating the mea-
sured profiles with the GDFkin 3.0 mechanism, again extended by NCN chenakey from Lin
and coworkers, the new prompt-NO reaction mechanism was establishededction scheme is il-
lustrated in Figl_T}4. It reveals that the reactions NCN + H, NCN + OH, NCNan@®NCN + Q are
the most important NCN reactions along the prompt-NO pathway. It also higéligh fact that the
reactions NCN + H and NCN + OH generate HCN, which is the product initiakyaed for reac-
tion (12), CH + N, in thetraditional Fenimore mechanism. HCN is further oxidized to NO. Overall,
complemented by the intermediate NCN formation, this reaction sequence resengitaightfor-
ward extended~enimore pathway. This finding explains why ttnaditional Fenimore mechanism,
despite the wrongly assumed initial products, was actually quite suitable to exaimental find-
ings. However, due to the direct oxidation of NCN by O atoms apd@N and NCO are formed,
respectively. The most favored reaction process always depentteea@ombustion conditions and
hence the implementation of NCN chemistry is essential.

Other flame modeling groups came to the conclusion that even with the new NiCtibrepathway

NO concentrations in flames are still underestimated. Therefore, K&fhawnd Williams and Flem-
ing™7] proposed another NCN forming reactiors@+ N, — NCN + CO, to account for the missing
NO. At this point, it remains unclear if the persisting discrepancies arerealy reflect uncertainties
in the used NCN submechanism. Direct measurements of NCN rate constatitsrafore needed to
update and validate the proposed NCN mechanisms.

So far, experimental work on NCN high temperature kinetics is scarce asntbden accomplished
mainly in the Kiel shock tube lab. Dammeier et al. developed the N@&tomposition behind
shock waves in combination with narrow-bandwidth UV laser absorptionriergée and detect NCN
radicals!*849] Following a thorough characterization of Ngkhermal decomposition as a source

6
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of NCN radicals*®! in 2011 Dammeier and Friedrichs published direct shock tube studies for the
reactions NCN + NO and NCN + NQwhich are important for the combustion of nitrogen containing
fuels2% Moreover the unimolecular decomposition NCN + M, and the reactions NCN M Bi@

NCN + O have been investigatéd! Besides our work, only two other shock tube studies on the
reaction NCN + H by Vasudevan et 8f! and NCN + M by Busch et k223! have been performed.

In the Arrhenius plot in Fid. 115, previous rate constant determinations@ reactions (excluding
results of this work) are summarized.

T/K
3000 2000 1000
104  NCN+O->CN+NO - '
] A\ NCN + H - products
10" 4 Vasudevan et al. (2007)

NCN +NCN -2 CN + N,

-1

-1

k/cm’mol s
=
l

N

O+
Nc N

10[(]_:

NO

NCN+M—C+N,+M
B B Busch et al. (2015)

10 -- T y T y T y T T
0.4 0.6 0.8 1.0 1.2 1.4
1000K /T

Figure 1.5: Summary of Arrhenius expressions for NCN reactions prslistudied by Vasudevan et
al.,[281 Busch et al23! and in our working group at the Kiel shock tube [8$31]

1.3 High temperature nitrosyl hydride (HNO) kinetics

HNO (nitrosyl hydride also called azanone or nitroxyl) is a combustion intdiate that can directly
be oxidized to NO and is therefore closely linked to the totalyN©ncentration (see Fif. 1.4 as
well). Most important for combustion modeling are the bimolecular reactions vigthyhreactive
combustion intermediates like H, OH and O, the reaction wiglst@mming from the combustion air
and the unimolecular decomposition HNO (+ M) H + NO (+ M). NO is one of the main product
of all this reactions. Very early (1964 - 1972) experimental rate cohdzta from measurements in
flames are available for the two NO forming hydrogen abstraction reactions

HNO+H — H,+NO (13)

HNO + OH — H,O+NO (14)

at temperatures between 1600KT < 2100 K [2455:561The results of these studies differ by a factor
of about 2.6 for reactiorf (13) and 8.3 for reactiénl(14). All three asedyshow that the reaction
with OH radicals is faster than the reaction with H atoms. Rate constant katigsare between 5
and 15, which is consistent with the general trend that OH radicals are reeactve than H atoms
for abstracting hydrogen from hydrocarbon molecules. In contraste mexent theoretical studies
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by Soto et al®’:58 and Nguyen et af®! predicted oppositém/y ratios. The ab initio calculations
provide HNO + OH rate constant data close to the experimental data, bificsigtly higher reaction

rates for HNO + H. Clearly, further experimental investigations of this twm&mental NO forming

reactions at high temperatures are required.

In 2004, the first study for HNO + O reaction rates at combustion releeamperatures have been
published by Du et af% They performed B3LYP density functional calculations for temperatures
between 500 and 2500 K and revealed three possible reaction chaitheBHv NO being the most
favored reaction products. Since no experimental high temperaturearsgéant data for HNO + O
are available, combustion mechanisms often rely on the rate expressiotnvomta and Washida
measured at temperatures below 478X For the reaction

HNO+ 0, — HO, +NO (15)

there is also only one experimental expression available in the literatureh Wwagbeen measured
at temperatures between 296 K - 421%. Even though this reaction is a major NO source under
reducing combustion conditions, only estimated rate expressions are idatucest flame modeling
mechanismg36:63.641 The equilibrium between HNO and NO is also an important factor for overall
NO concentrations in flames. Especially under oxy-fuel conditions (enderuQ/CO, atmosphere)
the reaction HNO (+ M}x= H + NO (+ M) plays a key role for the removal of NO, which is exploited
in reburning processé®?! Three recent experimental studies on this reaction, which are in rdasona
agreement, have been performed up to temperatufBs-0f170 K [66:67.681For the combustion of ni-
trogen containing fuels, existing mechanisms were expanded by the redatim+ NO 69! NO,, 7]

and NH.” The used rate expressions have been estimated mostly. Overall the existihgigh
temperature kinetic data are not very consistent. Moreover, there is nalgtody reporting on HNO
detection in flames, published by Lozovsky et@i”%!in 2000. They applied the sensitive intracavity
laser absorption spectroscopy (ICLAS) to monitor HNO spectra in lowspre hydrocarbon flames.
So far, HNO has not been detected in shock tube experiments due to lovptats coefficients (see
section 2.3.2.). It was the aim of this work to establish a high temperature HN@escan HNO
detection system as well as to directly measure HNO rate constants at highaemgeefor the first
time.

1.4 High temperature kinetics of the formyl radical (HCO)

The formyl radical (HCO) is a key intermediate along the direct; ©kidation pathway of hydrocar-

bon (see Fid.116). The bimolecular reactions of HCO with the most importagemgpecies O, OH,

and Q, the HCO thermal decomposition, and the reaction HCO™XHesult in the direct formation

of CO. Measured rate constant data for these reactions, cruciatéaraae modeling of the overall
oxidation process in flames, are mostly stemming from low temperature studiegxample, the
reaction HCO + O— CO + OH has only been measured up to temperatur@s-e#25 K.[”I For the
reaction HCO + OH— CO + H,O only temperature independent, estimated rate constant values are

8
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available!”®! A few studies have been performed on the reaction
HCO + O, — CO + HO» (16)

providing barely consistent results for the activation energy and bvate constant38.77.78.791 A
recent direct measurement on the rate constant of reagfibn (16) wasnped behind shock waves
by Colberg and Friedrich8% Their study was carried out at temperatures between 769TK<
1108 K, so below average flame temperatures. A pronounced positiversgomgedependence was
found indicating a dominating direct abstraction channel. This is in contrabetwetical work of
Hsu et al’® who predicted an indirect abstraction channel, which is initiated by HG@eMplex
formation with a slightly negative temperature dependence, to dominate up torggampe of 1000 K.
Rate constant measurements at temperatures above 1100 K are needetlytclérify the role of
the indirect versus the direct abstraction channel for flame modelinge Micgct measurements on
rate constants of bimolecular HCO reactions at combustion relevant tenmpsratould be highly
desirable.

CzHGOLH’ C,Hs e CzH4M’ Cszw’ C, 2'"9&""’ C,H
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bLCWM H/ o A :\ ;vH )

CH,OH CH,0
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\ N “«
CH,OH 5> CH,0 s HCO sy CO ———> CO,

H, OH, O, CH, H, OH, M, O,, H,0
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Figure 1.6: Reaction scheme of a methane oxidation pathway, accordingnoeial 1]

1.5 Aim and structure of this work

To model the overall formation of atmospheric pollutants stemming from combystimesses, high
temperature kinetics of many species have to be considered. The expgatistadies of this work
focus on bimolecular reactions of the two nitrogen containing species NANHAID and the key
reaction HCO + Q of the flame intermediate HCO under combustion relevant conditions. These
compounds are important intermediates for nitrogen oxide formation andpenbyanodel the overall
hydrocarbon oxidation process.

The shock tube method is well established for experimental studies on higleratome rate con-
stants. Combustion relevant experimental conditions are easily accesstitel Ishock waves and
in combination with sensitive absorption measurements, time-resolved cate@nprofiles of reac-
tive intermediates can be detected. Building on previous studies in our \gagkanup, especially of
the PhD thesis of J. Dammei&# the reactions NCN + H, NCN + Hand NCN + Q should be
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measured for the first time. Preliminary measurements of the rate constan@\bf-N and NCN

+ Hy, performed in the Diploma thesis of the auttf¥, had to be considerably extended to allow
for a thorough analysis including product branching ratios and thettlegs®alue of the enthalpy of
formation of NCN. In addition to the experimental work, first flame modelingkweais performed in
collaboration with N. Lamoureux and P. Desgroux (Université Lille 1, Een

First detection of HNO behind shock waves has been achieved by agphgnsensitive frequency
modulation (FM) spectroscopy. The 193 nm photolysis of glyoxal/NO mixtsesed as HNO
source. Detecting the also formed HCO as a reference substancéjaijivenHNO detection was
possible. Further the rate constants of the reaction HNG ai@ HCO + Q should be directly

measured. Updated rate constant data were implemented into a detailed giidasibn mechanism
in collaboration with P. Glarborg (Technical University of Denmark) antiBrshall (University of

North Texas).

This thesis is structured as follows: The basic theoretical backgrouhéxperimental details of the
performed shock tube measurements, applied spectroscopic methodsygid preparation are out-
lined in chapter 2 and 3. Five papers reporting on the experimental raadltieir implications follow

in separate chapters. For NCN, concentration-time profiles have besnmeéat = 3038311 cntt

(A =3291302 nm) by difference laser absorption spectroscopy. Rate confatite reactions NCN

+ H (chapter 4), NCN + Kl (chapter 5), and NCN + £(chapter 6) could be obtained for temperatures
of about 1000 K to 2500 K. HNO and HCO have been detected by FM gisecipy at wavelengths of
aboutA =61828 nm andA = 614.76 nm, respectively. The formation of HNO from the photolysis of
glyoxal/NO mixtures as well as the HNO absorption cross section and theorag&aat of the reaction
HNO + O, are investigated in chapter 7. Finally, in chapter 8 the results of rate constasurements
on the reaction HCO + @are presented.
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2. Theoretical background

2 Theoretical background

2.1 The shock tube method

In 1808 Poissol! published first theoretical considerations on shock waves in ideas g@ibe first
apparatus for shock wave generation was built in 1899 by Paul VI&ille.schematic picture of a
shock tube is shown in Fig.2.1. In principle the design of this first shook, tansisting of a high
and a low pressure section divided by a membrane, is still confA®rAt the beginning, shock
tubes were applied to study shock wave propagation and reflectionibeHaV Later they were also
used for experimental studies on high temperature chemical kif&titsday the generation of shock
waves is a very well established method to investigate fast gas phasensatt@mmbustion relevant
temperatures. Temperatures between 500 and 15000 K and predstukdar< p < 1000 bar are
accessible. The over-adiabatic compression and, therefore, thegwfatie test gas takes place in less
than 1us. The reaction conditions can be accurately predicted, provided thstdla& wave velocity
and the initial conditions of the test gas are known. But they are only stabkefew milliseconds,
depending on the shock tube design. Due to spontaneous burst of theanenalnd the non-ideal
flow behavior of the gas, two experiments will never result in exactly the saawion conditions.
Hence, averaging of several single-shot experiments is not eas#ibped!

2.1.1 Shock wave theory

Shock waves are generated in a closed tube shown schematically i HigTH& tube consists of

a high pressure (driver) and a low pressure (driven) sectionatiMy a diaphragm (aluminum foil).
The low pressure section is filled with the test gas. To generate a shoekthahigh pressure section
is filled with an inert driver gas (hydrogen or mixtures of hydrogen dtrdgen) until the diaphragm

bursts due to the pressure difference between both sections. Due footitarseous rupture of the
membrane compression waves are formed which propagate through tigatestction with sonic

speedh.

a=1/— (2.1)
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Wherey = c/o, is the adiabatic coefficient arid is the average molecular mass of the gass the
absolute temperature aRthe gas constant. Due to the adiabatic compression the test gas heats up by
a succession of compression waves. Therefore later compressies wavel with higher velocities

than the early waves. In addition, the gas starts to flow in the same direction eantipression wave
propagation. As a result, the compression waves form a single shatkpimpagating through the

test gas with supersonic speed (about three times the velocity of soundjesjitbect to the resting,
pre-shock gas. The shock wave causes a sudden increase in temgeneessure and density due to
over-adiabatic compression.

.I
. i .
N\, ! 1
\ | [
N ! '
h facti ! X 2
) . rarefaction .
g AN I! Lol 5 |reflected ‘} R=
- N i contact .ol shock wave §
\ : .
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4 N | Le° 2 S incident shock Wﬂ
N ! 4
\ I e
N shock front
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\,
. 0 X : Pressure/ Temperature
diaphragm Laser |
— AN
H—> driver section driven section ¢—test gas

Figure 2.1: Schematics of shock wave propagation.

Fig.[2.1 illustrates the wave propagation through a shock tube after thedbuh® membrane in a
t-x-diagram. The initial conditions are labeled with the index 1 and the test ga#ioos behind the
incident shock with index 2. For measurements behind incident shocksvilanaust be taken into
account that the test gas is in motion. When the shock front is reflected anhthplate of the shock
tube, the shock wave proceeds through the already compressedréaheaped) test gas, brings the
test gas to a rest and results in a second temperature and pressureypiogllyl the temperature
and pressur@ behind the reflected shock are about two times higher than behind the inshamk.
The reaction conditions after the reflected shock wave are labeled withdbe 1 Fig[2.1l also
shows thet-x-traces of the rarefaction waves spreading through the driver semtiorthe contact
surface between the driver gas and the test gas following the shatk lfrone of these waves reach
the measurement point, the measurement conditions are no longer constérg axperiment is over
(point 3 in Fig[2.1).

The measurement point is located close to the end of the low pressure s@dtoiypical pressure
(and temperature) profile at this point is shown i’ &-t diagram in the right plot of Fig. 2/ 1. Constant
measurement conditions are only achieved for a certain time. Inciderk sla»e conditions (stable
for about 0.5 ms) are limited by the arrival of the reflected shock wavenp&eature and pressure
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behind the reflected wave are stable for about 2 ms (for this work).

The temperatures and pressures during shock tube experiments baneasily measured directly
because they rise abruptly and are constant on short timescales orthe Sanditions (temperature

T, pressurep, and density) behind the incident and reflected shock waves have to be calculated. By
assuming an ideal flow behavior of the test gas (ideal shock wave), ahibereadily accomplished
based on the conservation equations of mass, momentum and energy:

Mass flow: @y, = prup = poup (2.2)

Momentum flow:®; = py + p1U2 = p2 + PoU3 (2.3)
) 1 1

Energy flow: — = Hy + ~uf = Ha + ZU3. (2.4)
(O 2 2

Here,H is the specific enthalpy of the gas ands the flow velocity. To determine the shock wave
velocity, four fast piezoelectronic pressure transducers are moflagbdnto the tube wall in the low
pressure section at defined distances. The pre-shock wave cosditidex 1) are also needed, but
can be easily measured before every experiment.

The so calledRankine-Hugonieequation§ ZJ5[- 217 for calculation of incident shock wave conditions
can be derived from the conservation equatfonk P.2]- 2.4 by assumingéebehavior. In the case

of argon for example the temperature dependence of the enthalpy charaeterized by the caloric
equation of statesH, —H; = cp x (T, —Ty)) and the state variables are connected by the ideal gas
law (p = pRT).

P2 2yMZ—(y—1)
E = —Y—i-l (2.5)
P2 (y+1)x M7
o D XM+ 2 *0
1 1
n_ (i) () 2.7)

T 1)2
1 (%) v

Resulting temperatures, pressures, and densities behind the reflemt&d\stves can then be calcu-
lated based on the conditions behind the incident shock wé¥des.

y+1 P
ps_yi1it2-73 ”g
P 14xicm (2.8)
y=17 p2
y+1 , ps
T5—p5><< V*1+Pz ) (29)
- y+1 p: . '
T2 P2 1+ﬁxé

When using polyatomic gases in shock tube experiments, real gas efigetolbe taken into account.
The heat capacitg, can no longer be treated as temperature independent and the calcufzeee ex
mental conditions have to be determined by numerical procedréhen rotational and vibrational
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motions of the molecules are excited, the heat capacity increases and irdttieedemperature is
lower than for a monoatomic gas. Moreover, as the heating of the vibratiegatels of freedom is
slow, at first the temperature is higher than expected for a vibrationalljiteqted system. Then,
caused by vibrational relaxation, the temperature decreases exptyamibfinally reaches the state
of the fully equilibrated system. The resulting temperature profile can be@xipmately calculated by
assuming that the pressure is nearly consBih order to minimize relaxation effects, the concentra-
tions of polyatomic reactants should always be kept as low as possiblexatwmpée for the need of a
significant temperature correction due to the addition of up to 13% @irther outlined in chapter 6.

2.2 UV difference laser absorption spectroscopy

To detect NCN radicals in very low concentrations behind shock wavaagagensitive spectroscopic
method had to be applied. For this work NCN was detected by difference araptifi laser absorp-
tion spectroscopy at a wavelengthof= 3291302 nm.

2.2.1 NCN spectroscopy

The pyrolysis of NCN manly leads to the generation of electronically excit€N radicals. Due to
fast collision induced intersystem crossing (ClISC) NCN is subsequeoittiyerted into its electronic
triplet ground state. Under incident shock wave conditions stable platzaentrations ofNCN
could be observed subsequently.

NCN3+M — INCN+Ny+M — 3NCN+ Nz +M (1)

A detailed kinetic study oANCN formation has been published by Dammeier ét%H!

The first two electronic states of the linear NCN radical ar@?tFEg— (010) and the3,(010) state. In
case of the (010) vibration level, the Born-Oppenheimer approximati@kg@own and thé, state
splits due to coupling of electron and vibration motion (Renner-Teller effécklitionally, spin-orbit
interactions are observed. The electronic ground é?érg with quantum numberd =0 andl =1
is converted into a vibroniEl state according t& = | + A +1|. The formerf1 state withA = 1 and

| = 1 splits into three vibronic Renner-Teller components,*fie and3z; states withK = 0 and the
degenerated), state K = 2).[12.13.14]

NCN has been detected by narrow-bandwidth laser absorption at pu@datransitions belonging
to theQ, branch of thé’z* —3M subband and the vibrationally ha#r,(010) — X325 (010) system
at ¥ = 3038311 cntl. The spectrum is illustrated in Fig._2.2. The corresponding absorpti@s cro
section

_ 9 \_go_ -4
Iog<cmz/mol>_8.9 8.3x 104 x T/K (2.10)

has been adopted from Dammeier and Friedrié¥isThe stated uncertainty wésy = +-25%. Under
typical experimental conditions applied in this work £ 1500 K, p = 500 mbar, electronic time-
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resolutionAt ~ 1 us), minimum detectable NCN concentrations were aboutl® 12 mol/cn? (cor-

responding to mole fractions of a few ppm).

3I'Il subband origin
Q, band head of the
%*(010)°11(010) transition ~ p,, and®R,,
271 Ry Q22
2 N=25 26 27
2 |
=
e | |
N=27 28 29
34 P
Mo P33
1 -
> T=1600 K
‘0
c
e
£
0 -

T T T T T T T T
15 20 25 30 35 40 45 50

¥/cmt- 30380

Figure 2.2: High resolution spectra 8i'CN. Upper graph: Measured room temperature spectrum.
Lower graph: Comparison between simulated spectr at298 K andT = 1600 K,
adopted from Dammeier and FriedricB&!

2.3 Frequency modulation (FM) spectroscopy

Frequency modulation (FM) spectroscopy is an absorption based agmpic method, which was
used for HNO and HCO detection in this work. Bjorklu#d developed this measurement tech-
nique and demonstrated its capability of highly sensitive detection of absortid dispersion of
narrow spectral features. Since then FM spectroscopy has bekedagpd described in many pub-
lications [16:17.18.19.20.21.22)n comparison with conventional absorption methods, FM spectroscopy is
more sensitive and can therefore be used for time-resolved detectionatif redicals and highly
reactive atoms behind shock waves as firstly demonstrated by Frie€iek.

2.3.1 Theory of FM spectroscopy

To perform frequency modulation spectroscopy the light of a narravdwalth cw-laser beam has
to be phase modulated by an electrooptical modulator (EOM). The princigi®agpectroscopy is
illustrated in Fig[Z.B, adopted from FriedricKé! The phase modulation at frequen@y induces first
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order (and higher order) sidebands, which aredy, (n x wy) apart from the center frequenay of

the laser. The modulated signal is monitored by a scanning etalon, whicheissaeg to properly set
the modulation strength and to determine the modulation illexAw/ wrm, with Aw corresponding

to the maximum frequency shift induced by the modulation. By using strongdulation fields
and therefore higher modulation indexes more energy is transferred sidéeands leading to the
generation of higher order sidebands that are displaced by higheeiintagtiples ofwy, from the
center frequencyw. Meanwhile the intensity at center frequency gets lower and disappears a
modulation index oM ~ 2.4.

In a purely phase (or frequency) modulated beam, the upper and ladedrasnds are exactly out-
of-phase (phase shift of 180 Detecting the light by a photodetector will result in a constant DC
signal (null signal), which is proportional to the square of the total lightnsitg. However, if the

two sidebands in Fid. 2.3 are attenuated to a different extent by an afzpsdimple, the balance of
upper and lower sideband is broken. As a result an amplitude modulatedveita a modulation
frequency ofwy, = 2nvy, is observed, which can be detected with a fast photodetector. The amplitude
of the corresponding AC signal is proportional to the absorption ande@nthe concentration of the
absorbing species.

without absorption with absorption

intensity
intensity

/\/| EOM

intensity
intensity

photo photo
detector detector
_ S IRAVAVAVAVAVAVA
©
2 o
time time

Figure 2.3: Scheme of FM spectroscopy, according to Friedféhs.

For quantitative detection of an absorbing species, the relation betwe&@ Rl signal intensity and
the concentration of the species has to be known. Sinusoidal phase trmduldéh the modulation
frequencywn, , the center frequenayy, and the modulation indeM = Aw/ wn, yields an electric field
of the modulated laser beam, which can be express&é]as:

E(t) = Eoexp[i(wot+Msinwnt)] (2.11)
= Egexp(iwnt) +zm Jn(M) exp(intmt) (2.12)
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If the FM light passes through a gas sample, the absorption and dispexgierienced by the center
frequency and the side bands can be described by a transmission riufi¢tin) resulting in the

transmission field:
400

Er (t) = Eoexp(iaat) 3 T(eh)Jn(M) exp(incnt) (2.13)

N=—o0
The intensitylt(t), detectable by a photodetector, is proportional E (t) |>. Considering only

the components with a frequency @f,, and assuming a weak absorption, the measured FM signal
intensitylgy can be related to the concentration of the absorbing species by the equation

|
|FM:§°foxacle (2.14)

with the total light intensitylg, the narrow-bandwidth absorption cross section at line centene
absorption path length the gain factoiG and the FM factoiAf. The factorG subsumes the total
electronic gain factor of the used FM spectrometer (see section 3.2.22FMfactorAf accounts
for the summation over the contributions of all frequency components cedtamthe frequency
spectrum of the modulated light and can be calculated with the knowledge méhehape data of
the probed absorption feature, the modulation frequengyand modulation inde¥ as well as the
demodulation phase ang®!

2.3.2 HNO spectroscopy

The 193 nm photolysis of glyoxal/NO mixtures has been used as a souiddl@ molecules accord-
ing to the reaction sequen&&

(CHO), + hv (A =193nm — HCO, H, H,, CO, CH,0 )

HCO + NO — HNO + CO A3)

HNO is a bent molecule with a bond angle of about ~“12i@s electronic ground state is a singlet
(closed shell configuration), which makes HNO a more stable flame specigsaced to radical-like
intermediates. TheAdA” + X1A')(100+« 000) transition of HNO has been very well characterized
in previous absorption measuremeR#&27:282%IThe only detection of HNO at high temperatures has
been reported by Lozovsky et &2 who measured HNO spectra by ICLAS in flames and compared
the absorption intensities of the (160000) transition, around 618 nm, and the (@2D00) transition,
around 643 nm. Although it turned out that the spectra in the £610D0) transition range are more in-
tense than in the (108- 000) range, we used the (180000) transition because its wavelength region
is closer to the HCOARA” + X2A')(09°0 « 00%0) transition at ~ 615 nm. HNO and corresponding
HCO measurements have been performed to determine the HNO absorp#erseotion. In order
to find the most suitable absorption line for HNO detection three selected lirnteg ¢100+ 000)
transition have been characterized (see chapter 7). The measurefimégswork represent the first
detection of HNO behind shock waves. The minimum detectable HNO contiensrander typical

21



2. Theoretical background

experimental conditions of = 1000 K andp = 1000 mbar were about>1 10~ mol/cn? (corre-
sponding to a mole fraction of 50 ppm).

2.3.3 HCO spectroscopy

HCO radicals were generated from the 193 nm glyoxal photd&%isr from the thermal decompo-
sition of glyoxal®! and were detected by means of FM spectroscopy. HCO detection belickl sh
waves has been thoroughly described by Colberg and Fried&3hs accordance with this work,
HCO detection was performed at the Q(6)P(1) absorption line of AR&(+ X2A')(090 + 00'0)
transition atv = 1626661 cnt ! (corresponding to the maximum of the FM signal).

For quantitative HCO detection the narrow-bandwidth absorption crosisise

In (cm§mol> =6.57—1.39x 10 3(T/K) +3.16x 10" /(T /K)?> - 4.08x 10 (T /K)® (2.15)

has been adopted from Friedrichs ef?3l.The stated uncertainty @f is about+30%. The adopted
absorption cross section has been determined for the Q(9)P(2) trarfsgmfrig[Z}4). With respect
to the slightly different absorption features of the actually used Q(6)i@,) the absorption cross
section from Friedrichs et al. was increased by a factor of ~ B3 &Jnder typical experimental
conditions of this work T = 1500 K, p= 1300 mbar), minimum detectable HCO concentrations were
about 5x 10~1% mol/cn? (corresponding to a mole fraction of 50 ppm).

(a) Q(9)P(2) Q(6)P(1)

N
o

Absorption
o
(&)

o
o

| (b)

o
~

AF

0.0

-0.4 . .
260 264 268
(¥ /em™) - 16000

Figure 2.4: a) Simulated absorption spectrum of #a{ + X2A’)(09°0 « 000) transition of HCO
at room temperature. b) Comparison of measured and simulated HCO Fivbspelopted
from Ref.|33.
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3. Experimental

3 Experimental

Several experimental methods have been applied to study the high temgé&nagdics of NCN, HNO,
and HCO. The shock tube method was used to heat up the test gase4 ins and to achieve stable
reaction conditions for about 1 ms. Pressure and temperature valués shugck compression were
calculated reliably based on a 1-dimensional shock tube code. NCN, HNDHCO have been
generated in-situ from precursor molecules which had to be synthesefeklthe experiments. As
the concentrations of the precursors and of all molecules that haveatlded as reactants have to be
known for quantitative measurements, a mixing system with calibrated massitdmibers was used
to prepare reaction gas mixtures. A difference laser absorption setugraRM spectrometer were
used to detect time-resolved concentration profiles of different spiedies gas phase. Rate constants
were obtained from the experiments by fitting numerical simulations to the méeasomeentration-
time profiles. Under the applied reaction conditions, the respective taagtaon was always the most
important one for the simulations.

The different experimental setups and numerical methods for the invigstigdgd NCN, HNO, and
HCO reactions in the gas phase are described in this chapter.

3.1 Shock tube setup

All high temperature measurements have been carried out in an overalin8l@ag stainless steel
shock tube with an inner diameter of 81 mm and a 10 mm thick wall. The 3.65 m lorey ¢high
pressure) section was slightly shorter than the 4.05 m long, electro-pbtissteglow pressure) section.
By a combination of an oil-free turbomolecular (Pfeiffer Vacuum, TMU2&4)l a membrane pump
(Pfeiffer Vacuum, MVP055-3) the test section could be evacuated ttmapressure gb ~ 10~’ mbar.

A cold-cathode ionization gauge (Pfeiffer Vacuum, IKR 261) was use@ifessure measurements in
the test section. The pressure of the test gas in the low pressure sesfooa $hock compression
could be measured by a second pressure gauge (MKS 622AX12MBE)leak rate of the metal
sealed test section wasslx 10-6 mbar L/s.

The high pressure section was mounted on wheels such that the aluminudividihg the high
pressure section from the test section (low pressure section) coulasbg exchanged. The driver
section was filled with a driver gas until the foil burst spontaneously. ERBe80 or 100um thick
aluminum foils were used. In combination with the used driver gases hgdrgir Liquide, >
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99,999%), helium (Air Liquide,> 99,999%), or different mixtures of hydrogen and nitrogen (Air
Liquide, > 99,99%) temperatures between 700 and 2500 K after incident shock waveswecessible.
Also a wide pressure range of 0.2 barp < 2.1 bar was within reach. The mixing of two different
driver gases was accomplished by two magnetic valves (Danfoss, Bd0&BHKich could be separately
opened for particular times between 25 and 47% by an electronic controller. After an experiment
the shock tube could be flushed with nitrogen to remove remaining piecesnaihaim foil. The test
gas was passed into the test section by a tubing system that connecteddké¢usie head with the
gas mixing system. Before an experiment the test gas mixture was flushedtthhe test section for
about 3 min to minimize possible effects due to adsorption effects on the sHmckvall.

To determine the shock wave velocities needed for the calculations ofimqmeal pressures and
temperatures, four fast pressure transducers (PCB Piezotronid8AR1) were embedded flush to
the shock tube walls of the test section at defined positions. They wered®a to a fast count
unit. For spectroscopic measurements the laser beam was coupled into¢kdighe head through
two quartz windows. The observation time behind the incident wave waswatst by the distance
between the observation plane and the end plate of the shock tube héadistdnce could be varied
between 19 mm and 60 mm by installing an additional tube part, resulting in altisertimes of
approximately 20Qus <t < 600 us behind the incident shock wave.

3.1.1 Flowcell

FM measurements of HNO and HCO at room temperature were carried odbinra long glass flow
cell that could be integrated into the shock tube setup. The two quartz wiretdvegh ends of the
cell were mounted in Brewster angle. To avoid depositions of reactioruptedthe windows could
be flushed with nitrogen during the experiments. During the FM measurementietiction laser
beam and the photolysis beam, with a much larger diameter, were collineapiedaunto the cell
from opposite sides. The large diameter of the photolysis laser guarghtgatiffusional processes
could be neglected. Two pressure gauges (5 mbar and 100 mbar) tteeteed to the cell to adjust
the test gas flow during the experiments.

3.1.2 Gas mixing system

For the preparation of well defined gas mixtures the gas mixing system sto@matically in Fid. 311
was used. The prepared gas mixtures were stored in different tadksmased into the test section of
the shock tube through a valve in the shock tube head. Since the test seati@vacuated near the
membrane (end of test section) the test gas could be flushed throughdleesghtion to compensate
for possible wall adsorption effects. Alternatively the test gas was ledetdldiv cell. The mixing
system mainly consisted of stainless steel tubing. For the storage andagpi@paf gas mixtures by
the partial pressure method, gas bottles, glass flasks and tanks of stateldscould be connected to
the system. It was possible to purify gases like NO and Wpfreeze-pump-thaw cycles performed
in a 5 L flask equipped with a cooling finger. The NgiNas only diluted in argon and not further
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purified due to its tendency to explode in condensed phase. The miegmsanixtures were passed
through four different mass flow controllers (Aera, FC-7700CU 10,190 and 1000 sccm) for further
mixing and dilution (mostly in argon) directly before entering the shock tubeotary vane pump
with a cooling trap was used for fast evacuation of the gas mixing systenthanist section of
the shock tube. To avoid condensation of NCN the cooling trap it could be evacuated over a
bypass (see Fig_3.1). For evacuation down to pressuresif® mbar, a turbomolecular pump
(Pfeiffer Vacuum, TMHQ71-P) together with a diaphragm pump (PfeMaruum, MVP 015-2) was
used. Three different pressure gauges (MKS 722AMCEZ2FA, MRBAX12MBE, Pfeiffer Vakuum
PKR 251) allowed to measure the pressure in the range of 5 par 10~/ mbar.

@ < @ @ 20 bar, N, = List of symbols:
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Figure 3.1: Scheme of the gas mixing system, which could either be connethedstoock tube head
or a flow cell.

3.2 Absorption spectrometer

UV/VIS spectroscopy was used for the detection of HNO, HCO, and N&hicals. By absorption
based measurements of selected electronic transitions the differentsspmdi be directly observed.
Assuming that the particular absorption cross sections are known it v8atbfto determine the con-
centrations of the species in the reaction mixture. In the visible spectrahrdggguency modulation
(FM) spectroscopy was used for highly sensitive detection of HNO a@@ K{acl),,, = 5 x 107°9).
Since FM spectroscopy cannot be used in the UV region, NCN was detegtearrow-bandwidth
difference laser absorption (DLA) spectroscopydl),., = 5 x 10~%) instead.

min

3.2.1 UV difference absorption spectrometer

Fig.[3:2 illustrates the schematic setup for the UV absorption experiment. THight\{(A ~ 330 nm)
was generated by intra-cavity frequency doubling of a continuougwag-dye laser (Coherent 899
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series), which was optically pumped by a solid state Nd:{V3er (Coherent Verdi V10). A Lil@
crystal, which was constantly flushed with boil-off nitrogen, was insertéddaser cavity to achieve
the frequency doubling. Typically, at 10 W pumping power, 1.5 mW UV lightexggnerated. About
2 mW of the laser fundamental were coupled out of the cavity through a higfictive mirror for
wavelength measurements by an interferometric wavemeter (MetroLux \Wk2@denced to a HeNe
laser. By this means, taking into account a small wavemeter offgsit ef 0.02 cn 2, the wavelength
could be determined with an accuracy of about 50~/ (AU = 0.015cnm ) . Using DCM-Spezial
(4-Dicyanomethylen-2-methyl-6-p-dimethyl-aminostyryl-4H-pyran, Radizyes) as a laser dye the
wavelength of the fundamental could be sefte 15191.56 cm?, hence the frequency-doubled laser
beam was centered at= 30383.11 cm? to observe thé=*(010) —31M(010) 3NCN transition.

. 660 nm
Ring dye Laser
£ )
S Nd: YVO, 'Wavemeter|®
e} 532 nm
L JPeriscope [ e Monitor 1
_~""Optical A detector [ Monitor 2
2 // fibers p—> Difference
S |f=100 mm / .
[5) i R
g 1 Band pass filters .1
f

Variable
ND filter

Aperture

=200 mm— >

>

Figure 3.2: Scheme of the difference laser absorption spectroscypy se

The generated UV laser beam was deflected by a periscope to adjusighé df the laser beam to
the height of the shock tube and collimated to a diameter of about 2 mm by a fee#cb0:50 beam
splitter plate was used to split the laser beam into a probe and a referexioe Dee detection beam
was focused by a quartz lens£ 200 mm) and passed through the shock tube windows. After passing
the shock tube the beam was band-pass filtered (Andover, 326F23&2bahd coupled into a quartz
optical fiber (Thorlabs BF H22-550) connected to a balanced photidet@nd difference amplifier
(Thorlabs PDB 150A-EC). The reference beam was passed theocigtular variable neutral density
filter to match the intensity of the reference beam with the intensity of the prabe.bEhe intensities
of the two separated beams (Monitor 1 and 2 in Eigl 3.2) were monitored orital digcilloscope
(Hameg, HM 507, 50 MHz, 8 Bit). As the monitor exhibit a low time response, dieoto check the
stability of the laser beam, about 10% of the reference beam were splieaffiain beam by a quartz
plate and were focused on a fast Si photodiode (Hamamatsu S597Be2jind@ly resulting amplified
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difference signal from the balanced photodetector was low-pas®dl{ér4 MHz), further amplified
(Ortec Fast Preamp 9305, 18 dB) and stored by an analog input bidaaks(rement Computing,
PCI-DAS4020/12, 20 MHz, 12 bit).
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Figure 3.3: Block diagram of the used FM setup.

3.2.2 FM spectrometer

The basic FM setup for the HNO and HCO detection is schematically shown iBBigThe ring-dye
laser (Coherent 899 series) was operated with the dye Kiton Red (Sadfamine B, Radiant Dyes),
thereby wavelength between 600 and 650 nm were accessible. Thevsndwidth laser beam was
focused by a telescope, passed through a first polarizer (New Facyu5524), was phase-modulated
by an external electro-optical modulator (EOM, New Focus Inc., 448tl)then passed a second
polarizer. The two polarizer setup was necessary to properly set thiegaofarization with respect to
the EOM crystal axis and to conveniently set the demodulation phase aegl8¢stion 1.2.2.1).

The EOM was driven by a part of the power of a local oscillator (Hewlati®rd, 8657B) providing
the modulation frequency of 1000 MHz. The initial output power of the ogoillvas divided by a
bidirectional coupler (Mini Circuits ZFDC-10-5). The power for the EQbs amplified by 39.4 dB
(Hughes 10 W Series) and could be varied by additional attenuatorsgéetvwl dB and—3 dB) to
obtain different modulation indices up M = 1.7. To monitor the exact modulation index, a small
part of the laser beam was split of and analyzed by a scanning etalber@u, Typ SM 240-1).

The frequency modulated detection beam was focused 00 mm) before passing the shock tube
head and was then coupled into an optical fiber right after the shock tndewx: The fiber output was
strongly refocusedf(= 25 mm) onto a fast Si photodiode (Hamamatsu, S5973) with a photo active
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diameter of 0.4 mm. The signal collected by the photodiode was divided into itmd®& compo-
nent by a Bias Tee (Mini Circuits, ZFBT-4R2G). The DC component weectly monitored with a
digital oscilloscope (Lecroy, Wavesurfer 454) without further amplificsa The AC component, on
the other hand, was filtered by a tunable bandpass filter (Trilithic) at 1 &idplified by 41 dB (Mini
Circuits, ZHL 0812 HLN) and fed into the signal input of a double balarfceguency mixer (Mini
Circuits, 5542-ZFM-2000) for demodulation. The reference signailtifgr the frequency mixer came
from the coupled line of the bidirectional coupler, which was connectedttimtal oscillator (Hewlett
Packard, 8657B). The phase and thereby the demodulation angle efkthigng demodulated signal
was adjusted by a variable phase shifter (Knick, J45). The demodulgteal was low pass filtered
(2.5 MHz, Mini Circuits, SLP-2.5), amplified by 14 dB (Stanford Resea®gistem, SR445A) and
stored in the digital oscilloscope (Lecroy, Wavesurfer 454).

3.2.2.1 Setting of the demodulation angle For a strong FM signal reflecting the pure absorption
of the sample, the demodulation phase artglead to be set toOor 180 degrees. This setting could
be accomplished by the two-polarizer setup as described by Friedrichg/agnerit! For normal
operation the polarization of the two polarizers in front and behind the E@MIset vertically to the
axis of the modulation crystal. By rotating one of the polarizers by a fewedsga small amplitude
modulation was induced in addition to the phase or frequency modulation. Mpigade modulation

is out-of-phase with respect to an absorption signal and causessah affthe FM baseline. Rotating
the second polarizer back and forth resulted in a strong positive ardivee§M baseline shift if the
phase angle was far from pure absorption ¢0 180°). Then, by changing the demodulation phase
angle, by the voltage controlled phase shifter (Knick, J45) until the gbddyaseline shifts virtually
disappeared, it was possible to set the demodulation electronics to a plgésendnich is close to the
pure absorption case-@°). Finally, the polarizers were rotated back to normal operation.

3.2.2.2 Gain factor determination For quantitative FM measurements the FM fadidrand the

gain factorG of the particular experimental setup had to be known. On the one handiithiagtor as

a value for the overall electronic amplification of the used FM spectromegefedketo be determined
experimentally prior to the actual measureméHt©n the other hand, the FM factor could be calcu-
lated based on the value of the modulation index and the line shape data fostitbiag species. In

this work the gain factoG has been determined according to the scanning etalon method resulting
in G =184+ 14. This value was in good agreement with the gain factor estimated from ¢de us
electronic components and quantitative measurements of HCO radicaht@tions.

Scanning etalon method: A scanning etalon in reflective mode was integrated into the beam path
of the usual FM setuf’2! In this mode, the etalon acted like a narrow-bandwidth absorber resulting in
a measurable FM spectrum. As an example, a typically measured FM speatliheaorresponding
absorption spectrum (measured by monitoring the attenuation of the total lighgitgtasing the DC
output of the Bias Tee) are depicted in Hig.13.4. From these specti@ faetor could be directly
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calculated using the equation
2 ||:|\/|

T Axlox Af (3-1)

Here,Ais the absorption measured at the center of the peaks correspondingjtst tingper and lower
sidebands, antj is the intensity of the DC output of the Bias Tee.
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Figure 3.4: a) Measured FM signal and b) corresponding absorpgoaldrom the scanning etalon
used as narrow-bandwidth absorber.

FM electronic setup: In principle, it is possible to calculate the gain factor from the amplifications
(attenuations) of all the used electronic components and the characterigtiephotodiode. Instead

of using the data specified by the manufactures, the actual amplificatioriteandaion values have
been determined experimentally. For it, a first frequency generatorlétié®ackard, 8657B) was used
to provide a signal with a frequency of= 1.000 GHz and a defined amplitude. This signal and a
second signal with a frequency of= 1.001 GHz from a second frequency generator (Marconi Instru-
ments, 2023) were connected to the inputs of the frequency mixer and itst dwatp been displayed
with an oscilloscope. From the amplitude of the resulting 1 MHz sinusoidal Isegththe ampli-
tude of the 1.00 GHz signal the attenuation of the frequency mixer was deestniiext, the other
electronic devices were integrated in-between the first frequencyaenand the frequency mixer.
The resulting signal amplitudes measured with the oscilloscope with and withantegeated device
directly reflected the attenuation or amplification resulting from this specificeeWab[ 3]l shows
the results for the electronic devices of the used FM setup. The only thingahla not be quantified

for the determination of the gain factor was the exact frequency-depeerdf the responsivity of the
used photodiode. This value had to be estimated from technical data. hefsll specific ampli-
fications, taking a small loss due to the cables and connections into aceesuited in a maximum
gain factor ofGnax = 238. Together witlGpioge = 0.8 estimated for the used photodiode an overall
gain factor ofG = 190 could be determined. Taking into account the uncertainties, this estimnste wa
in very good agreement with the result from the scanning etalon method.
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Table 3.1: Measured amplification of FM electronic components.

Component Model Amplification / dB
Frequency mixer Mini Circuits 5542-ZFM-2000 —6.4
Amplifier Mini Circuits ZHL 0812 HLN +40.8
Hughes 10 W Series +39.4

Mini Circuits ZFL 2000 +224

Stanford Research System SR445A +14.3

Bias Tee Mini Circuits ZFBT-4R2G -05
Bidirectional-Coupler Mini Circuits ZFDC-10-5 Main line —1.4
Coupled line—10.5

Filter Trilithic est. —0.5
Cables and connections est.—0.5
Si photodiode Hamamatsu, S5973 est2.0

HCO absorption measurements: Concentration-time profiles of HCO, a species with a known
absorption cross sectié?! which has been previously measured with an accuracy3fi%, have
been detected to test the determined gain factor. HCO was generated étimertmal decomposition
of glyoxal, which has been studied extensively in previous WdriShock tube experiments with
well known mole fractions of glyoxal (about 1% in argon) were perfatraetemperatures between
1299 and 1757 K (see chapter 8). The measured HCO profiles and maximermediate HCO
concentrations could be very well reproduced by simulations using thetediléiCO cross section
and glyoxal mechanism from Friedrichs et@Itogether with the determined gain factor@f= 184.

In fact, the HCO concentration maxima could be reproduced with an agcofabout 10%. This is
well within the uncertainty of the method and indicates an accurate gain factor.

3.3 Numerical Methods
3.3.1 Data analysis

Extensive reaction mechanisms containing a huge number of elementaignmesieps are necessary
to describe combustion processes. Although the number of reactantsci tsthe experiments is
comparably small numerical procedures are required to simulate the miasureentration-time
profiles.

The fitting procedures for all the experimental data of this work have pedarmed by the Chemkin-
Il program packagé’! The program performs the numerical integration of a high number of resctio
with rate constants given in terms of the extended Arrhenius expression:

ki = AT" exp[—Eai/rRT]. (3.2)

The core mechanism as well as a feasible set of rate constants wetecaffom previous results of
the working group Friedrichs and recent literature data. An additioreidraund mechanism was
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added to the core mechanism to take possibly important secondary chentstagaount. The core
reaction mechanisms for NCN, HNO and HCO simulations are presented itechdp 8, respectively.
Either the GRI-Mech 3.8 or the GDFkin3.0_NCN1% have been used as background mechanisms.
For the simulation of HCO concentration-time profiles measured during the thdamamposition
of glyoxal, a new glyoxal oxidation mechanism has been developed in ocdiibn with P. Glarborg,
Technical University of Denmark, and P. Marshall, University of Noréxas, (see chapter 8). To
run the Chemkin-Il program and to calculate the reverse rate constarttsetineodynamic data for
all involved species had to be included in form of NASA-polynomials. Thelynamic data have
been adopted from the databases of Goos Btlahind Konnow!2 Additionally, the initial reaction
conditions had to be specified. For the determination of a rate corkgtaistvalue has been changed
during the fitting procedure until the simulated and the measured profile weyeoith agreement.
By using the Senkin routine sensitivity analyses have been perfofh&ensitivity coefficientss
provide informations about how much the resulting simulation was influencdtiebyate constant
of a certain reaction. Sensitivity analyses allows one to design the expésimea way that they
are most sensitive to the rate constant under study. In a sensitivity snidlgsate constants of all
reactions are individually varied by a fac@r(starting witha; = 1)

Ki, varied = & X AT" exp[—Ea.i/RT]| (3.3)

To get comparable values of sensitivity coefficieats, j, t), they were normalized as follows

ol it) = ‘%gaf’t) (3.4)
(i1 1) = 0 (i, ], 1) Cm:‘i(j). (3.5)

Home-written Gnupld2! routines were used for further processing of the experimental and sedula
data. Fitting of analytical functions was performed with the program O¥din.

3.3.2 Quantum chemical calculations

Quantum chemical calculations on the reaction NCNs+#HNCN + H were carried out using the
Gaussian 09 suite of prograrié! Formation enthalpies were calculated on the G4 level of theory
and the transition state of the reaction was located and verified by usinglarsgous transit-guided
guasi-Newton method (QST3 option) and intrinsic reaction coordinate folgpwin

3.4 Synthesis of precursor molecules

HNO, HCO, and NCN are short-lived species and had to be generagadlyliiluring the experiments
by photolysis and/or pyrolysis of precursor molecules. The used m@suare not stable, not com-
mercially available and therefore they were synthesized in the following manne
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3.4.1 Cyanogen azide (NCB) synthesis

CT

molecular
“sieve 3 A

OP s
isopropanol
CO,-ice

mixure

Figure 3.5: Schematic setup of the equipment for the BGkhthesis. DP: Diffusion pump, CT:
Cooling trap, OP: Oil pump, P: Pressure gauge, V: Valve.

The NCN radicals were generated from the 193 nm pyrolysis of N@blecules behind shock waves
according to the reaction sequence:

NCNz+ M — INCN + Np+ M (1)
INCN+M—3NCN + M (2)

The initial thermal decomposition of NGields NCN in its first electronically excited singlet state,
it is converted into the triplet ground state by a collision induced inter systessiag (CIISC) pro-
cesslt817l According to studies of Bock and Dammiél as well as Benard et &2 cyanogen azide
(NCN3) pyrolysis quantitatively yieldSNCN. Since cyanogen azide is known to be a toxic and, es-
pecially in condensed phase, a highly explosive substance, it wasesized in the gas phase by a
variation of a method from Milligan et 8% For safety reasons, no attempt was made to purify ICN
after synthesis. Instead, the reactants were applied in very high puarihe glass apparatus illustrated
in Fig. [3.3, gaseous cyanogen bromide was passed into a 1000 mL flasingoma huge excess of
solid sodium azide.

NaN; (s) + BrCN (g)— NCNs(g) + NaBr (s) 3

About 10 g (150 mmol) of very finely pestled sodium azide were degassextt. at 2x 10~* mbar
overnight to remove impurities of #0 and CQ. Directly before the start of the reaction, 0.25 g
(2.4 mmol, mass before purification) BrCN were also degassett: (2x 10~4 mbar) afT = —-78° C
for about 10 min and were passed through a molecular sieve (3 A) to reH@eThis procedure
was repeated after BrCN was re-sublimated in a second flask. The g@ifN was then evaporated
into the sodium azide containing flask and the flask was closed vacuum tighte@btion mixture
was allowed to stand for 8 h and was carefully shaken every 30 min torgeara complete mixing of
the reactants, which is important for a high yield of N&ZN'he amount of the initially applied BrCN
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was chosen in a way that the resulting partial pressure of N@Mer exceeded 50 mbar (the reported
approximate vapor pressure of Ngt room temperature). Hence, care was taken that the highly
explosive compound would never condense in the reaction flask. Immigdadter the end of the
reaction time, the gaseous reaction product was analyzed by FT-IRagmpy to control the purity.
The described synthesis procedure typically yields N@Npurities of > 97%. NCN decomposes
due to bimolecular reactions slowly forming dimers and polymers. It was dirdittiied with Argon
(X(NCN3) < 0.1%) in a 10 L glass flask and was used within 3 days. The IOk in the mixture
was about 10% per day.

3.4.2 FT-IR spectra of NCN;

The yield of the synthesized NGNvas always checked by FT-IR analysis to detect possible impurities
of H,O, CG, and to determine the fraction of unreacted BrCN. The used spectrometie(BIFS
66V, resolution: 0.25 cmt) has been calibrated using different BrCN concentrations befodeBHn
BrCN absorption av = 2530 cnm? served as an indicator for the quantification of BrCN impurity
when the total pressure in the probe cell was known.

BrCN
0.8 1

0.6 1
NC-N

/ \ 2500 2550 2600
0.4

Absorbance Ig (I0 /D

0.2 Co,

L L

T T T T T T T T T T T
1000 1500 2000 2500 3000 3500 4000

Frequency / cm '

Figure 3.6: IR spectrum of the reaction products of a typical NG\nthesis with a yield of
X(NCN3) ~ 99% measured gt = 2.5 mbar andl = 298 K in a 10 cm long measuring
cell.

Fig.[3.6 shows a typical IR spectrum of a Nedample. Three fundamental vibration bands of NCN
occur in the observed wavelength region, assignment of thegNf@NSsitions is listed in Tab. 3.2 and
was taken from Bak et &2 The spectrum also shows a very weak Q@ak (mole fraction < 0.2%)
but almost no visible signs of 4. The wavelength region around= 2530 cnt! where a BrCN
signal would be expected to be visible in the spectrum is magnified in the inset.sAfrasignal is
detectable corresponding to BrCN impurities well below 1%.
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Table 3.2: Band position for NCNand impurities of the reaction product obtained from synthesis.

NCN3 This work/ cnt Literature data/
cm !

-N3 (sym. str.) 1232-1262 12481

-N3 (asym str.) 2079-2155 2184

-C=N (str.) 2181-2261 2248

Impurities

H,O (sym + asym. str.) 3564-3925 3570-3%50

H,O (bending) 1400-1770 1600-16/28

BrCN (combination band) 2520-2535 2495-2885

CO, (asym. str.) 2313-2367 231%]

For comparison, a second IR spectrum is shown in[Eig. 3.7. Here, adargent of HO and CQ is
present most likely due to a leakage in the synthesis apparatus. Additioreatiietirly visible BrCN
peak, corresponding to a mole fraction-050%, indicates that to much BrCN was used or that the
reaction time was too short. Such a poor result of the synthesis was gotierceFor the kinetic
measurements only mixtures with an N&\Weld of at least 97% have been used.
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Figure 3.7: IR spectrum of an NGNsynthesis with significant amounts of impurities measured at
p= 2.3 mbarandl =298 K in a 10 cm long measuring cell.

3.4.3 Glyoxal synthesis

The glyoxal monomer ((CHQ) has been prepared by dehydration of the trimer dehydrate
((CHO))3 x 2H,0 according to reaction (4).
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HO. _O. _O. _OH o
3 j: j: j: + 2P0, —> 9 )// +  4HpPO, (4)
_
HO™ o Mo oH o

FT-IR analysis showed that this procedure yielded glyoxal monomerswtithe impurities of HO
and CQ.B! One eq. of the trimer was mixed with 3 eq. of phosphoric anhydrid®{Pand some
silica sand. The mixture was slowly heated to a temperatufie-6f155°C i. vac (2x10°2 mbar).
A slight pressure rise indicated the formation of the gaseous reactiongispdvhich were passed
through a first cooling trapl( = 0°C) to remove impurities, for example water. The yellow (CHO)
crystals were re-sublimated in a second cooling tilag-(—78°C). The solid glyoxal crystals could be
stored in liquid nitrogen over a longer time period. When preparing the mixtifiresl — 2% glyoxal

in argon, the first few mbar of sublimating (CHOWere always pumped off. The glyoxal/argon
mixtures were used within a few days because glyoxal tend to form polgntiea¢ deposit on the
walls of the storage tank.
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— Complete re-Analysis of the experimental data considering multiple prodacinels for the
reaction NCN + H and new data fornBs| decomposition

— Discussion on product branching ratio and NCN enthalpy of formation.

— Writing of paper draft.
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4. Direct Measurements of the total rate constant of the reaction NCN + H

Abstract

The overall rate constant of the reaction (2), NCN + H, which plays addeyin prompt-NO formation
in flames, has been directly measured at temperatures 962 K 2425 K behind shock waves. NCN
radicals and H atoms were generated by the thermal decomposition of &lENGHs|, respectively.
NCN concentration-time profiles were measured by sensitive narrovwidits- laser absorption at
a wavelength oA = 329.1302 nm. The obtained rate constants are best represented byrihie co
nation of two Arrhenius expressions/(cm®mol—1s1) = 3.49 x 10'* exp(—33.3 kI mot!/RT) +
1.07 x 103 exp(+10.0 kI mot!/RT), with a small uncertainty of- 20% atT =1600 K and+ 30%
at the upper and lower experimental temperature limits.The two Arrhenius tesically can be at-
tributed to the contributions of reaction channel (2a) yielding CH-aihdd channel (2b) yielding HCN
+ N as the products. A more refined analysis taking into account experiraedttheoretical literature
data provided a consistent rate constant sdtfgiits reverse reactiokys (CH + No — NCN + H), kop
as well as a value for the controversial enthalpy of formation of NGiN 45« = 450 kd/mol. The
analysis verifies the expected strong temperature dependence of tiohibgafractiong = kop/k
with reaction channel (2b) dominating at the experimental high-temperature Immibntrast, reac-
tion (2a) dominates at the low-temperature limit with a possible minor contributioneoHHCN
forming recombination channel (2d) &t<1150 K.

4.1 Introduction

Nitrogen oxides, NO and Nf(NOy), are major atmospheric pollutants formed by different reaction
mechanisms in combustion processes. Especially under fuel rich combemtiditions, the so-called
prompt-NO formation pathway becomes significant. According to Fenifbpeompt-NO formation

is initiated by the reaction of small hydrocarbon radicals with molecular nitréigemthe combustion
air. Although it has been proven both theoreticBlf#! and experimentall}:€! that the key initiation
reaction CH + N yields the spin-allowed products H + NCN,

CHEM) + Na(*=*) — H(®S) + NCNEz), (1a)
instead of the previously assumed spin-forbidden products N + HCN,
CHEM) + No(*Z) — N(*S) + HCNEz ™), (1b)

so far NCN chemistry has only been implemented in two detailed kinetic mechanisonwsribustion
modeling, namely konnov0-6 and GDFkin3.0_NEM! Adopted NCN reaction rate constant parame-
ters are largely based on the theoretical work of the M. C. Lin group wported rate constant values
for the most important bimolecular NCN consumption reactions NCN&440 [?] OH,12% and oth-
ers 1112181 Experimental high-temperature data for NCN reactions are scarcetd\tet early shock
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4. Direct Measurements of the total rate constant of the reaction NCN + H

tube detection of NCN and indirect rate constant measurements of the nel&N + H performed

by Vasudevan et al®l Busch and Olzmann investigated the thermal decomposition of NCN by means
of C-ARAS detection behind shock wavB&1%! All other direct high-temperature measurements are
based on work performed in the Kiel shock tube laboratory operated bye use the thermal de-
composition of cyanogen azide (NGNas a quantitative source of NCN radic&#®. So far, we were

able to report rate constant data for the bimolecular NCN reactions with ®, NO, NG, and its
unimolecular decomposition NCN + M> C + N+ M.[17:18] The purpose of this paper is to provide
the first direct high-temperature measurements of the total rate constaetreaction NCN + H. At
combustion temperatures, the reaction exhibits two main reaction channels:

NCN + H— CH + Ny, (2a)

NCN + H— HCN + N. (2b)

Depending on the reaction conditions, two additional minor reaction chafameisng HNC + N and
HNCN are accessible (see discussion section 4.4). The rate of rea}iand its exact branching
ratio turned out to be crucial factors for modeling the fate of NCN in hyairoon flamed?8:19 On
the one hand reaction (2a) constitutes the reverse of the prompt-NO initiaéiotian (1a) and can be
calculated fronk; 4 via the thermochemical equilibrium constd&tCH + Ny = NCN + H) = kja/koa.
On the other hand the products of reaction (2b) are the same as thetgrofiine formerly assumed
spin-forbidden reaction (1b), which brings the new NCN chemistry badkeald Fenimore NQ
formation route.

Reported rate constant values for reaction NCN + H have been includéukeidrrhenius dia-
gram shown in FiglZl1. An early rate constant estimate of Glarborg 8 adssumed reaction
(2b) to proceeds with a temperature independent rate constant close dolltei®nal rate,kyp =

1 x10* cm®mol~ts~ (upper solid line). Shortly after, the reaction NCN + H has been theoreti-
cally analyzed by Moskaleva and LIfl. As a side note in their paper on the overall rate constant
of the reaction CH + W — NCN + H, but unfortunately without giving much details on the un-
derlying theoretical model, they reported a pressure independentaaséant expression dbp =
1.89 x10Mx exp(—35.3 kJ/mofRT) cm®mol~!s! revealing that the reaction takes place over a siz-
able barrier (lower dash-dotted line). Hence, vikiih = 1.1x 10" cm®mol~1s 1 at T = 1500 K, the
reaction is one order of magnitude slower than the initial estimate. ExperimeNtslygdevan et df!
indirectly determined the rate constant of reaction (2b) in the temperatuge 2378 K< T <
2492 K by measuring absorption-time profiles of NCN in ethapefiiktures behind shock waves
(triangles with error bars). Following fast NCN generation by reactia), the observed slow decays
of the NCN radical concentration profiles were found to be consistentggtalues close to the ones
reported by Moskaleva and Lin.

In an indirect experimental and numerical study of the role of NCN formatidow pressure flames,
Lamoureux et al®! reported the valug, = 2.5 x10' cm®mol~1s1 (dotted line), which was also
adopted for the GDFkin3.0_NCN mechanism. Essentially, this value had hesarcto match the ex-
perimentally measured NCN and NO concentration profiles in methane anteaedtgmes with peak
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flame temperatures @f = 1600 K - 1835 K. Therefore, this reported value is highly dependetti®n
value of the assumed absorption cross section for NCN, which is subjeagtuing discussiofl]
Furthermore, the assumed enthalpy of formation of NCN, ek, = 452 kJ/mol, is a critical
quantity asky, is calculated fronki, via thermochemical equilibrium in their simulations. The crucial
role of NCN thermochemistry for modeling prompt-NO formation in flames has bemamtly high-
lighted in a paper by Goos et BFl They nicely demonstrated that the modeled branching ratio of the
overall reaction (2) heavily depends on the assumed enthalpy of formaidios for NCN. For exam-
ple, by switching the enthalpy of formation from the low valmél5,g « = 444.5 kd/mol (representative
for theoretical estimates based on single-reference computdtb#ijo the high value 466.5 kJ/mol
(experimental result based on photodissociation experimé&htspth the simulated NCN peak mole
fraction and final NO yield varied by a factor of about 3 for a fuel riclhHpressure CktO»-N> flame.

In view of this large variation it becomes clear that also the indikggvalue of Lamoureux et al. is
uncertain.
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Figure 4.1: Experimental and theoretical literature rate constant datadaed#ttion NCN + H in
comparison with the results of this work. Estimate of Glarborg &% shock tube data
of Vasudevan et. df!, flame data of Lamoureux et &, and theoretical predictions
of Teng et al¥l and Moskaleva and Li# are illustrated as outlined in the legend. The
squares depict the experimental data of this work; the shaded areaeghitksolid curve
correspond to the range of uncertainty and a fit of the experimentalrdatsectively.

Very recently the M.C. Lin grouf! updated their theoretical prediction of the rate constants of the re-
actions CH + N and NCN + H based ori)(high-levelab initio calculation (CCSD(T) with complete
basis set limit) of the underlying quartet and doublet potential energaesfandii) by correct-

42



4. Direct Measurements of the total rate constant of the reaction NCN + H

ing a previous coding error in a program used in their original papb&om the year 2000. Teng
et all®l clearly showed that reaction (2b) is a spin-allowed process predomirtakthyg place on
a quartet surface, in contrast to reaction (2a) taking place only on lbletosurface. In compar-
ison with their previous work, they now recommend the rate expredsipr: 4.96 x1012x 7041

x exp(—22.8 kJ/mofRT) cmPmol~1s~yielding 20% to 40% highekay values at temperatures from
1500 K to 2000 K (upper dash-dotted line in Hig.l4.1). Another important fqhdias that an alterna-
tive reaction channel yielding HNC + N is minor and that the recombinatioricgagielding HNCN,
which dominates at room temperature, contributes to less than 5% at comlnedticemt tempera-
tures of T > 1000 K at 1 bar total pressure. Remarkably high total rate constansvaitlea shallow
minimum ofk, ~ 1.3 x 10 cm®mol~'s~1 at T = 3180 K have been reported in their work as well
(long-dashed curve), which we consider unfeasible. As it turns diiisnvork, the recommendation
of Teng et al. for reaction channel (2a) alone is already up to 6 timestginert-dashed curve) than
our experimentally determined total rate constanisee also Discussion Section 4.4).

From this short overview of existing literature data we conclude that a kelrabdeling of NCN
chemistry in flames is not possible so far. Clearly, experimental data oné¢heorastant of the reaction
NCN + H are needed to constrain the rate constant uncertainties and tecaduarent prompt-NO
formation models.

4.2 Experimental
4.2.1 Shock tube apparatus

All experiments were carried out in an electropolished stainless stedt sliioe with inner diameter
of 81 mm. A more detailed description can be found elsewH&tdBriefly, hydrogen or mixtures
of hydrogen and nitrogen were used as driver gas; diaphragmsmaate from 80 or 10Qum thick
aluminum foil. The experimental conditions behind the incident and refle¢ttedkswaves were
calculated from pre-shock conditions and the shock wave velocity, whiéshmeasured by four fast
piezo-electric sensors (PCB Piezotronics M113A21). A frozen-cligmiede was applied taking
into account real gas effects and the measured shock wave dampiich, wds on the order of 1%
per meter. Storage gas mixtures of 500-750 ppm hl@m 1000 ppm gHsl in argon were prepared
using the partial pressure method and were further diluted with argon oalilgated mass flow
controllers (Aera, FC-7700CU). The low pressure section of thekstulie was flushed for about 5
min atp ~ 30 mbar to reduce possible adsorption effects on the shock tube wall.

4.2.2 NCN precursor
The thermal decomposition of cyanogen azide (NN
NCNz+ M — INCN + No+ M (3)
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has been used as a quantitative source of NCN rad®%48. It was shown in previous publica-
tionsl18:28] that the thermal decomposition initially yields NCN in its first electronically excited
singlet state. Under the experimental conditions applied in this work with totaitiEs p >

2 x 10~® mol/cn?® and temperatureB > 962 K, the subsequent collision induced intersystem crossing
(CIISC) is rate limiting for triplet NCN formation according to

INCN +M = 3NCN + M (4)

The CIISC efficiency is strongly dependent on the nature of the collidegals a non-linear pressure
dependence due to a pressure saturation effect, and increases wetising temperaturié®:28l |n
order to accurately model the initial formation rate3fCN (denoted NCN in the following), the
CIISC rate constant has been allowed to vary within the error limit reposté@ainmeier et al28!

The highly toxic and explosive precursor molecule NCGids been directly synthesized using a pro-
cedure described previousk?:2% Briefly, a small amount of gaseous cyanogen bromide (BrCN,
~20 mbar) was passed into an evacuated 1 L glass flask containing a roegs @t solid sodium
azide (NaN). After a 8 - 10 h reaction time, the gaseous products were analyzed IR/ $pec-
troscopy. Almost no water and carbon dioxide@.01%), which serves as an indicator for a potential
gas leak, were present in the reaction samples and the impurities of remaiairggen bromide were
well below 4%, in some cases 0.1%. A slow decomposition of about 10% Nglger day took
place in the storage flask, therefore mixtures were used up within 3 dagarae initial NCN mole
fraction in the actual reaction mixtures were determined by modeling the maximuxhyWId in

the experiments and were found to be consistent with the expected Sl@itent in the storage gas
mixtures in all cases.

4.2.3 H precursor

Hydrogen atoms were generated by the thermal unimolecular decomposigtinybfodide (GHsl).
Under typical experimental conditions behind shock waves, the rea@imheassumed to take place
close to the high pressure lif#t and exhibits two main reaction channels:

CoHsl — CoHs+ | (5a)

CoHsgl — CoHy+ HI (5b)

H atom formation proceeds through the fast subsequent decompositiom ethyl radical,

CoHs+ M — CoHg+ H + M. (6)

Although ethyl iodide has been widely used as an H atom precursor, eoghtly the assumed ab-
solute values and temperature dependences of the H atom yield wertaimaad often represented
the most significant source of error in such studies. Selected valueparted branching ratiop =
ksa/ (ksa+ ksp) are collected in Fid. 4]12. The most frequently used valug f0.87+ 0.11 is based
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on direct H and | atom resonance absorption spectroscopic (ARASurezaents performed by Ku-
maran et al®2! at temperatures of 946 K T < 1303 K. Also based on ARAS experiments, Herzler
and RotH3! reported a coinciding value, Yamamori et used lower values ap < 0.78 at overall
higher temperatures, Miyoshi et B? determined a higher value @f = (0.92+0.06), and Giri et
al.[38] assumedp = 1 by considering the hydrogen forming pathway only. Recently, Weber,E¢]
Yang and Trantel8l and Bentz et al®¥! revisited the ethyl iodide pyrolysis. Whereas Yang and Tran-
ter found excellent agreement with their laser-schlieren densitometrk shbe measurements by
assumingp = 0.87, Weber et al. report a significantly lower value@# (0.7 +0.1) from a mass
spectrometric investigation of the flash pyrolysis of ethyl iodide. Howé&eniz et al. could show by

a combination of H- and I-ARAS measurements and statistical rate calculatianthéhabstraction
reaction H + GHsl — CyHs+ HI, which had been neglected in former studies, needs to be taken into
account for an accurate analysis of the branching ratio. Their expatiaheata, together with other
available literature data, have been very recently reanalyzed by Viea$)&® in a follow-up publica-
tion using a new global optimization method developed by Tur&3yThe simultaneous optimization

of the rate constant expressions of all relevant reactions yieldedsedeoably temperature dependent
branching ratio decreasing frop{T = 962 K) = 0.96 to@(T = 2450 K) = 0.71 over the temperature
range of this study. A very low @& uncertainty level 0f+0.035 has been specified by Varga et al.
at a temperature of = 1200 K. As can be seen in Fig._#.2 the recommended branching ratios are
consistent with most of the previous literature data. We consider thedtsneslie most reliable and
therefore adopted the ethyl iodide decomposition mechanism as repoftaadayet al. It is included

in the list of reactions in Table4.1.
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Figure 4.2: Selected literature values for the branching ratd the thermal decomposition of ethyl
iodide yielding GHs + | (channel 5a) and §£44 + HI (channel 5b), respectively. H
and/or | atom resonance absorption measurements: Kumarar£étghmamori et al (24!
Miyoshi et al.[33! Herzler and RotH23] Giri et al.,*€ and Bentz et all®®! laser schlieren
technique: Yang and Trant&¥] mass spectrometry: Weber et B} global optimization:
Varga et al®ll The gray area represents the assumed uncertainty ranged6f
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We have recommended the use of a different expression with opposite sgmpeatependence gf

in a previous paper dating back to the year 268PThat recommendation was based on a theoretical
treatment of the unimolecular decomposition of ethyl iodide with barrier heigkes tom the paper

of Kumaran et al. Then, the energy barrigy of the | atom forming C-I bond fission channel (5a)
was assumed to be about 15 kJ/mol higher than of the HI elimination charbjel Kowever, the
recent accurate CCSD(T) ab initio data of Bentz éB3Ishowed that both barriers are more or less
energetically equal, which is more consistent with the reported decregswiti increasing temper-
ature. For a more detailed treatment of the unimolecular decomposition reaafialky! iodides in

the framewaork of statistical rate theories we refer to the work of Kumarath ,a¥liyoshi et al., and
Bentz et all32:35.39]

Table 4.1: Rate constant parameters for important NCN reactions and yh@ditle submechanism.
Rate constants are given in termsef AT" exp(—Ea/RT) in units of cn?, mol~2, s~ and
kJ. The listed rate constants for NCN (representiN@N) reactions have been duplicated
for INCN to approximately take into accoutMCN secondary chemistry. In addition to the
reactions listed here, the GRI-Mech 3.0 has been used as base meéﬁéeispplemented
by iodine chemistry adopted from our previous wdK.

No. Reaction A n E Ref.
3 NCN; = INCN + N, 4.9x10° 71 28]
4 INCN — NCN 2.0x10° 31 28]
2 NCN + H— products see text
2a NCN +H= CH + Ny 4.2x101 —0.69 2.0 this worRk
2b NCN + H=HCN + N 7.9x 1012 0.41 22.8 this work
7 NCN + M= C + Ny+ M 8.9x 10 260 a7
8 NCN+NCN=CN+CN + N, 3.7x1012 a7
9 NCN+C= CN+CN 1.0<10 17
10 NCN + N= N, + CN 1.0x1013 e
11 NCN + CN= C,N, + N 1.3x10 335 2]
11 NCN + CH= HCN + CN 3.2<1018 -3.6 e
13 NCN + CH = H,CN + CN 8.0x10'3 26.9 e
5a GHsl = CoHs + | 3.4x1013 203 (31]
5b GoHsl = CoHy + HI 4.7x10'3 226 (311
6 CHs+M = CoHs +H+ M 1.0x10'8 140 (31
14 GoHsl + H = CyHs + HI 1.0x 10 21.6 (31
15 GHsl +1 = CoHs + I, 4.0x 1013 69.9 (43]
16a GHs + H = CHz + CHs 4.2x1013 (44]
16b GHs + H = CyHa + Hy 1.2x10%2 (43]
17 H+Hl=H;,+I 6.6x 1013 4.1 (311

a Rate expression of Teng etdl.scaled by a factor of 1.6.
b Assuming AtH3gg ((NCN) = 450 kJ/mol; this corresponds tRya(CH + Ny — NCN + H) = 2.3 x1010xT053x
exp(—71.2 kI/mofRT).

4.2.4 NCN detection

Triplet NCN radicals were detected by time-resolved difference amplificéiser absorption spec-
troscopy at = 30383.11 cm? (A = 329.1302 nm). The absorption feature at this wavelength mainly
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stems from a superposition of tAB; sub band of th&gl'lu(OOO) - )N(gzg(OOO) and the Q band head

of the 3+(010) — 3M(010) transition2t) About 1 mW UV laser radiation was generated by intra-
cavity frequency doubling of a continuous-wave ring-dye laser (@otte899) with DCM-Special as
dye pumped with a solid state Nd:Y\/@aser using 8 W ah = 532 nm (Coherent Verdi V10). The
wavelength of the laser fundamental was measured interferometrically avenveter (MetroLux)
with an accuracy of\U ~ +0.015 cnt. The UV laser beam was split into a detection and a refer-
ence beam by a (50:50) beam splitter plate. The detection beam was passegh the shock tube
and coupled into an optical fiber (Thorlabs BF H22-550) connected tdaambed photodetector and
amplifier (Thorlabs PDB 150A-EC). The intensity of the reference lasanbwas fine-tuned by a
variable neutral density filter to match the intensity of the detection beam. Tukimgsdifference
signals were low-pass-filtered (1.4 MHz), amplified (Ortec Fast Prearip,938 dB), and stored
by an analog input board (Measurement Computing, PCI-DAS40200LR|F2z, 12 bit). The NCN
concentration-time profiles were calculated from the detected absorpofitepihased on NCN ab-
sorption cross sections I¢g (base ¢/(cn?mol 1)) = 8.9—8.3x 1074 x T /K previously measured
with an accuracy of- 25% using the same apparatus at similar temperatures and pre$&ures.

Table 4.2: Experimental conditions and results.

T/ px10°/ x(NCN3) x(CoHsl) kox107%3/ | T/ px10°/ X(NCN3) X(CoHsl) ko x 1013/
K molcm2  ppm ppm  cmmol s 1| K molcm3  ppm ppm  cmmol1s1
1186 3.78 7.4 75 3.3 962 3.52 3.8 185 4.5
1714 3.43 19.0 72 6.1 1000 3.57 4.0 185 4.4
1720 3.43 21.0 72 55 1192 3.77 4.6 185 35
1813 3.46 21.8 72 5.8 1230 3.80 5.2 185 3.8
1870 3.46 22.8 72 6.5 1552 4.03 9.5 185 5.0
1936 4.20 9.0 76 7.2 1747 3.44 27.5 184 6.0
1991 351 27.8 72 6.8
2070 3.54 235 72 7.2 1482 3.99 5.0 299 4.6
2227 3.57 25.0 72 7.2 1509 4.01 3.0 104 4.4
2242 3.55 26.0 72 7.9 1578 3.37 24.5 712 5.3
2425 2.89 28.0 72 8.5 1714 341 23.7 40 6.2
1774 3.31 31.0 363 6.2
996 3.56 7.0 138 4.5 1988 211 11.9 155 6.4
1013 3.59 4.6 137 3.8
1023 3.60 6.9 138 4.0 983 7.10 7.0 138 4.6
1101 3.69 3.2 137 3.8 993 7.13 6.5 138 4.5
1113 3.70 53 138 4.2 1059 7.25 5.8 138 4.0
1151 3.73 85 136 3.6 1119 7.41 6.4 138 3.9
1217 3.80 12.5 138 4.1 1153 7.48 6.5 138 4.8
1314 3.88 4.0 137 3.9 1646 7.19 4.0 185 55
1413 3.95 6.3 136 4.0 1760 7.43 7.4 138 5.7
1416 3.94 4.6 137 4.7 1805 7.50 3.9 137 5.9
1576 4.05 6.3 136 4.7
1688 341 16.4 131 5.2 1713 14.7 5.0 138 5.4
1735 14.8 5.0 138 55
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4.3 Results

The reaction of NCN radicals with hydrogen atoms has been investigateailietident and reflected
shock waves in the temperature and pressure ranges 982Tk< 2425 K and 290 mbak p <
2130 mbar, respectively, at three different total densitiep of 3.5x 1078, 7.4x 1078, and 1.5x
10> mol/cn®. Reaction gas mixtures contained 72-363 ppm ethyl iodide and 3-31 ppy NC
argon. In most cases, a large excess of ethyl iodide wigH§Qo/[NCN3]o ratios up to 60 was
applied, hence the hydrogen atom was used as the excess speciesmERfal conditions are listed
in Table[4.2.

20
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Figure 4.3: (a) Experimental NCN profile in comparison with numerical simulatidn= 1720 K,
p = 3.43x10°% mol/cnm?, p = 490 mbarx(NCN3) = 21 ppmx(CoHsl) = 72 ppmky =
5.5 x 10" cm®mol~1s™1. (b) Sensitivity analysis.

Fig.[43a illustrates a typical experiment behind the incident shock waveeatgeraturd = 1720 K
and a total densitp = 3.43 x 10~® mol/cn?® with initial mole fractions ofx(NCN3z) = 21 ppm and
X(CoHsl) = 72 ppm. After the arrival of the incident shock wave, the NCN signaleases within
20 us. Obviously, both the thermal decomposition of N&ahd the singlet-triplet relaxation of NCN
are fast. The subsequent NCN decay is well resolved and is more ardegdete at the end of the
experimental time window set by the Schlieren signal of the reflected shawk at =460 us.

In order to extract rate constants for reaction (2), NCN +Hbroducts, the NCN profiles were numer-
ically simulated using the CHEMKIN-II packad®! The GRI-Mech 3.0 was used as a base mech-
anism*2l supplemented by an iodine submechanism adopted from our previou&#arkd the re-
actions outlined in Table4.1. The mechanism for NCN secondary chemisgyagssembled from
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literature data, in particular from our previous measurements that havevhéedated to reproduce
NCN concentration-time profiles of pure N@fdrgon mixtures over a wide range of experimental
conditions. The ethyl iodide decomposition has been modeled by includingdtkatly optimized
submechanism reported by Varga et®l.(vide supra). In order to identify potential contributions of
INCN secondary chemistry, all triplet NCN reactions have been duplicatesiifglet NCN. Although
this treatment neglects the presumably diffef®EN reactivity, it can be safely assumed thBICN
secondary chemistry is dominated by its relaxation reaction forming triplet N@Nnvthe first few
us of the experiments. Thermodynamic data were taken from Burcat’s thgnamic databasé’!
with updated NASA polynomial parameters for NCN from Goos é#4INote that the assumed value
for the enthalpy of formation of NCN, although of utmost importance for theudision of the branch-
ing ratio of reaction (2) (vide infra), is not important for the determinatiotheftotal rate constant
from the experimental profiles.

The solid curve in Fig._4]3a reflects the best fit of the data ukiras an adjustable parameter. Two
additional simulations using, varied by a factor of two (dashed curves) are shown as well. They
deviate strongly from the experimental profile demonstrating the high setysafueaction (2). As-
suming either the products of reaction channel (2a), ChdNreaction channel (2b), HCN + N, did
not change the extractdg value within error limits. The high sensitivity of reaction (2) is further out-
lined in the sensitivity analysis shown in Fig. 4.3b. Here, the sensitivity ct&ftio(i,t) for reaction

i at timet was normalized with respect to the maximum concentrgPiN|max Over the time history,
o(i,t) = 1/[NCN]maxx (8[NCN]/dInk;). For the analysis, a branching ratio@f= kyp/k, = 0.5 has
been assumed. Following the initial increase of the signal, which is determjrtbd BICN relaxation
reaction (4), reaction (2) dominates the NCN decay. The relatively higitsaty coefficients for
reactions (5a) and (5b) directly reflect the influence of the branclaitig of reaction (5) and hence
the assumed H atom yield from ethyl iodide pyrolysis. Presuming that thisluraqratio is accurate,
the sensitivity analysis reveals that the rate constant of reaction (2) bewitectly measured under
nearly pseudo first-order conditions.

Whereas the highest feasible experimental temperature was limited by thesingtg fast thermal de-
composition of NCN, towards lower temperatures non-NCN secondaryistrg becomes significant
as well. This is illustrated by th& = 1150 K experiment and sensitivity analysis shown in Eigl 4.4.
Both reaction (14), H + gHsl, and the assumed products of reaction (2) become important. Assuming
the products of channel (2a), HCN + N, at longer reaction times the readtio NCN significantly
consumes NCN. Similarly, assuming the products of channel (2b), CH, thi reaction C + NCN
gains importance. Here, C atoms are efficiently generated by the reactiesnHCH C + Hp. Con-
sistent with the expected diminishing role of the activation controlled cha2bgl $omewhat better
agreement with the experiment is obtained by assuming channel (2a). velpwas the remaining
differences between simulation and experiment could not be clearly atttitigespecific secondary
reaction, no attempt was made to further improve the simulation at longer reistem Instead, the
rate of reaction (2) was extracted from the NCN decay by fitting the trainafeshort reaction times
where secondary chemistry did not yet exert a significant influence.

All measured rate constanks are listed in Tabl€ 412 and are shown in Arrhenius form in Eig. 4.5.
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Figure 4.4: (a) Experimental NCN profile in comparison with numerical simulatidh= 1150 K,
p = 7.48x 1078 mol/cn®, p = 720 mbarx(NCN3z) = 6.5 ppm,x(CoHsl) = 138 ppm,
ko = 4.8 x10'3 cm®mol~1s~1. (b) Sensitivity analysis.
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Figure 4.5: Arrhenius plot fok; measured at three different total densities. The solid curve corre-
sponds to a fit of the data using a sum of two Arrhenius expressionsgddises). The
gray area represents the uncertainty range based on a comprerensianalysis.
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Overall, the rate constants follow the same trend independent of total dévesityd by a factor of
4) and mixture composition (varied within7l< [CoHsl]o/[NCN3]o < 60). The data reveal a shal-
low minimum at temperatures around 1050-1200 K indicating that at least setige channels are
active, presumably channels (2a) and (2b) with (2b) becoming more inmptot@ards higher temper-
atures. Accordingly, in the temperature range 962 K < 2425 K the total rate constant can be best
represented by the sum of two Arrhenius expressions,

ko/(cmmol~1s71) =
3.49x 10" exp(—33.3 kJ mol'*/RT)+
1.07 x 10"3exp(+10.0 kJ mol!/RT), (1

depicted as the solid curve in Fig. #.5. The two single Arrhenius terms arstad®m as dashed lines
and can be roughly interpreted to represent the contributions of ch@m)éfirst term) and channel
(2a) (second term). A more refined analysis of the overall rate constihbe presented below.

An error analysis has to take into account uncertainties resulting fronsdltte sof the dataif6%), the
mixture composition (in particular the initial ethyl iodide mole fractiet8%o), the channel branching
ratio of the ethyl iodide decomposition (estimated from Eigl. 4.2 te&-B%6), the NCN absorption cross
section (=25%, resulting in a 3% uncertainty k3), and the secondary chemistry. In the middle of
the investigated temperature range~ 1600 K), a direct pseudo first-order evaluation was possible
and hence errors from secondary chemistry are minor. Neverthelessow for a 10% error due

to a possibly large uncertainty of the rate constant of the reaction (100N N®, which has not
been directly measured so far. Increasing its rate constant frerh0d® crPmol~t s~ to 1 x 104
cmPmol~! s~ would make this reaction sensitive because N atoms are formed in reactjoan@b
hence slightly too highk, values would have been determined by our analysis. Taking into account
partial error compensation, we estimate the overall uncertainkg &6 be + 20% atT = 1600 K,
increasing tat 30% due to higher uncertainties resulting from secondary chemistry aedibleyed
ethyl iodide branching ratio at the high and low temperature limit of the expetsmArcorresponding
uncertainty range is indicated by the gray shaded area il Fig. 4.5.

4.4 Discussion

The obtained total rate constant expressiorkjas compared with selected literature values and fur-
ther analyzed in order to derive a consistent set of rate constantsefowthmain high-temperature
reaction channels (2a) and (2b) as well as the NCN enthalpy of formaiidfy;  (AH in the follow-
ing) in Fig.[Z8. As it was shown by the high lea) initio calculations of Teng et al?! from the four
feasible reaction channels
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Figure 4.6: Analysis of total rate constant data in term&:bf;55 ((NCN) (AH in the following). The
squares, the corresponding solid curves, and the shaded areastheflexperimental data
for ko of this work and their uncertainty limitsUpper plot a Analysis with respect to
channel (2a). The upper dotted curve depicts the original exprefsiégs, adopted from
Teng et al 2l the lower dotted curve a re-evaluation of their data usiHg= 458 kJ/mol.
The dashed curves refldet, = kia/K with ki4 from Harding et al2! derived for different
AH values using Eq. (l1). For the lower solid curve, Eq. (II) was scaled tactor of 0.65.
Lower plot b Analysis with respect to channel (2b). Triangles with error bars aad th
dotted line reflect the experimental and theoretical data reported by &fsudt al®! and
Teng et all¥l respectively. The dashed curves depigt= k> — ko expressions obtained
from the ky values of this work andky, derived from Harding et al.; case Xk x 1.0,
kiax 1.0, AH = 440 kJ/mol; case 2k, x 1.0, kj5 x 0.65, AH = 450 kJ/mol. The lower
solid curve reflects the recommendeg expression, which is equal to the Teng et4l.
expression scaled by a factor of 1.6. The dash-dotted curve con@spok, = koa+ kop
using the two recommended rate expressions.
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SNCN +2H — 2CH + Ny, (2a)
ITHCN +4N, (2b)
THNC +4N, (2¢c)
2HNCN, (2d)

reaction channel (2c) yielding HNC + N exhibits high activation barrietsdoes not play a role. The
recombination channel (2d), which dominates at room temperature antigbrpressures, becomes
less important with increasing temperature and can be expected to be of mirwtange at com-
bustion relevant temperatur&s> 1000 K as well. At a typical total pressure pt= 0.5 bar used in
this work, the theoretical predictions of Teng eflrange channel (2d) to contribute about 1.2% at
1000 K and 3.8% at = 800 K to the overall reaction. Due to the inconsistencies in that paper (vide
infra) these number should be interpreted with caution, however, the ordeagnitude reveals that
this channel starts to play a role at the lowest experimental temperaturas sfuitly. Nevertheless,
as a good starting point, we limit our analysis of #aedata to channels (2a) and (2b) in the follow-
ing. Regarding the potential energy surface for reaction (2) frong Bial.[4l channel (2a) proceeds
on the doublet surface over the formation of an HNCN complex and is seppt have a slightly
negative temperature dependence. In contrast, channel (2b) exhiitall activation barrier and
predominantly proceeds on a quartet surface. The kinetic calculatianseaisal that both reaction
channels are important at combustion temperatures.

Analysis method a: In Fig.[4.8a, the upper dotted curve depicts the calculated rate exprémsken
from Teng et al¥] The very high rate constant values keg as well as the very high total rate constants
ko (dashed curve included in Fig._4.1) are unreasonable. Compared éxmenimentally determined
total rate constant values, the expression yields up to 6 times higher rate derfstachannel (2a)
already. Moreover, there seems to be an inconsistency in the repdgednatants for the equilibrium
CH+ N, = NCN +H in the paper of Teng et al. Using their values for the rate consfatiteo
forward reaction (1a) and their preferred value for the enthalpy mh&bion,AH = 458 kJ/mol, we
calculate reverse rate constakgs. Thermodynamic data for CH,\NH, and NCN were taken from
Burcat's databas®! with updated heat capacity data for NCN from Goos ef28l.where 7-term
NASA polynomial parameteas has been scaled to adjusH(NCN). Obtainedkyp, values are 2-3
times lower than reported by Teng et al. (lower dotted curve in[Eig). 4.6a)th&nindication that the
reported rate constants may be flawed comes from the reported totalmatardovalues; for example,
the recommended room temperature vatpe: 7 x 10 cm®mol~!s1 is higher than the Lennard-
Jones collision limit ok_; ~ (3.5 - 5.5) x 10 cm®mol~s~1, which can be estimated based on the
Lennard-Jones parameters reported in the literature (parameterd¥#43%_(2.00 - 326) A and
g/kg = (2.7 - 145 K; parameters for NCN¥€lg = 3.83 A ande /kg = 232 K).

To the best of our knowledge, no other experimental or theoretical ¥&ud,, have been reported
explicitly in the literature yet. Therefore, we continue our analysis by calaglé,; values form the
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reverse reactiokiy, which has been thoroughly studied both experimentally and theoreticalty. Fo
an overview of available literature data we refer to the work of Hardind, € aho performed high-
level ab initio and transition state theory calculations on the reaction CH tidihg multi-reference
electronic structure methods. Using their recommended value of the entHdipymation, AH =
459 kJ/mol, the theoretical prediction was found to be in quantitative agréewtbrthe most recent
shock tube data of Vasudevan et@lover the temperature range 2100<KT < 3350 K. At these
high temperatures, the predicted rate constant is less dependent osuimedwvalue oAH. Towards
lower temperatures and in the practically important temperature range of-12@00 K, however, an
accurate enthalpy of formation is crucial. In an Arrhenius plot, Hardirad. 8t present their results of
temperature dependent calculations of the rate constant of reacticesgLafing different values for
the enthalpy of formation of NCN (Fig. 13 in their paper). For example, it sfemvn that changing
AH by +8 kJ/mol yields a factor of 1.6 higher8 kJ/mol) or 1.9 lower 48 kJ/mol)ki4 value atT =
1000 K. In order to take this pronounced thermodynamic effect into atdowur analysis and to
derive rate constant estimates kag = ki5/K as function of the assumed NCN enthalpy of formation,
we reparameterized the original data of Harding et al. and used thessiqre

kea/(cPmol s 1) = (2745-0556) (T/K)(73124+0.0706<) « (712 kJ mol1/RT) (1)

with X = AfH395 (NCN) in kJ/mol. Eq. (Il) provides a stable fit of the rate constant dataatiig

et al. and yields a reasonable extrapolation to somewhat higher and ApiWgy; ((NCN) values.
Representative literature values of the enthalpy of formation span the fiamg 444.5 kJ/mol (single-
reference computatiorn$§-23lto 459 kd/mol (high-level basis set extrapolation or multi-reference com-
putations)®#! for theoretical and from 451.8 kJ/mol (electron affinity of NG to 466.5 kJ/mol
(NCN photodissociatior3¥ for experimental literature data. The resultig expressions are shown
as dashed curves in FIg. #.6a. They reveal a weak and negative tdompetependence of the reaction
NCN + H— CH + N, with the absolute rate constant values basically offset by the assumetpgntha
of formation of NCN. Clearly, the higher enthalpies of formation yield unfdak,, values that are
up to a factor of 2.4 higher than the total rate constant measured in this wesskiming thati) the
branching fractiorkea/kz = 1 aroundT = 1000 K, (ii) k1, from Harding et al. is correct, an(i)

ko is at the upper limit of the uncertainty range of our experimental data (+38fo)ipper limit of
AH < 454 kJ/mol can be estimated from this analysis.

Analysis method b: A second analysis of our data focusing on the rate constant of chétin)ak
shown in Fig[ZBb. The indirect experimental data of Vasudevan &t @tiangles with error bars)
and the most recent theoretical estimate of Teng Bl &flotted curve) are shown as well. In the light
of the negative temperature dependence of channel (2a) it becoraethelethe experimentally deter-
mined positive temperature dependenclkydbwards higher temperatures arises from the increasingly
dominant activation controlled channel (2b). Moreover, the high temyeractivation energi, =

33 kJ/mol estimated from the two channel fit of our experimental data (sed.Bignd Eq. (1)) is in
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very good agreement with the theoretically predicted activation energi@s lka¥/mol and 28 kJ/mol
reported by the M.C. Lin grodp¥ (see Figsi 4]1 arld 4.6b). Hence, we consider the activation en-
ergy of reaction channel (2b) a well-constrained quantity with a predevalue ofE; ~ 28 kJ/mol
adopted from the most receab initio study Having the temperature dependencégffixed, it is
possible to arrive at a consistent value for the enthalpy of formatione, A&t has been choosen in

a way such that the rate constant expressiorkipre= ko — koa, with ko values taken from Eq. (1) of
this work andky; values calculated via thermodynamic equilibrium from kipgexpression Eq. (11),
yields a temperature dependence that is consistent with 28 kJ/mol. A matrigrofeaiate enthalpy of
formations withk, andk; 5 varied within their uncertainty limits is given in Taljle ¥.3. Here, uncertain-
ties ofko+ 30% as obtained in this work and,+ 35% as reported for the experimental shock tube
results of Vasudevan et &l (which are in turn consistent with the, expression of Harding et al.)
have been assumed. Tablel4.3 reveals a large range of possible ewthfaipyations, 423 kJ/mol

< AH < 456 kJ/mol. Nevertheless, two conclusions can be drawn from this andhjsi increasing

kia yields unfeasible enthalpy values that are even well below the results sinle-reference com-
putations (about 444.5 kJ/mol), which can be regarded a reasonablelimitdor AH. Even with

kia unchanged, the highest value of 445 kJ/mol would be close to this limit. Slyctmelupper limit

of 456 kJ/mol, corresponding to a scenario wWith- 30% andkis— 35%, is in agreement with the
upper limit of 454 kJ/mol inferred from analysis method a. Therefore, il éxperimental value

of Bise et a4l (466.5+ 2.9 kJ/mol), the results of the high-level basis set extrapolation and muilti-
reference computations (about 459 kJ/mdf, and the most recent recommendation of the Active
Thermochemical Tables as cited in Goos €241(457.8+ 2) are hardly compatible with this work.

Resultingkop, expressions are illustrated in FIg. 4.6b for two selected cases. Cassubiag that
bothk, andk;, exhibit values as given by Eqgs. (I) and (11), yiellsl = 440 kJ/mol. Case 2, assuming

ko from Eq. (1) andk;, from Eq. (Il) scaled by a factor of 0.65, yieldsH = 450 kJ/mol. For all
other cases outlined in Taldle ¥.3, similay, curves have been obtained, of course somewhat offset
for different assumed;, values (not shown). It is obvious from Fig.#.6b that the calcul&tgd
expressions deviate from linearity at temperatures below 1250 K. Witledsiag temperatures and
hence a decreasing contribution lgf, the analysis procedure gets less reliable, hence, part of this
deviation may be attributed to inaccuracies of the analysis method itself. Houtenay also indicate

the onset of the low temperature reaction channel (2d), which has legégcted in the analysis. In
this sense, the increaselof, at low temperatures would simply arise from the neglected contributions
of this channel.

Table 4.3: Feasible values 6§H5y5 «(NCN) for different combinations oki, andk; values. The
reported enthalpy values in kJ/mol yield activation energigs, ~ 28 kJ/mol for reaction
channel (2a) that are consistent with the corresponding theoretizahés of Teng et all

AtH3gg <(NCN) | ko+30% ky  ko—30%
k1at+35% 436 430 423
Kia 445 440 432
K1a—35% 456 450 443

Overall, relying on the diredt, determination of this work, an enthalpy value of 450 kJ/mol is most
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consistent with both the enthalpy limits set by the single-reference computatidnsua analysis,
444.5 kd/mol< AfH54g «(NCN) < 454 kJd/mol, the experimental and theoretical valueskigfrom
Vasudevan et df] and Harding et all®! the activation energy of reaction channel (2b) reported by
Teng et al¥l and the indirect shock tube measurementgigfrom Vasudevan et af! This enthalpy
value is also in very good agreement with the experimental electron affinitgureraents of Clif-
ford et all®! (451.8+ 16.7 kJ/mol) that has been, for example, used in the GDFkin3.0_NCN flame
modeling mechanism as we#.

UsingAH = 450 kJ/mol, the recommended rate constant expressioksftis,, andko, are as follows:
Compatible with the lower experimental uncertainty limit of Vasudevan ekglis set to 0.65 times
the values of Harding et al. (Eq. (I1)):

kia/(cmPmol 1s71) = 2.3 x 1019 (T/K) %3 x exp(—71.2 kJ/mo}RT)

Using the updated NASA polynomial parameters for NCN from Goos &a(scaled toAH =
450 kJ/mol), this corresponds to a reverse reaction rate corstaoft

koo/(cmmol~1s71) = 4.2 x 101 (T/K) ~959 x exp(—2.0 kJ/mol/RT)

Adopting the temperature dependence of Teng et al., their rate exprésserommended fokop
adjusted by a factor of 1.6 to fit the case 2 data in[Eig. 4.6b:

kop/(cmmol~1s™1) = 7.94 % 1012 (T/K) %4 x exp(—22.8 kJ/mo}RT)

This expression is also compatible with the upper limit of the indirect shock tulasumements of
Vasudevan et df!

Finally, the sum oky, andkzy is shown in Fig[4Jkb as dash-dotted curve. It is in close agreement
with the ky rate expression given by Eqg. (l), except at the lowest temperaturesevchannekoq
presumably starts to play a role. The recommended rate expressiep torresponds to a branching
ratio ¢ = kop/ ko that increases fromp = 0.21 atT = 1000 K togp = 0.74 atT = 2500 K. Hence, in the
temperature range relevant for flame modeling, channel switching bethaeamel (2a) dominating

at low temperatures and channel (2b) dominating at high temperatureptakes

4.5 Concluding Remarks

The overall rate constant of the reaction NCN + H has been directly mexhatiremperatures between
962 K and 2425 K behind shock waves using the thermal decomposition bi; d@d GHsl as
suitable precursors for NCN radicals and H atoms, respectively. Aeceaidve error analysis revealed
that comparatively narrow error limits af20% atT = 1600 K, increasing tat30% at the upper
and lower temperature limits of the measurements, could be achieved. A maimrses from the
possibly large uncertainty of the potentially important secondary reactmn{ICN + N, which has
not been measured yet. If the theoretical estimate of Moskaleva afé hinns out to be right,
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the influence of reaction (10) would be very small and the error estimald beufurther reduced.
The second most important uncertainty is related to the assumed overall Hyedonfrom GHsl
decomposition. However, relying on the very recently published globallysis data on the ethyl
iodide composition by Varga et dP! this error contribution could be safely assumed to be not more
than 7% (an error estimate of 3.5%Tat= 1200 K has been stated in the original paper).

The high reliability of the rate constant data enabled us to analyzie ttieta in terms of branching
ratio and the crucial value of the enthalpy of formation of NCN. Taking intwoaat experimental
and theoretical literature data for the rate constant of reaction (1a) anertiperature dependence of
reaction channel (2bJ\tH5qg¢ = 450 kd/mol was found to be most consistent. With a robust upper
limit of AfH54g¢ < 456 kJ/mol derived from thk, values of this work, significantly higher literature
values — about 459 kJ/mol from high-levab initio calculation&4! and 466.5 kJ/mol from NCN
photodissociation experime®d — are at odds with our analysis. Clearly, more work is needed to
further constrain the uncertainty of the enthalpy of formation of NCN.

Modeling of NQ, formation in flames critically depends on the branching ratio of the reaction NCN
+ H. Whereas channel (2a) constitutes the reverse reaction of the noappNO formation reac-
tion (1a), CH + N, it is in particular reaction channel (2b) with the products HCN + N that lsring
the overall reaction forward on the prompt-NO pathway. The results ofstbdy with branching
fractions@ = kop/ko increasing fromp(T = 1000 K) = 0.21 top(T = 2500 K) = 0.74 verifies the
expected strong temperature dependence of this quantity. However tlgactual value of the de-
rived branching ratio strongly depends on the assumed value of thdmntifidormation of NCN. In
fact, accurate measurements of the branching ratio would be very tsehstrain the enthalpy of
formation of NCN. Moreover, in conjunction with the already compiled theaaetiod experimental
rate constant data, accurate branching fractions would help to dravedinelusions on this reaction
system including the contributions of the recombination channel (2d), whahplay a role even at
temperatures as high as 1000 K.
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Abstract

Bimolecular reactions of the NCN radical play a key role for modeling promptfilrmation in
hydrocarbon flames. The rate constant of the so far neglected re&tsfin+ H, has been exper-
imentally determined behind shock waves under pseudo-first ordeiticoisdwith H, as the ex-
cess component. NGNthermal decomposition has been used as a quantitative high temperature
source of NCN radicals, which have been sensitively detected by efiifer UV laser absorption
spectroscopy aF = 3038311 cnt!. The experiments were performed at two different total densi-
ties of p ~ 4.1 x 108 mol/cn? andp ~ 7.4 x 10-% mol/cn? (corresponding to pressures between
p = 324 mbar ang = 1665 mbar) and revealed a pressure independent reaction. In theaéunge
range 1057 K< T < 2475 K, the overall rate constant can be represented by the Arrhetpusssion

k / (cmPmol~1s™1) = 4.1 x 10"%exp(—101 kJ/mofRT) (Alogk = £0.11). The pressure independent
reaction as well as the measured activation energy is consistent with a diognidabstracting reac-
tion channel yielding the products HNCN + H. The reaction NCNzhis been implemented together
with a set of reactions for subsequent HNCN and HNC chemistry into thdedb@DFkin3.0_NCN
mechanism for N@Qflame modeling. Two fuel-rich low-pressure ¢,/N,-flames served as exam-
ples to quantify the impact of the additional chemical pathways. Although thietbWCN consump-
tion by H, remains small, significant differences have been observed for NO yigdshe updated
mechanism. A detailed flux analysis revealed that HNC, mainly arising from/HNR isomeriza-
tion, plays a decisive role and enhances NO formation through a new HNENCO — NH, —

NH — NO pathway.

5.1 Introduction

Nitrogen oxides (NG) are atmospheric pollutants formed as byproducts in combustion processes
Especially under fuel rich conditions, NO is favorably formed over theadled prompt-NO pathway,
which is initiated by the reaction of small hydrocarbon radicals with moleculangsgtr from the
combustion air. According to the traditional Fenimore mechari$iit has been assumed for a long
time that prompt-NO formation is mainly initiated by the reaction

CHEM) + No(*=F) — N(*S) + HCNEZ ). (1a)

Even though the formation of the products N + HCN is spin-forbidden amsgitieof the fact that
theoretical estimatés®! for the rate constarik;, turned out to be inconsistent with the experimentally
determined high temperature rate constants for the overall Chl redttiont42! reaction (1a) is still
used in some flame modeling studies. Already in the year 2000, based ommuememical and
RRKM calculations, Moskaleva et 8. suggested the alternative spin-conserved reaction channel
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CHEM) + No(*£7) — H(®S) + NCNE5y) (1b)

and predicted NCN + H to be the main product of the reaction. In the meantime ibd®en ex-
perimentally proven that NCN radicals are in fact formed in flaié®9 and that NCN is the main
product of the reaction CH + N1 Consequently, flame mechanisms for NO modeling have been
updated with regard to NCN high temperature chemistry. Current versfdd€N submechanisms
are the Konnov0.B and the GDFkin3.0_NCHN?13] mechanism. The performance of the latter has
been extensively validated and improved over the last years by quasetitagiasurements and model-
ing of CH, NO and NCN concentration profiles in low-pressures@H/N, and GH2/O»/N, flames

of various fuel/air equivalent ratid$?14 Recently, corresponding NCO, CN and HCN profiles have
been measured as wélf! Whereas early versions of NCN submechanisms relied on rate constant
estimates of Glarborg et &kl the more recent implementations are based on extensive rate constant
data from the theoretical work performed in the M.C. Lin group. They ngpoRRKM and TST
studies for the most important bimolecular NCN reactions NCNo#8 0,171 OH18l and H9! as

well as for the NCN forming reaction CH +N&19 From the experimental point of view, most direct
rate constant measurements of NCN reactions have been accomplishéukqguast few years in the
shock tube laboratory of the authors (N.F. and G.F.). Beside our studiB<tl + O, H, M, NCN,

NO, and NQ,[2921.22I only two other shock tube studies have been performed. VasudevhH$t a
measured NCN absorption profiles during the pyrolysis of ethgneyiXtures and Busch et &23:24]
investigated the unimolecular decomposition reaction NCN +NC + N, + M by C atom resonance
absorption spectroscopy (ARAS). Ongoing work of one of the aut{iis.) is concerned with the
implementation, testing, and validation of the expanding - even though nobygilete - experimen-

tal database on NCN chemistry for flame modeling. Here, in order to assegsttntial influence of

the reaction NCN + BHlon NG, flame modeling, we rely on the GDFkin3.0_NCN submechanism as a
well-validated starting point.

Surprisingly, despite of rather highpldoncentrations in the flame front, the title reaction
NCN+ Hy — products 2)

has not yet been implemented into flame mechanisms. Seemingly it was consideeatther slow
and therefore dispensable. However, neither experimental nor tlrabstudies have been performed
so far to confirm or falsify this assumption. In contrast, the rather slow M@N reaction is included
both in the Konnov0.6 and the GDFkin3.0_NCN mechanisms. Starting from &adlyoo high rate
constant estimatd$?! this reaction was initially believed to be crucial for NCN modellﬁ@,but later
theoretical calculations of Zhu and L} clearly showed that the reaction is activation controlled,
slow, and therefore plays a less important role foryN@mation in flames. As it turns out below,
the rate constant of the reaction NCN + I3 about two orders of magnitude higher than for NCN +
O,. Therefore, an accurate rate constant determination and a thoroalykiarmf its impact for NQ
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modeling as reported in this work is overdue.

5.2 Experimental

The used shock tube apparatus has been described in more detailezt=BdBriefly, the exper-
iments have been performed in an overall 8.3 m long stainless steel shackvitiiba 4.4 m long
electropolished test section that could be evacuated to pressupes b0~ mbar by a combination
of an oil-free turbo-molecular drag and a diaphragm pump. The test sextid the driver section
were separated by aluminum membranes of 30, 80 onifi@hickness. Hydrogen or hydrogen/ ni-
trogen gas mixtures have been used as driver gas. The experimemdélaws behind the incident
and reflected shock waves were calculated from pre-shock condéimhshe shock wave velocity,
which was measured by four fast piezoelectronic sensors (PCB RiemsiM113A21), by using a
frozen-chemistry code.

Storage gas mixtures of 500 ppm to 1000 ppm N@Nargon were prepared using the partial pres-
sure method. The reaction mixtures were prepared using calibrated masofitollers (Aera, FC-
7700CU; 10, 50, and 1000 sccm). Purg (Air Liquide, > 99.999%) and the NCRImixtures were
further diluted with argon (Air Liquide> 99.999%) in a flow system and were passed into the test
section of the shock tube. The section was flushed with the test gas mixtwakdot 5 min to min-
imize possible gas adsorption effects on the shock tube walls. Hjgmdile fractions up to 9.6%
were necessary in the reaction gas mixtures to achieve a fast NCN consumiypido reaction (2).
At such high mole fractions, vibrational relaxation effects may compromige@efrozen-chemistry
calculation of the experimental conditions. Equilibration of the Boltzman populafiél, initsv=0

and v= 1 vibrational states may cause a noticeable, gradual decrease of theatmgbehind the
shock wave. However, on the one hand the vibrational relaxation time of &kgon is known to be
rather short, about 2s atp = 700 bar andl = 1750 K /27! and hence close to the time resolution of
the experiments. On the other hand, due to the high vibrational quantg tfdfraction of H in the

v = 1 state and with it the overall temperature effect remains small. At a typicatiexgntal temper-
ature of T = 1750 K, the ratio H(v =1)/H2(v=0) = 0.03. Calculation of shock wave conditions
assuming fully and non-relaxedl8howed that even at the highest experimental temperatures,and H
concentrations used in this work, the maximum expected temperature effieffTw< 5 K. This is
within the 1% uncertainty of the temperature calculation from the shock waweitye Consequently,
due to the fast relaxation and the overall small temperature effect, it cewddfely assumed thatH
relaxation did not interfere with the rate constant measurements.

5.2.1 NCN precursor

It has been shown by Dammeier et%}2°] that the thermal decomposition of cyanogen azide (MCN
serves as a quantitative source of NCN radicals. hl@rmal decompaosition yields NCN in its first
electronically excited singlet state, which is rapidly converted to the tripletrgtstate by collision
induced intersystem crossing (CIISC).
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Table 5.1: Arrhenius parameters for the rate constants of all included fd&dtions as used for sim-
ulating the experimental NCN profiles behind shock wakes: AT"expg—E,/RT], given
in units of cn¥, mol?, st and kJ. Except for reactions (3) and (4), all reactions have been
duplicated for'rNCN to take!NCN chemistry approximately into account. In addition to
the listed reactions, the GDFkin3.0 mechanf&was used as a background mechanism.

No. Reaction A n Ea Ref.
2 NCN + H, — products 4x10'3 101 this work
3 NCN; — INCN + N, 4.9x10° 71 p =3x 108 mol/cn®, 29
7.5x10° 71 p = 6x 1076 mol/cn?, 29
4 INCN — NCN 2.0x10° 31 p = 3.5x 1076 mol/cn?, 29
5a NCN + H— HCN+N 7.94x 1012 0.41 228 22
5b NCN + H— CH+Ny 4.2x101° —0.69 20 22
6 NCN + M= C + Np+ M 8.9x 10 260 21
7 NCN +NCN=CN+CN + N, 3.7x10'2 21
8 NCN + C= CN +CN 10x 10 21
9 NCN +N= N, +CN 10x1013 6
10 NCN + CN= CyN, + N 1.25x 1014 33.5 6
11 NCN + H= HNCN 2.98x 1018 -9.28 27 760 torr, 19
NCNz+M — INCN + N, + M (3)
INCN+M —3NCN + M (4)

Rate constants for reaction (3) and (4) have been adopted from pseviark and are listed in Table
EJ. As itis known that the CIISC process (4) strongly depends on tlisiao partner and hence
reactiEcln mixture composition, its rate constant was allowed to vary within thelenits reported in
Ref.

The extremely explosive and toxic precursor NCMannot be purified by freeze-pump cy-
cles. It has therefore been synthesized directly in high purity in the gasephaccording to
BrCN(g) + NaNs(s) — NCN3z(g) + NaBr(s), using a method described in detail in R 22. After
an 8 h reaction time the remaining BrCN impurities were usuall§% according to FTIR analysis.
The pure NCN was diluted in argon and was used within three days since N&mntls to slowly form
solid polymers. The actual initial NGI\concentrations in the reaction gas mixtures were determined
from the NCN absorption signal plateaus behind the incident shock Wiarescperiments behind the
reflected shock wave) or by fitting the maximum of the NCN concentrationl@r@r experiments
behind the incident shock wave). In all cases, the determined conti@mtwaas consistent with the
concentration calculated from the expected N@hble fraction in the storage gas mixture.

5.2.2 NCN detection scheme

The narrow-bandwidth laser absorption setup for time-resolved raditettion behind shock waves
has been described in detail elsewh&fBriefly, about 1 mW of UV radiation was generated by
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intra-cavity frequency doubling of a frequency-stabilized continusage ring-dye laser (Coherent
899) operated with DCM-Special as dye and pumped using 8 W-=at532 nm from a Nd:YVQ
solid state laser (Coherent Verdi V10). The UV laser beam was split id&iection and a reference
beam by a 50:50 beam splitter plate. The detection beam was focuseat] gasshock tube through
two quartz windows, and was coupled into an optical fiber connected taadeaphoto-detector and
amplifier (Thorlabs PDB 150A-EC). The reference beam intensity coaldrbcisely adjusted by a
variable neutral density filter to match the intensity of the detection beam. Takimgifference
signal @I) and the monitor signal of the detection beag) (vere stored by an analog input board
(Measurement Computing PCI-DAS4020/12, 12 bit, 20 MHz) for furtteta grocessing.

Triplet NCN has been detected &t= 30381.11 cm! (A = 3291302 nm) on the maximum of
an absorption band stemming from the superposition of3fiie sub-band of theA3M, (000) —
X334 (000) transition with theQ; band head of the vibronZ*(010) —31(010) transition*% NCN
concentration-time profiles were calculated using the previously repomnguetature-dependent ab-
sorption cross section, which has been measured with an accurae®58b using the same appa-
ratus at similar temperatures and pressures as used in thisld%oAs the (010) vibrational state
becomes significantly populated at combustion temperatures, the absorpsrsections were com-
paratively high (e.g.o (1500 K base ¢ = 4.5 x 10’ cn?mol~%). Hence, with a detection limit of
4 x 102 cm®/mol (corresponding to.5 x 10~3 absorption afl = 1500 K, p = 500 mbar, and an
electronic time-resolution aft ~ 1 us), NCN could be detected with high signal-to-noise ratios even
at NCN mole fractions as low as a few ppm.

5.2.3 Numerical methods

Numerical simulations of NCN concentration-time profiles from the shock tuperaments were
performed using the Chemkin-Il program packBgein combination with the GDFkin3.0_NCN as

a detailed background mechanism. In order to be consistent with previouk 8lbe work, rate
constants for NCN reactions have been replaced or added according tbrectly measured rate
constant data sé#2:21.221 The most important reactions for modeling the shock tube experiments are
listed in Tab.[Gl. For sensitivity analysis, the sensitivity coefficig(itt) for reactioni at timet

was normalized with respect to the maximum concentrdf2N|,ax over the time historyg (i, t) =
1/[NCNJmax < (@[NCN]/2dInk;).

Flame modeling was performed with the Chemkin/Premix ¢8¢8! and the detailed mechanism
GDFkin3.0_NCN2! As will be further outlined below, the mechanism has been modified to take into
account reaction (2) and subsequent chemistry of HNCN and HNC-dRgieduction (ROP) and the
N-atom flux analyses have been accomplished at the NCN peak locatingsadsomemade post pro-
cessor that relies mostly on the Chemkin subrouti@8sAtom flux analysis has been performed with
the program Kinalc, and the reaction fluxes were plotted with the included/lewer visualisation
tool.[33 Thermodynamic data were adopted from GDFki&lavith updated NCN thermochemistry

as described in Re[llS. Hence, in agreement with recent experimenttiaf4&l the controversial
value of the enthalpy of formation of NG&l was set tad\tH5gg = 450.2 kd/mol. For HNCN and
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Figure 5.1: (a) Typical experimental NCN concentration-time profile in caispa with numeri-
cal simulations. T = 1582 K, p = 544 mbar,p = 4.13 x 10°® mol/cn?, [H,] = 4.0%,
[NCN3] = 8.2 ppm, koe(NCN+ Hz — HNCN+H) = 1.8 x 10'° cm®mol~1s~1 (best fit,
solid curve). (b) Corresponding sensitivity analysis for NCN.

HNC, thermodynamic data were extracted from the Goos/Ruscic datEBase.

Quantum chemical calculations were carried out using the Gaussian 08fguicgrams=¢! The tran-
sition state of the reaction NCNH, — HNCN -+ H was located and verified by using a synchronous
transit-guided quasi-Newton method (QST3 option) and intrinsic reactionlic@e following.

5.3 Results and discussion
5.3.1 Shock tube experiments

The rate constant of reaction (2), NCN +,Hhas been measured behind incident and reflected shock
waves with reaction gas mixtures containing 3 - 27 ppm N@hd 0.8 - 9.6 % klin argon.k, values
have been obtained in the temperature and pressure ranges 1857V K 2475 K and 324 mbar

< p < 1665 mbar, at two total densities pf~ 4.1 x 10°% and 74 x 10-¢ mol/c?®. Under these
experimental conditions the reaction NCN +4 Was always the most important reaction for NCN
consumption. Experimental temperature limits were set by the thermal decompo$NE&N, which
becomes the dominant reaction above 2500 K, and by the rate of reactibvse( which becomes

too slow at temperaturés < 1000 K to be measured with sufficient sensitivity.

Fig. [5.1a shows a typical NCN concentration-time profile behind the incidertksivave afT =
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1582 K and a total density gf = 4.13x 10~% mol/cn®. The NCN profile reveals a rather slow NCN
consumption with a half-life of;, ~ 200 us. Since there are no studies on the possible reaction
channels of the reaction NCN +,Hnumerical simulations of the experimental NCN profiles have
been performed assuming different sets of reaction products. Potexattdion products of reaction
(2) include:

ArH5gg 1/ (kImol?)

(2a) 3NCN +1H, — H,NCN —317.2
(2b) — THNCNH —3042
(2¢) — 3CH, +IN, —59.0
(2d) — 'HCN +3NH 384
(2e) — 2HNCN +°H 836
(2f) — IHNC +3NH 1005
(29) — 2NH, +2CN 1747

The formation of the thermodynamically most favorable productd®&N (2a) and HNCNH (2b) is
spin-forbidden and hence their formation constitutes a presumably unimppethway. All other,
increasingly endothermic channels are spin-allowed and may becomsiatEes combustion tem-
peratures. Except for reaction (2e), the assumed product setiseréiygl formation of an unlikely
collision complex on the triplet surface followed by several rearrangesteps. This is in particular
the case for reaction (2c), where a feasible reaction pathway caly hardnagined. Actually, reac-
tions (2a) and (2g) may become important for the corresponthi@N reaction as singlet radicals
are known to prefer insertion reactions. For the triplet radical, howesaction (2e) constitutes the
by far most probable reaction channel. Next to the decompositiorPBNCNH intermediate, this
reaction can take place as a direct activation controlled H abstractidioreas well. It is known that
H abstraction channels often become the dominating pathway at high tempsrewen if complex-
forming pathways are accessib#:37 Therefore, the most reasonable reaction products HNCN + H
have been assumed for the target reaction NCN ik first round of data evaluation. The effect of
assuming different product sets will be further discussed below. Aperienental NCN concentration-
time profiles have been simulated based on a detailed mechanism assembledrfrevious work
(Table[5.1). Except for reactions (3) and (4), all reactions have beelicated for'rNCN to take
INCN chemistry approximately into account. Moreover, the reaction modekcaaplemented by
the extensive GDFkin3.0 mechanista13l Subsequent HNCN chemistry is only partly accounted for.
Next to the reverse of reaction (2e), H + HNCN, only the thermal decoitipo®f HNCN has been
included in the mechanism by the reverse of reaction (11). For the lattarséterate expression for
atmospheric pressure has been adopted from recent work of Tehgt&ta formerly reported rate ex-
pression for the low pressure limit of the unimolecular decomposition reacfi®pljy Moskaleva and
Lin, [ which is implemented into the Konnov0.6 mechanism, turned out to yield unrealisticatig
constant values. Other rate constant data for bimolecular HNCN lossoreasuch as HNCN + C/
CN/ N are not available in the literature, however, these reactions aexpetted to play significant
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roles for modeling the shock tube experiments.

In Fig.[5.1a, the solid curve represents the best numerical simulation of@Ghepxofile usingkpe =

1.8 x 10'° cmPmol~1s~1. Variation ofkoe by a factor of two yields the two dotted curves that fail

to reproduce the experiment. The sensitivity analysis in [EFig. 5.1b revealetiwiion (2e) is by far

the most important reaction for NCN consumption. Only at reaction time250 us, the reaction
NCN + H gains some influence. Its high temperature rate constant anchbrgmatio, however, has
been directly measured recentfy! The sole other sensitive reaction, which is important to model
the initial NCN formation at short reaction times, is the CIISC process (4hadtbeen studied in
some detail by Dammeier et BP! and its rate constant value is dependent on the composition of the
reaction gas mixture. Heré, has been used as an adjustable parameter and was varied within the
error limits reported in Re&9 in order to model the initial increase of the NigNaé Finally, an
alternative rate constant determination by fitting the NCN decay assuming a gisgpido-first order
exponential decay without applying any reaction mechanism has befenped as well. As expected

for negligible secondary chemistry, very similar rate constant valuestdained. For example, for

the experiment shown in Fif5.1 a rate constark,of 1.9 x 10'° cm®mol~!s~! has been obtained
over the interval 25us <t < 250 us, which is very close to thiee = 1.8 x 101 cm®mol~1s~1 value

from the numerical simulation mentioned above.

In order to analyze a possible influence of the assumed products tbre@), the experimental NCN
concentration-time profiles have been simulated using different proelisctsig[5.Ra illustrates an ex-
perimental NCN profile at a reflected shock wave temperatufe-o2123 K. Assuming reaction chan-
nel (2e) with the radical products HNCN + H yields a rate constakpof 1.3 x 10t cmPmol—1s1
(red curve). The sensitivity analysis for the chosen high temperatperiexent reveals that the in-
fluence of secondary chemistry is more pronounced than for the pedyidiscussed = 1582 K
experiment (Figl.5]1). For example, the thermal decomposition of NCN, N&N— C+ N, + M,
starts to play a significant role. Its rate constant has been measured indegeident studies and
highly consistent values have been repotd? Hence, a sensitive determinationkefis still possi-
ble. Next, the same value for the rate constarftut the alternative recombination product HNCNH
of channel (2b) has been used instead of the products HNCN + H.€Bléting simulated curve pre-
dicts a somewhat too slow NCN decay (black curve). As no additional HMIChemistry has been
included into the mechanism and hence HNCNH has been treated as a staids sine difference
between the two simulations reflects the impact of the secondary reactioligmgefom the radical
products formed in case of the channel (2e) products. Similar resultbtaimed when assuming re-
action channel (2a). In contrast, simulations with the other potential rédizaing reaction channels
(2c), (2d), (2f) or (2g) yielded more or less the sakaevalues as for channel (2e). In Fig.b.2a, the
blue curve represents the simulation using the products of channeH(2@,+ NH, as an example.
Within error limits it is identical to the simulation using channel (2e).

Total rate constant values for reaction (2) have been extracted fBosh@k tube experiments. The
experimental conditions of all experiments are listed in Tablk 5.2, an Arrbghit of the obtained
ko values is given in Fig[C513. The symbols correspond to the results assurhi@iNH H as the
reaction products. Within the scatter, the obtained data for the two diffesdtdensities op =~
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Figure 5.2: (a) Comparison of numerical simulations assuming HNCN + H €7 + NH (2f),
or HNCNH (2b) as alternative products of the reaction NCN # HT = 2123 K,
p = 719 mbar,p = 4.08 x 107 mol/cn?, [Hy] = 1.5%, [NCN3] = 25 ppm. kp =
1.3 x 10 cm®mol~1s~! has been used for all three simulations. (b) Corresponding sensi-
tivity analysis assuming the products HNCN + H.

4.1 x 10~8 mol/cn? (open squares) and47x 10~% mol/cn?® (star symbols) agree, showing that the
reaction is not significantly pressure dependent. The data points cdodbe nepresented by a two-
parameter Arrhenius expression.

101 kJ/ mo

ko / (cmPmol's™t) =4.1x 1013exp<— =T

> , Alogk, = +0.11.

The error bars in Fig[_5l3 exemplify the cumulative uncertaintikofesulting from different error
sources. Simulations show that a pessimistR5% error estimate for the initial NGN\concentra-
tion, which arises from the 25% error of the used NCN absorption caxgonr 28] result in a+6%
uncertainty ink,. Varying the most important background reactions within their error limits spm u
to £8%. Finally, the uncertainty of the AHconcentration was-2% and the statistical error of the
Arrhenius fit of the scattered data amountsti8% (20 standard error of the mean). A reasonable
total error estimate in the middle of our temperature range &t1750 K is thereforet24%, corre-
sponding taAlogk, = +0.11. The dashed line in Fi§. .3 corresponds to the Arrhenius expression
ko/(cmPmol~1s1) = 6.5 x 10" x exp(—105kJ/ mofRT) that has been obtained by assuming the un-
likely formation of a stable reaction product (i.e., channel (2a) or (Bygh an evaluation yields data
(not shown) that start to deviate from the evaluation assuming radiclipi®(i.e., channels (2¢)-(g))
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Table 5.2: Experimental conditions and results for shock tube experimahtS@Ns/ Ho/ Ar reaction

mixtures.
T/ p/ p/10°° Hz NCN koe/ T/ p/  p/10° Hy NCN koe/
K  mbar mollecn¥ % ppm cmmolls 1| K mbar mollecn¥ %  ppm cn?mol1s?1
incident shock wavep ~ 4.06 x 106 mol cm3 reflected shock wavey ~ 4.12x 10-6 mol cm3

1057 324 3.69 281 13 Bx 108 1866 588 3.86 1.48 27 Bx 100
1171 371 3.81 281 10 3x10° 1936 638 3.97 1.48 23 Fx 1010
1402 466 4.00 281 10 Ox10° 2076 704 4.08 148 24 .ax 10t
1433 489 4.10 6.34 45 Bx 10° 2123 719 4.08 148 25 ax 10t
1449 498 4.13 7.48 53 @x 10° 2161 748 4.16 148 23 ax 10t
1503 510 4.08 963 32 .Ax1010 | 2264 794 4.22 148 25 ?2x 10t
1520 518 4.10 338 6.8 .Ax1010 | 2365 835 4.25 083 24 3x 101
1525 520 4.10 364 7.6 .Ax 1010 2475 891 4.33 083 21 @x 101

1533 526 413 506 6.0 .1x10Y incident shock wavep ~ 6.48x 10~® mol cm 3
1534 523 4.10 315 56  .3Ax1010 | 1244 669 6.47 2.81 7 2x10°
1534 525 4.11 317 42  4x101° | 1260 680. 6.49 2.81 9 Ax10°
1535 527 413 431 86  .8x101 reflected shock wavey ~ 7.67 x 10-6 mol cm3

1537 526 4.11 317 55 .3Ax1010 | 1247 652 6.29 293 10 Bx 10°
1560 537 4.14 319 27 .Ax 100 | 1543 916 7.14 293 12 .@x 100
1578 537 4.10 210 58 .Ax100° | 1705 1066 7.52 2.93 13 2x 1010
1579 539 4.11 236 83 .8x101° | 1824 1178 7.77 2.93 10 9 1010
1582 544 4.13 395 82 d4x 100 | 2044 1388 8.17 2.93 93  .®x 109
1623 558 4.13 281 10 .ax 100 2062 1405 8.19 2.81 12 Ax 10t
1626 529 3.091 293 5 2x10%0 | 2330 1665 8.59 281 9.0 .®Bx104

at temperature¥ > 1700 K with a maximum deviation 6f30% atT = 2480 K.

A comparison with a similar reaction and quantum-chemical calculations showhthabtained ac-
tivation energy is roughly consistent with a reaction that is dominated by apstiagtion pathway
according to channel (2e). On the one hand, a comparable H abstredittion of the N-centered
triplet specieSNH, NH + H, — NH» + H, exhibits an activation energy, which is 33 kJ/mol higher
than the corresponding reaction enthalpyAdfl5qg = 32 kJ/'mol .28 Accordingly, an activation en-
ergy of Ea =~ 84 kJ/mol+ 33kJ/mol = 117 kJ/mol would be expected for reaction (2e). On the other
hand, an estimate of the activation enthalpy of channel (2e) based ontuquahemical calculations
using G4 level of theory yields a similar result. This method provides a reagtithvalpy for chan-

nel (2e) ofA;HY = 86 k/mol, which is close to the value of 84 kJ/mol from thermodynamic data
taken from literature. The calculated energy of the HNCN transition state (blis bonded to one

of the N atoms and is oriented essentially perpendicular to the slightly bendsidniiizty) yields
AH*(T = 1750 K) = 101 kJ/mol. Accordingly, taking into account the simple transition state theory
expressiorEa ~ AH* + 2RT, an activation energy of about 130 kJ/mol can be estimated for channel
(2e) atT = 1750 K. However, a more detailed comparison with theory should be basetie ad-
vanced multi-reference quantum-chemical and kinetic calculations includimgling corrections as
well as a complete RRKM/master equation analysis of the possible role of addlitmmplex-forming
reaction pathways. Given that accurate energy calculation of NCNdedp&eies turned out to be very
challenging®#! such an analysis would have been beyond the scope of this paper.
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Figure 5.3: Arrhenius plot of the rate constant for the reaction NCN»+- products. Experi-
mental data at two different total densitips< 4.1 x 10-6 mol/cn? (open squares) and
p ~ 7.4 x 10°® mol/cm? (star symbols) and corresponding Arrhenius fit (solid line) for
an evaluation assuming radical products (channel (2c¢)-(g)) amersh®he dashed line
depicts an Arrhenius fit obtained for an alternative data evaluatione@wmonding data
points are not shown) assuming stable reaction products (channetn(2€3b)).

5.3.2 Flame modeling

The reaction NCN + K turns out to be comparatively fast. With a rate constankof 3.2 x

10'% cmmol~ts~! at a typical flame temperature ®f = 1700 K, it is about a factor of 300 faster
than the reaction NCN + £ Therefore, in order to assess the potential influence of reactioor2) f
NOy formation in flames, reaction (2) as well as other NCN reactions have bedgnimipted into the
GDFkin3.0_NCN!213] flame mechanism. Arrhenius parameters of all reactions that have besth add
to the original mechanism are listed in Tablel5.3. Simulations have been pedfartheHNCN + H,
HCN + NH, and HNC + NH as the respective sole products of reaction (2).

Consideration of HNCN + H as main products implies an update of the mechartbmespect to
HNCN reactions as well. HNCN species may rapidly react with O atoms (reaqti@)) generating
HNC species. Consequently, two new blocks of reactions have beeal &aoldiccount for possible
HNCN and HNC chemistry. In order to be coherent with the experimentatoaistant determination,
some additional NCN consumption reactions, (6) to (11), have also bemsideoed in the detailed
mechanism. In the following, this updated mechanism is named up-GDFkin3N) (M&GDF for
short) in contrast to the original mechanism GDFkin3.0_NCN (GDF fortshdalculations were
performed to simulate species profiles in selected low pressure premixed flemeee the reaction
NCN + H, may play an important role in the prompt-NO pathway. Two fuel rich flames of/CH
O2/ N2 have been considered numerically. Both flames were simulated at low ¢SsukPa) with
the same total volumetric flow rate (300 L/h, in the standard condition of temperaal pressure)
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Table 5.3: Arrhenius parameters for rate constants of NCN, HNCN an@ kfdctions added to the
GDFkin3.0_NCN mechanisB?! for flame simulations. Rate constants are giver;as
AT"exp—E,/RT] in units of cn?, mor?, st and kJ.

No. Reaction A n E Ref.
2 NCN + H, — (d) HCN + NH / (€) HNCN + H / () HNC + NH ~ 41x 1013 101 This work
6 NCN+M=C+Ny+M 8.9x 10 260 21
7 NCN+NCN=CN+CN+N, 3.7x1012 29
8 NCN +C= CN+CN 1.0x10M 29
9 NCN +N= N, +CN 1.0x1013 6
10  NCN+CN=CyN,+N 1.25x 10 335 6
11  NCN+H= HNCN 1.78x10*  —958 219 100 torr, 19
12a  HNCN + O— NO + HNC 122x104  —0.05 03 39
12b  HNCN + O— NH + NCO 560x10'  —0.05 03 39
12c HNCN + O— CN + HNO 936x102  —0.05 03 39
13 HNCN+Q, — HO, + NCN 126x10° 1.28 1013 39
14 HNCN + OH— H,0 + NCN 104x10° 248 -79 40
15  HCN (+ M)— HNC (+ M) 3.5x1018 1975 Koo, 41

1.60x10%® —323 2075 ko, 41
16 HNC+H-— HCN+H 7.8x1013 15 42
17  HNC+O-— NH+CO 4.6x1012 9.2 41
18  HNC + OH— HNCO +H 28x1013 155 41
19  HNC + CN— CoNy + H 1.0x 1013 43

and nitrogen dilution ratio (60%), but a different richness equal t0 1.3 andg = 1.5, respectively.
Imposed temperature profiles were identical for each flame. The tempgenatilre burned gas was
limited to remain lower than 1850 K, hence thermal-NO contribution was redusggmmpt-NO
formation was promoted.

Considering the original GDF mechanism, simulated temperature and spetfiésspsf NO, NCN
and H are reported in Fig. 5l4. In the burned gases, NO mole fractions aretec4a5 and 38.3 ppm
for = 1.3 andgp = 1.5, respectively. As shown in Fig. %.4a, the NO mole fraction in the burnsesga
is hardly affected afp = 1.3, but is increased by 8% gt= 1.5 when the calculations are performed
with the up-GDF mechanism instead, &hd NCN profiles are reported in Fig. b.4b using the up-GDF
mechanism. The profiles show that at the NCN peak location (height alwmerbHAB (@ = 1.3)

= 5.3 mm and HAB ¢ = 1.5) = 6.8 mm) the mole fractions of Hwith x(¢ = 1.3) = 0.064 and
X(@ = 1.5) = 0.091 are high. NCN peak mole fractions are quite similar in the two flames with peak
values close to 145 ppb, but the shape of the NCN profile is much thinigeedt 3.

N-atom flux analysis was performed after all the reactions have bedarel@én a non reversible
format. In this way the atom flux reveals the flux in both directions of reviersémctions (forward
and backward) separately. Some results at the NCN peak locationstfofidomes are presented in
Table[5.4. Only NCN losses in the direction of the prompt-NO formation pathfeaywérd flux) are
included. As expected, the reaction NCN ++HHCN + N is the most important NCN loss reaction
that dominates the NCN forward flux, followed by the reaction with O atoms (yig/€N + NO).
Nevertheless, about 1.8% of the NCN radicals are consumed througlore@) ato = 1.3 and 3.5%
at ¢ = 1.5. The so far neglected reaction with Fanks third place and its contribution is even three
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Figure 5.4: a) NO profiles simulated for the low pressure flames (see textjchiness ofp = 1.3 and
¢ = 1.5. Results are shown for both the GDF and up-GDF mechanisms. b) Gonaiag
H» and NCN profiles simulated with the up-GDF mechanism.

orders of magnitude higher than for the reaction NCNzt+ Rote that the N-flux analysis reveals that
next to reaction (2) also reaction (8), NCN + C, which was omitted in the otigieahanism as well,
becomes more important than other, already implemented bimolecular reactibressMCN + OH/
HO,/ NO/ M that are negligible under the assumed flame conditions.

Although it turned out that the implementation of reaction (2) is important, its réghecontribution
to the forward flux is in seemingly contrast to the mentioned significant chafrtbe overall NO yield.
Obviously, other reactions added to the updated mechanism must besieépdor this prominent
effect. A complete reaction pathway diagram for the- 1.5 flame using the up-GDF mechanism
is shown in Fig[5b. New reaction pathways that are absent in the condisg diagram using
the original GDF mechanism (not shown) are highlighted in red color. & pathways include the
formation and loss reactions of the newly included species HNCN and HMXCe @rmed, HNCN
reacts quickly with O-atoms through reaction (12). According to theoretadallations, the products
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Table 5.4: N-atom flux analysis for the two Gi®D,/N, model flames. The Table lists the forward
fluxes associated with several NCN + X reactions on the prompt-NO formpditirnway.
Forward flux % | H2 (0] Ho C HO OH HO (o)) NO M
=13 69.21 25.68 1.76 1.36 1.33 0.44 0.21<0.01 <001 <0.01
p=15 79.33 1254 352 217 196 0.33 0.13<001 <001 0.03

afor NCN + H (yielding either CH + M or HCN + N, with a relative ratio of 77/23) only the HCN + N forming channel
contributes to the forward flux along the prompt-NO formation pathway

Figure 5.5: N-atom flux analysis at the NCN peak location inghe 1.5 CH4/O»/N, flame using the
up-GDF mechanism. The pathways highlighted in red color are absent mesponding
flux analysis using the original GDF mechani§¥.

of the reaction HNCN + O are mostly HNC + N€ HNC then reacts with OH radicals yielding
HNCO + H, and HNCO reacts with H atoms yielding BH CO. However, it becomes clear from the
flux diagram that HNC radicals are formed primarily from HCN and only sdgofrom HNCN. In
fact, the HCN/ HNC isomerization according to reactions (15), which is ¢togs low-pressure limit,
and the H atom initiated isomerization reaction (-16), HNC +HHCN + H, represent 12% and 20%
of the HCN consumption ap = 1.3 and@ = 1.5, respectively. This finding is also reflected in the
HCN profiles shown in Fid. 516 for the = 1.5 flame. HCN mole fraction peak values obtained with
the updated mechanism decrease by 20%. According to the ROP, HCN is mamsiymed through
the reaction HCN + G= NCO + H and the reaction (-16), both being three times more important than
the reactions HCN + OK= HOCN + H and HNC (+M)= HCN (+M). The combined effect of HNC
formation from the reactions (-16) and (12a) results in a substantiabiseref HNCO by a factor of
two (Fig.[5.6). This increase is followed by a comparable increase of tileyadues of NH as well.

To sum up, although the implementation of the reaction (2) has indeed a sighifiggact on NO
formation through a new HNC» HNCO — NH; — NH — NO pathway, it is in fact the HCN/
HNC isomerization and not the reaction NCN + tHat is mainly responsible for the distinct changes
obtained with the up-GDF mechanism. Note that the rate constant of the H initiatedrization
reaction (16), H + HNG— HCN + H, is based on a theoretical QRRK estint&eand, to the best
of our knowledge, has not been experimentally confirmed yet. Thexedar interesting preliminary
finding calls for a more detailed analysis to better constrain and verify theotolee HNC initiated
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Figure 5.6: Comparison of HCN, HNCO, and Nrofiles of thep = 1.5 flame calculated with the
original GDF (dashed curves) and the up-GDF (solid curves) meahanis

pathway for NO formation in flames.

The possible influence of the assumed products of the reaction (2) fhiQHermation in flames has
also been analyzed. Whatever channel (d, e, f) of reaction (2) sgsreed, simulated NO profiles
are identical to each other. However, considering the channel (2dlenmeptation of the reactions
(12-19) could be removed since HCN and NH species are already egdtaGDFL3! |n that case,
simulated NO profiles would be identical to those obtained with the original GDFRamézm. Again,
this clearly highlights the potential importance of the HCN/ HNC isomerization mathtiwough
reactions (15) and (-16).

5.4 Conclusion

The rate constant of the reaction (2), NCN + H products, has been measured for the first time.
Shock wave experiments with time-resolved NCN radical detection by ndvamdwidth laser UV
absorption were carried out under nearly pseudo-first ordetioeamonditions with H as the excess
component. The total rate constant has been measured at temperabités<lT < 2475 K and can

be represented by the Arrhenius expression

101 kJ/ mo

Alogk, = +0.11.
RT D, OgKz

ko / (cmPmol's™!) = 4.1 x 1013exp<

No pressure dependence could be observed betwee24 mbar and = 1665 mbar. Quantum-
chemical calculations show that the activation energy is roughly consisiémnthe formation of
the products HNCN + H, hence the most likely direct abstraction pathway. @&tthiled quantum-
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chemical calculations in combination with RRKM/TST/ME modeling are desirablertbduassess
the role of complex-forming reaction pathways.

The detailed reaction mechanism GDFkin3.0_NCN has been updated ts #espstential influence
of the so far neglected reaction (2) on prompt-NO formation in flames. Newdaction (2), HNC
and HNCN submechanisms have been implemented as well to describe thquautbsghemistry
of the reaction products. Two fuel-rich low-pressure methane flamgsdas a model case and it
was shown that the contribution of reaction (2) on the overall NCN loss imitleetion of prompt-
NO is on the order of a few percent. Of course, the reaction may becoerersure important
for other flame conditions and, therefore, needs to be included in detail®e finechanisms. The
flame simulation also highlights the fact that the reaction NCN =CCN + CN, which was also
omitted in the original GDFkin3.0_NCN mechanism should be considered in theefas well. As
yet the rate constant for NCN + C has only been roughly determinedimguaally, improved direct
measurements are required. Moreover, as a pronounced impact of tH@Blisomerization on NO
formation has been found in this study, a critically assessment and exp&imerification of the
role of this new HNC— HNCO — NH; — NH — NO prompt-NO formation pathway is important.
A thorough validation of the updated mechanism going along with the implementdtaiher new
experimental rate constant data that recently have become availabledaaldg#molecular reactions
of NCN is currently underway.
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6. Rate constant of the reaction NCN 4+ O

Abstract

The rate constant of the comparably slow bimolecular NCN radical reactt®N N O, has been
measured for the first time under combustion relevant conditions using dlc& sibe method. The
thermal decomposition of cyanogen azide (N{LBkerved as a clean high-temperature source of NCN
radicals. NCN concentration-time profiles have been detected by ndaodwidth laser absorption

at ¥ = 3038311 cntl. The experiments behind incident shock waves have been performed with
up to 17% Q in the reaction gas mixture. At such high @ole fractions it was necessary to take
O, relaxation into account that caused a gradual decrease of the tempehating the experiment.
Moreover, following fast decomposition of NGNand collision-induced intersystem crossing of the
initially formed singlet NCN to its triplet ground state, an unexpected and slalitiadal formation

of triplet NCN has been observed on a J@®timescale. This delayed NCN formation was attributed
to a fast recombination 0fNCN with O, forming a3NCNOO adduct acting as a reservoir species
for NCN. Rate constant data for the reaction NCN #ave been measured at temperatures between
1674 K and 2308 K. They are best represented by the Arrheniugssipnk, / (cmPmol~!s™1) =

1.3 x 10%%exp(—27kImal) (15794, No pressure dependence has been observed at pressuresrbetwe
216 mbar and 706 mbar.

6.1 Introduction

Nitrogen oxides, such as NO and BI(NOy), are harmful atmospheric pollutants from fossil fuel com-
bustion. Under fuel rich combustion conditions Ni® mainly formed over the so-called prompt-NO
pathway, which is initiated by the reactions of small hydrocarbon radicals matlecular nitrogen
stemming from the combustion air according to the Fenimore mechadHi§ased on quantum chem-
ical calculation®! and verified by shock tube measuremt&nit has been shown that the initiation
reaction CH + N yields the spin-allowed products H + NCN.

CH(?M) + N2 (*=) — H(?S) + NCN(%z") (1)

In recent years, using NGNhermal decomposition as a quantitative source of NCN radicals and sen-
sitive time-resolved UV absorption spectroscopy to detect NCN contiemitime profiles, we have
performed several direct shock tube measurements of bimolecular NEBa@stants at high temper-
atures. These studies include the reactions NCN + NOz, IONCN + NCN, O, and M® as well

as NCN + H8 and NCN + H.” The only other direct study reported in the literature, which is in
excellent agreement with our work, was concerned with the unimolecutanggosition of NCN us-

ing the C-ARAS techniqué&?! So far, no experimental high temperature rate constant measurements
have been performed for the reaction with molecular oxygen,

NCN + O, — products. (2)

This reaction has been discussed to play an important role fqrfdi@ation in flamed1:12l Baren
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Figure 6.1: Simplified potential energy diagram (G2M(CC1) level of thefoythe reaction NCN +
O,, according to Zhu and Lift%!

and Hershberger performed kinetic measurements of NCN radical nesetidow temperatures and
pressures by detecting NCN concentration-time profiles following 193 rotopfsis of CHN2/CoN2
mixtures using laser-induced fluorescence. They could not obsigmiéicant changes in the NCN
profiles by adding @to their reaction mixtures and therefore estimated an upper lirkijt af6.0 x 10°
cmPmol~1s~1 for temperatures between 298 K and 573®.1n a first attempt to compile a high
temperature NCN mechanism for N@rmation, Glarborg et al. estimated a valuekgf= 1.0 x
103 cm®mol~1s~1.[241 Such a high value, which has been adopted by El Bakali &tah their NCN
submechanism for flame modeling, would make the reaction NCHN,td@ether with NCN + H, one
of the most important reactions for modeling the fate of NCN in flames. Accgrirab initio and
transition state theory calculations by Zhu and Efi,the following two main reaction channels are
accessible at high temperatures:

NCN + O, — cisNCNOO — NCO +NO
— CNO +NO

(2a)
(2b).

In Fig.[6.1 these two energetically most favorable reaction pathways artatks in a potential
energy diagram. As discussed by Zhu and Lin, the possible formation &fON& OCP) and
NCNO + O{D) is not important under combustion conditions and, for the sake of clitymit-
ted in Fig.[61. Theciss and transNCNOO intermediates refer to the two possible NC-NO-O
isomers of the initially formed NCN-©adduct. Relying on the G2M (CC1) level of theory re-
sults[2% both product sets are formed from tises-isomer with high transition state barriers of
117 kJ/mol (86 kJ/mol) for channel (2a) and 120 kJ/mol (89 kJ/mol) fonobk(2b) relative to
the energy of theis-intermediate (of the eductskis-transisomerisation, with a calculated barrier
height of 165 kJ/mol, does not take place. Reaction channel (2a), thation of NCO and NO,
turned out to be the most important channel with a branching ratio of ab8ati® the temperature
range 1000 K to 3000 K. The calculations for the total rate constant rdsultine rate expression
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ko / (cmPmolts71) = 4.4 x 10° x (T /K)%5%exp(—103kme)) [10] At T = 1500 K, this rate constant
is five orders of magnitude lower than the estimated rate constant value bb@jat al*! Of course,
such a low value implies a reduced influence of the reaction NCN erGhe modeled NCN concen-
trations in flames than initially anticipated. For sure, the outcome of the theorstiicl of Zhu and
Lin supports an overall slow reaction. However, taking into accountiffieudties in calculating re-
liable NCN energies and transition state barrier hei§&t&®:11and facing the lack of experimental
studies, the absolute value of the rate constant awaits experimental validdtispaper now reports
the first direct measurements of the rate constant of the reaction NCGIN@dinpared to our previous
NCN studies, the data analysis was less straightforward. Vibrationakteaxof G as well as the
apparent intermediate formation of an NCN reservoir species had to perfyréaken into account.
Nevertheless, it was possible to extract reliable rate constant values) tuned out to be about a
factor of five higher than the transition state theory estimate.

6.2 Experimental
6.2.1 Shock tube setup

Similar to our previous NCN measurements the experiments have been perfarameabout 8 m long
stainless steel shock tube with an electro-polished test section with an ianetdr of 81 mm. The
whole apparatus is described in more detail elsewH&r&xperimental temperatures and pressures
behind the shock waves were calculated from the shock wave velocitygtiako account shock wave
damping of~ 1% per meter, and the pre-shock conditions using a one dimensionah-fcbeenistry
code with real gas correction. Reported times behind the incident shaekosarespond to the actual
reaction times taking into account the gas floction= tiaboratoryx 02/01. Reaction gas mixtures of 14

- 56 ppm NCN in Ar were prepared in a stainless steel gas mixing system equipped witlalsghass
flasks and storage tanks. Ngilynthesis as well as the procedures for gas mixture preparation have
been described elsewhefe?] Very high O mole fractions of 5.5 to 17% had to be used to achieve a
measurable effect of the reaction NCN + @ the NCN profiles. At such highf£zoncentrations, due

to the relatively slow vibrational relaxation of,QOthe temperature (and density) behind shock waves
cannot be assumed as constant. While the translational and rotatione¢sledfreedom are heated
within 1 us, the vibrational relaxation of oxygen is much slower, about g6@&tT = 1500 K and

p =1 bar for 2.5% @ in Ar.[2% Due to this slow equilibration, the actual temperatures decrease dur-
ing the experiments. In fact, the initial temperatures are higher than the ¢atttdéanperatures using

the standard shock tube code, which assumes instantaneous and coetgtetigon of Q. Therefore,
starting temperatures have been calculated using a modified NASA polynomialfgen taking only
translational and rotational degrees of freedom into account. Thiseoxsecies will be referred to as
Oy(cold) in the following. In this way, the change of the temperature (andiy¢bghind the incident
shock wave could be taken into account in a straightforward manner byrimapténg the relaxation
process @(cold) — O, into the reaction mechanism and by performing numerical simulations assum-
ing isobaric reaction conditions. As outlined by Oefl, assuming that the specific enthalpy of the
heated gas mixture as well as the vibrational relaxation tini® approximately constant over the
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whole relaxation process, the temperature change can be describeddmpaexponential law:

TO T _ exp( % 3)
To— To Cp2 T

Here,T (t) is the actual temperatur®; the initial temperature behind the incident shock wave,&nd

the equilibrated temperature after relaxatiopandcy» are the specific heat capacities of the reaction

mixture with and without vibrational excitation of QOrespectively. The ratiey/cy 2 is very close

to one. Under these assumptions, the experimental pressure behindideatistiock wave remains

constant and x p = const.holds as well.

6.2.2 NCN source
As shown by Dammeier et dt2:2?l the thermal decomposition of NGN
NCNz+ M — INCN + N+ M (4)

INCN+M — 3NCN + M, (5)

serves as a clean and quantitative source for NCN with a yield of unityfash@nimolecular decom-
position of NCN; generates NCN in its singlet excited electronic state, which undergoes aotollis
induced intersystem crossing (CIISC) process to the triplet ground($M@&N stated in the follow-
ing as NCN). Our previous work showed that the CIISC process is thdimiting process for NCN

formation at temperatures above 700 K, but is still fast compared to thitae&CN + O, measured
here[22]

6.2.3 NCN detection

NCN has been detected by time-resolved narrow-bandwidth laser sibsspectroscopy at a wave-
length of A = 3291302 nm ¢ = 3038311 cnT?). Details on the employed difference UV absorp-
tion setup, which was operated with about 1 mW output power of a fregudmabled continuous-
wave ring dye laser, have been described elsewh8r&he observed absorption band of the triplet
NCN ground state is a superposition of tfi@; sub-band of theA®M, (000) — X334 (000) transi-
tion and theQ; band head of the vibrationally excited Renner-Teller stHit (010)-3M (010) tran-
sition.28] The corresponding strongly temperature dependent but nearlypeéadependent absorp-
tion cross section, logp(base ¢/(cn?mol™t)) = 8.9—8.3x 104 x T /K, has been adopted from
previous workX®] Note that this value was recently put into question by Lamoureux €flaivho
reported a 2.6 higher value based on elaborated theoretical spepimsattulations referenced to
the electronic transition moment obtained from zero pressure fluorestifsictne measurements by
Smith et all2®! A possible explanation for this discrepancy could be thatM@N yield from NCNs
thermal decomposition is well below unity. However, no indication was fourtdignand in our pre-
vious studies that the assumption of a quantitatNE€N formation is invalid. Moreover, in a very
recent study of Busch et d@l who also used NCNas a source of NCN radicals, a C atom yield
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from NCN thermal decomposition, NCN- N, + C, was reported that is consistent with a quantitative
NCN formation from NCN as well. We therefore rely on our previously reported absorption cross
section value, which has been measured with an accura¢26%/1°! using the same apparatus at
similar temperatures and pressures as used in this work. Numerical simutztmorscentration-time
profiles were performed by the Chemkin-Il program package, usin§éhé&in routine for sensitivity
analysed2¢! An NCN mechanism for the simulations was assembled from our previous4wdi
and available literature data. The most important reactions are listed ifl_ThbAédltionally, the
GRI-Mech 3.0?] has been used as a background mechanism to make sure that potentialtamnpor
secondary reactions are considered in the simulations as well. Thernmoidyaheta were taken from
Goos’ and Burcat’s thermodynamic databd8evith updated NASA polynomial parameters for NCN
from Goos et aft®! In agreement with previous wotfl the enthalpy of formation of NCN was set to
450 kJ/mol.

6.3 Results
6.3.1 O relaxation and NCNOO formation

Experiments have been performed behind incident shock waves at somgerbetween 918 K and
2308 K and pressures of 164 mkap < 706 mbar, corresponding to total densities of about

2.2 x 10°% mol/cn? andp = 3.6 x 10°® mol/cn?. The reaction mixtures contained 14 - 56 ppm of
NCN3z and 5.5 - 17% of @.

Fig.[6.2 shows a typical experiment at a temperature of 1573 K. The twe &eplieren signals at
t =0 us andt =570us indicate the arrival of the incident and reflected shock wave at thenaison
point, respectively. Simulations using the compiled NCN mechanism revealedadl@wving a fast
formation of NCN within a fewus, a slow decrease of the NCN concentration at longer reaction times
would be expected mainly due to the reaction NCN + NCN. Additional loss duestetiction NCN

+ O, should further enhance the decay rate. Surprisingly, the measurecphtdild (red noisy curve)
did not show the expected shape (dotted curve) but a pronouncexhdecduring the first 300s.
Only at longer reaction times, the observed decay was similar to the oneecxenn the reaction
NCN + NCN alone. A first explanation for this increase could be the slgwe@xation resulting in a
temperature decrease during the experiment. With decreasing tempetseMM&EN absorption cross
section strongly increases such that the observed (apparent) NGMsecwould simply reflect the
temperature change due to the vibrational relaxation process. Therfetemperature (and density)
change during the experiment has been explicitly taken into account @sbéekin Sectiof 6]12. The
rate constants /Ir for the relaxation process have been calculated for each reaction miding
the relaxation times measured for Ar and By White and Millikart2®! and Rao and Skinn&f!
assuming a linear mixture rule. For the experiment shown in[Eig. 6.2, the daldutmperature
profile (blue curve) and an accordingly corrected NCN profile (blaskycurve) have been included.
Two conclusions can be drawn: i) The black and red colored NCN psafgarly overlap, hence the
overall temperature (and density) effesT, = —9 K andAp = +1 x 10-8 mol/cn?, is way to low to be
responsible for the observed NCN increase. In fact an unfeasibleetatape change &T = —90 K
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Table 6.1: Selected reaction rate constant data for the numerical simuldtitvesexperiments. Rate
constants are given &s = A x exg—Ea/rT] in units of cn?, mol?, st and kJ. The listed
rate constants for NCN reactions have been duplicated for triplet anigtshGN to take
INCN chemistry approximately into account. Similarly, all reactions containipdave
been duplicated to account for both @d G(cold) reactivity. In addition to the reactions
shown in the Table, the GRI-Mech 3.0 was used as background mechanism.

No. Reaction A Ea Ref.

2 NCN + O, — products 1.31012 97 this work
3  Oy(cold)— Oy see text this work
4 NCN; — INCN+N, 4.9x10° 71 p=3x10°%mollcm?® 22
5 INCN— NCN > 1.5x10° see text
6 INCN+ 0O, - NCNOO see text this work
7 NCNOO— NCN + O, 6.9x10° 2.6 this work
8 NCN+NCN=CN+CN+N, 1.0x1012 0 5, see text
9 NCN+O=CN+NO 9.6x10° 538 5

10 NCN+M=C+Np+ M 8.9x10* 260 5

11  NCN+ NO= CN + N,O 1.9x1012 26 4

12 NCN + NG = NCNO + NO 4%1012 38 4

13 NCN+C=CN+CN 1.0<10% 0 22

14 NCN+N=N,+CN 1.0x1013 0 2

15 NCN+ CN= C,N, + N 1.3x10% 335 2

would have been needed to fully account for the experimentally obsbi@édsignal increase. ii) The
timescale of the vibrational relaxation process (which is not yet complete5afeus in Fig.[6.2) is
significantly longer than the observed characteristic timescale of the NCébserhence vibrational
relaxation of @ cannot be responsible for the observed signal shape. To confirmmah@dusion,
additional experiments with He added to the reaction gas mixtures have bdeme. Helium is
known to promote @relaxation, however, He addition did not have any effect on the initialestdp
the NCN signals.

Having shown that the effect of relaxation is minor, the increase of the NCN profile must be
assigned to an actual concentration increase. As it is not conceival®itliriggers an additional
NCN formation reaction sequence that may account for the extra NCN gédaraction times, we
rather assume that the slow NCN formation indicates the formation of an N@W/oasspecies that
must have been formed right at the beginning of the reaction. In acocedeith the initial NCN-OO
adduct found by Zhu and Lin on the singlet potential energy surtf&ti s likely that a similar adduct
exists on the triplet surface as well. To serve as an explanation, the fomadtibis adduct must be
fast in order to be able to compete against the likewise fast CIISC pr¢&essICN — NCN. To test
the reasonability of the postulated formation of a reservoir species, ttigorea

INCN + O, — NCNOO and (6)
NCNOO— NCN + O, (7)
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Figure 6.2: Shock tube experiment behind an incident shock wave. &gy curve: Experimental
NCN profile assuming constant temperature and density. Black noisy:cOafeulated
NCN profile allowing for temperature and density change caused dyildational re-
laxation. Dotted curve: Simulated NCN profile with constant temperature andwtith
the formation of an NCN reservoir species. Solid curve: Best fit obtaividd k; and
@ = kg/ (ks + ks) as adjustable parameters akg= 1.0 x 10*2 cmPmol~'s~!. Dashed
curve: Simulated NCN profile using the sameand @ value but withkg set to a high
value of 37 x 10'? cmPmol~1s~1. Blue curve: Simulated temperature profile.

have been implemented into the reaction mechanism.

Actually, by adjusting the rate constaris and k;, the experimental NCN profiles could be well
captured in all cases; the simulated solid thick curve in[Eid. 6.2 serves amaaple. Reaction (7)
determines the slope of the delayed NCN formation, whereas thegatiés/ (ks + ks) determines
the amount o NCN captured by @ and hence the overall NCN plateau. By fitting the measured
NCN profiles,k; and ¢ could be reliably determined at temperatures between 938TK< 1595 K.

At these temperatures, the reaction NCN #w@s too slow to contribute significantly to the overall
NCN profiles and the gradual decrease of NCN at longer reaction tinuég loe fully attributed to the
reaction NCN + NCN (8). Its rate constant was inferred from Elef. Wdver, instead of adopting the
recommended value of Bx 1012 cmPmol~1s~! that was obtained for higher total densities, we used
the reported lower limit fokg with a value of 10 x 102 cm®mol~s1. According to Fig. 2 in ReIDS,
this value corresponds better to the densities used in this work. Note thatshedcurve in Fig. 6.2,
which represents a simulation wikg set to 37 x 1012 cm®mol~1s™1, clearly shows that such a high
rate constant value overestimates the observed NCN loss at longermaangs.

The rate constanks of the INCN CIISC process has been determined by Dammeier et al. for
NCNs/argon mixture$22! Compared to their work, our experiments showed a much faster rise time
of the3NCN profiles revealing that oxygen is a more efficient collision partner éingon and that the
CIISC process is dominated by collisions with.@&ven for the experiment at the lowest temperature
of this work, the initial increase of the NCN profile was already close to the teselution of the
experimental setup (abouftss). Therefore, it was not possible to accurately deterrkinalues and

88



6. Rate constant of the reaction NCN 4+ O

T/K
2500 2000 1500 1000
380 ' )
A
~ 3.75]
IL'I)
~
o~
=
& 3704 X(0y)= 7%
o x(0y)=10% 4 .
*  x(09)=16%
0'6 T T T
0.5 (b)
0.4
0.3
0.2
s
0.1 X(Oz)z 7%
o x(0)=10%
*  x(0y)=16% .

0.4 0.6 0.8 1.0
1000K /T

Figure 6.3: a) Determined rate constakisor the NCNOO decomposition and b) semilogarithmic
plot of the branching rati@ = ks/(ks + ks). Red symbols: experiments with about 3%
He in the reaction mixture; black symbols: experiments without He; filled symipois:
2.0 x 107% mol/cn?; open symbolsp ~ 3.8 x 10-® mol/cn?.

henceks was simply increased to a lower limit ofélx 10° s~ to make sure that the CIISC process
was modeled fast enough. Consequently, also the absolute vakdecotild not be determined but
only its value relative tés. Experimental conditions and fitting results forand@ = ks / (ks + ks) are
listed in Tab[[6.R and plotted in Fig.6.3a and b.

@ increases from a value of 0.08at= 920 K to 0.29 afl = 1600 K. By attributing this temperature
dependence to reaction (6) alone, a lower limit of the activation erteygy32 kJ/mol for the forma-
tion of the NCNOO adduct can be inferred. In contrast to the branclaitig @, the rate constark;
of the NCNOO decomposition was found to be almost temperature indepettdemt be represented
by the Arrhenius expression

k7/ (cm®mol*s™!) = 6.9 x 10° exp<_2'6k‘]/mol>

RT

with E; = (2.6+1.9) kd/mol (20 error). Within the scatter of the data, no dependence neither from
the used @ mole fractions (different symbols in Fig.6.3a and b) nor from the dengityz .0 x
10-% mol/cn? for the filled ando ~ 3.8 x 10~® mol/cn? for the open symbols in Fi§. 8.3) was found.

89



6. Rate constant of the reaction NCN 4+ O

Table 6.2: Experimental conditions for the measurements of the rate coobtaatNCNOO decom-
position (7) and thég/ (ks + ks) branching ratiap.

T/K p/ NCN3/ Oy /% kr/103s1 1)
mbar ppm
1046 164 28 9.9 4.8 0.17
1059 329 24 7.3 55 0.11
1149 186 28 10 5.8 0.22
1215 197 26 7.3 5.3 0.15
1216 394 26 7.3 5.0 0.16
1236 201 29 6.6 4.9 0.13
1320 218 27 10 5.8 0.21
1356 230 27 7.3 5.8 0.22
1427 245 32 10 6.0 0.32
1573 277 38 9.9 55 0.35
1584 276 33 7.3 5.4 0.37
experiments with about 3% He

918 140 14 13 5.0 0.08
1008 156 14 11 55 0.07
1176 196 21 17 5.5 0.15
1331 230 22 17 55 0.16
1483 263 24 17 55 0.29
1595 276 15 6.3 6.2 0.14

Also the addition of He (red symbols in F[g. 5.3) had no influence on the égttaata foik; andg.

6.3.2 NCN+Q

The rate constant of the reaction NCN 7 lias been determined at temperatures 16 Z4TK< 2308 K

and pressures between 216 and 634 mbar, corresponding to totaiesenlp = 1.48 x 10°¢ and

p = 3.76 x 10°% mol/cn?. The upper accessible temperature limit was determined by the onset of
NCN thermal decomposition, NCN + M; the lower temperature limit was set by tiom NCN +
NCN, which becomes dominant at temperatures below 1700 K. For modelipggas, NCO + NO
have been assumed as the sole products of reaction (2), hence srirédutioms from the minor CNO

+ NO channel are included ky

An example for a typical NCN concentration-time profile at initial reaction @ of T = 2036 K
andp =264 mbar p = 1.62x 10-% mol/cn?) is presented in Fif.6.4a. Again, the experimental NCN
profile calculated with constant reaction conditions (red noisy curvepisisim comparison with the
NCN profile (black noisy curve) accounting for an @laxation induced temperatur®T = —38 K)

and density changé\p = +6.6 x 10-8 mol/cn?). The correction is more distinct than for the profile
shown in Fig[6.R because with 17% @ the reaction mixture the overall effect was stronger and at
higher temperatures the;@elaxation is faster. As can be seen from the resulting temperature profile
(blue curve) the timescale of the,@elaxation was about 50s. The solid black curve represents

90



6. Rate constant of the reaction NCN 4+ O

60
(a)
42000
g 409 [l MM m ................. 11950
o R gttfp PN Rl T e A )
>~ e il / Ttreren o | Tt
g ............... kg \‘“MW ] -1900§
& 204| r=2036k e | ™,
= p=264mbar e ‘W 1850
x (NCN,) =47 ppm k)3T :
A x(0)=17% 41800
0- T T T T T T T T T T
(b) —— NCN+0, > NCO +NO
044 ... 'NCN — NCN
-+ -+ 'NCN+0, - NCNOO
o e NCNOO — NCN + 0,
024+ ™

== NCN+M— C+N,+M

Sensitivity o (NCN)

0 100 200 300 400 500
t/us

Figure 6.4: Determination of the rate const&n{NCN + O,). a) Experimental NCN concentration-
time profiles assuming constant temperature (red noisy curve) and chategipera-
ture (black noisy curve) resulting from,Qelaxation. The blue curve corresponds to
the assumed temperature profile. The thick black curve represents théthesng
ko = 5.0 x 10°cm®mol~!s 1, the other curves correspond to simulations using vated
values. b) Corresponding sensitivity analysis of the best fit simulation.

the best simulation usinky = 5.0 x 10° cm®mol~!s~1. The two dotted curves and the dashed curve,
which do not fit the measured signal, correspond to simulations using a two Higiesr or lower
ko value and a simulation witk, set to zero. The strong influence of the reaction NCN z0@
the observed NCN profile is further outlined by the sensitivity analysis shawrig.[6.4b. Att >
100us the target reaction becomes the most sensitive reaction and hence dsthi@ateperimentally
observed NCN decay. During the first 108, however, the assumed branching ratias well as the
NCNOO decomposition are most important. In order to improve the quality of thiadise values
have been allowed to vary within their error limits but were found to be es#igrt@sistent with
the high-temperature extrapolations of the data in[Eig. 6.3a and b. The aised vfp andk; were
important to reproduce the overall shape of the NCN profile at the begjhithe experiment but have
only a minor influence on the NCN consumption at longer reaction times and titsetexk, values.
Interestingly, the reaction NCN + O (9) gains some importance towards thefahd observation
time because O atoms are formed through the secondary reactions GNMrdC@ + Q. The rate
constankg has been precisely measured in previous warigince the rate constaks is now much
faster, in contrast to the experiment in Hig.16.2, the experimeiit-at2036 K in Fig.[6.% does not
show a distinct influence of the reaction NCN + NCN.
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As becomes clear from the discussion above, despite the interfetingléxation and NCN re-
formation, the rate constant of the reaction NCN 3 ¢duld be reliably extracted. Experimental
conditions for 18 experiments are given in TAbJ] 6.3 and the extrdgtedlues are plotted in Ar-
rhenius form in Fig[6J5. Open symbols correspond to measurements & haghl densities of
p ~ 3.52x 108 mol/cn?, filled symbols to measurementsat: 1.75x 108 mol/cn?. Furthermore,
the square symbols indicate experiments with 1% He added to the reaction meoitales are ex-
periments without He. Within the scatter of the data neither the total density nadtigon of He
influenced the outcome fde. Also experiments with varied £Omole fractions yielded consistent
results. Overall, the data points reveal a strong temperature depenBgreéd7+ 11) kd/mol, and
are best represented by the Arrhenius expression (solid line)

Table 6.3: Experimental conditions for the measurements of the rate cokistanNCN + O,.

T/K p/ NCNy/ O,/% Hel% ko !/
mbar ppm (cmPmol~1s71)

1674 408 41 17 1.2 Ax10°
1756 216 35 17 1.2 Bx10°
1777 522 18 5.5 0 Bx10°
1841 343 49 17 1.2 2x10°
1849 344 40 10 1.2 Bx10°
1856 336 36 9.9 0 Bx10°
1926 587 25 11 0 Ax10°
1984 249 51 17 1.2 Bx10°
2020 255 47 17 1.2 Bx10°
2036 264 47 17 1.2 Bx10°
2059 634 20 11 0 3x10°
2086 264 55 17 1.2 Bx10°
2107 267 45 17 1.2 2x10°
2117 269 56 17 1.2 2x10°
2232 286 55 17 1.2 0 x 100
2257 706 18 11 0 1x 100
2263 290 43 17 1.2 Bx10°
2308 445 54 17 1.2 0x10°

97kJ/ mo
AT
Allowing for partial error compensation, the error of the stated rate sspe has been estimated
to be £57%. Corresponding error bars for selected data points are showig.i®&.B. The error
arises from the statistical fit{25%), the uncertainties of the absolute NC&hd G concentrations
(£5%) and of the rate constants assumed for the background mechanisnwarl st important
reactions for NCN consumption are NCN + NCN (8) and NCN + O (9). Vayy#in the range of
0 < kg < 2x 10" cmPmol~s~1 andkg within error limits (g +40%) add a-25% uncertainty. For the
less important secondary chemistry, the cumulated overall uncertainky feas found to bet-7%.
Note that the uncertainties arising from the formation (representeg) land slow decomposition

ko / (cmPmolts™t) = 1.3x 1012exp(— I) , (£57%).
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Figure 6.5: Arrhenius plot ok, (NCN + Oy) data obtained in this work (symbols) in comparison
with the theoretical prediction of Zhu and L#f! (dashed curve) and the low temperature
upper estimate of Baren and Hershberger (dotted cl¥ePpen symbolsp ~ 3.52 x
10-% mol/cn?; filled symbols:p ~ 1.75x 10~° mol/cn?; squares: experiments with 1.2%
He added; circles: experiments without helium; solid line: Arrhenius fit.

(k7) of the NCNOO complex are comparably minor because these processes Have a strong
influence on the NCN decay at longer reaction times. However, as alreadijoned aboves; and
@ are important to reproduce the overall shape of the NCN profile, heecalow for an additional
uncertainty ok, on the order of:5%.

6.4 Discussion

Fig.[6.8 comparek, (NCN + O,) data of this work with the transition state theory prediction of Zhu
and Lin (dashed curvé$? The outdated, several orders of magnitude higher rate constant estimate
from Glarborg et al*4! is not shown. The reported upper limit by Baren and Hershberger (dotte
curve) 23 which was based on low temperature (298 K to 573 K) and low pressuBeTorr) ex-
periments is not directly comparable with our data but does not contradicesults. The overall
agreement with the transition state calculations is rather satisfying. The reda&uhenius acti-
vation energy ofEa = 97 kJ/mol is in very good agreement with the theoretical estimate, but the
absolute experimental values are about a factor of five higher. As #ralbtemperature dependence

is dominated by the transition state barrier connectingii®CN-OO isomer with the products (see
Fig.[6.1), we tentatively assume that the remaining discrepancy stems frertainties of the rela-
tive heights of the entratnce barriers either formingdiseor transisomer, respectively. Already Zhu
and Lin noted in their paper that, due to the lack of experimental data, it weuldhid to quantita-
tively assess the reliability of their calculated energies, which were obtainéie G2M(CC1) level

of theory.
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The alternative CNO forming channel of reaction (2) has been neglémtdde simulations of the
NCN profiles. Not only that this channel has been published to be mind5@6, according to Ref.
), also the assumed products of the reaction turned out to be unimp&tasequent chemistry of
NCO, which is included in the background mechanism (GRI-Mech 3.0), alighkay any discernible
role. Hence, no information on the product branching ratio of reactipnd@ld be inferred from the
experiments presented in this work.

Although the actual kinetic treatment of the NCN re-formation process twnwde less important
for the rate constant determinationkaf it deserves a closer look. In faliflCN relaxation by CIISC,
which is dominated by collisions with £ and the formation of the NCNOO adduct according to
INCN + 30, — 3NCNOO represent two directly competing processes. Therefore, @eagmt with
the experimental findings (see Fig.16.3b), the branching matie ks/ (ks + ks) is not expected to
change significantly with the amount of oxygen present in the reaction mixtaterestingly, the
pronounced increase of the branching ratio with temperature revealSl@M©OO formation is an
activation controlled process. As already mentioned above, a rough gstiméthe corresponding
activation energy yields a lower limit di; = 32 kJ/mol. Here, the CIISC process (5) was assumed
to be temperature independent; allowing for a positive temperature dependeuld yield an even
higher E, value forks. Apparently, the formation of theNCNOO adduct exhibits a pronounced
entrance barrier, hence similar to t#4CN + 30, — NCNOO reaction. In contrast t@, the rate
constank; for the assumed re-formation of NCN has been found to be nearly tempeeirade pendent.

It is therefore unfeasible that NCN is formed through the simple revenssagfion (6), which should
be temperature dependent as well. Hence, it can be speculated thateNGMhation takes actually
place through a reaction sequence accordimtNiGNOO — INCNOO — 3NCN + O, involving an
intersystem crossing (ISC) process. To confirm this hypothesis, ab dakmlations of the triplet
potential energy surface including accurate ISC probabilities to the sisgitsice are needed. Such
calculations would have been beyond the scope of this paper.

6.5 Conclusion

Using NCN; pyrolysis behind shock waves as a quantitative NCN radical sourcettieate constant
of the reaction NCN + @has been directly measured for the first time. Between 16Z4KS 2308 K,
the experimental data are best represented by the Arrhenius exprle§;éi(cn:rr13mol‘ls*1) =13x
10 2exp(—27Kmo ‘no pressure dependence was observed. The high activatiory efi@fkJ/mol
is in very good agreement with the transition state theory prediction of ZhLiard” but the absolute
experimental rate constant values are about a factor of 5 above thettbaloestimate. Compared to
other bimolecular NCN reactions, such as NCN + H/O/Ofj/the reaction is still slow. Hence the
results of this work confirm recent findings that the reaction NCNx#Hgdess important for NCN
modeling in hydrocarbon flames.

The determination df, turned out to be difficult, which is reflected in the rather high stated uncgrtain
for ko of about+57%. High Q mole fractions up to 17% had to be used for sensitive rate constant
extraction. At such high @concentrations, the Qvibrational relaxation and the resulting temperature
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change during the experiments had to be included for the evaluation of thech@entration-time
profiles. Unexpectedly, the shape of the NCN profiles indicated thediamétion of an NCN reservoir
species, presumably NCNOO from the reactiotEN with O,. The slow decomposition of this
complex results in a re-formation of NCN at longer reaction times. While the fitsmaf the NCNOO
complex seems to be an activation controlled process, the delayed NCNifarmas found to be
temperature independent. This can be taken as an indicationIRENOO — *NCNOO intersystem
crossing process is involved.
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Abstract

Using the very sensitive absorption based frequency modulation (Féttreiscopy, concentration-
time profiles of HNO have been measured behind shock waves for thérfiest The UV photolysis

of glyoxal/NO mixtures aA = 193 nm served as a HNO source via the fast initial formation of HCO
followed by the reaction HCO + NG+ CO + HNO. High temperature and room temperature FM
spectra of three selected lines of il - X1A’ transition of HNO have been recorded at wavelengths
around 618 and 625 nm. By analyzing HNO and HCO concentration-timdgzrafinder similar
reaction conditions it was possible to determine the HNO absorption crossnsed temperature
dependent value of Iocgf;‘m'“—g’l_l =5.14—-6.0 x 1074 x (T/k) was determined at temperatures between
700 K and 1150 K. Experiments with 0.4% - 1% @ the reaction gas mixture were performed to
measure the rate constant of the reaction HNO+©NO + HO,. Between 750 K and 1275 K
the experimental data are best represented by the Arrhenius exprtels,éi(co:rrﬁmolfls‘l) =6.1x
10%exp(—2LKmol - The experiments have been performed at total densitiesSof 70~ mol/cn?

< p < 16.6 x 10-® mol/cn?. No pressure dependence was discernible. The determined ratentonsta
data are up to four orders of magnitude higher than frequently used liteiddta.

7.1 Introduction

Nitrogen oxides (NG) are atmospheric pollutants formed during combustion processes. Nitroxyl
(HNO) is an important flame intermediate closely linked to, N®/ost HNO reactions with other
flame intermediates like H, OH, O and@nd the HNO thermal decomposition directly form NO.
Depending on the combustion conditions, most of these reactions can atsegrin the opposite
direction and in this case decrease the amount of NO formed in flames. &opkxthe Reaction H
+ NO + M = HNO + M contributes significantly to NO reduction using CQ/rhixtures as reduc-
ing agents during combustion (NO reburning§! To model the most favorable reaction conditions
for overall NO reduction detailed mechanisms including accurate high tetaperate constant data
for HNO are necessary. Yet most HNO reactions are poorly investigatpdrimentally, because
intermediate concentrations of HNO in flames are low and the high temperatissesection is pre-
sumably small. HNO measurements at high temperatures are only reporteczdysky et all>4,
They used the sensitive intracavity laser absorption spectroscopp8io monitor HNO spectra in
low-pressure Chiflames. So far, rate expressions for most HNO reactions implemented intaisomb
tion mechanisms rely on experiments at low temperatures or theoretical studies.
Also the title reaction

HNO+ Oy — HO,+NO Q)

has only been measured between 296 K and 421 K by Bryokov@8lain the only high temper-
ature study, Miller and Bowman indirectly determined thealue for this reaction by adjusting its
rate constant as part of a high temperature mechanism assembled faadherref isocyanic acid
with nitric oxide”! They recommended a fairly low rate constant expreskigfcm®mol~1s1) =
1.0 x 10%3expg—105 kJ¥mol/(RT)]. In the widely used mechanism GRI-Mech Blofor methane
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combustion the Arrhenius activation energy of this expression has bdanad to 54 kJ/mol by com-
parison with the analogous reaction RH #,@hich is not supposed to have a large barrier height. At
temperatures around 1500 K, this provides about three orders of maghiigherk; values than re-
ported by Miller and Bowman. An even higher overall rate expressiobéas assumed by Klaus and
Warnatz as part of an NJormation/reduction mechanisf% However, the basis of their expression
has not been explicated in these studies. The influence of the reactior-FINON the NO formation
is strongly dependent on the reaction conditions. In a study by Wang emnalhe combustion of
pyridine, reaction (1) turned out to be the main source for NO underciegatmospheré!! The
strong discrepancy of the few available literature data and their implementatawtdited combus-
tion mechanisms clearly points out the need for a reliable experimental highresomeerate constant
value for the reaction HNO + £

7.2 Experimental
7.2.1 Shock tube and slow flow cell

All high temperature measurements were carried out in an overall 8 m locigoglelished, stainless
steel shock tube, which has been described in detail elseWseRriefly, the 4.5 m long test section
with an inner diameter of 81 mm could be pumped down to pressunes-df0~’ mbar by a combina-
tion of turbomolecular and diaphragm pumps. The shock tube was opeiigitdd/drogen or mixtures

of hydrogen and nitrogen as driver gas, 3 thick aluminum foils have been used as diaphragms.
The experimental conditions were calculated from the pre-shock corslitbigether with the shock
wave velocity, measured by four fast piezo-electric sensors mountddifithe shock tube wall. A
frozen-chemistry code taking into account real gas effects and staak damping has been applied.
In principle the slow @ vibrational relaxation process may compromise a simple frozen-chemistry
calculation of the experimental conditions. However, the usgthGle fractions were always below
1%, which results in a very small effect on the experimental conditions thagdwout to be negligible

for our analyses.

Room temperature experiments were performed in a 45 cm long slow flowoeaiped with quartz
windows. The detection and the photolysis laser beams were overlapp&ddelitand propagated in
opposite directions.

An ArF excimer laser (Radiant Dyes Exc 200) was used for the UV phsitolgf glyoxal at

A =193 nm. Two dichroic mirrors in front and behind the shock tube or the flelwveere used

to collinearly overlap the detection and the UV laser beams. Additionally, a UV Wilés placed in

front of the detector to block residual intensity of the photolysis lasertieoshock tube experiments,
the photolysis beam was slightly focused by a 1000 mm lens (effective diamaseabout 4 mm

in the shock tube), for the room temperature measurements the area of theddVwas reduced

by a telescope to about 1 émin both cases the excimer laser beam diameter was larger than the
diameter of the detection laser to minimize the effects of diffusional processt® measured HNO
concentration-time profiles.
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7. Shock tube measurements of the rate constant for the reaction HNO + O

7.2.2 Gas mixture preparation

Storage gas mixtures of about 2% glyoxal and 3% NO in Ar were preparadjas mixing system
using the partial pressure method. The mixing system could be evacuatesssuges op < 1 x
10-°> mbar and was equipped with several 5 - 20 L glass flasks. A flask withlagdimger was used
for purification of NO by several freeze-pump-thaw cycles. The gmigas mixtures were mixed
and further diluted by a flow system with mass flow controllers. The fresldpared reaction gas
mixtures slowly flushed the test section for a few minutes prior to the actuek $hbe experiments to
prevent possible effects from the adsorption of the reactants at thk thme walls. Storage mixtures
were used within three to four days.

Glyoxal was prepared by dehydration of the trimer dehydrate ((GH®)2H,O by 3 eq. of
phosphoric anhydrate §Bs). The solid reaction mixture was slowly heated up to “I55%. vac.
(1x 10-2 mbar). The gaseous product was passed through an ice water cogling teanove impuri-
ties. The purity of glyoxal was checked by FT-IR measurements and isteesd in a liquid nitrogen
trap.

7.2.3 FM-spectroscopy

HNO and HCO were detected by means of frequency modulation (FM) sgeopy which is a sen-
sitive, absorption based detection meth&d#:15 The used setup was similar to the one described
by Friedrichs et al141¢! Briefly, wavelengths between 600 nm and 650 nm were generated by a cw
ring dye-laser (Coherent 899 series) operated with Kiton Red as Igsearti pumped by a solid
state Nd:YVQ laser (Coherent Verdi V 10). The wavelength was measured intertdrally by a
wavemeter (MetroLux WL200). The laser beam was modulated at a inegé 1 GHz by a resonant
electro-optic modulator (New Focus 4421), the resulting frequency misdigpectrum was analyzed
by a scanning etalon. The modulation depth was set to a modulation indéxo0f.4. The laser
beam was focused through the shock tube windows by a 300 mm lendedonto an optical fiber
and detected by a fast silicon photodiode (Hamamatsu, S5973). The w@maplit into the AC and
the DC part by a Bias Tee (Mini Circuits, ZFBT-4R2G). The DC comporentesponds t& and was
directly monitored by a digital oscilloscope, the AC component represenEMtsgnal. It was band-
pass filtered at 1 GHz (Trilithic), demodulated by a frequency mixer (Mint@is, 5542-ZFM-2000),
amplified and low pass filtered at 2.5 MHz resulting in the signal intemgjty A two-polarizer setup
was used to adjust a voltage controlled phase shifter (Knick, J45) toesphise angle of demodula-
tion to zero, resulting in pure absorption induced signal. The demodulatesigidl is proportional

to the concentration of the absorbing species according to

I
IFMZEOfoxax[c]xleffo.

o is the narrow-bandwidth line center absorption cross section #relabsorption path length. The
electronic gain factos = 184 of the used FM setup was determined experimentally and was in agree-
ment with previous determinatio®® The FM factorAf was calculated from line shape data and
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was abouAf = 0.8 for HNO andAf = 0.3 for HCO under the experimental conditions of this work.
If the absorption cross section and line shape data for one specieaawe,kit is therefore possi-
ble to perform quantitative FM measurements. Whereas for HCO the dateelirknown for the
Q(6)P(1) absorption line of th&2A” — X2A'(09°0 « 00'0) transition atA = 614752 nnft2l, they
were determined for HNO for three selected absorption lines oﬁﬂM(lOO) — XIA/(000) transi-
tion in this work. To determine the initial HCO concentrations generated by glyd¥ photolysis,
HCO concentration-time profiles have been measured as a refererdee{sw) at similar reaction
conditions and comparable photolysis energies.

7.2.4 HNO source

HNO molecules were generated By= 193 nm photolysis of glyoxal/NO mixtures in argon. The
HNO formation proceeds according to the reaction sequence

(CHO),+hv— (H, HCO, CO, H, CH,0), (2)
H+ (CHO), - HCO + CO + H, 3
HCO + NO— HNO + CO. (4)

To model HNO formation, additional glyoxal and HCO reactions have béeptad from our previous
work[12.14.16.17.18]and the GRI-Mech 318 has been assumed as a background mechanism in order
to take possible secondary chemistry into account. The initiaJ/[HC O]y ratio from the glyoxal
photolysis has been adopted from a previous study of Colberg andiEng#2! They showed that H
atoms are formed in excess, typically ratios of about 3 at high temperatnatesbaut 2 at room tem-
perature were used. Over the fast reaction HCO + NO (4), which leasibeestigated experimentally
behind shock waves by Dammeier et/&f], the HCO concentration is directly linked to HNO forma-
tion. Hence, both the assumed HCO mechanism as well as the overall HN@gigttbe confirmed
by quantitative measurements of HCO concentration-time profiles resultingtfre photolysis of
glyoxal and glyoxal/NO mixtures. It turned out that the HCO concentratiofilps could be nicely
modeled without adjusting the mechanism.

Note that the reaction
H+NO+M = HNO +M (5)

was also included in the mechanism but was found to be too slow to contribiatelyto the overall
HNO concentrations. Just as well, the reverse reaction HNO + M is slowoalydhad a minor
influence on HNO removal at longer reaction times.

7.3 Results and Discussion

Shock tube and room temperature measurements of HNO and HCO cotioarirae profiles at
similar reaction conditions (temperature, pressure, mixture composition henolysis energy) have
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Table 7.1: Important reactions for HNO formation and consumption from tieofysis of gly-
oxal/NO mixtures in shock tube experiments. Parameters for modified Arrhexrjpues-
sionk = AT"exp(—Ea/(RT)) are given in units of mol, cm, s and kJ.

no. reaction A n E ref. T-range
1 HNO+ O, — HO, + NO 6.1x 1012 21 thiswork 750-1275K
3  (CHO) +H — Hy + CO + HCO 54 % 1013 18 12 295-1107 K
4 HCO +NO— HNO + CO 81x 10'2 17 295 K
7.1x 1012 17 770-1300K
6 HNO+H— Hy+NO 97x101 062 1.49 19 200-2500 K
8 HCO+H-—H,+CO 11x 104 16 195-2100 K
9 HCO+M—H+CO+M 40x 1013 65 14 835-1230 K
11  NO; +H— NO + OH 9x 10'3 20 195-2000 K
12 (CHO) + OH— H,0 + CO+HCO 13 x 103 12 700-1150K
6.4 x 10t2 21 298 K
13 HCO+Q — HO, +CO 69x10° 19 -57 22 295-1705K
14  HNO diffusion 1< 10° thiswork ~ 750-1275 K
3x10° this work 298 K

been performed. Different reaction mixtures with initial [NO]/[glyoxal] ratioom zero to 0.87 were
used. From repeated, iterative analysis aiming on the consistent modeladyoéasured HNO
and HCO profiles at different experimental conditions, the HNO formationhaxgism, the HNO
absorption cross section, and the rate constant of the reaction HNeuldl be determined.

7.3.1 HNO detection

For quantitative HNO detection and to determine the position of the maximum of th&idgtdl, the
Doppler and pressure broadened FM spectra of three selecteghiadisdines of theﬁ\lA”(loo) —
X1A(000) band at wavenumbers of 16171.99, 16173.86 and 16002.35 were investigated at
different experimental conditions summarized in Tabl 7.2. The HNO atisorgpectra measured by
Bancroft et all28! and Pearson et &4 were used as a starting point to determine the exact positions
of the HNO FM-signals. Fid. 711 illustrates the measured (red symbols), lineti&M spectra of the
three absorption bands in comparison with the simulated absorption (dasived)cand FM spectra
(red curve).

Table 7.2: Summary of the measured pressure broadening parametéreéoselected HNO absorp-

tion lines.
line center wavelength/ max FM signal/ averagel/ K averagep / A/
cm 1 cm 1 mbar (GHz/bar)
1 16173.86 16173.82 770 570 .02
2 16171.99 16171.93 970 880 .81
2 16171.99 16171.93 298 100 .53
3 16002.36 16002.32 1250 1140 41

The HNO absorption spectrum has been simulated with the PGOPHER pfégraased on the
spectroscopic constants taken from Pearson et al. The simulated line oaitic relative intensities
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have been adopted from the PGOPHER output to calculate the correspdfidirspectra with a
program developed in our working group. The simulations are in gocgkaggnt with the measured
data, only small line shifts on the order of 0.02 Thwere necessary. The three absorption bands
have been measured at different temperatures of about 298, a¥@nd71250 K, respectively, and
therefore yielded a set of pressure broadening parameters (sé&jal-rom these data the pressure
broadening coefficient was determined to/bg, ~ 3.5(T /298 K) %6 GHz/bar. In agreement with
our experiments the PGOPHER simulations predict similar intensities for th&$(d) lines and a
two times higher intensity for th@y(16) line at temperatures around 1000 K. Therefore,@o€L6)

line provides better signal-to-noise ratios and was selected for all kinetik $hbe measurements of
this work.

Q,(") TR

O  FM exp. data
—— FM simulation
- - - - Abs. simulation

Absorption or Af' (FM factor)

-1.04 /1
T T T vI1r T T T T T T
16002.0 16002.5 16172.0 16173.5 16174.0
Wavenumber / cm

Figure 7.1: Normalized experimental FM-spectrum of HNO (red symbolspinparison with simu-
lated FM (red curve) ang absorption spectra (dashed curve) far times of the (100)-
(000) band of thé\'A” — X1A’ HNO transition. The experimental conditions are listed in

Tab[7.2.

7.3.2 HNO formation mechanism and absorption cross section

For quantitative HNO measurements it is important to know the initial [H3®@hcentrations from
glyoxal photolysis. Ideally, simultaneous measurements of HCO and HNfdegravould have to
be performed. However, as either HCO or HNO could be detected withetup,sall experiments
have been performed at least twice under very similar reaction condifiqons fnixture composition,
photolysis energy) either detecting HCO or HNO. In Eig] 7.2a[and 7.2kriexeetal and numerically
modeled HNO and their corresponding HCO concentration-time profilesigpiaged. As already
outlined above, the HCO profile could be well simulated without any adjustnightanechanism
adopted from the literature. Only the initial [HC§£doncentrations were varied to fit the maximum of
the measured HCO profile.

HNO reactions were initially taken from GRI-Mech #band were varied by a factor of up to 100
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to identify reactions with potentially strong impact on the simulated HNO profilenRhe reactions
(HNO + H, HNO + H,, HNO + CO, HNO + NO, and HNO + M) only the reaction

HNO +H = Hz + NO (6)

turned out to be actually important for the overall HNO concentration. Abtgldterature data for
ke at high temperatures differ by two orders of magnitifde€®:2”1Simulations of the measured HNO
concentration-time profiles both behind shock waves and at room temgevette most consistent
using the most recent theoretical expression by Nguyen et al. whichddeathe entire temperature
range of this work and is on the upper limit of the reported literature valdeslsing lower rate
constant values for HNO + H would result in higher simulated overall HNfceatrations and to a
little to steep HNO increase at the beginning of the experiment.

HCO, H (a) w0
2004 1
g
a g
= &
S 100 T=930K 1200 =
2™ p =800 mbar )
= x [(CHO),] =7710 ppm =
0 10
300
g
& 200
g
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<) p =790 mbar
= x [(CHO),] = 7710 ppm
01 x [NOJ = 5530 ppm
C
0.4+ (CHO), + H - HCO + O + H, ©
o
E 0.2 HCO +NO - HNO + O
o
200 HNO difpyg;
= —Lsion HCO + M — H+CO + M
g
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A -0.2 +NO
0+ HCO — H, + CO
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Figure 7.2: a) HCO concentration-time profile measured after the photolyg8i&6 ppm glyoxal in
argon in comparison with the simulation for HCO and H. b) Experimental and diecula
HNO concentration-time profile at similar reaction conditions. c¢) CorrespgndNO
sensitivity analysis.

A sensitivity analysis for an HNO profile measured behind the reflectecksivave is illustrated in
Fig[7Z.2c and reveals the six most important reactions for HNO formation amsliogption. The rate
constants of the reactions (3), (4), (8) and (9) are important for HC®edl and have been validated
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by the HCO experiments. The reaction HNO + H is important because, next@, H atoms are
formed in high yields from the glyoxal photolysis as well. As already outlir®aa, its rate constant

ks is not accurately known, however its influence remains comparably smallsirlllations (for
reaction mixtures without &) predict stable HNO concentration plateaus towards longer reaction
times showing that HNO is a stable species under the reaction conditions appliés work. In
contrast, we observe a slow loss of HNO that can be attributed to diffusassaof HNO out of the
photolysis volume. HCO reacts on a much faster timescale than HNO such ttifftis@n correction

is needed for HCO.

Table 7.3: Experimental conditions and results for HNO absorption cexs®s of theRR3(4) transi-
tion at room temperature (295 K) and behind shock waves.

p/mbar glyoxal/ppm  NO/ppm  ©/ ppm HCQ/ppm o x10°5/cmPmol—
room temperature

50 9990 4710 1500 20 1.8
95 10400 6560 6095 19 1.7
100 9850 8380 2000 19 1.9
101 10075 4180 640 12 2.0
101 10040 4180 1565 11 1.8
102 9970 4150 2790 13 2.0
104 15400 6675 3400 22 1.9
reflected shock wave
T/K p/ mbar glyoxal/ ppm NO/ppm HCE ppm o x 104/ cmPmol—"
721 495 8915 7780 100 5.8
765 554 7995 4370 125 5.1
771 570 9990 8670 120 5.1
785 591 9990 8670 120 5.7
808 625 7735 4425 150 4.0
837 660 9990 8670 130 35
863 596 10645 6750 120 35
864 600 12150 6495 130 4.0
898 755 7880 4600 120 3.8
908 770 7735 4425 150 3.0
916 781 8080 1454 130 3.5
920 790 7710 5525 160 2.9
938 819 7690 6620 160 3.2
948 835 7975 5090 130 2.9
983 891 7880 4600 120 35
1042 1360 11505 7180 90 34
1046 1373 11640 7260 90 3.0
1049 1371 11505 7180 90 3.0
1055 1032 10810 5825 100 3.0
1065 1049 10270 8050 110 3.7
1117 942 9040 6990 150 3.0
1118 1542 11500 7175 90 25
1133 1170 10270 8050 110 3.3

The HNO absorption cross section for a single transition at the line centdrsecdetermined by the

equation:
2% ||:|\/|

o=
lo x Af x [HNOJ x leg x 184
The maximum [HNQ] concentrations were simulated based on the mechanisrh. [@.Taogether
with the initial [HCO}y concentrations, which were taken from the direct HCO measurements. The
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Af values were determined using the line shape data from the measured HN@eEagstogether
with the calculated experimental conditions and modulation indi¢e3 he experimental conditions
and the determined absorption cross section values f&6iRb@) line are listed in Talh_71.3 and plotted

in Fig.[Z.3. Between 720 k T < 1133 K the logarithm of the cross section can be approximated by
the linearized expression:

OHNO 4 (T
logf ——— | =5.14-6.0x 10 — .
g<cmzmol‘1> 8 . <K>

O exp. data scaled to p = 0 bar

_10°

e

=

g

2

° o, p) ©

9p
cxc———=exp(—E/k
Qvierot p ( T)
10* —
400 600 800 1000 1200

Temperature / K

Figure 7.3: Temperature dependence of the experimentally determined b¢@p&on cross section
of theRR3(4) transition between 298 and 1133 K.

7.3.3 Room temperature measurements

FM measurements of HNO at room temperature have been performed tp theribsolute value

and the temperature dependence of the HNO absorption cross sectionidetefrom the shock tube
experiments. The experimental conditions of seven room temperatunémne®pts are summarized in
Tab[7Z.3. Mixtures of about 1% glyoxal and 4180 to 8380 ppm NO werkesdat pressures of 50 and
100 mbar. Additional @ has been added to the reaction mixtures to capture the large amounts of H
atoms, formed from the glyoxal photolysis, that would cause a low HNO yigddtd the fast reaction
HNO + H— Hj, + NO. Actually, over the equilibrium

2NO + O, = NO, (7)

certain amounts of N@are formed during the mixing of the reactants that rapidly react with H
atoms as well. Sensitivity analyses reveal that the formed H atoms mainly reagghhthis reac-
tion. In Fig.[Z.4a and Fid._7.4b, a typical HNO (blue curve) and the cporeding HCO (red curve)
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concentration-time profiles at room temperature pred50 mbar are shown together with the best nu-
merical fits. Also the simulated profiles withoup @ the reaction mixtures are shown (dashed black
curves). Both HNO yield and HCO concentrations at longer reaction timeddvise significantly
lower without the addition of @due to fast reaction with H atoms. This effect is more pronounced
for HNO and would result in about a factor of two lower HNO concentratiainb0us reaction time.
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Figure 7.4: a) Experimental concentration-time profiles of HCO (red ¢w@we b) HNO (blue curve)
under the same reaction conditions at room temperaturgpan®0 mbar together with
the respective simulated profiles (black curves) using 1% glyoxal, 4760 ¢ and
1500 ppm Q. Dotted and dashed curves represent simulations using differemhpssu
tions (see text). c) Corresponding HNO sensitivity analysis.

It is known from theoretical work of Xu et 8! that at room temperature a second reaction channel
for the HNO forming reaction HCO + NO needs to be considered.

HCO+NO — HNO+CO  ~70% (4a)
HCO + NO — HC(O)NO(— producty  ~ 30% (4b)
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For reaction channel (4b), the formation of a stable complex was asswhigth did not contribute
further to the overall HNO formation. The actually assumed branching rasdbken fine-tuned by
carefully fitting the HNO concentration rise at the beginning of the experinfemt.comparison, an
HNO concentration-time profile simulation only considering the HNO forming obh(#a) is also
shown in Fig[Z¥b (dotted curve). This simulation does not fit the experimprdfile. Also the
corresponding HNO sensitivity analysis in Fig.]7.4c illustrates that the biagaatio for the two
channels of reaction (4) is crucial for the overall HNO concentratioar@li; the branching ratio for
the HNO forming channel (4a) was found to be about 0.70 in our expetanemich is consistent
with the theoretical value of about 0.75 estimated by Xu et al. Four othetiogra@lso appear in the
HNO sensitivity analysis. The reactions H + HCO (8), H + N@1), and glyoxal + OH (12) are again
validated by consistent modeling of HCO and HNO measurements. Also the HiNGiah is in-
cluded but its contribution is only minor due to large beam diameter of the phisttdger (compared
to the detection beam) in case of the room temperature experiments.

By analyzing experiments at different pressures and glyoxal/NO ratié\O absorption cross sec-
tion of
0 = (1.840.2) x 10° c?/mol

has been found which is in very good agreement with the shock tube datay.[7.3 all experimental
o values (red dots) are shown together with the theoretically expected (tlaeok) temperature de-
pendence of the absorption cross section. The prediction is basedloretheape parametex(T, p),
the term value of the lower energy st&eas well as the vibrationald,) and rotational Qo) par-
tition function of HNO. Overall, the experimental data points are well desdrilyethe prediction,
showing that the room temperature and high temperature experiments sist&on

7.3.4 Rate constant of the reaction HNO + @

The rate constant of the reaction
HNO+ 0Oy — HO,+NO Q)

has been measured behind reflected shock waves by adding betwd®&ndhd 1% Q to the gly-
oxal/NO reaction mixtures. The experimental conditions are summarized iiZFb.The HNO
absorption cross section as well as the background mechanism for ldibken adopted from the
experiments without @

A typical HNO concentration-time profile obtainedat= 945 K andp = 700 mbar can be seen in
Fig.[Z.Ba. 6900 ppm Owere added to a typical reaction mixture of 1 % glyoxal and 7600 ppm NO in
argon. The two black curves in the Figure represent HNO simulations wdttviinout oxygen present

in the reaction mixture. While the rapid HNO formation directly after the photolysimisaffected

by the addition of @, the HNO concentration decreases faster in the experiment witi ki direct
comparison between the two simulations reveals that the rate constantchioméa) could be derived
from this experiments. The corresponding sensitivity analysis is showig.ii@Bb. Only the five most
sensitive reactions are included in the diagram. The reaction HN@is-tBe most important reaction
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to model the HNO decrease at longer reaction times, but the reactions ofiB®@and (CHO) with

H atoms do also contribute to the overall HNO concentration profile. Howasehe mechanism has
been validated by the experiments withoutddlded, the perturbation of the HNO concentration-time
profile can be attributed mostly to the reaction HNO # O
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09 x (NO) = 7600 ppm
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Figure 7.5: a) Typical HNO concentration-time profile with @resent in the reaction mixture. b) Cor-
responding HNO sensitivity analysis.

All experimental conditions and results for 21 experiments for the determinaftia are summarized
in Tab.[7.4 and are plotted in the Arrhenius diagram in Eig. 7.6. The dateeatedpresented by the
Arrhenius expression (solid line in Fig.¥.6):

21kJ/ mo

ki / (cmPmolts™t) = 6.1 x 1012exp( T

’) , A(logk; ) = +£0.17

with a weak temperature dependence of23 kJ/mol. At densities op = 7.26 x 106 mol/cn? to

P = 1.66x 107> mol/cn?® (corresponding to pressures of 452 - 1542 mbar) no pressurediemee
was discernible. The error stated for the total rate constant expressiones several sources of
uncertainty. Main errors may result from the uncertainties of the initial HG@entrations, the HNO
absorption cross section, and the secondary chemistry of HNO, HC@lpoxkl. However, both
the absorption cross section and the HNO formation mechanism have lsadttom experiments
without O, and therefore it can be safely assumed that the uncertainties compe@sai®ll, the
associating uncertainty is about 25%. The statistical error from the fittowegure of the experiments
results in an additionat23% error (& standard error of the mean). An overall error of abtd8%
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(A (log kg) = +0.17) is obtained.

Table 7.4: Experimental conditions and results for the experiments on ttiereBlNO + G behind
reflected shock waves.

T/K pl p/10°8 x(glyoxal)  x(NO) x(O,)/ppm X0 ki / 10t cm?/ (mol s)
mbar mol/cn?® 1% Ippm (HCO)
/ ppm
749 452 7.26 1.10 5823 7485 160 2.1
822 546 7.99 1.16 7257 8290 85 3.0
863 596 8.30 1.06 6747 4884 165 3.0
882 619 8.44 0.93 9603 6309 150 3.7
945 707 9.01 1.02 7574 9640 140 4.5
971 750 9.29 1.15 7216 7475 110 5.2
1033 843 9.82 1.28 5887 4402 130 5.0
1041 844 9.74 0.97 7259 7991 70 5.0
1046 1372 15.8 1.16 7257 8290 90 4.8
1047 1375 15.8 1.14 7175 6732 90 6.7
1102 1505 16.4 1.16 7214 7754 90 6.5
1110 958 10.4 1.17 7325 8779 85 5.7
1118 1542 16.6 1.15 7174 6983 90 7.0
1145 997 10.5 1.06 6747 4884 160 7.0
1166 1035 10.7 1.06 6712 10016 130 8.0
1181 1055 10.8 1.02 7564 8223 140 6.5
1200 1090 11.0 1.06 6712 10016 130 7.3
1205 1090 10.9 1.00 6482 8737 120 7.4
1259 1178 11.3 1.06 6730 7457 130 8.5
1273 1191 11.2 1.01 6496 6502 120 9.0
1274 1190 11.2 1.01 6511 4257 120 8.0

7.3.5 Discussion

Selected literature data on the rate of the reaction HNO,+a@ shown in comparison with the
experimental data of this work in Fig._7.6. A simple high temperature extrapolattitwe low temper-
ature intracavity laser absorption spectroscopic (ICLAS) measuremgisybkov et all®l, which
have been performed between 296 and 421 K, would yield about thdee @frmagnitude lower rate
constants at a temperature of 1000 K. However, allowing for the oftendf@esitive curvature in
the Arrhenius plot, this discrepancy would be somewhat smaller. As ndttoanstate calculations
have been performed yet, a reliable extrapolation of the low temperaturéesdatapossible. Miller
and Bowman indirectly determined the rate constant of reaction (1) as fpamnt éxtensive mecha-
nism for the gas phase reaction of isocyanic acid with nitric oxide in the pcesef @, H,O and
CO."I They compared their calculated mole fractions of species like NO, HNCOQartd mea-
sured mole fractions from different experimental investigati&ts Their estimated rate expression
k1/(cmPmol~ts1) = 1 x 10" x exp(—105 k¥mol/RT) yields a four orders of magnitude lower rate
constant al = 1000 K and suggests a very strong temperature dependence of r¢agtioat is not
consistent with our data. Already for the development of the combustionanith GRI Mech 3.@¢!
this unfeasible rate constant expression has been adjusted. Withibwet fluistification, by compari-
son with the analogous RH +,Qeaction, in the GRI Mech 3.0 the pre-exponential factor has been
adopted from Miller and Bowman but the Arrhenius activation energy Bas decreased to 54 kJ/mol.
This change increases the rate constant by a factor of 400=a1000 K, hence still a factor of 30
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lower than the experimental data of this work. Finally, the expression fréanskand Warnat2!
ky/(cmPmol~1s1) = 3.2 x 101 x exp(—12.5 (kJ/mol)/RT), provides the best agreement with our
data. This expression stems from a detailed mechanism forfdi@ation/reduction. Unfortunately,
no information about the derivation of this comparably high value has higen.g

Compared to the rather uncertain and inconsistent literature data, the eraasats performed in this
work constitute by far the most reliable high temperature determination. Alththegbverall effect

of O, addition on the detected HNO profiles remained small, thanks to the perturbpticraah (i.e.,
measurements with and without oxygen present), the rate constant codktdsenined with good
accuracy. Note that the low rate constant estimate according to the GRI B/@a&nd the Miller

and Bowman expressions would not have resulted in any noticeableecivatite HNO profiles for
experiments with and without£This is in obvious disagreement with the experiments reported here.

T/K
1200 800 400

T T T
107 ?Wlaus and Warnatz (1995)
103 This work

\ O  experimental data

10
10 JGRI-Mech3.0 — best fit

k/(cm’mol's™)
S

107"; Miller and Bowman (1991)
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Figure 7.6: Arrhenius plot of measured rate constants for the reactidd HR, in comparison with
available literature dat::8:°]

7.4 Conclusion

HNO has been detected behind shock waves for the first time by means wérthsensitive FM
spectroscopy approach. FM spectra of three selected transitiondéewaecorded to determine ac-
curate FM factord\f and pressure broadening coefficients. The photolysis of glyoxal/NO raitu
was used as a source for HNO. Corresponding experiments with eith@rdiRICO detection have
been performed behind reflected shock waves and at room tempemtiatermine the HNO absorp-
tion cross section. Between 700 and 1150 K the absorption cross settlmmfiR3(4) transition at
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16173.86 cm can be expressed by

OHNO 4 T>
log ———— | =5.14—6.0x10 " x [ — |.
g<cmzmol‘1> <K

An HNO mechanism including the HNO formation from the reaction HCO + NO fatgwthe glyoxal
photolysis as well as HNO secondary chemistry was developed and testeatibus experimental
conditions. Based on the determined HNO absorption cross section andhihsshanism for HNO
formation, which reliably describes the measured HNO profiles withguih@he reaction mixture,
it was possible to measure rate constant data for the reaction HN@-+ @O + HO,. Up to 1%
O, were added to the glyoxal/NO reaction mixtures. At temperatures of 749TK< 1274 K the
experimental data can be summarized by the Arrhenius expression:

21kJ/ mo

ki / (cmPmolts™t) = 6.1 x 1012exp(— T

’) , A(logk; ) = +0.17

The comparison with existing literature data reveals that the most frequeatlyai® constant expres-
sion of Miller and BowmaH! and from the GRI Mech 318 yield at least one order of magnitude too
low rate constant data. Clearly, future work on a detailed theoretical traatfihe reaction based on
high-level quantum-chemical calculations is needed to confirm both the migietature rate constant
expression as well as the reported temperature dependence obtainisduarth Furthermore, mod-
eling work is required to range the importance of the reaction HNQ fio©ONOy formation in flames.
Finally, with the experimental setup presented in this work measurementstadifbimolecular HNO
reactions should be possible. Such data would hold the potential to contidbaitsuch better and
guantitative understanding of HNO for N@odeling in flames.
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8. Glyoxal Oxidation Mechanism:Implications for the reactions HCO,+ O

Abstract

A detailed mechanism for the thermal decomposition and oxidation of the flamened&te gly-
oxal (OCHCHO) has been assembled from available theoretical andreepeal literature data. The
modeling capabilities of this extensive mechanism have been tested by simulgtergreental HCO
profiles measured at intermediate and high temperatures in previous ghfmtalysis and pyrolysis
studies. Additionally, new experiments on glyoxal pyrolysis and oxidatime baen performed with
glyoxal and glyoxal/oxygen mixtures in Ar behind shock waves at tempesiai 1285 K- 1760 K at
two different total density ranges. HCO concentration-time profiles haea betected by frequency
modulation spectroscopy at a wavelengthAot= 614752 nm. The temperature range of available
direct rate constant data of the high temperature key reaction- HO9— CO-+ HO, has been ex-
tended up to 1705 K and confirms a temperature dependence consistemt a@adthinating direct
abstraction channel. Taking into account available literature data obtditmees temperatures, the
following rate constant expression is recommended over the temperatge285 K< T < 1705 K:

ky/(cmPmol~ts1) = 6.92 x 10 x T190 x exp(+5.73 kI/mo}RT)

At intermediate temperatures, the reaction OCHCHO + HW@comes more important. A detailed
reanalysis of previous experimental data as well as more recent thabpeéidictions favor the forma-
tion of a recombination product in contrast to the formerly assumed dominatthfpat OH forming
channel. Modeling results of the present study support the formatio®@@H{OO)CHO and provide
a two orders of magnitude lower rate constant estimate for the OH channete Hew-temperature
generation of chain carriers has to be attributed to secondary reactidi@GiH(OO)CHO.

8.1 Introduction

The oxidation chemistry of glyoxal (OCHCHO) is of interest, partly becatusaecognized as an in-
termediate in combustion of hydrocarbons and partly because glyoxatkasdentified as a promis-
ing HCO high-temperature source for shock tube measurerfiehtsloreover, glyoxal is discussed
as an important component in tropospheric chemi€tyGlyoxal can be formed from oxidation of

through the chain-propagating sequence
CoHy 22 C,H,0H 2% OCHCHO+ OH

Previous studies of OCHCHO chemistry include thermal decomposition in staiord!”] and
shock tubeB819] as well as low-temperature oxidatiéh21:22land determination of explosion limits
in static reactor&3! Also data on the low temperature oxidation of glyoxal byad424 and NG (22!
have been reported. More recently, Colberg and Friediftis, a combined shock tube/photolysis
study of OCHCHO/Q mixtures, obtained rate coefficients for the reaction HCO,a0r50-1110 K.
To our knowledge, no detailed chemical kinetic modeling studies of glyoxdatirn have previously
been reported.
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The objective of the present study is two-fold. We aim to develop a detdilechical kinetic model
for oxidation of OCHCHO in the intermediate to high temperature range for ug@mbustion studies.
Furthermore, we wish to extend the measurement range for the rate cafdth®O + O, to higher
temperatures. Novel shock tube experiments are conducted for OCHGHOCHCHO/Q mixtures
in argon at temperatures from 1285 to 1760 K. The results from thesgimgnts are combined with
the previous data from Colberg and Friedrichs and implications for ouerstahding of glyoxal
oxidation and for the overall rate constant of the reaction HCG -a® discussed.

8.2 Detailed Kinetic Model

A mechanism has been assembled from recent work on the chemistry ofg&3 formic acid 28]
formaldehydd2”] carbon monoxid€€! and hydroger?? In the present work the OCHCHO oxi-
dation subset of the mechanism was updated. The thermodynamic propert@€HCHO and
OCHCO are shown in Table 83231 while Table[8:2 lists key reactions in the OCHCHO oxida-
tion schemd2:19:32:34.35IThe full mechanism, including pressure dependent rate coefficientsaioy
decomposition and recombination reactions, is available as Supportingatfon.

In addition to the OCHCHO subset discussed below, particular attention aidqothe reaction of
HCO with O,
HCO+ O, = CO+HO2 (1)

High temperature oxidation of hydrocarbons as well as of glyoxal is sengitive to this step. Start-
ing from the experimentally determined rate coefficients by Colberg andrkfis®! and the new
experimental data presented below, we derived a rate constant @wprealid over a wide range of
temperatures. Hsu et Bf! reported a theoretical study of this reaction, based on RRKM calculations
for the indirect abstraction channel and VTST calculations for the daestraction channel. Both
channels yield the products CO + HAccording to these calculations, at low temperatures the more
or less temperature independent indirect channel dominates and thesmofehe total rate constant,
which is due to the direct abstraction channel, takes place not before &omgsrofT > 1250 K.

In contrast, the Colberg and Friedrichs determination implies a distinct ircdabe rate constant
already at temperatures abolve> 700 K. For the temperature range of the present shock tube study

Table 8.1: Thermodynamic properties of selected species in the reactiommsoh Units are kJ
mol~1 for AH, 3 mol-! K~ for Sandc,, 1, and K for temperatur&.

Species AHZgg Sos Cp300 Cpaoo Cps500 Cpeoo  Cpgoo  Cpiooo  Cpisoo  Ref.
OCHCHO —21207 27245 60.60 71.38 81.42 89.93 101.43 108.64 117.36/ 30
OCHCO —-6380 281.28 57.81 65.15 71.39 76.64 84.65 90.17 98.25 this work,

a: The C-H bond dissociation enthalpy at 298 K in OCHCHO was obtained vigpated CBS-QB3 energi€d! and the
reaction OCHCHO- OCHCO + H. There are isomers of OCHCO with bent C-C-O structurethleutnost stable isomer
has an almost linear C-C-O group. The corresponding bond dissoceatibalpy is 366.2 kJ/mol, which corresponds to
AfH54g(OCHCO) =—63.8 kJ/mol. Entropies and heat capacities of OCHCO were derived usih@thenic oscillator/rigid
rotor model.
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Table 8.2: The OCHCHO subset of the reaction mechanism. Parametesefor the modified Ar-
rhenius expressiok= AT"exp(—E,/(RT)). Units are mol, cm, s, kJ. The full mechanism,
including pressure dependent expressions, are given in the Simgpaformation.

No. A n E Ref.
[cm,mol,s] [kd/mol]
1 HCO+ 0O, = CO+HO, 6.92E06 1900 573 thisworka
2a OCHCHO= CH,O+CO 8.04E55 -12.600 321.00 __ 19,
2b  OCHCHO= CO+ CO+H; 6.12E57 -13.100 335.34 _ 1B,
2c  OCHCHO= HCOH+CO 2.62E57 -13.200 333.69 _ 18c
2d OCHCHO= HCO+HCO 1.89E57 -12.800 352.80 19,
3  OCHCHO+H = OCHCO+ H> 5.4E13 0 18.00 _2
4  OCHCHO+O = OCHCO+OH 8.4E11 0.570 1155 est.xXXcH20:0
5 OCHCHO+ OH = OCHCO+ H,0 4.0E06 2.000 -6.82 _ 32
6 OCHCHO+HO,; — HOCH(OO)CHO 1.3E31 -7.532 6.03 _ 34,
-6 HOCHOO)CHO — OCHCHO-+HO; 1.9E29 -5.781 66.07 _ 34
7 OCHCHO+HO,; = HOCHO+ CO+OH 3.3E-4 3.995 126 _ 34
8 OCHCHO+HO,; = OCHCO+H20, 8.2E04 2.500 42.70  est. ) 2kcH20+HO2
9 OCHCHO+ O, = OCHCO+HO; 4.8E05 2.500 152.55  est.XXcH20+02
10 OCHCO= HCO+CO 4.1E14 0 36.67 _ 3%
1la OCHCO+0Oy = CO+CO,+OH 3.3E14 0 8.68 _34
12 HOCHOO)CHO — HOCHO+ CO+ OH 1.6E10 0.051 63.56 _ 34
13 HOCHOO)CHO+HO; — HOCH(O)CHO+ O, + OH 3.0E12 0 0 estg f
14 HOCHOO)CHO+HO; — HOCH(OOH)CHO+ O, 3.0E12 0 0 estf

a: 295 K< T < 1705K,

b: 1.0 bar, 800 K< T < 2500 K,

c: Treated as a duplicate of reaction (2a), see text,

d: 1.0 atm,

e HOCH(O)CHO immediately dissociates to HOCHO and HCO,
f: 298 K.

(1285 - 1705 K), the extrapolated Arrhenius expression of ColbedgFaiedrichs yields 2.1 - 2.5
times higher values than the theoretical prediction of Hsu et al. Hence, thglgexal oxidation
experiments served as a critical test of both the absolute value of the rat&wgband the overall
temperature dependence of the reaction HCQ+ O

Thermal dissociation of OCHCHO has been characterized experimentaitycbghock waved81°]
and theoretically22:371 It is a highly temperature and pressure dependent multi-channel reaciton th
may vield a range of products:

OCHCHO= CH,0+CO (2a)
OCHCHO= CO+ CO+H; (2b)
OCHCHO= HCOH+ CO (2¢)
OCHCHO= HCO+HCO (2d)

We have adopted the results by Friedrichs ét8lwho detected species profiles of OCHCHO, HCO,
and H behind shock waves at temperatures of 1032—-2320 K. In thel, W obtained branching
ratios of the thermal glyoxal decomposition were interpreted by means oMRBKCM/ME calcu-
lations and rate coefficients over a wide range of temperature (800 —-K258%d pressure (1 mbar —
100 bar) have been reported. Original data have been representethinof Chebyshev polynomial
coefficients. We reparametrized their data and report extended Aushexpressions gi = 1 bar in
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Table[8.2 and at other total pressures in the Supporting Information. Airding of Friedrichs et al.
was that the previously neglected, energetically most unfavorable H@mnheh(2d), due to its loose
transition state character, becomes the dominant product channel aeimglratures and pressures.
For example, al = 2300 K andp = 3 bar the branching fraction of channel (2d) accounts for 48% of
the total reaction rate. In contrast, the hydroxymethylene forming HCOHm&h42c), in agreement
with a photochemical study of Hepburn et BE! with branching fractions< 7% at all temperatures
and pressures turned out to be minor. Arguments have been put db'nweef@ that subsequent
chemistry of HCOH is not expected to serve as a significant source @faadd atoms or radicals
such that the overall influence of this minor channel on glyoxal chemistmains small. With re-
gard to a simplified description of the thermal decomposition of glyoxal, chgBoghas therefore
not been treated as a separate channel but its reported rate corptass®n has been merged with
reaction channel (2a), which is the main channel under the experimentitions of this work.

Other reactions of OCHCHO include abstraction of H by radicals or @nly a few of these steps
have been characterized experimentally. The reaction with atomic hydrogen

OCHCHO+ H = OCHCO+ H (3)

has been measured at elevated temperatures (769-1107 K) by Cold&ngeairich&! and their value
is used in the reaction mechanism. The reaction with OH (5),

OCHCHO+ OH = OCHCO+ H,0 (5)

has been studied both experimentB#y?3:3% and theoretically*! though only at low temperatures.
The experimental results are in good agreement. We have adopted th@matant measured by
Feierabend et d#2] in the 210-390 K range.

For the reactions of OCHCHO with O (4) ang (®),

OCHCHO+ O = OCHCO+ OH (4)
OCHCHO+ O, = OCHCO+ HO, 9)

we estimate the rate constants to be similar to the analogue reactions©f CH

The reaction of OCHCHO with H®is of particular importance, since H@s formed in significant
guantities compared to the other radicals in the O/H pool at low to medium temgecatuditions.
The H-abstraction channel,

OCHCHO+ HO, = OCHCO+ H,0;, (8)

has not been characterized experimentally, but we assume that it Hescamatant similar to that of
CH20 + HO,. The reaction would be expected to be too slow to compete at low temperautresry
become dominating at elevated temperatures. According to the recentiteatedy of da Silvd3!
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the main product of OCHCHO + Hgat low temperature is HOCH(OO)CHO,
OCHCHO+ HO,; = HOCH(OO)CHO (6)

However, even at low temperatures the HOCH(OO)CHO radical predomhjr@issociates to reform
the reactant®4 In analogy with a corresponding formaldehyde reaction,

CHp0 + HO, = HOCHO+ OH,

a secondary product channel yielding OH radicals has been prpasglyoxal oxidation by Hay
and Norrishi2t]
OCHCHO+ HO, = OCHC(O)OH+ OH.

OCHC(O)OH would be expected to decompose rapidly to formic acid (HOCHOQ. Indeed, the
existence of the OH producing channel for glyoxal + H&&ems to be supported by the detection
of formic acid*!l in glyoxal oxidation and appears to be required to explain the generaticimairi
carriers in glyoxal oxidation at 563-643 K1l From a photolysis study at 298 K, Niki et @t! derived

a room temperature value for the OH channel efB® cm® mol~ s~1. Support for an OH-producing
channel of the OCHCHO + Hgreaction is also provided theoretically. According to da Siathe
reaction forms a hydroxyperoxy radical, which decomposes to HOCHO + OH,

OCHCHO+ HO, — HOCHO+ CO-+ OH (7)

However, the rate constant calculated by da Silva is two orders of magrsitoaier than the value
reported by Niki et al. In order to resolve this discrepancy, we haveotighly re-interpreted the
experimental results of Niki et al. (see Appendix). Our analysis indi¢catgghe data of Niki et al. are
compatible with the rate constant for (7) from da Sil¥4,provided that the association reaction (6)
and the subsequent reactions of HOCH(OO)CHO are taken into accQamsequently, we have
adopted the rate coefficients for (6) and (7) from da Silva.

Only a few studies of the chemistry of the OCHCO radical have been repé#&:42|t is expected
to decompose thermally or react with.Orhe thermal dissociation,

OCHCO= HCO+CO (10)

was studied theoretically by da SiNZ2! who determined a high-pressure limitlafe = 1.1 x 1014 x
T01383exp(—5102/T) between 200 and 2000 K. At the conditions of interest in the present, shisly
reaction is in the fall-off regime, and consequently we used extrapolatfaaseoconstants provided
by da Silva for the 150-400 K range for pressures of 0.01, 0.1, atwh 1The rate constant calculated
by da Silva is considerably lower than the experimental value reportedlapddrand Tyndalf?! for
0.92 atm and 224-370 K. However, the latter determination was affecte@lmsthof a too large rate
constant value for OCHCO +£as pointed out by da SilV&2!
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The reaction of OCHCO with ©could involve a number of product channels, i.e.,

OCHCO+ O, = CO+ CO, -+ OH (11a)
OCHCO+ O, = CO+ CO+ HO;, (11b)
OCHCO+ Oy(+M) = OCHC(0)00(+M) (11c)

Da Silva®®! predicts the CO + C®+ OH channel (11a) to be dominating above room temperature.
In fact, in a recent kinetic study on OH formation in the CI/OCHCH®r€action system, Lockhart

et al 28l found strong evidence that the reaction (11) directly yields OH radicalsawittte constant
consistent with the Da Silva estimate. The OCHCO zdddition reaction is strongly exothermal
and isomerization/decomposition of the excited peroxy radical adduct isettivg with collisional
deactivation even at low temperature, leading directly to the dissociatedgqiso@Q + CO + OH.
Similar to reaction (10), da Silva uses RRKM/ME theory to calculate valuéggfor temperatures
between 150 and 400 K and pressures of 0.01-1 bar; we extrapolsgedidita to the conditions of the
present work. The work of da Silva indicates a small, positive activatienggr(4—8 kJ mot?). The
finding that (11a) is the main product channel for OCHCO #i©in agreement with experimental
observations by Orlando and Tynd&#! However, they assumed the reaction to be barrierless and
estimated a somewhat larger rate constant.

Addition of O, (11c) yields a ketoperoxy radical, OCHC(O)OO. This radical isomerdtdsa com-
puted barrier of 63 kJ mol to make OCC(O)OOH through a 1 - 4 hydrogen shift. With a low barrier
of 28 kJ mot !, the OCC(O)OOH radical would dissociate fast to form CO +,GQDH; an overall
step equivalent to (11a). Alternatively, the ketoperoxy radical coidkl gp an H atom at the radical
oxygen resulting in OCHC(O)OOH. The new O-H bond with a bond eneirg@®®kJ mot is reason-
ably strong; thus H might be abstracted from other species presentiimglyigoxal. OCHC(O)OOH
can decompose in a unimolecular step with a barrier of 87 kJ trtolyield HCO + CQ + OH or

it can be converted to OCC(O)OOH by abstraction of H from the C-H bonith #Vbond energy of
379 kJ mot ™ this bond is weaker than the O-H bond. However, da Silva predicts theiassno rate
(11c) to decrease rapidly above 300 K, and these pathways arepemited to be important under the
conditions of the present study.

8.3 Experimental

The thermal decomposition of glyoxal has been investigated behind shmaswith and without
oxygen present in the reaction gas mixtures. All experiments were cautdgd an electro-polished
stainless steel shock tube that is described in detail elsewhérhe shock tube has been operated
using hydrogen or hydrogen/nitrogen mixtures as driver gas and 80 gm thick aluminium di-
aphragms. Concentration-time profiles of the glyoxal decomposition pré40© were measured
by means of frequency modulation (FM) spectroscopy at a detectioriergik ofA = 614.752 nm.
The experimental setup was very similar to the one used in our previous@afe reaction HCO +
0,.12] Details on the HCO detection scheme and the implementation of FM spectroscapyaftti-
tative measurements of radicals behind shock waves can be found etsét##i*! According to FM
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theory, the measured signaj, is related to the absolute radical concentratidny the equation
lo
=2y :§O'C><C><| x Af x G.

Here,lg is the probe light intensityg; the absorption cross section at line center, latig absorption
path lengthAf, the so-called FM factor, depends on the applied modulation frequeneglbas the
modulation depth and is calculated from the absorption line shape profile attil experimental
temperature and pressure. Accurate line shape data and absorpsissections have been adopted
from Friedrichs et al*3! The room temperature value of the absorption cross section is in excellent
agreement (within 2%) with the accurate measurements of Flad# @llowance was made for
a small pressure broadening effect according to an assumed préssadening coefficierhv =
2.0x (T /298 K)%7> GHz bar !, hence similar to the one experimentally observed fop 8l G is the
device-specific electronic gain factor of the FM spectrometer, which hlas tietermined separately.
Its value has been re-measured and was found to be consistent witfevioug determinations. We
estimate the accuracy of the calculated HCO concentrations (including @reéthe gain factor and
the high temperature extrapolation of the HCO cross section) t62086.

Table 8.3: Experimental conditions and results.

T/ p/10°%  x(glyoxal) | T/ p/10°%  x(glyoxal) x(O») ki/10%2
K  molcm™3 % K  molcm™3 % ppm  cnimol1st
without O, with O,
incident shock wave incident shock wave
1299 3.87 1.01 | 1285 3.86 1.01 3185 7.3
1379 5.24 1.04 | 1294 3.86 1.01 6700 7.7
1398 3.94 1.01 | 1382 3.93 1.01 3185 11.3
1406 4.60 1.14 | 1432 3.96 1.01 6700 8.9
1466 3.98 1.01 | 1450 5.30 1.04 9415 13.6
1521 5.35 1.04 | 1481 4.66 1.14 7210 12.9
1757 3.95 1.01 1572 5.39 1.04 9415 19.6
1677 4.09 1.01 6700 11.8
1705 4.07 1.01 3185 13.2
reflected shock wave reflected shock wave
1382 9.80 1.05 | 1339 9.61 1.05 5045 9.3
1519 10.3 1.05 | 1340 10.0 1.05 7735 9.3
1539 10.4 1.05 | 1420 9.96 1.05 5045 13.7
1545 11.6 1.01 | 1431 10.0 1.04 7645 9.1
1618 10.7 1.05 | 1558 11.6 1.02 4880 15.5
1660 10.8 1.05 9060 14.4
1663 10.8 1.05 7735 11.7

Glyoxal was prepared by heating glyoxal trimeric dihydrate in the presehie,Os and was stored in
a liquid nitrogen trap. Reaction gas mixtures were prepared manometricaltpatadned 1% glyoxal
in argon. Such high glyoxal mole fractions were necessary to ensteetalele HCO concentration
levels. In about half of the experiments, mole fractions of 3185 - 9415prgen have been added
using a flow system with mass flow controllers. Experiments have beenrmeddehind incident
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(corresponding to an average total dengity 4.4 x 10-6 mol cm3) and reflectedd ~ 1.1 x 10°°

mol cm~3) shock waves in the temperature range 1299 K < 1757 K. The experimental conditions

of all 28 shock tube experiments, as calculated from the measured sheekrelocity and pre-shock
conditions using a standard shock tube code with real gas correcteooutiined in Tabl€8]3. It is
known that the vibrational relaxation/equilibration of oxygen is quite sloauab00us atT = 1500 K
andp = 1 bar in argort*?! Therefore, in contrast to the translational and rotational degreesefdm

that are heated within s, the vibrational degrees of freedom are not in thermal equilibrium on
the typical experimental timescales of-770 us present in this study. This has two consequences:
On the one hand, the real initial temperatures behind the shock waves@aevhat higher than
calculated by the standard shock tube code. Therefore, Table 8.3 listeeated, up to 10 K higher
initial temperature assuming that the @brational degree of freedom is not heated at all. On the
other hand, as the actuab® = 1)/O,(v = 0) ratio during the experiment is lower than at thermal
equilibrium (about 0.2 aT = 1400 K), the determined rate constant may be slightly biased by the
different reactivities of @ in its v= 0 andv = 1 vibrational states. This non-equilibrium effect is
difficult to address quantitatively and is typically neglected in the analysikarfkstube data. Within

the scatter of the obtained rate constant data, and taking into accountytfymed agreement with our
previous shock tube measurements (which were not affected due tbciestlly long delay behind

the shock wave arrival and glyoxal photolysis), we assume that ttsgp@spresumably negative bias

is not significant.

8.4 Results and Discussion

8.4.1 Branching ratio of glyoxal decomposition

Table 8.4: Previously reported channel branching ratios and total sattants of the multi-channel
thermal decomposition of glyoxal for typical experimental conditions bettiedncident
(p = 4.43x 1078 mol cm3) and reflectedd = 1.05 x 10~°> mol cm3) shock waves, ac-
cording to Friedrichs et dk9l.

OCHCHO— products T=1300K T=1700K

pl (mol/cn) 1.05x10°° 4.43x10°6 1.05x10°° 4.43x10°°6
¢ (CH,O + CO) % 48 56 38 47
P(2CO+H)% 29 28 27 29

@ (HCOH + CO) % 7 7 6 7

@ (2 HCO) % 16 9 29 17

Ko totalS T 1.3x 10 8.3x 10° 7.1x10° 38x 10°

Experiments with glyoxal/argon mixtures without oxygen were performed tdhesverall thermal
glyoxal decomposition mechanism reported in the literature. According tadriafe et alll] the
channel branching of the multi-channel unimolecular decomposition of glyisxstrongly depen-
dent on the temperature and total density. The effect of total density ampetature on the channel
branching ratio is illustrated in Tale 8.4. Note the pronounced fall-off ofdte rate constarky otal

(preflected pincident = 2 5, putkiFieciedkiedent ~ 1.7) and the significantly different importance of the
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HCO channel (2d) at the two different temperatur@sdo x/ @300 k =~ 1.8). Hence, the experiments
behind the incident and reflected shock waves at overall differentdereities provide a critical test
of their rate constant data and RRKM/SACM/ME predictions.

Experimental HCO concentration-time profiles behind the reflected shoak atdhree different tem-
peratures are shown in F{g._8.1a together with simulated profiles (thickQurey.[8.1b illustrates
the corresponding sensitivity analysis of the= 1519 K experiment in order to identify the most
important reactions. The numerical simulations were performed using thé/BHEIl package*e!
and the SENKIN routiné®! based on the glyoxal oxidation mechanism outline above. Overall, the
observation times of the HCO profiles were rather short and the initial isereithe HCO profiles
were obscured by the strong Schlieren signal attributable to the paddhgesbhock wave through the
detection laser beam. For a better comparison of the experimental and ralipaiifoulated profiles,
the experimental time resolution has been taken into account by convolutingrierical simulation
with an appropriate time response function (Gaussian, FWHM oft&)3 Excluding the first few
us that are affected by the Schlieren signal (open symbols), both thkideoncentrations and the
overall shapes of the reported concentration-time profiles are veryceytired by the simulations.
Toward low temperatures, the experimentally accessible temperature raisg@nited by too low
intermediate concentrations, toward high temperatures by too short HCO ligetilie sensitivity
analysis in Fig_8]1b highlights the influence of the five most important reactiwth the branching
ratio of the OCHCHO decomposition as well as the rate constant of seee@idary reactions have
to be known to accurately predict the HCO profile. In fact, we were ablegmduce all measured
HCO profiles without adjusting any rate constant data, initial glyoxal cainggons, or the tempera-
ture dependent HCO absorption cross section. From this high repbddyave conclude that both
the thermal glyoxal decomposition mechanism as well as the HCO detectianschkighly reliable.

8.4.2 Rate of Reaction HCO+Q

The rate constant of the reaction
HCO+ Oy, —- CO+HO, (1)

has been measured between 128K < 1705 K at two different total densities @f ~ 4.3 x
10-% mol/cn? behind the incident and ~ 1.0 x 10~° mol/cn? behind the reflected shock waves. The
experimental conditions and the results kprare summarized in Table 8.3. Next to 1% glyoxal, serv-
ing as a source of HCO radicals from reaction (2d), the reaction mixtorgsioed 3185-9415 ppm
O,. Fig.[82a illustrates two typical experimental HCO concentration-time profilesuaned behind
reflected shock waves at a temperature of 1339 K and 1558 K, resgectoth experiments were
carried out at similar densitiep (= 1.16 and 096 x 10-6 mol/cn?) and initial glyoxal (1.02% and
1.05%) and @ mole fractions (4880 ppm and 5045 ppm). The observed peak HCO roaiien is
about four times lower at the lower temperature. For the 1558 K experimeniptdl HCO observa-
tion time is only about 4Qs, whereas HCO could be observed 0200 s at 1339 K. This behavior
is well captured by the two simulated profiles (thick curves) using our glymxdation mechanism.
Fig.[8.2b illustrates the results of the sensitivity analysis ofthe 1339K experiment. It reveals
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o] - X (OCHCHO) = 1.0%
p=1.0x1075 mol/cm3
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Figure 8.1: a: Three experimental HCO profiles at different tempesatoedind reflected shock
waves in comparison with numerically simulated profiles. Open circles mark the in-
terfering Schlieren signals and do not contain information on HCO coratenir b:
Corresponding HCO sensitivity analysis for= 1519 K. The sensitivity coefficients
are normalized with respect to the maximum HCO concentration over the time history
0(HCO) = 1/[HCOJmax x d[HCQO|(t) /2 Ink).

that the simulated absolute concentration levels are mainly determined by tlvhibgaratio of the
thermal decomposition of glyoxal, in particular the rate constants of the reg@t), and by the as-
sumed rate constant for the target reaction (1). Other consecutistoreaof HCO and glyoxal are
also important, but their rates have been validated together with the bramatimgy the shock tube
measurements for mixtures withoup @s outlined above. Hence it was possible to obtain a best-fit
value for the rate constant of the reaction HEQ, by adjusting exclusivelk;. The two dashed
curves in Fig[8Ra, corresponding to numerical simulations lyitbet tok; x 2 andk; + 2, demon-
strate the sensitivity of this procedure. Especially with respect to the H@® g@ancentration, the
effect of changind; is very pronounced. Nevertheless, due to the moderate signal-to-atisefr
the experiments, we estimate that the uncertainty of each individuadlue with +-75% is rather
large.

The obtained; values are depicted as red symbols in comparison with selected literature taa in
Arrhenius plot shown in Fid._8.3. The included red error bar cornedpdo thet75% uncertainty

of a single data point; thed® standard deviation of the data with respect to the final Arrhenius fit
(red curve) is about-40%. For a more complete comparison of available literature data and a critical
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Figure 8.2: a: Two typical experimental HCO concentration-time profiles mpawison with simu-
lations (thick curves). The simulated profiles have been convoluted witippropriate
response function in order to allow for a direct comparison of the expatiared simu-
lation at short reaction times. Open circles mark the interfering Schlierealsjgmhich
were excluded from the fit. b: Corresponding HCO sensitivity analysigexperiment
atT = 1339 K. Only the five most sensitive reactions are shown.

assessment of available room temperature data we refer to our prevblicagion?! and the paper

of De Sain et af2% Within the scatter of the data, the experiments behind the incident (open kircles
and reflected shock waves (star symbols) are consistent, henceemddepe of the rate constant on
the total density could be identified. In contrast, a weak positive tempemépendence is evident.
Both the temperature dependence and the absolute rate constant valieguantitative agreement
with the high temperature extrapolation (blue dashed line) of our previdaswiaation!?!

k1/(cmPmol~1s1) = 3.7 x 10" x exp(—13 kJ/moJRT)

The original data and error bars of the latter study are included as blgeytobols. They had been
determined using the 193 nm photolysis of glyoxal as a source of HCCatadind their uncertainty,
unlike the uncertainty of the experiments in this work, were mainly due to theressinitial ratio
of [H)/[HCO] from glyoxal photolysis. The very good agreement ofsldéwo independent studies
points out the consistent modeling capabilities of our mechanism with regaigaxad) photolysis
and pyrolysis.
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The recommended value from the GRI-Mech.[Z{line marked with black filled circles) is in agree-
ment with the new high temperature results, but the temperature dependgunde isnderestimated.
The RRKM/VTST calculations of Hsu et &% (curve marked with down triangle) underpredict the
onset of the high-temperature direct abstraction channel resulting ut dko times lower absolute

ki values at temperatures around 1500 K. Other experimental data for idieteneemperatures and

at room temperatuf&20:5253lreveal a more or less temperature independent rate constant, which is
consistent with the expected capture controlled process of the indirscaetion channel with an
initiating recombination step and a low-lying exit barrier to the products CO +.H(@® a reasonable

fit of the overall temperature dependence of the available data, an egtémchenius expression is
recommended over the temperature range 235 K< 1705 K (red curve):

ky/(cmPmol~ts1) = 6.92 x 10 x T190 x exp(+5.73 kI/mo}RT)
The overall rate constant is independent of pressure. Even at t@mperature, the collisionally

deactivated recombination product HC(Q)@bes not play a role provided that the pressure does not
exceed several b&#!
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Figure 8.3: Arrhenius plot of the measured rate constarfte the reaction HCO + @of this work (in-
cident waveo, reflected wavél) in comparison with selected experimental data from Col-
berg and Friedrichs¥, blue line)[2 Veyret and Lesclauxa),’22! Timonen et al. 1), 52!
DeSain et al.{),2% the GRI-Mech 3.0 recommendation)(22! and the theoretical study
of Hsu et al. {).28 The red curve depicts the final recommenéedate expression.

8.4.3 Model validation against literature data

To test the capacity of our mechanism we used it for the modeling of othiailalesexperimental liter-
ature data. In particular, the batch reactor experiments of Hay and NéHiwere of interest. Their
study, which was based on manometric detection of the reaction progmgmarchromatographic
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product analysis, should provide a detailed characterization of glyos@tion with varying equiva-
lence ratio at a nominal temperature of 603 K. At this intermediate temperatOpagthted oxidation
reactions such as OCHCHEHO, become important. However, we were not able to reconcile the re-
sults of Hay and Norrish with our present understanding of the reagtgtara. Using our mechanism,
we were able to reproduce qualitatively the product yields and the ogiagbles of the experimental
concentration-time profiles — but in fact on a more than two orders of magrstodier time scale. As

a possible explanation, the hypotheses of a much higher yield of the OHilr&atiming channel (6),
OCHCHO+ HO, —+ HOCHO+ CO+ OH, was tested. As already stated above and further outlined in
the Appendix, we actually recommend the lgwalue calculated by da SiNA#! in our mechanism,
which is two orders of magnitude smaller than the value reported by Niki&Hdh fact, settingks

to the much higher value of Niki et al. significantly reduces the mismatch of thealbveaction time
scales, but the agreement with the reported product yields is seriodshjodated. In particular, the
high yield of O, reported by Hay and Norrish is considerably underestimated. Furthezlimgat-
tempts led us to the conclusion that the Hay and Norrish experiments presungablpot performed
under isothermal conditions and that the fast observed experimentabglyonsumption is at least
partly due to an unidentified temperature increase of the reaction gas mikhisaincertainty, along
with the issue of potential surface effects in the reactor, makes these dataui¢able for kinetic
interpretation.

Another test for the glyoxal oxidation mechanism was the modeling of the lys&t@experiments

of glyoxal/oxygen mixtures performed by Colberg and Friedriéh&ig.[8:4 shows a comparison of
an original experiment al = 857 K taken from ref |2 with simulations of HCO concentration-time
profiles with (solid curve) and without oxygen (dash-dotted curve}gmein the reaction mixture.
Oxygen addition significantly reduces the overall HCO yield and lifetime. Thalation is in perfect
agreement with the experimental data. To further investigate the possibilitgigh#éicant OH form-
ing channel of the reaction OCHCHEHO,, a simulation with the rate of reaction (6) increased to the
Niki et al. value kg x 200, is shown as well (dotted curve). Wkfx 200, the influence of reaction (6)
on the HCO concentration profile is negligible at short reaction times, beterfaf four higher HCO
concentration is simulated at= 25 us. In this case, the simulated residual HCO concentration at
long reaction times can be traced back to a steady regeneration of HC@Isatlie to the combined
reaction sequence (5) and (10), OCHCHOH — HCO+ CO+ H,0. However, none of the original
experiments of Colberg and Friedrichs showed this small but significa@t écentration plateau at
longer reaction times, hence further supporting the low OH yield from threioeOCHCHO+ HO,

as predicted by da Silva and recommended by us.

8.5 Conclusions

A detailed glyoxal decomposition and oxidation mechanism has been compded literature
data merging previous reports on glyoxal/oxygen photolysis at room myhdtémperaturél®! the
branching ratios of glyoxal thermal decompositidhand theoretical studies on the reaction of
glyoxal+HO,,24 OCHCO + G, 2] and formic acid oxidatiof?®!
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193 nm
5| photolysis === without O, and kg from [34]
i —— with O, and kg from [34]
A O with O, and 200 x kg
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Figure 8.4: Photolysis experiment of Colberg and Friedf@fe T = 857 K andp = 1080 mbar with
2% OCHCHO and 3160 ppmQn the reaction mixture. Three different simulations are
shown: without @ (dash-dotted curve) and with,@ssuming either the rate constant for
the reaction OCHCHO + Hgas reported by Niki et df! (dotted curve) or by da SilV3!
(solid curve).

All HCO profiles from glyoxal decomposition behind shock waves coulddrg well simulated, both

in terms of absolute HCO concentrations and signal shapes, using thalgiigmomposition mecha-
nism adopted from Colberg and Friedriéswith branching fractions taken from Friedrichs ef.

The established glyoxal pyrolysis mechanism was able to predict the redadd@O concentration-
time profiles of this work without any modifications. Moreover, by addinggetyto the reaction
mixtures, the rate constant for the reaction HCO #dould be measured at temperatures 1285 K
< T <1705 K, hence significantly extending the range of direct measuremerasittngher temper-
atures. The results are in striking agreement with the previous shock tobasis experiments of
Colberg and Friedrich®] The absolute values as well as the overall temperature dependence, whic
is stronger than predicted theoretically, could be confirmed.

A detailed reanalysis of previous experimental measurements on the re@@ld@HO + HQ per-
formed by Niki et all*! led us to the conclusion that the reported high OH yield can be traced back
to a previously unidentified formation of the recombination product HOCHEHD and its sec-
ondary reaction with H@Q The theoretically predicted, two orders of magnitude lower rate constant
value for OH formation reported by da Sil¥4 is also supported by a reassessment of the previous
glyoxal/Q, photolysis data from Colberg and FriedridBsUsing the original high rate constant value

of Niki et al., our glyoxal oxidation mechanism would predict HCO congaitn plateau levels at
long reaction times that have not been observed in the experiment.

Unfortunately, a further critical test of the performance of our mechaaisntermediate temperatures
by comparing model predictions with the outcome of the glyoxal oxidation batttor experiments
of Hay and Norrisf! turned out to be unfeasible. Most probably those experiments weralthgse
an unidentified temperature increase in the reactor. Therefore, adtit@asurements of glyoxal
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oxidation at intermediate temperatures are desirable and would offer idipysto critically check
the predicted important role of the reaction OCHCHO +H@r the overall reaction progress.
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8.6 Appendix: On the OCHCHO + HO, Reaction

As discussed above, the reaction of OCHCHO with,H® believed to be of importance for the
generation of chain carriers in oxidation of glyoxal. Figurd 8.5 compaesavhilable rate constant
data for the rate of OCHCHO + HO According to the recent theoretical study by da SR,
glyoxal reacts with H@ to form a hydroxyperoxy radical. At low temperatures the major reaction
product is predicted to be collisionally deactivated HOCH(OO)CHO (7),absecondary product
channel yielding HOCHO and OH,

OCHCHO+ HO, — HOCHO+ CO- OH, (7)

has been proposed in earlier studies of glyoxal oxidation. The onlyiexpetal determination of the
rate constant for the OH channel was reported by Niki e##3lywho derived a value more than two
orders of magnitude larger than the theoretical estimaté-fny da Silva®¥ Figure[85 compares
their value (open square) with the theoretical prediction of the rate cdastarthe different channels
of the reaction OCHCHO + H®

Due to the importance of the reaction of glyoxal with 5@ is worthwhile to take a closer look at the
experimental results from Niki et al. that form the basis of their estimatidky.ofThey conducted
Cl-atom initiated oxidation studies of glyoxal oxidation, photolyzing a systertlgf(100 ppm),
OCHCHO (8-22 ppm), ©(93.3 mbar), and K (840 mbar). The following sequence of reactions
was intended to provide data ¢@: Clp, + hv — Cl + Cl, Cl + H, -+ HCI + H, H + O, (+M) —
HO, (+M), OCHCHO + HQ — HOCHO + CO + OH (7), along with the side reaction HH®HO, —
H,O, + O,. Niki et al. used continuous UV light for 60 or 120 seconds to obtainaefit photolysis

of Cl,. The results of the experiments are shown in Table 8.5. Results obtainkxh@er reaction
times are neglected here, as Niki et al. reported a considerable lossaé¢s|by surface reactions.
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Figure 8.5: Arrhenius plot for the reaction OCHCHO + KO products. The curves denote the rate
constants predicted theoretically by da Si#¢hfor the total reaction at the high-pressure
limit and for the recombination reaction (6) as well as the OH-producingretigi@) at
1.0 atm. The H-abstraction channel forming OCHCO2z0kl(8) is an estimate by analogy
to the reaction ChiO + HO,. The square symbol denotes the experimental result for the
OH-producing channel (7) by Niki et 1!

Niki et al. estimated the H&radical concentration from the equation,
A[H202] = 2Ki02+Ho2[HO2]? x At
using the measuredJ@, concentration. Then, they calculated the rate constant for (7) from
A[OCHCHQ = k7[OCHCHO ayeragéHO2] x At
deriving a room temperature &f = 3 x 108 cm® mol~ s~ (Fig.[B3).

An up-to-date kinetic analysis of the system supports most of the assumptamhes by Niki et al.
Once formed by the sequence of reactions outlined by Niki et aly, té@cts with glyoxal,

OCHCHO+ HO; — products

or with itself,
HO; +HO, — HyO, + O

The major shortcoming of their analysis is the disregard of the formation ofHH{OO)CHO, which
according to da Silva is the dominating product of the glyoxal +,H®action. Provided the
HOCH(OO)CHO adduct has a sufficiently long lifetime, this adduct may re#&bt HO, in a sec-
ondary reaction. There are no experimental or theoretical data avdiathi O CH(OO)CHO + HQ,
but from analogy with other hydrocarbon peroxide radicals, the reaidikely to have two product
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channels,

HOCH(O0)CHO+ HO, — HOCH(O)CHO+ O, + OH (13)
HOCH(O0)CHO+ HO, — HOCH(OOH)CHO+ O, (14)

Dissociation of HOCH(O)CHO to HOCHO and HCO is 59 kJ mokxothermic. A DFT estimate
indicates a barrier to dissociation of mereil.0 kJ mof, which drops to—5.0 kJ mol? at the
CBS-QB3 level of theory, so we believe that dissociation of HOCH(O)dsl®@ssentially instant,
even at 298 K. For similar reactions of HO@BIO, CH;C(0O)O0, and CHC(O)CH,00 with HO,
branching fractionon /kiotal Of 40%(*25%) have been reportd¥.5%:561 |n the present work, we
have assumed a branching fraction for HOCH(OO)CHO + df60%, together with an overall rate
constant oki3; 14 = 6.0102 cm® mol~! s~2, which is typical for this type of reaction.

Modeling of the experimental data from Niki et al. with the detailed reaction ar@sm of the
present work have been performed. Appropriate reactions of cblgpacies have been added and
the photolysis rate for Glwas fitted such that the calculated concentration of HCI after 60 or 120 s
matched reasonably the measured values. The results are shown (ithpsi® in Tabl€8]5. Even
though we employ a rate constant fqr which is about two orders of magnitude lower than derived
by Niki et al., the agreement between measured and predicted concerstiata@ceptable. In support

of the present interpretation of the reaction system, Niki et al. reporteddtaetion of a transient
component, which they believed to be HOCH(OOH)CHO.

Table 8.5: Cl-atom initiated reaction in the OCHCHQ/E, system. Photolysis of a mixture of £l
(200 ppm), OCHCHO (8-22 ppm), 70 torr), and H (630 torr). Experimental data are
from Niki et al.*Y and modeling results (shown in parenthesis) from the present work.

[OCHCHQp (ppm) 8.5 9.0 22.4
Irradiation time (s) 60 60 120
—A[OCHCHQ (ppm) 0.68(0.83) 0.71(0.88) 2.14(3.5)
[HCI] (ppm) 13.4(12.6) 12.3(12.6) 22.6(21.4)
[HOCHQ (ppm) 0.34(0.29) 0.40(0.31) 1.9(1.2
[CO] (ppm) 0.90 (0.70) 1.05(0.74) 4.55(3.0)
[CO;] (ppm) 0.22 (0.10) 0.17(0.10) 0.53(0.42)
[H205] (ppm) 4.9 (6.0) 5.4 (6.0) 10.5 (9.6)
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8.7 Supporting Information

CHEMKIN input file

This is the CHEMKIN input file used for modeling glyoxal thermal decosifion and oxidation at high and intermediate
temperatures.

Be aware of the limited pressure and temperature validity ranges of sbihe listed rate expressions. For example, the
parametrization of thermal decomposition reactions of glyoxal is valid the temperature range 800 K < T < 2500 K
only; for modeling attempts at significantly lower temperatures (and hesryeslow decomposition) this reactions should
be commented out.

Most pressure dependent reaction are reported in terms of the Po@@lism (commented out). Newer CHEMKIN
versions automatically interpolate the appropriate rate constant values deshred pressure, see X. Gou, J.A. Miller, W.
Sunand Y. Ju (2001)

http://engine.princeton.edu/download/PLOG-documents/PLOG-softdatebution.pdf

Activation energies are specified in cal/mol units, pressures in atm.

e *rrkkkk Glyoxal mechanism C/H/Q/N ki kdkckokokokok

! REFERENCES:

! [Anglada04] Anglada, J. Am. Chem. Soc. 126:9809 (2004).

! [BacMac05] Bacskay and Mackie, J. Phys. Chem. A 109:20195p00

! [Baulch92] Baulch et al., J. Phys. Chem. Ref. Data 21:403 (1992).

! [Baulch05] Baulch et al., J. Phys. Chem. Ref. Data 34:757 (2005).

! [Burcat] Burcat, Ruscic, Third Millenium Ideal gas and CondensegsBi hermochemical
! Database for Combustion with Updates from Active Thermochamidalesa
! Report TAE960, 16. Sept. 2005

! [Burkel2] Burke et al., Int. J. Chem. Kinet. 44:444 (2012).

! [Burke13] Burke et al., Proc. Combust. Inst. 34:547 (2013).

! [Chang07] Chang et al., J. Phys. Chem. A 111:6789 (2007).

! [ColFri06] Colberg and Friedrichs, J. Phys. Chem. A 110:160 (2006

| [daSilval0] da Silva, Phys. Chem. Chem. Phys. 12:6698 (2010).

| [daSilvall] da Silva, J. Phys. Chem. A 115:191 (2011).

! [Eiteneer98] Eiteneer et al., J. Phys. Chem. A. 102:5196 (1998).

! [FabJan05] Fabian and Janoschek, J. Mol. Struct.: THEOCHENR2Y32005).
! [Feierab08] Feierabend et al., J. Phys. Chem. A 112:73 (2008).

! [Fernandez08] Fernandes et al., Phys. Chem. Chem. PhyS18X2008).

! [FerVar02] Fernandez-Ramos and Varandas, J. Phys. Cheli64077 (2002).
! [Friedr02] Friedrichs et al., Int. J. Chem. Kinet. 34:374 (2002).

! [Friedr02b] Friedrichs et al., Phys. Chem. Chem. Phys. 4:57082p

! [Friedr04] Friedrichs et al., Int. J. Chem. Kinet. 36:157 (2004).

! [Friedr08] Friedrichs et al., Phys. Chem. Chem. Phys. 10:65Q08®

! [GlaMar09] Glarborg and Marshall, Chem. Phys. Lett. 475:40 (2009)

! [Golden98] Golden et al., J. Phys. Chem. A 102:8598 (1998).

! [Hong10] Hong et al., J. Phys. Chem. A 114:5718 (2010).

I [Hong11] Hong et al., Proc. Comb. Inst. 33:309 (2011).

! [Irdam93] Irdam et al., Int J Chem Kin 25:285 (1993).

1 [Lio4] Lietal., Int. . Chem. Kinet. 36:566 (2004).

I [MarGlal5] Marshall and Glarbog, Proc. Combust. Inst. 35:153820

! [Michael00] Michael et al., Proc. Comb. Inst. 28:1471 (2000).

! [Michael02] Michael et al., J. Phys. Chem. A 106:5297 (2002).

! [MicSut88] Michael and Sutherland, J. Phys. Chem. 92:3853 (1988)

! [Mueller99] Mueller et al., Int. J. Chem. Kinetic. 31:113 (1999).

! [RasGla08] Rasmussen and Glarborg, Ind. Eng. Chem. Res.Z¥(8808) (supp. info).
! [Ruscic06] Ruscic et al., J. Phys. Chem. A 110:6592 (2006).

! [SanKral2] Sangwan and Krasnoperov, J. Phys. Chem. A 1%t 7 (2012).

! [Senosiain05] Senosiain et al., Proc. Combust. Inst. 30:945 (2005)

! [SriMic06] Srinivasan and Michael, Int. J. Chem. Kinet. 38:211 (2006

! [Troe00] Troe, Proc. Comb. Inst. 28:1463 (2000).

! [Troell] Troe, Combust. Flame 158:594 (2011).

! [TsaHam86] Tsang and Hampson, J. Phys. Chem. Ref. Data,85(1086).

136



8. Glyoxal Oxidation Mechanism:Implications for the reactions HCO,+ O

! [Vasudevan05] Vasudevan et al., Int. J. Chem. Kinet. 37:98 (R005

! [You07] You et al., J. Phys. Chem. A 111:4031 (2007).

! [Yu07] Yu et al., J. Chem. Phys. 127:094302 (2007).

! [Yu08] Yu et al., J. Chem. Phys. 129:244315 (2008).

I [YuFra08] Yu and Francisco, J. Chem. Phys. 128:244315 (2008)
! [YuMuc06] Yu and Muckerman, J. Phys. Chem. A 110:5312 (2006)
! [Zhoul2] Zhou et al., J. Phys. Chem. A 116:2089 (2012).
ELEMENTS

OHCCLNAR

END

SPECIES

OCHCHO OCHCO HOCHO HOCO OCHO HOCH(OO)CHO
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1! [Burcat]
21 H298 =-25.95 kcal/mol
315298 =52.28 cal/mol/K
4
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2 1 H298 =-26.41 kcal/mol
315298 = 47.24 cal/mol/K
4

1! [Burcat]
2 1 H298 =-94.04 kcal/mol
315298 =51.09 cal/mol/K
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1! [Burcat]
21 H298 = 52.10 kcal/mol
315298 = 27.42 cal/mol/K
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HCO T503C 1H 10 1 0G 200.00 6000.00 1000.
3.92001542E+00 2.52279324E-03-6.71004164E-07 1.058E90-7.43798261E-15
3.65008461E+03 3.58077496E+00 4.23754610E+00-3.3BYEP3 1.40030264E-05

-1.34239995E-08 4.37416208E-12 3.86906718E+03 3.3MRE5800

HOCO FAB/JANOSC 10 2H 1 0G
4.63988707E+00 5.66362726E-03-2.67855311E-06 6.1 834B80-5.60953531E-14

-2.40527335E+04 1.90175132E+00 2.82191157E+00 9.66EEB03-2.78560177E-06

-4.12692493E-09 2.61472072E-12-2.35465218E+04 1.1A58+01

HO2 L5/89H 10 2 0 0G 200.00 6000.00 1000.
4.17226590E+00 1.88120980E-03-3.46292970E-07 1.94688511 1.76091530E-16
3.02010736E+01 2.95697380E+00 4.30178800E+00-4.749#203 2.11579530E-05

-2.42759610E-08 9.29206700E-12 2.63190983E+02 3.7 ¥8HF#00

H2 REF ELEMENT RUS78H 2 0 O 0G 200.00 6000.00 1000.
0.29328305E+01 0.82659802E-03-0.14640057E-06 0.1540980-0.68879615E-15

-0.81305582E+03-0.10243164E+01 0.23443029E+01 0.788-02-0.19477917E-04
0.20156967E-07-0.73760289E-11-0.91792413E+03 0.6BEE+00 0.00000000E+00

H20 L5/89H 20 1 0 0G 200.00 6000.00 1000.
0.26770389E+01 0.29731816E-02-0.77376889E-06 0.9443330-0.42689991E-14

-0.29885894E+05 0.68825500E+01 0.41986352E+01-0.2136402 0.65203416E-05
-0.54879269E-08 0.17719680E-11-0.30293726E+05-0@R®IE+00-0.29084817E+05

H202 T8/0O3H 20 2 O 0G 200.00 6000.00 1000.

4.57977305E+00 4.05326003E-03-1.29844730E-06 1.980H-40-1.13968792E-14
-1.79847939E+04 6.64969660E-01 4.31515149E+00-8.4280-04 1.76404323E-05
-2.26762944E-08 9.08950158E-12-1.76843601E+04 3.2/1%63+00

N2 BUR0302G8/02N 2. 0. 0. 0.G 200.00 6000.00 1000.

2.95257637E+00 1.39690040E-03-4.92631603E-07 7.8@BM11-4.60755204E-15
-9.23948688E+02 5.87188762E+00 3.53100528E+00-1. 288¥0-04-5.02999433E-07
2.43530612E-09-1.40881235E-12-1.04697628E+03 2.9638E+00 0.00000000E+00

O L 1/900 1 0 O 0G 200.00 6000.00 1000.
2.54363697E+00-2.73162486E-05-4.19029520E-09 4.95¥1-12-4.79553694E-16
2.92260120E+04 4.92229457E+00 3.16826710E+00-3.2 BEL83 6.64306396E-06

-6.12806624E-09 2.11265971E-12 2.91222592E+04 2.03H3800 2.99687009E+04

OCHCHO Glyoxal g3/02C 2H 20 2. 0.G 200.00 6000.00 1000.

8.72506895E+00 6.33096819E-03-2.35574814E-06 3.8%8280-2.37486912E-14
-2.91024131E+04-2.03903909E+01 4.68412461E+00 4. B8®E-04 4.26390768E-05
-5.79018239E-08 2.31669328E-11-2.71985007E+04 4.51887+00-2.55074562E+04

02 REF ELEMENT RUS 890 2 0 O 0G 200.00 6000.00 1000.

3.66096083E+00 6.56365523E-04-1.41149485E-07 2.058E-41-1.29913248E-15
-1.21597725E+03 3.41536184E+00 3.78245636E+00-2.9H6£-03 9.84730200E-06
-9.68129508E-09 3.24372836E-12-1.06394356E+03 3.6&5737+00 0.00000000E+00

OH IU3/030 1H 1 0 0G 200.00 6000.00 1000.

2.83853033E+00 1.10741289E-03-2.94000209E-07 4.2(@B11-2.42289890E-15

3.70056220E+03 5.84513094E+00 3.99198424E+00-2.4GHIG63 4.61664033E-06
-3.87916306E-09 1.36319502E-12 3.37165248E+03-1.(EHIE-01
END

200.00 3000.00 998.402

1! [Burcat]
21 H298 = 42.296 kJ/mol
315298 = 53.60 cal/mol/K
4
1! [FabJan05
2 1 H298 =-44.33 kcal/mol
3 L& =60.07 cal/mol/K, Cp
41 (polyfit [RasGla08])
1! [ATcT(Ruscic06)]
2 1H298 =12.296 kJ/mol
3! [Burcat]

41 S9g=54.75 cal/mol/K, Cp

1! [Burcat]
21H298=0
315298 = 31.23 cal/mol/K
4
1! [Burcat]
21 H298 =-57.79 kcal/mol
315298 = 45.13 cal/mol/K
4
1! [ATcT(RUS/PINO6)]
21 H298 =-135.77 kJ/mol
3! [Burcat]
41 S9g=56.05 cal/mol/K, Cp
1
2
3
4
1! [Burcat]
21 H298 = 59.55 kcal/mol
315298 = 38.49 cal/mol/K
4
1r¢BY
2 ! drawn 6/2009
3
4
1! [Burcat]
21H298=0
315298 = 49.03 cal/mol/K
4
1! [ATcT(RUS/PINO6)]
2 1 H298 = 37.344 kJ/mol
3! [Burcat]

41 $9g=43.91 cal/mol/K, Cp

REACTIONS

| * * * * *

1 H2/0O2 subset *

| * * * * *
H+02=0+0H 1.0E14 0.000 15286 ! [Hongl1]
O+H2=0OH+H 3.8E12 0.000 7948 ! [Baulch05]
DUPLICATE

O+H2=0OH+H 8.8E14 0.000 19175 ! [Baulch05]
DUPLICATE

OH+H2=H+H20 2.2E08 1.510 3430 ! [MicSut88]
OH+0OH=0+H20 1.4E07 1.689 -1167 ! [SanKral?]
DUPLICATE

OH+OH=0+H20 -2.7E10 0.567 0 I [SanKral2]
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8. Glyoxal Oxidation Mechanism:Implications for the reactions HCO,+ O

DUPLICATE

H2+M=H+H+M

H2/2.5/ H20/12/ CO/1.9/ CO2/3.8/ AR/0.0/
H2+AR=H+H+AR

H+O+M=0H+M

H2/2.5/ H20/12/ AR/0.75/ CO/1.9/ CO2/3.8/
O0+0+M=02+M

H2/2.5/ H20/12/ AR/0.0/ CO/1.9/ CO2/3.8/
H20+M = H+OH+M

4.6E19

5.8E18
4.7E18 -1.000 O
1.9E13

6.1E27

H2/3.0/ H20/0.0/ N2/2.0/ 02/1.5/ CO/1.9/ CO2/3.8/

H20+H20 = H+OH+H20
!

1.0E26 -2.440 120180!

-1.400 104380!

-1.100 104380!

0.000 -1788 !

-3.322 120790!

[TsaHam86]
[TsaHam86]

[TsaHam86]
[TsaHam86]

[SriMic06]
[Michael02][jo
[SriMic06]

I MAIN BATH GAS IS N2 (comment this reaction otherwise)

IH+02(+M)=HO2(+M)
| LOW/6.366E+20 -1.72 5.248E+02/
| TROE/0.5 1E-30 1E+30/

4.7E12 0.440 O

1 H2/2.0/ H20/14/ ©2/0.78/ CO/1.9/ CO2/3.8/ AR/0.67/

I MAIN BATH GAS IS AR (comment this reaction otherwise)

H+O02(+M)=HO2(+M)
LOW/9.042E+19 -1.50 4.922E+02/
TROE/0.5 1E-30 1E+30/

H2/3.0/ H20/21/ 02/1.1/ CO/2.7/ CO2/5.4/ N2/1.5/

4.7E12 0.440 O

! High-pressure limit from [Troe00]

! Low-pressure limit from [Michael02]
! Centering factors from [Fernandez08]
HO2+H=H2+02

HO2+H=0OH+OH

HO2+H=H20+0

HO2+0=02+0OH

HO2+0OH = H20+02

DUPLICATE

HO2+0OH = H20+02

DUPLICATE !

HO2+HO2=H202+02

DUPLICATE

HO2+HO2=H202+02

DUPLICATE

H202(+M) = OH+OH(+M)
LOW/2.49E+24 -2.30 4.8749E+04/
TROE/0.43 1E-30 1E+30/

AR/1.0/ H20/7.5/ CO2/1.6/ N2/1.5/ 0O2/1.2/ H202/7.7/ H2/3.7/ CQ/2.8

! Efficiencies for H2 and CO from [Li04]
H202+H=H20+0OH
H202+H=HO2+H2
H202+0=HO2+0OH
H202+OH=HO2+H20

DUPLICATE

H202+0OH=HO2+H20

DUPLICATE

| kkkkdkxkk

1 CO/CO2 subset *
| * *
CO+O(+M)=CO2(+M)

LOW /1.35E24 -2.79 4191/

TROE /1.0 1E-30 1E30 1E30/
H2/2.5/ H20/12/ CO/1.9/ C02/3.8/
CO+OH=CO2+H

I PLOG/ 0.01315

I PLOG/ 0.1315

xxxxxxxxxxxxxx

2.8E06 2.090 -1451 ! [Michael00], scaled by 0.78rk&12]
7.1E13 0.000 295 ! [Mueller99]

1.4E12 0.000 O I [Baulch05]

2.9E10 1.000 -724 ! [FerVar02], scaled by 0.60rkB12]
1.9E20 -2.490 584 ! [Burkel3]

1.2E09 1.240 -1310 ! [Burkel3]

1.2E09 0.7712-1825 ! [Zhoul2]

1.3E12 0.2950 7397 ! [Zhoul2]

2.0E+12 0.9000 48749 ! [Troell]

2.4E13 0.000 3970 ! [TsaHama86]

4.8E13 0.000 7950 ! [TsaHam86]

9.6E06 2.000 3970 ! [TsaHam86]

1.7E12 0.000 318 ! [Hongl0]

7.6E13 0.000 7270 ! [Hongl0]

1.8E10 0.000 2384 ! [Mueller 99]

8.7E05 1.730 -685 ! 1000Torr [Senosiain05]
2.1E05 1.900 -1064/

2.5E05 1.880 -1043/
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8. Glyoxal Oxidation Mechanism:Implications for the reactions HCO,+ O

| PLOG/ 1.315

| PLOG/ 13.158

| PLOG/ 131.58
CO+OH=HOCO

| PLOG/ 0.013158

| PLOG/ 0.13158

| PLOG/ 1.3158

| PLOG/ 13.158

| PLOG/ 131.58
CO+HO2=C0O2+0H
CO+02=C02+0
CO+H202=HOCO+OH
HOCO(+M)=CO2+H(+M)
LOW / 6.0E26 -3.148 37116 /
TROE /0.39 1.0E-30 1.0E30 /
HOCO+H=CO2+H2
HOCO+H=CO+H20
HOCO+0=CO2+OH
HOCO+OH=CO2+H20
DUPLICATE
HOCO+OH=CO2+H20
DUPLICATE
HOCO+HO02=CO2+H202
HOCO+02=C02+HO2

!
1 CH20 subset *

CH20=HCO+H
IPLOG/ 9.869E-4
IPLOG/ 9.869E-3
IPLOG/ 9.869E-2
IPLOG/ 9.869E-1
IPLOG/ 9.869E-0
IPLOG/ 9.869E+1
CH20=H2+CO

IPLOG/ 9.869E-4
IPLOG/ 9.869E-3
IPLOG/ 9.869E-2
IPLOG/ 9.869E-1
IPLOG/ 9.869E-0
IPLOG/ 9.869E+1
CH20+H=HCO+H2
CH20+0=HCO+OH
CH20+02=HCO+HO2
CH20+0OH=HCO+H20
CH20+HO2=HCO+H202
HCO+M=H+CO+M
HCO+H=CO+H2
HCO+0=CO+0OH
HCO+0O=CO2+H
HCO+OH=CO+H20
HCO+02=CO+HO2
HCO+HO2=CO2+0OH+H
HCO+HCO=CO+CH20

| kkkkdkxkk

! OCHCHO subset *

xxxxxxxxxxxxx

OCHCHO=CH20+CO
DUPLICATE

IPLOG/ 0.009869
IPLOG/ 0.04935

8.7E05 1.730 -685/
6.8E06 1.480 48/
2.3E07 1.350 974/
2.0E20 -3.500 1309 ! 1000Torr [Senosiain05]
1.7E15 -2.680 859/
5.9E18 -3.350 887/
2.6E20 -3.500 1309/
7.1E20 -3.320 1763/
1.1E20 -2.780 2056/
1.6E05 2.180 17943 ! [You07]
4.7E12 0.000 60500 ! [BacMac05]
3.6E04 2.500 28660 ! [GlaMar09]
8.2E11 0.413 35335 ! [Golden98]
I Fc=0.39
3.1E17 -1.3475555 ! [YuFra08][MarGlal5]p3m00K fit
6.0E15 -0.525 2125 ! [YuFra08][MarGlal5]p3m000K fit
9.0E12 0.000 O I [Yu07]
4.6E12 0.000 -89 ! [Yu07]
9.5E06 2.000 -89 ! [Yu07]
4.0E13 0.000 O I [Yu08]
4.0E09 1.000 O I' [YuMucO6][MarGlal5]
5.62E35 -6.87 97877 ! 1.0bar, 1400K - 3000K, [#n0d] refitted
1.78E41 -9.18 109510/
4.39E38 -8.20 105298/
2.44E35 -7.06 100144/
5.62E35 -6.87 97877/
1.12E38 -7.19 96816/
1.33E40 -7.45 99278/
2.28E42 -8.74 95817 ! 1.0bar, 1400K - 3000K, [#0d] refitted
1 84E42 -9.58 96387/
3.89E41 -9.10 94928/
3.00E41 -8.78 94716/
2.28E42 -8.74 95817/
9.16E43 -8.99 97781/
5.33E42 -8.50 98240/
5.7E07 1.900 2747 ! [Irdam93] [Friedr02]
4.2E11 0.570 2760 ! [BaulchO5]
2.4E05 2.500 36461 ! [Baulch05]
7.8E07 1.630 -1055 ! [VasudevanO5]
4.1E04 2.500 10206 ! [Eiteneer98]
4.8E17 -1.200 17720 ! [Friedr02b]
1.1E14 0.000 O ! [FriedrO2b]
3.0E13 0.000 O I [Baulch02]
3.0E13 0.000 O I [Baulch02]
1.1E14 0.000 O I [Baulch05]
6.92E06 1.900 -1370 ! this work, 295-1705K,as5b
3.0E13 0.000 O I [TsaHam86]
2.7E13 0.000 O I [FriedrO2b]

xxxxxx

F*kkkkkkk

8.04E55-12.6 76713 ! 1.0bar, 800K-2506%iedr08] refitted

4.17E53 -12.5 70845/
5.12E54 -12.6 73012/
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8. Glyoxal Oxidation Mechanism:Implications for the reactions HCO,+ O

IPLOG/ 0.09869

IPLOG/ 0.4935

IPLOG/ 0.9869

IPLOG/ 4.935

IPLOG/ 9.869
OCHCHO=CO+CO+H2
IPLOG/ 0.009869

IPLOG/ 0.04935

IPLOG/ 0.09869

IPLOG/ 0.4935

IPLOG/ 0.9869

IPLOG/ 4.935

IPLOG/ 9.869
OCHCHO=CH20+CO
DUPLICATE

IPLOG/ 0.009869

IPLOG/ 0.04935

IPLOG/ 0.09869

IPLOG/ 0.4935

IPLOG/ 0.9869

IPLOG/ 4.935

IPLOG/ 9.869
OCHCHO=HCO+HCO
IPLOG/ 0.009869

IPLOG/ 0.04935

IPLOG/ 0.09869

IPLOG/ 0.4935

IPLOG/ 0.9869

IPLOG/ 4.935

IPLOG/ 9.869
OCHCHO+H=0OCHCO+H2
OCHCHO+0=0CHCO+OH
OCHCHO+OH=OCHCO+H20
OCHCHO+HO2=>HOCH(OO)CHO
HOCH(OO)CHO => OCHCHO+HO?2
HOCH(OO)CHO => HOCHO+CO+OH

IHOCH(OO)CHO+HO2=>HOCHO+HCO+02+OH
IHOCH(OO)CHO+HO2=>HOCH(OOH)CHO+02

OCHCHO+HO2=0CHCO+H202
OCHCHO+02=0CHCO+HO2
OCHCHO+HO2=HOCHO+CO+OH
OCHCO=HCO+CO

| PLOG/0.01

I PLOG/ 0.1

| PLOG/ 1.0

! Kinf
OCHCO+02=CO+CO2+0H

| PLOG/0.01

| PLOG/ 0.1

| PLOG/ 1.0

! Kinf
HOCHO(+M)=CO+H20(+M)
LOW /4.1E15 0 52980/
HOCHO(+M)=CO2+H2(+M)
LOW /1.7E15 0 51110/
HOCHO+H=HOCO+H2
HOCHO+H=0CHO+H2
HOCHO+0=HOCO+OH
HOCHO+0=0CHO+OH
HOCHO+OH=HOCO+H20
HOCHO+OH=0OCHO+H20

1.03E55 -12.6 73877/

4.50E55 -12.6 75869/
8.04E55 -12.6 76713/
1.05E55 -12.2 77643/

5.48E56 -12.6 79964/

80147 !
71854/
74751/
76137/
78972/
80147/
5.79E57 -12.9 81871/
3.42E59 -13.3 84294/
79754 |

6.12E57 -13.1
6.02E51 -12.1
1.43E54 -12.5
1.78E55 -12.7
1.31E57 -13.0
6.12E57 -13.1

2.62E57 -13.2

|
8.36E52 -12.6
8.25E54 -12.9
4.37E55 -13.0
1.32E57 -13.2
2.62E57 -13.2

1.89E57 -12.8
1.03E42 -9.7

6.02E48 -11.1
1.65E51 -11.6
5.33E55 -12.5
1.89E57 -12.8

5.4E13
4.2E11
4.0E06
1.3E31
1.9E29
1.6E10
3.0E12
3.0E12
8.2E04
4.8E05
3.3E-4 3.995 300
4.1E14 0.000 8765
3.8E12 0.000 8610/
3.8E13 0.000 8665/
4.1E14 0.000 8765/

0.000 4302
0.570 2760

-7.532 1440

0.000 O
0.000 O

1.1E14 0.133 10140 !
3.3E14 0.000 2075

1.6E14 0.000
1.1E14 0.000 1300/
3.3E14 0.000 2075/
3.4E04 1.929 344

7.5E14 0.000

1540/

4.5E13 0.000
2.3E02
4.2E05
5.1E01
1.7E05
7.8E-6
4.9E-5

3.272
2.255
3.422
2.103
5.570
4.910

4858

4216
9880
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2.000 -1630

-5.781 15790
0.051 15190

68710

68240

14091

-2365
-5067

1.0bar, 800K-25(6Kedr08] refitted

1.0bar, 800K-250@kieHr08] refitted

CH20 = HCOH, see text

72393/
75113/
76257/
78851/
79754/
1.00E57 -12.9 81161/
5.69E59 -13.3 83539/
84321 !
73534/
77462/
79111/
82774/
84321/
2.22E59 -13.1 87258/
2.99E60 -13.3 88993/

2.500 10206 !
2.500 36461 !

1.0bar, 800K-250@igdr08] refitted

[ColFrio6]

est., 2k(CH20+0)
[Feierab08]

1.0atm [da3ilya
1.0 atm [da8ily

1.0 atm [d&Siy
edI8R, see text
esi8R, see text
est., 2k(CH202H
est., 2k(CH20+02)
1.0 atm [daSilvall]
1.0atm [daSilval0]

1.0atm [daSilval0]

[Chang07]
[Chang07]

[MarGlal5]
[MarGlal5]
[MarGlal5]
[MarGlal5]
[AngladaO4][MarGh1
[AngladaO4][MarGh1



8. Glyoxal Oxidation Mechanism:Implications for the reactions HCO,+ O

HOCHO+HO2=HOCO+H202
HOCHO+HO2=0CHO+H202
HOCO+HO2=HOCHO+02
HOCHO+02=0CHO+HO2
OCHO=CO2+H
OCHO+02=C02+HO2

END

4.7E-1 3.975 16787 ! [MarGlal5]
3.9E01 3.080 25206 ! [MarGlal5]

4.0E11 0.000 0 I [YuOS]

3.0E13 0.000 63000 ! [MarGlal5]
1.0E10 0.000 0 I [MarGla1s]
5.0E13 0.000 0 | [MarGla15]
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9 Summary and outlook

High-temperature rate constants of five bimolecular reactions of NCN, HX®,HCO have been
measured at high temperatures. These molecules are short-lived flameenhiges that play impor-
tant roles for NQ pollutant formation (NCN and HNO) and the overall oxidation rate (HCO) iméa.
Combustion-relevant experimental conditions have been generated $lyatlewave method.

NCN reactions: Narrow-bandwidth UV laser difference absorption spectroscopybaes applied
for the detection of NCN concentration-time profiles. The measurementshieaveperformed at a
transition atv = 3038311 cnm ! (A ~ 329 nm) corresponding to a superposition of tilg subband

of the A3M,,(000) — X3%,4(000) transition and the @band head of the vibrationally hot Renner-Teller
split vibronic 33+(010) —3M(010) transition. At high temperatures, the (010) vibrational state is
significantly populated resulting in a comparably high absorption cross settitable for a sensitive
detection scheme.

For the first time, direct rate constant measurements have been perflomtleel reactions NCN + H,
NCN + H; and NCN + Q over a wide temperature and pressure range (se€ Fig. 9.1). NCNIsadica
were generated from the thermal decomposition of N@Nshock tube experiments. The highly
explosive and very toxic NCiNhas been synthesized in high purity and storage mixtures of ;NCN
in argon were used within a few days since a slow decomposition/polymerizatiea place. The
pyrolysis of ethyl iodide (gHsl) was used as H atom source for the investigation of the reaction NCN
+ H. The rate constant of this reaction has been determined between tamgeeb2 K< T < 2425K.

The obtained rate constant can be best represented by the combinatianArfrhenius expressions,
corresponding to two reaction channels yielding either CH-®NHCN + N. By a detailed analysis of
the data in comparison with literature data, the temperature dependentibgaratto for the reaction
NCN + H as well as a consistent value for the NCN enthalpy of formaliét$yg, = 450 kJ/mol were
determined.

The rate constant of the reaction NCN 4,kvhich has so far been neglected in detailed reaction mech-
anisms for NQ formation, has been measured under accurately pseudo first-oadgoneconditions.
From different possible product channels for this reaction, the olstadnehenius activation energy
as well as mechanistic considerations are most consistent with a direcclostichannel yielding
the products HNCN + H. Further, in cooperation with N. Lamoureux andg2gibux (Université
Lille 1, France), the reaction NCN +4-nd additionally secondary reactions have been implemented
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9. Summary and outlook

into the detailed GDFkin3.0_NCN mechanism for the simulation of low pressuréC@ZH\,-flames.
Significant differences have been observed for the overall NO weiitisthe updated mechanism at
two different flame conditions.

For NCN + O, high-temperature rate expressions used in flame modeling mechanismylififex
orders of magnitude (af = 1500 K). Depending on the assumed rate constant value, this reaction
was reported to be either very important or dispensable for flame modetimgsdlve the role of the
reaction NCN + @ — NCO + NO for prompt-NO modeling in flames, the rate expression was deter-
mined experimentally at temperatures between 15 K< 2492 K. The measurements confirmed
that the reaction is rather slow and hence does play a minor role for NCN mgdtefiames.

The measured rate constants for bimolecular NCN reactions of this watlc@iees) are displayed
in the Arrhenius plot in Fid._9]1 together with previously determined rate condéda (black curves)
from the Kiel shock tube group.
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Figure 9.1: Arrhenius plot of bimolecular NCN rate constants measured weitKighshock tube setup.
Rate constants measured in this work are labled with red color.

HNO detection and the reaction HNO + G: HNO has been measured for the first time behind
shock waves using the very sensitive absorption based FM spegiyo$tidO concentrations of about
200 ppm were generated from the 193 nm UV photolysis of glyoxal/NO mistundially yielding
HCO radicals followed by the reaction HCO + NO HNO + CO. HNO FM spectra of thAlA”

- XA transition and concentration-time profiles have been detected at threenliffeavelengths
around 618 and 625 nm. An HNO formation mechanism has been compilecafraitable literature
data. Further, by monitoring HCO and HNO concentration time profiles at sirega&tion conditions,
the temperature dependent HNO absorption cross section has beenigkedeallowing us to perform
guantitative HNO measurements at high temperatures. Based on this resuttg adding specific
amounts of Q to the reaction mixtures, the reaction HNO 4 ©> NO + HO, has been directly
measured. The obtained rate constant data are about two to three ardemgnitude higher than
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frequently used literature data.

Glyoxal oxidation and HCO + O,: HCO concentration-time profiles have been measured by FM
spectroscopy. The pyrolysis of glyoxal was used as HCO source. applied mechanism for the
thermal decomposition was developed from former experiments in our vegpgkoup. By adding @

to the glyoxal reaction mixtures, the rate constant of the reaction HCQ + @O + HG, could

be determined. Moreover, the capability of a detailed glyoxal oxidation nmémneassembled from
available literature data was tested. The outcome of the experiments of thiscamckrning the
glyoxal decomposition and the temperature depenkiesth. o, values were in very good agreement
with former findings. Together with P. Glarborg (Technical Universitypeihmark) and P. Marshall
(University of North Texas) an extensive glyoxal oxidation mechaniss assembled from available
literature data and validated by the shock tube measurements.

Outlook: The established experimental setups for time-resolved measurements cAMONNO
concentration profiles behind shock waves should be used to studyiroi@tant reactions of these
species. For example, experimental rate constant data for the readtiN@Nowith the important
flame intermediates OH, CN, C and N atoms are still missing for a complete high teompaCN
submechanism. Also detection schemes for the possible reaction prodd@slatactions should be
considered. For example, in order to confirm the formation of HNCN + FhfMCN + H,, H-ARAS
(at A = 1216 nm) could by applied. Also the reported temperature dependent prbcarathing
ratio for NCN + H needs to be experimentally verified, for example by the teteof CH (laser
absorption around = 430 nm) and N atoms (N-ARAS at = 1199 nm). The reactions NCN +
O, NCN + N, NCN + C and NCN + NCN are supposed to form CN radicals;efioee ongoing CN
measurements (M.Sc. thesis of S. Hesse) by means of FM spectroseappartant to verify these
assumed reaction products.

The overall aim of this work was to contribute to the implementation of a complete did®hech-
anism into existing combustion mechanisms. Such a submechanism shouldebleobadirectly
measured rate constants including branching ratios as well as temperadyseeasure dependences.
Continued cooperation with flame modeling groups is important to test and imgreveapability
and reliability of such mechanisms for N@odeling.

In the case of HNO, a lot of experimental kinetic data at combustion relégargeratures are still
missing. Even the rate constants for reactions with common flame intermediatedHjk® @nd H
atoms are not accurately known. To observe these probably fatibreathe HNO detection scheme,
established in this work, needs further optimization in order to improve thelsigimise ratio. One
possibility is to use an EOM capable of generating higher modulation intlgesother is to search
for alternative, more direct HNO generation schemes.
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