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Im Kleinen geschieht das
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heute wertvolle Erkenntnis ist, ist
morgen schon Plunder, kaum
eines historischen Rickblickes
wert.

(Max Born)



Abstract

The rate constants of seven elementary reactions assbeidtte the formation of ni-
trogen oxides have been directly measured at combustiexaral temperatures behind
shock waves. Nitrogen oxides (NO and NQogether: NQ) are main pollutants of
combustion processes. One of several pathways yieldingiN®Ives the cyanonitrene
(NCN) radicals as a key intermediate. In order to optimisetmaistic models of NQ
formation, the rate constants of the investigated NCN r@astNCN + M— C + Ny +

M, NCN + NCN— 2 CN + N;, NCN + O— CN + NO, NCN + NO— CN + N,O and
NCN + NGO, — NCNO + NO have to be accurately known. Despite the importarfice
the high temperature chemistry of NCN, apart from the readdCN + M, none of these
rate constants had been measured at combustion relevareragnres, before. NCN was
sensitively and quantitatively detected in its tripletnd state and in its first electroni-
cally excited singlet state by a new difference amplificati@ser absorption set-up. As
a prerequisite of the NCN measurements, the suitabilityyahogen azide (NCY as
an NCN precursor has been thoroughly investigated. It cbelgroved that a direct
synthesis of the explosive NGNn high purities> 99% is possible. Rate constants of
the thermal decomposition of NGNNCN3; + M — NCN + Ny, + M, have been deter-
mined and it turned out that this unimolecular reaction sgils an almost ideal source of
stable NCN plateau concentrations. Actually, the preaurstally yields NCN in its ex-
cited electronic singletNCN state, which is subsequently deactivated to the coriapust
relevant triple®NCN ground state by a collision-induced intersystem crup$CIISC)
process. Surprisingly low CIISC rate constants have be&aagd from experiments
involving the detection of NCN in both electronic statese$& measurements constitute
the first quantitative investigation of a CIISC process hdtshock waves. Finally, for
the quantitative detection of NCN, high temperature specfrr NCN and3NCN have
been measured and temperature dependent absolute namowitith absorption cross-
sections have been derived for the first time for both spediesxt to NCN chemistry,
the high temperature kinetics of the reactions of NO and, M@h the formyl radical
HCO + NO— HNO + CO and HCO + N@ — products have been measured for the first
time, as well. In the case of the reaction HCO + N@boduct branching ratios have been
determined by detailed simulations of HCO concentratioretprofiles. The relevance
of HCO reactions stems from the fact that HCO lies on the maidation pathway of
hydrocarbons and thus is a very important species in cotabusgstems.



Kurzzusammenfassung

Die Geschwindigkeitskonstanten von sieben fur die Skikuldung wichtigen Reak-
tionen wurden bei verbrennungsrelevanten TemperaturaterhiStoRwellen direkt
gemessen. Die Stickoxide (NO und BlQusammen: NQ) gehoren zu den wichtigsten
luftverschmutzenden Stoffen, die bei Verbrennungspseregntstehen. Unter anderem
werden sie in einem Reaktionszyklus gebildet, der als batdendes Zwischenprodukt
Cyanonitren beinhaltet. Um die N@Bildung Uiber diesen Reaktionsweg modellieren zu
konnen, wurden in dieser Arbeit die Geschwindigkeitskanmten der Reaktionen NCN
+M —>C+ Ny +M, NCN+NCN— 2CN + N, NCN + O — CN + NO, NCN

+ NO — CN + N,O und NCN + NQ — NCNO + NO untersucht. Mit Ausnahme
der Reaktion NCN + M, sind zuvor fur keine dieser Reaktio@aschwindigkeitskon-
stanten bei verbrennungsrelevanten Temperaturen exgaethbestimmt worden. Fir
den empfindlichen Nachweis von NCN-Radikalen wurde ein si@itferenzlaserabsop-
tionsspektrometer aufgebaut und es wurde zunachst lataiintersucht, ob Cyanazid
(NCN3) als NCN-Quelle geeignet ist. Dazu wurden Geschwindigkeitstanten des
thermischen Zerfalls von NC\ NCN3; + M — NCN + N, + M, gemessen. Es
zeigte sich, dass dieser unimolekulare Zerfall eine nalpeziekte NCN-Radikalquelle
darstellt, da im Experiment stabile NCN-Plateaukonzéioiman eingestellt werden kon-
nten. Wichtig war es auf3erdem, einen Syntheseweg zu finubem,den das explosive
NCN3 direkt und in hoher Reinheit{ 99%) sicher hergestellt werden konnte. Der Zer-
fall des Vorlaufermolekiils bildet NCN zunachst im elektisch angeregten Singulettzu-
stand, der nachfolgend durch sto3induziertes IntersyS&terssing (CIISC) zum Triplett-
Grundzustand relaxiert. Durch den Nachweis sowohl #NEN als auch vor*NCN
gelang es, Geschwindigkeitskonstanten fiir den Ubdreamstlangsamen CIISC-Prozess
zu erhalten. In diesen Messungen wurde einerséSN erstmals bei hohen Tem-
peraturen nachgewiesen und andererseits erstmals eiC-®Gli&ess quantitativ hiner
StoRwellen untersucht. Um die quantitative Messung von MKONzentrationen zu
ermoglichen, wurden zunachst Hochtemperaturspektneintemperaturabhangige abso-
lute Absorptionsquerschnitte vVAWNCN und3NCN bestimmt. Erganzend zu den NCN-
Untersuchungen wurde zudem die Hochtemperaturkinetikierw®tickoxidreaktionen
mit dem Formylradikal, HCO + NGO— HNO + CO und HCO + N@ — Produkte,
untersucht. Dabei konnten nicht nur die Geschwindigkeitskanten beider Reaktio-
nen direkt aus HCO Konzentrations-Zeit-Profilen gewonnenden, sondern auch das
Kanalverzweigungsverhaltnis der Reaktion HCO +NfDfgeklart werden. Reaktionen
des Formylradikals sind von entscheidender Bedeutung, @@ Huf dem Hauptoxida-
tionsweg von Kohlenwasserstoffen liegt und deshalb einevadhtigsten Intermediate in
Verbrennungprozessen darstellt.
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1 Introduction

1.1 The significance of combustion as an energy source

In a world relying on easily accessible energy, combustimtgsses do not cease to be the by far
most important source of heat and electrical as well as nmcdlapower. Figure 1.1 shows the
sources of primary energy used in the world (left) and in Garyn(right). In the graph, energy
sources based on combustion are shown as grey areas. Thampodant combustible is oil, which

is used for heating as well as to power enginges in the trahspotor and for the generation of
electrical power. Gas is also used for heating and eletpimaer production. In Germany, coal is
almost exclusively used to fuel power plants, whereas tillsrgdely used for heating in other parts
of the world. The combustion of renewable resources (e.gadwwaste or plant oil), according to
international treaties, is supposed to reduce Germangsnghouse gas emissions. In large parts of
the world, however, plants are burned in simple open firel vty low efficiency. “Other” sources
(B8 in the right graph) mainly comprise industrial wastethdtis obvious that the non-combustion
sources, perhaps except for nuclear power, contribute sliglgtly to the statistics. The reason for
this dominating role of combustion as a means of making gnavgilable lies in the fact that most
combustibles are relatively easy to transport, to use atibgsand offer a high density of chemical
energy that can easily be released. On the downside, coimysbcesses are accompanied by a
range of undesired secondary effeci3.As far as fossil combustibles are concerned, their regsurc

A: World B: Germany

Al: Coal and peat

B1: Crude oil
A2: Crude oil A6 A5 B2: Hard coal
A3: Gas

B8
B6
: A4 B3: Brown coal

A4: Nuclear B4: Gas
AS: Hydro / , B5: Nuclear
A6: Geothermal, B6: Water, wind,

solar, wind solar
A7: Combustible 7: Combustible

renewables renewables

B8&: Other

Figure 1.1: Significance of primary energy sources in thdavpeft, 2008): and in Germany (right,
2010)? Grey: Combustion as energy source.
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1. Introduction

are limited. (i) Combustion processes themselves produce pollutantshwhie a negative influence
on our environment. The most important of these pollutargscarbon dioxide (Cg), which is a
cause of global warming;soot and polycyclic aromatic hydrocarbons (PAH), whichateazard to
human health especially in our citié$ sulfates (S@), which cause acid raiff;” and nitrogen oxides
(NO,) with several negative consequences, which will be disml#s more detail, below.

Therefore, efforts are undertaken to strengthen the roddte@fmative energy sources. Nuclear power,
however, though having a quite large margin in the genaratfenergy (see Figure 1.1) comes with
the disadvantages of a risk of a nuclear catatstrophe amtdldection of dangerous waste. For these
reasons, it is not predicted to contribute more that to the total primary energy in the year 2030
(2008:6%),* whereas the combustion of fossil fuels is still supposed:tmant for three quarters of
the total energy production, then.

As a potential way to reduce the greenhouse gas emissiaesyable energies are supposed to play a
major role. Asitis obvious from Figure 1.1, most of the reable energy is produced by the combus-
tion of either biomass or waste, which are subsumed undéaethe“combustible renewables” in the
graph. Predictions of the composition of renewables in #ag 2050, when Germany is supposed to
cover50% of its requirement of energy from renewable sources, shawtlie combustion of biomass
may have a share of approximatél§% of the renewable§.Whereas biomass as a fuel may indeed
contribute to the conservation of resources and perhapsheip with the reduction of carbon diox-
ide emissions, its combustion continues to lead to the mtimhu of pollutants. Altogether, despite
all efforts to find new energy sources, the dominating roleashbustion is neither in well-developed
countries like Germany nor in the world as a whole going to ineirdshed, soon. Along these lines,
combustion research must find ways to reduce the negativeegaences connected with combustion
processes.

Combustion science covers a great variety of topics fronttimstruction of large industrial facilities

to elementary kinetics of small molecules. Therefore edéht disciplines including physics, chem-
istry and engineering are involved in this interdiscipfinaesearch field. Scientist of the different

subjects must work hand in hand in order to optimise combugirocesses and facilities. For exam-
ple, engineers use simulations of combustion processesinokgowledge of temperature, pressure
and the concentration of different species at a certaint floi@ reaction sequence. In this way, strate-
gies to suppress pollutant forming reactions by contrgltime reaction conditions can be developed.

Simulation of the ensuing complex reaction sequences afdh&ustion of even small combustibles
like methane (CHl), or ethane (GHg) requires a detailed understanding of the many elementapg s
of the reaction sequence. Hence, measurements of the ratants of these reactions, of which the
most important are the reactions of small (i 3 atoms) radical® have to be performed. In this
spirit, this thesis will be concerned with the investigatiaf different elementary reactions associated
with the formation of nitrogen oxides (NQ.
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1.2 Nitrogen oxides (NO ) as pollutants

Nitric oxide (NO) and nitrogen dioxide (N (together termed Ng) are main pollutants of combus-
tion processeé:>1% 1 Their relevance stems from the fact that they can damagentisoement in
several ways.

(i) Acid rain arises from HN@dissolved in HO droplets. Several pathways lead from NGO HNO;,
the most important is
OH + NOs; + M — HNOg3 + M. (@H)

HNOs is then washed out of the air and acidifies the ground.

(i) Photochemical smog is defined as an oxidising form of ailugioh, which causes breathing
problems, eye irritation, plant damage and a degradatiosighft. The oxidising properties are
caused by pollutants of which the most important are ozong, (8O, and peroxyacetyl nitrate
(CH3CO0O2NO4, PAN). Nitrogen oxides are involved in all known tropospbezone forming pro-

cesses. A prerequisite of photochemical smog is the irtiadiaf mixtures of hydrocarbons and NO

by solar light. Then, ozone is produced by the reaction setpie

NOs + hv — O + NO 2)
O+ 0y +M—03+M 3)

The regeneration of nitrogen dioxide by the reaction
NO + NO + Oz — 2 NOa, (4)

alone is not sufficient to account for the high Nd@vels observed during high ozone episodes in
polluted air. Instead, N®is generated by a reaction sequence following the attacktbfo® a
hydrocarbon yielding peroxy radicals as intermediatesyelb

OH + RCH; — H,0 + RCH, (5)

RCH; + Oy — RCH,0, (6)

RCH,0, + NO — RCH,0 + NO» 7)
RCH,0 4 O5 — RCHO + HO» (8)

HO, + NO — OH + NO, 9)

RCHj3 + 2 NO + 2 Oy — RCHO + 2 NO, + H,O (20)

This reaction sequence explains why smog is mainly obsémb@ polluted areas of big cities, where
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next to NO, many hydrocarbon pollutants are available. In princigie, reaction
NO + O3 — NO3g 4+ O9 (112)

also produces N§) but simultaneously removes ozone on such that is in nottalidse ozone levels.
PAN is present in the equilibrium

CH3COO0O3 + NOy = CH3COO0O5NOs.

Towards lower temperatures, this equilibrium is shiftedh® right-hand side such that it is a means
of transferring NQ from cooler to warmer regions.

(iii) In the stratosphere, in contrast to its role in the tropesphNQ. contributes to the destruction of
the ozone layer. Responsible are the two reaction cycles

NO + O3 — NO5 + Oy (12)
NO3s 4+ O — NO + O9 (13)
0+ 03— 02402 (14)
and
NO + O3 — NO5 + Oy (15)
NOs + hv — NO + O (16)
O3+ hv — Oq + O. (17)

(iv) Finally, NoO, a secondary product of NOs an effective green house gas and thus worsens the
problem of global warming. It has a 300 times higher globatmiag potential than CQ° Besides
being produced from nitrogen containing biomass fuelsaiit loe generated in combustion processes
by the reaction of amino radicals (NHwith NO, 12

Amino radicals stem from ammonia (NHor other NH sources such as urea, which are often added
in combustion processes to reduce Ngcording to the reaction

The production of NO through reaction 18 is one of several disadvantages oé timethods of re-
ducing NQ, emissions and leads to significant@® emissions:?
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1.3 Pathways to NO  in combustion processes

Four main pathways leading to the production of nitrogendesiin combustion processes are
known 87:2.14(i) Especially in not too rich mixtures with fuel-air equivateratios¢ < 1.3, nitrogen
contents in the combustibles can be oxidised to form NO and ByCa reaction sequence according
t015

Fuel-N ~» HCN ~~ NH ~~» NO

This Fuel-N-conversionis of particular interest in the combustion of coal, sincalamntains large
amounts £ 1%) of nitrogen.

(ii) Thermal-NOcan be formed from molecular nitrogen and oxygen containgtlé combustion air
according to the Zeldovich mechanisihi’

O+ Ny - NO+N (20)
N+ 05 — NO + 0 (1)
N+ OH — NO +H (22)

Since reaction 20 exhibits a high activation barrier duééostable N-N bond, very high temperatures
are needed to overcome this barrier and initiate the reasgquence.

(iii ) Furthermore, NO can be generated vigONwith the help of a stabilising collision partner k#:1°

N,0 + O — NO + NO (24)

This reaction is becomes important at lower temperatureslesmer conditions. Of course, high
pressures promote this reaction sequence due to the retatiobi step (23).

(iv) Finally, in the Fenimore mechanisreo calledprompt NO is formed from the attack of small
hydrocarbon radicals on Nstemming from the combustion air. According to Fenimétéhe spin-
forbidden reaction 25,

CH(I) + Ny (1=+) — N(4S) + HCN(1xT) (25)

is the initiating step of the reaction sequence. However,ikersystem crossing (ISC) probability
from the doublet to the quartet potential energy surfacevsdnd thus theoretically predicted rate
constants are lower than experimentally meas@rédn the year 2000, Moskaleva and [2#%3shed
new light on the Fenimore mechanism by introducing the gflimwed reaction 26,

CH(’II) + No(*=*) — H(*S) + NCN(*%,). (26)

The feasibility of this reaction was predicted based on trarchemical exploration of the potential
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NCN + H

77 1

NCNH

Figure 1.2: CH + N potential energy surface as calculated by Moskaleva and4.in

energy surface (PES) and subsequent RRKM calculations astemequation modelling. A scheme
of the PES is shown in figure 1.2. It is discernible that NCN +akhough thermodynamically less
stable than HCN + N, are accessible over a somewhat lowesttbiek than the products of reaction
25. Moreover, in the light of the required spin-forbidderCISrocess for reaction 25, reaction 26 can
be assumed to be the main reaction channel. In the schemajd&ies the intersystem crossing
point between the doublet surface (containing CHx+ad well as NCN + H) and the quartet surface
(comprising HCN + N). Whereas the low ISC probability in famd direction limits the accessibility
of this channel, according to Moskaleva and Lin, the intstexyn crossing probability is 1 for the
backward reaction. This is due to the fact that in contratiéaeactants, the energy of the molecules
entering the system from the product side is significantbhbi than the energy of the ISC point.
Therefore, HCN + N are likely products of the back reactiomwdver, both the branching ratio and
the total rate constant of the reaction NCN + H (28) is subiecingoing discussion&.242°

Besides studies dating from the years 2007 and 2008, whéadrlglshowed that measured NCN
concentrations in flames are correlated to CH concentsffore it was a shock tube stud§ that
ultimately proved that the branching fraction of reactidéi® indeed> 70%. By now, the reaction
CH + N, is commonly accepted to yield more or less quantitativeyNNKH. Of course, changing the
products of this textbook reaction from HCN + N to NCN + H brbughe properties and reactions
of the cynonitrene radical (NCN) into the focus of attentimhcombustion research. Before the
identification of reaction 26 as a key reaction in ffremptNO formation, NCN high temperature
chemistry had been completely unknown. Even at room ternyreraapart from a few spectroscopic
studies?®=3"NCN properties and reactions had not been investigated.
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NCN—>HCN—>Nco e NH—2L »HNO 2910 _INo

0 0 0 0

2

Figure 1.3: Reaction pathway of the NCN oxidation taken ficamoureuxet al.*?

1.4 High temperature NCN chemistry

Having introduced NCN as a reaction product of the initgtstep of the prompt NO formation mech-
anism, several attempts have been made to adjust widelyreaetion mechanisms, accordingly. In
the year 2006, El Bakadt al.®8 introduced reaction 26 into the GDF-Kin 3.0 mechanism. Tamaat
for high temperature NCN chemistry, they used an estimatedfsNCN reaction rate constants as
proposed by Glarborgt al.® several years before. Despite the fact that the used ragtasus were
not accurately known, the introduction of reaction 26 #idd to much better results regarding NO
and CH concentrations measured in low pressure metharagestind propane -AN- flames. Simi-
larly, Gerseret al. measured HCN profiles of methane - air flames and correcte@fievech. 3.G°

for reaction 26. They also suceeded in optimising the agee¢tetween simulations and their ex-
periments. The GRI-Mech is a commonly accepted mechanisisistong of 325 reactions, of which
rate constants have been optimised to model natural gasusbion.

Already in the year 2000, Moskaleva and Bfnproposed a rather extensive set of NCN reaction
rate constants, which were calculated by Rice-Ramspé&tgssel-Marcus (RRKM) theory combined
with master equation (ME) modelling. Input parameters wsased on quantum chemical (QM)
calculations. In 2008, in a comparative study, Sutsbral.?’*0 used this set of rate constants as
well as the estimated values of Glarbagal. to model NCN and NO concentrations measured in
methane/N-O, flames. They found much better agreement between measuteihamated NO and
NCN profiles when using the parameters from Moskaleva andnsitead of the estimation Glarborg
recommended. In 2009 and 2010, thorough analyses of the d@Nion system were performed
by Konnov*! and Lamoureuwset al.*? Both used Moskaleva and Lin’s set of rate constants and came
up with similar results on the sensitivity of modelled NCNdaMO concentrations with regard to the
different NCN reactions. The updated pathways leading f@ih+ N, to NO are sketched in the
reaction flow diagram shown in figure 1.3. Sensitivity anefyseveal that the reactions NCN + O
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(27), NCN + H (28), NCN + Q (29) and NCN + OH (30) are the most important ones. Overall,
a trend towards higher sensitivities of the oxygen contgimeactions with larger combustibles and
leaner (stoichiometric) mixtures has been reported. Asdtscernible in the scheme, the reactions of
NCN with H (28) and OH (30) yield HCN, which had formally beeglisved to be the product of the
reaction CH + N (26). HCN is then oxidised to form HCN, NCO, NH, HNO, and figdllO. Overall,
this part of the scheme is identical to the outdated reagiathway. However, a different pathway
exists: The reaction NCN + O (27) generates CN + NO. CN is thidu oxidised and also forms NO
via N atoms. Thus, taking into account this new route, ov&@l yields are higher compared to the
older models. It depends on the reaction conditions (teatpe, pressure, fuel - air ratio, nature of
the fuel), which of the two pathways is more important.

Even with the new mechanism at hand, the interpretation oNM@asurements in flames is still
complicated due to the fact that no reliable high tempegasilnsorption cross section data for NCN
are available in the literature. So far, only indirectly etetined values by Vasudevat al.?* and

spectral simulations by Lamoureex al.*® provide a rough estimate of its absorption cross section.

To further improve the reaction mechanisms, direct measeinés of NCN reaction rate constants
at combustion relevant temperatures7iof> 1000 K are desirable. At the outset of this work, only
reaction 28, NCN + H, had been investigated by Vasudetasl. behind shock waves. Later, the
unimolecular decomposition of NCN, NCN + M was adressed bgdBtf—® using the shock tube
technique, as well. Some additional experimental invaitgs are available for lower temperatures.
All other high temperature rate constant data of NCN reast#till rely on theoretical work, alone.
Details of these studies will be given in the later sectiohthis work. Most of the studies have been
performed by the M.-C. Lin group adressing the reactions NGN— CN + NO (27)2' NCN + H—
HCN + N (28)22 NCN + O, — NCO + NO (298 and NCN + OH— NCNO + H (30)° Moreover,
theoretical results are available for the reactions NCN +N@N + N,O (32)°%:>*and NCN + NQ

— NCNO + NO (33)22:53 An overview of reported high temperature rate constant isaggaven by
FaRhebef? in terms of the Arrhenius diagram shown in Figure 1.4. It &dinible that the reactions
NCN + O (27) and NCN + OH (30) proceed close to the collisionitliwwhereas the reaction NCN
+ H (28) is somewhat slower. Although the reaction NCN # (@9) has a very low rate constant,
it is very important due to high ©mole fractions present in the combustion air. The reactains
NCN with NO (32) and NQ can be supposed to be important in combustion systems wvittigein
containing propellants like nitromethane. In these systd¥® and NQ reactions are usually among
the most important one¥.

Finally, low temperaturel < 600 K) experimental studies exist for the reactions 32, NCN +
NO%051.55and 33, NCN + N@.%253 Additionally, upper limits have been recommended for tte ra
constants of reaction 29, NCN +@nd the reaction NCN +£H, (34).%°
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Figure 1.4: Arrhenius expressions of bimolecular NCN rieactate constants. The plot has been
adopted from FaRhebé.

1.5 High temperature HCO chemistry

Next to NCN chemistry, many other reactions have to be censaito model overall NQformation
rates. For example, the direct reactions of the key comiugtiermediates with nitrogen containing
species have to be taken into account. In this context, lgioaddr HCO reactions are of interest,
because the formyl radical HCO is a key intermediate in catiba chemistry and lies on the main
oxidation pathway of hydrocarbons. A scheme of the most ntapb reactions in the methane (QH
oxidation is shown in Figure 1.5. HCO radicals are mainlydoieed in the reactions of O, OH, H and
CHgs with formaldehyde. Important HCO consuming reactions heeréactions with H, OH, ©and
H,0. The produced CO is subsequently converted tg.CReactions with nitrogen oxides become
most important in nitrogen-rich flames. Corresponding elasare the nitromethane (GNOs)
flame 24 or the combustion of mixtures of fuel and nitrogen oxidésInder theses conditions, the re-
actions HCO + NO (35) and HCO + N@36) belong to the most important reactions. Because of the
small high-temperature absorption cross section of HCOglwimakes HCO measurements exceed-
ingly difficult, no direct measurements of reaction ratestants at combustion relevant temperatures
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Figure 1.5: Reaction scheme of the methane oxidation airmptd Najm et al>®

of either reaction are available, yet.

1.6 Scope of this work

The aim of this work was to develop an experimental strategijrectly measure the high temperature
rate constants of bimolecular NCN reactions as well as teigeorate constant data for the reactions
of HCO with NO and NQ. Measured data will serve as an experimental basis to furtigrove our
understanding of NQformation pathways in combustion processes.

Whereas for HCO a radical source, hamely the photolysiseppthcursor molecule glyoxal, (CHE)

as well as high temperature absorption cross sections virer@dg available from previous studies
performed in the workgroup of Friedricit§;%%in the case of NCN a suitable precursor was yet to
be found and characterised. Furthermore, NCN absorptiosscsections had to be determined at
combustion-relevant temperatures. Therefore, a new rgsecipic set-up to allow for the sensitive
and quantitative detection of NCN had to be established, firs

Briefly, this cummulative thesis is structured as follows:the experimental part (chapter 2) the de-
tection scheme for NCN radicals is outlined and some detadggiven on the shock tube technique,
the performed statistical rate calculations and the swighef the precursor molecules. The formation
mechanism of NCN following the decomposition of the preoues well as the absolute NCN absorp-
tion cross section at combustion relevant temperaturesaestigated in chapters 3 and 4 (paper 1.
The Thermal Decomposition of NGMs a High Temperature NCN Radical Source: Singlet-Triplet
Relaxation and Absorption Cross Section of NER), paper 2: A Consistent Model for the Thermal
Decomposition of NCN and the Singlet-Triplet Relaxation of NCN). In chapter 5g@a3: Direct
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Measurements of the High Temperature Rate Constants of@hetidns NCN + O, NCN + NCN,
and NCN + M), the rate constants for the self reaction of NCi¥, unimolecular decomposition of
NCN and the important reaction NCN + O (27) will be reported.orbver, in chapter 6 (paper
4: Direct Measurements of the Rate Constants of the Readi@N + NO and NCN + N@ Behind
Shock Waves), rate constants of the reactions of NCN with RDNO, (32,33) are measured and the
temperature and pressure dependencies of these reactatis@issed in the framework of complex-
forming bimolecular reactions. Finally, the kinetics oetheactions of the important intermediate
HCO with NO and NQ (35,36) are investigated at room temperature and at higpdeatures in
chapter 7 (paper 5: Wide Temperature Range (T = 295 K and 7305 K) Study of the Kinetics of
the Reactions HCO + NO and HCO + N@sing Frequency Modulation Spectroscopy).
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2 Experimental

To investigate high temperature NCN and HCO reactions rakgenditions must be fulfilled. On the
one hand, known concentrations of the reactants must beajedet the desired combustion relevant
temperatures. Since both NCN and HCO are not stable spdwiganust be generated from precursor
molecules. On the other hand, either the reactants or thiupt® must be quantitatively detected in
a time-resolved manner with high sensitivity to suppresesdary chemistry. Afterwards, measured
concentration-time profiles must be evaluated in order taekthe desired rate constant data.

A gas mixing system equipped with calibrated mass flow cdletmoallowed for the preparation of
the test gas mixtures. High temperature conditions wereaeth by shock heating of the test gas.
Following a pressure and temperature jump on the ns time,sestdble conditions were achieved
for approximately 1.5 ms. As a sensitive spectroscopic ateither difference amplification of
narrow bandwidth laser absorption or frequency modulatiiv) spectroscopy have been used. Data
reduction was performed by fitting analytical functions gperforming numerical simulations. Rate
constants were varied in order to match the simulated carat@m-time profiles with the measured
ones.

In the experimental section of this thesis, the shock tubthadewill be introduced followed by the
description of the experimental set-up. The used spedpis@nd numerical methods will also be
described. Finally, experimental procedures and caidraheasurements will be outlined.

2.1 The shock tube method

The shock heating of gases is known since 1899 when Viejnerated the first shocks in a 6 m
long tube. This shock tube consisted of a high pressureoseatid a low pressure section divided by
a diaphragm. The high pressure section was filled with aif that diaphragm burst. The resulting
shock wave propagated through the low pressure sectiopatsanic speed compressing and heating
the gas. This shock tube is a prototype of all modern shockstulin the 1940s, the properties of
different driver gases and their influence on post-shoclditioms were examined by Payman and
Shepherd’ They used shock tubes to produce high velocity flows. Thetfettshock waves heat up
gases within ns time scales was discovered by Kantrowitz-ertzberg® Finally it was Schott and
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rarefaction head

N 3 ;

g rarefaction S
= tail contact surface

4 shock front
0
X
driver section driven section (test gas)

Figure 2.1t — x diagram of a shock tube experiment. The numbers denotepmssates of pressure,
temperature and density of the test gas.

Kinsey, who introduced the shock tube technique into chehkioetics research.

Since then, the shock tube technique has served as a reactkinétic experiments in countless
studie$ becausei] it is ideally suited to vary the experimental temperaturd pressure over a wide
range (up tol' = 15000 K, p = 1000 bar) and {{) the heating and compression occurs almost
instantaneously. Because of this fast pressure and tetapeijamp, reactions during the heating
period and thus under undefined conditions can be ruled owgecAnd advantage of shock waves
generated in a more or less ideal shock tube is the fact tingieatures and pressures behind the shock
waves can be calculated easily and with good accuracy fremwtil-established theories of shock
wave propagatioh’ and the initial conditions of the test gas. Only the reldgieasy accessible shock
wave velocity has to be measured. On the downside, two disdiaiges of the shock tube method are
the short maximum observation times of some ms and the fatittis merely impossible to generate
exactly identical conditions by two consecutive shock vgaviéherefore, averaging procedures as used
in many other experiments to enhance the precision canncaribed out. Shock tube measurements
can be considered as single-shot experiments.

2.1.1 Theory of shock wave propagation

The shock wave is caused by the compression of the test gdm Ihygher pressure driver gas. The
shock tube together with all waves that are associated Wwéhotirst of the diaphragm is sketched
in Figure 2.1. Here, the timeis plotted against the position in the shock tube.x = 0 denotes
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the position of the diaphragm and thus is the starting pdirdup considerations. The burst of the
diaphragm results in compression waves, which are projppagaith the speed of sound

yRT
a =1/ Y (2.1)

v = ¢p/ ¢y is the heat capacity ratio of the gdsjs the absolute temperatur®] the molecular mass
of the molecules an® the gas constant. According to equation 2.1 the speed ofdsimeneases
after the first compressions have pre-heated the gas suctoltbaing compression waves travel at
a higher speed. At the same time, the gas starts to flow in tieetitin of the compression waves.
Finally all compression waves coalesce to one single steegkdront, which propagates through the
gas with a multiple of the speed of sound (relative to thenmgggas in front of the shock front). In

a so called over-adiabatic compression it causes largeegitacbf temperature, pressure and density.
The initial state of the test gas before the shock front i©tksh1 in figure 2.1, whereas 2 denotes the
test gas region behind the incident shock wave. At the ene plathe shock tube, the shock wave
is reflected. It travels back in the opposite direction tiglothe already heated and compressed gas,
causing a second pressure and temperature jump (reflecteklrglgion, 5). The reflected shock wave
has a lower velocity than the incident wave, correspondinglower slope in thé — x diagram. The
shock wave is followed by the contact surface; its arrivahatobservation point limits the maximum
observation period.

The calculation of temperature, pressure and density tdehirident and reflected shock waves is
based on the conservation equations of mass, momentum argy€rgs. 2.2, 2.3, 2.4)

pruy = pausz, (2.2)
p1+ prui = p2 + pous (2.3)

and ) )
Hy + §u% =My + §u%. (2.4)

in a shock fixed coordinate system (i.e., the shock frontisst). « is the velocity of the gas entering
(uq) and leaving 2) the shock frontp is the densityp the pressure anél the specific enthalpy of
the gas in front of (index 1) and behind (index 2) the shockevaWith the help of the thermal and
caloric equations of state for a perfect gas

pV =nRT (2.5)

and
Hy — Hy = cp x (Ty — T1), (2.6)
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the Rankine-Hugoniot equations (2.7, 2.8) can be obtained:

P _a=1lp1

2 Y+1 p2

p1 L _ 2L @D
P2 y+1
=1 4 p2

& _ y+1 +p1 (2 8)

pr a2y '
v+1 p1

Introducing the Mach numbe¥/s = u; /aq, the pressure (eq. 2.9), density (eq. 2.10) and temperature
(eq. 2.11) behind the incident shock wave can be derivedliasvi®’

VM2 — (v —1
D1 v+1
1) M2
p2_ (0t DMs (2.10)

pr (y—1)MZ+2

—1 —1
T, (VMg—%> (77 XM§+1>
T 2 |
: (%) x 2
Based on these equation and the boundary condition of agegdis behind the reflected shock wave,
similar equations for the reflected shock wave region carebeet (eqgs. 2.12, 2.13):

(2.11)

+1
py 14 2tlp '
7—1p2

7+l | ps
B_ps a1t m
- yt+lps”
T, p2 1+ o
Hence, temperatures and pressures for the incident (2efledted (5) region can be calculated from

the initial conditions and the Mach numb&fs of the incident shock wave.

(2.13)

Real gas effects are taken into account by the temperatpendence of the heat capacify Exper-
imental conditions can be corrected for real gas effectadrative numerical procedurésOverall,
real gas effects on the pressure were small for the expetitheonditions used in this work. Small
corrections arose from the necessary excitation of vitmatidegrees of freedom at high temperatures
resulting in lower temperatures of the gas in the post-shegion.

Additionally, relaxation effects may result from delayegu#ibria between translational and vibra-
tional or electronic excitation. Whereas rotation anddtation are quickly equilibrated and therefore
do not complicate the calculation of post-shock conditiaghe slower redistribution of energy into
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Figure 2.2: Pressure/temperature profile together withhareatic drawing of the Kiel shock tube.
Please note that the rise time of the signal is limited by thedividth of the pressure
transducers.

vibrational degrees of freedom may result in the develognoéra relaxation zone. In this zone,
the temperature (i.e., translational temperature) expitally decreases starting from the value of a
perfect gas until the equilibrium between translation aifmtation is reached. On the other hand,
the density rises as the temperature decreases. Therafimé&ening of the shock-front is observed.
Since it is difficult to account for these phenoménia, this work concentrations of polyatomic reac-
tants were kept low such that relaxation effects could béecezsd.

2.1.2 The Kiel shock tube

A schematic drawing of the used shock t8ia@ogether with a typical pressure/temperature-time
profile is shown in figure 2.2. The shock tube had an overafjttenf 8.35 m. The test section of an

inner diameter of 81 mm and a length of 4.05 m consisted ofrelgglished stainless steel and could
be evacuated down to pressurepof 10~7 mbar by a combination of oil-free turbomolecular and
diaphragm pumps (Pfeiffer Vacuum, TMU261/MVP055-3). Teaking rate of the test section was
3 x 1075 mbar s,

The temperature and the pressure jump induced by the irtcatehthe reflected shock wave are
clearly discernible in Figure 2.2. In this example, only &8 lie between the incident and the re-
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flected shock waves. If needed, longer observation timeisthétcident shock waves can be realised
by extending the distance between observation point anglerel The real pressure and tempera-
ture jumps are much faster than the measured pressure paditgests. Here, the bandwidth of the
pressure transducers limits the rise time to sQme Four pressure transducers (PCB Piezotronics
M113A21) were mounted flush and equidistantly in the shoblk thAnother transducer measured the
pressure in the observation plane. All pressure transdugere wired to a fast count unit allowing
to measure the shock wave velocity. Two quartz windows instieck tube head allowed for laser
diagnostics of the investigated reactants. The spectpassetup is shown in more detail in section
2.2.

The shock tube was operated by hydrogen, nitrogen or mtofréydrogen and nitrogen as driver
gases. The Mach number of a shock wave is affected by the rfidesdriver gas molecules according
to eq. 2.14

2
lim MS:Hflx@Jr\/H(Hﬁxf‘*“‘*) : (2.14)

pa/p1—r00 2 Jia 2 fia
lim,,, /,, s00 M5 CcOrresponds to the maximum Mach number at infinte pressutedalriver gag., f
is the number of degrees of freedom of test gas (index 1) dverdyas (index 4) and = \/YRT/M
is the speed of sound. The higher the molecular mass of therdyas, the lower the speed of sound in
the driver gasi4 and thus the Mach number of the shock wave. A high moleculasrofthe test gas,
however, results in higher Mach numbers. In contrast toghgterature and pressure behind a shock
wave, eqs. 2.10 reveals that the density hardly shows argndepce on the actual Mach number.
Hence, by using several driver gases with different madsisspossible to vary temperature and
pressure, but to keep the total density nearly constant iShdesirable to systematically investigate
the density dependence of unimolecular reactions. Sins@dt feasible to have a different driver gas
for every single temperature, the mass of the driver gas éas varied by using different mixtures of
two gases A and B of a different maa$, and Mg according to

M= M 22 P8 (2.15)
Pa 2

To generate homogeneous mixtures of the driver gases, a idngrapparatus has been implemented.
The mixing is based on two magnetic valves (Danfoss, BAO24jch are separately opened one
after another for defined times between 25 and 435The driver gases are connected to the valves
and thus mixtures between 5% and 95% of A in B can be easilyapeep In this work hydrogen
(H>) was used as the lighter component to which nitrogen) (Mas added. With this setup, the
reproducibility of temperature and pressure with the sameaune of gases was-2%. Moreover,
previously observed damping effects resulting from inhgereities in the driver gas composition
were effectively suppressed by the new quasi-simultanauxisig procedure.
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Figure 2.3: Test gas mixing system.

2.1.3 The test gas mixing system

The test gas mixtures entered the shock tube at the shockhidmk and could be removed near
the diaphragm. In this way, the shock tube was streamed Wélparticular test gas mixtures to
compensate for adsorption effects on the stainless stdlsl @fahe low pressure section. A scheme
of the gas mixing and streaming system is shown in figure Zh&.plurpose of the gas mixing system
was to purify the reactants, dilute the reactants with igegt down to the desired concentrations and
to fill the low pressure section with variable, but accusagdfined mixtures of reactants. Most of
the gas mixing system was made of stainless steel with soass flasks attached to it. A 5| flask
equipped with a cooling finger served to perform freeze-ptinagv cycles in order to purify NO,
NO, and N,O. A 10 | flask held the reactants diluted in argon (usually ¥4 a 20 | storage flask
was used for NCH mixtures. NCN was not further purified due to its explosive character upon
condensation, but it was immediately diluted with argon daw0.1%. Three calibrated mass flow
controller units (Aera FC-7700C) were used for further mixand dilution of the test gas directly
before entering the shock tube. The gas mixing system coelldviacuated by a combination of
turbomolecular and diaphragm pump (Pfeiffer Vacuum, TMH®/MVP015-2) down to pressures
of ~ 10~ mbar. Pressures > 1 mbar were first reduced by a rotary vane pump equipped with
a cooling trap to ensure oil free vacuum conditions. To awaiddensation of NCNin the cooling
trap, it could be bypassed. For safety reasons, the sanyewatialso installed at the high pressure
section of the shock tube, where the test gas - driver gasieixtvere removed from the shock tube
after the experiments. The pressure in the gas mixing systerid be measured by three different

23



2. Experimental

) 660 nm
Ring-dye laser
§ 532 nm
()
P Solid state laser Wavemeter

Reference

Periscope EE
=100 mm

f=50mm &

Band pass filters £ — Monitor 2

~~~~ Photodiode

f=100 mm

— Difference

odoosara,

10}09)9p03oYJ

— Monitor 1

i 193 nm [N
Excimer laser Variable Aperture == Probe
= ND filter < =200 mm
o
2
2
F
Beam dump

Figure 2.4: The difference amplification laser absorptietug showing the flow cell for room temper-
ature measurements and the shock tube. For high tempesiitock wave measurements,
the flow cell was removed.

pressure gauges covering the pressure range from 5 har tombar (MKS, 722AMCE2FA; MKS,
622AX12MBE; Pfeiffer Vacuum, PKR 251). The pressure of & gas prior to shock compression
in the test section of the shock tube could be measured bysaypeegauge (MKS, 622AX12MBE).

2.2 Spectroscopic methods

The detection of NCN and HCO was performed using narrow-Wédit laser absorption spec-
troscopy. In contrast to emission based methods or masgr@metry, a quantitative evaluation of
the data is straightforward supposing that absorptionscsestions of the detected species are known
at the respective wavelengths. For the purpose of this wibskkas necessary to detect very low
reactant concentrations. The very sensitive frequencyumatidn (FM) spectroscopy was used to
detect HCO (acl)min = 5 x 107°). Unfortunately, the FM set-up cannot be operated at UV wave
lengths, such that NCN was detected by difference ampiidicdéser absorption spectroscopy (DLA)
((acl)min = 5 x 1074).

2.2.1 The difference laser absorption setup

A scheme of the newly assembled difference laser absorpéitup is shown in figure 2.4. Laser radi-
ation around\ = 330 nm was generated by intra-cavity frequency doubling of giemcy stabilised
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continuous-wave ring-dye laser (Coherent 899 series). fidmgiency doubling was performed in a
LilO4 crystal, which was constantly flushed with boil-off nitregt inhibit damage of the hygro-
scopic material. The dye-laser was pumped by a Nd:Y'¥@lid state laser (Coherent Verdi V10), the
pumping power was typically 8 W at 532 nm which resulted inrh\& output power in the UV with
DCM Special (Radiant Dyes) as a dye. The UV beam (spectravaiath < 10 MHz) was separated
from the fundamental and coupled out of the laser by a dichmirror and a combination of three
prisms.

The accurate wavelength was determined by measuring theleveyth of the fundamental, of which
2 mW were coupled out of the laser cavity through a high reafleanirror. Wavelength measure-
ments were performed by an interferometric type wavemeéttatroLux WL200) referenced to a
HeNe laser. A small offset af = 0.02 cm~! was taken into account resulting in an absolute accuracy
of 5 x 10~ 7 corresponding taAX = 1.65 x 10~ nm or A7 = 0.015 cm~!. The offset had been
determined by measuring the line positions of @, ; rotational transitions of th& vibronic sub-
band of thed?A;11,,(070) — X2B;(000) Renner-Teller split electronic doublet absorption feainit
NH, aroundX = 661 nm. Whereas Dressler and Ramsay determined the positighe pgaks to be
7 = 15114.98 cm~! and, = 15115.73 cm™!, our measurements resultediin= 15114.96 cm™!
andi, = 15115.71 cm™!, respectively. The position of the maximum is shifted by20cdn! to-
wards lower wavenumbers compared to the measurement bgl&resid Ramsalf Moreover, by
comparison with another recently calibrated wavemetesémee offset has been determined.

The UV output was first lowered to the height of the shock tulbeaws by a periscope. The beam
diameter was reduced & 2 mm) and shaped by a telescope consisting of two biconvexzjesmses.
The beam was then divided into a reference and a probe beanb®yp@ beam splitter plate. The
reference beam was attenuated by a circular variable helgrsity filter to level the intensity of
both beams. Afterwards the reference beam was focusedgdzeasdfiltered and coupled into a quartz
optical fibre (Thorlabs BF H22-550), which was connecteditalanced photodetector and difference
amplification unit (Thorlabs PDB 150A-EC). The fibres werstom-made in order to completely
illuminate the photodiodes inside the detector. Furtheemio order to directly monitor laser intensity
fluctuations, 10% of the intensity were separated from thie lmeam by a quartz plate and focused on
a fast photodiode (Hamamatsu S5973-2) as an additionakrefe. This was necessary because the
bandwidth of the monitor channels of the photodetector waddw to reliably check the stability of
the laser setup. Before passing the shock tube through twigedequartz windows, the probe beam
was focused by a quartz lens with a focal lengthfof 200 mm. An additional aperture ensured a
small beam diameter, which turned out to be important for @dgemporal resolution and a stable
base line of the signals. After band-pass filtering, theresfee beam was coupled into a quartz fibre,
which was connected to the detector. For room temperatyreriexents, a flow cell of 45 cm length
was introduced into the path of the probe beam. An excimer lg@adiant Dyes EXC200) was used
for the 193 nm photolysis of the precursor molecule N@Nroom temperature. The detection beam
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Figure 2.5: Calibration curve of the difference amplifieteatel 3, the level used for the experiments
performed in this work.

Table 2.1: Gain factor&:4 of the difference amplification at different levels.

level G4

100  0.02615
102 0.2643
103 2.648
10*  26.06
105 264.1

and the much larger diameter (1 cm) photolysis beam were it@adland divided by dichroic mirrors
and coupled in and out of the flow cell through quartz windovesimed in Brewster’'s angle. A slight
focusing (f = 1000 mm) of the photolysis beam accounted for intensity loss dwbsorption in the

cell.

To allow for the quantitative detection of species, the gdipof the balanced photodetector and
amplifier had to be determined. For this purpose, the proberal was attenuated to different degrees
and the difference between the voltage of the two monitaraiggwas compared to the voltage of the
difference channel. This procedure was performed for a fiifference amplification levels of the
detector. A typical example is shown in figure 2.5. The slopthis straight line corresponds to the
gain factorGy of the detector. The gain factors of all five amplificationdisvof the detector are
summarised in table 2.1. With the help of these gain factbesabsorbance was calculated according

to equation 2.16,
Iy

o Udifference
In (7> =—1In <1 Uy x GaA 0ffset> . (2.16)
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Uaifrerence 1S the voltage of the difference amplified chanrigl,is the voltage of the the probe monitor
channel measured before absorption sets inAiglthe gain factor of an additional 18 dB amplifier
(Ortec Fast Preamplifier 9305) that amplifies only the dififere channel. The gain factdr of this
amplifier was determined a& = 7.667 by measuring the amplitude of a microwave signal, which was
generated by a synthesiser (Marconi Instruments 2023)amithwithout amplification. The offset had
to be introduced to account for a small baseline issue. Dtleetbigh sensitivity of the used set-up, it
was not possible to balance the monitor channels comp|estiety that a very small offset remained.
With the absorbance values it was possible to calculateertrations or (with known concentration)
absorption cross sections according to the Beer-Lambertddl7):

In (?) = ocl. (2.17)

Here,o is the absorption cross section (unit@mol), c is the concentration aniis the length of
the absorption path. Please note thats the intensity of the probe beam before absorption occurs
and therefore the small offset mentioned above does nattdffe precision of the determination of
absorption cross-sections.

2.2.2 The Frequency Modulation (FM) setup

HCO concentration-time profiles were measured by meanofdty sensitive frequency modulation
(FM) spectroscopy. This spectrometer has been developdagdine PhD work of Colberg and is
based on previous work within the research grétip3

Briefly, the detection light first passed a Glan-Thompsomaggér (New Focus 5524) and an electro
optic modulator (EOM) (New Focus 4421). This modulator adide bands by phase modulation
at 1 GHz. The spacing between the side bands and the cengueefrey was determined by the
modulation frequency of 1 GHz. The spectrum of the moduléitgd was monitored by a scanning
etalon (Coherent SM 240-1, Finesse200) to measure the modulation indéX. A high value of M
corresponds to a larger fraction of the total intensity sfarred to the side bands. Typically, in this
work a high modulation index af/ ~ 1.6 was used. After passing another polariser, the modulated
light was slightly focused by a leng & 400 mm), passed the shock tube or the flow cell through two
windows and was coupled into an optical fibre (Laser Compisrid@P 1000). The light was detected
by a fast photodiode (Hamamatsu S5973-2, cut-off 1.3 GHhag Signal of the photodiode was split
into its AC and DC components by a bias tee (Mini Circuits ZFBI2G). Whereas the DC part was
directly recorded by a digital storage oscilloscope, thep&@t was band-pass filtered (Trilithic, 5%
bandwidth) at 1 GHz, amplified by 40 dB (ZHL 0812 HLN) and figade-modulated by a frequency
mixer (Mini Circuits 5542 ZFM-2000) referenced to the 1 Gldzdl oscillator (Marconi Instruments
2023) that provided the EOM with the modulation frequencgcérding to Friedrichs! the intensity
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of the FM signal is given by equation 2.18,

Iy = IOAf%ClGFM’ (2.18)
wherel is the overall intensity (DC signal component),c and/ stem from the Beer-Lambert law
(equation 2.17)(G'r\ is the gain factor of the FM setup amslf is the FM factor. The gain factor
of the FM-spectrometer had been determined by Colberg,= 240 + 10. The FM factor contains
all FM specific information (i.e., lineshape of the probedaiption feature, frequency setting of the
laser light, modulation index and modulation frequency) aas calculated from a simulated HCO
spectrum. Since all parameters of equation 2.18 are knammtentrations could be readily calculated
from this equation.

2.3 Numerical methods

2.3.1 Data reduction

Concentration-time profiles were evaluated either by §tAnalytical functions to the measured pro-
files or by systematically variing rate constants in nunadiycsimulated concentration-time profiles
using an extensive reaction mechanism.

All fitting procedures were performed by the Gnuplot progrdnThe program uses the non-linear
least squares (NLLS) Marquardt-Levenberg algorithm. Ratgstants and absorbance levels were
used as the fit parameters.

Simulations of concentration-time profiles were carrietiputhe Chemkin-Il program packatieby
numerical integration of the differential equations angsfrom complex reaction mechanisms. Initial
concentrations as well as initial pressures and tempestuere provided by the user, thermodynamic
data were included in the form of NASA-polynomials takennfré&(onnovt® or Gooset al.l’ Rate
constants were given in the form of an extended Arrheniusessgion

ki = A;T"™ exp|—E,;/RT). (2.19)

In addition to those rate constants included in the tablessarising the most important reactions for
the respective parts of this work, the GRI-Mech*8.Bas been used as a background mechanism in all
simulations. Simulations were performed at a constantweluwariations of the pressupét) and the
temperaturél’(¢) during the reactions induced by the thermochemistry of tigeieg reactions were
included in the simulations. Sensitivity analyses were enaassible by the Senkin routirfté.In this
routine, the rate constants of all reactions are varied am@xe the influence of the particular reaction
on the simulated concentration-time profile. Sensitivitplgises were visualised by plotting the sen-
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sitivity coefficientso over the time. To compare the sensitivity coefficients diedént reactions, the
coefficients were normalised with respect to the maximuntentrations of the species according to
a;

] 0k (2.20)

o°(i,j,t) = o (i, j,t)
whereo (i, j,t) is the unnormalised sensitivity coefficient depending anréctioni, the specieg
and the reaction timé cy.x(j) is the peak concentration of the specjeduring the simulated time
interval. o (i, j,t) is given by

oc(i, j, 1)
— 17 2.21
(7’ ]7 ) 80@ ( )
whereaq; is an extra parameter introduced to assure a uniform vamiati the rate constants,
ki,varied = a; X AZTnZ exp[—Ew-/RT]. (222)

2.3.2 Quantum mechanical and statistical methods

Statistical (RRKM) calculations have been carried out ®dslight on the interplay of NCNdecom-
position and subsequehiCN relaxation.

In RRKM (Rice-Ramsperger-Kassel-Marcus) theory, the ifjgaeaction rate constant of a reactant
containing a defined amount of enerdydistributed statistically among its degrees of freedom is
given by | N(E— By)

— Lo

HE) =5 p(E)

Here, h is the Planck constanty (E — Ej) is the number of states of the molecule in the transition
state configuration between the enefggnd the threshold enerdy, andp(E) is the density of states
of the reactant configuration of the molecule at the respeeinergyE. The temperature dependent
thermal rate constant of a unimolecular reaction can beirgatafrom the time-dependent master
equation

(E > Ey). (2.23)

9x(E,t) E ) / (E,E')2(E't) — R(E', E)a(E, )] d E' — k(E)a(E, 1). (2.24)
0

x(FE,t) is the time-dependent population of reactant moleculekegtnergyF at timet. R(E, E')

are the rate constants of the population gain by collisienakgy transfer from all other energy levels
with the energyE’, whereasR(E’, E) are the rate constants of the corresponding loss processes d
to collisional energy transfer to all other energy level§E) is the specific reaction rate constant as
given by eq. 2.23. After a short induction time, the popolatin all levels decays with an overall rate
constant that is identical to the macroscopic unimolectdée constant. The corresponding steady
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state master equation can be written as
g (E) = M) [ [R(E,ENg(E') - R(E\ EY(ENAE' - KE)(E).  (@225)
0

g(E') andg(F) are the steady state populations of reactant moleculesthétienergiess” and F,
respectively.k,,; is the desired overall thermal rate constant, for which e26 2an be obtained:

founi = / k(E)h(E)dE, (2.26)

Eo

whereh(FE) is a population distribution function, which gives the pabbity that a molecule has the
energyk.

RRKM calculations were carried out with the help of the CheteRprogramt® In RRKM calcula-
tions, several input parameters need to be specifigBof the calculation of the density of states and
the sum states in eq. 2.23, vibrational frequencies antiontd constants must be known. Of course,
also the threshold enerdy, must be calculated as accurate as possible. To solve themagsiation,

a collision model to account for energisation and de-esatigin steps is required. In this work, the
exponential-down model has been used, which is scaled bgviigge energy transfer parameter.
This parameter corresponds to the efficiency of the colisio terms of the mean energy transferred
per collision(AE),;; or the mean energy transferred per downward collig$iofy.w,. The ChemRate
program package requires thE) 4o, parameter.

Input parameters were calculated with the Gaussian progackageé® using the G3* (threshold
energy, 0 K, rotational constants) and MP2 (vibrationafjfiencies). G3 is a composite method,
which calculates molecular structures and vibrationajdencies on the HF/6-31G(d) level of the-
ory and then refines the structure on the MP2/6-31G(d) lexdlerwards a series of single point
energies is calculated to account for correlation effetmally, empirical parameters are used to
correct for known deficiencies of this method. In this wayegi that all approximations work well
for the system under investigation, the resulting 0 K emsrgihould be similarly accurate as the
QCISD(T,FULL)/G3large level of theory. Since the vibraté frequencies are only calculated on the
HF level, for the purpose of this work, the MP2/6-31G(d) noetlvas used to obtain more accurate
values. MP2 is amb initio (perturbation) method. In contrast to HF, it takes into acxtaelectron
correlation.

The mean energy transferred per collisighZ).;, was calculated using the simplified ergodic colli-
sion theory (s-ECT) on intermolecular energy transfarere,

2nM,y, + MMyey + 3
2nAV1b + 2,n‘l\/lwb + nArot + nMrot + 3

(AE)a(E) = x (B —(E)r) x BE. (2.27)
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nrot @ndny;, are the rotational and vibrational degrees of freedom ofdhetant A and the collision
partner M.(E)r is the mean thermal energy of the reactant molecule ensei6I€ assumes that the
energy is completely statistically distributed among aljckes of freedom of both collision partners
during the collision (ergodicity assumption). However tdoenparison with measurements shows that
not all degrees of freedom take part in the redistributiarcess. To approximately take into account
this fact, an energy transfer efficiency parametgthas been introduced according to

BE‘ = <AE>measured/<AE>ECT' (228)

Hence,0 < Br < 1, but usually0.1 < Bg < 0.8. The theory is then referred to as partially
ergodic collision theory (PECT) and its simplified versiesARECT), respectively. For the purpose of
the ChemRate calculations, the desired parameter &3 4own,, the mean energy of the downward
collisions. (E).; and(E) 4w are connected by the relatith

(o = — 21 \/ B _ k1A (2.29)
with & being the Boltzmann constant. For the purpose of this werkperature depende(i’).;; and
(E)qown Were calculated with the help of a very simple C++ routineichlis listed in the supplement.
Itis based on the s-PECT model and a statistical calculatiootational, translational and vibrational
energies as a measure(@f) . To further simplify the treatment of the collision stepjrgte (E) qown
value corresponding t& = E, was used in the ChemRate program.

2.4 Precursors
2.4.1 Cyanogen azide (NCN 3) synthesis

The thermal decomposition of cyanogen azide (NEWNas used as an NCN radical source. NCN
is an extremely explosive and supposably very toxic subst&hlt holds the potential to explode
spontaneously, especially in condensed state. For thiemeao attempt was made to purify NgN
after it had been synthesised. Instead, the reactants wepaned such that NGNwas obtained in
very high purities. Of several different approaches, aardarof the method described by Milligaat
al.?° lead to the best results. The method is based on the hetemgeneaction

NaNj(s) + BrCN(s) — NCN3(g) + NaBr(s). (37)

The synthesis of NCNwas performed in the apparatus shown in figure 2.6. The whmtaratus
was made of glass, all connections were thoroughly sealddabycarbon wax. The synthesis was
performed at absolute pressures=0f30 mbar. The apparatus also allowed for the purification of
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Figure 2.6: Apparatus for the synthesis of high purity NCN

the reactants. NaNwas activated by re-crystallisation from hot®l (reflux, N;H, added to obtain

a finer crystals) by pouring the boiling solution into cold20° C) acetone. The filter cake was
driedi. vac. overnight and pestled prior to synthesis. Alternativelythis procedure, a thorough
pestling of small portions of not pre-treated NahMas shown to be sufficient to obtain very fine NaN
crystals and to reach good purities of NCNThe pestled Najwas degassed vac. (10~% mbar)
overnight to remove kD and CQ. BrCN was degasseid vac. (10~* mbar) at7” = —78° C for

10 min to remove C@and HCN and was passed through a molecular sie\ié)(m remove HO.

It was re-sublimated df' = —78° C in a second flask to repeat the procedure. Then, BrCN was
allowed to expand into the flask containing the Ndy removing the cooling. For safety reasons, the
amounts of BrCN were chosen such that the pressure of BrCbr mxeeeded 50 mbar. The vapour
pressure of NChlis estimated to be: 100 mbar and condensation of NGMhust be avoided to rule
out explosions. Furthermore, to maximise the reactiordyidlaN; was used in a huge excess. In a
typical run, 0.25 g (2.5 mmol, weighed before re-sublimatieacted with 10 g (170 mmol, weighed
after re-crystallisation). After the reactants were bitug contact, the 1000 ml flask was closed.
During the 8 h reaction time the flask was boldly, but cargfsaken every 30 min. Directly after the
syntheses, the purity of the reaction product was checkddTii® spectroscopy. Subsequently, the
product was immediately diluted with argon to minimise biewnlar reactions. In- 50 syntheses,
only one explosion was experienced, when Nafpoor purity was used.

2.4.2 FTIR analysis

A typical FTIR (Bruker, IFS 66V, resolution: 0.25 crh) spectrum of NCN is shown in figure 2.7.
The vibrational bands have been assigned according toeBak?® Three of the nine fundamental
vibrations could be observed in the investigated wavelemggion, they are denoted _3 in the

figure. All absorption features, except for the weakestsitaom around 2655 cm' have already
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Figure 2.7: IR spectrum of NCNat an NCN pressure op = 30.6 mbar. The insets show mag-
nifications of weak NCN absorption bands and of the two minor impurities BrCN and

COs.

been reported by Ba&t al. and have been assigned to different combination vibratidhsasured

IR spectra of possible side products and impurities of tlaetien (HN;, BrN32’, HCN, (CN),28)
showed that neither of them was present in the samples ard daws account for the absorption
band at 2650 cm!'. This very weak band was only detected when using a very taengiuid
nitrogen cooled detector. It was assigned to a combinafitimedundamentals, + 2 x v5 (see Table
3in Ref. 26), which add up to 2651 crh. Moreover, the separation between P and R branch of this
transition is approximately 15 cm and thus in good agreement with the other transitions.

Impurities: The mole fraction of the BrCN impurity in the spectrum in Fig2.7 is1.8%, CO, is
present at a mole fraction af 0.1%, only. Following every synthesis, the BrCN partial pressur
has been determined by comparison with BrCN calibratiorctspe A spectrum of BrCN is shown
in figure 2.8, a plot of BrCN absorbance versus BrCN pressupgdvided in figure 2.9. Typically,
BrCN impurities were< 1% and never exceeded¥s in the samples used for kinetic measurements.

NCNj partial pressures of samples diluted in argon were detexnipased on a similar calibration
curve. Since the absolute pressure of the diluted sampdekfasthe shock tube experiments is orders
of magnitude higher than the pure NgBamples used for the calibration, integral absorptioneglu
were used instead of the peak height to avoid errors duefaretit line broadening behaviour. Inte-
grals of the intense peak at 1250 th(denoteds in figure 2.7) were used, which does not interfere
with any absorption lines of the possible impurities. To imise base line issues, the integrals were
approximated by a sum of two Lorentzian functions. The catibn curve of these data is shown
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Figure 2.8: IR spectrum of BrCN at= 24.8 mbar. The striking feature around 2533 chwas used
for the calibrating the concentration measurements (spa&R2.10).
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Figure 2.9: BrCN calibration curve. The slopeti§3 x 103 mbar!.
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Figure 2.10: NCN calibration curve. Integrated absorption intensitieshaf#; fundamental band
have been used. The slope of the curve is 1.65 mbar

in figure 2.10. It was found that even diluted NgBamples undergo a slow decomposition process
(5—10% per day). Therefore, for the determination of absolute gdigm cross sections (see chapter
3), this FTIR analysis of the diluted samples was performed alaily basis. Moreover, all NGN
mixtures were used within three days after the synthesis.

2.4.3 Glyoxal ((CHO) ;) preparation

Glyoxal ((CHOY) was prepared by dehydration of the trimer dehydrate ((€@®2H,0.° A mixture

of 1 eq. ((CHQ)3)-2H,0O, 3 eq. of phosphoric anhydrate,(®;) and some silica sand were slowly
heated up. vac.to a temperature df = 155° C. The gaseous reaction products were passed through
a cooling trap T = 0° C) to remove impurities. Yellow crystals were obtained ireaad cooling

trap (' = —196° C). FTIR analysis showed no impurities 0@ or CO,. The monomeric glyoxal
was stored in liquid nitrogen. For the preparationl & mixtures in argon, the first few mbar of the
sublimating (CHO) were discarded. At longer storage times of the monomerioxglly a polymeric
substance formed on the walls of the stainless steel stoaagie Therefore, glyoxal/argon mixtures
were used within four days after preparation.
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2.5 Supplement: Program for the calculation of
<AE>down

/ * Johannes Dammeier, CAU zu Kiel, 2009

Plan: Berechnung von DeltaE, der mittleren pro Stoss
ausgetauschten Energie fuer NCN3 und Argon nach dem sgCT-
Modell, Nordholm et al., Chem Phys 1977,25,433; Nilsson

und Nordholm, JCP 2003,119,7040 */

#include <stdio.h>
#include <float.h>
#include <math.h>
#include <stdlib.h>

const double k=1.3806503E-23;
const double h=6.62606876E-34;
const double ¢=2.99792458E08;

/ = Funktionen zur Berechnung der mittleren Energie ET" */
double mittleretranslationsenergie (double T)

double utrans;

utrans=3./2. *Kk*T;
return utrans;

}
double mittlererotationsenergie (double T)
{
double urot;
urot=3./2. *k*T;
return urot;
}
double mittlereschwingungsenergie (double T)
[+ Wedler Kapitel Statistische Thermodynamik, S. 641 */
{
int i=0,j=0;
double uvib=0,unull=0;
double nue[100];
FILE =input;
input=fopen("Frequenzen.inp","r");
fscanf(input,"%i",&j);
/= Einlesen der Schwingungsfrequenzen */
for (i=0;i<j;++i)
{
fscanf(input,"%lf",&nueli]);
nue[i]=nue[i] *100. *¢;

/I printf("%If\n",;nueli]);
}

fclose(input);

/ = Berechnung der mittleren Schwingungsenergie uvib inklusi
Nullpunktsenergie, Naeherung harmonischer Oszillator

for (i=0;i<j;++i)

{
uvib=uvib+1./2. * h+ nuefil+h  *nueli]l/(exp(h »nuefil/(k  *T)-1));
Il printf("%i %e %e\n",i,T);
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}

return uvib;

}

double nullpunktsenergie ()
int 1,;
double unull=0;
double nue[100];
FILE =*input;
input=fopen("Frequenzen.inp","r");
fscanf(input,"%i",&j);
/= Einlesen der Schwingungsfrequenzen */
for (i=0;i<j;++i)

fscanf(input,"%lf",&nueli]);
nueli]=nueli] *100. *c;
Il printf("%If\n",nue[i]);

}

fclose(input);

for (i=0;i<j;++i)

{
unull=unull+1./2. * h* nueli];
/I printf("%i %e\n",i,unull);
}
return unull;
}
main()
{

int AnzahlderRechnungen,i;

double Tunten,Toben,DeltaT,T;

double utrans,urot,uvib,unull,uges;

double EO,E,DeltaE,j,DeltaEdown,E02,rotfrei,schwingf
printf("untere Temperatur angeben\n");
scanf("%lf",&Tunten);

printf("obere Temperatur angeben!\n");
scanf("%If",&Toben);

printf("Temperaturbereich ist: %lf-%lIf K\n",Tunten,Tob
printf("Delta T angeben\n");

scanf("%lf",&DeltaT);

printf("Gewuenschte Energie in cm™1 angeben\n");
scanf("%lf",&E02);
AnzahlderRechnungen=(Toben-Tunten)/DeltaT+1;
FILE =*input;

input=fopen("Frequenzen.inp","r");
fscanf(input,"%If",&j);

fclose(input);

FILE =input2;
input2=fopen("AnzahlFreiheitsgradeStosspartner.inp"
fscanf(input2,"%lIf",&rotfrei);
fscanf(input2,"%lIf",&schwingfrei);

fclose(input2);

FILE =output;
output=fopen("mittlereEnergieundDeltaE.out","w+");
fprintf(output,"T/K uges/cm™-1 DeltaEall/cm™-1 DeltaEd
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for (i=0;i<AnzahlderRechnungen;++i)
{
T=Tunten+i =*DeltaT;
utrans=mittleretranslationsenergie(T);
urot=mittlererotationsenergie(T);
uvib=mittlereschwingungsenergie(T);
unull=nullpunktsenergie();
EO=E02x 100. *h*c;
uges=uvib+urot+utrans;
E=EO+unull+urot+utrans;

/I printf("Translationsenergie ist: %e J\n",utrans);
/I printf("Rotationsenergie ist: %e J\n",urot);

/I printf("Schwingungsenergie ist: %e J\n",uvib);
/I printf("Gesamtenergie ist: %e J\n\n\n",uges);

/1J. Chem. Phys. 119, hier eigentliche Rechnung
DeltaE=-(2.  »schwingfrei+rotfrei+1.)
/(2 *j+3.42. *schwingfrei+rotfrei+1.) * (E-uges);

/lempirische Korrektur des simple ECT models, beta-Parame ter
DeltaE=DeltagE *0.5;

/* Umrechnung in DeltaEdown, Troe: Gas Kinetics and Energy Tra nsfer -
Volume 2: Ashmore, Donovan, The Chemical Society, London 19 72,
neglecting energy dependence of rho(E) */
DeltaEdown=-DeltaE/2.-sqrt(pow(DeltaE,2.)/4.-k * T+ DeltaE);

uges=uges/100./c/h;
DeltaE=DeltaE/100./c/h;
DeltaEdown=DeltaEdown/100./c/h;
lprintf("%e",unull);

fprintf(output,"%If.0 %e %e %e\n",T,(uges-unull),Delta E,DeltaEdown);
}

fclose(output);
printf("\n\nfaeaedisch!\n\n");
return O;

}
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Example input file

9
180
484
508
572
716
924
1252
2410
2465

in erste Zeile Anzahl der Schwingungsfreiheitsgrade einge
danach die einzelnen Schwingungsfrequenzen in cm™1

nur fuer Molekuele mit drei Rotationsfreiheitsgraden!

Example output file

T/K uges/cm™1 DeltaEall/cm™1 DeltaEdown/cm”™-1

500.000000 7.112731e+03 -1.647801e+02 3.354752e+02
1000.000000 1.094582e+04 -1.013588e+02 3.208948e+02
1500.000000 1.444036e+04 -4.563172e+01 2.421195e+02
2000.000000 1.747782e+04 -2.931271e-01 2.033292e+01
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3. High Temperature NCN Radical Source and Absorption Csession of NCN{X)

Abstract

The potential of the thermal decomposition of cyanogeneafhiCN;) as a high tem-
perature cyanonitrene (NCN) source has been investigatstidck tube experiments.
Electronic ground state NCRI{) radicals have been detected by narrow-bandwidth laser
absorption at overlapping transitions belonging to thé@nch of the vibronié =+ —311
subband of the vibrationally het3II,, (010)— X *%; (010) system ab = 30383.11 cm~*
(329.1302 nm). High temperature absorption cross sectiomave been directly mea-
sured at total pressures of 0.2-2.5 bar.

log (%) =89 -83x 107" x T/K (£25%,750 K < T < 2250 K)
cm? /mol

At these high temperatures, NCN) formation is limited by a slow electronic relaxation
of the initially formed excited NCN(A) radical rather than thermal decomposition of
NCN3. Measured temperature dependent collision-inducedsyséem crossing (CIISC)
rate constants are best represented by

kemse/(cm3mol ™ 1s71) = (1.3 4 0.5) x 10" exp[—(21 + 4) kJ/mol/RT],
(T40 K < T' < 1260 K)

Nevertheless, stable NCN concentration plateaus havedibsemved showing that NGN
is an ideal precursor for NCN kinetic experiments behincckheaves.

3.1 Introduction

The nitrogen oxides NO and NCINO,) are main pollutants of combustion processes and play an
important role in tropospheric ozone formation as well astsspheric ozone depletion by triggering
two different chain reaction cyclésAdditionally, nitrous oxide K,0), a secondary product of NO
reactions, is of environmental concern due to its high dlalaaming potential From several distinct
NO formation pathways, especially under rich combustiamd@mons, prompt-NQOis generated by re-
actions of small hydrocarbon radicals with nitrogen stengiifom the combustion air. Until recently,

it was well accepted that the most important initiation sieprompt-NO formation, according to the
Fenimore mechanisrhjs the spin-forbidden reaction

CH(I) + Ny (!=+) — N(*S) + HCN(1=™). (R1a)

In subsequent reaction steps, N atoms are then transfomi@dND.* Assuming that the initially
formed energetically excited addition complex undergaes ihtersystem crossing from the doublet
to quartet potential energy surface, this only slightly @hdrmic A, Hj, = 9 kJ/moly reaction
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seemed to be a reasonable candidate fpabtivation. Moreover, measured activation energies of
E, =~ 75 kdJ/mol were found to be consistent with a reaction barriemsting from an elimina-
tion step of the postulated quartet intermedtfe-lowever, detailed calculations of the intersystem
crossing probability led to the conclusion that the overadiction rate should be much smaller than
experimentally measuretin the year 2000, Moskaleva et &1° seemed to have resolved this issue
by showing that another spin-allowed, endotherniig i/, = 82 kJ/mol) reaction pathway exists.
Based on quantum-chemical exploration of the potentialggnsurface followed by RRKM and mas-
ter equation modeling they concluded that the NCN radicahfiog channel,

CH(’II) + No(*=*) — H(*S) + NCN(°%,), (R1b)

dominates the overall reaction. Very recently, anothehf@nperature reaction channel passing
through an alternative intermediate structure (HNNC imdtef HCNN) has been discoveréd! This
pathway eventually yields NCRY) radicals and H{S) atoms as well.

The theoretical predictions of Moskaleva et al. have statad much experimental effort in order to
clarify the role of NCN radicals in NO formation processe#stexperimental evidence for the ex-
istence of NCN in flames were provided by LIF detection of N@arted by Smitk? and, more
recently, by Sutton et & and Klein-Douwel et al* In all three studies, NCN concentrations were
found to be strongly correlated with the corresponding Gital. However, it was not until the care-
fully conducted shock tube experiments of Vasudevan &t that NCN was shown to be the main
product & 70%) of the reactiorCH + N, at temperatures of 2228 K T' < 2905 K. The branching
fraction of reaction (R1b) was deduced from detailed modedif CH concentration profiles measured
during the pyrolysis of gHg/Ar mixtures in the presence ofsNbehind shock waves. Vasudevan et al.
also detected NCN profiles by laser absorption, which weeel ts infer NCN absorption cross sec-
tions at = 30383 cm~! as well as to estimate the high temperature rate constaheataction H

+ NCN. So far, to the best of our knowledge, the only other expental study on NCN high tem-
perature kinetics (i.e., for temperaturEs> 1000 K) was reported by Busch and Olzméfir’ who
generated NCN radicals behind shock waves using the fast#heecomposition of NCNas a NCN
radical source. Attemperatures of 1800<KT < 2900 K, rate constants of the thermal unimolec-
ular decomposition of NCN were obtained from time-resoleedcentration profiles of the reaction
products C and N. NCN radicals were not detected.

Other recent work was concerned with the experimental tiyestson of NCN radical reactions at low
temperatured®-22 For example, Baren and Hershberffemeasured the rate constant of the reaction
NCN + NO in the temperature range of 298 K 7' < 573 K. NCN radicals were generated by
193 nm UV flash photolysis of diazomethane in the presencgaiagen (CHN-/C;N5) and were
detected by LIF at a wavenumber &f= 30395 cm™! (A ~ 329 nm). Other authors employed
193 nm photolysis of cyanogen azide (N§)Ms an efficient NCN sourc¥;2%-22%in which the initially
formed electronically excited NCNQ\) is subsequently deactivated by collisions to its N&EN)(
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ground state?3 Theoretical work on bimolecular NCN reactions has been paerformed in the M.

C. Lin group. Mostly scaled to fit low temperature experinaénate constant data, high temperature
extrapolations were reported for the reactions with NO a4 NO,,2° 0,,%> OH,26 and 02’
Finally, first mechanistic studies on N@ormation by implementing NCN chemistry were conducted
by El Bakali et al.?8 Sutton and Fleming? Gersen et al® and Konnov?!

Although these studies serve as a good starting point fardytrompt NO modeling, NCN kinetics
model refinements and theoretical predictions should bedbas or validated against direct high
temperature measurements of NCN rate constants as welerAqurisite of such direct measurements
is the availability of a clean NCN source. In this work, thenial decomposition of cyanogen
azide,NCNj3 has been studied with regard to its potential to serve asauychcursor in shock tube
experiments. According to Bock and Damiffeand Benard et at? the initiating pyrolysis step of
NCN3 can be assumed to yield NCN gquantitatively:

NCN; + M — NCN + Ny + M. (R2)

We detected NCN, which can be assumed to be initially formeitsifirst excited electronic singlet
state {A) due to spin conservation, in its electrodE ground state by means of time-resolved laser
absorption spectroscopy at wavenumbers araunrd 30395 cm~!'. NCNEX) formation rate con-
stants have been extracted from concentration-time psofieasured during pyrolysis experiments of
NCNj3 behind incident and reflected shock waves. Moreover, atiearpross sections of NCRX)

have been directly determined from the observed absorjpiiateaus at long reaction times. The
unimolecular decomposition of NCNwas analyzed based on guantum-chemical calculations and
statistical rate calculations combined with master eguathodeling. A comparison of predicted
and experimental temperature dependences revealed thidiea slow collision induced intersystem
crossing pathway, NCNQ) + M — NCNEX) + M plays a decisive role.

3.2 Experimental
Shock Tube and Slow Flow Photolyis Reactor

High temperature experiments were carried out in an elgumilished stainless steel shock tube of
8 m overall length®* The 4.4 m long test section with an inner diameter of 81 mmabelevacuated
by a combination of oil free turbomolecular drag and diaghrgoumps down to pressures @f~
10~" mbar. The shock tube was operated by hydrogen, nitrogen drobgn/nitrogen mixtures as
driver gas using 30 or 8(m thick aluminium diaphragms. Experimental temperatures@essures
were calculated from pre-shock conditions and the shoclewalocity, which was measured by a fast
count unit wired to four piezo-electric sensors (PCB Piexruts M 113A21). The registered damping
of the shock wave on the order of 1% per meter as well as reaffests were taken into account
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when calculating the shock wave parameters based on a hsiomal, frozen chemistry computer
code.

Room temperature spectra were recorded using a 45 cm londlele photolysis cell equipped with
guartz windows. 193 nm UV photolysis of cyanogen azide in Atuares was performed collinearly
with the detection laser beam by combining and dividing thetplysis and detection laser by an
optical setup with two dichroic mirrors. Although contirugby flushed with pure nitrogen, deposition
of polymeric material took place at the quartz windows aretdfore regular cleaning of the cell
windows was necessary.

NCNj3 Synthesis and Gas Mixtures

Cyanogen azide is an extremely explosive substance; foredhaon no attempt was made to condense
or to purify the gas after the synthesis. Instead, care wantto directly synthesiz& CN3 as pure

as possible using a variant of a synthesis described bygdilliet al>> Basically, solid sodium azide
(NaN3) and gaseous cyanogen bromide reacted to form gaseousgeyaaaide and solid sodium
bromide (NaBr). Cyanogen bromide was purified by re-sultimmaand further dried by passing it
through a molecular sieve Q&). Sodium azide was pestled and then degassed in vacuo giverni
at pressures down tb x 10~* mbar. Small amounts~( 20 mbar) of gaseous cyanogen bromide
were allowed to expand into an evacuated flask, which heldge lexcess of sodium azide. After
8 h reaction time and repeated careful shaking of the reafiigk, the gaseous product was let into
another pre-evacuated storage flask. Immediate analysieajaseous reaction product by means
of FTIR spectroscopy showed that no water (indicator forlgak) and only negligible amounts of
carbon dioxide & 0.01%) were present. Levels of remaining cyanogen bromide wevays < 3%,

but in some syntheses an overall purity-0H9% NCN;3 was achieved. Subsequently, cyanogen azide
was diluted with argon and the 0.1-0.59%N3/Ar mixtures, which were stored in a 10 liter glass
flask, were used within 3 days after preparation. Since eakite decomposition of typically 10%
per day was found to take plade(CN3 concentrations were checked by FT-IR on a daily basis. For
shock tube experiments, the supply mixtures were furthetedi with argon using calibrated mass
flow controllers (Aera FC-7700C). Although no noticeabl@@®dence of the absorption signal on
the sample preparation procedure was found, the shock tabdlushed with the particular mixture
at a pressure of 50 mbar to minimize any wall adsorption effects.

Gases and chemicals used were argon (99.999%, hydrogenitemgken (99.99%, as driver gas),
sodium azide (Merck, 99%), and cyanogen bromide (Acros,)97%
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Laser Absorption Setup

NCN was detected in its triplet ground statevat: 30395 cm~! using difference amplification laser
absorption spectroscopy. In order to clarify the role ofj@h NCN relaxation, some measurements
were also performed at = 30045.7 cm~!. Tunable narrow-bandwidth<( 10 MHz) UV laser ra-
diation was provided by internal frequency doubling of ajfrency stabilized continuous-wave ring-
dye laser (Coherent 899) operated with DCM-Special dye. dyeelaser was pumped by 8 W of
a frequency-doubled Nd:YVQsolid states laser (Coherent Verdi V10) at a wavelength @f i@
resulting in 1.5 mW UV output. The wavelength of the laserdamental was measured by means
of an interferometric type wavemeter referenced to a HeNerlheam (MetroLux WL200). The
readout of the wavemeter was corrected for a small systematvelength offset of 0.02 cm at

7 = 15129 cm ™!, which was determined by measuring the known wavelengtisearal absorption
lines of NH,, resulting in an overall accuracy of the wavelength deteation on the order afx 10~7
corresponding ta\7 ~ 40.015 cm~! at7 = 30395 cm~!. The UV laser beam was split into detec-
tion and reference beam by a 50:50 beam splitter plate, vtheiiatensity of the reference beam could
be fine-tuned using a variable neutral density filter. Thect@n beam was passed through the pho-
tolysis cell and the shock tube, respectively. The beams waupled into two separate optical fibres
(Thorlabs BF H22-550), which were connected to a balancedoptetector and amplifier (Thorlabs
PDB150A-EC). For shock tube measurements, the resultiifgreiice signal was low-pass filtered
(1.4 MHz), further amplified (Ortec Fast Preamp 9305, 18 dig) finally stored by an analog input
board (Measurement Computing PCI-DAS4020/12, 12 bit, 20zMHFor the measurement of room
temperature absorption spectra, the wavelength of thetittdaser was slowly scanned (20 GHz
mode-hop free scan range) and the measured absorptiorssiggra processed in a boxcar amplifier
(Stanford Research Systems, SR250, 235, 280). The diffeseof the boxcar integrals measured
after and before the UV photolysis laser pulse were takenmasasure of absorption and were stored
in a digital oscilloscope (LeCroy WaveSurfer 454, 500MH®;t§, which was synchronized with the
scanning laser.

Numerical Methods

Spectral simulations of the NCN absorption spectra wertopaed with the PGOPHER program,
which is is a general purpose program for simulating anah§ttbtational, vibrational and electronic
spectra developed by the Bristol laser grafipthe complex electronic spectrum of NCN was cal-
culated based on accurate spectroscopic constants takenBeaton et al3/3® which have been
recently recast and refitted in the work of Lamoureux etdllsing the same spectroscopic parame-
ters as they have been used and explained in the work of Lamoet al., it was possible to predict
temperature dependent spectral contours in order to selegitable detection wavelength for high
temperature measurements of NCN concentration-time esofil
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Thermal rate constants of the unimolecular decompositidiGN3; were modeled within the frame-
work of statistical rate theories. Standard RRKM calcoladi followed by solution of the energy-
grained master equation were performed using the NIST Cladenprogram package that enables
one to calculate time-dependent and steady-state ratéicoemts for thermally or chemically ac-
tivated unimolecular reactiorfS. Input parameters for the RRKM model have been obtained from
ab initio quantum chemical calculations on the G3 (eneygiad MP2/6-311+G(d,p) (rotational con-
stants, vibrational frequencies) level of thebrysing the program suite Gaussian®¥3he harmonic
vibrational wavenumbers were scaled by a factor of 0.9486raing to Scott and Radofit. The tran-
sition state was located using the transient-guided dueagiton method (QST3) and was verified by
vibration frequency calculations and intrinsic reactioominate analysis.

3.3 Results and discussion

3.3.1 Room temperature photolysis

The NCN radical is linear in its ground and first excited ®iptlectronic state. The electronic spec-
trum is complicated due to the partial overlap of 27 branabrginating from theA3II,(000) —

X 3%(000) transition. Especially at high temperatures, spectratrimnions from the (010)—(010)
hot band, which is split into three Renner-Teller composeéntthe excited state, have to be taken
into account as well. So far, high temperature detection®RNn flameg2133%as well as the shock
tube work of Vasudevan et &P. has been mostly performed at wavenumbeesound 30385 cm'.
Therefore, as a starting point, we recorded a high resolutitom temperature spectrum of NCN at
30381 cm~! < 7 < 30386 cm~! following the 193 nm photolysis of NCN The spectrum is shown
in the upper graph of Fig. 1 and has beeen pieced togethersisosnccessive 20 GHz scans. The indi-
vidual spectral intensities have been rescaled in orderdoumnt for different NCN concentrations as-
sociated with variable photolysis intensities caused bystbwly forming deposits at the cell windows.
Due to the unknown NCN photolysis quantum yield as well avér@ble photolysis intensities in the
reactor, it was not feasible to measure absolute room teatyerabsorption cross sections of NCN.
Also note that the initially formed NCN is NCNQ), which is subsequently deactivated to the triplet
ground state. From NCN signal rise times as well as N@(decays measured at 30045.72¢m
(332.8261 nm) (Q branch band head of tfig, (000) — 1A, (000) transition);** we inferred a rather
slow electronic relaxation time constant/gf;., (Ar, 298 K) ~ 8 x 10° cm®mol~!s~! corresponding
tO Tyelax &~ 300 s atp = 100 mbar.

At room temperature, the triplet spectrum is dominated leyititense, but unresolvedl; subband
origin of the A3TIL, (000) — X3%,(000) (P21, 2Qa2, and®Ro3 branches) at 30385 cm. Other,

more isolated lines can be assigned to branches originfting the 311, and>II, subband, where
the assignments indicated in Fig. 1 were adopted from th& wioBeaton et af’ Moreover, Beaton
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Figure 1: Normalized high resolution spectrum of NENY around 30383m~'. Upper graph: Ex-
perimental room temperature spectrunpat 25 mbar in argon. Lower graph: Simulated
room (I’ = 298 K, p = 25 mbar) and high temperatur& (= 1600 K, p = 1000 mbar)
spectra. Spectral assignments were taken from Beator’ét all.
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and Brown attributed the barely resolved spectral featti20@83.1 cm! to the Q branch of the
vibronic 3%+ —3 II subband of the vibrationally ho#*TI,(010) — X3%;(010) system of NCN.
The lower graph in Fig. 1 illustrates the corresponding PEER simulation of the mainly Doppler
broadened room temperature spectrum. A high temperat@eeram calculated fof” = 1600 K
atp = 1.0 bar is shown as well. Allowance was made for a small presstwadening effect,
which was estimated to be identical to that previously messdior the three-atomic radical NH
(2.27 x (T/295 K)~978 GHz/bar)#® Note that all spectra have been normalized with respecteto th
highest occuring spectral intensity. Except for minor szgcshifts, the agreement between the ex-
perimental and simulated room temperature spectrum isg@vg and thus it can be concluded that
the high temperature extrapolation is reliable as well. As be seen from a comparison of the
two simulated spectra in the lower graph of Fig. 1, at highperatures the Qband head around
30383.1 cm! provides much stronger absorption than the congeliigdsubband transitions around
30385 cnt!, which are strongest at room temperature. This finding isgi@ement with the LIF
excitation flame spectra reported by Lamoureux etalvhich was measured at a lower spectral res-
olution of 0.15 cnt!. Also Vasudevan et &P observed an absorption maximum 30383.06 &rim
their shock tube work® =~ 2640 K), but mistakenly assigned the observed absorption pe#keto
311,,(000) — 3%,(000) band head.

It turns out from the PGOPHER simulation shown in Fig. 1 thataverall spectral shape of the vibra-
tionally hot Q band head remains narrow even at high temperatures. Thissg@noblems because
guantitative narrow-bandwidth laser absorption deteatiobNCN in shock tube experiments relies on
a correct, fixed detection wavelength. The laser has to b ghts specific wavelength before the
experiment such that the exact band head position has todoeasely known. Unfortunately, as it
becomes clear from a comparison of the calculated with theraxental room temperature spectrum,
the heavily congested spectral region at wavenumbers a@@883 cnt! is not quantitatively repro-
duced by the simulation. The remaining discrepancies aedl it may indicate a significant offset
of the underlying spectral position of the simulatedisand.

3.3.2 High temperature absorption cross section

In order to measure the exact peak position of thd@&nhd head, pyrolysis experiments of NCihave
been performed at variable detection laser frequencids thit temperature set 6 = 850 + 50 K
behind the incident and = 16004100 K behind the reflected shock waves. Fig. 2 illustrates a &lpic
absorption-time profile measured for a mixture containibhgpm NCN; in Ar. After the arrival of the
incident shock wave, which is indicated by a strong Schiisignal, a fast rise of the absorption signal
is observed that can be attributed to NCN radical formaturing the 160us reaction time behind
the incident wave, a plateau absorption value is reachddaitidg almost complete decomposition
of NCNs. An accurate plateau value was extracted from the abscektame profiles by fitting a
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Figure 2: Typical NCN absorption profile measured behind ramident and reflected shock wave.
Experimental conditions: 11 ppm NGNJjaeer = 30383.11 cm™L,

first-order production kinetics according to

x = z(1l — exp [—k(t — TOftset)]) @

wherez denotes NCN absorbance; the plateau absorbance, ahds the first-order rate constant.
At lower experimental temperatures, short induction timese visible in the NCN signals (due to
NCN(*A) — NCN(A) relaxation, see below). These induction times were exadifdom the fit by
offsetting time zero using a suitablgg.; in EQ. 1. Following the arrival of the reflected shock wave
indicated by the second Schlieren signal, an almost canbt@hN absorbance was observed show-
ing that (i) at this high temperature the NgNecomposition is complete within the time-resolution
of the experiment and (ii) that secondary chemistry of theNN@dical is almost negligible on the
time-scale of the experiment. The slow decay of NCN is masbably due to the onset of the uni-
molecular decomposition of NCN at these high temperatubespite the higher total density behind
the reflected wave, the observed NCN absorbance is signlfidamer clearly indicating a strong
negative temperature dependence of the NCN absorptios seasion.

The NCN absorption spectrum has been mapped out via repaagedbance measurements by setting
the laser to different detection wavelengths. The resuliiCN spectrum is plotted in Fig. 3. Mea-
sured absorbances have been normalized with respectiéb M@EN3 concentrations and are corrected
to average temperatures '6f= 850 K andT" = 1600 K, respectively, by adopting the temperature
dependence of the absorption cross section outlined bé&logvsolid and dashed curves correspond to
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PGOPHER simulations, in which the wavenumber scale of therlaas been shifted by 0.04 cm
Apart from this obvious wavenumber offset, there is verydyagreement between the simulated and
experimental band shape. A very slight shift of the band maxn to lower wavenumbers with in-
creasing temperature=( 0.01 cm~1/1000 K) is also consistent with our measurements. Note that
the necessary wavenumber offset of 0.04 ¢raxceeds the-0.015 cm~! precision of our waveme-
ter. Furthermore, the spectral positions measured forgblated room temperature lines shown in
Fig. 1, which aret0.01 cm™! within the corresponding line positions reported by Beatbal 37 (es-
timated accuracy-0.006 cm—1), verify the accuracy of the wavemeter readout. We thuslodedahat

our measurement of the;and position are accurate and recommend a high temperdsteetion
wavelength o, = 30383.11 #+ 0.01 cm™! (329.1302 =+ 0.0001 nm) for future shock tube work.

1 -
LN
T=1600 K >
p= 1000 mbar
2
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o 0
£ 14 - -
T=850K
p =250 mbar
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Figure 3: Part of the high temperature NCN absorption spattwhich is dominated by the;(pand
head of thed®IT,(010) — X3%,(010) transition ar = 30383.11 cm~!. Symbols refer to
measured absorbances normalized with respect to the batichoma. The solid and dashed
curves denote original and slightly shifted PGOPHER sitiuuta, respectively.

Assuming quantitative formation of NCN according to reat{R2) and relying on a known ini-
tial concentration of NChlinferred from the FT-IR measurements, the observed platbaarptions
behind incident and reflected shock waves could be directhyerted to high temperature NCN ab-
sorption cross sections. Measured temperature depenaleiesy which were obtained from thermal
decomposition experiments of NGKetween 766 K and 2241 K are shown as open symbols in Fig. 4
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Figure 4: High temperature NCN absorption cross sectiom®f@® band head at = 30383.11 +
0.01 cm~! (A = 329.1302 + 0.0001 nm) in comparison with literature data.

and are listed in Tab. 1 All measurements have been perfoatied- 30383.11 cm~!. The strongly
temperature dependent absorption cross section can bexappted by the expression (solid line in
Fig. 4)

g _ B —4
log <cm2/mol> =89-84x107* xT/K (£25%)

where the error represents the combined uncertaintiekedeta statistical scatter and initial NGN
concentrations. Comparing the data points correspondimgetasurements behind the incident wave
(0.2 bar< p < 0.8 bar, open squares) with the data points taken from measnts behind the
reflected wave (0.8 bat p < 2.5 bar, open circles) no significant pressure dependenegiteable
within the scatter of the data.

Table 1: Selected experimental data: First-order NG formation rate constants, and high tem-
perature NCN absorption cross sectienat 30383.11 cm!.

T/K plmbar 10% x p/cmP/mol 107* x k/s T x(NCNs)/ppm 10~% x ¢/ cn?/mol
incident shock wavep ~ 3.5 x 10~% mol/cn?

588 134 2.75 0.07 ~ 10 2
593 136 2.76 0.0% ~ 10 2
623 148 2.86 0.1 ~ 10 2
743 196 3.17 1.82 ~ 10 2
759 202 3.20 1.88 ~5 2
766 200 3.14 - 7.14 1.60
772 208 3.24 1.96 6.39 1.95
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Table 1, continued:
T/IK plmbar 10° x p/cm’/mol 107* x k/s™' x(NCNs3)/ppm 108 x o/ cm?/mol

788 212 3.23 1.80 6.39 1.71
815 224 3.31 2.41 ~5 2
823 225 3.30 2.35 14.9 2.41
859 243 3.40 2.22 6.39 1.71
864 245 3.42 2.14 ~ 10 2
877 250 3.43 2.25 6.39 1.25
916 290 3.81 4.11 ~ 15 2
920 261 3.41 3.34 ~ 30 2
978 291 3.58 3.64 6.39 1.19
1127 351 3.75 6.10 7.14 0.955
1240 395 3.84 8.51 6.39 0.649
incident shock wavep ~ 7.0 x 10~% mol/cn?
546 236 5.19 0.04 ~ 10 2
583 264 5.45 0.14 ~ 10 2
672 335 5.99 1.4 ~ 10 2
701 358 6.14 1.98 ~ 10 2
742 391 6.34 2.99 ~ 10 2
764 408 6.42 2.77 ~ 20 2
788 426 6.51 3.03 5.46 2.08
804 438 6.54 4.46 ~ 10 2
816 451 6.66 4.37 ~ 20 2
865 487 6.77 3.28 5.46 1.94
963 570 7.12 6.80 ~ 10 2
993 590 7.15 7.94 11.4 1.55
1073 659 7.39 5.46 ~ 10 2
1153 724 7.55 11.1 ~ 15 2
1155 726 7.56 9.98 ~5 2
1257 678 6.49 15.0 ~ 15 2
reflected shock wave
1395 773 6.66 6.39 0.615
1431 794 6.67 6.39 0.407
1432 1599 13.4 5.46 0.606
1514 866 6.88 14.86 0.601
1600 953 7.17 6.39 0.392
1617 1588 14.3 5.46 0.462
1643 993 7.27 6.39 0.260
1921 2478 15.5 11.4 0.269
2241 1547 8.30 7.14 0.115

1 Excluded from Arrhenius fit ok, see text.
2 Initial mole fraction has not been promptly checked by FT-IR
and hence no absorption cross section is specified.

Our absorption cross section data are compared with litera@alues in Fig. 4. The line marked with
solid circles represent the data obtained from shock tul@smrements reported by Vasudevan éfal.
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They performed indirect measurements of the absorptiossection at temperatures between 2378
and 2492 K based on quantitative detection of CH profiles anthe determination of the branching
fraction of reaction (R1). The reported values are appraxity 60% higher than our extrapolated
values, but are consistent within error limits. As a conguariof their flame data with the data of
Vasudevan et al., Sutton et al. provided an absorption c@ston value ofr = 7.6 x 10° cn?/mol
atT = 2490 K (solid diamond), which is based on LIF measurements of CH,a@d NCN profiles

in low-pressure methane flamé&&Given the reported uncertainty estimate of a factor of 3piwrly
perfect agreement with our measurement is fortuitous. I8ityi Lamoureux et al. presented a quan-
titative determination of NCN radical concentration-timeofiles in a low-pressure methane flame,
where LIF intensities have been calibrated using cavitgdown spectroscopy. Laborious spectral
simulations — identical to the PGOPHER simulations pergmn this work — were used to calcu-
late absolute absorption cross section values startimg fin@ transition dipole moments of the (000)
and (010) bands derived from fluorescence lifetime measemesby Smith et at® Less temperature
dependent absorption cross sections have been reporteehfperatures between 1500 and 1900 K
(line marked with triangles), yielding a factor of 2 highelwe atl” = 1700 K. Altogether, keeping in
mind the well-known difficulties in determining accuratgitemperature absorption cross sections
of transient species, the overall good agreement of allednoentioned indirect studies with our first
direct measurement is quite remarkable.

3.3.3 Singlet-triplet relaxation and unimolecular decomp osition of NCN 3

Concentration-time profiles of NCRI) formation following shock heating of mixtures of 5-20 ppm
NCN;3 in Ar have been recorded at temperatures between 546 and K2&7two distinct den-
sity ranges of 3.0-4010-% mollcn? (p ~ 3.5 x 1075 mol/cn?) and 6.5-7.5%10~% mol/cn?

(p ~ 7.0 x 10~% mol/cm?®). Validation experiments had been performed beforehandrder to
exclude interfering absorption or secondary chemistrydfr@dicals that may be formed from BrCN
impurities. Neither room temperature photolysis expenitaef pure BrCN showed visible absorption
of CN radicals at the used detection wavelength nor shoak éxperiments performed with reaction
mixtures containing up to 50% BrCN yielded noticeably difiet absorption-time traces.

As it is illustrated in Fig. 2, first-order NCN formation ragenstantsk were determined by fitting
Eq. 1 to the time profiles. Short induction times, which hagerbobserved at low temperatures (e.g.,
30 us atT' =~ 740 K), were excluded from the fit by slightly offsetting time peroge.t. AS a potential
chain-accelerated reaction mechanism can be excludedodhe very low reactant concentrations,
these induction times have to be attributed to relaxatimtgsses. Possible candidates are the de-
layed heating of NCRl behind the shock wave and, probably more important, theagta of the
initially formed NCN( A) radicals into théI1(010) vibronic state of NCNE) via intersystem cross-
ing and vibrational cooling. A kinetic simulation assumithg simple consecutive reaction scheme
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Figure 5: Experimental rate constant data measured at tiferatit total density ranges (symbols),
fitted Arrhenius expressions (solid lines), and RRKM/MEdic&on of NCN; unimolecular
decomposition.

NCN3 (+M) — NCN(*A) + Ny (+M) — NCN(®X) + N3 (+M) smoothly reproduced the signals.
For example, al” ~ 820 K, a ratio ofk.s; /ksiow =~ 5 Was obtained for the two rate constants describ-
ing the two-step process. At not too high temperatures, ggpdement was found between the rate
constant of the rate limiting step describediy,, and the corresponding rate constambtained by
fitting Eq. 1. However, a systematic evaluation of the obsgmduction times turned out to be impre-
cise because the observed delays were short and the ratardsred the two consecutive steps were
found to be strongly anti-correlated. Moreover, as a camsece of the simple consecutive mecha-
nism, the extracted rate constants were interchangeabite simulations and thus it was not possible
to assign their values unambiguously to the N@Mimolecular decomposition or the relaxation step,
respectively. Obtained temperature dependent first-oederconstants are listed in Table 1 and are
summarized in Figure 5 as fillegh & 3.5 x 1075 mol/cm?) and open g ~ 7.0 x 1075 mol/cm?)
symbols. Data points betwe@n0 K < 7' < 1260 K can be approximated by the following Arrhenius
expressions (solid lines):

k(p~ 3.5 x 1075 mol/em?)/s™! = (7.8 £ 2) x 10° exp[—(24 + 2) kJ/mol/RT]

E(p ~ 7.0 x 1075 mol/em?®)/s™! = (1.3 £ 0.3) x 10% exp[—(24 + 2) kJ /mol/RT]

A clear density dependence bfhas been observed(p ~ 7.0 x 1075 mol/cm?)/k(p ~ 3.5 x
1075 mol/em?) ~ 1.6, which is consistent with both a unimolecular decomposititose to its low
pressure regime and a collision induced relaxation procbkse that the measured rate constants
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Table 2: Input parameters for RRKM/ME model of NgNnimolecular decomposition.

NCN; NCN,
AfHS 511 kd/mol 620 kJ/mol
vibrations,7 /cm~! 155 71
394 107
431 235
433 471
633 531
876 1056
1256 1973
2079 2032
2193
rotational constants/cmi 0.0956 0.0798
0.1030 0.0870
1.3339 0.9557
critical energy,Eq 9138 cn!
energy transfer efficiencyg 0.8
energy transfefAE) . —160 cm™!
ArHS_,(NCN(PE)) 444 kJImol
AfHS_o(NCN(1A)) 565 kJ/mol

nearly collapse at temperatur&s< 700 K causing a distinct kink in the Arrhenius plot. Obviously,
at a temperature of 700 K, the NCN formation rate changes freimg singlet-triplet relaxation rate
limited at high temperatures to being rate limited by therta decomposition of NCNat lower
temperatures. Hence, in order to further support this cimh, the unimolecular decomposition rate
constant of NCN in Ar was estimated based on statistical rate theory. Baseglantum-chemical
input structures and energies, specific rate constantscaknélated using standard RRKM procedures
followed by modeling of the energy transfer step by solvimgenergy-grained master equation. Input
parameters are summarized in Table 2. A reasonable valubdoaverage energy transferred per
collision, (AE),; = —160 cm~! at Ey = 109 kJ/mol, was based on the simplified ergodic collision
theory on intermolecular energy transfer (ECT)The energy transfer efficiency paramefgs for
argon was set to a reasonable value of§.8jus assuming that the energy is aimost completely freely
distributed among all degrees of freedom of both collisianters. Modeling results are shown in
Fig. 5 as dashed curves.

The calculated activation energy 6f = 93 kJ/mol, which is significantly lower thaf,, and the
pronounced density dependence (factor 1.8 for twice theiygnndicate a unimolecular decompo-
sition close to the low pressure limit. Good agreement isidbbetween the calculated unimolecular
decomposition rate constants and the few experimentalpdétés atl” < 700 K. Of course, the abso-
lute values of the predicted rate constants are criticajyetident on the exact values of the estimated
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collision efficiencysz and the G3 energy barrier height. However, as the low tertyreraxperimen-
tal data are also less accurate due to the observed slow N@ition rates, no attempt was made
to further improve the agreement between calculation aperaxent. Clearly, al’ < 700 K, the
rate limiting step is the decomposition of NgGNIn this spirit, the experimental dataAt> 700 K
reflect the rate of the collision-induced intersystem drap$CIISC) step and can be subsumed in a
bimolecular rate constant expression according to:

kcmsc/(cm3mol~'s™1) = (1.3 4 0.5) x 10" exp[—(21 + 4) kJ/mol/RT)

Of course, the data points close to the intercept poifit at 700 K are influenced by both thermal
decomposition and relaxation. Therefore, true CIISC ratestants at these temperatures can be
expected to be slightly higher than inferred from our appmate analysis, thus somewhat reducing
the overall temperature dependence of the relaxation gsocklore accurate measurements of the
CIISC deactivation process by monitoring NCXY) concentration-time profiles are underway and
will be reported elsewhere.

Depending on the inert collision partner, CIISC rate camstafor small molecules can vary
over several orders of magnitude. For example, room terhperaate constants for the pro-
cess CH('A;) + M — CHy(®B;) + M have been reported to be fast both for Ar & 3.6 x
102 cmPmol~!s™1) and Xe 0.6 x 10'2 cPmol~'s~1),%? whereas significant different rates have
been found for the deactivation of singlet NH, NK&A) + M — NH('X~) + M. Here, the CIISC is
slow for Ar (< 6 x 10% cmPmol~'s™1) but very efficient in case of X&/(2 x 10'2 cm?mol~1s~1).50:52
Quantitative prediction of CIISC probabilities remainsatiénging and even general trends are diffi-
cult to work out. Pertaining to CHdeactivation, which has been quite extensively studiectaltiee
importance of singlet Ckichemistry in high temperature combustion, CIISC rates baes found to
show weak temperature dependences accordihgiigc o« 7" with 0.5 < n < 1.0.%2 Hence, with
k=1.0x 109 cmPmol~ts~! atT = 1000 K, the NCN relaxation rates found in this work are at the
lower bound of the expected range, but exhibit an unusuédbng temperature dependence. Addi-
tional measurements using different collision bath gasbs;h would have been beyond the scope of
this work, are helpful to further elucidate the nature ofrdlexation process.

Finally, the role of a possible but spin-forbidden Ng#ecomposition path directly yielding NCR)
should briefly be discussed. Benard ef&performed quantum-chemical calculations of the ground
state singlet and excited triplet potential energy sudafdNCN; at the B3LYP/6-311+G(2df) level of
theory. They reported a singlet dissociation barrier ferrtraction NCN(*A’) — NCN(*A) + No(* )

of Fy = 114 kd/mol, which is in good agreement with our G3 resuliif= 109 kJ/mol. The triplet
manifold, which is repulsive and yields NCR{) + N»('X), was found to cross the singlet manifold
near the maximum of the dissociation barrier. In order to pei® with the spin-allowed NCNQ)
path, the crossing point would have to be located much bdievginglet dissociation barrier because
the singlet-triplet crossing of NCNorior to dissociation can be assumed to be slow. Note thatlaés
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observed induction times at low temperatures are less dilolgpavith a markedly direct formation
of NCN(*X). Therefore we conclude that non-adiabatic branchingdomp state NCN() does not
play a significant role.

3.4 Conclusion

Based on quantitative formation of NCN during the thermalateposition of NCN, we were able

to directly measure high temperature absorption crossosscof ground state NCNE). At high
temperatures, the (010) vibrational level is substagtipthpulated and provides stronger absorp-
tion than the corresponding (000)—(000)-transitions. diaantitative absorption detection of NCN
behind shock waves and in flames, we recommend the use of ¢degrapfeature centered around
30383.11 cmi! (329.1302 nm) corresponding to the Granch of the vibroniéx*+ —3 I subband of
the vibrationally hot4311,,(010) — X3Eg(010) system. A strongly temperature dependent narrow-
bandwidth absorption cross section

g _ B —4
log (ch/mol> =89-83x107"xT/K (£25%)

is recommended for temperatures between 75& K' < 2250 K. The absorption band shape is
dominated by Doppler-broadening of the underlying tréms# and no significant pressure broadening
effect has been detected at pressures between 0.2 and.2.5 bar

The stable NCN plateau signals observed behind the reflsbtezk waves clearly reveal the fact that
the thermal decomposition of NGMNerves as an almost ideal high temperature source of RKON(
As it is illustrated for an experiment with an initial NGNinole fraction of 11 ppm in Fig. 2, on the
one hand, excellent signal-to-noise ratios are attainablethe other hand, the resulting NCN con-
centrations are still low enough to make possible the iiyatbn of bimolecular NCN reactions by
means of simple pseudo first-order kinetics using an exdabe oespective reactant. Care should be
taken, however, to ensure complete singlet-triplet relaraf the initially formed NCN{A) radicals,
which at temperatures between 740 K and 1260 K is best rapegkby the expression:

kcmsc/(em®mol ™ 's ™) = (1.3 4 0.5) x 10" exp[—(21 £ 4) kJ/mol/RT]

At p = 1 bar, relaxation times ofcyisc < 10 s are obtained for temperaturés> 875 K, which
should be sufficiently short for most kinetic experimentsugeful upper temperature limit is set by
the thermal stability of NCN. From an experiment performed a= 2303 K andp = 3.2 bar, which
already showed a fast decay of NCN behind the reflected shawk,wve deduced a unimolecular
decomposition rate constant for NCN +M C + Ny + M of & = 2.0 x 10° cm®mol~!s~!. This value
is in good agreement with the recent experimental detetinmaf Busch and Olzmann who per-
formed atomic resonance absorption spectroscopy (ARAE) afid N atoms following the thermal
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decomposition of NCH at temperatures above 1800'KIn agreement with the theoretical predic-
tion of Moskaleva and Lif®, C atoms were observed as the main cleavage product. Relyiige
reported rate expression of Busch and Olzmann, a feasilglerupmperature limit of” ~ 2350 K
(corresponding to a 10s NCN lifetime atp = 1 bar) can be specified for studying bimolecular
reactions behind shock waves with N¢Chks the NCN precursor.

Though interfering with kinetic NCNE) measurements, a benefit of the rather low CIISC rates
and with it the long lifetimes of NCN(\) behind shock waves is that it opens the door for studying
singlet NCN chemistry. This is in in contrast with singlet £tddical chemistry, for example, which is
difficult to assess in shock tube experiments due to the estysinglet-triplet deactivation and hence
thermal equilibration with the triplet ground sat&>> Comparative studies of singlet/triplet reactivity
of NCN hold the potential to map out different reaction padlgesrand pecularities of the underlying
potential energy surfaces. These can result in both coeipldifferent reaction products as a result
of separated singlet and triplet reactivities (e.g., fa thaction NCN(A 2 ) + O(P)) as well as
variable dynamics for a reaction on a shared potential grergace (e.g., in case of NCN§ 2 X) +
NO,(%A1)).%%2” Shock tube measurements of the temperature dependenceth siriglet and triplet
bimolecular reactions are currently underway and will dbate to an improved understanding of the
role of NCN chemistry for NQ formation in combustion processes. Preliminary data ofotmeation

and decay of NCN(A) during the thermal decomposition of NG Mre consistent with the conclusion
drawn in this paper, namely, that CIISC is the rate detemgisitep for NCN{X) formation at high
temperatures.
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Abstract

The thermal decomposition of cyanogen azide (NLCahd the subsequent collision in-
duced intersystem crossing (CIISC) process of cyanomt(&fCN) have been investi-
gated by monitoring excited electronic stalCN and ground statéNCN radicals. NCN
was generated by the pyrolysis of cyanogen azide (j)®hind shock waves and by the
photolysis of NCN at room temperature. Fall-off rate constants of the thetmaholec-
ular decomposition of NCpin argon have been extracted fraMCN concentration-time
profiles in the temperature range 617<KT < 927 K and at two different total densi-
ties: k(p ~ 3 x 107% mol/cm?)/s™! = 4.9 x 10 x exp (=71 kJ mol~*/RT) (£30%);
k(p ~ 6 x 1076 mol/cm?)/s™1 = 7.5 x 10° x exp (—71 kJmol~!/RT) (£30%);
AE, = 414 kd/mol. In addition, high-temperaturdNCN absorption cross sections
have been determined in the temperature range 6X8 K < 1231 K and can be ex-
pressed byr/(cm?/mol) = 1.0 x 108 — 6.3 x 10* K~! x T (+£50%). Rate con-
stants for the CIISC process have been measured by mogitthi@N in the temper-
ature range 701 K T < 1256 K resulting inkcrisc(p ~ 1.8 x 1075 mol/em3) /s~ =
2.6 x 105 x exp (—36 kJ mol ™' /RT') (£20%), kcrisc(p ~ 3.5x 1075 mol/em?) /s =
2.0x10% xexp (—31kJmol ™' /RT) (£20%),; kcnisc(p ~ 7.0x107% mol/em?) /s =
1.4 x 109 x exp (—25kJ mol~!/RT) (£20%), andAE, ~ +10 kJ/mol. These values
are in good agreement with CIISC rate constants extractad frorresponding NCN
measurements. The observed non-linear pressure depesdeweal a pressure satura-
tion effect of the CIISC process.

4.1 Introduction

The cyanonitrene radic&NCN has been detected in plasma flames as early as 1960 bygenni
and Linett who added several hydrocarbons to nitrogen atmmaming flames. They assigned a
complex pattern of absorption bands at wavelengths arauad329 nm to the presence of NCN. A
renewed interest in the reaction kinetic$BCN stems from its significance in combustion processes.
Ten years ago, Moskaleva and Bifproposed a new initiating step for the mechanism of the ptomp
NO formation in flames. According to Fenimotesmall hydrocarbon radicals react with atmospheric
nitrogen and eventually form NO and N@NO,) as major pollutants of combustion proces3es.
Instead of the formerly assumed spin-forbidden initiatieaction

CH(*IT) + Ny(*=%) — N(*S) + HCN(*©T), (1a)

68



4. Thermal Decomposition of NG\and Singlet-Triplet Relaxation of NCN

Moskaleva and Lin proposed an alternative route via the-albinved pathway
CH(’II) + No(*E7) — H(®S) + NCN(*%;). (1b)

Meanwhile, reaction 1b has been experimentally proven tthéenain product channel of reaction
(1).6-19 Simultaneously, experimental work on NCN reactions has loegried out'~1” Besides the
photolysis of diazomethane (GN-) in the presence of cyanogeny({;), the photolysis or pyrolysis
of cyanogen azide (NCN served as a source of NCN radicals. The decomposition eoiogen azide
in a microwave discharge has also been used for the synthfasasbon nitride (§N,4), 8 a very hard
material. The mechanism of this synthesis is also believgutdceed via NCN radicals.

Since the NCN precursor molecules yield NCN in its electally excited single stat¢ NCN, the
formation of the combustion relevatfiCN requires subsequent relaxation to the triplet grouatkst
In thermal systems, noticeable equilibrium concentratioh the singlet species can be ruled out
due to a large singlet-triplet splitting of about 121 kJ/mdBoth from a theoretical and a practical
point of view the question arises how fast the singlet ttipégaxation occurs. Whereas Baren and
Hershbergef noticed unusually long rise times of tABICN signal on the order of some 16 in
their laser induced fluorescence (LIF) experiments perforat pressures between 50 and 1000 mbatr,
Huanget al.12 and Yanget al.13, despite using the same detection technique, did not repgrtielay

of the signals. However, the fact theiCN undergoes a relatively slow spin-forbidden relaxation
the triplet ground stated is known for a long time. In 1969téret al.1® not only measured singlet
and triplet spectra of NCN, but also noted that the spiniftuaibn relaxation is caused by collisions.
In fact, this research article seems to be one of the firstrigtisns of a so-called collision-induced
intersystem crossing (CIISC) process.

In order to provide much needed high temperafiNEN rate constant data, we have recently inves-
tigated the suitability of the thermal decomposition of NCa¢ a*NCN radical source in shock tube
experimentst®> Measured®NCN concentration-time profiles at temperatufes: 1200 K clearly re-
vealed induction times fofNCN formation on the order of 10-2Q6s. In a straightforward evaluation,
these were explained by a sequence of the unimolecular grasition of NCN; forming 'NCN,

NCN3 +M — 'NCN + Ny + M, (2)

and the collision induced intersystem crossing (ClISCEpss convertingNCN to the corresponding
triplet species
INCN + M — 3NCN + M. (3)

Unfortunately, it was not possible to fully separate therggly correlated thermal decompaosition and
relaxation processes. At temperatufiés> 700 K, an Arrhenius plot of the overall rate constants
determined from the rise times of tABICN concentration-time profiles yielded an activation gger
of EA = 21 kJ/mol, which is significantly lower than the activation emeexpected for the thermal
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decomposition of NCh This discrepancy together with the fact that the rate @mtstseemed to
collapse at temperatures 6f < 700 K led us to the conclusion that at temperature§’af 700 K

the measuredNCN appearance rate reflects the surprisingly slow relamgirocess (3). Statistical
rate constant calculations of the unimolecular NG@écomposition were found to be consistent with
the observed low rate constants7at< 700 K thus confirming that reaction (3) becomes the rate
limiting step at temperatures @f > 700 K. The experimentally observed density dependence of the
high temperature rate constants was rationalized in tefracollision induced intersystem crossing
mechanism. However, an experimental proof of these assomsptwhich should be based on time
resolved detection of the intermediatdCN rather than the final produgNCN, is still pending.

Collision induced intersystem crossing processes havediseovered in the 19738. Typically, they
are observed for small polyatomic molecules, for which thiesity of states of the triplet ground state
is too low to drive an efficient intersystem crossing prodesm the singlet to the triplet staf&.
Temperature dependent studies of CIISC rates are scatcebBlISC processes 6NH and'CH;
have been found to exhibit weak positive temperature degpesas.!NH relaxation has been observed
at temperatures up t6 = 596 K. For N, as a collision partner, Nelsat al.?! as well as Haclet
al.??> measured overallNH lifetimes on the order of s atp ~ 100 mbar andl’ = 500 K and
low activation energies arourisl— 6 kJ/mol. Biggset al.?® measured the temperature dependence
of the singlet-triplet relaxation of CHand reported lifetimes of ~ 50 ns atp = 50 mbar and

T = 400 K. The room temperature lifetimes ab®% longer, again indicating a slightly positive
activation energy. In an attempt to provide a quantitatieehanistic description of the CIISC process,
Bley and Temp$* calculated temperature dependent CIISC rate coefficient€, by applying a
mixed state model. So-called “gate states” were identifiddch couple the singlet and the triplet
potential energy surfaces. Their results nicely reprodheeneasured data by Biggs al. and thus
laid a theoretical groundwork to explain such processesefly, Gannoret al.2° further investigated
the !CH, relaxation at temperatures of 200K T' < 800 K and essentially confirmed the gateway
model of Bley and Temps. Some deviations from the theoleticadictions were found for larger
colliders, which could be traced back to the existence efadttive gate states.

The pressure dependence of CIISC processes can be coeqfi¢adften, at low enough pressures
(< 1 mbar for SQ2%), Stern-Volmer behavior of the relaxation rates is obs&rv&ward higher
pressures, similar to the fall-off behavior of unimoleculaactions, a saturation is found and the
dependence of rate constants on the pressure gets wealkeallthe pressure dependence of CIISC
processes is difficult to predict. Moreover, the CIISC ratas strongly depend on the nature of the
collision partner. In the case &iKH, collision with Xe lead to rate constants three orders afjnitude
higher than for collisions with A%’ Apart from these complications, the mere presence of aymess
dependence can still be taken as a a strong indication thiegtiaaal processes are involved in the
overall singlet-triplet relaxation process.

Behind shock waves, in almost all cases only the electromiargl state of radicals can be detected.
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As an exception, the excited singlet state of methylé@,, has been detected by Friedrichs and
Wagner®29 at temperatures arourdl = 2000 K. Because of the very short lifetimes of singlet
methylene, they were not able to observe the CIISC procaestedd, it was implicitly assumed that a
fast equilibrium between the two electronic states takasegyielding detectable amounts'@H,. In
contrast to NCN, small equilibrium fractions b€H, are present at high temperatures due to the small
singlet-triplet splitting of about 38 kJ/mol. To the bestonir knowledge, no direct measurements of
CIISC a process behind shock waves is available in the titexayet. As far as NCN is concerned,
our previous shock tube measurements clearly indicatethieatole of the spin-forbidden electronic
relaxation is important. In this work, concentration-tiprefiles of both"NCN and®NCN are reported
for high temperatures as well as for room temperattCN has been detected behind shock waves
for the first time. These measurements shed light on the bimpérature characteristics of the CIISC
process and allow us to directly measure the N@dcomposition and to reliably prediéNCN
formation rates as needed for future kinetic measurements.

4.2 Experimental

A detailed description of the experimental set-up can bendoelsewheré®30 Briefly, high-
temperature experiments have been carried out behindeimcghock waves in an 8 m long electro-
polished stainless steel shock tube with a 4.4 m long tesioseand an inner diameter of 81 mm.
A combination of oil free turbomolecular and diaphragm pusepved to evacuate the test section
down to pressures qgf ~ 10~7 mbar. The shock tube was operated by mixtures of hydrogen and
nitrogen using 30 and 80m thick aluminum diaphragms. The shock wave velocity wassuesl

by a fast count unit, which was connected to four pressuresthacers (PCB Piezotronics M113A21).
Post-shock temperature and pressure were calculated fiesshpck conditions and the shock wave
velocity. A frozen chemistry code was used, real gas effautisthe shock wave damping on the order
of 1% have been taken into account. Room temperature measate were performed in a 45 cm
long slow flow cell made of glass. Two quartz windows were ntedrn Brewster’s angle at the ends
of the flow cell to allow for excimer laser photolysis (193 nRadiant Dyes Exc 200) and collinear
detection. The detection laser beagn £ 1 mm) and the photolysis laser beam & 1.5 cm) were
combined and divided by dichroic mirrors.

NCN3 is an extremely explosive substance. It was directly sysitleel without further purification
using a variant® of the method of Milligaret al.3! The initial product was analyzed by means of FTIR
spectroscopy and immediately diluted by argon down to a@aination of 0.1% to avoid secondary
reactions. Since NCNundergoes a slow decomposition process in the storage flaskCN; loss of
5% per day has been assumed for calculating the N@Ning ratios!® Typically, levels of residual
BrCN were< 1% and never exceeded 3%.
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Room temperatur€NCN measurements have been performed at30045.68 cm~!, corresponding
to an absorption plateau of the broai, (000) —' A,(000) transition with a band head at (=
30045.76 cm1).1932 At high temperatures behind shock wavesCN has been detected at=
30045.46 cm~!. The slight shift of the detection wavelength in compariadih the room temperature
measurements was necessary due to an effe@tivem™! shift of the band head at the investigated
high temperatures (see Section 4.3.2). As in our previouk,Wo>NCN has been detected at=
30383.11 cm~!. The absorption feature at this wavelength stems from arpapition of the’Il; sub
band of theAT1,,(000)—X?%,(000) and the Q band head of th&>+(010)—>T1(010) transition33-3%

Narrow bandwidth laser radiation<( 10 MHz) was generated by intra-cavity frequency doubling
(LilO4 crystal) of the output of an electronically stabilized ¢onbus-wave ring-dye laser (Coherent
899, DCM Special dye) pumped by an Nd:YY®olid state laser (Coherent Verdi VL0= 532 nm).
The wavelength of the fundamental was measured by an intenfgric wavemeter (MetroLux 200),
which was referenced to a HeNe laser. Time-resolved abisnrpteasurements have been performed
by means of difference amplification using a well-balancedtp detector (Thorlabs PDB 150A-EC).
The UV output of the ring-dye laser was split into detectiow aeference beam by a 50:50 beam
splitter plate. The detection beam was passed through thek sbbe or the flow cell, the reference
beam could be attenuated by a variable neutral density tiiltlevel the intensities of both beams.

Data processing was carried out by fitting selected paramefethe appropriate first-order analyt-
ical expressions to the measured absorbance-time profileg the gnuplot® program. For some
measurements, rate constants were obtained by fitting meahsimulations to concentration-time
profiles. These simulations were performed by the Chenkprdgram packagé’ Required ther-
modynamic data for reverse rate constant calculations te&en from Konnow8 except for NCN,
for which the data were taken from Goesal.2° Sensitivity analyses were performed by the Senkin
routine; normalized sensitivity coefficientg'*>NCN) were obtained by referencing with respect to
the maximum of the NCN concentration-time profile.

4.3 Results and discussion

4.3.1 Room temperature measurements

Typical concentration-time profiles of the singlet and lgipspecies of cyanonitrene are shown in
Fig. 1. Note that the intense photolysis laser pulse causesstant offset in the absorption signals,
which can be attributed to thermal effects. It is alreadyelisible in the firsius before the actual
initial rise of the signals takes place and causes an alsornptateau at longer reaction times. This
offset has also been observed, if to a lesser extent, in iax@ets in pure argon and was dependent
on the adjustment of the optical set-up. Following the plyste of NCN;, the singlet signal exhibits
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Figure 1: Comparison ofNCN and3NCN concentration-time profiles and the corresponding fits a
room temperature and= 56 mbar.t = 0 corresponds to the excimer laser photolysis pulse.
Note the pronounced offset (dashed line), which affecth bistglet and triplet signals.

a fast rise and subsequently a slower decay.>N@N profile is a little bit more complex. As can be
seen in the inset of Fig. 1, a pronounced induction periocerotder of 1Qus is followed by a steep
rise of absorption, which then continues with a slower ratdong reaction times the signal starts to
decay slowly.

A simple model describes the singlet measurements: Vibrallly and electronically excitetNCN
radicals, denotedNCN*, are generated by the laser photolysis of NCNccording to Biseet al.*?,

a rich variety of sixXNCN electronic states is accessible following the 193 nnigiiisis of NCN;.
This excited'NCN* is collisionally deactivated to its lowest electronic detgstate {Ag), in which
INCN is detected. This deactivation process is reflected byfdlt increase of the signal. The
slower decay of the signal can be attributed to several pease Next to singlet-triplet relaxation
via ClISC, INCN may also disappear through fast bimolecular reactiddsxt to a self reaction,
INCN + INCN, the reactions with CN radicals and N atoms, which are faismed in the photolysis,
are conceivable. Also radiative contributions cannot brapletely ruled out. In contrast, diffusional
loss can be assumed to be of minor importance since the déthg tNCN signal is much slower
than that of thé NCN signal and diffusion rates can be supposed to be sinaitardth species.

Apart from the instrumental offset, tH&ICN signal indicates three phases: The first phase comprises
the initial induction time followed by the steep increasettud signal. We attribute this first phase
to the direct relaxation of initially formed highly exciteddiCN radicals. For example, according to
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Figure 2: Pressure dependence of tNEN formation rate constants following the 193 nm photalysi
of NCN3 at room temperature.

Baumgartekt al,*! even vibrationally excited NCN* can be directly generated in the spin-allowed
photolysis process
NCN3 4 hv—NCN*(X3%) + Ny(A3Y). (2b)

The reported threshold energy of 190 nm is close to the usetblykis wavelength of 193 nm, thus
a direct formation ofNCN in the 193 nm photolysis via the spin-allowed reactioh) (annot be
ruled out. It is also feasible that fast intersystem crapgl&C) processes of electronically and/or
vibrationally highly excited NCN* radicals yield significant amounts &iRCN*.

The second phase of the triplet signal comprises the slagetaking place on the same time scale
as the!NCN decay. This part of the signal can be attributed to then&tion of °NCN following
the CIISC process of vibrationally thermalizECN radicals in their lowest electronic singlet state.
From this point of view, the correspondifi§CN formation should approximately match theCN
decay rate; in accordance with the signals shown in Fig. 1.

Finally, the third phase comprises the slow decay of #NEN signal at longer reaction times. It
subsumes all NCN consuming processes such as self-regatattions with other photodissociation
or secondary products, and diffusion.
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Overall, the NCN formation mechanism can be summarizeddrighowing simplified scheme:

193 nm

NCN3; =53"INCN* + N, instantaneous (2a)
NCN; 23" 3NCON* + N, instantaneous (2b)
ivens M snon fast (3a)
INeN* M INeN fast (3b)
INCN M 3NeN* slow, CTISC (3¢)
snon M 3NeN fast (3d)
INCN =5 Products 4)
SNCN =5 Products (5)

In this scheme, processes denoted “fast” represent theefagation of the excited species reflecting
the fast increase of the singlet and the triplet signals. aftig process generatintNCN on a slower
time scale is the CIISC process (3c). The last two reactidifs) feflect possible secondary chem-
istry and diffusional processes of NCN and are treated inpgnogriate manner as simple first-order
processes.

INCN concentration-time profiles have been evaluated bwditti simple analytical function to the
measured profiles assuming consecutive first order praze$se measured instrumental offset was
added as a constant.

111(]0/[) _ [1NCN] — w

ol

X
kcon - kapp

(exp[—kapp (t — to)] — exp[—kcon (t — t0)]) + Offset

The appearance rate constagt, reflectsks, and the consumption rate constaqt,, corresponds
to the sum ofk. andky. Here,['NCN*]  denotes the initial concentration of vibrationally exdite
INCN* that is formed in the photolysis and is thermalizedMCN(* A,) through reaction (3b). Note
that an additional fraction dNCN* that may have been directly transformedMCN* escapes from
our 'NCN detection schemet, has been introduced to account for the small pressure depend
induction times on the order of 1-36s. More sophisticated models intended to extract an additio
rate constant to fit these induction times turned out to beanioally unstable.

A plot of the determinedNCN formation rate constants is shown in Fig. 2. The expentalecondi-
tions and results are listed in the Supplementary Infoimnatilhe fact that the rate linearly depends
on the total pressure and does not show any dependence anitidleNCNs concentration reveals a
simple collisional deactivation process. The slope of ggression line yields a bimolecular room
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temperature rate constant of
k3p = (6.6 £ 1.3) x 10'° cm® /mol s.

Actually, this rate constant value is untypically low forimple vibrational relaxation process, which
often proceeds close to the collisional limit. As alreadylinad above, several electronic states are
involved in the 193 nm photolysis of NGN Consequently, it is feasible that rather slow electronic
deactivation steps are subsumed in the measured oveeadhtigln rate constant.

The decay of theé NCN signal is assumed to reflect the sum of HCN consuming processes,
presumably dominated by CIISC. The corresponding ratetaotss:..,, are shown in Fig. 3 and will
be discussed below together with the results from the tripleasurements.

For fitting the triplet signals, the fast and slow componevise treated as two independent processes
with the rate constant®,si.pp andkgowapp- According to the presented reaction scheme, the triplet
species concentration-time profile is given by

In(ly/1

n(lo/1) _ [*NCN] =

ol

k:fastapp [173NCN*]

0 x (exp[_kfastapp (t - ZL'O)] - exp[_kcon (t - tO)])
kcon - k:fastapp

kslowapp [1NCN] 0

X (exp[_kslowapp (t - ZL'O)] - exp[_kcon (t - tO)])
kcon - kslowapp

+ Offset.

Here, [*NCN*| | refers to the fraction of initially formed highly excitedngjlet and triplet NCN
that directly forms?NCN through reactions (2b), (3a), and (3d). Hence, it dogsnubude initial
'NCN* that is thermalized within the singlet system. This lattecfion is termed'NCN]  and is
further deactivated to the triplet ground state via ClISBolgh the experimental induction times are
not necessarily equal for the fast and the slow processbsonat, value was used in the fits. Again,
keon SUbsumes secondary NCN reactions and diffusion.

The extracted rate constants of the slow component ofti@N appearance are summarized together
with the'NCN decay rate constants in Fig. 3. Data of the experimentaliions and results are listed

in the Supplementary Information. Overall, the singlet &mplet data show reasonable agreement
with respect to absolute rate constant values as well asitbereed pressure dependence. Thus, both
rate constants can be assumed to represent the same pracasl; CIISC. A simple linear fit of the
3NCN experiments gt > 20 mbar roughly represents the overall pressure dependeratedatta. It
yields a high intercept value &f = 4.5 x 10% s~ atp = 0 mbar. However, this intercept cannot be
attributed to radiative processes in terms of a simple Stelmer plot. Instead, as it is discernible
from the3NCN data at pressurgs< 20 mbar, the rate constants indicate a downward trend, which
is not reflected by the simple linear fit. To guide the eye, taghdd curve in Fig. 3 represents this
low pressure behavior of the triplet data (circles). Unfodtely, due to experimental constraints, we

76



4. Thermal Decomposition of NG\and Singlet-Triplet Relaxation of NCN

+ INCN consumption, [NCHl, = 6.8x 10 mol/ent®
204 X INeN consumption, [NChl, = 1.2x 10 mol/ent®
© 3NCN formation, [NCN]Jy = 1.2x 10 mol/en?®
15 4
X
= X
S
—10 -
2
+
5 -
0 I I I I I I I I

0 50 100 150 200 250 300 350 400 450
p | mbar

Figure 3: Pressure dependences of the rate constantsasdowgiith the CIISC process. The data
represent the room temperature singlet decay rates as svieaslow component of the
3NCN formation following the 193 nm photolysis of NGNThe solid line corresponds to a
linear fit of theNCN data ap > 20 mbar, the dashed curve indicates the fall-off-like low
pressure behavior.

were not able to perform measurements at even lower prestuferther verify this low pressure
trend. However, the depicted dashed curve is in agreeméinthnd expected pressure dependence of
a CIISC process. As outlined in Section 4.1, the pressurerdigce often changes its nature from a
Stern-Volmer like behavior at low pressures to a weakerspiresdependence at higher pressures. A
more detailed analysis of similar data has been present&drizkler and Rudolph for the quenching
of the B, state of S®.2° In their work, radiative and non-radiative pressure indejeat relaxation
processes as well as the pressure dependent CIISC havertadygred. For S@diluted in CG, or No,

the CIISC process has been found to govern the relaxatiorcauld be rationalized with a simple
kinetic model similar to the well established models formolecular reactions. Low pressure and
high pressure regimes were identified resulting in a pressaturation effect of the relaxation rate
constants toward higher pressures. Qualitatively spdkertriplet data shown in Fig. 3 are consistent
with such a model. Of course, the details of the “fall-ofikd behavior strongly depend on the nature
of the collider gas and the particular system under study.

Note that the overall pressure dependence of the data ®dréiom the! NCN concentration-time
profiles does not satisfy the discussed fall-off-like treAd already mentioned above, high electronic
states are involved in NC\pbhotodissociation at 193 nm. Relaxation processes of thtases may
have interfered with our simplified data analysis and tieeethe! NCN data are less reliable. More
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Figure 4: Part of the high temperature spectrum’iNEN. Shown is the band head of thd,,(000) —
1A4(000) transition.

sophisticated experiments with variable photolysis wexvgths and state resolved detection schemes
would have been needed to gain further insight into the cmaigld dynamics of the initially formed
highly excited species. Clearly, such measurements waud heen beyond the scope of this study.

4.3.2 High temperature measurements

INCN high temperature cross section

INCN has been detected at high temperatures behind shocls @véhe first time. The thermal
decomposition of NCRl behind shock waves was used as a sourcEN@N. Since the high tem-
perature detection ofNCN is new and absorption cross sections are unknown, a panechigh
temperature spectrum 6NCN has been measured behind incident shock waves at a tamgeof

T =~ 740 K and a pressure gf ~ 390 mbar, beforehand. The resulting spectrum is shown in Fig. 4.
Each single data point is based on a separate shock tuberagpewith the detection laser tuned to
the respective wavelength. The spectrum is dominated blgahd head of théll, — 1A, transition

of the (000) — (000) vibrational ground state. Compared to the room temperagpeetrum:®-32 the
band head is slightly shifted by 0.1 cm~! toward lower wavenumbers. All high temperature ki-
netic measurements have been performed in the region obw@ion plateau at a wavenumber of
30045.46 cm!. Based on absolutBNCN concentrations derived from the kinetic simulations-ou
lined in the next section, temperature depend®&N absorption cross sections could be determined
in the temperature range 618KT < 1231 K. A plot of the absorption cross sections versus temper
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Figure 5: Temperature dependence of INCN absorption cross sectionss (base e) atv =
30045.46 cm~ 1.

ature is shown in Fig. 5. Experiments have been performedatifferent total densities. Though
the lower density data points seem to be systematicallyenigi approximately 25%, in the light of
the uncertainties of the mechanistic model, this presseperdence is not significant. The data can
be best represented by

o/ (em?/mol) = 1.0 x 10° = 6.3 x 10* K™' x T (£50%).

The stated error results from uncertainties in the initi@NN concentrations, the modeled intermedi-
ate! NCN concentrations, and the statistical error of the fit.

Owing to the broad absorption feature stemming from thelapesf many rovibrational lines,NCN
absorption cross sections exhibit a rather weak temperatependence. Both the absorption cross
sections of NCN and of>NCN are on the same order of magnitude.7At= 1000 K, o(3NCN) =

1 x 10® cm?/mol, ando(*NCN) = 3 x 107 cm?/mol. Therefore, the unusual situation arises that
both the electronic ground state and the excited state afiealacan be detected behind shock waves
with comparable sensitivities. Performing kinetic measuents at similar experimental conditions
simplifies the data evaluation and enhances the relialofithe derived models.

INCN measurements

A typical 'NCN concentration-time profile is shown in Fig. 6. Time zeygét by the Schlieren signal,
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Figure 6:'NCN concentration-time profile measured behind an incidantk wave.

which indicates the arrival of the incident shock wave. Thdtlvof the Schlieren signal roughly
defines the time resolution of the experiments, in this wiitk~ 4 ps. The formation of NCN is
determined by the thermal decomposition of the precursdecate NCN;. In contrast to the room
temperature photolysis experiments, the thermal geoerati'NCN does not require relaxation of
highly excited' NCN* species. Within the time resolution of the experiments @idtion times have
been observed. THENCN decay can be directly attributed to the CIISC procesgerAative loss
processes such as secondary chemistry should not play auel¢o the low concentration levels
present in the experiments. For example, a simulation asguaivery high rate constant éf =

1 x 10™ for the potential reactiohNCN + 'NCN resulted in an only 10% lower value for the CIISC
rate coefficient. Furthermore, the single exponential giecavealed a dominating (pseaudo) first-
order process such that there is only little room for a sigaift contribution of any second-order

reaction.

At longer reaction times, a small background absorptionaigemains, which can be attributed to
interfering>NCN absorption. A slow decay of this weak background sigteseoved in validation
experiments with much higher NGMnole fractions is consistent with NCN loss from the bimolacu
reactiom®NCN +3NCN. The concentration-time profiles were analyzed basexisimple consecutive
first-order kinetics scheme according to

NCN3—!'NCN + Ny — 3NCN + No.
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Figure 7: Arrhenius plot of the rate constants of the N@X¥composition and the CIISC process at
two different total densities. The dashed lines denote the extrapolation of the rate aotsst
to lower temperatures.

The function

111(—70/1)_ 1 _kQ[NCN3]o —kot —kst
o = [NCN] = ks — ko <e Toe 3)

ks ky  hat
NCN 1]—————e™™ — = e
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was fitted to the profiles by adjusting the rate constantsauftiens (2), NCN — NCN + Ny, reaction
(3), 'INCN — 3NCN, and the amplitude of the function, which is determingdKCN;],. The
second term the equation takes into account the interfdsarakground absorption of the formed
3NCN, wheref ~ ¢(*NCN)/o(!NCN).

A complication arose from the strong correlation betweenttho rate constants, and k3, which
precluded their reliable determination at temperaturés af 770 K. Therefore k3 has been extracted
only from experiments at temperaturés> 770 K, where the two processes were clearly separable.
Then, by using extrapolatdd values at lower temperatures, it was possible to extraietel values

for ko atT < 770 K, as well.

An Arrhenius plot of the obtained rate constants is shownign F. Experiments have been per-
formed in the temperature range 617K T < 1239 K at two different total densitiesp)oy, ~

3 x 107% mol/cn?® and prign &~ 6 x 1076 mol/cn?®. Data of the experimental conditions and results
are listed in the Supplementary Information. The rate @nistare best represented by the following
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expressions (solid lines):

ko (prow)/s " = 4.9 x 10? x exp (—71 kJmol ' /RT),
k2 (phign)/s 1 = 7.5 x 10? x exp (=71 kJmol ™ /RT) ,
k3(prow)/s™! = 1.9 x 10% x exp (—28 kJmol ' /RT),
k3 (pnign)/s ™! = 2.7 x 10° x exp (—28 kJ mol™!/RT) .

An error estimate of=30% holds for all expressions. It is based on a combination aissizal errors
and a consideration of systematic errors of temperatura, density and initial NCN concentration.
The errors of the Arrhenius activation energies #fiel kJ/mol for reaction (2) and-7 kJ/mol for
reaction (3). The rate constarits of the thermal decomposition of NGNave been determined up
to temperatures df' = 867 K. At higher temperatures, the too fast increase of the $igmald not

be resolved. With an activation energy Bf = 71 kJ/mol, the temperature dependence of the uni-
molecular decomposition of NGNs much stronger than the temperature dependence of th&€CIIS
process. Consequently, at a temperatur@ e 650 K, the dominant reaction for th&tNCN forma-
tion switches from the NCNdecomposition at low to CIISC at high temperatures. Reggrtle
density dependence, with 1.5 times higher rate constardsdatibled total density, the unimolecu-
lar decomposition process takes place in the fall-off negid/ith a factor of 1.4, the CIISC process
exhibits a similar pressure dependence. Keeping in minéldwated pressures behind shock waves,
this is in agreement with the pressure saturation effeetdly discussed in connection with the room
temperature experiments.

In our recent papet® we reported an activation energy Bf, = 93 kJ/mol for the thermal decom-
position of NCN,. This value was based on a combination of quantum-chem®&32) &nd statistical
(RRKM) calculations. Although with 22 kJ/mol the differenbetween our previous value and the
value reported in this work is not extensive, the reasonHis deviation remains unclear. We sus-
pect inaccuracies in our calculated threshold enéfgywhich had been determined by the composite
method G3. This method includes empirical scaling factmas inight not be perfectly matched for the
molecules NCN and NCN. Therefore, we recommend the experimentally baga@ssions reported
in this work for future use.

3NCN measurements

3NCN concentration-time profiles have been measured behirideint shock waves in the tempera-
ture range 582 k<« T' < 1257 K at three different total densities. Some of these nreagents have
already been discussed in our recent publicatbin this work, we further extended the database
and re-evaluated all data by taking into account the newlgrdeéned decomposition rates of NgN
from the INCN experiments. A typicatNCN signal together with a numerical simulation and the

82



4. Thermal Decomposition of NG\and Singlet-Triplet Relaxation of NCN

€ 10 A
. T=815K
= _
O 5 - p = 224 mbar
Z _ 6 3
m\k, p =3.3%10 " mol/cm
O =fww Xo(NCNs) =12 ppm
= 0.3 1 INCN +M - 3NCN + M
O -
Z
mv 02 =
5
Pan)
S 0.1 -
B
o 0 -
U) 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350
Time /us

Figure 8: Upper: TypicaPNCN signal at experimental conditions similar to the caindis of the
INCN experiment shown in Fig. 6. The NGNlecomposition process is discernible as a
short induction time. The solid curve represents the nwaksdimulation of the reaction
system. Lower: Corresponding sensitivity analysis.

corresponding sensitivity analysis is shown in Fig. 8. Idiidn to the two reactions shown in the
sensitivity analysis, our recent NCN mechan§momprising many potentially interfering reactions
and the GRI-Mech. 3% natural gas mechanism have been used as a background ciieAdistr a
short induction period, which can be attributed to the pygisl of the precursor molecule, the signal
increases until it reaches a constant plateau value. Théhtaica stabl€éNCN concentration plateau
is reached reveals that interfering secondary chemisteg dot play a role for the experiment shown
in Fig. 8. The sensitivity analysis illustrates that botk tissumed rate constants for the NGie-
composition (2) and the CIISC process (3) are important @tt shaction times. However, being able
to keepk; fixed as determined from thHdNCN measurements;; values could be reliably extracted
by fitting the overalPNCN formation rate. Data of the experimental conditions eeslilts are listed

in the Supplementary Information. In Fig. 9, determineé @nstant data are compared to the results
of the singlet experiments. The singlet results have beeptad from Fig. 7 and are shown as dashed
lines. The solid lines represent the Arrhenius expresqjdds K < T < 1256 K) of the triplet data
measured at three different total densitieppfe 1.8 x 107% mol/cm?, ps ~ 3.5 x 107¢ mol/cm?,
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Figure 9: Arrhenius plot of CIISC rate constants extractedifthe triplet concentration-time profiles.
Solid lines: Arrhenius fit of the measured data points. Dddimes depict the results from
the INCN measurements as shown in Fig. 7.

andps ~ 7.0 x 107% mol/cm3:

ks (p1) /s71 = 2.6 x 10° x exp (—36 kJmol ' /RT) ,
ks (p2) /s7h = 2.0 x 10° x exp (—31 kJmol ™! /RT) ,
k3 (p3) /s~ = 1.4 x 10° x exp (—25kJ mol_l/RT) .

An error estimate of-20% holds for all expressions. It is based on combined uncéigsirof k-
and statistical errors. The Arrhenius activation energiesaccurate ta-10 kJ/mol. This rather large
error results from the fact that only the low temperature getints are systematically affected by the
uncertainty ofks. At higher temperatures, the NGMecomposition becomes very fast and the signal
directly reflects the CIISC relaxation rate constant.

In contrast to thé NCN data, the activation energies seem to depend on thedtenaityp. However,
given the rather large error margin of the Arrhenius adtivaienergies, all data can be assumed
to yield essentially the same temperature dependence witdverage activation energy &, =

30 kJ/mol. Although there seems to be a significant offset betwthe! NCN and the*NCN data,
especially ap = 3.5 mol/cn?, the remaining discrepancies are35% and thus within the combined
error limits of the two measurements. As outlined abovegaiicant influence of NCN secondary
chemistry that might have caused an overestimation of tazation rate in thé NCN measurements
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is unlikely. Instead, we ascribe the offset to a numericidatfstemming from the fitting procedures
used to separate the strongly correlakgcand k3 values. Overall, the good agreement between the
singlet and triplet data sets underlines our initial assionghat both the decay of tH&CN and the
increase of théNCN profiles directly reflect the CIISC process.

4.4 Conclusion

The pyrolysis and the photolysis of NGNields electronically excitedNCN thus making possible
the investigation of the collision induced intersystemssing (CIISC) process starting from highly
excited (photolysis experiments) as well as thermalizéddk tube experiments) cyanonitrene radi-
cals. The CIISC process has been monitored by detecting' BN and>NCN concentration-time
profiles. To the best of our knowledge, these data reprekerfirst quantitative measurement of a
CIISC process behind shock waves. Consistent data setsbeaveobtained clearly showing that
the CIISC process dominated thdCN and>NCN concentration-time profiles. For future work, we
recommend the rate constant expressions extracted fromdhereliableNCN measurements.

Due to the formation of highly excitetNCN* (and possibly’ NCN*) in the photolysis experiments,
the concentration-time profiles reflect a quite complex gupstion of several possible relaxation
pathways. Nevertheless, it was possible to extract theabiveressure dependence of the CIISC
process. Atroom temperature and presspres20 mbar, a pressure saturation was observed showing
that the CIISC process cannot be described as a simple iolatereaction step. This finding has
been confirmed by the high temperature measurements \geddirapproximate density dependence
of k o< p%% instead ofk o p' as expected for a simple collisional process. Overall, skvpesitive
temperature dependence has been observed. For exampligratity ofp = 3.5 x 1075 mol/cn?,

the CIISC rate constant increases frégn= 7.0 x 103 s~ at room temperature t = 4.8 x 10 s7!

at7 = 1000 K.

High temperature measurements of the thermal decomposifilCN; revealed a unimolecular re-
action in the fall-off regime. The recommended rate congapressions, which are based on the first
INCN measurements behind shock waves, supersede our sigvieported rate constant estimate.
Moreover, near UV high temperature absorption cross sectid' NCN have been reported. It turns
out that boti®NCN and!NCN can be detected with comparable sensitivities. In coatimn with
the unusually long lifetime of the electronically excitddCN radical, this opens the door to perform
comparative studies 3NCN and?NCN reactivity at high temperatures.
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4.5 Supporting information

Table 1: Room temperatuf&lCN measurements: Experimental conditions and results.

pl  x2o(NCN3)  kapp/ Econ! ol xo(NCN3)  kapp/ Eeon!
mbar ppm st st mbar ppm s! st
NCNs/Ar mixture 1 NCNs/Ar mixture 2
10.0 166 2.8 x10* 6.8 x10° 10.0 283 3.0 x 10* 4.1 x 10°
10.0 166 2.6 x 10* 6.9 x10> 10.0 283 3.5 x 10* 4.2 x 103
17.5 95 5.1 x 10* 5.5x10% 10.0 283 2.8 x 10* 4.4 x10°
17.5 95 5.1 x10* 5.5x10> 10.0 283 3.2 x 10* 4.0 x 103
325 51 9.0 x 10* 5.4x10> 16.5 171 5.2 x 10* 4.0 x 10°
325 51 9.3x10* 5.1x10° 16.6 171 5.3 x 10* 4.4 x 103
62.7 27 1.7 x10° 5.3 x 10> 16.5 171 4.6 x 10* 4.0 x 103
62.8 27 1.8 x10° 52x10° 16.5 171 4.8 x 10* 4.1 x 10°
121.7 14 3.2x10° 5.7x10% 29.7 96 8.2 x 10* 4.8 x 103
121.4 14 3.3x10° 5.3x10° 29.5 96 7.8 x 10* 4.2 x 103
240.6 6.8 6.4 x10° 1.0x10* 29.5 96 7.0 x 10* 4.4 x 10°
241.3 6.8 6.5 x 10° 9.8 x 10> 55.6 51 1.6 x 10° 4.9 x 103
55.6 51 1.5 x 10° 4.8 x 103
55.7 51 1.5 x 10° 4.6 x 103
55.8 51 1.5 x 10° 4.3 x 103
107.5 26 2.8 x10° 5.4 x 103
107.2 26 2.7 x10° 5.3 x 103
108.2 26 2.6 x 10° 4.5 x 103
108.0 26 2.8 x10° 4.7 x 103
212.2 13 5.6 x 10° 9.1 x 10°
211.2 13 5.7 x 10° 9.0 x 103
216.6 13 5.6 x 10° 8.9 x 103
214.2 13 5.5 x 10° 8.9 x 103
437.3 6.6 1.3 x 105 1.4 x 10*
437.3 6.6 1.2 x 105 1.4 x10*
427.8 6.6 1.1 x 105 1.4 x 10*

426.3 6.6 1.1 x10% 1.3x10*
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Table 2: Room temperatuf®lCN measurements: Experimental conditions and results.
plmbar  zo(NCN3)/PPM  Kkslowapp/S ©  Kfastapp/S +  Keon/S ™!

10.0 283 3.3 x 103 5.9 x 104 291
10.0 283 3.3 x 103 6.5 x 10* 320
10.0 283 3.5 x 103 4.6 x 104 326
10.0 283 3.0 x 103 4.1 x 10% 453
16.4 171 4.5 x 103 9.0 x 10% 342
16.4 171 4.0 x 10? 7.5 x 104 296
16.5 171 4.2 x 103 5.1 x 104 323
16.5 171 3.7 x 103 5.2 x 10* 215
29.7 96 5.0 x 103 8.0 x 10* 179
29.7 926 5.5 x 103 7.6 x 104 242
29.6 96 5.0 x 103 1.6 x 10° 244
29.6 926 5.5 x 103 1.9 x 10° 247
55.5 51 6.0 x 103 9.7 x 10% 247
55.5 51 6.5 x 103 1.2 x 10° 219
55.8 51 6.5 x 103 1.4 x 10° 255
55.9 51 6.0 x 103 1.2 x 10° 291
107.6 26 5.5 x 103 1.2 x 10° 170
107.4 26 8.0 x 103 2.5 x 10° 232
107.7 26 8.0 x 103 5.7 x 105 239
212.6 13 1.1 x 10% 3.6 x 10° 232
212.3 13 1.0 x 104 2.9 x 10° 204
210.7 13 1.0 x 10% 4.0 x 10° 329
210.2 13 1.1 x 10* 3.3 x 10° 316
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Table 3: High temperatureNCN measurements: Experimental conditions and resuilts.
TIK  p/mbar p/(mol/lcm?) 2o(NCN3)/ppm  ko/s! ksls™!
p ~ 3.5 x 10~% mol/cn?

617 146 2.84 x 107 37 4.2 x 103 —
741 195 3.17 x 1076 37 5.0 x 10% —
820 227 3.33x 1076 37 1.4 x 10° 3.2 x 10*
925 269 3.50 x 1076 37 4.6 x 10> 5.1 x 10*
927 270  3.50 x 1076 37 49 x 10> 4.8 x 10*
1042 317 3.65 x 1076 37 — 8.0 x 10*
1063 325 3.68 x 1076 37 — 7.6 x 10%
1193 374 3.77x 1076 37 — 1.2 x 10°
1221 389 3.83 x 1076 37 — 1.2 x 10°
p ~ 7.0 x 10~ mol/cn?
618 292  5.69 x 1076 18 8.4 x 10? —
651 318 5.87x 1076 20 1.2 x 10* —
700 357 6.13x 1076 20 3.7 x 10* —
707 362 6.16 x 1076 20 4.6 x 10* —
738 389 6.32x10°6 18 8.4 x 10* —
774 415  6.45 x 1076 19 9.7 x 10* 4.0 x 10*
824 456  6.66 x 1076 19 2.4 x10° 4.5 x 10*
953 561 7.08 x 1076 19 — 6.3 x 10*
1090 672 7.42x1076 18 — 1.3 x 10°
1231 787 7.69 x 1076 18 — 1.9 x 10°
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Table 4: High temperaturedNCN measurements: Experimental conditions and results.
TIK plmbar p/(mollcn?)  xo(NCN3)/ppm  ko/s™t  ks/s!

1.8x 1075 868 123 1.71 x 1076 13 1.8 x 10%
896 128 1.72 x 1076 14 2.2 x10?
904 131 1.74 x 1076 14 2.3 x10%
978 145 1.79 x 1076 14 2.9 x10?
1002 150 1.81 x 1076 14 3.2 x10?
1120 175 1.87 x 1076 14 5.8 x 10*
1231 196 1.92 x 1076 14 8.0 x 10*
1240 198 1.92 x 1076 15 8.0 x 10*
1528 258 2.03 x 107 14 2.0 x10°

3.5x107% 759 202 3.20 x 1076 13 1.8 x10*
766 200 3.14 x 1076 40 1.3 x10*
772 208 3.24 x 106 7.0 1.4 x10*
788 212 3.40 x 106 6.5 1.6 x10*
815 225 3.32 x 1076 12 2.4 x104
823 225 3.30 x 106 23 2.3 x10?
859 243 3.43 x 1076 70 24x10*
877 250 3.58 x 1076 56 2.3 x10*
886 254 3.44 x 1076 58 3.0x10*
894 256 3.44 x 1076 6.0 2.8 x10*
947 274 3.51 x 1076 6.3 3.8 x10?
978 291 2.90 x 1076 58 3.8 x10*
1127 351 3.37 x 1076 7.4 6.3 x10*
1178 372 3.80 x 1076 59 1.0 x10°
1240 395 3.13 x 1076 53 1.0 x 10°

7.0x107% 583 264 5.45 x 1076 47 7.0x103
674 335 5.99 x 1076 47 1.6 x 10*
701 358 6.14 x 1076 51 2.0 x10*
742 391 6.34 x 1076 51 2.7 x10*
764 408 6.42 x 1076 21 3.5 x10?
788 426 6.50 x 1076 6.7 3.0 x 10*
804 438 6.55 x 1076 49 38x104
816 451 6.66 x 1076 21 4.5 x 10*
854 490 6.82 x 1076 6.9 3.8 x10?
963 570 7.12 x 1076 51 6.0 x 10*
993 590 7.15 x 1076 16 5.5 x 10%
1073 659 7.39 x 1076 1.8 8.0 x10*
1153 724 7.55 x 1076 11 9.0 x 10?
1155 723 7.56 x 1076 2.2 1.1x10°
1257 679 6.49 x 1076 11 1.5x10°
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Abstract

The rate constant of the reaction NCN + O has been directhsured for the first time.
According to the revised Fenimore mechanism, which isatetd by the NCN forming
reaction CH + N — NCN + H, this reaction plays a key role for prompt N@rma-
tion in flames. NCN radicals and O atoms have been quanttatiyenerated by the
pyrolysis of NCN, and N,O, respectively. NCN concentration-time profiles have been
monitored behind shock waves using narrow-bandwidth lalssorption at a wavelength
of A = 329.1302 nm. Whereas no pressure dependence was discernible afinesess
between 709 mbat. p < 1861 mbar, a barely significant temperature dependence cor-
responding to an activation energy 8 + 6.0 kJ/mol was found. Overall, at temper-
atures of 1826 K< T < 2783 K, the rate constant can be expressednasi o =

9.6 x 10 x exp(—5.8kJ mol~! / RT) cm®mol~'s~! (£40%). As a requirement for
accurate high temperature rate constant measurementsisesteat NCN background
mechanism has been derived from pyrolysis experimentsref [CN;/Ar gas mixtures,
beforehand. Presumably, the bimolecular secondary cealsitCN + NCN yields CN rad-
icals hence triggering a chain reaction cycle that effityer@moves NCN. A temperature
independent value dfvcn nen = (3.741.5)x10'2 cm3mol ~'s~! has been determined
from measurements at pressures ranging from 143 mbar torhB&# and temperatures
ranging from 966 K to 1900 K. At higher temperatures, the wi@oular decomposition

of NCN, NCN + M — C + N, + M, prevails. Measurements at temperatures of 2012 K
< T < 3248 K and at total pressures of 703 mkap < 2204 mbar reveal a unimolec-
ular decomposition close to its low pressure limit. The esponding rate constants can
be expressed dsicn v = 8.9 x 101 x exp (—260kJ mol~! /RT) cm®mol s~ (&
20%).

5.1 Introduction

The nitrogen oxides NO and NQINO,) are main pollutants in combustion procességhey play

an important role for ozone formation in the troposphere emtribute to ozone depletion in the
stratosphere. Furthermore, as a secondary product gf id@xtions, the effective green house gas
N,O contributes to global warming.

Especially under rich combustion conditions, prompt NQrfation is a significant pathway to NO
Stimulated by the two seminal papers of Moskaletaal.3* highlighting the until then overlooked
role of NCN radicals, the prompt NO formation mechanism habé revised. Briefly, according to
Fenimore® NO, formation is initiated by the reaction of small hydrocarbadicals with molecular
nitrogen, which is present in the combustion air. Duringltst ten years it has been proved that the
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initiation step yields NCN radicals in the triplet grounatst®46-11

CH(’I) + No(*EF) — H(*S) + NCN(*%,), (1a)
thus replacing the previously assumed spin-forbidden d&tion of HCN,

CH(?II) 4+ Ny (*2) — N(*S) + HCN('=H). (1b)

The reaction takes place on a complex potential energyaifaolving HCNN as an intermediate
species. In the meantime, another pathway to prompt NOvmglintermediate HNNC is being
discussed;'? but it yields the reaction products NCN + H, as well. Desgiis trucial role of NCN
for NO, formation, many aspects of its high temperature chemismmain unclear and call for a more
comprehensive experimental investigation.

Until now, direct measurements of bimolecular NCN reactiare limited to low temperaturé$=1°In
2002, Baren and Hershberg@measured the rate constant of the reaction NCN + NO at terpesa
T < 573 K and, additionally, stated upper limits for the reactiorSNN+ O,, CoH,4, and NGQ. NCN
was generated by 193 nm photolysis of diazomethane,KGHin the presence of cyanogen(T;)
and was detected by laser induced fluorescence. Similaiesthdve been performed by Huaeg
al.1* for the reaction NCN + NO at temperatur@s < 353 K in 2005. Another work on NCN
reactions using NCNphotolysis as a precursor was concerned with the presspendence of the
reaction NCN + NQ, again studied at rather low temperature§'of 349 K.1°

Only two direct measurements of high temperatdrex 1000 K) NCN reaction rate constants are
available yet, both performed using the shock tube teclerfid Vasudevaret al.2 determined the
rate constant of the reaction NCN + H in the temperature rafi@228 K< T < 2905 K by mea-
suring absorption-time profiles of NCN following the pyrsiy of mixtures of ethane in N The
pyrolysis of ethane yielded CH radicals, which subseqyeamthcted with N to generate NCN rad-
icals and H atoms. The rate constant of the reaction NCN + Hextracted from the experiments
by fitting the decay of the measured NCN profiles. Very regetusch and Olzmanfi-1’ investi-
gated the unimolecular decomposition of NCN by generati@NNia the pyrolysis of highly diluted
mixtures of NCN at temperatures ranging from 1800 K to 2950 K. By means of todng C atom
concentration-time profiles and in agreement with theoaétivork,* the reaction was found to yield
almost exclusively C atoms and molecular nitrogen, NCN +MC + Ny + M.

In addition to the rather scarce experimental work, bimadkcNCN reactions have been exploited
by theoretical methods, mostly by the M.C. Lin grotip*1>1°-22Rate constants have been reported
for the reactants NO, NS, NQO,, O, OH, and H. In contrast to the rather fast NCN + NOANO
reactions ¥ > 10'° cnPmol~'s™1),1415even at a temperature of 2000 K a comparably low rate con-
stant value of ~ 5 x 10® cm®mol~!s~! has been predicted forsQwhich is caused by substantial
reaction barriers yielding an activation energyff~ 110 kJ/mol2° As expected, the radical-radical
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and radical-atom reactions NCN + OH, H, and O are considgrfasiter and less temperature de-
pendent. Rate constants of> 103 cnm?mol~'s~! have been predicteti?!22 Although high-level
computational methods as well as sophisticated kineticattind schemes have been used to ensure
reliable results, the accuracy of these rate constant atanis difficult to assess and thus has to await
experimental verification.

For the title reaction, Zhu and Lin derived (V)RRKM rate ctamg estimates including feasible re-
action products deduced from potential surface diagraresileded with G2M compound as well as
CASPT3 and MRCI+Q ab initio method3.According to their work, with a branching fraction of
> 99% in the temperature range of 2000-3000 K, the formation of @dlMO is dominant,

NCN + O — CN + NO, 2
and the overall reaction is predicted to be independentaxsure up to 100 bar.

Relying on the fragmentary experimental and theoreticallts, several modelling groups have started
to improve combustion mechanisms by implementing NCN héghpterature chemist?? 28 For ex-
ample, El Bakalet al.?2 compared HCN and NCN contributions to prompt NO formatiomithane-
air combustion by assuming NCN formation according to lieacta. Consecutive NCN reactions
were adopted from an early estimate of Glarbergl.?® Sensitivity analyses showed that for accurate
modelling of NO concentration profiles in flames, the ratestants of the reactions NCN +(ONCN

+ OH, and NCN + O have to be known. With respect to NCN conswnpthe most sensitive reaction
were NCN + H, followed by NCN + @ NCN + O and NCN + OH. Especially at leaner combustion
conditions, the reaction NCN + O gained importance. Moreméy, Gerseret al.?* published a
modelling study based on an implementation of NCN chemisiiy the well-known GRI-Mech 3.0
natural gas mechanisthin order to model experimentally measured HCN profiles. Birlyi Sutton
and Fleming® included an alternative set of rate constant parameteymgelargely on the theoret-
ical work of Lin and coworkers. Actually, the two differergts of parameters lead to the modelling
of significantly different NO concentration levels. Howeviaking into consideration the most re-
cent modelling work of Konnot? and the extensive measurements of NO, CH, and NCN in methane
and ethylene flames by Lamoureek al.,?’ by now there seems to be consensus that the Lin and
coworker’s set of rate constants yield the more reliablaltesOther open issues remain, for instance,
the role of the reaction €O + N yielding additional NCN as proposed by Konnov. Of course, th
sensitivities of the bimolecular NCN reactions depend anfttel-air ratio and the nature of the fuel.
Whereas in rich methane flames the reaction NCN + H is mostrirmpoboth for NCN and NO
modelling, in leaner mixtures, rich ethylene flames, andh@ignolecular weight combustibles the re-
action NCN + O becomes equally or even most sensitive. Naoexds, to the best of our knowledge,
experimental work on the rate of reaction 2 neither at highlow temperatures has been published
yet.
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Clearly, measurements of the high temperature rate cdredtdre reaction NCN + O are highly desir-
able. In this context, we have shown in a recent paper that N@rolysis is a suitable, quantitative
source of NCN radicals at high temperaturS§;N3 + M — NCN + N5 + M. 3! Moreover, consis-
tent high temperature absorption cross sections of NCN Ieee determined both experiment&Ii}
and theoretically’-3?thus making it possible to investigate bimolecular NCN tieas. In this paper,
the first direct measurement of the rate constant of theicgalsiCN + O using NCN as a precursor
molecule for NCN radicals and4® as an O atom source is presented. Laser absorption speqyos
at a wavelength of\ = 329.1302 nm (corresponding t& = 30383.11 cm~!) has been applied to
sensitively and quantitatively monitor NCN concentrattone profiles behind shock waves. Further-
more, a detailed NCN sub-mechanism has been worked out frperienents without addition of
N>O allowing us to account for background NCN chemistry. Higimperature rate constants for the
reactions NCN + NCN and NCN + M will be reported.

5.2 Experimental section

All experiments have been performed using a shock tube apmathat has been described in more
detail elsewheré®2* Briefly, NCN concentration-time profiles have been recortdedind reflected
shock waves in an 8 m long electro-polished stainless dteekgube. The test section of 4.4 m length
and with an inner diameter of 81 mm could be evacuated dowmesspres op ~ 10~ mbar by

an oil-free combination of turbomolecular drag and diaghrgoump. The shock tube was operated
by different mixtures of hydrogen and nitrogen and 30, 80@0 Am thick aluminium diaphragms.
Temperatures and pressures behind shock waves were tadctiam pre-shock conditions and the
shock wave velocity, which was measured by a fast count uinédato four piezoelectric pressure
transducers. For the calculation of the experimental shamsle parameters, a frozen chemistry code
was applied taking into account real gas effects and theunedishock wave damping, which was on
the order of 1% per meter.

The NCN precursor molecule cyanogen azide (NEN an extremely explosive and presumably
very toxic chemical; thus great care should be taken whitelliag this substance. No attempt was
made to purify NCN by freeze-pump cycles. Instead, high purity N{WMas directly synthesised
using a variant of a method originally described by Milligeinal.2°> Solid sodium azide NajNhad
been pestled and degassedacuo(10~* mbar) overnight and cyanogen bromide (BrCN) had been
re-sublimated and passed through a molecular sievk) @ remove CQ and H,0, respectively.
For synthesis, small amounts of BrCN were allowed to expaial the reaction flask, which held
the sodium azide in great excess. During the 8 h of reactioe,tihe flask was carefully shaken
several times. The purity of the fresh products was analyse8TIR spectroscopy showing that
the NCN; content was typically> 99%, hence, residual amounts of BrCN were1%. Diluted
mixtures of 0.1% NCNin argon were used within 2—-3 days since repeated FTIR dpablgealed a
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slow decomposition of NC)N Commercial nitrous oxide was purified by repeated freeregpthaw
cycles and was stored in a glass flask (10 L) as a 2% mixturegomaror shock tube experiments,
the supply mixtures were further diluted with argon usingjbcated mass flow controllers and the
shock tube was flushed with the particular reaction mixtoresfmin to prevent any wall adsorption
effects. Gases and chemicals used were argon (Air Liquil®99%), nitrous oxide (Air Liquide,
99%), nitrogen and helium (Air Liquide, 99.99% as the drigases), sodium azide (Merck, 99%),
and cyanogen bromide (Acros, 97%).

NCN was detected in its electronic triplet ground state by bdfrow-bandwidth laser absorp-
tion spectroscopy at a wavelength »f= 329.1302 nm (# = 30383.11 cml). The intense ab-
sorption band is a superposition of tAH; sub-band of thed3II, (000) — )?329(000) transition
and the Q band head of the vibrationally excited Renner-Teller spiit™(010) —2 TI(010) tran-
sition.32:36 Temperature dependent absorption cross sections weréeddfspm previous worké!

log (¢/(cm?/mol)) = 8.9 — 8.3 x 107* x T/K (+25%, 750 K< T < 2250 K, 0.2 bar< p <

2.5 bar). Laser radiation of the respective wavelength vesseigted by intra-cavity frequency dou-
bling (LilO4 crystal) of a frequency-stabilised (bandwidthl0 MHz) continuous-wave ring-dye laser
(Coherent 899) operated by DCM Special dye (Radiant Dyespamped by a Nd:YV@solid state
Laser (Coherent Verdi V10) &t = 532 nm. The wavelength of the UV output of the ring-dye laser
was determined by measuring the wavelength of the fundahbptan interferometric wavemeter
(MetroLux WL200) with an accuracy df.6 x 10~* nm at\ = 329 nm.3! The laser beam was split
into the detection and the reference beam by a 50:50 beattespliate. The detection beam passed
the shock tube through two flush-mounted quartz windows,redsethe reference beam intensity
could be adjusted by a variable neutral density filter. Thhtlbeams were coupled into two opti-
cal fibres (Thorlabs BF H22-550), which were connected tolarced photo-detector and amplifier
(Thorlabs PDB 150A-EC). The resulting difference signall] as well as the monitor signal)
were stored by an analog input board (Measurement CompBtigDAS4020/12, 12 bit, 20 MHz).

Numerical simulations of concentration-time profiles weagried out by the Chemkin-Il program
package’’ Where applicable, rate constants of reverse reactions eacalated based on thermo-
dynamic data taken from Konnd% except for NCN, for which the data were adopted from Goos
et al.®® (ArHSys = 465.9 kd/mol). For sensitivity analyses, the sensitivity coéiit o (i, j) of the

i reaction of specieg was normalised with respect to the maximum concentratich@bpecieg
occurring during the recorded time interval.
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5.3 Results and discussion

5.3.1 NCN mechanism

As a requirement for the accurate determination of NCN highgerature rate constants, a consistent
NCN background mechanism including bimolecular NCN restiand its thermal decomposition
has to be known. In order to provide such a mechanistic mogab)ysis experiments of mixtures of
NCN;3 in argon have been performed under experimental condisonsar to those applied for the
measurements of the rate constants of the reaction NCN + O.

NCN + NCN.

Figure 1 shows a typical NCN concentration-time profile nnead behind the incidenff{ = 915 K,

p = 1.74 x 10~% mol/cn?) and reflected shock wavd@' (= 1734 K, p = 3.72 x 10~% mol/cm?).
The two signal spikes correspond to Schlieren signals atidig the arrival of the incident and re-
flected shock wave, respectively. Behind the incident weyanogen azide (NCN undergoes a fast
unimolecular decomposition forminfgNCN and N,

NCN3 +M — INCN + Ny + M — 3NCN + Ny + M. (3)

Initially formed electronically excitedNCN is transformed to théNCN ground state by a collision-
induced intersystem crossing (ClISC) process. As was slioaur previous work! at temperatures
aboveT ~ 700 K the formation rate of NCN is limited by the CIISC process rather than the thermal
decomposition of cyanogen azide. In any case, under theimgmal conditions of this work the
3NCN formation was fast enough to ensure stafNE€N plateau concentrations before the arrival of
the reflected shock wave such that oAlYCN (denoted NCN in the following) is present in the re-
action system. Measured plateau absorption signals bégnidcident wave as well as the observed
absorption levels directly behind the reflected wave weeel is determine the actual NGMNoncen-
tration and with it theNCN], value based on the known absorption cross section of NCNifVit
error limits, agreement was found between initial NCN conicions and the metered NGMNontent

in the reaction gas mixture. Note that as a result of the glyalemperature dependent cross section,
the lower NCN concentrations behind the incident shock waaually yielded significantly higher
absorption signals. With a half-lifetime of approximatdO0 s for the experiment shown in Figure
1, NCN radicals were slowly consumed by several secondations behind the reflected wave. The
half-lifetimes of the signal were found to strongly depemdtre initial NCN; concentration showing
that bimolecular reactions play a significant role.

The three curves shown in Figure 1 correspond to numerisithulated NCN concentration-time
profiles assuming different reaction models. The GRI-Medghsgrved as a base mechanism and
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Figure 1: Rate constant measurement of the reaction NCN + NCGIN\CN + N,. NCN concentration-
time profile and numerical simulations (upper frame); cgpmnding sensitivity analysis
(lower frame). Only NCN and Ar were present in the reaction gas mixture.
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Table 1: Supplemental high temperature NCN/CN reactionhax@ism. The GRI-Mech 3.0 has been
used as a base mechanism. Rate constants are giver=asl 7" exp(—E,/RT); units are
cm, mol, s, K, and kJ.

No. Reaction A n E, Ref.

4 NCN+NCN =2CN+N, 3.70 x 102 this work

5 NCN + M =C+Ny,+M 8.90 x 10 260 this work
2.68 x 10 233 16

6 NCN + C =2CN 1.00 x 10 16 this work

7 NCN+CN =GCyNy+N  1.25x 10" 335 3

8 NCN + N =CN+ N, 1.00 x 1013 3

9 CN+M =C+N+M 1.89 x 10 589 40

10 CN+C =Cy+N 3.00 x 10 150 40

11 G +M =2C+M 1.50 x 106 595 41

12 GN2+ M =2CN+M 1.07 x 103 —4.32 545 4

has been complemented by several NCN and CN reactions. Addetions are listed together with
corresponding rate constant expressions in Table 1. Aaimiechanism has been used by Sut-
ton® and Konno® for flame modelling studies. The upper dashed curve in Figurerresponds to
a simulation excluding the reaction NCN + NCN, thus assuntirgusual flame modelling chem-
istry. Obviously, the experimentally observed NCN decagrsmatically underestimated showing
that the bimolecular NCN + NCN reaction is important under hesent experimental conditions.
Including and fitting the rate of this reaction with unspexifstable products, NCN + NCN> prod-
ucts, fails to reproduce the overall decay profile (lowerhdalscurve). In fact, the experimental
profile seems to resemble a first-order rather than the esgbdsitnolecular decay characteristic. A
possible explanation is that the observed profile resubisi fa chain accelerated reaction sequence
triggered by reactive products of the NCN + NCN reaction. Yéhs the potential reaction prod-
ucts 2C + 2N (A;Hgyyg = +501 kd/mol) and G + 2 Ny (A, Hgg = —101 kd/mol) can be ex-
cluded by thermodynamic and/or mechanistic reasoningmtbet feasible product setis 2CN N
(A H3gg = —56 kd/mol).

NCN + NCN — 2CN + Ny 4)

Presumably, the reaction proceeds via vibrationally lyigixcited GN-, which instantly dissociates
forming two CN radicals. Subsequently, CN radicals cantredth NCN yielding GN, + N followed
by the reaction N + NCN- CN + Ns. Assuming the reactive products of reaction 4, the experime
tal NCN profiles could be nicely reproduced (solid curve). ristaver, the sensitivity analysis of the
experiment shown in Figure 1 reveals that the rate of theti;maBlCN + NCN dominates the decay
profile rendering possible a direct rate constant detertioima Note that the sensitivity of the uni-
molecular NCN decomposition reaction 5, NCN +-M C + Ny + M, is rather low at temperatures
T < 2000 K.81"However, C atoms formed in this reaction are rapidly tramsésl to CN radicals
via the reaction 6, NCN + G+ 2 CN, as well.
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Figure 2: Arrhenius plot of the rate constants of the reachitCN + NCN — 2CN + N,. Filled
symbols refer to measurements behind reflected, open sgnbbaheasurements behind
incident shock waves. The solid line represents the recardatetemperature and density
independent rate constalf = 3.7 x 10'2 cm?mol~!s™!.

Determinedk, values from experiments performed at temperatures of 965’ K< 1900 K, at total
pressures of 140 mbar p < 1900 mbar, and with initial NCN mole fractions ranging frorpgim to
130 ppm are plotted in Arrhenius form in Figure 2. Details loa €xperimental conditions are given
in the Supplementary Information. Within the scatter of da¢a, the experiments behind reflected
shock waves performed at total densitiepof (3.6 — 14) x 10~% mol/cn? (filled symbols) reveal
no discernible temperature or density dependence of teecoatstant. The solid line represents the
recommended average value of the rate constant of theardd¢@N + NCN,

ks = 3.7 x 10? em®mol's™!  (Alogk = £0.2)

The stated error estimate accounts for the uncertainty efatisolute NCN concentration and the
scatter of the data. In some experiments, the observed N@¢¢atration-time-profiles already begun
to decay behind the incident shock wave allowing us to eknate constant values at overall lower
densities,p = (1.8 — 4.0) x 10~¢ mol/cm?. In comparison with the reflected shock wave data, the
evaluation of these short signals yielded approximatelgctof of 2 lowerk, values (open symbols

in Figure 2). Instead of indicating a slight density depem#eof the NCN + NCN reaction, we
attribute this systematic effect to an imperfect modeltifighe superimposed, yet incompletsCN
relaxation supplying addition@NCN. Consequently, in the light of the more approximate reatf
these experiments, the incident shock wave data were edtlisdm the recommended rate constant
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fit.

The only other mentioning of the rate constant of the reachi€N + NCN so far is found in the
experimental shock tube work of BuséhFrom measured C atom concentration-time profiles fol-
lowing NCNs; decomposition, Busch was able to deduce the sum of the rattarus of reactions 6
and 4. A value ok, + kg = 1 x 10'* cm®mol~'s~! was reported to be consistent with the observed
C atom decays at long reaction times. Since the rate corsftagdiction 4 has been determined above
to be3.7 x 1012 cmPmol~1s71, the value oftc = 1 x 10'* cm®mol~!s~! can now be attributed to the
reaction 6 alone and has been included in Table 1 accordingly

NCN + M.

Toward higher temperatures and at lower NCN concentratimmsinimolecular decomposition of the
NCN radical according to
NCN+M — C+ N+ M (5)

gains importance and eventually prevails the observed N&dy Figure 3 illustrates a typical
experiment at a temperature of 2406 K that has been useddardee k. Due to low absorption
cross section at high temperatures, a rather low signdldegse behind the reflected wave. However,
as indicated by the high sensitivity coefficients of reatodepicted in the lower frame of Figure 3,
ks could still be sensitively extracted from such an experimBate constants have been determined
at temperatures of 2012 K T' < 3248 K, at total pressures of 703 mbamp < 2204 mbar, and with
initial NCN mole fractions ranging from 19 ppm to 130 ppm. Tiesults are plotted in Arrhenius
form in Figure 4. Details on the experimental conditionsgiven in the Supplementary Information.
Within the scatter of the data, no density dependence ofttensl-order rate constant is discernible at
densities ofy = (4.0—9.1) x 10~% mol/cm?® showing that the unimolecular decomposition takes place
close to its low pressure limit. The data can be representelesfollowing Arrhenius expression:

ks = 8.9 x 10 x exp (—260kJ mol ' /RT) ecm®mol 's™1  (£20%).

The stated combined error estimate results from the stafigrror of the Arrhenius fit and the un-
certainty associated with the rate constant of the seconst samsitive reaction 4, NCN + NCN.
The comparison of our data with the recent shock tube dataus€lB'® which are based on C atom
concentration-time profile measurements following NGiyrolysis at similar total densities, reveals
excellent agreement within 50% over the whole overlappamperature range. Our slightly higher
value for the activation energ¥,, = 260 kJ/mol instead of 233 kJ/mol, is further supported by the
theoretical (V)RRKM prediction of Moskaleva and Lifh(dashed curve). The excellent agreement of
experimental and theoretical results shows that the ratstant of the unimolecular decomposition
of the NCN radical is surprisingly well constrained.

105



5. High Temperature Rate Constants of the Reactions NCN +E) WNNCN, and NCN + M

T =2406 K
p = 852 mbar

g_ p = 4.26x 10° mol/cr?
o xo(NCN5) = 65 ppm

z

O 100 -+

=

><

0 s kg X 2 —>
0 -

= NCN + CN =
O (%NZ +N
< -0.1 1

5 NCN +NCN=2CN + 1
2

=
% -0.2 - NCN + C =2 CN (6)

o

n

0.3 /e —NCN+M=C+N +M(5)
1 1 1 1 1

0 100 200 300 400 500
Time /s
Figure 3: Upper frame: Rate constant measurement of théarddCN + M — C + Ny + M. NCN
concentration-time profile and numerical simulations (liésnd two simulations illustrat-

ing the influence of reactions 5 and 6); Lower frame: Corradpay sensitivity analysis.
Only NCN; and Ar were present in the reaction gas mixture.
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Figure 4: Arrhenius plot of the rate constants of the read€N + M — C + N, + M. Symbols and
the straight solid line refer to measurements performedii;jwork, the dashed and dotted
curves to literature data from Busthand Moskaleva and Lit¥, respectively.

In summary, with the set of parameters outlined in Table 1 @swossible to model NCN
concentration-time profiles in the temperature range ofR66 T' < 3248 K, in the pressure range
140 mbar< p < 2204 mbar, and for reaction gas mixtures containing 5 — 138 jmitial mole
fractions of NCN.

5.3.2 The reaction NCN + O

The rate constant of the reaction
NCN + O — CN + NO 2)

has been measured behind reflected shock waves using gagasigbntaining cyanogen azide and
nitrous oxide. Whereas NGN\served as a clean source of NCN radicals, the well studietntie
decomposition of NO was used to generate O atoms according to

In numerous literature studies on this reaction, mostlhckhabe experiments, a range of different
detection techniques (e.g., O-ARAS, mass spectrometnganidR UV/Vis absorption and emission)
have been applied to determine its rate constamt As shown in the paper of Rost al,>” at
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Table 2: Supplemental reactions for reaction mixturesaioirtg N,O. The GRI-Mech 3.0 mechanism
expanded by the reactions listed in table 1 has been usedas atechanism. Rate constants
are given a%; = Aexp(—FE,/RT); units are cm, mol, s, K, and kJ.

No. Reaction A E, Ref.

2 NCN+O =CN+NO 96x10¥ 58 thiswork

13 NO+M =Ny+O0O+M 398 x 10" 237 56

14 NCN+NO =CN+N,O 19x10'2 26 Dammeierand Friedrichs
15 GNy;+0O =CN+NCO 4.60x 102 37 8

* to be published elsewhere

temperatures of' > 1800 K all measured rate constants essentially agree. Eguutpose of this
work, the rate constant expression reported by Rééirial.>® has been adopted. Their experiments
have been performed in a similar temperature and pressoge & comparable initial mole fraction
of N,O and using Ar as the bath gas.

A typical experimental NCN concentration-time profile i®amm in Figure 5. Compared to the exper-
iment without N O addition (see Figure 1), NCN is consumed much faster dus teaction with the
generated O atoms. At early reactions times, a short inclugteriod is noticeable. Starting from the
background NCN mechanism presented above, several reactions were adttesl keaction mech-
anism in order numerically simulate the measured NCN pr¢giéee Table 2). In particular, as NO
constitutes a product of reaction 2, allowance was madé&rdaction NCN + NO. The temperature
dependent rate constant of this reaction, which eventtiathed out to be of minor importance, has
been measured separately in our laboratory. Details oéthemasurements will be published else-
where. Note that the reactions NCN + CN;@®l+ CN and NO + O are already included in the
GRI-Mech 3.0 base mechanism and are not listed in Table 2gr&5, the simulation using the rate
of reaction 2 as the sole adjustable parameter nicely repesdthe measured NCN profile. To further
elucidate the importance of reaction 2, simulations With 2 andk, /2 are displayed in Figure 5 as
well.

The corresponding sensitivity analysis is depicted in dveer frame of Figure 5. Next to the target
reaction NCN + O, the assumed rate constant of th® Nnimolecular decomposition exhibit a very
similar sensitivity profile showing that O atom formatioragthed curve in the upper frame of Figure
5) is a limiting factor for the NCN decay rate. Even at the higitmperature of" = 2459 K, the N,O
decomposition is rather slow such that O atom formationggltace on a comparable time scale as
the NCN radical decay. This continuing O atom concentralioifdup is the principle reason for the
observed induction time of the NCN decay profile. Of courke,itterfering sensitivity of reaction
13 is unfavourable for the determination of the rate of rieac2. The assumed rate constant of
reaction 13 directly affects the extracteglvalue. Unfortunately, it was not possible to fully decouple
these two reactions by tuning the reaction conditions. \&#eithe NO decomposition limits the
lower range of accessible temperatures, toward higherdeayres the unimolecular decomposition
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Figure 5: Rate constant measurement of the reaction NCN-+ ON + NO. NCN concentration-
time profile and numerically simulated NCN and O profiles @mpfsame); corresponding
sensitivity analysis for NCN (lower frame).
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Figure 6: Arrhenius plot of measured rate constants of thetien NCN + O at two different total
densities (symbols and solid line) in comparison with theotietical prediction by Zhu and
Lin?! (dashed curve).

of NCN sets in. Rate constant values, which were extracteu ft6 concentration-time profiles in
the rather narrow intermediate temperature range of 1826/K < 2580 K at pressures of 709 mbar
< p < 2334 mbar are plotted in Figure 6. Details on the experimhemaaditions are given in the
Supplementary Information. Within the scatter of the dtta,experiments performed at two different
total densities4 x 10~ mol/cn? (dots) and® x 10~% mol/cm?® (triangles), are indistinguishable. The
data points are best represented by the Arrhenius expne&sitd line)

ko = 9.6 x 10" x exp(=5.8 kJ mol™! / RT) em®mol 's™t  (£40%)

with a barely significant temperature dependence correlpgrto an activation energy df.8 +

6.0 kd/mol. The stated error estimate ©fl0% was based on a combination of errors arising from
the statistical fit £15%), the absolute NCN and 4 concentrations#5%), and the uncertainties of
the rate constant expressions used in the reaction meohawis already outlined above, the main
uncertainty ofk, is associated with the assumed rate constant of the unimatedecomposition of
N>O. Whereas Rohrigt al.56 stated an absolute error 6f30% for this reaction, an error af£15%
has been assumed fhbys in this work. This is justified by the very good agreement dhadasured
N2,O decomposition rate constants found in the literature. ¢él@y as the DO decomposition is
strongly temperature dependent, allowance was made fodditiamal 5% error stemming from an
experimental temperature uncertainty()(5%, precision of the shock wave velocity measurement).

Figure 6 also compares the rate constant fit of this workddolie) with the only other available
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literature result taken from the theoretical work of Zhu &ma®! (dashed line). Zhu and Lin calcu-
lated singlet and triplet potential energy surfaces with @2M compound as well as the CASPT3
and MRCI+Q methods. Three different sets of reaction prisd(€N + NO, CO + N, N + NCO) as
well as ten different reaction pathways have been mappedRate constants were calculated for a
temperature range of 200 K 7' < 3000 K using the (V)RRKM method. From a mechanistic point
of view, the reaction resembles an association-decompogitocess. An NCNO complex is formed
that can undergo several isomerisation steps and finakbpdigtes forming the different products. It
turned out from the calculation that both for the initiallyrfned singlet and triplet NCNO interme-
diates dissociation into CN + NO is energetically favoueat#sulting in a predominance-(99%)

of these products over the entire temperature and presange.r Overall, the reaction is exother-
mic, A, H3gs = —187 kd/mol. Due to energetically low lying exit barriers, whiake well below the
entrance energy of the collisional complexes, no collisimuced deactivation of the NCNO interme-
diate takes place at pressures below 100 bar. As is a commaturdeof such an association-controlled
reaction, the observed rate constant is close to the alliginit and is little temperature dependent.
Both the predicted absolute rate constant value as wellagréssure and (more or less) temperature
independent rate is consistent with our results. By anadygiotential effects of variable entrance
profiles as well as calculated ab initio energies on theidipted rate constant, Zhu and Lin quoted
that their rate expression may be accurate withit9%. In the light of potential errors associated
with the model assumptions and the applied approximaténtiesat of rotational effects, this narrow
error estimate may be somewhat too optimistic, howeveratireement of our experimental result
with their theoretical prediction within error limits istiiguing.

5.4 Conclusion

Quantitative generation and detection of NCN radicalsrmtkhock waves by means of NGNyroly-

sis and narrow-bandwidth laser UV absorption renders plesdirect measurements of high tempera-
ture rate constants of bimolecular NCN reactions. As a grésée for such measurements, a detailed
high temperature NCN background mechanism has been wortkedltois capable of reproducing
measured NCN concentration-time profiles at temperatlr@6® K < T < 3248 K, at pressures
of 140 mbar< p < 2204 mbar, and for reaction gas mixtures containing 5 to 180 itial mole
fractions of NCN. For the first time, rate constants for the self reaction oN\i@dicals have been
measured. Presumably, the reaction yields CN radicalgdiogoto NCN + NCN— 2 CN + N,. De-
termined NCN unimolecular decomposition rate constan@&\N M — C + N, + M, have been found
to be in excellent agreement with experimental literatwaa dnd theoretical predictions. Moreover,
using the pyrolysis of MO as an additional O atom source, rate constants of the sead€CN + O—>

CN + NO could be directly measured in the temperature rand826 K< T' < 2783 K and at pres-
sures of 709 mbat p < 1861 mbar. These measurements represent the first avasbgidemental
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data on this key reaction for NClormation modelling in hydrocarbon flames according to teeif
more mechanism. With a rate constantof 9.6 x 10'3 x exp(—5.8 kJ mol™! / RT) cm®mol ~!s71,
the reaction proceeds close to the collision limit, is inelegient of total pressure, is only slightly tem-
perature dependent, and hence supports the model of anaigswcontrolled reaction as proposed
by Zhu and Lin?!
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5.5 Supporting information

Table 1: Experimental conditions and results of shock tumeements without additional reaction
partner.

TIK plmbar p/(mollcm?) z(NCN)/ppm ixcwen  Axeninex

cm?/mols  cm®/mol s

p ~ 1.9 x 10~% mol/cn?, incident shock wave

966 143  1.7&10° 59 - 1.0<1012
1065 163  1.8410°°© 56 - 3.0¢<10'2
1196 190  1.9%10°6 67 - 1.0x1012
1230 197  1.9210°°¢ 130 - 1.2<10!2
1266 204  1.9410°°6 60 - 2.0x10'2
1380 227 1.9810°6 59 - 1.0¢10'2
1396 231  1.9910°°6 61 - 1.5¢10'2
1400 231 1.9910°6 59 - 1.5¢10"2
1548 261  2.0810°°6 67 - 2.0x102

p ~ 3.8 x 10~% mol/cn?, incident shock wave
984 293  3.5&10°° 21 - 1.5¢10"2
1036 305 3.5410°6 21 - 2.0<10"2
1261 406  3.8%10°°© 28 - 2.0x10!'2
1412 467 3.9810°6 50 - 2.0x10'?

p ~ 4.1 x 10~% mol/cn?, reflected shock wave
1620 489  3.6%10°° 14 - 3.0<10"2
1705 523 3.7%¥10° 15 - 5.0¢<10'?
1734 537 3.7210° 50 - 5.0 1012
1857 594  3.8510°°6 64 - 3.0¢<10'2
2093 703  4.0410°6 60 2.5¢108 -
2209 758  4.1810°°¢ 65 6.0<108 -
2345 823  4.2210°°¢ 30 1.4x10° -
2375 838  4.2410°°6 65 2.2¢10? -
2406 852  4.2610°° 65 1.9¢10? -
2488 892  4.3%10°°¢ 130 3.9%¢10° -
2574 933  4.3&10°C 60 4.0¢10° -
2847 1066 4.5Q10°° 60 1.8<1010 -
2886 1084 4.5210°6 64 2.0x1010 -
3248 1262 4.6x10°° 65 5.0¢<1010 -

p ~ 8.6 x 10~% mol/cn?, reflected shock wave
1042 475 5.4810°° 9 - 2.5x1012
1159 364  8.4%10°°© 19 - 3.0x10'?
1325 710 6.4%10°°6 9 - 3.5x1012
1361 741 6.55106 14 - 3.0x10'?
1494 857  6.9810°° 13 - 2.5¢10!2
1495 859  6.9%10°6 4 - 3.5x10!2
1517 961 7.6210°6 12 - 3.0<10'2

117



5. High Temperature Rate Constants of the Reactions NCN +E) WNNCN, and NCN + M

Table 1, continued:
TIK plmbar p/(mollcm?) z(NCN)/ppm Eyexem  Axenenox

cm? /mol s cm3 /mol s
1642 990  7.2%10°6 16 - 2.5¢10"2
1665 1008 7.2810°6 12 - 4.0¢1012
1685 1020 7.2810°°6 13 - 3.5¢1012
1763 1099 7.5Q10°6 17 - 3.0x10"2
1900 1227 7.7%10°6 20 - 5.0¢<10"2
2012 1331 7.9610°6 19 1.4<108 -
2014 1334  7.9%10°6 31 1.8<108 -
2024 1304 7.7%10°6 20 2.0x108 -
2317 1619 8.4%10°6 18 1.5¢10° -
2357 1663 8.4910°° 22 1.2¢<107 -
2561 1854 8.7%¥10°6 26 2.5¢10 -
2924 2204  9.0%10°° 50 2.5¢1010 -

p ~ 1.3 x 10~° mol/cn?, reflected shock wave

1156 1134 1.1810°° 5 - 5.0x10"?
1322 1415 1.2910°° 5 - 5.0x10'2
1432 1599  1.3410°° 7 - 2.5x10!2
1588 1884  1.4310°° 7 - 3.0x10"?

Table 2: Experimental conditions and results of shock tuteeements with NO as an O atom
precursor.

TIK p/mbar pl/(mol/cm?)  z(NCN)/ppm x(N,O)/ppm %
p ~ 4.3 x 10~% mol/cn?

2099 709 4.06 x 107° 63 1052 8.0 x 1013
2285 797 420 x 1076 63 1052 1.0 x 104
2438 870 4.29 x 1076 63 1052 6.0 x 1013
2459 882 4.31x10°6 58 700 8.0 x 1013
2541 921 4.36 x 1076 63 1052 6.0 x 1013
2580 939 4.38 x 1076 57 1275 7.0 x 1013
2783 1040 4.50 x 1076 55 1948 8.0 x 1013
p ~ 8.2 x 10~% mol/cn?
1826 1176 7.75x 107° 17 4280 6.0 x 1013
1866 1198 7.72 x 1076 20 1080 6.0 x 1013
1900 1232 7.79 x 1076 19 1080 8.0 x 1013
1964 1289 7.89 x 106 22 1080 7.0 x 1013
1977 1305 7.94 x 1076 29 1068 6.5 x 1013
2138 1454 8.18 x 1076 21 1080 6.5 x 1013
2409 1713 8.55 x 1076 55 1046 6.0 x 1013
2563 1861 8.76 x 1076 38 1977 9.0 x 1013
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Abstract

The high temperature rate constants of the reactions NCN +aR® NCN + NQ
have been directly measured behind shock waves under p$iestdorder condi-
tions. NCN has been generated by the pyrolysis of cyanogae gNCN;) and
gquantitatively detected by sensitive difference ampliftza laser absorption spec-
troscopy at a wavelength of 329.1302 nm. The NGicomposition initially yields
electronically excited!NCN radicals, which are subsequently transformed to the
triplet ground state by collision induced intersystem siog (CIISC). CIISC effi-
ciencies were found to increase in the order of ArNO; < NO as the collision
gases. The rate constants of the NCN + NO{N@actions can be expressed as
kExenino/(cm3mol~ts™1) = 1.9 x 102 exp [~26.3 (kJ/mol) /RT] (£7%,AE, =
+1.6 kd/mol, 764 K< T < 1944 K) andkncnino,/(cm3mol~1s™1) = 4.7 x
10'2 exp [-38.0 (kJ/mol) /RT] (£19%, AE, = £3.8 kJ/mol, 704 K< T < 1659 K).

In striking contrast to reported low temperature measurgspevhich are dominated by
recombination processes, both reaction rates show ayeotEthperature dependence and
are independent of the total densityq x 10~ mollcm® < p < 7.6 x 10~ mol/cm?).
For both reactions, the minima of the total rate constantsioat temperatures below
700 K showing that at combustion relevant temperatures theall reactions are domi-
nated by abstraction-like pathways according to NCN + NGCN + N,O and NCN +
NO; — NCNO + NO.

6.1 Introduction

Encouraged by the demand for clean energy sources, theésdfimeduce the emissions of hazardous
substances from combustion processes continue. NitragdasoNO, (NO and NQ) are among the
main pollutants, which are generated in the combustion séifduels as well as fuels made from
regrowing resource$ The hazardous potential of N@ies in its contribution to photochemical smog
in the troposphere and to ozone depletion in the stratosphEurthermore, nitrous oxide @0), a
secondary product of NQOreactions, is an active atmospheric trace gas with a higbagarming
potential®

There are several formation mechanisms and two principates of NQ in combustion processeés.
Firstly, NO, stems from nitrogen impurities in the fuel, which are oxatlz This mechanism is
referred to as fuel-N-conversichSecondly, NQ can be generated from atmospheric molecular ni-
trogen. At high temperatures, the primary formation pathtekes place according to the Zeldovich
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mechanisnt,®

O+Ny - NO+N (1)
N+ 05 — NO + 0O )
N+ OH — NO + H. (3)

Thirdly, in low temperature combustion at high pressured,. i yielded via the reaction sequerice

Ny +0+M — NoO+ M )
N,O + O — NO + NO. %)

Finally, especially under fuel-rich combustion condigpprompt-NO is generated by the reaction of
small hydrocarbon radicals withJN Fenimoré suggested that a key initiating step of the reaction
sequence is the spin-forbidden reaction

CH (*I1) + N, (*S7) — N (*S) + HCN (*x 7). (6a)

In fact, it has long been recognized that the intersysterasang probability from the doublet to the

guartet potential energy surface necessary for reactias I6& and thus theoretically predicted rate
constants were lower than experimentally measdfdd.the year 2000, the products of this textbook
reaction have been revised by Moskaletal.!11?according to

CH (*II) + N ('S%) — H (*S) + NCN (®%;). (6b)

By quantum chemical and statistical rate calculations tleywed that this spin-allowed reaction
pathway exists and yields rate constants that are consisiinthe experimental data. The path-
way generates NCN radicals, a species which had not beeusdest in the context of combustion
research before. Later, it was experimentally proven bydlamd shock tube measurements that the
NCN channel (6b) is in fact the dominating reaction chanriekaction 61316 Since then, several
theoretical!1’-22and experimentaf-18-23-26studies have addressed NCN reactions and available
rate constants have been introduced into existing condsustbdelst4-26-30

Objects of previous theoretical work were the reactions NG (7),2X NCN + O, (8),° NCN + OH
(9),22 NCN + NO (10)1"1NCN + NO, (11),*8 and NCN + H (12)!! Rate constants and product
branching ratios have been theoretically predicted oveida wange of temperatures and pressures.
In contrast, available experimental results are limited few reactions and mainly to temperatures
belowT < 600 K. An exception is the reaction NCN + H , which has been ingaséd behind shock
waves in the temperature range 2378&KI" < 2492 K by Vasudevaet al.'® NCN was obtained by
the pyrolysis of ethane (&), which yields CH radicals that subsequently reacted vhighitath gas
N5 to form NCN (reaction 6b). Observed NCN decays were atieithiib the reaction NCN + H (12).
An indirect determination of the rate constant of reacti@rhas also been reported by Lamouretix
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al.?® In a combined modeling and flame diagnostics study theyattd deviations of simulated from
measured CH, NCN and NO concentrations to reaction 12. &untbre, high temperature reaction
rates of the unimolecular NCN decomposition NCN +-M C + Ny, + M (13) have been directly
measured (C-ARAS) behind shock waves at temperaturés06f— 2950 K. 3132

Recently, in order to provide much needed high temperaateeaonstant data for bimolecular NCN
reactions, we have thoroughly investigated the thermadmigosition of NCN as a quantitative high
temperature NCN radical souré@ NCN formation rates and high temperature absorption cress s
tion have been directly measured showing that NCN can betisehs detected in the ppm range
behind shock waves. At such low concentrations subsequéit $écondary chemistry is efficiently
suppressed turning the thermal NC8ecomposition into an ideal NCN radical source. Neversgle
as a requirement for accurate rate constant measuremeassiatent NCN background mechanism
has been derived from pyrolysis experiments reportingaatstants for the reactions NCN + M (13)
at 2010 K< T' < 3250 K and NCN + NCN (14) at 965 k T' < 1900 K 3* Furthermore, by adding
O atoms generated from the,®@ decomposition to the reaction mixtures, we were able tosorea
the rate constant of the reaction NCN + O (7) for the first tit@26 K< T' < 2785 K).

Regarding reaction 10, NCN + NO, the theoretical invesiiyet agree that the reaction proceeds via
an NCNNO intermediaté’-**Huanget al.1” performed quantum chemical (G2M/CC5) and statistical
rate (VTST/RRKM) calculations. It was found that the overaaction exhibits negative temperature
dependence & < 500 K and a pronounced positive temperature dependence towgrdrtiemper-
atures. At low temperatures, a recombination reactionrdaogto NCN + NO + M= NCNNO + M
takes place, whereas at high temperatures an abstraig@onHannel yields BlO + CN. One of the
first experimental works on elementary NCN gas phase reectias concerned with reaction 10 and
has been performed by Baren and Hershbéfger2002. NCN was generated by 193 nm photolysis
of diazomethane (CN,) in the presence of cyanogen{{;). Rate constants could be determined
from NCN concentration-time profiles measured by meanssafrlanduced fluorescence (LIF) in the
temperature range 298 K T' < 573 K. Both NCN (by LIF) and the possible products®and CQ

(by IR absorption) were detected. Similarly, Huatgl.l” measured rate constants in the temperature
range of 254 K< T < 353 K following the 193 nm photolysis of cyanogen azide (NC&k a source

of NCN. In the examined temperature range both studies stigpoexpected negative temperature
dependence. WetZ extended the temperature range to 254 KI' < 485 K and characterized the
pressure dependence at pressures rangingren30 mbar top = 50 bar. Again, NCN was detected
by LIF following the photodissociation of NC\at A = 193 nm and\ = 248 nm.

Reaction 11, NCN + N@ has been the subject of two combined experimental andeatiealrstudies.
Yang et al.1® measured rate constants in the temperature range 2607K < 296 K at pressures
betweenp = 133 mbar andp = 666 mbar. NCN was generated by 193 nm photolysis of NCN
and detected by LIF. Additionally, rate constants have bemoulated at temperatures of 200 K
< T < 2000 K using a combination of quantum mechanical (G2M//BBL6&:311+G(d)) and sta-
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tistical (RRKM) methods. Based on these calculations, an@ation reaction is expected for tem-
peraturesl” < 700 K to take place exhibiting a negative temperature depergjemiereas at higher
temperatures a positively temperature dependent abetrattiannel is predicted to yield NCNO +
NO. In similar experiments, Kapplét extended the temperature range to 255K’ < 349 K and
measured fall-off curves in the pressure range 155 mpar< 38 bar. In agreement with Yareg al,,

a negative temperature and a positive pressure dependaadmbén noted, which was explained by
an association-isomerization mechanism finally yieldir@and NO as the products.

So far, only the low temperature recombination processesaztions 10 and 11 could be experimen-
tally confirmed. High temperature experiments suitablesgeas the dominating® + CN channel
for reaction 10 and NCNO + NO for reaction 11 are not availabiighis spirit, the high temperature
measurements presented in this paper provide an oppgrtariting together theory and experiment.
Assessing and characterizing the temperature and predspemdencies of bimolecular reactions of
small unpaired species, i.e., the preference of an asgomtiadmplex at low temperatures and the
opening of an activation energy controlled abstracti&a-lieaction channel at high temperatures, re-
mains challenging. Recent examples from our shock tube ddbeasing similar problems are the
measurements of the rate constants of the reactions HCO N®3? and HCO + Q.36

In this paper, first high temperature measurements on tiotiora

NCN + NO — N»O + CN  and (10)
NCN + NOy — NCNO + NO (11)

will be presented to provide rate constant data at combusélevant temperatures and to verify the
theoretically predicted dominance of the abstraction-li&action channels.

6.2 Experimental

All experiments have been performed using a shock tubes€t3d equipped with a narrow band-
width laser absorption spectromet&to measure NCN concentration-time profiles. Briefly, ther4.4
long test section of the shock tube could be evacuated dovanesures of0~" mbar by a com-
bination of oil-free diaphragm and turbomolecular pumpe{f&r Vacuum). Hydrogen, nitrogen or
mixtures of hydrogen and nitrogen were used as the driveysgalsaphragms were made from 30 or
80 um thick aluminum foil. Pressures and temperatures behindkstvaves were calculated based
on pre-shock conditions and the shock wave velocity. Resleffacts and the shock wave damping
on the order of 1% were taken into account. The shock waveirglovas measured by a fast count
unit wired to four piezoelectric sensors (PCB Piezotroic$13A21).

NCN has been detected in its triplet ground state at a wagtdesf A = 329.1302 cm~! (superpo-
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sition of the?IT; sub-band of the\*IT, (000) — X?%,(000) transition and the Qband head of the
3%7(010) —311(010) vibrationally excited Renner-Teller split transition) aylifference amplification
laser absorption scheme. 1.5 mW of laser light of the resmeatavelength was generated by internal
frequency doubling of a stabilized continuous wave ring-thser (Coherent 899) with DCM Special
(Radiant Dyes) as a dye, which was pumped by a Nd:Y'¥alid state laser (Coherent Verdi V10)
at A\ = 532 nm. The wavelength of the fundamental has been measured inyeaferometric type
wavemeter (MetroLux WL200) with an accuracy 6f.0015 cm~!. Detection and reference beam
were divided by a 50:50 beam splitter plate, the detectianbwas passed through the shock tube
and the reference beam could be attenuated by a variablehaemsity filter. Both beams were band
pass filtered and coupled into two optical fibers (ThorlabsH2R2-550), which were connected to a
balanced photo detector and amplifier (Thorlabs PDB150A-E8e resulting difference signal was
further amplified (Ortec Fast Preamp 9305) low pass filtened.d MHz and stored by an analog
input board (PCI-DAS4020/12, 20 MHz, 12 bit).

The absorption signals were transformed into concentraiticsing the previously determined NCN
absorption cross sectiotog;,(o/(cm?/mol)) = 8.9 — 8.3 x 10~* x T/K).3® The measurements
were evaluated by fitting numerical simulations to the mesbeoncentration-time profiles. Numer-
ical simulations were performed using the Chemkit®-program package. For sensitivity analyses,
the sensitivity coefficient (i, j) of the i" reaction of specieg was normalised with respect to the
maximum concentration of the specigsccurring during the recorded time interval. The GRI-Mech.
3.0% natural flame mechanism has been used as a background nsectzard an additional subset of
reactions taking into account NCN and CN secondary cheyrtists been adopted from our previous
paper3* Rate constants of reverse reactions have been taken imaridsased on thermodynamic
data from Konnov*? except for NCN, for which the data were taken from Gebal.*!

NCN was generated by the thermal decomposition of NCNCN3 was synthesized from gaseous
BrCN and solid NalN using a variant® of the method described by Milligaet al.*> NCNj is an
extremely explosive substance, hence, no attempt was roddethier purify the initially generated
gas. Its purity was checked by means of FTIR spectroscopyaieng BrCN impurities were always

< 3%, but usually< 1%. CO, was on the order of 0.01% and water was not detectable. kreshl
prepared NCN was immediately diluted by argon down to mole fractions df®, nevertheless, a
slow decomposition of 5% per day was found to take place.

Gases and chemicals used were argon (Air Liquide, 99.9996yogen and nitrogen as driver gases
(Air Liquide, 99%), NO and N@ (Air Liquide, 99.95%), BrCN (Acros, 97%), and NgNMerck,
99%). Gas mixtures were prepared using the partial pressetieod; the N@/N,O,4 equilibrium has
been taken into account. NO and N@ere purified by repeated freeze-pump-thaw cycles. All gas
mixtures were used within 3 days after preparation. Befthshack tube experiments, the shock tube
was flushed with the respective test gas mixtures at a peesdyr ~ 50 mbar. No dependence of
measured signals on the flushing time or the time betweenlegmgparation and experiment could
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be noticed revealing that wall absorption effects or roomgerature reactions of NGNvith NO or
NO, did not perturb the measurements.

6.3 Results and discussion

6.3.1 NCN + NO

NCN concentration-time profiles of mixtures of Nglnd NO behind incident shock waves have
been recorded in the temperature range 764 KI' < 1944 K at two different total densities of
p~ 1.8 x 1075 mol/cn? andp ~ 3.5 x 1075 mol/cn? (123 mbar< p < 690 mbar). Mole fractions
of NCN3 were between 5 and 15 ppm and much lower than the mole fraatidhe excess component
NO, which were 5000 or 10000 ppm. A typical concentrationetiprofile together with the respective
numerical simulation and a sensitivity analysis is showrrig. 1. To illustrate the influence of
added NO, an experiment without NO is shown as well. Two sti®chlieren signals accompany the
incident and reflected shock wave passages and thus defin@ of the corresponding temperature
and pressure jumps.

Without the addition of NO, NCN consuming reactions are igiigle. Up to temperatures af =
2000 K, stable NCN plateaus were found. At higher temperatutesdecomposition of NCN set in
according to NCN + M— C + Ns (13). The initial increase of the NCN absorption signal ig.Fi
1 reflects two processes: The decomposition of the precunstecule NCN yielding 'NCN and
the subsequent relaxation of the electronically excle@N to its triplet ground state?NCN) via
collision-induced intersystem crossing (CIISC):

NCN3(+M) — 'NCN + No(+M) (15)
INCN(+M) — 3NCN(+M). (16)

Rate constants for both processes have been reported imexioys publications® Updated rate
constant expressions as used in this work rely on redd@iN concentration-time profile measure-
ments, which will be reported elsewhet&Upon the addition 0.5 — 1% NO, the initial increase of
the 3NCN signal gets much faster. Since the unimolecular decsitipo process can be expected to
be only slightly affected by such small amounts of a diffeédgath gas, this increase is attributed to a
much more efficient CIISC process of NO compared to argonuppart this assumption, test exper-
iments have been performed with the detection laser frexyuiemed to a strongNCN transition. In
the measuredNCN concentration-time profiles, the addition of NO did niteathe formation rate
of 'INCN, but had a strong influence on thdCN decays.

125



6. Rate Constants of the Reactions NCN + NO and NCN © NO

15 - without NO
Y mprl'vrm'\rr U™ “V' R SR Y TR J“l
() N .“
[Pl ‘I‘\..
E 10 - : Wiu,,  With NO
E— M ppa i
= T= 1000 K P
@) p =150 mbar, ' MM
£ 54 p=1.80x 10° mol/cnt®
= x(NO) = 9770 ppm
0 -WJ
039 || __——"NCN+M - NCN+M
= 0.2 A NCN3+M - 'NCN + M
S 01-
1S]
> 0-
2 014 S~ INCN + NO - CN + N,O
@ °NCN + NO - CN + N,O
o -0.2 4 \
»
0.3 -
1 1 1 1 1 1

0 100 200 300 400 500 600
Time /s
Figure 1: Upper: NCN concentration-time profiles for expents with and without NO added to
the reaction mixtures. With NOF = 996 K, p = 149 mbar,p = 1.80 x 10~% mol/cn?,

£(NCN3) = 13.4 ppm; without NOT = 1002 K, p = 150 mbar,p = 1.81 x 10~% mol/cn?,
2(NCN3) = 14.0 ppm. Below: Sensitivity analysis of the experimeithilO.
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Figure 2: Arrhenius plot of measured first order CIISC ratastants at several total densities with
NO or NO, added to the gas mixtures. Arrhenius expressions of ratstaias in pure Ar
have been determined frofNCN concentration-time profiléé and are shown as dashed
lines.

With 1% NO added to the mixture, rise times are shortened bgctorf of about 5 showing that
NO exhibits a CIISC efficiency higher by a factor of 400 congohto argon. Rate constants of
the relaxation reaction 16 were extracted from the measprefiles and are shown together with
corresponding data for argbhand NG, (see Section 6.3.2) in Fig. 2. Similar values of the apparent
activation energies on the order of 20 kJ/mol are found for NO, and Ar. The apparent activation
energies as well as the observed density dependencesl (for NO , n ~ 0.5 for NOy, n ~ 0.6 for

Ar; according tok;, = (%)”ka) reflect the complicated underlying physical processeisginern the
CIISC probability and are difficult to prediéf:+°

As it is discernible in the sensitivity analysis shown in tbeer frame of Fig. 1, the CIISC process
is completed within 5Q:s and thus does not critically interfere with the rate camnstaeasurement of
the reaction NCN + NO. In fact, reaction 10 is the only sewsitiCN consuming reaction showing
that the measurements essentially follow pseudo-firstrdidetics. Possible secondary chemistry is
successfully suppressed by using very lew1(0 ppm) mole fractions of NCN Rate constants were
extracted in the temperature range of 764KI" 1944 K. Toward low temperatures, the accessible
temperature range was limited by the rate of the N@Rcomposition. It is slower than tH&ICN
relaxation belowl" = 750 K. At high temperatures, NCN absorption cross sections @oeldw
and higher NCN concentrations used to compensate for the lower sengite#tulted in significant
secondary chemistry. Selected rate constants of the seastied in the mechanism can be found in
Table 1.
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Table 1: Selected reactions of the mechanism used in thermmzalhsimulations to extract the rate con-
stants of the reaction NCN + NO. Possible secondary chgnfias been taken into account
by the GRI-Mech. 3.8° and a subset of NCN and CN reactions as outlined in our previou
paper3* Rate constants are given las= AT™ exp [—E,/RT]. Units are cm, mol, s, K and

kJ.
No. Reaction A E, Ref.
(10) 3NCN+NO —CN+NyO 1.9x 102 26.3 thiswork
(15) NCNg —INCN+Ny 33x10° 712 43 p = 1.8 x 10~¢ mol/cn?
50x10° 712 43 p = 3.5 x 107% mol/cn?
(16) 'NCN — 3NCN 1.1 x 106 17.4 thiswork 1.0% NO,

p = 1.8 x 10~% mol/cn?
2.3x10% 17.4 thiswork 1.0% NO,
p = 3.5 x 10~% mol/cn?
(17) 'INCN+NO —CN+N,O 1.9x102 26.3 thiswork setequalto reaction 10
(18) 3NCN+CN =GCy,N,+N 1.3x10" 335 11
(19) 3NCN+N =CN+N, 1.0 x 10'3 46

An Arrhenius plot of the rate constant data kg including selected literature resulfs’>2%is shown
in Fig. 3. Data of the experimental conditions are given ia supplementary information. No
dependence of the measured rate constants on the totayderdiscernible within the scatter of the
data. All data points fall within a narrow margin and can beyweell represented by the Arrhenius
expression:

kio/(cm®mol™'s™1) = 1.89 x 10" exp [-26.3 (kJ/mol)/RT] (£7%)

The stated error estimate reflects a combination of thesstati error of the Arrhenius fit1%, 20),
uncertainties of the NO mole fractior=6%), and uncertainties in th&NCN formation mechanism
(£1%). Due to the pseudo-first order reaction conditions, uaggies of the NCN absorption cross
section and thus NCN concentration did not result in an @it error. The uncertainty of the
Arrhenius activation energy af1.6 kJ/mol corresponds to thr error of the slope of the Arrhenius
fit.

In additional measurementdCN concentration-time profiles have been recorded to agsssntial
differences of the reactivities dNCN and>NCN. However, because of the fast CIISC process, the
evaluation of these signals did not yield reliable rate tamts for the reactiohlNCN + NO. Therefore,
INCN and?NCN radical reactions have been assumed to proceed witlathe gte. As can be seen
from the sensitivity analysis shown in Fig.1, the reacidfCN + NO exerts a minor influence on the
3NCN profile and did not significantly interfere with the messuents of the correspondiffplCN

rate constant.

In contrast to all previous experimental studies, whichehbgen performed at temperatures below
T = 573 K, a positive temperature dependence has been found atratmees> 764 K. This positive
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Figure 3: Comparison of measured rate constants of reatipNICN + NO, with selected literature
datal’-2324The literature values of Baren and Hershbet§and WelZ* have been scaled
to 133 mbar based on the Troe parameters given in the work tf. We

temperature dependence has been predicted by Hetaalg'’ in their theoretical study. In Fig. 3,
theoretically derived rate constant expressions for tviterdint total pressures are shown. At low
temperatures, according to a recombination process, #utioa proceeds close to the low pressure
limit. The corresponding pressure dependence is also si@opby the experimental studié§23:24

In contrast, at high temperatures we find reaction ratesatfesindependent of the total density. Rate
constant values are approximately a factor of two lower tharHuanget al.1’ prediction. Although
no direct evidence of the postulated minimum of the rate teants is provided by our measurements,
all experimental data are consistent with a minimum at a &gatpre around” ~ 670 K.

An explanation of the complex temperature and pressurendigpee can be best illustrated on the
basis of the characteristics of the underlying potentiargy surface. A simplified scheme of the
potential energy surface, adopted from the calculatiortsuzinget al., 1’ is outlined in Fig. 4. Other
possible reaction channels forming CNO & NCO + N, do not play a role because the barriers on
the corresponding minimum energy paths are too high. Twierdifit electronic states are involved.
A simple association of NCN and NO leads to t##¢’ state (dashed lines) with two different isomers
denoted cigtA” and trans*tA”. The reaction continues by crossing to ## surface through two
conical intersections (Cl) yielding the local minima trad#s and cis?A’. Further dissociation to
the products CN + B involves barriers that are significantly higher in energgnt the entrance
energy of the initial NCN + NO fragments. Therefore, at lomperatures the trarfsA’ and cis?A’
intermediates can be stabilized by collisions. Consedydhe reaction exhibits the typical behavior
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Figure 4: Part of the potential energy surface of the readti€N + NO (10) (G2M/CC5//B3LYP/6-
311+G(d) level of theory), adopted from Huaegal.’

of a recombination reaction, i.e., a negative temperatemeddence (faster re-dissociation to the
reactants at higher temperature) and a positive presspendence (collisional stabilization of the
intermediates). Toward high temperatures, however, dnthugrmal energy is involved to overcome
the exit barriers of the cis- and traha! intermediates. In this case, the forward reaction resesnble
an abstraction-like mechanism with a positive temperalepgendence stemming from the exit barrier
and virtually no pressure dependence. The measured &mtiveatergy ofE, = 26 kdJ/mol is between
the barriers of the trans- (61 kJ/mol with respect to theteards) and the cidA’ (14 kJ/mol) pathways.
The much closer agreement with the cis value reveals thaiviiall reaction at high temperatures is
dominated by the cis pathway.

6.3.2 NCN + NO,

The kinetics of the reaction NCN + NO— NCNO + NO (11) have been investigated in the tempera-
ture range 704 k< T' < 1659 K and at two different total densities @t 3.5 x 10~% mol/cm? and

p ~ 7.0 x 105 mol/cn?. Corresponding pressures were 182 mbar < 654 mbar. Initial mole frac-
tions of NCN; in Ar were between 3 and 14 ppm, mole fractions of the excesgpoaent NQ were
7000 ppm or, for a validation experiment, 19000 ppm. Fig.dsha typical absorbance-time profile.
Absorbance of NCN has been used instead of NCN mole fractioifiaistrate the effect of interfering
NO, background absorption stemming from its brae, — X2A, transition?” Already before the
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Figure 5: Upper: Absorbance-time profile of an N€&periment behind an incident shock wave. Both
NO. absorbance and NCN absorbance are shown. Due to the iimgrfé®, background
absorption, the baseline is not zero. Lower: NCN sensjtaitalysis indicating pseudo-first

order conditions after 100s.
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arrival of the shock wave, significant N@bsorption is discernible. Due to the higher density, highe
background absorption values are observed behind theemicghock wave. Superimposed to this
background absorption, the NCN absorbance profile indictéite thermal decomposition of NGN
followed by CIISC and®NCN formation. The decay at longer times can be attribute@action 11,
NCN + NGs.

In order to take into account N{background absorption, temperature dependens Bl&orption
cross sections at = 30383.11 cm~! had been measured, beforehand in experiments withoutsNCN
NO, absorption coefficients are best represented by the expmess

logyo(o/em®mol 1) = 5.28 —1.21 x 107* x T/K

An extrapolation to room temperature yields a valué.8f 10° cm?/mol, thus in very good agreement
with a value ofl1.9 x 10° cm?/mol reported by Bogumiét al.*® A plot of the measured cross sections
can be found in the supplemental information. N§@ncentration-time profiles were simulated based
on the initial NG, concentrations and the reaction mechanism summarizedie ZaCorresponding
absorbance values are denoted “Ngbsorption” in Figs. 5 and 6. Remaining absorbances have bee
attributed to NCN absorption, which could be extracted fthmprofiles with high precision.

CIISC rate constants extracted from the resulting NCN coimagon-time profiles are included in
Fig. 2. The relaxation process mediated by collisions with,Ns less efficient than with NO, but
still a factor of approximately 40 more efficient than witigan. After 100us, the3NCN formation is
completed and a decay of the absorption can be observed.ib.Fitpe sensitivity analysis reveals that
reaction 11 is the only important reaction for the consuomptf NCN. In this regard, the experimental
conditions are close to pseudo-first order conditions angl¢éimabled an accurate determinatiok9f
However, at temperatures of 1400 K more reactions gain importance. Such an experiment isishow
in Fig. 6. The unimolecular decomposition of NONO; + M — NO + O + M (20) sets in and thus
the consecutive reaction NCN + O (7) plays a role. This iet@mfy secondary chemistry constitutes a
high temperature limit fok;; measurements of aboiit= 1700 K. Again, the low temperature limit
was set by the decomposition rate of NCN

Measured rate constant values are compared to selectaduitedata in Fig. 7. All data points can be
nicely represented by a straight Arrhenius fit, thus suppgithe reliability of the applied evaluation
procedure:

ki1/ (em®mol 's™) = 4.7 x 10" exp[—38.0 (kJ/mol) /RT]  (£19%).

At temperatures 704 K T < 1659 K, the rate constants were found to be independent dbtake
density. The stated error results fromi% uncertainty of the N@concentration, &% statistical error
(20), and2% uncertainty attributable to the precursor molecule deasitipn and the singlet cyano-
nitrene relaxation mechanism. Although uncertaintiesltieg from possible inaccuracies of the NO
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Figure 6: High temperature NCexperiment and corresponding NCN sensitivity analysis.
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Table 2: Selected reactions of the mechanism used in the naahsimulations to extract the rate
constants of the reaction NCN + NO Possible secondary chemistry has been taken into
account by the GRI-Mech. 3%® and a subset of NCN and CN reactions as outlined in our
previous papet* Rate constants are given in termskof A exp|[—E,/RT]. Units are cm,

s, mol and kJ.
No. Reaction A E, Ref.
(7) NCN+O = CN+NO 9.6 x 10 58 34 set equal for

INCN and*NCN
(11) NCN+NQO, — NCNO+NO 4.7x 102 38.0 thiswork setequalfor
INCN and*NCN

(15) NCN; —INCN+N;  50x10° 712 43 p = 3.5 x 10~% mol/cn?
77x10° 712 43 p = 7.0 x 10~¢ mol/cnm?
(16) 'NCN — 3NCN 2.3 x10° 30.1 thiswork 0.7% NOs,

p = 3.5 x 10~¢ mol/cn?
1.7 x 105  24.8 thiswork 0.7% NO,,
p = 7.0 x 10~¢ mol/cn?
(20) NO,+M =NO+0O+M 40x10"” 251 49
(21) NO;+NO; =2NO+0O 2.0 x 102 105 49
(22) NGO, +NO, = NO3+NO 1.0 x 10" 108 49

(23) NO,+O =NO+0O, 3.9x102 -1 50
(24) NO;+M =NO;+0O+M 4.0x 107 200 49
(25) NO; +O = NOy; + O, 1.0 x 103 50

decomposition mechanism are only relevant at the high testyre limit, based on simulations with
variedksg, allowance was made for an additios& error fork,1. The Arrhenius activation energy is
accurate taA F, = +3.8 kd/mol. This estimate already includes the potential uag#y of the high
temperature data points resulting from the Nd@composition mechanism.

Selected results from the literatdfe?®2>are also included in Fig. 7. At room temperature all re-
sults are in very good agreement, but toward higher tempesdifferences become apparent. The
rate constant data by Kappférexhibit a significantly stronger temperature dependenaa those
measured by Yangt al.*® In both studies, rate constants have been determined aggpsegudo-first
order conditions, thus excluding secondary chemistry. él@s as Kappler already discussed in her
work, the used excimer laser photolysishat 248 nm next to NCN radicals also generates NO and
O atoms from NQ@ photolysis, NQ ™ NO + 0 (26). The possible overestimation of the determined
rate constants due to the very fast subsequent reaction M,#NG, was estimated by Kappler to be
< 5%. Yanget al. used 193 nm instead of 248 nm photolysis. At this wavelerg®; absorption
cross sections are much larger and O atom yields can be exptecbe higher. Although Yaref al.
argued that O atom formation did not interfere in their ekxpents due to subtle diffusion effects, the
neglected O atom chemistry via reaction 7 may account foditierences and the data of Kappler
can therefore be assumed to be more reliable. The dashessdarkig. 7 represent the theoretical fit
of Yanget al. Clearly, a strong pressure dependence emerges. Howeeeq the mentioned effect,
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Figure 7: Arrhenius plot of the measured rate constantshreaction NCN + N@at two different
total densities. For comparison, low temperature expariaiaatd®2325as well as the-
oretical predictions of Yangt al.*® are also shown. The original 4 mbar value of Baren
and Hershbergé? has been scaled to a pressure of 133 mbar based on the Troepems
reported by Kapplef®

the low temperature rate constants may be somewhat oveciaed

Our data represent the first high temperature measuremaahtsaa only be compared with the the-
oretical prediction of Yangt al.X® In agreement with their work and similar to the reaction NCN +
NO, a positive temperature dependence is found at high texriypes. Note that for the temperature
and pressure range of this work (182 mkap < 654 mbar), the overall reaction is predicted to be al-
most independent of the experimental pressure. The peedadisolute values @f; and the absence
of pressure dependence is in very good agreement with oar dauly at the lowest experimental
temperatures, deviations of about a factor of two are olkserdhese remaining discrepancies can
be easily explained by a slightly over predicted tempeeati@pendence. Unfortunately, the expected
inversion of the temperature dependence could not be dibénvthe experiments. Obviously, at
pressures below < 1 bar the rate constant minimum arise at temperatilires 700 K. Combining
the low temperature data of Kappler and the high temperafiieeconstants determined in this work,
a rough estimate df' ~ 500 K can be made fop = 133 mbar, hence= 150 K lower than calculated
by Yang et al.

The switch from a negative to a positive temperature deperedean be explained by the competition
of an association and an abstraction reaction mechanisra.d®minating reaction channels of the
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Figure 8: Part of the potential energy surface of the reach&N + NO, (11) (G2M//B3LYP/6-
311+G(d) level of theory), adopted from Yartjal.'®

potential energy surface as it has been explored by ¥aady'® are reproduced in Fig. 8. Additional
reaction channels leading to CNO +® or CN + N,O, do not play a role due to very high associated
barriers.

As for the reaction NCN + NO, at low temperatures the read@ntypical example of an association
reaction forming the collisionally stabilized recombioat product NCNNQ. The sequential transi-
tion state lies energetically too high, (116 kJ/mol abowerttinimum, 34 kJ/mol above the entrance
energy) such that the thermodynamically most stable ptsdd€O and NO are not formed. At
high temperatures, with a threshold energyFaf= 41 kJ/mol, a direct abstraction reaction channel
becomes accessible. Here, an O atom is abstracted fropyl@ling the high temperature reac-
tion products NCNO and NO. According to Yamg al, even at high temperatures the contribution
of the reaction channel forming NCO + N remains negligible. Corresponding rate constants are
predeicted to be several orders of magnitude lower tharh®oNICNO + NO channel.

The positive temperature dependence of the overall regctidich has been determined in this
work, supports the proposed reaction mechanism. The mexhdAnrhenius activation energy of
E, = 38.0 kd/moal is in close agreement with the calculated threshoktgy of £y = 41 kd/mol
corresponding to the direct NCNO + NO abstraction channel.
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6.4 Conclusion

For the first time, high temperature rate constants of theticees NCN + NO— N,O + CN (10) and
NCN + NGO, — NCNO + NO (11) have been measured. For reaction 10, rateaussare repre-
sented by the Arrhenius expressibm/(cm®mol's™) = 1.9 x 10'? exp [-26.3 (kJ/mol)/RT]

in the temperature range 764 K T' < 1944 K. The experimentally accessible temperature range
was limited by the decomposition rate of the NCN precursoMi@t the lower bound and too
small NCN absorption cross sections at high temperaturegafding reaction 11, the expression
k11/ (em®mol~'s™1) = 4.7x 10" exp[—38.0 (kJ/mol) /RT] accounts for the measured data points
in the temperature range 691K T < 1659 K. Here, the temperature range was limited by the on-
set of the NQ decomposition and interfering secondary chemistry. likiaty contrast to previous
low temperature studies, at high temperatures no pressitiige fronounced positive temperature de-
pendence has been determined. For reactiontL0= (26.3 £ 1.6) kJ/mol and for reaction 11
E, = (38.0 £ 3.8) kd/mol. These values are in agreement with theoreticaligifeds and prove
the postulated change of the overall reaction from a recoation to an abstraction-like pathway.
Together with the low temperature data taken from the liteea the position of the minimum of
the overall reaction rate constant has been estimated toobedl” ~ 670 K for reaction 10 and

T = 500 K for reaction 11. Additionally, the influence of NO and BOn the CIISC process, which
transfers electronically excitddCN to theNCN ground state, has been investigated. With respect
to CIISC probability, NO and N@are 400 and 40 times more efficient collision partners thgorar
respectively.
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6.5 Supporting information

Table 1: Experimental conditions and results of measurésrafrthe kinetics of the reaction NCN +
NO.

TIK plmbar p/mollcn?®  z(NCN)/ppm z(NO)/ppm  kig/s ' kjp/lcm’/mol s
p ~ 1.8 x 10~% mol/cn?

865 123 1.71 x 1076 12.6 0853 1.0 x 10° 4.6 x 1010
888 127 1.73 x 1076 13.8 9765 1.0 x 10° 5.5 x 1019
894 130 1.74 x 1076 12.8 9853 1.1 x10° 5.8 x 1019
969 145 1.81 x 1076 14.0 9765 1.3 x10° 7.0 x 1010
996 149 1.80 x 106 13.4 9765 1.2x10° 85 x 1019
1128 176 1.88x 1076 13.3 0853 1.7 x 10° 1.2 x 1011
1249 202 1.95x 1076 13.7 9853 2.0x10° 1.5 x 10!
1527 258 2.03 x 1076 14.0 0853 2.5 x10° 2.5 x 10!
1861 329 2.13x 1076 15.0 9853 - 4.2 x 101
p ~ 3.5 x 10~ mol/cn?
760 203 3.22x 1076 5.2 5222 8.0x10* 2.5 x 1010
764 204 322 x10°° 12.6 0853 1.1 x10° 3.2 x 100
826 229  3.34 x 1076 12.7 9853 1.7x10° 4.3 x 1019
867 246 341 x 1076 6.3 10398 2.0 x 10° 4.8 x 1010
875 250 3.43 x 107 5.0 5222 1.2 x10° 5.0 x 1010
938 277  3.55 x 1076 5.8 10398 2.4 x10° 7.0 x 1010
986 295 3.60 x 1076 5.8 10398 2.9 x10° 7.5 x 10
1196 380 3.82x 107 5.9 10398 4.0 x 10° 1.2 x 10!
1485 501 4.06 x 1076 5.3 10002 - 1.8 x 10!
1547 525 4.09 x 1076 6.0 5222 - 2.2 x 1011
1944 690 4.27 x 1076 5.6 10002 - 4.0 x 1011

Table 2: Experimental conditions and results of measurésradrthe reaction NCN + N@
TIK plmbar p/mollcn?®  z(NCN)/ppm z(NOo)/ppm  kig/s™t  kii/em’/mol s

704 182 3.10 x 106 12.7 7143 1.3 x 10* 1.0 x 1019
741 197 3.20x 107 12.8 7143 1.8 x 10* 1.0 x 1019
812 226 3.34x 1076 13.5 7143 2.8 x10* 1.4 x 101
866 247 3.43 x 1076 12.4 6807 3.5 x10* 2.3 x 1010
873 250 3.44 x 1076 13.3 7143 3.5 x10* 2.0 x 1010
983 295 3.62 x 1076 14.0 6807 5.8 x 10 4.7 x 100
1191 381 3.85x 1076 13.8 6807 1.1 x10° 1.1 x 10%!
1467 494 4.05 x 1076 13.8 6807 2.5x10° 2.5 x 101!
1600 550 4.14 x 1076 14.0 6807 4.0 x 10° 2.5 x 101!
1659 576 4.17 x 1076 14.1 6807 4.0 x10° 2.5 x 1011
p ~ 7.0 x 1075 mol/cn?
691 358 6.23 x 1076 3.8 18709 2.0 x 10* 6.0 x 10°
726 381 6.31 x10°6 3.2 6985 3.0 x 10* 8.0 x 10°
801 442 6.64 x 1076 3.1 6985 45 %10 1.5 x 10
952 566 7.15 x 1076 3.6 6985 6.5 x 10* 3.0 x 100
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Table 2, continued:
TIK plmbar p/mollcm?®  z(NCN)/ppm x(NOy)/ppm  kig/s™t  kii/em’/mol s

1060 654 7.43 x10°° 3.2 6985 1.0 x 10° 8.2 x 1019
1202 764 7.64 x 1076 3.8 6990 1.0 x 10° 1.2 x 101
5.3 - 3

. p=3.5x 10 mol/cm u
5 25 p=7.0x10°molicn® ®
o ' Bogumiletal. o
©
= 5.2 -
2 5.15 H
S
S 514
(@)
o
5.05 -
5 1 1 1 1 1 1 1 1 1

200 400 600 800 100012001400160018002000
T/K

Figure 1: Temperature dependent N&bsorption cross sections and comparison to room temperatu
value reported by Bogumét al.*®
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7. Kinetics of the Reactions HCO + NO and HCO + NO

Abstract

The rate constants for reaction (IJCO + NO — HNO + CO, and reaction (2),
HCO + NO2 — products, have been measured at temperatures betWeelk < 7 <
1305 K behind reflected shock waves and, for the purpose of a censistcheck, in a
slow flow reactor at room temperature. HCO radicals were g¢ee by 193 nm ex-
cimer laser photolysis of diluted gas mixtures containihgpxgal, (CHO),, and NO or
NO, in argon and were monitored using frequency modulation (Bl5orption spec-
troscopy. Kinetic simulations based on a comprehensivetimamechanism showed
that the rate constants for the title reactions could beitbeglg extracted from the mea-
sured HCO profiles. The determined high temperature ratetaots aré:; (295 K) =
(8.140.2) x 10" 2cm® mol ! s71, &y (769 — 1307 K) = (7.142.7) x 10*2cm? mol ! 57!
andk,(804—1186 K) = (3.3+1.8) x 103 cm? mol~! s~1. The room temperature values
were found to be in very good agreement with existing litm@tlata and show that both
reactions are essentially temperature independent. Thk t@eperature dependence of
reaction (1) can be explained by the interplay of a domigadiinect abstraction pathway
and a complex-forming mechanism. Both pathways vyield tloglypets HNO + CO. In
contrast to reaction (1), no evidence for a significant douation of a direct high tem-
perature abstraction channel was found for reaction (2je Hbe observed temperature
independent overall rate constant can be described by alextfgsming mechanism
with several product channels. Detailed information ongfiengly temperature depen-
dent channel branching ratios is provided. Moreover, tiyd lkemperature rate constant
of reaction (7), OH + (CHQ), has been determined to be~ 1.1 x 103 c¢m? mol =1 s71.

7.1 Introduction

The formyl radical, HCO, is a key intermediate for the medsitamn description of combustion pro-
cesses. HCO lies on the main oxidation pathway of hydroecertamd is mainly formed by the re-
actions of O, OH, H, and CHwith formaldehyde. The most important HCO removal reactiare
its thermal decomposition and several other bimoleculactiens, e.g. with H, OH, and£QIn spite
of the importance of HCO reactions, large uncertaintiestérihigh temperature rate data for oxida-
tion and NQ. reactions of HCO. Most direct determinations of high terapee rate constant§’(>
1000 K) rely on measurements behind shock waves, because afnique potential of the shock
tube method to provide well defined high temperature reaatamditions! Detecting HCO behind
shock waves is difficult due to the high reactivity and thdrinatability of HCO, which causes its
lifetime to be short and the observable concentrations toweQuite recently, using the very sensi-
tive absorption based frequency modulation (FM) spectipgcthe detection of HCO behind shock
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waves became feasibfeln combination with efficient HCO generation by UV photolysif suitable
precursor molecules such as formaldehyde {OHor glyoxal ((CHO})), the uncertainty range of
several important HCO reaction rate constants, e.g. H + HETD + M, and HCO + @, could be
considerably narroweé:* Moreover, sensitive absorption measurements of OH,@tind (CHO)
behind shock waves were performed in order to characteegeral HCO forming reactions, e.g.
H + CH,O,° H + (CHO),* CH,O + M,38 CH,0 + 0,,% and OH + CHO.’ As a result of these
studies, consistent mechanisms were developed that alleviooquantitatively model formaldehyde
pyrolysis/photolysid and glyoxal photolysié behind shock waves.

The quantitative modelling of NOformation and control in combustion processes is a longektg
challenge for combustion research. Several well-knowr, ¥fdmation pathways have been estab-
lished®-13that enable reliable predictions of N@evels over a wide range of experimental tempera-
tures and pressures. The rate constants of the title reactio

HCO + NO — HNO + CO Q)
HCO + NOs — products, (2

which are especially important in the post flame regibhave to be known in order to model the over-
all NO,, production. Until now, direct measurements of the rate tons are limited to temperatures
T < 623 K for reaction (1) and” < 713 K for reaction (2)t>16

According to theoretical studies, which will be discussedniore detail in this paper below, the rate
constants of both reactions are expected to be more or legsetature independent up to temper-
atures of’” = 1000 K, but the proposed mechanisms are quite different. txal.¥ treated the
overall rate of reaction (1) as a competition of a quasiadiebstraction channel and a pressure de-
pendent association-fragmentation mechanism. Both gathwield the products HNO + CO. They
concluded that even at room temperature the reaction isrdded by the abstraction process that pro-
ceeds through a loose hydrogen-bonding molecular compiexonly 12 kJ/mol binding energy and
a very small decomposition barrier (8 kd/mol). In contrastgaction (1)ab initio/RRKM computa-
tions of Guo et al® showed that a temperature independent overall rate carfstareaction (2) is
consistent with an association-fragmentation mechanidribiting several feasible product channels
with strongly temperature dependent channel branchirigstatA possible contribution of a direct
abstraction pathway with the products HONO + CO, which sth@ain importance at increasingly
high temperatures, was not addressed. Experimental higbeteture rate data for both reactions are
needed to improve the reliability of rate constant extrafiohs to combustion relevant temperatures.
Furthermore, these data can serve as a critical test of dwetical predictions, i.e.i)(a dominant
abstraction channel in case of reaction (1) aihd& negligible contribution of a direct abstraction
channel even at high temperatures in case of reaction (2).

In this work, the 193 nm laser photolysis of glyoxal was usedia efficient high temperature HCO
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source. The observed HCO concentration-time profiles weseribed by a comprehensive mecha-
nism based on a our previous study on glyoxal photol§sssibsequently, the high temperature and,
for the purpose of a consistency check with previous low tnapire studies, also the room temper-
ature rate constants of the title reactions have been nmeghfyra perturbation approach. Observed
differences between HCO profiles measured with and with@tN\D, added to the reaction mixtures
could be attributed almost exclusively to reaction (1) asattion (2), respectively.

7.2 Experimental section
7.2.1 Shock tube and slow flow reactor

High temperature experiments were carried out in an elguitished stainless steel shock tub¥,
The 4.4 m long test section with an inner diameter of 81 mmabel evacuated by a combination of
a turbomolecular drag pump and an oil free diaphragm pummdovpressures gf ~ 10~7 mbar.
The shock tube was pressure driven with hydrogen or hydfogeygen mixtures as driver gases
using 30um thick aluminium diaphragms. Experimental temperaturesgure and density behind
the reflected shock waves were obtained from the initial timmd of the test gas and the shock
wave velocity. The shock wave velocity was measured by acfastt unit wired to four fast piezo-
electric sensors (PCB Piezotronics M113A21) mounted flaghd tube wall at distances of 400 mm
each. Typically, a slight damping of the shock wave-of.5% per meter was registered. In order to
monitor the experimental pressure profiles, at a distand®ahm from the end plate, a fifth piezo
sensor (Kistler type 603B) was installed together with tywtiaal ports. Shock wave parameters were
calculated from a 1-dimensional, frozen chemistry codatakto account real gas effects. A small
independent correction has been applied to allow for bayniger effects 222! Typically, these
corrections yielded 1% higher temperatures and 2% highesspres compared to the ideal shock
tube code.

Experiments afl’ = 295 K were performed in a slow flow reactor of 45 cm lengthTwo quartz
windows mounted at Brewster's angle at both ends of the fldixsseeved as entrance and exit ports
for the detection and photolysis laser beams.

An ArF excimer laser (Radiant Dyes Exc 200 or Lambda Physiln@ex 102) was used for the UV
photolysis of the reaction mixtures at a wavelength\of 193 nm. The excimer and the dye laser
beams were combined and divided by the use of two dichroimnsiin front of and behind the shock
tube (side-on photolysis) or flow cell. In the shock tube expents, the photolysis laser beam was
slightly focussed by a lens to compensate for intensity lgsabsorption of glyoxal. In this way, a
uniform radical yield across the shock tube was achiévbtbreover, the diameter of the photolysis
laser (8 mm) was set much larger than the diameter of theta®idaser (1.5 mm) in order to ensure
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negligible radial diffusion effects.

7.2.2 Gas mixtures

Gas mixtures were prepared using a gas mixing system cimigsidta 24 liter stainless steel tank for
the storage of glyoxal/argon mixtures, a 5 liter glass flasktie storage and purification of NO and
NO,, and a 20 liter glass flask for the storage of NO/argon ang/&if@on mixtures. The whole system
could be evacuated by a combination of turbomolecular dnaglé&aphragm pump to pressures as low
asp ~ 1079 mbar. Gas mixtures of typically 1-2% glyoxal in argon and 1-2% NGO in argon were
prepared by the partial pressure method and were used \Bitldrys after preparation. No noticeable
change in the experimental HCO signals was discernible initteasing reaction mixture age. A flow
system with calibrated mass flow controllers was used togoecthe final test gas mixtures, which
were slowly pumped through the shock tube for 2 minutes toiete any wall adsorption effects.

Gases and chemicals used were Ar (99.999%)HM (99.99%, as driver gas), NO (99.95%), and
NO, (99.95%). Both NO and N®were purified before mixture preparation by repeated foadti
distillation and several freeze-pump-thaw cycles. Forantjtative preparation of N{Ogas mixtures,
the N,O4/NO, equilibrium was taken into account. At high temperatureth & lifetimer < 1 ns at

T = 1000 K andp = 1 bar?® an instantaneous thermal decomposition 80N — 2 NO, could be
assumed.

Glyoxal was prepared by dehydration of the trimer dihydraté\ mixture of 15 g (1 eq.)
((CHO))3-2H,0, 30 g (3 eq.) of phosphoric anhydrate @) and some silica sand was slowly heated
up under vacuum to a temperature of 165 Gaseous products were passed through an ice water
cooled trap to remove impurities. The product was obtaisegedow crystals in a dry ice/isopropanol
cooled trap and was stored at liquid nitrogen temperatuceinipurities of HO or CO, could be de-
tected by means of FTIR spectroscopy.

7.2.3 Quantitative detection of HCO radicals

HCO was detected by means of frequency modulation (FM) spemzipy. A detailed description

of the FM setup can be found elsewhéreBriefly, the wavelength of a Nd:YV@solid-state laser
(Coherent Verdi-V10) pumpedw ring-dye laser (Coherent 899-21) was measured by a wavemete
(MetroLux WL200) with an absolute accuracy of 200 MHz. Theelalight was modulated at a
frequency of 1.0 GHz using a resonant electro-optic modul@tew Focus 4421). The frequency
spectrum of the modulated laser light was monitored by arsongretalon and the modulation depth
was set to a modulation inde = 1.6. The slightly focussed laser beam passed through ttek sho
tube, was coupled into an optical fibre and was detected whtistasilicon photodiode (Hamamatsu
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S5973-2). The FM signal was demodulated using a double tedafrequency mixer. A voltage
controlled phase shifter (Lorch) was used in combinatioti &itwo polarizer setup to set the phase
angle of demodulation to zero, resulting in purely absorptnduced signal. Finally, the signal was
low-pass filtered resulting in an electronic time response:a100 ns and was stored in a digital
oscilloscope (LeCroy WaveSurfer 454, 500 MHz, 8 bit).

The demodulated FM signalgy, is proportional to the concentratianof the absorbing species
according t6%*

I
IFMZEOXAfXO'ClXG
Here, I is the total light intensityg the narrow-bandwidth absorption cross sectiahe absorption
path length and~ the electronic gain of the FM spectrometer. Wheréds the FM factor, was
calculated from linewidth data, the gain factéwas determined experimentatfly.

The HCO radicals were detected at a wavelength\o= 614.752 nm, corresponding to the
overlapping Q(6)P(1) line of th&2A”(0,9°,0) «+ X2A’(0,0',0) transition. Absolute concentra-
tions were calculated based on the accurate line shape ddtdifferential absorption cross sec-
tions determined previously for the Q(9)P(2) line Jat= 614.872 nm.? Allowance was made
for a small pressure broadening effect according to an asduymessure broadening coefficient
Ay, = 2.0 x (T/298 K)~%7 GHz/bar. Recently, Flad et & based on sensitive cavity ringdown
spectroscopic detection and photochemical calibratiod®@O, found agreement withig:2% with

our room temperature cross section. In the light of this Bswceagreement, the uncertainty of the
calculated HCO concentrations including errors of temjpeeadependent absorption cross section,
the FM factor, and the gain factor can be estimated tet Be%.

For all numerical simulations the Chemkin-Il pack&®evas used. Where applicable, rate constants
for reverse reactions were calculated automatically orbtss of thermodynamic data taken from
Konnov,2’ except for glyoxal® Starting with the experimental conditions calculated friv shock
tube code, simulations were performed under the constofiatconstant volume such that the ex-
perimental pressure and temperature were allowed to ligidrease over the reaction time up to
1%. For sensitivity analysis the sensitivity coefficiertt, j) of the i-th reaction of specieg was
normalized with respect to the maximum concentration of{iecies; over the time history.

7.3 Glyoxal photolysis

The photolysis of glyoxal was used as an efficient high teatpee HCO source. Based on the
absorption cross sectidf, o193nm = 4.8 x 10719 cm?/molecule, about 2 % of the glyoxal were
photodissociated in a typical shock tube experiment. THevwiting photodissociation pathways of
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glyoxal are thermodynamically accessible:

(CHO)2 +hvr  — CH20+CO A Hjg = —14kJ/mol
— Hy+2CO A HSye = —9 kJ/mol
— 2HCO ArHSys = 299 kd/mol
— HCO+H+ COAHSyg = 363 kJ/mol
— 2H+2CO A HSyg = 427 kd/mol

According to Zhu et al?® the HCO quantum yield i = (0.4240.21). Next to other stable species, H
atoms are also generated in high yields. InitialJ{HCO], ratios were taken from a preceding study
of Colberg and Friedrichs (Fig. 3 in R&J. They found that the initial ratio increases with increasi
total density. Typically, under the experimental condiidoehind shock waves, [HH[HCO];, ~ 2.9.

Through the reaction sequence
(CHO); + H — (CHO)CO + Hy — Hy + CO + HCO (3)

additional HCO is formed from the H atom abstraction rearctigth excess glyoxal. Even at room
temperature, (CHO)CO decomposes within the time resoluifahe experimerif and reaction (3’)
can be rewritten as

(CHO), + H — H, + CO + HCO 3)

At high temperatures, with a lifetime of~ 4 us (I' = 1000 K, p = 1 bar), HCO radicals also rapidly
decompose forming H atoms,

HCO+M — H+CO + M, 4)

which will subsequently lead to a regeneration of HCO rddigé@ reaction (3). It is this HCO re-
generation chain mechanism with reactions (3) and (4) aprthigagation steps that steadily converts
glyoxal into HCO radicals and makes HCO detection behinctlsiicaves feasible in the first place.
Based on room temperature and high temperature mecharggogad in Ref and as they are in-
cluded in Tables 1 and 2, experimentally observed HCO psofide be quantitatively modelled. Note
that the room temperature mechanism also takes into acttmiohemistry of initially formed excited
HCO* radicals?* e.g. the fast relaxation process

HCO* + M — HCO + M. (5)

At high temperatures and using Ar as bath gas, this relaxatiocess can be assumed to be complete
within less than Jus and HCO* chemistry can be neglect&dAlso at high temperatures, next to the
reaction shown in Table 2, the GRI-Mech 3.0 mecharfswas used as a detailed base mechanism in
order to identify important additional reactions.
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7.4 The reaction HCO + NO

7.4.1 Room temperature measurements

HCO concentration-time profiles were recorded following 193 nm photolysis of mixtures of 0.54%
glyoxal in argon at a total pressure = 51 mbar. Due to the small absorption cross section of NO
(ono < 1x 10722 cm?/molecule)33 NO photolysis is negligible. NO mole fractions were 533,305
and 2128 ppm. The total gas flow was chosen such that the gameah the flow cell was replaced
every 6 photolysis laser shots.

Fig. la illustrates three HCO concentration-time profilesasured with and without NO added to
the gas mixture. Without NO, the long term consumption of HE€Quite slow. The initial increase
of the HCO signal following the photolysis is due to collisimduced relaxation of vibrationally
excited HCO*, which is transparent at the detection wayglerused. The effect of added NO is
clearly visible. Lower maximum HCO concentrations and Higantly shorter overall lifetimes are
observed. The solid curves in Fig. 1la correspond to numegigailations based on the mechanism
outlined in Table 1. By fitting the onset, the initial increasnd the maxima of the observed HCO
profiles, an average HCO* relaxation rate constant= 1.6 x 10! cm®mol~'s~! and an average
initial ratio of [HCO*](/[HCO], = 2.3 was obtained. The rate constant of reaction (1) wasl fitte
order to reproduce the decay of the HCO profiles.

The sensitivity analysis for the 533 ppm NO experiment showiig. 1b reveals the influence of the
most sensitive reactions on the simulated HCO concentréitioe profile. Reaction (5), the HCO*
relaxation process, dominates during the first fesvy However, the key reaction for the HCO radical
decay is reaction (1). Moreover, since the rate constarttsrten for other HCO removal reactions
nicely reproduces the observed HCO decay for the experimigndut NO, the differences between
the profiles measured with and without NO can be almost eixellysattributed to reaction (1). As an
average of five measurements with three different NO conatimns,k; = 8.1 x 10'2 cm®mol ~'s—!
was obtained. At high NO concentrations, however, the sitiaris withk; chosen such that the
calculated profiles fitted the observed HCO decays at shactiom times deviate from the experi-
mental profiles at long reaction times (see 1058 ppm expetiimd-ig.1, solid curve). This deviation
is probably due to a further unidentified HCO producing neachot included in the mechanism
or to an interfering absorbing product species. Note thaitarpial reaction sequence according to
HNO + (CHO)2 — HyNO + (CHO)CO — HoNO + HCO + CO is endothermic byA, HSys ~

95 kJ/mol and thus cannot play a significant role. In contidis to the very rictA'A” — XA’ ab-
sorption band system, weak HNO absorption might have itedf (asymmetry splittefiQ,(6) line

of the 003 — 000 3 — 2 subband ah = 614.757 nm).34-36 Therefore, in another analysis, allowance
was made for a time-dependent HNO background absorptioe. cblresponding simulations (see
1058 ppm experiment in Fig. 1, dashed curve) gave a bettendiyperfect agreement for the high
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Figure 1: Room temperature determination of the rate cohstareaction (1), HCO + NO. (a) 32
times averaged HCO concentration-time profiles and cooreding numerical simulations
(solid curves) for experiments at= 295 K,p = 51 mbar, an initial glyoxal mole fraction of
0.54%, and different amounts of NO added. The dashed curvespmnds to a simulation
taking into account a possibly interfering background ahéon (see text). (b) Sensitivity
analysis for the 533 ppm NO experiment.
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Table 1: Room temperature mechanism. Units are cm, mol,.and s

no. reaction k ref.
a) glyoxal photolysis mechanism:

(5 HCO*+M  —HCO+M 1.6 x 10! L
(3) H+(CHO) =Hy,+HCO+CO 3.6x10" 37
(8 HCO+H =Hy +CO 1.1x 10" 273
(9 HCO+HCO = CH,0+CO 2.7 x 103 3,38
(10) H+ CHy0 = Hy + HCO 2.4 x 1019 39
b) additional NO/HNO reactions:

(12 HCO+NO = HNO+CO 8.1 x 102 L
(11) H+NO+M =HNO+M 1.4 x10% 40
(12) H+HNO =H, +NO 3.4 x 102 40
(13 HCO+HNO — HNOH+CO 1.9 x 10'2 s
c¢) additional NQ/OH reactions:

(2> HCO+NO, = products 3.1 x 1013 1
(2a) =H+CO,+NO ¢ =0.35 L
(2b) = HNO + CO, ¢ =0.00 1
(2¢) = HONO + CO ¢ =0.25 L
(2d) = OH+NO+CO ¢ =0.40 L
(6) H+ NO, = OH+NO 8.4 x 103 40
(7) OH+(CHO) =H,0+HCO+CO 6.4x102 42
(14a) OH+NQ = HNO; 6.8 x 10!t 43
(15 OH+HCO =H,0+CO 1.1 x 10" 44
Lthis work.

2 reactions of the vibrationally excited HCO* were taken iataount
in an approximate manner by assuming the same rate constfort a
the thermally equilibrated HCO.

3 estimated based on Ref. 41

4 measured gt = 39 mbar.

concentration experiments and resulteecih0 % higherk; values.

Throughout this paper, for a final error assessment, nextadt standard error of the mean and
the fit inaccuracies, also systematic errors arising froecettainties of the calculated absolute HCO
concentration £20%) and the assumed [W[HCO], ratio (+25% at room temperature;:17% at
high temperatures) were taken into account. The total ,ewbich was derived from simulations
with a combined variation of the error sources, can be takemr@asonable estimate of the absolute
uncertainty ofky,

k1(295 K) = 8.1720 x 10" cm®mol 's ™.

Experimental data and conditions are listed in the EleatrSapplementary Information.
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Figure 2: High temperature HCO profile following the shoclativey and photolysis of a mixture
containing 0.97% glyoxal and 0.46% NO in argonat= 1272 K,p = 1.43 bar. Thick
solid curves correspond to numerical simulations takirig account glyoxal pyrolysis and
photolysis.

7.4.2 High temperature measurements

Shock tube experiments were carried out at temperaturegebnt769 K< T < 1307 K and
pressures of 851 mbat p < 1307 mbar using initial test gas mixtures containing 0.284
glyoxal and 1230 - 6150 ppm NO in argon. The photolysis wasabed 15us after the arrival of
the reflected shock waves. For experiments at temper&afured 050 K, the thermal decomposition
of glyoxal could not be neglected. Therefore, numericaluations were carried out beforehand to
take the pyrolysis of glyoxal into account. In contrast teypous literature report&; the thermal
decomposition of glyoxal generates HCO radicals in highdgie A detailed study of the thermal
glyoxal decomposition is currently underway and will be lishied elsewheré®

Fig. 2 shows an experimental HCO profile obtained at a tenyeraf7” = 1272 K. The arrival of the
reflected shock wave is indicated by a strong schlieren kigtawed by the onset of HCO formation
due to glyoxal pyrolysis. The UV photolysis initiates a giastantaneous formation of HCO, which
is superimposed on the thermal HCO background. The comgilgtal can be reproduced by taking
into account glyoxal pyrolysis and photolysis (solid c@vedn the experiment shown in Fig. 2, 18%
of the glyoxal had been thermally decomposed prior to pletsl
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An experimental HCO profile obtained at a temperaturé@’ et 1013 K is shown in Fig. 3 together
with a numerical simulation and sensitivity analysis, whis based on the reaction mechanism out-
lined in Table 2. In contrast to the experiment shown in Fign@ thermal HCO background is
discernible. Moreover, no indication was found for an ifgdgng HNO background absorption. With
a lifetime of~ 3 us, the HCO decay is very fast, but still can be resolved. Tteegenstank; was fit-
ted as adjustable parameter. Again, the initial)[HHCO], ratio was taken from the paper of Colberg
and Friedrichs: As becomes clear from the sensitivity analysis (Fig. 3, ittitial increase of the
HCO profile at very short reaction times is due to the fast from of additional HCO by reaction (3),
H + (CHO),. The rate of reaction (1) is the most sensitive reaction rrgdo reaction times and its
importance is further emphasized by a direct comparisohefkperiment with a simulation of the
unperturbed system. The curve in Fig. 3a corresponding itn@ation with the mole fraction of NO
set to zero strongly differs from the experimental data \W®.

An Arrhenius plot of the determined 35 values (dots) is shown in Fig. 4. Experimental data and
conditions are listed in the Electronic Supplementary dmfation. In the temperature range inves-
tigated, the rate constant is almost temperature indepénde simple linear fit of the data yields
ki = 1.3 x 10" exp (=5.0 kJ mol~'/RT) cm®mol~'s~!. However, with a probability value of

p = 0.03 for the linear fit, it is clear that the small temperature dejgmnce of:; is barely significant.
Moreover, keeping in mind that the values at high tempeeatare affected by the thermal decom-
position of glyoxal and are less accurate, the data are eptesented by a temperature independent
average (solid line with error bars in Fig. 4). The logaritbmmean value of all measurements is

ki = (7.1 42.7) x 10*2cm3mol s L.

The stated total error, next to tBe standard error of the mean, also includes several sysierratirs
and was derived from simulations with a combined variatibalberror sources (see discussion of
errors in Section 7.4.1).

7.4.3 Discussion

The determined room temperature and high temperature osattants of reaction (1) are compared
with theoretical predictions of Xu et &f. and experimental literature data in Fig. 4. Measurements
at room temperature were reported by Ninomiya et'glcavity ringdown spectroscopy), Langford
and Moore? (laser absorption spectroscopy), Sarkisov et*glintra-cavity laser absorption spec-
troscopy), Reilly et aP* (intra-cavity laser absorption spectroscopy), and Stleiyal>°® (absorption
spectroscopy with Ar-discharge lamp). Recently, DeSaial.ét published temperature dependent
results for temperatures between 19&K7" < 623 K obtained byw laser-induced fluorescence ex-
periments using a slow flow reactor setup. The only other &atpre dependent study was performed
by Veyret and Lesclaux® They determined the rate constant at temperatures of 298K < 503 K
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Figure 3: High temperature determination of the rate consiireaction (1), HCO + NO. (a) HCO
concentration-time profile and corresponding numericalutations for an experiment at
T = 1013 K,p = 1.44 bar, 1.03% glyoxal, and 0.51% NO. (b) Sensitivity asaly
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Table 2: High temperature

reaction mechanism.

Rate casstame given ask; =
AT" exp(—E,/RT) (units are cm, mol, K, s and kJ). Additionally, the GRI Meclo3.
mechanism has been used as a base mechanism in order tceipdtehtial secondary

chemistry.
no. reaction A n E, ref.
a) glyoxal mechanism:
(3) H+ (CHO); = Hy + HCO 5.4 x 1013 18 37
(4) HCO+M =H+CO+M 4.0 x 1013 65 2
(8) HCO +H = Hy + CO 1.1 x 10* 3
(99 HCO+HCO = CH0+CO 2.7 x 1013 3,38
(10) H+CH0 = Hy + HCO + CO 5.7 x 107 1.9 115 5,39
b) additional NO/HNO reactions:
(1) HCO+NO =HNO+CO 7.1 x 1012 L
(11) H+NO+M =HNO+M 9.0 x 10" —1.32 3.08 40
(12) H+HNO = NO + H, 1.8 x 10%3 415 40
(13a) HCO 4+ HNO — HNOH + OH 6.0 x 101! s
(13b) — CH,0 +NO 58x 107! 3.84 048 41
(13c) — HaNO + CO 49 x 100 327 734 41
(16) NO + HNO = N0 + OH 8.5 x 1012 124 47
(17) NO+H =O0OH+N 1.7 x 1014 204 40
c¢) additional NQ/OH reactions:
2) HCO + NG, = products 3.3 x 1013 L
(2a) =H+CO, +NO ¢ =0.70 1
(2b) = HNO + CO, ¢ = 0.00 L
(2c) = HONO + CO ¢ =0.15 1
(2d) = OH +NO + CO ¢ =0.15 L
(6) H+NO, = OH +NO 1.3 x 101 1.5 48
(7) OH+ (CHO) =H,O+HCO+CO 1.1x10" L
(14b) OH + NG = HO, + NO 1.8 x 1013 27.9 49
(15) OH+HCO = H,O+CO 1.1 x 1014 44
(18) HONO+M = OH+NO +M 3.0x10%% —38 211 40
(19) NO;+(CHO) =HONO+HCO+CO 80x10> 277 575 4

1 this work
3 estimated based on Ref. 41
4 set equal to rate constant of reaction NOCH,O given in Ref. 50
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using a flash photolysis-laser resonance absorption wgahniThe present work, however, presents
the first measurements bf at combustion relevant temperatures of about 1000 K.

Overall, the room temperature rate constant determinelisrviork is in excellent agreement with
literature data. Therefore it can be concluded that the urea®ent strategy (perturbation approach)
and also the mechanism used are suitable for an accurateora@ant determination.

Both the weak negative temperature dependence reportkd literature for the intermediate temper-
ature range and the absolute high temperature rate comgtarmined in this work are well repro-
duced by the theoretical predictions of Xu et al. At first glanthe overall small temperature depen-
dence oft; seems to be consistent with a simple capture rate controdieglex-forming mechanism.
However, as has been concluded from RRKM calculations byté@l¥ and earlier by Kulkarni and
Koga,°’ this is not the case. Fig. 5 illustrates a simplified sketcthefsinglet state potential energy
surface (PES) as calculated by Xu et al. using Gaussiane2yth&or a more complete scheme we
refer to the original literaturé’ The association-fragmentation pathway to the products HNGD
via the energetically favoured association complex ON-QHEIL in Fig. 5) exhibits a pronounced
exit barrier of 28 kJ/mol (relative to the reactants, TS1hisTbarrier causes the forward dissocia-
tion rate constant to be much lower (dash-dotted curve in#ignd its temperature dependence to
be inconsistent with the experimental measurements?” At 1000 K andp = 1 bar the predicted
association-elimination rate constant is three orders agnitude smaller than the experimental re-
sults. Kulkarni and Koga discussed an alternative direstrabtion process with a downhill path
(indicated by the dashed line in Fig. 5) and, based on a edlonl using simple transition state the-
ory, concluded that this channel also cannot contributeifsé@gntly to the total reaction rate. Xu et
al. came to a different conclusion, which is further illaséd in Fig. 5. Here, the abstraction channel
was found to exhibit a local minimum structure ON-HCO (LMB)Iéwed by a small barrier that is
lower than the reactant energy (TS2). A variational tréamsistate treatment showed that this channel
is nearly temperature independent up to temperatur&s-6f1000 K (dashed curve in Fig. 4) and is
the dominating pathway. According to their calculationgereat room temperature this quasi-direct
abstraction channel contributes 7026 1 bar) or> 99% (1 mbar) to the total rate constant.

The total rate of Xu et al. (long solid curve in Fig.g= 1 bar) and our room and high temperature
data match. Therefore, in particular when keeping in mieddttedicted strongly negative temperature
dependence for the association-elimination pathway, ata dlearly support the high temperature
dominance of a direct abstraction pathway.
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Figure 4. Comparison of the determined room and high tenwperaate constants of reaction (1),
HCO + NO, with literature data. Solid line marked with errarg,e: this work. (\) DeSain
et al®, (+) Ninomiya et al®?, (0) Langford and Moore?, (x) Sarkisov et aP3, (o) Veyret
and Lesclau®®, (O) Reilly et al>*, () Shibuya et aP® Solid curve: total rate constant,
dashed curve: direct abstraction channel, and dash-dotee: association-elimination
channel p = 1 bar) as calculated by Xu et &.(RRKM/VTST, see text).

7.5 The reaction HCO + NO »

Since the early papers of Morrison and Heickfit has been long recognised that several product
channels contribute to the overall reaction (2), HCO +,N® products, namef-18.50,60-62

HCO + NO3 — HCO4 + NO — H 4+ CO5 + NO (2a)
— HNO + COq (2b)
— HONO + CO (2c)
—+ OH + CO 4+ NO (2d)

Due to several energetically low-lying exit barriers of tindtially formed association-complexes
(Fig. 6), the direct recombination productsKBCHO and ONO-CHO can play a role only in the
high pressure regime, which can be assumed to be well abdvieminpressures.
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HCO + NO ON-HCO

0 LM 2
12

HNO + CO
-149

Figure 5: Schematic potential energy diagram of reactidmgicalculated by Xu et &f (solid lines,
G2 method, see text). LM: local minimum, TS: transition stddashed line: direct abstrac-
tion channel as discussed by Kulkarni ePal.

Within this section, measurements of the rate congtaat room temperature and up to temperatures
of T = 1183 K will be presented. It turned out that the determineeral/ rate constants depend on
the assumed product branching ratio which is still uncertai

7.5.1 Product branching ratios

Available data on the product branching ratios of react®nafe summarised in Table 3. Note that
the products of channel (2d) are generated from the decatiguosf vibrationally excited HONO*
formed in reaction (2c¢) according to

HCO + NO3; — HONO* + CO — OH + CO + NO (2d")

Hence, channels (2c) and (2d) are not separate channelsarehver, the relative branching fractions
can be assumed to be pressure dependent due to more or leismedllisional stabilisation of the
primary HONO* product. From measured vibrational disttibns of CG, and CO " =298 K, p =

1 mbar) Butkovskaya and Set§&concluded that both the HONO channel and the OH + NO channel
contribute to the overall rate.
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Table 3: Branching ratiokay / k2 tota1 (iN %) of reaction (2), HCO + N@

ref., method T/K p/mbar 2a 2a+2b 2b 2b+2c 2c  2c+2d 2d
Meyer&Temps® FTIR spectroscopy 295 570 34+ 10 28 + 10 66 £ 10
Rim&Hershbergef! IR laser absorption 298 2 3745 <10 6345
Butkovskaya&Setse® IR emission 298 1 39 0 >0 61 >0
Guo et al.X® IR/VIS laser absorption 296 <960 524+ 14 < 10 48 + 14

based on Guo et a8 calculated 296 ¢ 47 10 43

based on Guo et at8 calculated 1000 G 72 12 17

He et al.’2 FTIR spectroscopy 425 64 34 66

Lin et al.,>% IR laser absorption 1000 550 88 12

this work}! VIS laser absorption 295 50 35 25 40

this work?! VIS laser absorption 1000 1250 70 15 15

ON + ODH PUE ON + ODH SUOIYEaY dU} JO SONdUIN L
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X

HCO+NO, _

HCO, + NO OH +NO
+CO (2d)

g H+ CO,
) +NO (2a)
= -100
M
-
T
< O N-CHO
2 HNO, + CO
\| HONO
-200 — ONO-CHO +CO0 (20)

HNO + CO, (2b)

Figure 6: Schematic energy diagram of reaction (2) as catiedlby Guo et at (solid lines, BAC-
MP4 method). LM: local minimum. Dashed line: direct abdi@t channel (estimated
transition state barrier), dotted line: LM1-LM2 intercension barrier (estimated based on
MP2/6-31G(d), see Electronic Supplementary Information)

In addition to the experimental data, also theoreticallyvae branching ratios are given in Table 3.
Guo at al. modelled the overall reaction rate constant aadrtiividual product rate constants by
using a variational RRKM approach based on structures ardjies obtained by the BAC-MP4
method. Fig. 6 illustrates the calculated reaction eneragrdm. Two different collisional complexes,
Oy;N-CHO (LM1 in Fig. 6) and ONO-CHO (LM2), and several rearranmgent and fragmentation
pathways are feasible. LM1 and LM2 are connected by an eneagyer that is lower than the
reactant energy and enables an interconversion of botttstes. As a first approximation, due to the
very constrainedight interconversion barrier (3 membered ring structure), #te of interconversion
can be assumed to be negligible compared to the rate of oedgition and forward reaction to HONO
+ CO. Whereas HONO can be formed from both intermediatesptbéucts H + CQ + NO and
HNO + CGO, can be formed from LM1 only. Besides the association-fragateon pathways, also
a direct abstraction pathway exhibiting a small transititate barrier is feasible giving rise to the
products HONO + CO. This abstraction pathway was not consitlie the rate calculations, however,
it might become important at high temperatures. Guo et akcifipd temperature dependent rate
constants for the capture rate, the redissociation, anfbtisard fragmentation processes (Table 1
in Ref.18). In these calculations, the two collisional complexes LEHd LM2 were assumed to
react independently. Making the additional assumption ta#h collisional complexes are formed
with equal probability, the data of Guo et al. can be used timese the overall branching ratios of
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reaction (2) as given in Table 3. Within the framework of thialysis, HONO is exclusively formed
by elimination from the collision complex LM1, whereas tmagmentation of LM2 mainly yields H
+ CO; + NO. In the latter case, the preferential formation of therimediate HCQ (— H + CO5»)
instead of the thermodynamically more stable products HNOGy can be readily understood in
terms of thdoosestructure of the HC@forming transition state (simple bond fission vs. elimioati
pathway). For the same reason, the formation of HONO + CO ak@®4+ CO from LM2 does
not play a role. A comparison of the predicted branchingogatitT = 296 K and 7" = 1000 K
reveals that with increasing temperature the importanaeadtion channel (2a) increases (47%
72%), that of channel (2c+2d) strongly decreases (43%7%), and that of channel (2b) remains
almost unchanged (10%> 12%). Here, the overall temperature dependence can bdyldargeed
back to the fate of LM1. Due to the energetically high lyitight transition state barrier of the
HONO forming channel (2c), the temperature dependenceeocf bl pathway is dominated by the
collisional complex forming step. At high temperaturesa@ér fraction of LM1 dissociates back to
the reactants such that less HONO is formed. In contrastiadiine lower exit barriers and fast HGO
formation, the LM2 pathways are less temperature depersdehtthat channel (2a) gains importance
for the overall reaction at high temperatures. For a morailéet discussion of this complicated
interplay of the different reaction channels we refer todhiginal work of Guo et af® Note that a
more sophisticated treatment of the reaction system shmulshsed on a higher level calculation of
the potential energy surface and should properly inclu@driterconversion of LM1 and LM2. For
the purpose of this paper, however, the presented level mbajmation was found to be in good
accordance with experimental findings.

Although the reported branching ratios seem to differ, alvemd within the reported error limits a
consistent picture arises. Based on the studies of He dtimlet al., and Guo et al. an increasing
importance of channel (2a) with increasing temperature lmexpected. At temperatures around
T = 1000 K as used in this work, channel (2a) should account fpraimately 70% of the overall
reaction and the remaining 30% can be attributed to charipei2d). Due to the lack of consistent
information, 15% were attributed to the HONO channel (20) 46% to the OH + NO channel
(2d), respectively. As a starting point for our room tempa& modelling, based on the studies
of Meyer and Temp&? Rim and Hershbergét and Butkovskaya and Sets&rthe branching ratio
of channel (2a) was reduced to 35% such that the sum of claf2@l and (2d) contributed 65%.
As will be pointed out below, from the best fit of the experinamoom temperature data, a ratio
of 25% for channel (2c) and 40% for channel (2d) was obtairiEuese final values are consistent
with the branching ratios reported by Meyer and Terfpllote that a possible minor contribution of
channel (2b), which is presumabty 10%, was neglected in our analysis.
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7.5.2 Room temperature measurements

Experimental procedures were the same as for the NO measntemHCO profiles were recorded
following the photolysis of mixtures of 0.50% glyoxal and®25024 ppm NQ in Ar at a total pressure
of p = 50 mbar. Due to the high N{Cconcentrations used, a possible interference of Wtolysis
has to be considered:

NO;3 +hv = NO + O.

The absorption cross section of NQrg3,m = 2.9 x 10~ cm?/molecule®* is comparable to the
absorption cross section of glyoxal and approximately 008940, was photodissociated. Detailed
simulations taking into account the additional O atom andfdi@ation showed that the photolysis of
NO, did not have a significant effect on the simulated HCO profiles$thus could be neglected. Like-
wise, no indications were found for an interfering N&bsorption at the detection laser wavelength.
NO, shows little absorption at wavelengths around 615 G§u(snm = 3.2 x 10720 cm?/molecule)®®
however, due to the derivative-like nature of FM spectrpgca broad background absorption level
does not give rise to a signal.

Typical HCO concentration-time profiles measured witho@,Mnd with increasing N@concentra-
tion levels are shown in Fig. 7a. The thick solid curves apond to numerical simulations using the
mechanism outlined in Table 1. The simulations were fittethéoexperimental profiles by varying
the overall rate constari,. It turned out that the quality of the fit was dependent on tsumed
product branching ratios. Based on a branching ratio of 3&tHannel (2a) (see section 7.5.1), an
iterative fitting procedure yielded 25% for channel (2c) @086 for channel (2d). Detailed simula-
tions showed that changing any of these ratios (2a, 2c, doydply +5% gave a significantly worse
fit of the overall shape of the observed HCO transient.

At a first sight, the profiles in Fig. 7a are somewhat surpgisimce higher HCO peak concentrations
are obtained for test gas mixtures containingaN@s can be concluded from the sensitivity analysis
of the 508 ppm experiment shown in Fig. 7b, initially genedald atoms from glyoxal photolysis are
rapidly converted to OH radicals by the fast reaction

H+ NOy — OH + NO. (6)
Subsequently, OH radicals are scavenged by glyoxal yiglHiBO radicals,
OH + (CHO)y — (CHO)CO + HoO —HCO + CO + H,0. (7)

Thus, the comparatively slow HCO forming reaction (3), H -H@),, that governs the HCO yield
in case of pure glyoxal mixtures is replaced by the fastectima sequence (6) + (7). The used
mechanism, which relies on literature data for reactionsa(®l (6), nicely reproduces this rather
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Figure 7: Room temperature determination of the rate cohsffareaction (2), HCO + N@ (a) 32
times averaged HCO concentration-time profiles and coorefipg numerical simulations
for experiments ai’ = 295 K,p = 50 mbar, an initial glyoxal mole fraction of 0.50%, and
different amounts of N@added. (b) Sensitivity analysis for the 508 ppm N&xperiment.
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complex kinetic behaviour.

The observed long-term HCO decay is dominated by the rateawition (2c). Again, H atoms and
OH radicals generated in reactions (2a) and (2d) are quizkiyerted to HCO causing these reactions
to be less sensitive at long reaction times. In contrast, B@aE well as HNO) formed by reaction
(2¢) (or reaction (2b)) is quite unreactive and finally ree®WCO. In this regard, reaction channel
(2b), which was assumed to be negligible, is indistingw#héom reaction channel (2¢) and cannot
be ruled out.

The total rate constant has been determined to be
k2(298 K) = (3.1 + 1.2) x 10" em?® mol ™' s71.

The stated error, which includes tBe standard error of the mean of 6 measurements and several
systematic errors, was derived from simulations with a doedb variation of several error sources.
Next to the error sources outlined in Section 7.4.1, an eidit 5% error was included to allow

for uncertainties of the channel branching ratios. Expental data and conditions are listed in the
Electronic Supplementary Information.

7.5.3 High temperature measurements

Shock tube experiments were carried out at temperaturegebrt804 K< T < 1183 K and
pressures of 925 mbar p < 1437 mbar using initial test gas mixtures containing 0.484.glyoxal
and 1060-2440 ppm NOin argon. Fig. 8a illustrates an experiment performed atrgpgzature of
T = 804 K. As already discussed for the room temperature expetsnthe HCO regeneration is
controlled by the rate constant of reaction (7), which cdutdroughly determined from the initial
increase of the HCO concentration-time profiles. A tempeesindependent value of

kr ~ 1.1 x 10" ¢cm® mol ™' s7!

has been obtained in good agreement with an earlier estiimmateColberg and Friedrich$,k; =
1.3 x 1013 em®mol~1s™!, which was based on similar OH abstraction reactiohs.values were
determined by fitting the HCO decay based on the product hiagcatios discussed in section 7.5.1.
The pronounced influence of the addition of N@ evident from Fig. 8a. A simulation with the
NO. concentration set to zero strongly deviates from the bestifite. The sensitivity plot shown in
Fig. 8b reveals that the two reaction channels (2a) and (go)fisantly contribute to the simulated
HCO decay. Although the OH radical forming channel (2d) wé#aited the same branching ratio as
channel (2c), 15%, reaction (2d) is absent in the sensitpldt. OH radicals are rapidly reconverted to
HCO by reaction (7) such that the rate of reaction (2d) cooldoe determined from the experimental
HCO profiles.
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Figure 8: High temperature determination of the rate conisthreaction (2), HCO + N@ (a) HCO
concentration-time profile and corresponding numericalugations for an experiment at
T =804 K,p = 0.925 bar, 1.02% glyoxal, and 0.14% M{b) Sensitivity analysis.
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Figure 9: Comparison of the determined room and high tenwperaate constants of reaction (2),
HCO + NGO,, with literature data. Solid line marked with error bass, this work. ()
Timonen et alt®, (A) Guo et al8, (0) Ninomiya et al*!, (¢) He et al®?, (v) Lin et al.>®
Long solid and dashed curves: total rate conskardnd individual product rate constants
k2a (H + CO, + NO), ko1, (HNO + CO,), andkye 129 (HONO + CO, OH + NO + CO) as
calculated based on the theoretical data taken from Guo&(BRIRKM, see text).

The influence of the reactions (2a) and (2c) on the HCO praBlessmewhat decoupled. The rate of
reaction (2a) is most important during the initial decay velas reaction (2c) gains importance at later
reaction times. Thus, different overall shapes of the sited HCO profiles are obtained by changing
the ratio of the rate constants, andks.. A fine-tuning ofks, andk,. showed that the profiles are
best represented by an average ratidff/ko. = (5.6 + 1.3). This value is close to the initially
assumed ratio of 4.7 and thus supports the estimated brenchreaction (2).

An Arrhenius plot of the determined 18, values, ko = koy + koo + kog, IS Shown in Fig. 9
(dots)together with the resulting logarithmic mean vakaid line with error bars). Within the scatter
of the data, a temperature independent rate constant of

ky = (3.3 +£1.8) x 10" cm® mol ! 7!

was obtained. Again, next to the 3tandard error of the mean, the error estimate is based om-a co
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bined variation of several systematic error sources (8edti4.1) including the assumed branching
ratios for channels (2a) and (2c). Moreover-80% error was added to account for the uncertainty
of the branching ratio of the insensitive reaction chand).(

7.5.4 Discussion

Fig. 9 draws a comparison of the determined room and higheestyre rate constants of reaction (2)
with available literature data. The room temperature ratgstant is in very good agreement with
the available direct measuremelft$8->1and thus confirms the accuracy of the applied perturbation
approach. Moreover, the nearly perfect modelling of the H&&files as shown in Fig. 7 strongly
supports the assumed mechanism and channel branching odtieaction (2). To the best of our
knowledge, the only direct measurement of the temperateperntience of, was performed by Ti-
monen et al® at temperatures between 294<KT < 713 K (line marked with squares in Fig. 9).
HCO profiles were recorded by means of time-resolved masgrepgetry under pseudo-first order
conditions using N@ as the excess species. Within the scatter of their dataglatiglinegative tem-
perature dependence of the HCO disappearance rate coutthfiereed. The intermediate and high
temperature measurements performed by Lin and cowcik&tare based on pyrolysis experiments
of CH,O/NO, mixtures. The kinetic simulations of the reaction systemeness sensitive to the rate
of reaction (2), however, the reported rate constant foperatures between 1140K 7T < 1650 K

is in very good agreement with our high temperature resifsspite the scatter and the wide error
margin, our much more direct data can be considered to be melable.

Also shown in Fig 9 are theoretical estimates that are basea \@riational RRKM calculation of
Guo et al!® as already discussed in more detail in section 7.5.1. Thg $ofid curve represents
the calculated total rate constant, whereas the dashedscillustrate the temperature dependences
of the different product channels. Overall, in agreemerhwil available experimental data, the
predicted total rate constant is almost temperature intp#. Due to the predicted strongly negative
temperature dependence of the HONO (or OH + NO) forming cbla¢t+2d), channel (2a) with
the products H + NO + C@is the dominating channel at high temperatures. Whereasxaet
branching ratios could not be determined from our expertirthe inferred high temperature ratio of
kaa k2 = 5.6 is consistent with the theoretical estimate.

The average of our high temperature rate constant data iexdpyately 50% higher than the theoret-

ical value. However, within the error limits of the experimt@ data and by taking into account the
inaccuracies and the assumptions made for the theorettialate, the difference is not significant.

Based on our data and in very good agreement with the othectdinteasurements, we recommend
the use of a temperature independent rate constant of

ko = 3.2 X 10" cm®mol ~1s7!
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over the entire investigated temperature range of 295K < 1183 K.

Next to the purpose of the present study to provide reliabtgh emperature rate data for
reaction (2), also the question about a possible contdbutf a direct abstraction pathway,
NO; + HCO — HONO + CO, should be addressed. Such a pathway, due to a transitierbsiaier
(see Fig. 6), can be expected to exhibit a positive temperakependence and, at least at increasingly
high temperatures, should be able to compete with the confipiening mechanism. However, within
error limits, the experimentally observed temperatureeddpnce and also the absolute value of the
overall rate constant was found to be consistent with a cexafadrming mechanism alone. Therefore,
no evidence was found for such a direct abstraction pathway.

7.6 Conclusion

The rate constant of the reaction
HCO +NO — HNO + CO 1)

was determined for the first time at combustion relevant béghperatures of 769 K T < 1307 K.
Based on numerical simulations of HCO concentration-timudiles measured behind reflected shock
waves, a temperature independent rate constant of

k= (7.1 £2.7) x 10" cm®mol ~'s71.
was obtained. The determined room temperature rate canstan
k1= 8.1f%g x 10"2cm3mol ~'s 7t

was found to be in very good agreement with previous work amté verifies the applied perturbation
approach. The determined high temperature rate constppbsa the rate expression given by Xu
et all” and also the theoretical prediction that a quasi-directration pathway dominates the high
temperature reaction.

The rate constant of reaction (2),
HCO + NOg — products, (2)

could also be measured for the first time at temperatureseabd8 K. The room temperature rate
constant,
ko = (3.1+1.2) x 10" cm®mol s 1,

and the inferred branching ratios were found to be in goodexgent with previous work. At temper-
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atures between 804 K T < 1183 K, a temperature independent rate constant of
ky = (3.3 £1.8) x 10" cm®mol 's™?

was determined. A more detailed evaluation of the measu@@ profiles supports a ratie,, / ko ~

5.6. Moreover, the high temperature rate constant of reacipnd@H + (CHO}), could be roughly
determined to bé; ~ 1.1 x 10'3cm3mol~'s~!. Overall, in close agreement with the theoretical es-
timate, the measurements of the total rate condtamtdicate an essentially temperature independent
reaction rate. We recommend the uséof= 3.2 x 10!® cm®mol~'s~! over the entire investigated
temperature range of 295 K T' < 1183 K. In contrast to the reaction HCO + NO, no evidence for a
significant contribution of a high temperature direct adotion pathway was found.
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7.7 Supporting information

Table 1: Shock tube experiments for the determination ofdateconstant of reaction (1), HCO + NO.
Units are mbar, K, ppm, cm, mol, and s.

P T  x29((CHO)) 2¢(NO) x2(HCO) z(H) k1

1000 845 5275 1570 28 70 7.0 x 102
1031 859 5275 1570 68 197 5.0 x 10'2
1058 875 5375 1575 34 92 7.0 x 1012
1095 886 5275 1570 32 93 7.0 x 102
1799 1173 3685 1425 60 1939.0 x 102
910 806 5300 2705 58 165 6.0 x 102
1167 918 5300 2705 59 1736.5 x 10'2
1285 983 5300 2705 75 2235.0 x 1012
1480 1053 5300 2705 68 2056.0 x 1012
1805 1173 4595 2445 70 2011.3 x 1013
1015 854 4965 4990 42 121 7.0 x 1012
1135 906 4965 4990 40 117 7.0 x 10'2
1306 983 4965 4990 100 2984.0 x 1012
1547 1041 4965 4990 45 1377.0 x 1012
1505 1058 4965 4990 40 1205.0 x 1012
1351 1128 10315 4660 150 4416.0 x 10'2
1819 1179 4505 4880 90 2686.0 x 1012
1427 1274 8620 4385 180 5597.5 x 1012
1191 1274 8680 4400 160 4451.3 x 1013
900 793 10065 2925 105 2987.0 x 1012
1060 861 10065 2925 150 4379.0 x 10*2
1246 938 10560 3010 190 5646.5 x 10'2
1345 979 10065 2925 65 1947.5 x 1012
1917 1182 6385 2375 190 5959.0 x 10'2
852 769 10315 4930 83 2338.0 x 10'2
1110 883 10315 4930 80 2344.5 x 1012
1436 1013 10315 5085 155 4676.8 x 1012
1130 905 2525 1230 18 53 6.5 x 1012
1606 1078 10365 4570 160 4866.0 x 10'2
1755 1143 7840 4200 200 6017.0 x 10'2
1883 1208 4085 1420 90 2518.0 x 1012
1330 1220 9710 4550 180 5346.0 x 10'2
1350 1248 6360 6150 190 5687.0 x 10'2
1426 1272 8670 4420 220 6749.0 x 10'2
1242 1307 7980 4375 220 6711.2 x 10'3
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Table 2: Shock tube experiments for the determination ofrélbe constant of reaction (2), HCO +
NO,. Units are mbar, K, ppm, cm, mol, and s.

P T x9((CHOk) x9(NO;) =x(HCO) z(H) ko
917 809 5290 1068 40 114 2.5 x 1013
1141 908 5290 1060 58 1703.5 x 10'3
1227 952 5290 1060 43 127 3.0 x 10'3
1288 971 5295 1060 53 157 3.0 x 10'3
1297 1041 5010 1047 70 207 3.3 x 103
1414 1183 4760 900 90 2282.0 x 1013
937 819 4995 2440 35 38 3.0 x 103
1146 910 4995 2440 40 117 4.0 x 10'3
1399 1016 4995 2440 75 2253.0 x 1013
1437 1099 5995 2965 100 2634.2 x 103
1434 1186 5680 2715 120 2863.8 x 10'3
925 804 10220 1350 53 1513.0 x 10'3
999 836 10220 1350 50 144 3.0 x 10'3
1109 883 10220 1350 60 1763.0 x 103
1110 884 10220 1350 70 2055.0 x 103
1137 894 10220 1350 65 1914.0 x 1013
1247 940 10220 1350 48 1434.0 x 103
1266 948 10220 1350 110 3284.0 x 103
1251 1004 10435 1075 90 2652.5 x 10'3

179



08T

Table 3: Room temperature experiments for the determimatfdhe rate constant of reaction (1), HCO + NO. Units are ppm, mol, and s.
p = 51 mbar, T = 295 K.

No. zo((CHO)) zo(NO) z(HCO) xz(HCO*) x(H) k1

1 5376 0 4.8 11.2 33.6 -

2 5364 533 4.2 9.8 29.4 40 x 10'2)*
3 5335 1058 4.05 9.45 28.3 8.0 x 102
4 5305 2128 3.9 9.1 27.3 8.0 x 102
5 5305 2128 3.9 9.1 27.3 8.0 x 1012
6 5335 1058 3.81 8.89 26.7 8.0 x 1012
7 5364 533 3.9 9.1 27.3 8.5 x 102
8 5376 0 4.05 9.45 27.0 -

% This measurement, in particular with regard to the resudt sécond
measurement using the same mixture composition (No. 7)jdeasified
as an outlier and was excluded from averaging.

Table 4: Room temperature experiments for the determimatfdhe rate constant of reaction (2), HCO + NQJnits are ppm, cm, mol, and s.
p = 50 mbar, T = 295 K.

79((CHO)) xo(NO) 2z(HCO) =2(HCO*) x(H) k2a kac kaq ko

4989 0 1.58 3.68 12.65 - - - -

5020 259 1.86 4.34 13.641.23 x 1013 8.75 x 102 1.40 x 103 3.51 x 10'3
5058 508 1.62 3.78 11.889.60 x 102  8.75 x 102 1.10 x 103 2.75 x 1013
5041 1024 1.35 3.15 9.9 1.05 x 10®  7.50 x 10 1.20 x 10'® 3.00 x 10'3
5041 1024 1.35 3.15 9.9 1.05 x 103  7.50 x 1012 1.20 x 103 3.00 x 10'3
5058 508 1.28 2.98 9.35 9.45 x 10?2 6.75 x 102 1.08 x 10" 2.70 x 10'3
5020 259 1.35 3.15 9.9 1.26 x 10 9.00 x 102 1.44 x 103 3.60 x 1013

ON + ODH PUE ON + ODH SUOIYEaY dU} JO SONdUIN L
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Table 5: Evaluation of the channel branching ratig/k2. and the rate constant of reaction (7), OH + (CkHQ)nits are mbar, K, ppm, cm, mol,

and s.

P T  zo((CHO)) z9(NOy) z(HCO) z(H) k(2a) k(2c) k(7)
1287 971 5295 1060 53 157 2.5 x 1013 (0)* 1.0 x 107
1227 952 5290 1060 40 118 2.9 x 103 1.5 x 102 1.3 x 10'3
1141 908 5290 1060 58 170 4.0 x 10" 53 x 102 1.5 x 10"
917 809 5290 1068 46 131 1.8 x 10 2.0 x 102 9.0 x 102
1251 1004 10435 1075 90 265 2.5 x 1013 1.8 x 102 1.5 x 10"
1399 1016 4995 2440 72 216 2.5 x 101 4.5 x 102 1.2 x 1013
1146 910 4995 2440 43 126 4.0 x 10" 8.0 x 102 1.6 x 103
937 819 4995 2440 35 38 1.8x 10" (4.5 x 10! 8.0 x 102
1266 948 10220 1350 110 3283.0x 10  6.0x 102 1.5x 10"
1248 940 10220 1350 57 170 3.0 x 101 8.0 x 102 8.0 x 102
1137 894 10220 1350 90 265 4.0 x 10 1.0 x 103 7.0 x 102
1109 889 10220 1350 85 294 4.8 x 101 3.8 x10? 8.0 x 1012
999 836 10220 1350 65 187 3.5 x 101 7.5x 102 8.0 x 10'2
925 804 10220 1350 60 171 2.0 x 103 6.5 x 102 8.0 x 10'2

o 3.02x 108 541 x 10"
I For two measurements, probably due to slight baseline imacies, it was not possible
to extract meaningful rate constant values#gyr. For the sake of completeness, the best
fit values are reported but have been excluded from averaging

ON + ODH PUE ON + ODH SUORIBaY dU} JO SIBBUIY L
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Table 6: Summary of MP2/6-31G(d) calculation results fameation of interconversion barrier be-
tween QN-CHO and ONO-CHO association complexes (see Figure 6}esian coordi-
nates (10'° m), frequencies (cm'), and energies (Hartree).

O;N-CHO
C -0.853641, -0.576263, -0.000003
@) -1.836310, 0.106776, -0.000002
H -0.764244, -1.671233, 0.000033
@) 1.470273, -0.785180, -0.000002
N 0.544550, 0.045296, 0.000000
@) 0.625317, 1.279872, 0.000003
U; 111.2, 299.6, 501.4, 550.2, 753.3, 899.2,
989.8, 1328.2, 1349.2, 1824.1, 1843.1, 3143.4
MP2 energy -318.1789115
zero point energy 0.0309666
ONO-CHO
C 1.307582, 0.390106, -0.000039
O 1.719961, -0.750790, 0.000007
H 1.949297, 1.286453, 0.000026
@) 0.010806, 0.799998, 0.000022
N -0.995017, -0.483589, 0.000016
@) -2.084476, -0.079454, -0.000016
U; 76.3,211.7, 214.4, 348.5, 564.6, 857.5,

1040.6, 1139.7, 1423.7, 1786.9, 1834.6, 3088.0
MP2 energy -318.1986282
Zero point energy 0.0286745
interconversion barrier

-1.044695, 0.036024, 0.406279

-1.827773, -0.459225, -0.327823

-1.083366, 0.382383, 1.434030

0.304692, 1.046657, -0.233764

0.698546, -0.135439, 0.159022

1.830794, -0.543739, -0.061521

-470.8, 198.5, 386.8, 462.7, 643.2, 752.1,

902.6, 1249.1, 1311.3, 1563.2, 1911.2, 3282.8
MP2 energy -318.1325476

zero point energy 0.02885

STO0OZ20ITO00O
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8 Summary and outlook

Difference laser absorption. A new difference amplification laser absorption (DLA) spenteter
has been set up. With this spectrometer it was possible cdsinglet!NCN and triplet?NCN
cyanonitrene radicals in a sensitivexl) i, = 5 x 1074 @ 1.4 MHz) and quantitative manner.
Temperature dependefiiCN absorption cross sections of the superposition offliesubband of
the A%11,,(000) — X 3%, (000) transition of the vibrational ground state and thel@and head of the
35+ — 311 sub-band of thel®IT, (010) — X% (010) vibrationally hot Renner-Teller split transition
have been determined. Kinetic measurements have beenmedat the absorption maximum at
7 = 30383.11 cm~!. Furthermore, temperature depend&&CN absorption cross sections of the
unresolved band head of thel, (000) — 'A4(000) transition around’ ~ 30045.5 cm~! have been
extracted from high temperature shock tube experimentsoAtbustion relevant temperatures both
absorption cross sections are on the same order of magnitugemaking possible the investigation
of INCN and®NCN reactions under similar experimental conditions. Itisrth mentioning that
these data represent the first directly measured absoigtiss sections and high temperature spectra
of 3NCN and'NCN. Based on théNCN data, quantitative measurements of NCN concentrations
in flames will be possible and, in fact, have already beeropmidd (Klein-Douwelket al, Combust.
Flame.2011, 158 2090-2104).

NCN3 decomposition and collision-induced intersystem crossgqof NCN. The thermal decompo-
sition of cyanogen azide (NGl has been investigated in order to evaluate the suitalmfitCN3

as an NCN precursor molecule. NgM explosive, nevertheless, a safe synthesis procedui yie
ing NCNs in very high purities> 99% could be established. It turned out that the pyrolysis of NCN
yields stable NCN plateau concentrations by the reactioNNEM — NCN + Ny + M without inter-
fering by-products. This fact reveals that NCIH an almost ideal NCN precursor. The direct product
of the NCN; pyrolysis is the excitedNCN which subsequently undergoes a collision-induced-inte
system crossing (CIISC) process to #dCN ground state. From a combination of measud@N
and3NCN concentration time profiles behind shock waves, ratstemts of the unimolecular NGN
decomposition and CIISC rate constants have been extrabkitdtie investigated pressure and tem-
perature range, the CIISC process is surprisingly slow ntpgbssible the quantitative investigation
of this electronic relaxation process even behind shoclesads the thermal NCNdecomposition
exhibits a much larger temperature dependence than the&CCil® rate limiting step for theNCN
appearance switches from the NgCtecomposition at low temperatures to the CIISC at higher tem
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peratures.

3NCN reactions. A consistenfNCN mechanism has been set up by measutdi@N concentration-
time profiles following the pyrolysis of NCNbehind shock waves. Studies over a wide range of
temperatures, total densities and initial N£Cddncentrations allowed for the determination of the rate
constants of the reactions NCN + M C + Ny + M and NCN + NCN— 2 CN + N,. Whereas the
reaction NCN + NCN has never been adressed before, rateactssif the reaction NCN + M are in
very good agreement with previous work. Subsequently, yhelysis of N,O has been used as an O
atom source to measure rate constants of the reaction NCN-+@N + NO. This reaction is very
fast and thus constitutes one of the most important NCN coimsprand NO forming reactions. In
fact, the measurements reported in this thesis represefitshexperimental determination of the rate
constants of this key reaction. Furthermore, the rate eotsbf the reactions NCN + N©> CN +
N>O and NCN + N@ — NCNO + NO have been directly measured by time-resolved teteof
NCN following the shock heating of mixtures of NGnd NO or NQ, respectively. Both reactions
are supposed to be dominated by an association-like reactiannel at low temperatures and an
alternative abstraction channel at high temperaturescéjehe temperature dependence is expected
to be negative at low and positive at high temperatures. €fbrs, low temperature data cannot be
extrapolated to combustion relevant temperatures. Invibik, the first measurements of reaction
rate constants at combustion relevant high temperatuesegorted. Whereas in both cases the
expected overall temperature dependence and thus théhswitof the reaction channels could be
experimentally proved, rate constant expressions medduthis work deviate from the theoretically
predicted data by up to a factor of three.

HCO reactions. The sensitive time-resolved detection of HCO by means afueacy modulation
(FM) spectroscopy, rendered possible the determinatigheofate constants of the reactions HCO +
NO — HNO + CO and HCO + N@ — products at room temperature and at high temperaturescehin
shock waves. Moreover, in an iterative fitting proceduredpct branching ratios of the reaction HCO
+ NO, have been worked out showing that OH + CO + NO are the main ptedi this reaction at
room temperature, whereas the products H 4 €O constitute the most important reaction channel
at high temperatures aroufitl~ 1000 K .

Outlook. The established mechanism of the NCdécomposition, singlet-triplet relaxation of NCN
(CIISC) and the NCN consumption by the reactions NCN + M and\NNCNCN together with the
determined absolute absorption cross-sections of Wé@N and®NCN opens the door to all kinds of
kinetic NCN studies. In this spirit, measurements of the catnstants of the very important reactions
NCN + H and NCN + @ as well as the reaction NCN +sHare already underway in our workgroup.
These measurements rely on the absorption (DLA) spectesmehich has been set up during this
thesis and the new driver gas mixing system, which enhateeseproducability of the shock tube
experiments. The determined spectroscopic propertieslaswiption cross-sections of NCN can also
be useful for the quantitative detection of NCN in flames,aeidt fumes or combustion engines. Such
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8. Summary and outlook

types of experiments are often used to analyse combustamegses and will in turn help to develop
NO,. reduction strategies. In this spirit, also the reported cainstant expressions will find their way
into widely used mechanistic models, soon.

Conclusion. The rate constants of several reactions important for thedton of nitrogen oxides
in combustion processes have been measured at combuséeantetemperatures for the first time.
Combined with subsequent work, which has been made possilthes results of this thesis and which
is already underway, a complete set of high temperature Nfabtion rate constants will be available,
soon. Together with the NQreactions with HCO, these data contribute to an advanceerstahding
of promptNO formation in combustion processes.
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