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Abstract

The rate constants of seven elementary reactions associated with the formation of ni-

trogen oxides have been directly measured at combustion relevant temperatures behind

shock waves. Nitrogen oxides (NO and NO2, together: NOx) are main pollutants of

combustion processes. One of several pathways yielding NOx involves the cyanonitrene

(NCN) radicals as a key intermediate. In order to optimise mechanistic models of NOx
formation, the rate constants of the investigated NCN reactions NCN + M→ C + N2 +

M, NCN + NCN→ 2 CN + N2, NCN + O→ CN + NO, NCN + NO→ CN + N2O and

NCN + NO2 → NCNO + NO have to be accurately known. Despite the importanceof

the high temperature chemistry of NCN, apart from the reaction NCN + M, none of these

rate constants had been measured at combustion relevant temperatures, before. NCN was

sensitively and quantitatively detected in its triplet ground state and in its first electroni-

cally excited singlet state by a new difference amplification laser absorption set-up. As

a prerequisite of the NCN measurements, the suitability of cyanogen azide (NCN3) as

an NCN precursor has been thoroughly investigated. It couldbe proved that a direct

synthesis of the explosive NCN3 in high purities> 99% is possible. Rate constants of

the thermal decomposition of NCN3, NCN3 + M → NCN + N2 + M, have been deter-

mined and it turned out that this unimolecular reaction serves as an almost ideal source of

stable NCN plateau concentrations. Actually, the precursor initially yields NCN in its ex-

cited electronic singlet1NCN state, which is subsequently deactivated to the combustion

relevant triplet3NCN ground state by a collision-induced intersystem crossing (CIISC)

process. Surprisingly low CIISC rate constants have been extracted from experiments

involving the detection of NCN in both electronic states. These measurements constitute

the first quantitative investigation of a CIISC process behind shock waves. Finally, for

the quantitative detection of NCN, high temperature spectra of 1NCN and3NCN have

been measured and temperature dependent absolute narrow-bandwidth absorption cross-

sections have been derived for the first time for both species. Next to NCN chemistry,

the high temperature kinetics of the reactions of NO and NO2 with the formyl radical

HCO + NO→ HNO + CO and HCO + NO2→ products have been measured for the first

time, as well. In the case of the reaction HCO + NO2 product branching ratios have been

determined by detailed simulations of HCO concentration-time profiles. The relevance

of HCO reactions stems from the fact that HCO lies on the main oxidation pathway of

hydrocarbons and thus is a very important species in combustion systems.



Kurzzusammenfassung

Die Geschwindigkeitskonstanten von sieben für die Stickoxidbildung wichtigen Reak-

tionen wurden bei verbrennungsrelevanten Temperaturen hinter Stoßwellen direkt

gemessen. Die Stickoxide (NO und NO2, zusammen: NOx) gehören zu den wichtigsten

luftverschmutzenden Stoffen, die bei Verbrennungsprozessen entstehen. Unter anderem

werden sie in einem Reaktionszyklus gebildet, der als entscheidendes Zwischenprodukt

Cyanonitren beinhaltet. Um die NOx-Bildung über diesen Reaktionsweg modellieren zu

können, wurden in dieser Arbeit die Geschwindigkeitskonstanten der Reaktionen NCN

+ M → C + N2 + M, NCN + NCN→ 2 CN + N2, NCN + O→ CN + NO, NCN

+ NO → CN + N2O und NCN + NO2 → NCNO + NO untersucht. Mit Ausnahme

der Reaktion NCN + M, sind zuvor für keine dieser ReaktionenGeschwindigkeitskon-

stanten bei verbrennungsrelevanten Temperaturen experimentell bestimmt worden. Für

den empfindlichen Nachweis von NCN-Radikalen wurde ein neues Differenzlaserabsop-

tionsspektrometer aufgebaut und es wurde zunächst detailliert untersucht, ob Cyanazid

(NCN3) als NCN-Quelle geeignet ist. Dazu wurden Geschwindigkeitskonstanten des

thermischen Zerfalls von NCN3, NCN3 + M → NCN + N2 + M, gemessen. Es

zeigte sich, dass dieser unimolekulare Zerfall eine nahezuperfekte NCN-Radikalquelle

darstellt, da im Experiment stabile NCN-Plateaukonzentrationen eingestellt werden kon-

nten. Wichtig war es außerdem, einen Syntheseweg zu finden, ¨uber den das explosive

NCN3 direkt und in hoher Reinheit (> 99%) sicher hergestellt werden konnte. Der Zer-

fall des Vorläufermoleküls bildet NCN zunächst im elektronisch angeregten Singulettzu-

stand, der nachfolgend durch stoßinduziertes IntersystemCrossing (CIISC) zum Triplett-

Grundzustand relaxiert. Durch den Nachweis sowohl von1NCN als auch von3NCN

gelang es, Geschwindigkeitskonstanten für den überraschend langsamen CIISC-Prozess

zu erhalten. In diesen Messungen wurde einerseits1NCN erstmals bei hohen Tem-

peraturen nachgewiesen und andererseits erstmals ein CIISC-Prozess quantitativ hiner

Stoßwellen untersucht. Um die quantitative Messung von NCN-Konzentrationen zu

ermöglichen, wurden zunächst Hochtemperaturspektren und temperaturabhängige abso-

lute Absorptionsquerschnitte von1NCN und3NCN bestimmt. Ergänzend zu den NCN-

Untersuchungen wurde zudem die Hochtemperaturkinetik zweier Stickoxidreaktionen

mit dem Formylradikal, HCO + NO→ HNO + CO und HCO + NO2 → Produkte,

untersucht. Dabei konnten nicht nur die Geschwindigkeitskonstanten beider Reaktio-

nen direkt aus HCO Konzentrations-Zeit-Profilen gewonnen werden, sondern auch das

Kanalverzweigungsverhältnis der Reaktion HCO + NO2 aufgeklärt werden. Reaktionen

des Formylradikals sind von entscheidender Bedeutung, da HCO auf dem Hauptoxida-

tionsweg von Kohlenwasserstoffen liegt und deshalb eine der wichtigsten 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, combustion processes do not cease to be the by far

most important source of heat and electrical as well as mechanical power. Figure 1.1 shows the

sources of primary energy used in the world (left) and in Germany (right). In the graph, energy

sources based on combustion are shown as grey areas. The mostimportant combustible is oil, which

is used for heating as well as to power enginges in the transport sector and for the generation of

electrical power. Gas is also used for heating and electrical power production. In Germany, coal is

almost exclusively used to fuel power plants, whereas it is still widely used for heating in other parts

of the world. The combustion of renewable resources (e.g., wood, waste or plant oil), according to

international treaties, is supposed to reduce Germany’s green house gas emissions. In large parts of

the world, however, plants are burned in simple open fires with very low efficiency. “Other” sources

(B8 in the right graph) mainly comprise industrial waste heat. It is obvious that the non-combustion

sources, perhaps except for nuclear power, contribute onlyslightly to the statistics. The reason for

this dominating role of combustion as a means of making energy available lies in the fact that most

combustibles are relatively easy to transport, to use, versatile and offer a high density of chemical

energy that can easily be released. On the downside, combustion processes are accompanied by a

range of undesired secondary effects. (i) As far as fossil combustibles are concerned, their resources

Figure 1.1: Significance of primary energy sources in the world (left, 2008)1 and in Germany (right,
2010).2 Grey: Combustion as energy source.
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1. Introduction

are limited. (ii ) Combustion processes themselves produce pollutants, which have a negative influence

on our environment. The most important of these pollutants are carbon dioxide (CO2), which is a

cause of global warming;3 soot and polycyclic aromatic hydrocarbons (PAH), which area hazard to

human health especially in our cities;4,5 sulfates (SO2), which cause acid rain;4–7 and nitrogen oxides

(NOx) with several negative consequences, which will be discussed in more detail, below.

Therefore, efforts are undertaken to strengthen the role ofalternative energy sources. Nuclear power,

however, though having a quite large margin in the generation of energy (see Figure 1.1) comes with

the disadvantages of a risk of a nuclear catatstrophe and theproduction of dangerous waste. For these

reasons, it is not predicted to contribute more than10% to the total primary energy in the year 2030

(2008:6%),1 whereas the combustion of fossil fuels is still supposed to account for three quarters of

the total energy production, then.

As a potential way to reduce the greenhouse gas emissions, renewable energies are supposed to play a

major role. As it is obvious from Figure 1.1, most of the renewable energy is produced by the combus-

tion of either biomass or waste, which are subsumed under theterm “combustible renewables” in the

graph. Predictions of the composition of renewables in the year 2050, when Germany is supposed to

cover50% of its requirement of energy from renewable sources, show that the combustion of biomass

may have a share of approximately70% of the renewables.8 Whereas biomass as a fuel may indeed

contribute to the conservation of resources and perhaps even help with the reduction of carbon diox-

ide emissions, its combustion continues to lead to the production of pollutants. Altogether, despite

all efforts to find new energy sources, the dominating role ofcombustion is neither in well-developed

countries like Germany nor in the world as a whole going to be diminished, soon. Along these lines,

combustion research must find ways to reduce the negative consequences connected with combustion

processes.

Combustion science covers a great variety of topics from theconstruction of large industrial facilities

to elementary kinetics of small molecules. Therefore, different disciplines including physics, chem-

istry and engineering are involved in this interdisciplinary research field. Scientist of the different

subjects must work hand in hand in order to optimise combustion processes and facilities. For exam-

ple, engineers use simulations of combustion processes to gain knowledge of temperature, pressure

and the concentration of different species at a certain point in a reaction sequence. In this way, strate-

gies to suppress pollutant forming reactions by controlling the reaction conditions can be developed.

Simulation of the ensuing complex reaction sequences of thecombustion of even small combustibles

like methane (CH4), or ethane (C2H6) requires a detailed understanding of the many elementary steps

of the reaction sequence. Hence, measurements of the rate constants of these reactions, of which the

most important are the reactions of small (i.e.,2 − 3 atoms) radicals9 have to be performed. In this

spirit, this thesis will be concerned with the investigation of different elementary reactions associated

with the formation of nitrogen oxides (NOx).

2



1. Introduction

1.2 Nitrogen oxides (NO x) as pollutants

Nitric oxide (NO) and nitrogen dioxide (NO2) (together termed NOx) are main pollutants of combus-

tion processes.4,5,10,11Their relevance stems from the fact that they can damage the environment in

several ways.

(i) Acid rain arises from HNO3 dissolved in H2O droplets. Several pathways lead from NO2 to HNO3,

the most important is

OH+NO2 +M→ HNO3 +M. (1)

HNO3 is then washed out of the air and acidifies the ground.

(ii ) Photochemical smog is defined as an oxidising form of air pollution, which causes breathing

problems, eye irritation, plant damage and a degradation ofsight. The oxidising properties are

caused by pollutants of which the most important are ozone (O3), NO2 and peroxyacetyl nitrate

(CH3COO2NO2, PAN). Nitrogen oxides are involved in all known tropospheric ozone forming pro-

cesses. A prerequisite of photochemical smog is the irradiation of mixtures of hydrocarbons and NOx
by solar light. Then, ozone is produced by the reaction sequence

NO2 + hν → O+NO (2)

O+O2 +M→ O3 +M (3)

The regeneration of nitrogen dioxide by the reaction

NO+NO+O2 → 2 NO2, (4)

alone is not sufficient to account for the high NO2 levels observed during high ozone episodes in

polluted air. Instead, NO2 is generated by a reaction sequence following the attack of OH on a

hydrocarbon yielding peroxy radicals as intermediates, aswell:

OH+RCH3 → H2O+RCH2 (5)

RCH2 +O2 → RCH2O2 (6)

RCH2O2 +NO→ RCH2O+NO2 (7)

RCH2O+O2 → RCHO+HO2 (8)

HO2 +NO→ OH+NO2 (9)

RCH3 + 2 NO+ 2 O2 → RCHO+ 2 NO2 +H2O (10)

This reaction sequence explains why smog is mainly observedin the polluted areas of big cities, where

3



1. Introduction

next to NOx many hydrocarbon pollutants are available. In principle, the reaction

NO+O3 → NO2 +O2 (11)

also produces NO2, but simultaneously removes ozone on such that is in not ableto raise ozone levels.

PAN is present in the equilibrium

CH3COO2 +NO2 ⇋ CH3COO2NO2.

Towards lower temperatures, this equilibrium is shifted tothe right-hand side such that it is a means

of transferring NOx from cooler to warmer regions.

(iii ) In the stratosphere, in contrast to its role in the troposphere, NOx contributes to the destruction of

the ozone layer. Responsible are the two reaction cycles

NO+O3 → NO2 +O2 (12)

NO2 +O→ NO+O2 (13)

O+O3 → O2 +O2 (14)

and

NO+O3 → NO2 +O2 (15)

NO2 + hν → NO+O (16)

O3 + hν → O2 +O. (17)

(iv) Finally, N2O, a secondary product of NOx is an effective green house gas and thus worsens the

problem of global warming. It has a 300 times higher global warming potential than CO2.3 Besides

being produced from nitrogen containing biomass fuels, it can be generated in combustion processes

by the reaction of amino radicals (NH2) with NO2
12

NH2 +NO2 → N2O+H2O. (18)

Amino radicals stem from ammonia (NH3) or other NH2 sources such as urea, which are often added

in combustion processes to reduce NOx according to the reaction

NH2 +NO→ N2 +H2O. (19)

The production of N2O through reaction 18 is one of several disadvantages of these methods of re-

ducing NOx emissions and leads to significant N2O emissions.13

4



1. Introduction

1.3 Pathways to NO x in combustion processes

Four main pathways leading to the production of nitrogen oxides in combustion processes are

known.6,7,9,14(i) Especially in not too rich mixtures with fuel-air equivalent ratiosφ < 1.3, nitrogen

contents in the combustibles can be oxidised to form NO and NO2 by a reaction sequence according

to15

Fuel-N HCN NH NO

This Fuel-N-conversionis of particular interest in the combustion of coal, since coal contains large

amounts (> 1%) of nitrogen.

(ii ) Thermal-NOcan be formed from molecular nitrogen and oxygen contained in the combustion air

according to the Zeldovich mechanism:16,17

O+N2 → NO +N (20)

N+O2 → NO +O (21)

N+OH→ NO +H (22)

Since reaction 20 exhibits a high activation barrier due to the stable N-N bond, very high temperatures

are needed to overcome this barrier and initiate the reaction sequence.

(iii ) Furthermore, NO can be generated via N2O with the help of a stabilising collision partner M:18,19

N2 +O+M→ N2O+M (23)

N2O+O→ NO+NO (24)

This reaction is becomes important at lower temperatures and leaner conditions. Of course, high

pressures promote this reaction sequence due to the recombination step (23).

(iv) Finally, in theFenimore mechanismso calledprompt NO is formed from the attack of small

hydrocarbon radicals on N2 stemming from the combustion air. According to Fenimore,20 the spin-

forbidden reaction 25,

CH(2Π) + N2(
1Σ+)→ N(4S) + HCN(1Σ+) (25)

is the initiating step of the reaction sequence. However, the intersystem crossing (ISC) probability

from the doublet to the quartet potential energy surface is low and thus theoretically predicted rate

constants are lower than experimentally measured.6,21 In the year 2000, Moskaleva and Lin22,23shed

new light on the Fenimore mechanism by introducing the spin-allowed reaction 26,

CH(2Π) + N2(
1Σ+)→ H(2S) + NCN(3Σ−

g ). (26)

The feasibility of this reaction was predicted based on quantum chemical exploration of the potential

5



1. Introduction

Figure 1.2: CH + N2 potential energy surface as calculated by Moskaleva and Lin.22

energy surface (PES) and subsequent RRKM calculations and master equation modelling. A scheme

of the PES is shown in figure 1.2. It is discernible that NCN + H,although thermodynamically less

stable than HCN + N, are accessible over a somewhat lower threshold than the products of reaction

25. Moreover, in the light of the required spin-forbidden ISC process for reaction 25, reaction 26 can

be assumed to be the main reaction channel. In the scheme, ISCdenotes the intersystem crossing

point between the doublet surface (containing CH + N2 as well as NCN + H) and the quartet surface

(comprising HCN + N). Whereas the low ISC probability in forward direction limits the accessibility

of this channel, according to Moskaleva and Lin, the intersystem crossing probability is 1 for the

backward reaction. This is due to the fact that in contrast tothe reactants, the energy of the molecules

entering the system from the product side is significantly higher than the energy of the ISC point.

Therefore, HCN + N are likely products of the back reaction. However, both the branching ratio and

the total rate constant of the reaction NCN + H (28) is subjectto ongoing discussions.22,24,25

Besides studies dating from the years 2007 and 2008, which clearly showed that measured NCN

concentrations in flames are correlated to CH concentrations,26–28 it was a shock tube study24 that

ultimately proved that the branching fraction of reaction 26 is indeed> 70%. By now, the reaction

CH + N2 is commonly accepted to yield more or less quantitatively NCN + H. Of course, changing the

products of this textbook reaction from HCN + N to NCN + H brought the properties and reactions

of the cynonitrene radical (NCN) into the focus of attentionof combustion research. Before the

identification of reaction 26 as a key reaction in thepromptNO formation, NCN high temperature

chemistry had been completely unknown. Even at room temperature, apart from a few spectroscopic

studies,29–37NCN properties and reactions had not been investigated.
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Figure 1.3: Reaction pathway of the NCN oxidation taken fromLamoureuxet al.42

1.4 High temperature NCN chemistry

Having introduced NCN as a reaction product of the initiating step of the prompt NO formation mech-

anism, several attempts have been made to adjust widely usedreaction mechanisms, accordingly. In

the year 2006, El Bakaliet al.38 introduced reaction 26 into the GDF-Kin 3.0 mechanism. To account

for high temperature NCN chemistry, they used an estimated set of NCN reaction rate constants as

proposed by Glarborget al.15 several years before. Despite the fact that the used rate constants were

not accurately known, the introduction of reaction 26 stilllead to much better results regarding NO

and CH concentrations measured in low pressure methane, ethane and propane - O2/N2 flames. Simi-

larly, Gersenet al. measured HCN profiles of methane - air flames and corrected theGRI-Mech. 3.039

for reaction 26. They also suceeded in optimising the agreement between simulations and their ex-

periments. The GRI-Mech is a commonly accepted mechanism consisting of 325 reactions, of which

rate constants have been optimised to model natural gas combustion.

Already in the year 2000, Moskaleva and Lin22 proposed a rather extensive set of NCN reaction

rate constants, which were calculated by Rice-Ramsperger-Kassel-Marcus (RRKM) theory combined

with master equation (ME) modelling. Input parameters werebased on quantum chemical (QM)

calculations. In 2008, in a comparative study, Suttonet al.27,40 used this set of rate constants as

well as the estimated values of Glarborget al. to model NCN and NO concentrations measured in

methane/N2-O2 flames. They found much better agreement between measured and simulated NO and

NCN profiles when using the parameters from Moskaleva and Lininstead of the estimation Glarborg

recommended. In 2009 and 2010, thorough analyses of the NCN reaction system were performed

by Konnov41 and Lamoureuxet al.42 Both used Moskaleva and Lin’s set of rate constants and came

up with similar results on the sensitivity of modelled NCN and NO concentrations with regard to the

different NCN reactions. The updated pathways leading fromCH + N2 to NO are sketched in the

reaction flow diagram shown in figure 1.3. Sensitivity analyses reveal that the reactions NCN + O

7
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(27), NCN + H (28), NCN + O2 (29) and NCN + OH (30) are the most important ones. Overall,

a trend towards higher sensitivities of the oxygen containing reactions with larger combustibles and

leaner (stoichiometric) mixtures has been reported. As it is discernible in the scheme, the reactions of

NCN with H (28) and OH (30) yield HCN, which had formally been believed to be the product of the

reaction CH + N2 (26). HCN is then oxidised to form HCN, NCO, NH, HNO, and finally NO. Overall,

this part of the scheme is identical to the outdated reactionpathway. However, a different pathway

exists: The reaction NCN + O (27) generates CN + NO. CN is the further oxidised and also forms NO

via N atoms. Thus, taking into account this new route, overall NO yields are higher compared to the

older models. It depends on the reaction conditions (temperature, 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 of NCN measurements in flames is still

complicated due to the fact that no reliable high temperature absorption cross section data for NCN

are available in the literature. So far, only indirectly determined values by Vasudevanet al.24 and

spectral simulations by Lamoureuxet al.43 provide a rough estimate of its absorption cross section.

To further improve the reaction mechanisms, direct measurements of NCN reaction rate constants

at combustion relevant temperatures ofT & 1000 K are desirable. At the outset of this work, only

reaction 28, NCN + H, had been investigated by Vasudevanet al. behind shock waves. Later, the

unimolecular decomposition of NCN, NCN + M was adressed by Busch44–46 using the shock tube

technique, as well. Some additional experimental investigations are available for lower temperatures.

All other high temperature rate constant data of NCN reactions still rely on theoretical work, alone.

Details of these studies will be given in the later sections of this work. Most of the studies have been

performed by the M.-C. Lin group adressing the reactions NCN+ O→CN + NO (27),47 NCN + H→

HCN + N (28),22 NCN + O2→ NCO + NO (29)48 and NCN + OH→ NCNO + H (30).49 Moreover,

theoretical results are available for the reactions NCN + NO→ CN + N2O (32)50,51and NCN + NO2
→ NCNO + NO (33).52,53 An overview of reported high temperature rate constant datais given by

Faßheber,25 in terms of the Arrhenius diagram shown in Figure 1.4. It is discernible that the reactions

NCN + O (27) and NCN + OH (30) proceed close to the collision limit, whereas the reaction NCN

+ H (28) is somewhat slower. Although the reaction NCN + O2 (29) has a very low rate constant,

it is very important due to high O2 mole fractions present in the combustion air. The reactionsof

NCN with NO (32) and NO2 can be supposed to be important in combustion systems with nitrogen

containing propellants like nitromethane. In these systems, NO and NO2 reactions are usually among

the most important ones.54

Finally, low temperature (T < 600 K) experimental studies exist for the reactions 32, NCN +

NO50,51,55and 33, NCN + NO2.52,53 Additionally, upper limits have been recommended for the rate

constants of reaction 29, NCN + O2 and the reaction NCN + C2H4 (34).55
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Figure 1.4: Arrhenius expressions of bimolecular NCN reaction rate constants. The plot has been
adopted from Faßheber.25

1.5 High temperature HCO chemistry

Next to NCN chemistry, many other reactions have to be considered to model overall NOx formation

rates. For example, the direct reactions of the key combustion intermediates with nitrogen containing

species have to be taken into account. In this context, bimolecular HCO reactions are of interest,

because the formyl radical HCO is a key intermediate in combustion chemistry and lies on the main

oxidation pathway of hydrocarbons. A scheme of the most important reactions in the methane (CH4)

oxidation is shown in Figure 1.5. HCO radicals are mainly produced in the reactions of O, OH, H and

CH3 with formaldehyde. Important HCO consuming reactions are the reactions with H, OH, O2 and

H2O. The produced CO is subsequently converted to CO2. Reactions with nitrogen oxides become

most important in nitrogen-rich flames. Corresponding examples are the nitromethane (CH3NO2)

flame,54 or the combustion of mixtures of fuel and nitrogen oxides.57 Under theses conditions, the re-

actions HCO + NO (35) and HCO + NO2 (36) belong to the most important reactions. Because of the

small high-temperature absorption cross section of HCO, which makes HCO measurements exceed-

ingly difficult, no direct measurements of reaction rate constants at combustion relevant temperatures
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Figure 1.5: Reaction scheme of the methane oxidation according to Najm et al.56

of either reaction are available, yet.

1.6 Scope of this work

The aim of this work was to develop an experimental strategy to directly measure the high temperature

rate constants of bimolecular NCN reactions as well as to provide rate constant data for the reactions

of HCO with NO and NO2. Measured data will serve as an experimental basis to further improve our

understanding of NOx formation pathways in combustion processes.

Whereas for HCO a radical source, namely the photolysis of the precursor molecule glyoxal, (CHO)2,

as well as high temperature absorption cross sections were already available from previous studies

performed in the workgroup of Friedrichs,58–60 in the case of NCN a suitable precursor was yet to

be found and characterised. Furthermore, NCN absorption cross sections had to be determined at

combustion-relevant temperatures. Therefore, a new spectroscopic set-up to allow for the sensitive

and quantitative detection of NCN had to be established, first.

Briefly, this cummulative thesis is structured as follows: In the experimental part (chapter 2) the de-

tection scheme for NCN radicals is outlined and some detailsare given on the shock tube technique,

the performed statistical rate calculations and the synthesis of the precursor molecules. The formation

mechanism of NCN following the decomposition of the precursor as well as the absolute NCN absorp-

tion cross section at combustion relevant temperatures areinvestigated in chapters 3 and 4 (paper 1:

The Thermal Decomposition of NCN3 as a High Temperature NCN Radical Source: Singlet-Triplet

Relaxation and Absorption Cross Section of NCN(3Σ), paper 2: A Consistent Model for the Thermal

Decomposition of NCN3 and the Singlet-Triplet Relaxation of NCN). In chapter 5 (paper 3: Direct

10
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Measurements of the High Temperature Rate Constants of the Reactions NCN + O, NCN + NCN,

and NCN + M), the rate constants for the self reaction of NCN, the unimolecular decomposition of

NCN and the important reaction NCN + O (27) will be reported. Moreover, in chapter 6 (paper

4: Direct Measurements of the Rate Constants of the Reactions NCN + NO and NCN + NO2 Behind

Shock Waves), rate constants of the reactions of NCN with NO and NO2 (32,33) are measured and the

temperature and pressure dependencies of these reactions are discussed in the framework of complex-

forming bimolecular reactions. Finally, the kinetics of the reactions of the important intermediate

HCO with NO and NO2 (35,36) are investigated at room temperature and at high temperatures in

chapter 7 (paper 5: Wide Temperature Range (T = 295 K and 770 – 1305 K) Study of the Kinetics of

the Reactions HCO + NO and HCO + NO2 using Frequency Modulation Spectroscopy).
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2 Experimental

To investigate high temperature NCN and HCO reactions, several conditions must be fulfilled. On the

one hand, known concentrations of the reactants must be generated at the desired combustion relevant

temperatures. Since both NCN and HCO are not stable species,they must be generated from precursor

molecules. On the other hand, either the reactants or the products must be quantitatively detected in

a time-resolved manner with high sensitivity to suppress secondary chemistry. Afterwards, measured

concentration-time profiles must be evaluated in order to extract the desired rate constant data.

A gas mixing system equipped with calibrated mass flow controllers allowed for the preparation of

the test gas mixtures. High temperature conditions were achieved by shock heating of the test gas.

Following a pressure and temperature jump on the ns time scale, stable conditions were achieved

for approximately 1.5 ms. As a sensitive spectroscopic method either difference amplification of

narrow bandwidth laser absorption or frequency modulation(FM) spectroscopy have been used. Data

reduction was performed by fitting analytical functions or by performing numerical simulations. Rate

constants were varied in order to match the simulated concentration-time profiles with the measured

ones.

In the experimental section of this thesis, the shock tube method will be introduced followed by the

description of the experimental set-up. The used spectroscopic and numerical methods will also be

described. Finally, experimental procedures and calibration measurements will be outlined.

2.1 The shock tube method

The shock heating of gases is known since 1899 when Vieille1 generated the first shocks in a 6 m

long tube. This shock tube consisted of a high pressure section and a low pressure section divided by

a diaphragm. The high pressure section was filled with air until that diaphragm burst. The resulting

shock wave propagated through the low pressure section at supersonic speed compressing and heating

the gas. This shock tube is a prototype of all modern shock tubes. In the 1940s, the properties of

different driver gases and their influence on post-shock conditions were examined by Payman and

Shepherd.2 They used shock tubes to produce high velocity flows. The factthat shock waves heat up

gases within ns time scales was discovered by Kantrowitz andHertzberg.3 Finally it was Schott and
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Figure 2.1:t−x diagram of a shock tube experiment. The numbers denote possible states of pressure,
temperature and density of the test gas.

Kinsey, who introduced the shock tube technique into chemical kinetics research.4

Since then, the shock tube technique has served as a reactor for kinetic experiments in countless

studies5 because (i) it is ideally suited to vary the experimental temperature and pressure over a wide

range (up toT = 15000 K, p = 1000 bar) and (ii ) the heating and compression occurs almost

instantaneously. Because of this fast pressure and temperature jump, reactions during the heating

period and thus under undefined conditions can be ruled out. Asecond advantage of shock waves

generated in a more or less ideal shock tube is the fact that temperatures and pressures behind the shock

waves can be calculated easily and with good accuracy from the well-established theories of shock

wave propagation6,7 and the initial conditions of the test gas. Only the relatively easy accessible shock

wave velocity has to be measured. On the downside, two disadvantages of the shock tube method are

the short maximum observation times of some ms and the fact that it is merely impossible to generate

exactly identical conditions by two consecutive shock waves. Therefore, averaging procedures as used

in many other experiments to enhance the precision cannot becarried 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 gas by the higher pressure driver gas. The

shock tube together with all waves that are associated with the burst of the diaphragm is sketched

in Figure 2.1. Here, the timet is plotted against the positionx in the shock tube.x = 0 denotes
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the position of the diaphragm and thus is the starting point of our considerations. The burst of the

diaphragm results in compression waves, which are propagating with the speed of sounda,

a =

√

γRT

M
. (2.1)

γ = cp/cv is the heat capacity ratio of the gas,T is the absolute temperature,M the molecular mass

of the molecules andR the gas constant. According to equation 2.1 the speed of sound increases

after the first compressions have pre-heated the gas such that following compression waves travel at

a higher speed. At the same time, the gas starts to flow in the direction of the compression waves.

Finally all compression waves coalesce to one single steep shock front, which propagates through the

gas with a multiple of the speed of sound (relative to the resting gas in front of the shock front). In

a so called over-adiabatic compression it causes large gradients of temperature, pressure and density.

The initial state of the test gas before the shock front is denoted 1 in figure 2.1, whereas 2 denotes the

test gas region behind the incident shock wave. At the end plate of the shock tube, the shock wave

is reflected. It travels back in the opposite direction through the already heated and compressed gas,

causing a second pressure and temperature jump (reflected shock region, 5). The reflected shock wave

has a lower velocity than the incident wave, corresponding to a lower slope in thet− x diagram. The

shock wave is followed by the contact surface; its arrival atthe observation point limits the maximum

observation period.

The calculation of temperature, pressure and density behind incident and reflected shock waves is

based on the conservation equations of mass, momentum and energy (eqs. 2.2, 2.3, 2.4)

ρ1u1 = ρ2u2, (2.2)

p1 + ρ1u
2
1 = p2 + ρ2u

2
2 (2.3)

and

H1 +
1

2
u21 = H2 +

1

2
u22. (2.4)

in a shock fixed coordinate system (i.e., the shock front is atrest).u is the velocity of the gas entering

(u1) and leaving (u2) the shock front,ρ is the density,p the pressure andH the specific enthalpy of

the gas in front of (index 1) and behind (index 2) the shock wave. With the help of the thermal and

caloric equations of state for a perfect gas

pV = nRT (2.5)

and

H2 −H1 = cp × (T2 − T1), (2.6)
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the Rankine-Hugoniot equations (2.7, 2.8) can be obtained:

p2
p1

=
1− γ−1

γ+1
ρ1
ρ2

ρ1
ρ2 −

γ−1
γ+1

(2.7)

ρ2
ρ1

=

γ−1
γ+1 + p2

p1
γ−1
γ+1

p2
p1

+ 1
. (2.8)

Introducing the Mach numberMS = u1/a1, the pressure (eq. 2.9), density (eq. 2.10) and temperature

(eq. 2.11) behind the incident shock wave can be derived as follows:6,7

p2
p1

=
2γM2

S − (γ − 1)

γ + 1
(2.9)

ρ2
ρ1

=
(γ + 1)M2

S

(γ − 1)M2
S + 2

(2.10)

T2

T1
=

(

γM2
S −

γ−1
2

)(

γ−1
2 ×M2

S + 1
)

(

γ+1
2

)2
×M2

S

. (2.11)

Based on these equation and the boundary condition of a resting gas behind the reflected shock wave,

similar equations for the reflected shock wave region can be derived (eqs. 2.12, 2.13):

p5
p2

=

γ+1
γ−1 + 2− p1

2

1 + γ+1
γ−1

p1
p2

, (2.12)

T5

T2
=

p5
p2
×

γ+1
γ−1 + p5

p2

1 + γ+1
γ−1

p5
p2

. (2.13)

Hence, temperatures and pressures for the incident (2) and reflected (5) region can be calculated from

the initial conditions and the Mach numberMS of the incident shock wave.

Real gas effects are taken into account by the temperature dependence of the heat capacitycp. Exper-

imental conditions can be corrected for real gas effects by iterative numerical procedures.7 Overall,

real gas effects on the pressure were small for the experimental conditions used in this work. Small

corrections arose from the necessary excitation of vibrational degrees of freedom at high temperatures

resulting in lower temperatures of the gas in the post-shockregion.

Additionally, relaxation effects may result from delayed equilibria between translational and vibra-

tional or electronic excitation. Whereas rotation and translation are quickly equilibrated and therefore

do not complicate the calculation of post-shock conditions, the slower redistribution of energy into
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Figure 2.2: Pressure/temperature profile together with a schematic drawing of the Kiel shock tube.
Please note that the rise time of the signal is limited by the bandwidth of the pressure
transducers.

vibrational degrees of freedom may result in the development of a relaxation zone. In this zone,

the temperature (i.e., translational temperature) exponentially decreases starting from the value of a

perfect gas until the equilibrium between translation and vibration is reached. On the other hand,

the density rises as the temperature decreases. Therefore,a flattening of the shock-front is observed.

Since it is difficult to account for these phenomena,7 in this work concentrations of polyatomic reac-

tants were kept low such that relaxation effects could be neglected.

2.1.2 The Kiel shock tube

A schematic drawing of the used shock tube8,9 together with a typical pressure/temperature-time

profile is shown in figure 2.2. The shock tube had an overall length of 8.35 m. The test section of an

inner diameter of 81 mm and a length of 4.05 m consisted of electro-polished stainless steel and could

be evacuated down to pressures ofp ≈ 10−7 mbar by a combination of oil-free turbomolecular and

diaphragm pumps (Pfeiffer Vacuum, TMU261/MVP055-3). The leaking rate of the test section was

3× 10−6 mbar l s−1.

The temperature and the pressure jump induced by the incident and the reflected shock wave are

clearly discernible in Figure 2.2. In this example, only 60µs lie between the incident and the re-
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flected shock waves. If needed, longer observation times behind incident shock waves can be realised

by extending the distance between observation point and endplate. The real pressure and tempera-

ture jumps are much faster than the measured pressure profilesuggests. Here, the bandwidth of the

pressure transducers limits the rise time to someµs. Four pressure transducers (PCB Piezotronics

M113A21) were mounted flush and equidistantly in the shock tube. Another transducer measured the

pressure in the observation plane. All pressure transducers were wired to a fast count unit allowing

to measure the shock wave velocity. Two quartz windows in theshock tube head allowed for laser

diagnostics of the investigated reactants. The spectroscopic setup is shown in more detail in section

2.2.

The shock tube was operated by hydrogen, nitrogen or mixtures of hydrogen and nitrogen as driver

gases. The Mach number of a shock wave is affected by the mass of the driver gas molecules according

to eq. 2.147

lim
p4/p1→∞

MS =
1 + f1

2
×

f4a4
f1a1

+

√

1 +

(

1 + f1
2
×

f4a4
f1a1

)2

. (2.14)

limp4/p1→∞MS corresponds to the maximum Mach number at infinte pressure ofthe driver gasp4, f

is the number of degrees of freedom of test gas (index 1) and driver gas (index 4) anda =
√

γRT/M

is the speed of sound. The higher the molecular mass of the driver gas, the lower the speed of sound in

the driver gasa4 and thus the Mach number of the shock wave. A high molecular mass of the test gas,

however, results in higher Mach numbers. In contrast to the temperature and pressure behind a shock

wave, eqs. 2.10 reveals that the density hardly shows any dependence on the actual Mach number.

Hence, by using several driver gases with different masses it is possible to vary temperature and

pressure, but to keep the total density nearly constant. This is desirable to systematically investigate

the density dependence of unimolecular reactions. Since itis not feasible to have a different driver gas

for every single temperature, the mass of the driver gas has been varied by using different mixtures of

two gases A and B of a different massMA andMB according to

M = MA
pA
p4

+MB
pB
p4

. (2.15)

To generate homogeneous mixtures of the driver gases, a new mixing apparatus has been implemented.

The mixing is based on two magnetic valves (Danfoss, BA024A), which are separately opened one

after another for defined times between 25 and 475µs. The driver gases are connected to the valves

and thus mixtures between 5% and 95% of A in B can be easily prepared. In this work hydrogen

(H2) was used as the lighter component to which nitrogen (N2) was added. With this setup, the

reproducibility of temperature and pressure with the same mixture of gases was±2%. Moreover,

previously observed damping effects resulting from inhomogeneities in the driver gas composition

were effectively suppressed by the new quasi-simultaneousmixing 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 shock tubehead and could be removed near

the diaphragm. In this way, the shock tube was streamed with the particular test gas mixtures to

compensate for adsorption effects on the stainless steel walls of the low pressure section. A scheme

of the gas mixing and streaming system is shown in figure 2.3. The purpose of the gas mixing system

was to purify the reactants, dilute the reactants with inertgas down to the desired concentrations and

to fill the low pressure section with variable, but accurately defined mixtures of reactants. Most of

the gas mixing system was made of stainless steel with some glass flasks attached to it. A 5 l flask

equipped with a cooling finger served to perform freeze-pump-thaw cycles in order to purify NO,

NO2 and N2O. A 10 l flask held the reactants diluted in argon (usually 1%)and a 20 l storage flask

was used for NCN3 mixtures. NCN3 was not further purified due to its explosive character upon

condensation, but it was immediately diluted with argon down to 0.1%. Three calibrated mass flow

controller units (Aera FC-7700C) were used for further mixing and dilution of the test gas directly

before entering the shock tube. The gas mixing system could be evacuated by a combination of

turbomolecular and diaphragm pump (Pfeiffer Vacuum, TMH071-P/MVP015-2) down to pressures

of ≈ 10−7 mbar. Pressuresp > 1 mbar were first reduced by a rotary vane pump equipped with

a cooling trap to ensure oil free vacuum conditions. To avoidcondensation of NCN3 in the cooling

trap, it could be bypassed. For safety reasons, the same setup was also installed at the high pressure

section of the shock tube, where the test gas - driver gas mixtures were removed from the shock tube

after the experiments. The pressure in the gas mixing systemcould be measured by three different
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Figure 2.4: The difference amplification laser absorption setup showing the flow cell for room temper-
ature measurements and the shock tube. For high temperatureshock wave measurements,
the flow cell was removed.

pressure gauges covering the pressure range from 5 bar to10−7 mbar (MKS, 722AMCE2FA; MKS,

622AX12MBE; Pfeiffer Vacuum, PKR 251). The pressure of the test gas prior to shock compression

in the test section of the shock tube could be measured by a pressure gauge (MKS, 622AX12MBE).

2.2 Spectroscopic methods

The detection of NCN and HCO was performed using narrow-bandwidth laser absorption spec-

troscopy. In contrast to emission based methods or mass spectrometry, a quantitative evaluation of

the data is straightforward supposing that absorption cross sections of the detected species are known

at the respective wavelengths. For the purpose of this work,it was necessary to detect very low

reactant concentrations. The very sensitive frequency modulation (FM) spectroscopy was used to

detect HCO ((αcl)min = 5 × 10−5). Unfortunately, the FM set-up cannot be operated at UV wave-

lengths, such that NCN was detected by difference amplification laser absorption spectroscopy (DLA)

((αcl)min = 5× 10−4).

2.2.1 The difference laser absorption setup

A scheme of the newly assembled difference laser absorptionsetup is shown in figure 2.4. Laser radi-

ation aroundλ = 330 nm was generated by intra-cavity frequency doubling of a frequency stabilised
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continuous-wave ring-dye laser (Coherent 899 series). Thefrequency doubling was performed in a

LiIO4 crystal, which was constantly flushed with boil-off nitrogen to inhibit damage of the hygro-

scopic material. The dye-laser was pumped by a Nd:YVO4 solid state laser (Coherent Verdi V10), the

pumping power was typically 8 W at 532 nm which resulted in 1.5mW output power in the UV with

DCM Special (Radiant Dyes) as a dye. The UV beam (spectral bandwidth< 10 MHz) was separated

from the fundamental and coupled out of the laser by a dichroic mirror and a combination of three

prisms.

The accurate wavelength was determined by measuring the wavelength of the fundamental, of which

2 mW were coupled out of the laser cavity through a high reflective mirror. Wavelength measure-

ments were performed by an interferometric type wavemeter (MetroLux WL200) referenced to a

HeNe laser. A small offset of̃ν = 0.02 cm−1 was taken into account resulting in an absolute accuracy

of 5 × 10−7 corresponding to∆λ = 1.65 × 10−4 nm or∆ν̃ = 0.015 cm−1. The offset had been

determined by measuring the line positions of thePQ1,7 rotational transitions of theΣ vibronic sub-

band of theÃ2A1Πu(070) − X̃2B1(000) Renner-Teller split electronic doublet absorption feature of

NH2 aroundλ = 661 nm. Whereas Dressler and Ramsay determined the positions ofthe peaks to be

ν̃1 = 15114.98 cm−1 andν̃2 = 15115.73 cm−1, our measurements resulted inν̃1 = 15114.96 cm−1

and ν̃2 = 15115.71 cm−1, respectively. The position of the maximum is shifted by 0.02 cm−1 to-

wards lower wavenumbers compared to the measurement by Dressler and Ramsay.10 Moreover, by

comparison with another recently calibrated wavemeter thesame offset has been determined.

The UV output was first lowered to the height of the shock tube windows by a periscope. The beam

diameter was reduced (r = 2 mm) and shaped by a telescope consisting of two biconvex quartz lenses.

The beam was then divided into a reference and a probe beam by a50:50 beam splitter plate. The

reference beam was attenuated by a circular variable neutral density filter to level the intensity of

both beams. Afterwards the reference beam was focused, band-pass filtered and coupled into a quartz

optical fibre (Thorlabs BF H22-550), which was connected to abalanced photodetector and difference

amplification unit (Thorlabs PDB 150A-EC). The fibres were custom-made in order to completely

illuminate the photodiodes inside the detector. Furthermore, in order to directly monitor laser intensity

fluctuations, 10% of the intensity were separated from the main beam by a quartz plate and focused on

a fast photodiode (Hamamatsu S5973-2) as an additional reference. This was necessary because the

bandwidth of the monitor channels of the photodetector was too low to reliably check the stability of

the laser setup. Before passing the shock tube through two wedged quartz windows, the probe beam

was focused by a quartz lens with a focal length off = 200 mm. An additional aperture ensured a

small beam diameter, which turned out to be important for a good temporal resolution and a stable

base line of the signals. After band-pass filtering, the reference beam was coupled into a quartz fibre,

which was connected to the detector. For room temperature experiments, a flow cell of 45 cm length

was introduced into the path of the probe beam. An excimer laser (Radiant Dyes EXC200) was used

for the 193 nm photolysis of the precursor molecule NCN3 at room temperature. The detection beam
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Figure 2.5: Calibration curve of the difference amplifier atlevel 3, the level used for the experiments
performed in this work.

Table 2.1: Gain factorsGd of the difference amplification at different levels.
level Gd

101 0.02615
102 0.2643
103 2.648
104 26.06
105 264.1

and the much larger diameter (1 cm) photolysis beam were combined and divided by dichroic mirrors

and coupled in and out of the flow cell through quartz windows mounted in Brewster’s angle. A slight

focusing (f = 1000 mm) of the photolysis beam accounted for intensity loss due to absorption in the

cell.

To allow for the quantitative detection of species, the gainGd of the balanced photodetector and

amplifier had to be determined. For this purpose, the probe channel was attenuated to different degrees

and the difference between the voltage of the two monitor signals was compared to the voltage of the

difference channel. This procedure was performed for all five difference amplification levels of the

detector. A typical example is shown in figure 2.5. The slope of this straight line corresponds to the

gain factorGd of the detector. The gain factors of all five amplification levels of the detector are

summarised in table 2.1. With the help of these gain factors,the absorbance was calculated according

to equation 2.16,

ln

(

I0
I

)

= − ln

(

1−
Udifference

U0 ×GdA
− offset

)

. (2.16)
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Udifference is the voltage of the difference amplified channel,U0 is the voltage of the the probe monitor

channel measured before absorption sets in andA is the gain factor of an additional 18 dB amplifier

(Ortec Fast Preamplifier 9305) that amplifies only the difference channel. The gain factorA of this

amplifier was determined asA = 7.667 by measuring the amplitude of a microwave signal, which was

generated by a synthesiser (Marconi Instruments 2023) withand without amplification. The offset had

to be introduced to account for a small baseline issue. Due tothe high sensitivity of the used set-up, it

was not possible to balance the monitor channels completely, such that a very small offset remained.

With the absorbance values it was possible to calculate concentrations or (with known concentration)

absorption cross sections according to the Beer-Lambert law (2.17):

ln

(

I0
I

)

= σcl. (2.17)

Here,σ is the absorption cross section (unit cm2/mol), c is the concentration andl is the length of

the absorption path. Please note thatI0 is the intensity of the probe beam before absorption occurs

and therefore the small offset mentioned above does not affect the precision of the determination of

absorption cross-sections.

2.2.2 The Frequency Modulation (FM) setup

HCO concentration-time profiles were measured by means of the very sensitive frequency modulation

(FM) spectroscopy. This spectrometer has been developed during the PhD work of Colberg and is

based on previous work within the research group.11–13

Briefly, the detection light first passed a Glan-Thompson polariser (New Focus 5524) and an electro

optic modulator (EOM) (New Focus 4421). This modulator addsside bands by phase modulation

at 1 GHz. The spacing between the side bands and the centre frequency was determined by the

modulation frequency of 1 GHz. The spectrum of the modulatedlight was monitored by a scanning

etalon (Coherent SM 240-1, Finesse> 200) to measure the modulation indexM . A high value ofM

corresponds to a larger fraction of the total intensity transferred to the side bands. Typically, in this

work a high modulation index ofM ≈ 1.6 was used. After passing another polariser, the modulated

light was slightly focused by a lens (f = 400 mm), passed the shock tube or the flow cell through two

windows and was coupled into an optical fibre (Laser Components HCP 1000). The light was detected

by a fast photodiode (Hamamatsu S5973-2, cut-off 1.3 GHz). The signal of the photodiode was split

into its AC and DC components by a bias tee (Mini Circuits ZFBT4R2G). Whereas the DC part was

directly recorded by a digital storage oscilloscope, the ACpart was band-pass filtered (Trilithic, 5%

bandwidth) at 1 GHz, amplified by 40 dB (ZHL 0812 HLN) and finally de-modulated by a frequency

mixer (Mini Circuits 5542 ZFM-2000) referenced to the 1 GHz local oscillator (Marconi Instruments

2023) that provided the EOM with the modulation frequency. According to Friedrichs,11 the intensity
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of the FM signal is given by equation 2.18,

IFM = I0∆f
σcl

2
GFM, (2.18)

whereI0 is the overall intensity (DC signal component),σ, c andl stem from the Beer-Lambert law

(equation 2.17),GFM is the gain factor of the FM setup and∆f is the FM factor. The gain factor

of the FM-spectrometer had been determined by Colberg,12 G = 240 ± 10. The FM factor contains

all FM specific information (i.e., lineshape of the probed absorption feature, frequency setting of the

laser light, modulation index and modulation frequency) and was calculated from a simulated HCO

spectrum. Since all parameters of equation 2.18 are known, concentrations could be readily calculated

from this equation.

2.3 Numerical methods

2.3.1 Data reduction

Concentration-time profiles were evaluated either by fitting analytical functions to the measured pro-

files or by systematically variing rate constants in numerically simulated concentration-time profiles

using an extensive reaction mechanism.

All fitting procedures were performed by the Gnuplot program.14 The program uses the non-linear

least squares (NLLS) Marquardt-Levenberg algorithm. Rateconstants and absorbance levels were

used as the fit parameters.

Simulations of concentration-time profiles were carried out by the Chemkin-II program package15 by

numerical integration of the differential equations arising from complex reaction mechanisms. Initial

concentrations as well as initial pressures and temperatures were provided by the user, thermodynamic

data were included in the form of NASA-polynomials taken from Konnov16 or Gooset al.17 Rate

constants were given in the form of an extended Arrhenius expression

ki = AiT
ni exp[−Ea,i/RT ]. (2.19)

In addition to those rate constants included in the tables summarising the most important reactions for

the respective parts of this work, the GRI-Mech 3.018 has been used as a background mechanism in all

simulations. Simulations were performed at a constant volume, variations of the pressurep(t) and the

temperatureT (t) during the reactions induced by the thermochemistry of the ensuing reactions were

included in the simulations. Sensitivity analyses were made possible by the Senkin routine.15 In this

routine, the rate constants of all reactions are varied to examine the influence of the particular reaction

on the simulated concentration-time profile. Sensitivity analyses were visualised by plotting the sen-
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sitivity coefficientsσ over the time. To compare the sensitivity coefficients of different reactions, the

coefficients were normalised with respect to the maximum concentrations of the species according to

σ◦(i, j, t) = σ(i, j, t)
ai

cmax(j)
, (2.20)

whereσ(i, j, t) is the unnormalised sensitivity coefficient depending on the reactioni, the speciesj

and the reaction timet. cmax(j) is the peak concentration of the speciesj during the simulated time

interval.σ(i, j, t) is given by

σ(i, j, t) =
∂c(i, j, t)

∂ai
(2.21)

whereai is an extra parameter introduced to assure a uniform variation of the rate constants,

ki,varied = ai ×AiT
ni exp[−Ea,i/RT ]. (2.22)

2.3.2 Quantum mechanical and statistical methods

Statistical (RRKM) calculations have been carried out to shed light on the interplay of NCN3 decom-

position and subsequent1NCN relaxation.

In RRKM (Rice-Ramsperger-Kassel-Marcus) theory, the specific reaction rate constant of a reactant

containing a defined amount of energyE distributed statistically among its degrees of freedom is

given by

k(E) =
1

h

N(E − E0)

ρ(E)
(E ≥ E0). (2.23)

Here,h is the Planck constant,N(E − E0) is the number of states of the molecule in the transition

state configuration between the energyE and the threshold energyE0 andρ(E) is the density of states

of the reactant configuration of the molecule at the respective energyE. The temperature dependent

thermal rate constant of a unimolecular reaction can be obtained from the time-dependent master

equation

∂x(E, t)

∂t
= [M]

∞
∫

0

[R(E,E′)x(E′, t)−R(E′, E)x(E, t)] dE′ − k(E)x(E, t). (2.24)

x(E, t) is the time-dependent population of reactant molecules of the energyE at timet. R(E,E′)

are the rate constants of the population gain by collisionalenergy transfer from all other energy levels

with the energyE′, whereasR(E′, E) are the rate constants of the corresponding loss processes due

to collisional energy transfer to all other energy levels.k(E) is the specific reaction rate constant as

given by eq. 2.23. After a short induction time, the population in all levels decays with an overall rate

constant that is identical to the macroscopic unimolecularrate constant. The corresponding steady
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state master equation can be written as

−kunig(E) = [M]

∞
∫

0

[R(E,E′)g(E′)−R(E′, E)g(E)] dE′ − k(E)g(E). (2.25)

g(E′) andg(E) are the steady state populations of reactant molecules withthe energiesE′ andE,

respectively.kuni is the desired overall thermal rate constant, for which eq. 2.26 can be obtained:

kuni =

∞
∫

E0

k(E)h(E)dE, (2.26)

whereh(E) is a population distribution function, which gives the probability that a molecule has the

energyE.

RRKM calculations were carried out with the help of the ChemRate program.19 In RRKM calcula-

tions, several input parameters need to be specified. (i) For the calculation of the density of states and

the sum states in eq. 2.23, vibrational frequencies and rotational constants must be known. Of course,

also the threshold energyE0 must be calculated as accurate as possible. To solve the master equation,

a collision model to account for energisation and de-energisation steps is required. In this work, the

exponential-down model has been used, which is scaled by theaverage energy transfer parameter.

This parameter corresponds to the efficiency of the collisions in terms of the mean energy transferred

per collision〈∆E〉all or the mean energy transferred per downward collision〈E〉down. The ChemRate

program package requires the〈E〉down parameter.

Input parameters were calculated with the Gaussian programpackage20 using the G321 (threshold

energy, 0 K, rotational constants) and MP2 (vibrational frequencies). G3 is a composite method,

which calculates molecular structures and vibrational frequencies on the HF/6-31G(d) level of the-

ory and then refines the structure on the MP2/6-31G(d) level.Afterwards a series of single point

energies is calculated to account for correlation effects.Finally, empirical parameters are used to

correct for known deficiencies of this method. In this way, given that all approximations work well

for the system under investigation, the resulting 0 K energies should be similarly accurate as the

QCISD(T,FULL)/G3large level of theory. Since the vibrational frequencies are only calculated on the

HF level, for the purpose of this work, the MP2/6-31G(d) method was used to obtain more accurate

values. MP2 is anab initio (perturbation) method. In contrast to HF, it takes into account electron

correlation.

The mean energy transferred per collision〈∆E〉all was calculated using the simplified ergodic colli-

sion theory (s-ECT) on intermolecular energy transfer.22 Here,

〈∆E〉all(E) = −
2nMvib

+ nMrot
+ 3

2nAvib
+ 2nMvib

+ nArot
+ nMrot

+ 3
× (E − 〈E〉T )× βE . (2.27)
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nrot andnvib are the rotational and vibrational degrees of freedom of thereactant A and the collision

partner M.〈E〉T is the mean thermal energy of the reactant molecule ensemble. ECT assumes that the

energy is completely statistically distributed among all degrees of freedom of both collision partners

during the collision (ergodicity assumption). However thecomparison with measurements shows that

not all degrees of freedom take part in the redistribution process. To approximately take into account

this fact, an energy transfer efficiency parameterβE has been introduced according to

βE = 〈∆E〉measured/〈∆E〉ECT. (2.28)

Hence,0 < βE < 1, but usually0.1 < βE < 0.8. The theory is then referred to as partially

ergodic collision theory (PECT) and its simplified version (s-PECT), respectively. For the purpose of

the ChemRate calculations, the desired parameter was〈∆E〉down, the mean energy of the downward

collisions.〈E〉all and〈E〉down are connected by the relation23

〈E〉down = −
〈∆E〉all

2
−

√

〈∆E〉2all
4

− kT 〈∆E〉all. (2.29)

with k being the Boltzmann constant. For the purpose of this work, temperature dependent〈E〉all and

〈E〉down were calculated with the help of a very simple C++ routine, which is listed in the supplement.

It is based on the s-PECT model and a statistical calculationof rotational, translational and vibrational

energies as a measure of〈E〉T . To further simplify the treatment of the collision step, a single〈E〉down

value corresponding toE = E0 was used in the ChemRate program.

2.4 Precursors

2.4.1 Cyanogen azide (NCN 3) synthesis

The thermal decomposition of cyanogen azide (NCN3) was used as an NCN radical source. NCN3

is an extremely explosive and supposably very toxic substance.24 It holds the potential to explode

spontaneously, especially in condensed state. For this reason, no attempt was made to purify NCN3

after it had been synthesised. Instead, the reactants were prepared such that NCN3 was obtained in

very high purities. Of several different approaches, a variant of the method described by Milliganet

al.25 lead to the best results. The method is based on the heterogeneous reaction

NaN3(s) + BrCN(s)→ NCN3(g) + NaBr(s). (37)

The synthesis of NCN3 was performed in the apparatus shown in figure 2.6. The whole apparatus

was made of glass, all connections were thoroughly sealed byHalocarbon wax. The synthesis was

performed at absolute pressures of≈ 30 mbar. The apparatus also allowed for the purification of
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Figure 2.6: Apparatus for the synthesis of high purity NCN3.

the reactants. NaN3 was activated by re-crystallisation from hot H2O (reflux, N2H4 added to obtain

a finer crystals) by pouring the boiling solution into cold (−20◦ C) acetone. The filter cake was

dried i. vac. overnight and pestled prior to synthesis. Alternatively tothis procedure, a thorough

pestling of small portions of not pre-treated NaN3 was shown to be sufficient to obtain very fine NaN3

crystals and to reach good purities of NCN3. The pestled NaN3 was degassedi. vac. (10−4 mbar)

overnight to remove H2O and CO2. BrCN was degassedi. vac. (10−4 mbar) atT = −78◦ C for

10 min to remove CO2 and HCN and was passed through a molecular sieve (3Å) to remove H2O.

It was re-sublimated atT = −78◦ C in a second flask to repeat the procedure. Then, BrCN was

allowed to expand into the flask containing the NaN3 by removing the cooling. For safety reasons, the

amounts of BrCN were chosen such that the pressure of BrCN never exceeded 50 mbar. The vapour

pressure of NCN3 is estimated to be≈ 100 mbar and condensation of NCN3 must be avoided to rule

out explosions. Furthermore, to maximise the reaction yield, NaN3 was used in a huge excess. In a

typical run, 0.25 g (2.5 mmol, weighed before re-sublimation) reacted with 10 g (170 mmol, weighed

after re-crystallisation). After the reactants were brought in contact, the 1000 ml flask was closed.

During the 8 h reaction time the flask was boldly, but carefully shaken every 30 min. Directly after the

syntheses, the purity of the reaction product was checked byFTIR spectroscopy. Subsequently, the

product was immediately diluted with argon to minimise bimolecular reactions. In> 50 syntheses,

only one explosion was experienced, when NaN3 of poor purity was used.

2.4.2 FTIR analysis

A typical FTIR (Bruker, IFS 66V, resolution: 0.25 cm−1) spectrum of NCN3 is shown in figure 2.7.

The vibrational bands have been assigned according to Baket al.26 Three of the nine fundamental

vibrations could be observed in the investigated wavelength region, they are denotedν1−3 in the

figure. All absorption features, except for the weakest transition around 2655 cm−1 have already
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Figure 2.7: IR spectrum of NCN3 at an NCN3 pressure ofp = 30.6 mbar. The insets show mag-
nifications of weak NCN3 absorption bands and of the two minor impurities BrCN and
CO2.

been reported by Baket al. and have been assigned to different combination vibrations. Measured

IR spectra of possible side products and impurities of the reaction (HN3, BrN3
27, HCN, (CN)2 28)

showed that neither of them was present in the samples and could thus account for the absorption

band at 2650 cm−1. This very weak band was only detected when using a very sensitive liquid

nitrogen cooled detector. It was assigned to a combination of the fundamentalsν4+2× ν5 (see Table

3 in Ref. 26), which add up to 2651 cm−1. Moreover, the separation between P and R branch of this

transition is approximately 15 cm−1 and thus in good agreement with the other transitions.

Impurities: The mole fraction of the BrCN impurity in the spectrum in Figure 2.7 is1.8%, CO2 is

present at a mole fraction of< 0.1%, only. Following every synthesis, the BrCN partial pressure

has been determined by comparison with BrCN calibration spectra. A spectrum of BrCN is shown

in figure 2.8, a plot of BrCN absorbance versus BrCN pressure is provided in figure 2.9. Typically,

BrCN impurities were< 1% and never exceeded3% in the samples used for kinetic measurements.

NCN3 partial pressures of samples diluted in argon were determined based on a similar calibration

curve. Since the absolute pressure of the diluted samples used for the shock tube experiments is orders

of magnitude higher than the pure NCN3 samples used for the calibration, integral absorption values

were used instead of the peak height to avoid errors due to different line broadening behaviour. Inte-

grals of the intense peak at 1250 cm−1 (denotedν3 in figure 2.7) were used, which does not interfere

with any absorption lines of the possible impurities. To minimise base line issues, the integrals were

approximated by a sum of two Lorentzian functions. The calibration curve of these data is shown
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Figure 2.10: NCN3 calibration curve. Integrated absorption intensities of the ν̃3 fundamental band
have been used. The slope of the curve is 1.65 mbar−1.

in figure 2.10. It was found that even diluted NCN3 samples undergo a slow decomposition process

(5−10% per day). Therefore, for the determination of absolute absorption cross sections (see chapter

3), this FTIR analysis of the diluted samples was performed on a daily basis. Moreover, all NCN3
mixtures were used within three days after the synthesis.

2.4.3 Glyoxal ((CHO) 2) preparation

Glyoxal ((CHO)2) was prepared by dehydration of the trimer dehydrate ((CHO2)3)·2H2O.9 A mixture

of 1 eq. ((CHO2)3)·2H2O, 3 eq. of phosphoric anhydrate (P2O5) and some silica sand were slowly

heated upi. vac. to a temperature ofT = 155◦ C. The gaseous reaction products were passed through

a cooling trap (T = 0◦ C) to remove impurities. Yellow crystals were obtained in a second cooling

trap (T = −196◦ C). FTIR analysis showed no impurities of H2O or CO2. The monomeric glyoxal

was stored in liquid nitrogen. For the preparation of1% mixtures in argon, the first few mbar of the

sublimating (CHO)2 were discarded. At longer storage times of the monomeric glyoxal, a polymeric

substance formed on the walls of the stainless steel storagetank. Therefore, glyoxal/argon mixtures

were used within four days after preparation.
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2.5 Supplement: Program for the calculation of 〈∆E〉all and
〈∆E〉down

/ * Johannes Dammeier, CAU zu Kiel, 2009
Plan: Berechnung von DeltaE, der mittleren pro Stoss
ausgetauschten Energie fuer NCN3 und Argon nach dem sECT-
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 c=2.99792458E08;

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

double utrans;

utrans=3./2. * k* 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",&nue[i]);
nue[i]=nue[i] * 100. * c;
// printf("%lf\n",nue[i]);

}
fclose(input);
/ * Berechnung der mittleren Schwingungsenergie uvib inklusi ve der

Nullpunktsenergie, Naeherung harmonischer Oszillator * /
for (i=0;i<j;++i)
{

uvib=uvib+1./2. * h* nue[i]+h * nue[i]/(exp(h * nue[i]/(k * T)-1));
// printf("%i %e %e\n",i,T);
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}
return uvib;

}

double nullpunktsenergie ()
{

int i,j;
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",&nue[i]);
nue[i]=nue[i] * 100. * c;
// printf("%lf\n",nue[i]);

}
fclose(input);
for (i=0;i<j;++i)
{

unull=unull+1./2. * h* nue[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 E0,E,DeltaE,j,DeltaEdown,E02,rotfrei,schwingf rei;
printf("untere Temperatur angeben!\n");
scanf("%lf",&Tunten);
printf("obere Temperatur angeben!\n");
scanf("%lf",&Toben);
printf("Temperaturbereich ist: %lf-%lf K\n",Tunten,Tob en);
printf("Delta T angeben!\n");
scanf("%lf",&DeltaT);
printf("Gewuenschte Energie in cmˆ-1 angeben!\n");
scanf("%lf",&E02);
AnzahlderRechnungen=(Toben-Tunten)/DeltaT+1;
FILE * input;
input=fopen("Frequenzen.inp","r");
fscanf(input,"%lf",&j);
fclose(input);
FILE * input2;
input2=fopen("AnzahlFreiheitsgradeStosspartner.inp" ,"r");
fscanf(input2,"%lf",&rotfrei);
fscanf(input2,"%lf",&schwingfrei);
fclose(input2);
FILE * output;
output=fopen("mittlereEnergieundDeltaE.out","w+");
fprintf(output,"T/K uges/cmˆ-1 DeltaEall/cmˆ-1 DeltaEd own/cmˆ-1\n");
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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();
E0=E02* 100. * h* c;
uges=uvib+urot+utrans;
E=E0+unull+urot+utrans;

// printf("Translationsenergie ist: %e J\n",utrans);
// printf("Rotationsenergie ist: %e J\n",urot);
// printf("Schwingungsenergie ist: %e J\n",uvib);
// printf("Gesamtenergie ist: %e J\n\n\n",uges);

//J. Chem. Phys. 119, hier eigentliche Rechnung
DeltaE=-(2. * schwingfrei+rotfrei+1.)

/(2 * j+3.+2. * schwingfrei+rotfrei+1.) * (E-uges);

//empirische Korrektur des simple ECT models, beta-Parame ter
DeltaE=DeltaE * 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;
//printf("%e",unull);

fprintf(output,"%lf.0 %e %e %e\n",T,(uges-unull),Delta E,DeltaEdown);
}
fclose(output);
printf("\n\nfaeaedisch!\n\n");

return 0;
}
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Example input file

9
180
484
508
572
716
924
1252
2410
2465

in erste Zeile Anzahl der Schwingungsfreiheitsgrade einge ben,
danach die einzelnen Schwingungsfrequenzen in cmˆ-1

nur fuer Molekuele mit drei Rotationsfreiheitsgraden!

Example output file

T/K uges/cmˆ-1 DeltaEall/cmˆ-1 DeltaEdown/cmˆ-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 CrossSection of NCN(3Σ)

Abstract

The potential of the thermal decomposition of cyanogen azide (NCN3) as a high tem-

perature cyanonitrene (NCN) source has been investigated in shock tube experiments.

Electronic ground state NCN(3Σ) radicals have been detected by narrow-bandwidth laser

absorption at overlapping transitions belonging to the Q1 branch of the vibronic3Σ+−3Π

subband of the vibrationally hot̃A3Πu(010)−X̃
3Σ−

g (010) system at̃ν = 30383.11 cm−1

(329.1302 nm). High temperature absorption cross sectionsσ have been directly mea-

sured at total pressures of 0.2-2.5 bar.

log

(

σ

cm2/mol

)

= 8.9− 8.3× 10−4 × T/K (±25%, 750 K < T < 2250 K)

At these high temperatures, NCN(3Σ) formation is limited by a slow electronic relaxation

of the initially formed excited NCN(1∆) radical rather than thermal decomposition of

NCN3. Measured temperature dependent collision-induced intersystem crossing (CIISC)

rate constants are best represented by

kCIISC/(cm
3mol−1s−1) = (1.3 ± 0.5) × 1011 exp[−(21± 4) kJ/mol/RT ],

(740 K < T < 1260 K)

Nevertheless, stable NCN concentration plateaus have beenobserved showing that NCN3
is an ideal precursor for NCN kinetic experiments behind shock waves.

3.1 Introduction

The nitrogen oxides NO and NO2 (NOx) are main pollutants of combustion processes and play an

important role in tropospheric ozone formation as well as stratospheric ozone depletion by triggering

two different chain reaction cycles.1 Additionally, nitrous oxide (N2O), a secondary product of NOx
reactions, is of environmental concern due to its high global warming potential.2 From several distinct

NO formation pathways, especially under rich combustion conditions,prompt-NOis generated by re-

actions of small hydrocarbon radicals with nitrogen stemming from the combustion air. Until recently,

it was well accepted that the most important initiation stepof prompt-NO formation, according to the

Fenimore mechanism,3 is the spin-forbidden reaction

CH(2Π) + N2(
1Σ+)→ N(4S) + HCN(1Σ+). (R1a)

In subsequent reaction steps, N atoms are then transformed into NO.4 Assuming that the initially

formed energetically excited addition complex undergoes fast intersystem crossing from the doublet

to quartet potential energy surface, this only slightly endothermic (∆rH
◦
0K = 9 kJ/mol)5 reaction

44



3. High Temperature NCN Radical Source and Absorption CrossSection of NCN(3Σ)

seemed to be a reasonable candidate for N2 activation. Moreover, measured activation energies of

Ea ≈ 75 kJ/mol were found to be consistent with a reaction barrier stemming from an elimina-

tion step of the postulated quartet intermediate.6,7 However, detailed calculations of the intersystem

crossing probability led to the conclusion that the overallreaction rate should be much smaller than

experimentally measured.8 In the year 2000, Moskaleva et al.9,10 seemed to have resolved this issue

by showing that another spin-allowed, endothermic (∆rH
◦
0K = 82 kJ/mol) reaction pathway exists.

Based on quantum-chemical exploration of the potential energy surface followed by RRKM and mas-

ter equation modeling they concluded that the NCN radical forming channel,

CH(2Π) + N2(
1Σ+)→ H(2S) + NCN(3Σ−

g ), (R1b)

dominates the overall reaction. Very recently, another high-temperature reaction channel passing

through an alternative intermediate structure (HNNC instead of HCNN) has been discovered.5,11 This

pathway eventually yields NCN(3Σ) radicals and H(2S) atoms as well.

The theoretical predictions of Moskaleva et al. have stimulated much experimental effort in order to

clarify the role of NCN radicals in NO formation processes. First experimental evidence for the ex-

istence of NCN in flames were provided by LIF detection of NCN reported by Smith12 and, more

recently, by Sutton et al.13 and Klein-Douwel et al.14 In all three studies, NCN concentrations were

found to be strongly correlated with the corresponding CH signal. However, it was not until the care-

fully conducted shock tube experiments of Vasudevan et al.15 that NCN was shown to be the main

product (> 70%) of the reactionCH+N2 at temperatures of 2228 K< T < 2905 K. The branching

fraction of reaction (R1b) was deduced from detailed modeling of CH concentration profiles measured

during the pyrolysis of C2H6/Ar mixtures in the presence of N2 behind shock waves. Vasudevan et al.

also detected NCN profiles by laser absorption, which were used to infer NCN absorption cross sec-

tions atν̃ = 30383 cm−1 as well as to estimate the high temperature rate constant of the reaction H

+ NCN. So far, to the best of our knowledge, the only other experimental study on NCN high tem-

perature kinetics (i.e., for temperaturesT > 1000 K) was reported by Busch and Olzmann16,17 who

generated NCN radicals behind shock waves using the fast thermal decomposition of NCN3 as a NCN

radical source. At temperatures of 1800 K< T < 2900 K, rate constants of the thermal unimolec-

ular decomposition of NCN were obtained from time-resolvedconcentration profiles of the reaction

products C and N. NCN radicals were not detected.

Other recent work was concerned with the experimental investigation of NCN radical reactions at low

temperatures,16–22For example, Baren and Hershberger18 measured the rate constant of the reaction

NCN+NO in the temperature range of 298 K< T < 573 K. NCN radicals were generated by

193 nm UV flash photolysis of diazomethane in the presence of cyanogen (CH2N2/C2N2) and were

detected by LIF at a wavenumber ofν̃ = 30395 cm−1 (λ ≈ 329 nm). Other authors employed

193 nm photolysis of cyanogen azide (NCN3) as an efficient NCN source,19,20,22in which the initially

formed electronically excited NCN(1∆) is subsequently deactivated by collisions to its NCN(3Σ)
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ground state.23 Theoretical work on bimolecular NCN reactions has been mainly performed in the M.

C. Lin group. Mostly scaled to fit low temperature experimental rate constant data, high temperature

extrapolations were reported for the reactions with NO and NS,19,24 NO2,20 O2,25 OH,26 and O.27

Finally, first mechanistic studies on NOx formation by implementing NCN chemistry were conducted

by El Bakali et al.,28 Sutton and Fleming,29 Gersen et al.,30 and Konnov.31

Although these studies serve as a good starting point for future prompt NO modeling, NCN kinetics

model refinements and theoretical predictions should be based on or validated against direct high

temperature measurements of NCN rate constants as well. A prerequisite of such direct measurements

is the availability of a clean NCN source. In this work, the thermal decomposition of cyanogen

azide,NCN3 has been studied with regard to its potential to serve as sucha precursor in shock tube

experiments. According to Bock and Dammel32 and Benard et al.33 the initiating pyrolysis step of

NCN3 can be assumed to yield NCN quantitatively:

NCN3 +M→ NCN+N2 +M. (R2)

We detected NCN, which can be assumed to be initially formed in its first excited electronic singlet

state (1∆) due to spin conservation, in its electronic3Σ ground state by means of time-resolved laser

absorption spectroscopy at wavenumbers aroundν̃ = 30395 cm−1. NCN(3Σ) formation rate con-

stants have been extracted from concentration-time profiles measured during pyrolysis experiments of

NCN3 behind incident and reflected shock waves. Moreover, absorption cross sections of NCN(3Σ)

have been directly determined from the observed absorptionplateaus at long reaction times. The

unimolecular decomposition of NCN3 was analyzed based on quantum-chemical calculations and

statistical rate calculations combined with master equation modeling. A comparison of predicted

and experimental temperature dependences revealed that a rather slow collision induced intersystem

crossing pathway, NCN(1∆) + M→ NCN(3Σ) + M plays a decisive role.

3.2 Experimental

Shock Tube and Slow Flow Photolyis Reactor

High temperature experiments were carried out in an electro-polished stainless steel shock tube of

8 m overall length.34 The 4.4 m long test section with an inner diameter of 81 mm could be evacuated

by a combination of oil free turbomolecular drag and diaphragm pumps down to pressures ofp ≈

10−7 mbar. The shock tube was operated by hydrogen, nitrogen or hydrogen/nitrogen mixtures as

driver gas using 30 or 80µm thick aluminium diaphragms. Experimental temperatures and pressures

were calculated from pre-shock conditions and the shock wave velocity, which was measured by a fast

count unit wired to four piezo-electric sensors (PCB Piezotronics M 113A21). The registered damping

of the shock wave on the order of 1% per meter as well as real gaseffects were taken into account
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when calculating the shock wave parameters based on a 1-dimensional, frozen chemistry computer

code.

Room temperature spectra were recorded using a 45 cm long slow flow photolysis cell equipped with

quartz windows. 193 nm UV photolysis of cyanogen azide in Ar mixtures was performed collinearly

with the detection laser beam by combining and dividing the photolysis and detection laser by an

optical setup with two dichroic mirrors. Although continuously flushed with pure nitrogen, deposition

of polymeric material took place at the quartz windows and therefore regular cleaning of the cell

windows was necessary.

NCN3 Synthesis and Gas Mixtures

Cyanogen azide is an extremely explosive substance; for that reason no attempt was made to condense

or to purify the gas after the synthesis. Instead, care was taken to directly synthesizeNCN3 as pure

as possible using a variant of a synthesis described by Milligan et al.35 Basically, solid sodium azide

(NaN3) and gaseous cyanogen bromide reacted to form gaseous cyanogen azide and solid sodium

bromide (NaBr). Cyanogen bromide was purified by re-sublimation and further dried by passing it

through a molecular sieve (3 Å). Sodium azide was pestled and then degassed in vacuo overnight

at pressures down to1 × 10−4 mbar. Small amounts (∼ 20 mbar) of gaseous cyanogen bromide

were allowed to expand into an evacuated flask, which held a huge excess of sodium azide. After

8 h reaction time and repeated careful shaking of the reaction flask, the gaseous product was let into

another pre-evacuated storage flask. Immediate analysis ofthe gaseous reaction product by means

of FTIR spectroscopy showed that no water (indicator for gasleak) and only negligible amounts of

carbon dioxide (≈ 0.01%) were present. Levels of remaining cyanogen bromide were always< 3%,

but in some syntheses an overall purity of> 99% NCN3 was achieved. Subsequently, cyanogen azide

was diluted with argon and the 0.1-0.5%NCN3/Ar mixtures, which were stored in a 10 liter glass

flask, were used within 3 days after preparation. Since noticeable decomposition of typically 10%

per day was found to take place,NCN3 concentrations were checked by FT-IR on a daily basis. For

shock tube experiments, the supply mixtures were further diluted with argon using calibrated mass

flow controllers (Aera FC-7700C). Although no noticeable dependence of the absorption signal on

the sample preparation procedure was found, the shock tube was flushed with the particular mixture

at a pressure of≈ 50 mbar to minimize any wall adsorption effects.

Gases and chemicals used were argon (99.999%, hydrogen and nitrogen (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 state atν̃ ≈ 30395 cm−1 using difference amplification laser

absorption spectroscopy. In order to clarify the role of singlet NCN relaxation, some measurements

were also performed at̃ν = 30045.7 cm−1. Tunable narrow-bandwidth (< 10 MHz) UV laser ra-

diation was provided by internal frequency doubling of a frequency stabilized continuous-wave ring-

dye laser (Coherent 899) operated with DCM-Special dye. Thedye laser was pumped by 8 W of

a frequency-doubled Nd:YVO4 solid states laser (Coherent Verdi V10) at a wavelength of 532 nm

resulting in 1.5 mW UV output. The wavelength of the laser fundamental was measured by means

of an interferometric type wavemeter referenced to a HeNe laser beam (MetroLux WL200). The

readout of the wavemeter was corrected for a small systematic wavelength offset of 0.02 cm−1 at

ν̃ = 15129 cm−1, which was determined by measuring the known wavelengths ofseveral absorption

lines of NH2, resulting in an overall accuracy of the wavelength determination on the order of5×10−7

corresponding to∆ν̃ ≈ ±0.015 cm−1 at ν̃ = 30395 cm−1. The UV laser beam was split into detec-

tion and reference beam by a 50:50 beam splitter plate, wherethe intensity of the reference beam could

be fine-tuned using a variable neutral density filter. The detection beam was passed through the pho-

tolysis cell and the shock tube, respectively. The beams were coupled into two separate optical fibres

(Thorlabs BF H22-550), which were connected to a balanced photo detector and amplifier (Thorlabs

PDB150A-EC). For shock tube measurements, the resulting difference signal was low-pass filtered

(1.4 MHz), further amplified (Ortec Fast Preamp 9305, 18 dB) and finally stored by an analog input

board (Measurement Computing PCI-DAS4020/12, 12 bit, 20 MHz). For the measurement of room

temperature absorption spectra, the wavelength of the detection laser was slowly scanned (20 GHz

mode-hop free scan range) and the measured absorption signals were processed in a boxcar amplifier

(Stanford Research Systems, SR250, 235, 280). The differences of the boxcar integrals measured

after and before the UV photolysis laser pulse were taken as ameasure of absorption and were stored

in a digital oscilloscope (LeCroy WaveSurfer 454, 500MHz, 8bit), which was synchronized with the

scanning laser.

Numerical Methods

Spectral simulations of the NCN absorption spectra were performed with the PGOPHER program,

which is is a general purpose program for simulating and fitting rotational, vibrational and electronic

spectra developed by the Bristol laser group.36 The complex electronic spectrum of NCN was cal-

culated based on accurate spectroscopic constants taken from Beaton et al.,37,38 which have been

recently recast and refitted in the work of Lamoureux et al.39 Using the same spectroscopic parame-

ters as they have been used and explained in the work of Lamoureux et al., it was possible to predict

temperature dependent spectral contours in order to selecta suitable detection wavelength for high

temperature measurements of NCN concentration-time profiles.
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Thermal rate constants of the unimolecular decomposition of NCN3 were modeled within the frame-

work of statistical rate theories. Standard RRKM calculations followed by solution of the energy-

grained master equation were performed using the NIST ChemRate program package that enables

one to calculate time-dependent and steady-state rate coefficients for thermally or chemically ac-

tivated unimolecular reactions.40 Input parameters for the RRKM model have been obtained from

ab initio quantum chemical calculations on the G3 (energies) and MP2/6-311+G(d,p) (rotational con-

stants, vibrational frequencies) level of theory41 using the program suite Gaussian 03.42 The harmonic

vibrational wavenumbers were scaled by a factor of 0.9496 according to Scott and Radom.43 The tran-

sition state was located using the transient-guided quasi-Newton method (QST3) and was verified by

vibration frequency calculations and intrinsic reaction coordinate analysis.

3.3 Results and discussion

3.3.1 Room temperature photolysis

The NCN radical is linear in its ground and first excited triplet electronic state. The electronic spec-

trum is complicated due to the partial overlap of 27 branchesoriginating from theÃ3Πu(000) −

X̃3Σg(000) transition. Especially at high temperatures, spectral contributions from the (010)–(010)

hot band, which is split into three Renner-Teller components in the excited state, have to be taken

into account as well. So far, high temperature detection of NCN in flames12,13,39as well as the shock

tube work of Vasudevan et al.15 has been mostly performed at wavenumbersν̃ around 30385 cm−1.

Therefore, as a starting point, we recorded a high resolution room temperature spectrum of NCN at

30381 cm−1 < ν̃ < 30386 cm−1 following the 193 nm photolysis of NCN3. The spectrum is shown

in the upper graph of Fig. 1 and has beeen pieced together fromsix successive 20 GHz scans. The indi-

vidual spectral intensities have been rescaled in order to account for different NCN concentrations as-

sociated with variable photolysis intensities caused by the slowly forming deposits at the cell windows.

Due to the unknown NCN photolysis quantum yield as well as thevariable photolysis intensities in the

reactor, it was not feasible to measure absolute room temperature absorption cross sections of NCN.

Also note that the initially formed NCN is NCN(1∆), which is subsequently deactivated to the triplet

ground state. From NCN signal rise times as well as NCN(1∆) decays measured at 30045.72 cm−1

(332.8261 nm) (Q branch band head of the1Πu(000) −
1∆g(000) transition),44 we inferred a rather

slow electronic relaxation time constant ofkrelax(Ar, 298 K) ≈ 8×108 cm3mol−1s−1 corresponding

to τrelax ≈ 300µs atp = 100 mbar.

At room temperature, the triplet spectrum is dominated by the intense, but unresolved3Π1 subband

origin of theÃ3Πu(000) − X̃3Σg(000) (QP21, QQ22, andQR23 branches) at 30385 cm−1. Other,

more isolated lines can be assigned to branches originatingfrom the 3Π0 and3Π2 subband, where

the assignments indicated in Fig. 1 were adopted from the work of Beaton et al.37 Moreover, Beaton
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Figure 1: Normalized high resolution spectrum of NCN(3Σ) around 30383cm−1. Upper graph: Ex-
perimental room temperature spectrum atp = 25 mbar in argon. Lower graph: Simulated
room (T = 298 K, p = 25 mbar) and high temperature (T = 1600 K, p = 1000 mbar)
spectra. Spectral assignments were taken from Beaton et al.37
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and Brown attributed the barely resolved spectral feature at 30383.1 cm−1 to the Q1 branch of the

vibronic 3Σ+ −3 Π subband of the vibrationally hot̃A3Πu(010) − X̃3Σ−
g (010) system of NCN.

The lower graph in Fig. 1 illustrates the corresponding PGOPHER simulation of the mainly Doppler

broadened room temperature spectrum. A high temperature spectrum calculated forT = 1600 K

at p = 1.0 bar is shown as well. Allowance was made for a small pressure broadening effect,

which was estimated to be identical to that previously measured for the three-atomic radical NH2
(2.27 × (T/295 K)−0.78 GHz/bar).45 Note that all spectra have been normalized with respect to the

highest occuring spectral intensity. Except for minor spectral shifts, the agreement between the ex-

perimental and simulated room temperature spectrum is verygood and thus it can be concluded that

the high temperature extrapolation is reliable as well. As can be seen from a comparison of the

two simulated spectra in the lower graph of Fig. 1, at high temperatures the Q1 band head around

30383.1 cm−1 provides much stronger absorption than the congested3Π1 subband transitions around

30385 cm−1, which are strongest at room temperature. This finding is in agreement with the LIF

excitation flame spectra reported by Lamoureux et al.,39 which was measured at a lower spectral res-

olution of 0.15 cm−1. Also Vasudevan et al.15 observed an absorption maximum 30383.06 cm−1 in

their shock tube work (T ≈ 2640 K), but mistakenly assigned the observed absorption peak tothe
3Πu(000) −

3Σg(000) band head.

It turns out from the PGOPHER simulation shown in Fig. 1 that the overall spectral shape of the vibra-

tionally hot Q1 band head remains narrow even at high temperatures. This causes problems because

quantitative narrow-bandwidth laser absorption detection of NCN in shock tube experiments relies on

a correct, fixed detection wavelength. The laser has to be setto this specific wavelength before the

experiment such that the exact band head position has to be accurately known. Unfortunately, as it

becomes clear from a comparison of the calculated with the experimental room temperature spectrum,

the heavily congested spectral region at wavenumbers around 30383 cm−1 is not quantitatively repro-

duced by the simulation. The remaining discrepancies are small but may indicate a significant offset

of the underlying spectral position of the simulated Q1 band.

3.3.2 High temperature absorption cross section

In order to measure the exact peak position of the Q1 band head, pyrolysis experiments of NCN3 have

been performed at variable detection laser frequencies with the temperature set toT = 850 ± 50 K

behind the incident andT = 1600±100 K behind the reflected shock waves. Fig. 2 illustrates a typical

absorption-time profile measured for a mixture containing 11 ppm NCN3 in Ar. After the arrival of the

incident shock wave, which is indicated by a strong Schlieren signal, a fast rise of the absorption signal

is observed that can be attributed to NCN radical formation.During the 160µs reaction time behind

the incident wave, a plateau absorption value is reached indicating almost complete decomposition

of NCN3. An accurate plateau value was extracted from the absorbance-time profiles by fitting a
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Figure 2: Typical NCN absorption profile measured behind an incident and reflected shock wave.
Experimental conditions: 11 ppm NCN3, ν̃laser = 30383.11 cm−1.

first-order production kinetics according to

x = x0(1− exp [−k(t− τOffset)]) (1)

wherex denotes NCN absorbance,x0 the plateau absorbance, andk is the first-order rate constant.

At lower experimental temperatures, short induction timeswere visible in the NCN signals (due to

NCN(1∆)→ NCN(3∆) relaxation, see below). These induction times were excluded from the fit by

offsetting time zero using a suitableτOffset in Eq. 1. Following the arrival of the reflected shock wave

indicated by the second Schlieren signal, an almost constant NCN absorbance was observed show-

ing that (i) at this high temperature the NCN3 decomposition is complete within the time-resolution

of the experiment and (ii) that secondary chemistry of the NCN radical is almost negligible on the

time-scale of the experiment. The slow decay of NCN is most probably due to the onset of the uni-

molecular decomposition of NCN at these high temperatures.Despite the higher total density behind

the reflected wave, the observed NCN absorbance is significantly lower clearly indicating a strong

negative temperature dependence of the NCN absorption cross section.

The NCN absorption spectrum has been mapped out via repeatedabsorbance measurements by setting

the laser to different detection wavelengths. The resulting NCN spectrum is plotted in Fig. 3. Mea-

sured absorbances have been normalized with respect to initial NCN3 concentrations and are corrected

to average temperatures ofT = 850 K andT = 1600 K, respectively, by adopting the temperature

dependence of the absorption cross section outlined below.The solid and dashed curves correspond to
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PGOPHER simulations, in which the wavenumber scale of the latter has been shifted by 0.04 cm−1.

Apart from this obvious wavenumber offset, there is very good agreement between the simulated and

experimental band shape. A very slight shift of the band maximum 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 cm−1 exceeds the±0.015 cm−1 precision of our waveme-

ter. Furthermore, the spectral positions measured for the isolated room temperature lines shown in

Fig. 1, which are±0.01 cm−1 within the corresponding line positions reported by Beatonet al.37 (es-

timated accuracy±0.006 cm−1), verify the accuracy of the wavemeter readout. We thus conclude that

our measurement of the Q1 band position are accurate and recommend a high temperaturedetection

wavelength of̃νmax = 30383.11 ± 0.01 cm−1 (329.1302 ± 0.0001 nm) for future shock tube work.
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Figure 3: Part of the high temperature NCN absorption spectrum, which is dominated by the Q1 band
head of theÃ3Πu(010) − X̃3Σu(010) transition at̃ν = 30383.11 cm−1. Symbols refer to
measured absorbances normalized with respect to the band maximum. The solid and dashed
curves denote original and slightly shifted PGOPHER simulations, respectively.

Assuming quantitative formation of NCN according to reaction (R2) and relying on a known ini-

tial concentration of NCN3 inferred from the FT-IR measurements, the observed plateauabsorptions

behind incident and reflected shock waves could be directly converted to high temperature NCN ab-

sorption cross sections. Measured temperature dependent values, which were obtained from thermal

decomposition experiments of NCN3 between 766 K and 2241 K are shown as open symbols in Fig. 4
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Figure 4: High temperature NCN absorption cross section of the Q1 band head at̃ν = 30383.11 ±
0.01 cm−1 (λ = 329.1302 ± 0.0001 nm) in comparison with literature data.

and are listed in Tab. 1 All measurements have been performedat ν̃ = 30383.11 cm−1. The strongly

temperature dependent absorption cross section can be approximated by the expression (solid line in

Fig. 4)

log

(

σ

cm2/mol

)

= 8.9− 8.4× 10−4 × T/K (±25%)

where the error represents the combined uncertainties related to statistical scatter and initial NCN3
concentrations. Comparing the data points corresponding to measurements behind the incident wave

(0.2 bar< p < 0.8 bar, open squares) with the data points taken from measurements behind the

reflected wave (0.8 bar< p < 2.5 bar, open circles) no significant pressure dependence isnoticeable

within the scatter of the data.

Table 1: Selected experimental data: First-order NCN(3Σ) formation rate constantsk, and high tem-
perature NCN absorption cross sectionsσ at 30383.11 cm−1.

T / K p / mbar 106 × ρ / cm3/mol 10−4 × k / s−1 x(NCN3) / ppm 10−8 × σ / cm2/mol
incident shock wave:ρ ≈ 3.5 × 10−6 mol/cm3

588 134 2.75 0.071 ≈ 10 -2

593 136 2.76 0.071 ≈ 10 -2

623 148 2.86 0.211 ≈ 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 / K p / mbar 106 × ρ / cm3/mol 10−4 × k / s−1 x(NCN3) / ppm 10−8 × σ / cm2/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 wave:ρ ≈ 7.0× 10−6 mol/cm3

546 236 5.19 0.011 ≈ 10 -2

583 264 5.45 0.141 ≈ 10 -2

672 335 5.99 1.431 ≈ 10 -2

701 358 6.14 1.931 ≈ 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 ofk, 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 literature values in Fig. 4. The line marked with

solid circles represent the data obtained from shock tube measurements reported by Vasudevan et al.15
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They performed indirect measurements of the absorption cross section at temperatures between 2378

and 2492 K based on quantitative detection of CH profiles and on the determination of the branching

fraction of reaction (R1). The reported values are approximately 60% higher than our extrapolated

values, but are consistent within error limits. As a comparison of their flame data with the data of

Vasudevan et al., Sutton et al. provided an absorption crosssection value ofσ = 7.6 × 106 cm2/mol

atT = 2490 K (solid diamond), which is based on LIF measurements of CH, OH and NCN profiles

in low-pressure methane flames.13 Given the reported uncertainty estimate of a factor of 3, thenearly

perfect agreement with our measurement is fortuitous. Similarly, Lamoureux et al. presented a quan-

titative determination of NCN radical concentration-timeprofiles in a low-pressure methane flame,

where LIF intensities have been calibrated using cavity-ringdown spectroscopy.39 Laborious spectral

simulations – identical to the PGOPHER simulations performed in this work – were used to calcu-

late absolute absorption cross section values starting from the transition dipole moments of the (000)

and (010) bands derived from fluorescence lifetime measurements by Smith et al.46 Less temperature

dependent absorption cross sections have been reported fortemperatures between 1500 and 1900 K

(line marked with triangles), yielding a factor of 2 higher value atT = 1700 K. Altogether, keeping in

mind the well-known difficulties in determining accurate high temperature absorption cross sections

of transient species, the overall good agreement of all above-mentioned 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 NCN(3Σ) formation following shock heating of mixtures of 5–20 ppm

NCN3 in Ar have been recorded at temperatures between 546 and 1257K at two distinct den-

sity ranges of 3.0-4.0×10−6 mol/cm3 (ρ ≈ 3.5 × 10−6 mol/cm3) and 6.5-7.5×10−6 mol/cm3

(ρ ≈ 7.0 × 10−6 mol/cm3). Validation experiments had been performed beforehand inorder to

exclude interfering absorption or secondary chemistry of CN radicals that may be formed from BrCN

impurities. Neither room temperature photolysis experiments of pure BrCN showed visible absorption

of CN radicals at the used detection wavelength nor shock tube experiments performed with reaction

mixtures containing up to 50% BrCN yielded noticeably different absorption-time traces.

As it is illustrated in Fig. 2, first-order NCN formation rateconstantsk were determined by fitting

Eq. 1 to the time profiles. Short induction times, which have been observed at low temperatures (e.g.,

30µs atT ≈ 740 K), were excluded from the fit by slightly offsetting time zero, τOffset. As a potential

chain-accelerated reaction mechanism can be excluded due to the very low reactant concentrations,

these induction times have to be attributed to relaxation processes. Possible candidates are the de-

layed heating of NCN3 behind the shock wave and, probably more important, the relaxation of the

initially formed NCN(1∆) radicals into the3Π(010) vibronic state of NCN(3Σ) via intersystem cross-

ing and vibrational cooling. A kinetic simulation assumingthe simple consecutive reaction scheme
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Figure 5: Experimental rate constant data measured at two different total density ranges (symbols),
fitted Arrhenius expressions (solid lines), and RRKM/ME prediction of NCN3 unimolecular
decomposition.

NCN3 (+M)→NCN(1∆) + N2 (+M)→ NCN(3Σ) + N2 (+M) smoothly reproduced the signals.

For example, atT ≈ 820 K, a ratio ofkfast/kslow ≈ 5 was obtained for the two rate constants describ-

ing the two-step process. At not too high temperatures, goodagreement was found between the rate

constant of the rate limiting step described bykslow and the corresponding rate constantk obtained by

fitting Eq. 1. However, a systematic evaluation of the observed induction times turned out to be impre-

cise because the observed delays were short and the rate constants of the two consecutive steps were

found to be strongly anti-correlated. Moreover, as a consequence of the simple consecutive mecha-

nism, the extracted rate constants were interchangeable inthe simulations and thus it was not possible

to assign their values unambiguously to the NCN3 unimolecular decomposition or the relaxation step,

respectively. Obtained temperature dependent first-orderrate constants are listed in Table 1 and are

summarized in Figure 5 as filled (ρ ≈ 3.5 × 10−6 mol/cm3) and open (ρ ≈ 7.0 × 10−6 mol/cm3)

symbols. Data points between740 K < T < 1260 K can be approximated by the following Arrhenius

expressions (solid lines):

k(ρ ≈ 3.5× 10−6 mol/cm3)/s−1 = (7.8 ± 2)× 105 exp[−(24± 2) kJ/mol/RT ]

k(ρ ≈ 7.0× 10−6 mol/cm3)/s−1 = (1.3± 0.3) × 106 exp[−(24 ± 2) kJ/mol/RT ]

A clear density dependence ofk has been observed,k(ρ ≈ 7.0 × 10−6 mol/cm3)/k(ρ ≈ 3.5 ×

10−6 mol/cm3) ≈ 1.6, which is consistent with both a unimolecular decomposition close to its low

pressure regime and a collision induced relaxation process. Note that the measured rate constants
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Table 2: Input parameters for RRKM/ME model of NCN3 unimolecular decomposition.

NCN3 NCN‡
3

∆fH
◦
T=0 511 kJ/mol 620 kJ/mol

vibrations,ν̃/cm−1 155 71
394 107
431 235
433 471
633 531
876 1056
1256 1973
2079 2032
2193

rotational constants/cm−1 0.0956 0.0798
0.1030 0.0870
1.3339 0.9557

critical energy,E0 9138 cm−1

energy transfer efficiency,βE 0.8
energy transfer,〈∆E〉all −160 cm−1

∆fH
◦
T=0(NCN(

3Σ)) 444 kJ/mol
∆fH

◦
T=0(NCN(

1∆)) 565 kJ/mol

nearly collapse at temperaturesT < 700 K causing a distinct kink in the Arrhenius plot. Obviously,

at a temperature of 700 K, the NCN formation rate changes frombeing singlet-triplet relaxation rate

limited at high temperatures to being rate limited by the thermal decomposition of NCN3 at lower

temperatures. Hence, in order to further support this conclusion, the unimolecular decomposition rate

constant of NCN3 in Ar was estimated based on statistical rate theory. Based on quantum-chemical

input structures and energies, specific rate constants werecalculated using standard RRKM procedures

followed by modeling of the energy transfer step by solving the energy-grained master equation. Input

parameters are summarized in Table 2. A reasonable value forthe average energy transferred per

collision, 〈∆E〉all = −160 cm−1 atE0 = 109 kJ/mol, was based on the simplified ergodic collision

theory on intermolecular energy transfer (ECT).47 The energy transfer efficiency parameterβE for

argon was set to a reasonable value of 0.8,48 thus assuming that the energy is almost completely freely

distributed among all degrees of freedom of both collision partners. Modeling results are shown in

Fig. 5 as dashed curves.

The calculated activation energy ofEa = 93 kJ/mol, which is significantly lower thanE0, and the

pronounced density dependence (factor 1.8 for twice the density) indicate a unimolecular decompo-

sition close to the low pressure limit. Good agreement is found between the calculated unimolecular

decomposition rate constants and the few experimental datapoints atT < 700 K. Of course, the abso-

lute values of the predicted rate constants are critically dependent on the exact values of the estimated
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collision efficiencyβE and the G3 energy barrier height. However, as the low temperature experimen-

tal data are also less accurate due to the observed slow NCN formation rates, no attempt was made

to further improve the agreement between calculation and experiment. Clearly, atT < 700 K, the

rate limiting step is the decomposition of NCN3. In this spirit, the experimental data atT > 700 K

reflect the rate of the collision-induced intersystem crossing (CIISC) step and can be subsumed in a

bimolecular rate constant expression according to:

kCIISC/(cm
3mol−1s−1) = (1.3 ± 0.5) × 1011 exp[−(21 ± 4) kJ/mol/RT ]

Of course, the data points close to the intercept point atT ≈ 700 K are influenced by both thermal

decomposition and relaxation. Therefore, true CIISC rate constants at these temperatures can be

expected to be slightly higher than inferred from our approximate analysis, thus somewhat reducing

the overall temperature dependence of the relaxation process. More accurate measurements of the

CIISC deactivation process by monitoring NCN(1∆) concentration-time profiles are underway and

will be reported elsewhere.

Depending on the inert collision partner, CIISC rate constants for small molecules can vary

over several orders of magnitude. For example, room temperature rate constants for the pro-

cess CH2(1A1) + M → CH2(3B1) + M have been reported to be fast both for Ar (k = 3.6 ×

1012 cm3mol−1s−1) and Xe (9.6 × 1012 cm3mol−1s−1),49 whereas significant different rates have

been found for the deactivation of singlet NH, NH(1∆) + M → NH(1Σ−) + M. Here, the CIISC is

slow for Ar (< 6×108 cm3mol−1s−1) but very efficient in case of Xe (7.2×1012 cm3mol−1s−1).50,51

Quantitative prediction of CIISC probabilities remains challenging and even general trends are diffi-

cult to work out. Pertaining to CH2 deactivation, which has been quite extensively studied dueto the

importance of singlet CH2 chemistry in high temperature combustion, CIISC rates havebeen found to

show weak temperature dependences according tokCIISC ∝ T n with 0.5 < n < 1.0.52 Hence, with

k = 1.0× 1010 cm3mol−1s−1 atT = 1000 K, the NCN relaxation rates found in this work are at the

lower bound of the expected range, but exhibit an unusually strong temperature dependence. Addi-

tional measurements using different collision bath gases,which would have been beyond the scope of

this work, are helpful to further elucidate the nature of therelaxation process.

Finally, the role of a possible but spin-forbidden NCN3 decomposition path directly yielding NCN(3Σ)

should briefly be discussed. Benard et al.33 performed quantum-chemical calculations of the ground

state singlet and excited triplet potential energy surfaces of NCN3 at the B3LYP/6-311+G(2df) level of

theory. They reported a singlet dissociation barrier for the reaction NCN3(1A′)→NCN(1∆) + N2(1Σ)

of E0 = 114 kJ/mol, which is in good agreement with our G3 result ofE0 = 109 kJ/mol. The triplet

manifold, which is repulsive and yields NCN(3Σ) + N2(1Σ), was found to cross the singlet manifold

near the maximum of the dissociation barrier. In order to compete with the spin-allowed NCN(1∆)

path, the crossing point would have to be located much below the singlet dissociation barrier because

the singlet-triplet crossing of NCN3 prior to dissociation can be assumed to be slow. Note that also the
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observed induction times at low temperatures are less compatible with a markedly direct formation

of NCN(3Σ). Therefore we conclude that non-adiabatic branching to ground state NCN(3Σ) does not

play a significant role.

3.4 Conclusion

Based on quantitative formation of NCN during the thermal decomposition of NCN3, we were able

to directly measure high temperature absorption cross sections of ground state NCN(3Σ). At high

temperatures, the (010) vibrational level is substantially populated and provides stronger absorp-

tion than the corresponding (000)–(000)-transitions. Forquantitative absorption detection of NCN

behind shock waves and in flames, we recommend the use of the spectral feature centered around

30383.11 cm−1 (329.1302 nm) corresponding to the Q1 branch of the vibronic3Σ+ −3 Π subband of

the vibrationally hotÃ3Πu(010) − X̃3Σ−
g (010) system. A strongly temperature dependent narrow-

bandwidth absorption cross section

log

(

σ

cm2/mol

)

= 8.9− 8.3× 10−4 × T/K (±25%)

is recommended for temperatures between 750 K< T < 2250 K. The absorption band shape is

dominated by Doppler-broadening of the underlying transitions 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 reflectedshock waves clearly reveal the fact that

the thermal decomposition of NCN3 serves as an almost ideal high temperature source of NCN(3Σ).

As it is illustrated for an experiment with an initial NCN3 mole fraction of 11 ppm in Fig. 2, on the

one hand, excellent signal-to-noise ratios are attainable. On the other hand, the resulting NCN con-

centrations are still low enough to make possible the investigation of bimolecular NCN reactions by

means of simple pseudo first-order kinetics using an excess of the respective reactant. Care should be

taken, however, to ensure complete singlet-triplet relaxation of the initially formed NCN(1∆) radicals,

which at temperatures between 740 K and 1260 K is best represented by the expression:

kCIISC/(cm
3mol−1s−1) = (1.3 ± 0.5)× 1011 exp[−(21± 4) kJ/mol/RT ]

At p = 1 bar, relaxation times ofτCIISC < 10 µs are obtained for temperaturesT > 875 K, which

should be sufficiently short for most kinetic experiments. Auseful upper temperature limit is set by

the thermal stability of NCN. From an experiment performed at T = 2303 K andp = 3.2 bar, which

already showed a fast decay of NCN behind the reflected shock wave, we deduced a unimolecular

decomposition rate constant for NCN + M→ C + N2 + M of k = 2.0×109 cm3mol−1s−1. This value

is in good agreement with the recent experimental determination of Busch and Olzmann who per-

formed atomic resonance absorption spectroscopy (ARAS) ofC and N atoms following the thermal
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decomposition of NCN3 at temperatures above 1800 K.16 In agreement with the theoretical predic-

tion of Moskaleva and Lin53, C atoms were observed as the main cleavage product. Relyingon the

reported rate expression of Busch and Olzmann, a feasible upper temperature limit ofT ≈ 2350 K

(corresponding to a 100µs NCN lifetime atp = 1 bar) can be specified for studying bimolecular

reactions behind shock waves with NCN3 as the NCN precursor.

Though interfering with kinetic NCN(3Σ) measurements, a benefit of the rather low CIISC rates

and with it the long lifetimes of NCN(1∆) behind shock waves is that it opens the door for studying

singlet NCN chemistry. This is in in contrast with singlet CH2 radical chemistry, for example, which is

difficult to assess in shock tube experiments due to the very fast singlet-triplet deactivation and hence

thermal equilibration with the triplet ground sate.54,55Comparative studies of singlet/triplet reactivity

of NCN hold the potential to map out different reaction pathways and pecularities of the underlying

potential energy surfaces. These can result in both completely different reaction products as a result

of separated singlet and triplet reactivities (e.g., for the reaction NCN(1∆,3 Σ) + O(3P)) as well as

variable dynamics for a reaction on a shared potential energy surface (e.g., in case of NCN(1∆,3Σ) +

NO2(2A1)).20,27Shock tube measurements of the temperature dependences of both singlet and triplet

bimolecular reactions are currently underway and will contribute to an improved understanding of the

role of NCN chemistry for NOx formation in combustion processes. Preliminary data on theformation

and decay of NCN(1∆) during the thermal decomposition of NCN3 are consistent with the conclusion

drawn in this paper, namely, that CIISC is the rate determining step for NCN(3Σ) formation at high

temperatures.
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4. Thermal Decomposition of NCN3 and Singlet-Triplet Relaxation of NCN

Abstract

The thermal decomposition of cyanogen azide (NCN3) and the subsequent collision in-

duced intersystem crossing (CIISC) process of cyanonitrene (NCN) have been investi-

gated by monitoring excited electronic state1NCN and ground state3NCN radicals. NCN

was generated by the pyrolysis of cyanogen azide (NCN3) behind shock waves and by the

photolysis of NCN3 at room temperature. Fall-off rate constants of the thermalunimolec-

ular decomposition of NCN3 in argon have been extracted from1NCN concentration-time

profiles in the temperature range 617 K< T < 927 K and at two different total densi-

ties: k(ρ ≈ 3× 10−6 mol/cm3)/s−1 = 4.9× 109 × exp
(

−71 kJmol−1/RT
)

(±30%);

k(ρ ≈ 6 × 10−6 mol/cm3)/s−1 = 7.5 × 109 × exp
(

−71 kJmol−1/RT
)

(±30%);

∆Ea = ±14 kJ/mol. In addition, high-temperature1NCN absorption cross sections

have been determined in the temperature range 618 K< T < 1231 K and can be ex-

pressed byσ/(cm2/mol) = 1.0 × 108 − 6.3 × 104 K−1 × T (±50%). Rate con-

stants for the CIISC process have been measured by monitoring 3NCN in the temper-

ature range 701 K< T < 1256 K resulting inkCIISC(ρ ≈ 1.8× 10−6 mol/cm3)/s−1 =

2.6×106×exp
(

−36 kJmol−1/RT
)

(±20%), kCIISC(ρ ≈ 3.5×10−6 mol/cm3)/s−1 =

2.0×106×exp
(

−31 kJmol−1/RT
)

(±20%),; kCIISC(ρ ≈ 7.0×10−6 mol/cm3)/s−1 =

1.4 × 106 × exp
(

−25 kJmol−1/RT
)

(±20%), and∆Ea ≈ ±10 kJ/mol. These values

are in good agreement with CIISC rate constants extracted from corresponding1NCN

measurements. The observed non-linear pressure dependences reveal a pressure satura-

tion effect of the CIISC process.

4.1 Introduction

The cyanonitrene radical3NCN has been detected in plasma flames as early as 1960 by Jennings

and Linett who added several hydrocarbons to nitrogen atom containing flames.1 They assigned a

complex pattern of absorption bands at wavelengths aroundλ = 329 nm to the presence of NCN. A

renewed interest in the reaction kinetics of3NCN stems from its significance in combustion processes.

Ten years ago, Moskaleva and Lin2,3 proposed a new initiating step for the mechanism of the prompt

NO formation in flames. According to Fenimore,4 small hydrocarbon radicals react with atmospheric

nitrogen and eventually form NO and NO2 (NOx) as major pollutants of combustion processes.5

Instead of the formerly assumed spin-forbidden initiationreaction

CH(2Π) + N2(
1Σ+)→ N(4S) + HCN(1Σ+), (1a)
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Moskaleva and Lin proposed an alternative route via the spin-allowed pathway

CH(2Π) + N2(
1Σ+)→ H(2S) + NCN(3Σ−

g ). (1b)

Meanwhile, reaction 1b has been experimentally proven to bethe main product channel of reaction

(1).6–10 Simultaneously, experimental work on NCN reactions has been carried out.11–17Besides the

photolysis of diazomethane (CH2N2) in the presence of cyanogen (C2N2), the photolysis or pyrolysis

of cyanogen azide (NCN3) served as a source of NCN radicals. The decomposition of cyanogen azide

in a microwave discharge has also been used for the synthesisof carbon nitride (C3N4),18 a very hard

material. The mechanism of this synthesis is also believed to proceed via NCN radicals.

Since the NCN precursor molecules yield NCN in its electronically excited single state,1NCN, the

formation of the combustion relevant3NCN requires subsequent relaxation to the triplet ground state.

In thermal systems, noticeable equilibrium concentrations of the singlet species can be ruled out

due to a large singlet-triplet splitting of about 121 kJ/mol.15 Both from a theoretical and a practical

point of view the question arises how fast the singlet triplet relaxation occurs. Whereas Baren and

Hershberger11 noticed unusually long rise times of the3NCN signal on the order of some 10µs in

their laser induced fluorescence (LIF) experiments performed at pressures between 50 and 1000 mbar,

Huanget al.12 and Yanget al.13, despite using the same detection technique, did not reportany delay

of the signals. However, the fact that1NCN undergoes a relatively slow spin-forbidden relaxationto

the triplet ground stated is known for a long time. In 1969, Kroto et al.19 not only measured singlet

and triplet spectra of NCN, but also noted that the spin-forbidden relaxation is caused by collisions.

In fact, this research article seems to be one of the first descriptions of a so-called collision-induced

intersystem crossing (CIISC) process.

In order to provide much needed high temperature3NCN rate constant data, we have recently inves-

tigated the suitability of the thermal decomposition of NCN3 as a3NCN radical source in shock tube

experiments.15 Measured3NCN concentration-time profiles at temperaturesT < 1200 K clearly re-

vealed induction times for3NCN formation on the order of 10-200µs. In a straightforward evaluation,

these were explained by a sequence of the unimolecular decomposition of NCN3 forming 1NCN,

NCN3 +M→ 1NCN+N2 +M, (2)

and the collision induced intersystem crossing (CIISC) process converting1NCN to the corresponding

triplet species
1NCN+M→ 3NCN+M. (3)

Unfortunately, it was not possible to fully separate the strongly correlated thermal decomposition and

relaxation processes. At temperaturesT > 700 K, an Arrhenius plot of the overall rate constants

determined from the rise times of the3NCN concentration-time profiles yielded an activation energy

of EA = 21 kJ/mol, which is significantly lower than the activation energy expected for the thermal
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decomposition of NCN3. This discrepancy together with the fact that the rate constants seemed to

collapse at temperatures ofT < 700 K led us to the conclusion that at temperatures ofT > 700 K

the measured3NCN appearance rate reflects the surprisingly slow relaxation process (3). Statistical

rate constant calculations of the unimolecular NCN3 decomposition were found to be consistent with

the observed low rate constants atT < 700 K thus confirming that reaction (3) becomes the rate

limiting step at temperatures ofT > 700 K. The experimentally observed density dependence of the

high temperature rate constants was rationalized in terms of a collision induced intersystem crossing

mechanism. However, an experimental proof of these assumptions, which should be based on time

resolved detection of the intermediate1NCN rather than the final product3NCN, is still pending.

Collision induced intersystem crossing processes have been discovered in the 1970s.20 Typically, they

are observed for small polyatomic molecules, for which the density of states of the triplet ground state

is too low to drive an efficient intersystem crossing processfrom the singlet to the triplet state.20

Temperature dependent studies of CIISC rates are scarce, but the CIISC processes of1NH and1CH2

have been found to exhibit weak positive temperature dependences.1NH relaxation has been observed

at temperatures up toT = 596 K. For N2 as a collision partner, Nelsonet al.21 as well as Hacket

al.22 measured overall1NH lifetimes on the order of 1µs atp ≈ 100 mbar andT = 500 K and

low activation energies around5 − 6 kJ/mol. Biggset al.23 measured the temperature dependence

of the singlet-triplet relaxation of CH2 and reported lifetimes ofτ ≈ 50 ns atp = 50 mbar and

T = 400 K. The room temperature lifetimes are50% longer, again indicating a slightly positive

activation energy. In an attempt to provide a quantitative mechanistic description of the CIISC process,

Bley and Temps24 calculated temperature dependent CIISC rate coefficients for CH2 by applying a

mixed state model. So-called “gate states” were identified,which couple the singlet and the triplet

potential energy surfaces. Their results nicely reproducethe measured data by Biggset al. and thus

laid a theoretical groundwork to explain such processes. Recently, Gannonet al.25 further investigated

the 1CH2 relaxation at temperatures of 200 K< T < 800 K and essentially confirmed the gateway

model of Bley and Temps. Some deviations from the theoretical predictions were found for larger

colliders, which could be traced back to the existence of alternative gate states.

The pressure dependence of CIISC processes can be complicated.20 Often, at low enough pressures

(< 1 mbar for SO2 26), Stern-Volmer behavior of the relaxation rates is observed. Toward higher

pressures, similar to the fall-off behavior of unimolecular reactions, a saturation is found and the

dependence of rate constants on the pressure gets weaker. Overall, the pressure dependence of CIISC

processes is difficult to predict. Moreover, the CIISC ratescan strongly depend on the nature of the

collision partner. In the case of1NH, collision with Xe lead to rate constants three orders of magnitude

higher than for collisions with Ar.27 Apart from these complications, the mere presence of a pressure

dependence can still be taken as a a strong indication that collisional processes are involved in the

overall singlet-triplet relaxation process.

Behind shock waves, in almost all cases only the electronic ground state of radicals can be detected.
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As an exception, the excited singlet state of methylene,1CH2, has been detected by Friedrichs and

Wagner28,29 at temperatures aroundT = 2000 K. Because of the very short lifetimes of singlet

methylene, they were not able to observe the CIISC process. Instead, it was implicitly assumed that a

fast equilibrium between the two electronic states takes place yielding detectable amounts of1CH2. In

contrast to NCN, small equilibrium fractions of1CH2 are present at high temperatures due to the small

singlet-triplet splitting of about 38 kJ/mol. To the best ofour knowledge, no direct measurements of

CIISC a process behind shock waves is available in the literature, yet. As far as NCN is concerned,

our previous shock tube measurements clearly indicate thatthe role of the spin-forbidden electronic

relaxation is important. In this work, concentration-timeprofiles of both1NCN and3NCN are reported

for high temperatures as well as for room temperature.1NCN has been detected behind shock waves

for the first time. These measurements shed light on the high temperature characteristics of the CIISC

process and allow us to directly measure the NCN3 decomposition and to reliably predict3NCN

formation rates as needed for future kinetic measurements.

4.2 Experimental

A detailed description of the experimental set-up can be found elsewhere.15,30 Briefly, high-

temperature experiments have been carried out behind incident shock waves in an 8 m long electro-

polished stainless steel shock tube with a 4.4 m long test section and an inner diameter of 81 mm.

A combination of oil free turbomolecular and diaphragm pumpserved to evacuate the test section

down to pressures ofp ≈ 10−7 mbar. The shock tube was operated by mixtures of hydrogen and

nitrogen using 30 and 80µm thick aluminum diaphragms. The shock wave velocity was measured

by a fast count unit, which was connected to four pressure transducers (PCB Piezotronics M113A21).

Post-shock temperature and pressure were calculated from pre-shock conditions and the shock wave

velocity. A frozen chemistry code was used, real gas effectsand the shock wave damping on the order

of 1% have been taken into account. Room temperature measurements were performed in a 45 cm

long slow flow cell made of glass. Two quartz windows were mounted in Brewster’s angle at the ends

of the flow cell to allow for excimer laser photolysis (193 nm,Radiant Dyes Exc 200) and collinear

detection. The detection laser beam (∅ = 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 synthesized without further purification

using a variant15 of the method of Milliganet al.31 The initial product was analyzed by means of FTIR

spectroscopy and immediately diluted by argon down to a concentration of 0.1% to avoid secondary

reactions. Since NCN3 undergoes a slow decomposition process in the storage flask,an NCN3 loss of

5% per day has been assumed for calculating the NCN3 mixing ratios.15 Typically, levels of residual

BrCN were< 1% and never exceeded 3%.
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Room temperature1NCN measurements have been performed atν̃ = 30045.68 cm−1, corresponding

to an absorption plateau of the broad1Πu(000) −
1 ∆g(000) transition with a band head at (ν̃ =

30045.76 cm−1).19,32 At high temperatures behind shock waves,1NCN has been detected atν̃ =

30045.46 cm−1. The slight shift of the detection wavelength in comparisonwith the room temperature

measurements was necessary due to an effective0.1 cm−1 shift of the band head at the investigated

high temperatures (see Section 4.3.2). As in our previous work,15 3NCN has been detected atν̃ =

30383.11 cm−1. The absorption feature at this wavelength stems from a superposition of the3Π1 sub

band of thẽA3Πu(000)−X̃
3Σg(000) and the Q1 band head of the3Σ+(010)−3Π(010) transition.33–35

Narrow bandwidth laser radiation (< 10 MHz) was generated by intra-cavity frequency doubling

(LiIO4 crystal) of the output of an electronically stabilized continuous-wave ring-dye laser (Coherent

899, DCM Special dye) pumped by an Nd:YVO4 solid state laser (Coherent Verdi V10,λ = 532 nm).

The wavelength of the fundamental was measured by an interferometric wavemeter (MetroLux 200),

which was referenced to a HeNe laser. Time-resolved absorption measurements have been performed

by means of difference amplification using a well-balanced photo detector (Thorlabs PDB 150A-EC).

The UV output of the ring-dye laser was split into detection and reference beam by a 50:50 beam

splitter plate. The detection beam was passed through the shock tube or the flow cell, the reference

beam could be attenuated by a variable neutral density filterto level the intensities of both beams.

Data processing was carried out by fitting selected parameters of the appropriate first-order analyt-

ical expressions to the measured absorbance-time profiles using the gnuplot36 program. For some

measurements, rate constants were obtained by fitting numerical simulations to concentration-time

profiles. These simulations were performed by the Chemkin-II program package.37 Required ther-

modynamic data for reverse rate constant calculations weretaken from Konnov,38 except for NCN,

for which the data were taken from Gooset al.39 Sensitivity analyses were performed by the Senkin

routine; normalized sensitivity coefficientsσ(1,3NCN) 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 triplet species of cyanonitrene are shown in

Fig. 1. Note that the intense photolysis laser pulse causes aconstant offset in the absorption signals,

which can be attributed to thermal effects. It is already discernible in the firstµs before the actual

initial rise of the signals takes place and causes an absorption plateau at longer reaction times. This

offset has also been observed, if to a lesser extent, in experiments in pure argon and was dependent

on the adjustment of the optical set-up. Following the photolysis of NCN3, the singlet signal exhibits
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Figure 1: Comparison of1NCN and3NCN concentration-time profiles and the corresponding fits at
room temperature andp = 56 mbar.t = 0 corresponds to the excimer laser photolysis pulse.
Note the pronounced offset (dashed line), which affects both singlet and triplet signals.

a fast rise and subsequently a slower decay. The3NCN profile is a little bit more complex. As can be

seen in the inset of Fig. 1, a pronounced induction period on the order of 10µs is followed by a steep

rise of absorption, which then continues with a slower rate.At long reaction times the signal starts to

decay slowly.

A simple model describes the singlet measurements: Vibrationally and electronically excited1NCN

radicals, denoted1NCN∗, are generated by the laser photolysis of NCN3. According to Biseet al.40,

a rich variety of six1NCN electronic states is accessible following the 193 nm photolysis of NCN3.

This excited1NCN∗ is collisionally deactivated to its lowest electronic singlet state (1∆g), in which
1NCN is detected. This deactivation process is reflected by the fast increase of the signal. The

slower decay of the signal can be attributed to several processes. Next to singlet-triplet relaxation

via CIISC, 1NCN may also disappear through fast bimolecular reactions.Next to a self reaction,
1NCN + 1NCN, the reactions with CN radicals and N atoms, which are also formed in the photolysis,

are conceivable. Also radiative contributions cannot be completely ruled out. In contrast, diffusional

loss can be assumed to be of minor importance since the decay of the 3NCN signal is much slower

than that of the1NCN signal and diffusion rates can be supposed to be similar for both species.

Apart from the instrumental offset, the3NCN signal indicates three phases: The first phase comprises

the initial induction time followed by the steep increase ofthe signal. We attribute this first phase

to the direct relaxation of initially formed highly excitedNCN radicals. For example, according to
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Figure 2: Pressure dependence of the1NCN formation rate constants following the 193 nm photolysis
of NCN3 at room temperature.

Baumgärtelet al.,41 even vibrationally excited3NCN∗ can be directly generated in the spin-allowed

photolysis process

NCN3 + hν−→NCN∗(X̃3Σ) + N2(Ã
3Σ). (2b)

The reported threshold energy of 190 nm is close to the used photolysis wavelength of 193 nm, thus

a direct formation of3NCN in the 193 nm photolysis via the spin-allowed reaction (2b) cannot be

ruled out. It is also feasible that fast intersystem crossing (ISC) processes of electronically and/or

vibrationally highly excited1NCN∗ radicals yield significant amounts of3NCN∗.

The second phase of the triplet signal comprises the slower rise taking place on the same time scale

as the1NCN decay. This part of the signal can be attributed to the formation of 3NCN following

the CIISC process of vibrationally thermalized1NCN radicals in their lowest electronic singlet state.

From this point of view, the corresponding3NCN formation should approximately match the1NCN

decay rate; in accordance with the signals shown in Fig. 1.

Finally, the third phase comprises the slow decay of the3NCN signal at longer reaction times. It

subsumes all NCN consuming processes such as self-reactions, reactions with other photodissociation

or secondary products, and diffusion.
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Overall, the NCN formation mechanism can be summarized in the following simplified scheme:

NCN3
193 nm
−→ 1NCN∗ +N2 instantaneous (2a)

NCN3
193 nm
−→ 3NCN∗ +N2 instantaneous (2b)

1NCN∗ (M)
−→ 3NCN∗ fast (3a)

1NCN∗ M
−→ 1NCN fast (3b)

1NCN
M
−→ 3NCN∗ slow, CIISC (3c)

3NCN∗ (M)
−→ 3NCN fast (3d)

1NCN
X
−→ Products (4)

3NCN
X
−→ Products (5)

In this scheme, processes denoted “fast” represent the fastrelaxation of the excited species reflecting

the fast increase of the singlet and the triplet signals. Theonly process generating3NCN on a slower

time scale is the CIISC process (3c). The last two reactions (4,5) reflect possible secondary chem-

istry and diffusional processes of NCN and are treated in an appropriate manner as simple first-order

processes.

1NCN concentration-time profiles have been evaluated by fitting a simple analytical function to the

measured profiles assuming consecutive first order processes. The measured instrumental offset was

added as a constant.

ln(I0/I)

σl
=

[

1NCN
]

=
kapp

[

1NCN∗
]

0

kcon − kapp
×

(exp[−kapp (t− t0)]− exp[−kcon (t− t0)]) + Offset

The appearance rate constantkapp reflectsk3b and the consumption rate constantkcon corresponds

to the sum ofk3c andk4. Here,
[

1NCN∗
]

0
denotes the initial concentration of vibrationally excited

1NCN∗ that is formed in the photolysis and is thermalized to1NCN(1∆g) through reaction (3b). Note

that an additional fraction of1NCN∗ that may have been directly transformed to3NCN∗ escapes from

our 1NCN detection scheme.t0 has been introduced to account for the small pressure dependent

induction times on the order of 1-10µs. More sophisticated models intended to extract an additional

rate constant to fit these induction times turned out to be numerically unstable.

A plot of the determined1NCN formation rate constants is shown in Fig. 2. The experimental condi-

tions and results are listed in the Supplementary Information. The fact that the rate linearly depends

on the total pressure and does not show any dependence on the initial NCN3 concentration reveals a

simple collisional deactivation process. The slope of the regression line yields a bimolecular room
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temperature rate constant of

k3b = (6.6± 1.3) × 1010 cm3/mol s.

Actually, this rate constant value is untypically low for a simple vibrational relaxation process, which

often proceeds close to the collisional limit. As already outlined above, several electronic states are

involved in the 193 nm photolysis of NCN3. Consequently, it is feasible that rather slow electronic

deactivation steps are subsumed in the measured overall relaxation rate constant.

The decay of the1NCN signal is assumed to reflect the sum of the1NCN consuming processes,

presumably dominated by CIISC. The corresponding rate constantskcon are shown in Fig. 3 and will

be discussed below together with the results from the triplet measurements.

For fitting the triplet signals, the fast and slow componentswere treated as two independent processes

with the rate constantskfastapp andkslowapp. According to the presented reaction scheme, the triplet

species concentration-time profile is given by

ln(I0/I)

σl
=

[

3NCN
]

=
kfastapp

[

1,3NCN∗
]

0

kcon − kfastapp
× (exp[−kfastapp (t− t0)]− exp[−kcon (t− t0)])

+
kslowapp

[

1NCN
]

0

kcon − kslowapp
× (exp[−kslowapp (t− t0)]− exp[−kcon (t− t0)])

+ Offset.

Here,
[

1,3NCN∗
]

0
refers to the fraction of initially formed highly excited singlet and triplet NCN∗

that directly forms3NCN through reactions (2b), (3a), and (3d). Hence, it does not include initial
1NCN∗ that is thermalized within the singlet system. This latter fraction is termed

[

1NCN
]

0
and is

further deactivated to the triplet ground state via CIISC. Though the experimental induction times are

not necessarily equal for the fast and the slow processes, only onet0 value was used in the fits. Again,

kcon subsumes secondary NCN reactions and diffusion.

The extracted rate constants of the slow component of the3NCN appearance are summarized together

with the1NCN decay rate constants in Fig. 3. Data of the experimental conditions and results are listed

in the Supplementary Information. Overall, the singlet andtriplet data show reasonable agreement

with respect to absolute rate constant values as well as the observed pressure dependence. Thus, both

rate constants can be assumed to represent the same process,namely CIISC. A simple linear fit of the
3NCN experiments atp > 20 mbar roughly represents the overall pressure dependence ofall data. It

yields a high intercept value ofk = 4.5 × 103 s−1 at p = 0 mbar. However, this intercept cannot be

attributed to radiative processes in terms of a simple Stern-Volmer plot. Instead, as it is discernible

from the3NCN data at pressuresp < 20 mbar, the rate constants indicate a downward trend, which

is not reflected by the simple linear fit. To guide the eye, the dashed curve in Fig. 3 represents this

low pressure behavior of the triplet data (circles). Unfortunately, due to experimental constraints, we
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Figure 3: Pressure dependences of the rate constants associated with the CIISC process. The data
represent the room temperature singlet decay rates as well as the slow component of the
3NCN formation following the 193 nm photolysis of NCN3. The solid line corresponds to a
linear fit of the3NCN data atp > 20 mbar, the dashed curve indicates the fall-off-like low
pressure behavior.

were not able to perform measurements at even lower pressures to further verify this low pressure

trend. However, the depicted dashed curve is in agreement with the expected pressure dependence of

a CIISC process. As outlined in Section 4.1, the pressure dependence often changes its nature from a

Stern-Volmer like behavior at low pressures to a weaker pressure dependence at higher pressures. A

more detailed analysis of similar data has been presented byStrickler and Rudolph for the quenching

of the 3B1 state of SO2.26 In their work, radiative and non-radiative pressure independent relaxation

processes as well as the pressure dependent CIISC have been analyzed. For SO2 diluted in CO2 or N2,

the CIISC process has been found to govern the relaxation andcould be rationalized with a simple

kinetic model similar to the well established models for unimolecular reactions. Low pressure and

high pressure regimes were identified resulting in a pressure saturation effect of the relaxation rate

constants toward higher pressures. Qualitatively spoken,the triplet data shown in Fig. 3 are consistent

with such a model. Of course, the details of the “fall-off”-like 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 extracted from the1NCN concentration-time

profiles does not satisfy the discussed fall-off-like trend. As already mentioned above, high electronic

states are involved in NCN3 photodissociation at 193 nm. Relaxation processes of thesestates may

have interfered with our simplified data analysis and therefore the1NCN data are less reliable. More
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1∆g(000) transition.

sophisticated experiments with variable photolysis wavelengths and state resolved detection schemes

would have been needed to gain further insight into the complicated dynamics of the initially formed

highly excited species. Clearly, such measurements would have been beyond the scope of this study.

4.3.2 High temperature measurements

1NCN high temperature cross section

1NCN has been detected at high temperatures behind shock waves for the first time. The thermal

decomposition of NCN3 behind shock waves was used as a source of1NCN. Since the high tem-

perature detection of1NCN is new and absorption cross sections are unknown, a part of the high

temperature spectrum of1NCN has been measured behind incident shock waves at a temperature of

T ≈ 740 K and a pressure ofp ≈ 390 mbar, beforehand. The resulting spectrum is shown in Fig. 4.

Each single data point is based on a separate shock tube experiment with the detection laser tuned to

the respective wavelength. The spectrum is dominated by theband head of the1Πu −
1∆g transition

of the(000) − (000) vibrational ground state. Compared to the room temperaturespectrum,19,32 the

band head is slightly shifted by≈ 0.1 cm−1 toward lower wavenumbers. All high temperature ki-

netic measurements have been performed in the region of the absorption plateau at a wavenumber of

30045.46 cm−1. Based on absolute1NCN concentrations derived from the kinetic simulations out-

lined in the next section, temperature dependent1NCN absorption cross sections could be determined

in the temperature range 618 K< T < 1231 K. A plot of the absorption cross sections versus temper-
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ature is shown in Fig. 5. Experiments have been performed at two different total densities. Though

the lower density data points seem to be systematically higher by approximately 25%, in the light of

the uncertainties of the mechanistic model, this pressure dependence is not significant. The data can

be best represented by

σ/
(

cm2/mol
)

= 1.0 × 108 − 6.3× 104 K−1 × T (±50%).

The stated error results from uncertainties in the initial NCN3 concentrations, the modeled intermedi-

ate1NCN concentrations, and the statistical error of the fit.

Owing to the broad absorption feature stemming from the overlap of many rovibrational lines,1NCN

absorption cross sections exhibit a rather weak temperature dependence. Both the absorption cross

sections of1NCN and of3NCN are on the same order of magnitude. AtT = 1000 K, σ(3NCN) =

1 × 108 cm2/mol, andσ(1NCN) = 3 × 107 cm2/mol. Therefore, the unusual situation arises that

both the electronic ground state and the excited state of a radical can be detected behind shock waves

with comparable sensitivities. Performing kinetic measurements at similar experimental conditions

simplifies the data evaluation and enhances the reliabilityof the derived models.

1NCN measurements

A typical 1NCN concentration-time profile is shown in Fig. 6. Time zero is set by the Schlieren signal,
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which indicates the arrival of the incident shock wave. The width of the Schlieren signal roughly

defines the time resolution of the experiments, in this work∆t ≈ 4 µs. The formation of1NCN is

determined by the thermal decomposition of the precursor molecule NCN3. In contrast to the room

temperature photolysis experiments, the thermal generation of 1NCN does not require relaxation of

highly excited1NCN∗ species. Within the time resolution of the experiments no induction times have

been observed. The1NCN decay can be directly attributed to the CIISC process. Alternative loss

processes such as secondary chemistry should not play a roledue to the low concentration levels

present in the experiments. For example, a simulation assuming a very high rate constant ofk =

1× 1014 for the potential reaction1NCN + 1NCN resulted in an only 10% lower value for the CIISC

rate coefficient. Furthermore, the single exponential decays revealed a dominating (pseaudo) first-

order process such that there is only little room for a significant contribution of any second-order

reaction.

At longer reaction times, a small background absorption signal remains, which can be attributed to

interfering 3NCN absorption. A slow decay of this weak background signal observed in validation

experiments with much higher NCN3 mole fractions is consistent with NCN loss from the bimolecular

reaction3NCN + 3NCN. The concentration-time profiles were analyzed based ona simple consecutive

first-order kinetics scheme according to

NCN3→
1NCN+N2 →

3NCN +N2.
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was fitted to the profiles by adjusting the rate constants of reactions (2), NCN3→ NCN + N2, reaction

(3), 1NCN → 3NCN, and the amplitude of the function, which is determined by [NCN3]0. The

second term the equation takes into account the interferingbackground absorption of the formed
3NCN, wheref ≈ σ(3NCN)/σ(1NCN).

A complication arose from the strong correlation between the two rate constantsk2 andk3, which

precluded their reliable determination at temperatures ofT < 770 K. Therefore,k3 has been extracted

only from experiments at temperaturesT > 770 K, where the two processes were clearly separable.

Then, by using extrapolatedk3 values at lower temperatures, it was possible to extract reliable values

for k2 atT < 770 K, as well.

An Arrhenius plot of the obtained rate constants is shown in Fig. 7. Experiments have been per-

formed in the temperature range 617 K< T < 1239 K at two different total densities:ρlow ≈

3 × 10−6 mol/cm3 andρhigh ≈ 6 × 10−6 mol/cm3. Data of the experimental conditions and results

are listed in the Supplementary Information. The rate constants are best represented by the following
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expressions (solid lines):

k2(ρlow)/s
−1 = 4.9× 109 × exp

(

−71 kJmol−1/RT
)

,

k2(ρhigh)/s
−1 = 7.5× 109 × exp

(

−71 kJmol−1/RT
)

,

k3(ρlow)/s
−1 = 1.9× 106 × exp

(

−28 kJmol−1/RT
)

,

k3(ρhigh)/s
−1 = 2.7× 106 × exp

(

−28 kJmol−1/RT
)

.

An error estimate of±30% holds for all expressions. It is based on a combination of statistical errors

and a consideration of systematic errors of temperature, total density and initial NCN3 concentration.

The errors of the Arrhenius activation energies are±14 kJ/mol for reaction (2) and±7 kJ/mol for

reaction (3). The rate constantsk2 of the thermal decomposition of NCN3 have been determined up

to temperatures ofT = 867 K. At higher temperatures, the too fast increase of the signal could not

be resolved. With an activation energy ofEa = 71 kJ/mol, the temperature dependence of the uni-

molecular decomposition of NCN3 is much stronger than the temperature dependence of the CIISC

process. Consequently, at a temperature ofT ≈ 650 K, the dominant reaction for the3NCN forma-

tion switches from the NCN3 decomposition at low to CIISC at high temperatures. Regarding the

density dependence, with 1.5 times higher rate constants ata doubled total density, the unimolecu-

lar decomposition process takes place in the fall-off region. With a factor of 1.4, the CIISC process

exhibits a similar pressure dependence. Keeping in mind theelevated pressures behind shock waves,

this is in agreement with the pressure saturation effect already discussed in connection with the room

temperature experiments.

In our recent paper,15 we reported an activation energy ofEa = 93 kJ/mol for the thermal decom-

position of NCN3. This value was based on a combination of quantum-chemical (G3) and statistical

(RRKM) calculations. Although with 22 kJ/mol the difference between our previous value and the

value reported in this work is not extensive, the reason for this deviation remains unclear. We sus-

pect inaccuracies in our calculated threshold energyE0, which had been determined by the composite

method G3. This method includes empirical scaling factors that might not be perfectly matched for the

molecules NCN3 and NCN. Therefore, we recommend the experimentally based expressions reported

in this work for future use.

3NCN measurements

3NCN concentration-time profiles have been measured behind incident shock waves in the tempera-

ture range 582 K< T < 1257 K at three different total densities. Some of these measurements have

already been discussed in our recent publication.15 In this work, we further extended the database

and re-evaluated all data by taking into account the newly determined decomposition rates of NCN3

from the1NCN experiments. A typical3NCN signal together with a numerical simulation and the
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corresponding sensitivity analysis is shown in Fig. 8. In addition to the two reactions shown in the

sensitivity analysis, our recent NCN mechanism16 comprising many potentially interfering reactions

and the GRI-Mech. 3.042 natural gas mechanism have been used as a background chemistry. After a

short induction period, which can be attributed to the pyrolysis of the precursor molecule, the signal

increases until it reaches a constant plateau value. The fact that a stable3NCN concentration plateau

is reached reveals that interfering secondary chemistry does not play a role for the experiment shown

in Fig. 8. The sensitivity analysis illustrates that both the assumed rate constants for the NCN3 de-

composition (2) and the CIISC process (3) are important at short reaction times. However, being able

to keepk2 fixed as determined from the1NCN measurements,k3 values could be reliably extracted

by fitting the overall3NCN formation rate. Data of the experimental conditions andresults are listed

in the Supplementary Information. In Fig. 9, determined rate constant data are compared to the results

of the singlet experiments. The singlet results have been adopted from Fig. 7 and are shown as dashed

lines. The solid lines represent the Arrhenius expressions(701 K< T < 1256 K) of the triplet data

measured at three different total densities ofρ1 ≈ 1.8 × 10−6 mol/cm3, ρ2 ≈ 3.5 × 10−6 mol/cm3,
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andρ3 ≈ 7.0× 10−6 mol/cm3:

k3 (ρ1) /s
−1 = 2.6× 106 × exp

(

−36 kJmol−1/RT
)

,

k3 (ρ2) /s
−1 = 2.0× 106 × exp

(

−31 kJmol−1/RT
)

,

k3 (ρ3) /s
−1 = 1.4× 106 × exp

(

−25 kJmol−1/RT
)

.

An error estimate of±20% holds for all expressions. It is based on combined uncertainties of k2
and statistical errors. The Arrhenius activation energiesare accurate to±10 kJ/mol. This rather large

error results from the fact that only the low temperature data points are systematically affected by the

uncertainty ofk2. At higher temperatures, the NCN3 decomposition becomes very fast and the signal

directly reflects the CIISC relaxation rate constant.

In contrast to the1NCN data, the activation energies seem to depend on the totaldensityρ. However,

given the rather large error margin of the Arrhenius activation energies, all data can be assumed

to yield essentially the same temperature dependence with an average activation energy ofEa =

30 kJ/mol. Although there seems to be a significant offset between the1NCN and the3NCN data,

especially atρ = 3.5 mol/cm3, the remaining discrepancies are< 35% and thus within the combined

error limits of the two measurements. As outlined above, a significant influence of1NCN secondary

chemistry that might have caused an overestimation of the relaxation rate in the1NCN measurements
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is unlikely. Instead, we ascribe the offset to a numerical effect stemming from the fitting procedures

used to separate the strongly correlatedk2 andk3 values. Overall, the good agreement between the

singlet and triplet data sets underlines our initial assumption that both the decay of the1NCN and the

increase of the3NCN profiles directly reflect the CIISC process.

4.4 Conclusion

The pyrolysis and the photolysis of NCN3 yields electronically excited1NCN thus making possible

the investigation of the collision induced intersystem crossing (CIISC) process starting from highly

excited (photolysis experiments) as well as thermalized (shock tube experiments) cyanonitrene radi-

cals. The CIISC process has been monitored by detecting both1NCN and3NCN concentration-time

profiles. To the best of our knowledge, these data represent the first quantitative measurement of a

CIISC process behind shock waves. Consistent data sets havebeen obtained clearly showing that

the CIISC process dominated the1NCN and3NCN concentration-time profiles. For future work, we

recommend the rate constant expressions extracted from themore reliable3NCN measurements.

Due to the formation of highly excited1NCN∗ (and possibly3NCN∗) in the photolysis experiments,

the concentration-time profiles reflect a quite complex superposition of several possible relaxation

pathways. Nevertheless, it was possible to extract the overall pressure dependence of the CIISC

process. At room temperature and pressuresp > 20 mbar, a pressure saturation was observed showing

that the CIISC process cannot be described as a simple bimolecular reaction step. This finding has

been confirmed by the high temperature measurements yielding an approximate density dependence

of k ∝ ρ0.6 instead ofk ∝ ρ1 as expected for a simple collisional process. Overall, a weak positive

temperature dependence has been observed. For example, at adensity ofρ = 3.5 × 10−6 mol/cm3,

the CIISC rate constant increases fromk3 = 7.0×103 s−1 at room temperature tok3 = 4.8×104 s−1

atT = 1000 K.

High temperature measurements of the thermal decomposition of NCN3 revealed a unimolecular re-

action in the fall-off regime. The recommended rate constant expressions, which are based on the first
1NCN measurements behind shock waves, supersede our previously reported rate constant estimate.

Moreover, near UV high temperature absorption cross sections of1NCN have been reported. It turns

out that both3NCN and1NCN can be detected with comparable sensitivities. In combination with

the unusually long lifetime of the electronically excited1NCN radical, this opens the door to perform

comparative studies of1NCN and3NCN reactivity at high temperatures.
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4.5 Supporting information

Table 1: Room temperature1NCN measurements: Experimental conditions and results.

p/ x0(NCN3)/ kapp/ kcon/ p/ x0(NCN3)/ kapp/ kcon/
mbar ppm s−1 s−1 mbar ppm s−1 s−1

NCN3/Ar mixture 1 NCN3/Ar mixture 2

10.0 166 2.8× 104 6.8 × 103 10.0 283 3.0× 104 4.1× 103

10.0 166 2.6× 104 6.9 × 103 10.0 283 3.5× 104 4.2× 103

17.5 95 5.1× 104 5.5 × 103 10.0 283 2.8× 104 4.4× 103

17.5 95 5.1× 104 5.5 × 103 10.0 283 3.2× 104 4.0× 103

32.5 51 9.0× 104 5.4 × 103 16.5 171 5.2× 104 4.0× 103

32.5 51 9.3× 104 5.1 × 103 16.6 171 5.3× 104 4.4× 103

62.7 27 1.7× 105 5.3 × 103 16.5 171 4.6× 104 4.0× 103

62.8 27 1.8× 105 5.2 × 103 16.5 171 4.8× 104 4.1× 103

121.7 14 3.2× 105 5.7 × 103 29.7 96 8.2× 104 4.8× 103

121.4 14 3.3× 105 5.3 × 103 29.5 96 7.8× 104 4.2× 103

240.6 6.8 6.4× 105 1.0 × 104 29.5 96 7.0× 104 4.4× 103

241.3 6.8 6.5× 105 9.8 × 103 55.6 51 1.6× 105 4.9× 103

55.6 51 1.5× 105 4.8× 103

55.7 51 1.5× 105 4.6× 103

55.8 51 1.5× 105 4.3× 103

107.5 26 2.8× 105 5.4× 103

107.2 26 2.7× 105 5.3× 103

108.2 26 2.6× 105 4.5× 103

108.0 26 2.8× 105 4.7× 103

212.2 13 5.6× 105 9.1× 103

211.2 13 5.7× 105 9.0× 103

216.6 13 5.6× 105 8.9× 103

214.2 13 5.5× 105 8.9× 103

437.3 6.6 1.3× 106 1.4× 104

437.3 6.6 1.2× 106 1.4× 104

427.8 6.6 1.1× 106 1.4× 104

426.3 6.6 1.1× 106 1.3× 104
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Table 2: Room temperature3NCN measurements: Experimental conditions and results.

p/mbar x0(NCN3)/ppm kslowapp/s−1 kfastapp/s−1 kcon/s−1

10.0 283 3.3× 103 5.9× 104 291
10.0 283 3.3× 103 6.5× 104 320
10.0 283 3.5× 103 4.6× 104 326
10.0 283 3.0× 103 4.1× 104 453
16.4 171 4.5× 103 9.0× 104 342
16.4 171 4.0× 103 7.5× 104 296
16.5 171 4.2× 103 5.1× 104 323
16.5 171 3.7× 103 5.2× 104 215
29.7 96 5.0× 103 8.0× 104 179
29.7 96 5.5× 103 7.6× 104 242
29.6 96 5.0× 103 1.6× 105 244
29.6 96 5.5× 103 1.9× 105 247
55.5 51 6.0× 103 9.7× 104 247
55.5 51 6.5× 103 1.2× 105 219
55.8 51 6.5× 103 1.4× 105 255
55.9 51 6.0× 103 1.2× 105 291
107.6 26 5.5× 103 1.2× 105 170
107.4 26 8.0× 103 2.5× 105 232
107.7 26 8.0× 103 5.7× 105 239
212.6 13 1.1× 104 3.6× 105 232
212.3 13 1.0× 104 2.9× 105 204
210.7 13 1.0× 104 4.0× 105 329
210.2 13 1.1× 104 3.3× 105 316
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Table 3: High temperature1NCN measurements: Experimental conditions and results.

T /K p/mbar ρ/(mol/cm3) x0(NCN3)/ppm k2/s−1 k3/s−1

ρ ≈ 3.5 × 10−6 mol/cm3

617 146 2.84 × 10−6 37 4.2 × 103 −
741 195 3.17 × 10−6 37 5.0 × 104 −
820 227 3.33 × 10−6 37 1.4 × 105 3.2× 104

925 269 3.50 × 10−6 37 4.6 × 105 5.1× 104

927 270 3.50 × 10−6 37 4.9 × 105 4.8× 104

1042 317 3.65 × 10−6 37 − 8.0× 104

1063 325 3.68 × 10−6 37 − 7.6× 104

1193 374 3.77 × 10−6 37 − 1.2× 105

1221 389 3.83 × 10−6 37 − 1.2× 105

ρ ≈ 7.0 × 10−6 mol/cm3

618 292 5.69 × 10−6 18 8.4 × 103 −
651 318 5.87 × 10−6 20 1.2 × 104 −
700 357 6.13 × 10−6 20 3.7 × 104 −
707 362 6.16 × 10−6 20 4.6 × 104 −
738 389 6.32 × 10−6 18 8.4 × 104 −
774 415 6.45 × 10−6 19 9.7 × 104 4.0× 104

824 456 6.66 × 10−6 19 2.4 × 105 4.5× 104

953 561 7.08 × 10−6 19 − 6.3× 104

1090 672 7.42 × 10−6 18 − 1.3× 105

1231 787 7.69 × 10−6 18 − 1.9× 105
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Table 4: High temperature3NCN measurements: Experimental conditions and results.

T /K p/mbar ρ/(mol/cm3) x0(NCN3)/ppm k2/s−1 k3/s−1

1.8 × 10−6 868 123 1.71 × 10−6 13 1.8× 104

896 128 1.72 × 10−6 14 2.2× 104

904 131 1.74 × 10−6 14 2.3× 104

978 145 1.79 × 10−6 14 2.9× 104

1002 150 1.81 × 10−6 14 3.2× 104

1120 175 1.87 × 10−6 14 5.8× 104

1231 196 1.92 × 10−6 14 8.0× 104

1240 198 1.92 × 10−6 15 8.0× 104

1528 258 2.03 × 10−6 14 2.0× 105

3.5 × 10−6 759 202 3.20 × 10−6 13 1.8× 104

766 200 3.14 × 10−6 4.0 1.3× 104

772 208 3.24 × 10−6 7.0 1.4× 104

788 212 3.40 × 10−6 6.5 1.6× 104

815 225 3.32 × 10−6 12 2.4× 104

823 225 3.30 × 10−6 23 2.3× 104

859 243 3.43 × 10−6 7.0 2.4× 104

877 250 3.58 × 10−6 5.6 2.3× 104

886 254 3.44 × 10−6 5.8 3.0× 104

894 256 3.44 × 10−6 6.0 2.8× 104

947 274 3.51 × 10−6 6.3 3.8× 104

978 291 2.90 × 10−6 5.8 3.8× 104

1127 351 3.37 × 10−6 7.4 6.3× 104

1178 372 3.80 × 10−6 5.9 1.0× 105

1240 395 3.13 × 10−6 5.3 1.0× 105

7.0 × 10−6 583 264 5.45 × 10−6 4.7 7.0× 103

674 335 5.99 × 10−6 4.7 1.6× 104

701 358 6.14 × 10−6 5.1 2.0× 104

742 391 6.34 × 10−6 5.1 2.7× 104

764 408 6.42 × 10−6 21 3.5× 104

788 426 6.50 × 10−6 6.7 3.0× 104

804 438 6.55 × 10−6 4.9 3.8× 104

816 451 6.66 × 10−6 21 4.5× 104

854 490 6.82 × 10−6 6.9 3.8× 104

963 570 7.12 × 10−6 5.1 6.0× 104

993 590 7.15 × 10−6 16 5.5× 104

1073 659 7.39 × 10−6 1.8 8.0× 104

1153 724 7.55 × 10−6 11 9.0× 104

1155 723 7.56 × 10−6 2.2 1.1× 105

1257 679 6.49 × 10−6 11 1.5× 105
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Abstract

The rate constant of the reaction NCN + O has been directly measured for the first time.

According to the revised Fenimore mechanism, which is initiated by the NCN forming

reaction CH + N2 → NCN + H, this reaction plays a key role for prompt NOx forma-

tion in flames. NCN radicals and O atoms have been quantitatively generated by the

pyrolysis of NCN3 and N2O, respectively. NCN concentration-time profiles have been

monitored behind shock waves using narrow-bandwidth laserabsorption at a wavelength

of λ = 329.1302 nm. Whereas no pressure dependence was discernible at pressures

between 709 mbar< p < 1861 mbar, a barely significant temperature dependence cor-

responding to an activation energy of5.8 ± 6.0 kJ/mol was found. Overall, at temper-

atures of 1826 K< T < 2783 K, the rate constant can be expressed askNCN+O =

9.6 × 1013 × exp(−5.8 kJ mol−1 /RT ) cm3mol−1s−1 (±40%). As a requirement for

accurate high temperature rate constant measurements, a consistent NCN background

mechanism has been derived from pyrolysis experiments of pure NCN3/Ar gas mixtures,

beforehand. Presumably, the bimolecular secondary reaction NCN + NCN yields CN rad-

icals hence triggering a chain reaction cycle that efficiently removes NCN. A temperature

independent value ofkNCN+NCN = (3.7±1.5)×1012 cm3mol−1s−1 has been determined

from measurements at pressures ranging from 143 mbar to 1884mbar and temperatures

ranging from 966 K to 1900 K. At higher temperatures, the unimolecular decomposition

of NCN, NCN + M→ C + N2 + M, prevails. Measurements at temperatures of 2012 K

< T < 3248 K and at total pressures of 703 mbar< p < 2204 mbar reveal a unimolec-

ular decomposition close to its low pressure limit. The corresponding rate constants can

be expressed askNCN+M = 8.9 × 1014 × exp (−260 kJ mol−1/RT ) cm3mol−1s−1 (±

20%).

5.1 Introduction

The nitrogen oxides NO and NO2 (NOx) are main pollutants in combustion processes.1 They play

an important role for ozone formation in the troposphere andcontribute to ozone depletion in the

stratosphere. Furthermore, as a secondary product of NOx reactions, the effective green house gas

N2O contributes to global warming.2

Especially under rich combustion conditions, prompt NO formation is a significant pathway to NOx.

Stimulated by the two seminal papers of Moskalevaet al.3,4 highlighting the until then overlooked

role of NCN radicals, the prompt NO formation mechanism had to be revised. Briefly, according to

Fenimore,5 NOx formation is initiated by the reaction of small hydrocarbonradicals with molecular

nitrogen, which is present in the combustion air. During thelast ten years it has been proved that the
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initiation step yields NCN radicals in the triplet ground state,3,4,6–11

CH(2Π) + N2(
1Σ+) −→ H(2S) + NCN(3Σ−

g ), (1a)

thus replacing the previously assumed spin-forbidden formation of HCN,

CH(2Π) + N2(
1Σ+) −→ N(4S) + HCN(1Σ+). (1b)

The reaction takes place on a complex potential energy surface involving HCNN as an intermediate

species. In the meantime, another pathway to prompt NO involving intermediate HNNC is being

discussed,6,12 but it yields the reaction products NCN + H, as well. Despite this crucial role of NCN

for NOx formation, many aspects of its high temperature chemistry remain unclear and call for a more

comprehensive experimental investigation.

Until now, direct measurements of bimolecular NCN reactions are limited to low temperatures.13–15In

2002, Baren and Hershberger13 measured the rate constant of the reaction NCN + NO at temperatures

T < 573 K and, additionally, stated upper limits for the reactions NCN + O2, C2H4, and NO2. NCN

was generated by 193 nm photolysis of diazomethane (CH2N2) in the presence of cyanogen (C2N2)

and was detected by laser induced fluorescence. Similar studies have been performed by Huanget

al.14 for the reaction NCN + NO at temperaturesT < 353 K in 2005. Another work on NCN

reactions using NCN3 photolysis as a precursor was concerned with the pressure dependence of the

reaction NCN + NO2, again studied at rather low temperatures ofT < 349 K.15

Only two direct measurements of high temperature (T > 1000 K) NCN reaction rate constants are

available yet, both performed using the shock tube technique.8,16 Vasudevanet al.8 determined the

rate constant of the reaction NCN + H in the temperature rangeof 2228 K< T < 2905 K by mea-

suring absorption-time profiles of NCN following the pyrolysis of mixtures of ethane in N2. The

pyrolysis of ethane yielded CH radicals, which subsequently reacted with N2 to generate NCN rad-

icals and H atoms. The rate constant of the reaction NCN + H wasextracted from the experiments

by fitting the decay of the measured NCN profiles. Very recently, Busch and Olzmann16,17 investi-

gated the unimolecular decomposition of NCN by generating NCN via the pyrolysis of highly diluted

mixtures of NCN3 at temperatures ranging from 1800 K to 2950 K. By means of monitoring C atom

concentration-time profiles and in agreement with theoretical work,18 the reaction was found to yield

almost exclusively C atoms and molecular nitrogen, NCN + M→ C + N2 + M.

In addition to the rather scarce experimental work, bimolecular NCN reactions have been exploited

by theoretical methods, mostly by the M.C. Lin group.4,14,15,19–22Rate constants have been reported

for the reactants NO, NS, NO2, O2, O, OH, and H. In contrast to the rather fast NCN + NO/NO2

reactions (k > 1010 cm3mol−1s−1),14,15even at a temperature of 2000 K a comparably low rate con-

stant value ofk ≈ 5 × 108 cm3mol−1s−1 has been predicted for O2, which is caused by substantial

reaction barriers yielding an activation energy ofEa ≈ 110 kJ/mol.20 As expected, the radical-radical
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and radical-atom reactions NCN + OH, H, and O are considerably faster and less temperature de-

pendent. Rate constants ofk > 1013 cm3mol−1s−1 have been predicted.3,21,22Although high-level

computational methods as well as sophisticated kinetic modelling schemes have been used to ensure

reliable results, the accuracy of these rate constant estimates is difficult to assess and thus has to await

experimental verification.

For the title reaction, Zhu and Lin derived (V)RRKM rate constant estimates including feasible re-

action products deduced from potential surface diagrams calculated with G2M compound as well as

CASPT3 and MRCI+Q ab initio methods.21 According to their work, with a branching fraction of

> 99% in the temperature range of 2000-3000 K, the formation of CN and NO is dominant,

NCN+O −→ CN +NO, (2)

and the overall reaction is predicted to be independent of pressure up to 100 bar.

Relying on the fragmentary experimental and theoretical results, several modelling groups have started

to improve combustion mechanisms by implementing NCN high temperature chemistry.23–28For ex-

ample, El Bakaliet al.23 compared HCN and NCN contributions to prompt NO formation inmethane-

air combustion by assuming NCN formation according to reaction 1a. Consecutive NCN reactions

were adopted from an early estimate of Glarborget al.29 Sensitivity analyses showed that for accurate

modelling of NO concentration profiles in flames, the rate constants of the reactions NCN + O2, NCN

+ OH, and NCN + O have to be known. With respect to NCN consumption, the most sensitive reaction

were NCN + H, followed by NCN + O2, NCN + O and NCN + OH. Especially at leaner combustion

conditions, the reaction NCN + O gained importance. More recently, Gersenet al.24 published a

modelling study based on an implementation of NCN chemistryinto the well-known GRI-Mech 3.0

natural gas mechanism30 in order to model experimentally measured HCN profiles. Similarly, Sutton

and Fleming25 included an alternative set of rate constant parameters relying largely on the theoret-

ical work of Lin and coworkers. Actually, the two different sets of parameters lead to the modelling

of significantly different NO concentration levels. However, taking into consideration the most re-

cent modelling work of Konnov26 and the extensive measurements of NO, CH, and NCN in methane

and ethylene flames by Lamoureuxet al.,27 by now there seems to be consensus that the Lin and

coworker’s set of rate constants yield the more reliable results. Other open issues remain, for instance,

the role of the reaction C2O + N2 yielding additional NCN as proposed by Konnov. Of course, the

sensitivities of the bimolecular NCN reactions depend on the fuel-air ratio and the nature of the fuel.

Whereas in rich methane flames the reaction NCN + H is most important both for NCN and NO

modelling, in leaner mixtures, rich ethylene flames, and higher molecular weight combustibles the re-

action NCN + O becomes equally or even most sensitive. Nevertheless, to the best of our knowledge,

experimental work on the rate of reaction 2 neither at high nor low temperatures has been published

yet.
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Clearly, measurements of the high temperature rate constant of the reaction NCN + O are highly desir-

able. In this context, we have shown in a recent paper that NCN3 pyrolysis is a suitable, quantitative

source of NCN radicals at high temperatures,NCN3 +M→ NCN+N2 +M.31 Moreover, consis-

tent high temperature absorption cross sections of NCN havebeen determined both experimentally8,31

and theoretically27,32 thus making it possible to investigate bimolecular NCN reactions. In this paper,

the first direct measurement of the rate constant of the reaction NCN + O using NCN3 as a precursor

molecule for NCN radicals and N2O as an O atom source is presented. Laser absorption spectroscopy

at a wavelength ofλ = 329.1302 nm (corresponding tõν = 30383.11 cm−1) has been applied to

sensitively and quantitatively monitor NCN concentration-time profiles behind shock waves. Further-

more, a detailed NCN sub-mechanism has been worked out from experiments without addition of

N2O allowing us to account for background NCN chemistry. High temperature 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 apparatus that has been described in more

detail elsewhere.33,34 Briefly, NCN concentration-time profiles have been recordedbehind reflected

shock waves in an 8 m long electro-polished stainless steel shock tube. The test section of 4.4 m length

and with an inner diameter of 81 mm could be evacuated down to pressures ofp ≈ 10−7 mbar by

an oil-free combination of turbomolecular drag and diaphragm pump. The shock tube was operated

by different mixtures of hydrogen and nitrogen and 30, 80 or 100 µm thick aluminium diaphragms.

Temperatures and pressures behind shock waves were calculated from pre-shock conditions and the

shock wave velocity, which was measured by a fast count unit wired to four piezoelectric pressure

transducers. For the calculation of the experimental shockwave parameters, a frozen chemistry code

was applied taking into account real gas effects and the measured shock wave damping, which was on

the order of 1% per meter.

The NCN precursor molecule cyanogen azide (NCN3) is an extremely explosive and presumably

very toxic chemical; thus great care should be taken while handling this substance. No attempt was

made to purify NCN3 by freeze-pump cycles. Instead, high purity NCN3 was directly synthesised

using a variant of a method originally described by Milliganet al.35 Solid sodium azide NaN3 had

been pestled and degassedin vacuo(10−4 mbar) overnight and cyanogen bromide (BrCN) had been

re-sublimated and passed through a molecular sieve (3Å) to remove CO2 and H2O, respectively.

For synthesis, small amounts of BrCN were allowed to expand into the reaction flask, which held

the sodium azide in great excess. During the 8 h of reaction time, the flask was carefully shaken

several times. The purity of the fresh products was analysedby FTIR spectroscopy showing that

the NCN3 content was typically> 99%, hence, residual amounts of BrCN were< 1%. Diluted

mixtures of 0.1% NCN3 in argon were used within 2–3 days since repeated FTIR analysis revealed a
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slow decomposition of NCN3. Commercial nitrous oxide was purified by repeated freeze-pump-thaw

cycles and was stored in a glass flask (10 L) as a 2% mixture in argon. For shock tube experiments,

the supply mixtures were further diluted with argon using calibrated mass flow controllers and the

shock tube was flushed with the particular reaction mixture for 5 min to prevent any wall adsorption

effects. Gases and chemicals used were argon (Air Liquide, 99.999%), nitrous oxide (Air Liquide,

99%), nitrogen and helium (Air Liquide, 99.99% as the drivergases), sodium azide (Merck, 99%),

and cyanogen bromide (Acros, 97%).

NCN was detected in its electronic triplet ground state by UVnarrow-bandwidth laser absorp-

tion spectroscopy at a wavelength ofλ = 329.1302 nm (̃ν = 30383.11 cm-1). The intense ab-

sorption band is a superposition of the3Π1 sub-band of thẽA3Πu(000) − X̃
3
Σg(000) transition

and the Q1 band head of the vibrationally excited Renner-Teller split3Σ+(010) −3 Π(010) tran-

sition.32,36 Temperature dependent absorption cross sections were adopted from previous work,31

log
(

σ/(cm2/mol)
)

= 8.9 − 8.3 × 10−4 × T/K (±25%, 750 K< T < 2250 K, 0.2 bar< p <

2.5 bar). Laser radiation of the respective wavelength was generated by intra-cavity frequency dou-

bling (LiIO4 crystal) of a frequency-stabilised (bandwidth< 10 MHz) continuous-wave ring-dye laser

(Coherent 899) operated by DCM Special dye (Radiant Dyes) and pumped by a Nd:YVO4 solid state

Laser (Coherent Verdi V10) atλ = 532 nm. The wavelength of the UV output of the ring-dye laser

was determined by measuring the wavelength of the fundamental by an interferometric wavemeter

(MetroLux WL200) with an accuracy of1.6 × 10−4 nm atλ = 329 nm.31 The laser beam was split

into the detection and the reference beam by a 50:50 beam splitter plate. The detection beam passed

the shock tube through two flush-mounted quartz windows, whereas the reference beam intensity

could be adjusted by a variable neutral density filter. The light beams were coupled into two opti-

cal fibres (Thorlabs BF H22-550), which were connected to a balanced photo-detector and amplifier

(Thorlabs PDB 150A-EC). The resulting difference signal (∆I) as well as the monitor signal (I0)

were stored by an analog input board (Measurement ComputingPCI-DAS4020/12, 12 bit, 20 MHz).

Numerical simulations of concentration-time profiles werecarried out by the Chemkin-II program

package.37 Where applicable, rate constants of reverse reactions werecalculated based on thermo-

dynamic data taken from Konnov38 except for NCN, for which the data were adopted from Goos

et al.39 (∆fH
◦
298 = 465.9 kJ/mol). For sensitivity analyses, the sensitivity coefficient σ(i, j) of the

ith reaction of speciesj was normalised with respect to the maximum concentration ofthe speciesj

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 high temperature rate constants, a consistent

NCN background mechanism including bimolecular NCN reactions and its thermal decomposition

has to be known. In order to provide such a mechanistic model,pyrolysis experiments of mixtures of

NCN3 in argon have been performed under experimental conditionssimilar 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 measured behind the incident (T = 915 K,

ρ = 1.74 × 10−6 mol/cm3) and reflected shock wave (T = 1734 K, ρ = 3.72 × 10−6 mol/cm3).

The two signal spikes correspond to Schlieren signals indicating the arrival of the incident and re-

flected shock wave, respectively. Behind the incident wave,cyanogen azide (NCN3) undergoes a fast

unimolecular decomposition forming1NCN and N2,

NCN3 +M −→ 1NCN+N2 +M −→ 3NCN+N2 +M. (3)

Initially formed electronically excited1NCN is transformed to the3NCN ground state by a collision-

induced intersystem crossing (CIISC) process. As was shownin our previous work,31 at temperatures

aboveT ≈ 700 K the formation rate of3NCN is limited by the CIISC process rather than the thermal

decomposition of cyanogen azide. In any case, under the experimental conditions of this work the
3NCN formation was fast enough to ensure stable3NCN plateau concentrations before the arrival of

the reflected shock wave such that only3NCN (denoted NCN in the following) is present in the re-

action system. Measured plateau absorption signals behindthe incident wave as well as the observed

absorption levels directly behind the reflected wave were used to determine the actual NCN3 concen-

tration and with it the[NCN]0 value based on the known absorption cross section of NCN. Within

error limits, agreement was found between initial NCN concentrations and the metered NCN3 content

in the reaction gas mixture. Note that as a result of the strongly temperature dependent cross section,

the lower NCN concentrations behind the incident shock waves actually yielded significantly higher

absorption signals. With a half-lifetime of approximately400µs for the experiment shown in Figure

1, NCN radicals were slowly consumed by several secondary reactions behind the reflected wave. The

half-lifetimes of the signal were found to strongly depend on the initial NCN3 concentration showing

that bimolecular reactions play a significant role.

The three curves shown in Figure 1 correspond to numericallysimulated NCN concentration-time

profiles assuming different reaction models. The GRI-Mech 3.0 served as a base mechanism and
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Figure 1: Rate constant measurement of the reaction NCN + NCN→ 2 CN + N2. NCN concentration-
time profile and numerical simulations (upper frame); corresponding sensitivity analysis
(lower frame). Only NCN3 and Ar were present in the reaction gas mixture.
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Table 1: Supplemental high temperature NCN/CN reaction mechanism. The GRI-Mech 3.0 has been
used as a base mechanism. Rate constants are given aski = AT nexp(−Ea/RT ); units are
cm, mol, s, K, and kJ.
No. Reaction A n Ea Ref.
4 NCN + NCN ⇋ 2 CN + N2 3.70 × 1012 this work
5 NCN + M ⇋ C + N2 + M 8.90 × 1014 260 this work

2.68 × 1014 233 16

6 NCN + C ⇋ 2 CN 1.00 × 1014 16, this work
7 NCN + CN ⇋ C2N2 + N 1.25 × 1014 33.5 3

8 NCN + N ⇋ CN + N2 1.00 × 1013 3

9 CN + M ⇋ C + N + M 1.89 × 1014 589 40

10 CN + C ⇋ C2 + N 3.00 × 1014 150 40

11 C2 + M ⇋ 2 C + M 1.50 × 1016 595 41

12 C2N2 + M ⇋ 2 CN + M 1.07 × 1034 −4.32 545 41

has been complemented by several NCN and CN reactions. Addedreactions are listed together with

corresponding rate constant expressions in Table 1. A similar mechanism has been used by Sut-

ton9 and Konnov26 for flame modelling studies. The upper dashed curve in Figure1 corresponds to

a simulation excluding the reaction NCN + NCN, thus assumingthe usual flame modelling chem-

istry. Obviously, the experimentally observed NCN decay isdramatically underestimated showing

that the bimolecular NCN + NCN reaction is important under the present experimental conditions.

Including and fitting the rate of this reaction with unspecified stable products, NCN + NCN→ prod-

ucts, fails to reproduce the overall decay profile (lower dashed curve). In fact, the experimental

profile seems to resemble a first-order rather than the expected bimolecular decay characteristic. A

possible explanation is that the observed profile results from a chain accelerated reaction sequence

triggered by reactive products of the NCN + NCN reaction. Whereas the potential reaction prod-

ucts 2 C + 2 N2 (∆rH
◦
298 = +501 kJ/mol) and C2 + 2 N2 (∆rH

◦
298 = −101 kJ/mol) can be ex-

cluded by thermodynamic and/or mechanistic reasoning, themost feasible product set is 2 CN + N2
(∆rH

◦
298 = −56 kJ/mol).

NCN +NCN −→ 2CN + N2 (4)

Presumably, the reaction proceeds via vibrationally highly excited C2N2, which instantly dissociates

forming two CN radicals. Subsequently, CN radicals can react with NCN yielding C2N2 + N followed

by the reaction N + NCN→ CN + N2. Assuming the reactive products of reaction 4, the experimen-

tal NCN profiles could be nicely reproduced (solid curve). Moreover, the sensitivity analysis of the

experiment shown in Figure 1 reveals that the rate of the reaction NCN + NCN dominates the decay

profile rendering possible a direct rate constant determination. Note that the sensitivity of the uni-

molecular NCN decomposition reaction 5, NCN + M→ C + N2 + M, is rather low at temperatures

T < 2000 K.16,17 However, C atoms formed in this reaction are rapidly transformed to CN radicals

via the reaction 6, NCN + C→ 2 CN, as well.
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Figure 2: Arrhenius plot of the rate constants of the reaction NCN + NCN→ 2 CN + N2. Filled
symbols refer to measurements behind reflected, open symbols to measurements behind
incident shock waves. The solid line represents the recommended temperature and density
independent rate constantk4 = 3.7 × 1012 cm3mol−1s−1.

Determinedk4 values from experiments performed at temperatures of 965 K< T < 1900 K, at total

pressures of 140 mbar< p < 1900 mbar, and with initial NCN mole fractions ranging from 4ppm to

130 ppm are plotted in Arrhenius form in Figure 2. Details on the experimental conditions are given

in the Supplementary Information. Within the scatter of thedata, the experiments behind reflected

shock waves performed at total densities ofρ = (3.6 − 14) × 10−6 mol/cm3 (filled symbols) reveal

no discernible temperature or density dependence of the rate constant. The solid line represents the

recommended average value of the rate constant of the reaction NCN + NCN,

k4 = 3.7× 1012 cm3mol−1s−1 (∆ log k = ±0.2)

The stated error estimate accounts for the uncertainty of the absolute NCN concentration and the

scatter of the data. In some experiments, the observed NCN concentration-time-profiles already begun

to decay behind the incident shock wave allowing us to extract rate constant values at overall lower

densities,ρ = (1.8 − 4.0) × 10−6 mol/cm3. In comparison with the reflected shock wave data, the

evaluation of these short signals yielded approximately a factor of 2 lowerk4 values (open symbols

in Figure 2). Instead of indicating a slight density dependence of the NCN + NCN reaction, we

attribute this systematic effect to an imperfect modellingof the superimposed, yet incomplete1NCN

relaxation supplying additional3NCN. Consequently, in the light of the more approximate nature of

these experiments, the incident shock wave data were excluded from the recommended rate constant
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fit.

The only other mentioning of the rate constant of the reaction NCN + NCN so far is found in the

experimental shock tube work of Busch.16 From measured C atom concentration-time profiles fol-

lowing NCN3 decomposition, Busch was able to deduce the sum of the rate constants of reactions 6

and 4. A value ofk4 + k6 = 1× 1014 cm3mol−1s−1 was reported to be consistent with the observed

C atom decays at long reaction times. Since the rate constantof reaction 4 has been determined above

to be3.7× 1012 cm3mol−1s−1, the value ofk = 1× 1014 cm3mol−1s−1 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 concentrationsthe unimolecular decomposition of the

NCN radical according to

NCN+M −→ C+N2 +M (5)

gains importance and eventually prevails the observed NCN decay. Figure 3 illustrates a typical

experiment at a temperature of 2406 K that has been used to determine k5. Due to low absorption

cross section at high temperatures, a rather low signal level arose behind the reflected wave. However,

as indicated by the high sensitivity coefficients of reaction 5 depicted in the lower frame of Figure 3,

k5 could still be sensitively extracted from such an experiment. Rate constants have been determined

at temperatures of 2012 K< T < 3248 K, at total pressures of 703 mbar< p < 2204 mbar, and with

initial NCN mole fractions ranging from 19 ppm to 130 ppm. Theresults are plotted in Arrhenius

form in Figure 4. Details on the experimental conditions aregiven in the Supplementary Information.

Within the scatter of the data, no density dependence of the second-order rate constant is discernible at

densities ofρ = (4.0−9.1)×10−6 mol/cm3 showing that the unimolecular decomposition takes place

close to its low pressure limit. The data can be represented by the following Arrhenius expression:

k5 = 8.9× 1014 × exp (−260 kJ mol−1/RT ) cm3mol−1s−1 (±20%).

The stated combined error estimate results from the statistical error of the Arrhenius fit and the un-

certainty associated with the rate constant of the second most sensitive reaction 4, NCN + NCN.

The comparison of our data with the recent shock tube data of Busch,16 which are based on C atom

concentration-time profile measurements following NCN3 pyrolysis at similar total densities, reveals

excellent agreement within 50% over the whole overlapping temperature range. Our slightly higher

value for the activation energy,Ea = 260 kJ/mol instead of 233 kJ/mol, is further supported by the

theoretical (V)RRKM prediction of Moskaleva and Lin18 (dashed curve). The excellent agreement of

experimental and theoretical results shows that the rate constant of the unimolecular decomposition

of the NCN radical is surprisingly well constrained.
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In summary, with the set of parameters outlined in Table 1 it was possible to model NCN

concentration-time profiles in the temperature range of 966K < T < 3248 K, in the pressure range

140 mbar< p < 2204 mbar, and for reaction gas mixtures containing 5 – 130 ppm initial 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 gas mixtures containing cyanogen azide and

nitrous oxide. Whereas NCN3 served as a clean source of NCN radicals, the well studied thermal

decomposition of N2O was used to generate O atoms according to

N2O+M −→ N2 +O+M (13)

In numerous literature studies on this reaction, mostly shock tube experiments, a range of different

detection techniques (e.g., O-ARAS, mass spectrometry, IRand UV/Vis absorption and emission)

have been applied to determine its rate constant.42–57 As shown in the paper of Rosset al.,57 at
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Table 2: Supplemental reactions for reaction mixtures containing N2O. The GRI-Mech 3.0 mechanism
expanded by the reactions listed in table 1 has been used as a base mechanism. Rate constants
are given aski = Aexp(−Ea/RT ); units are cm, mol, s, K, and kJ.

No. Reaction A Ea Ref.
2 NCN + O ⇋ CN + NO 9.6× 1013 5.8 this work
13 N2O + M ⇋ N2 + O + M 3.98 × 1014 237 56

14 NCN + NO ⇋ CN + N2O 1.9× 1012 26 Dammeier and Friedrichs∗

15 C2N2 + O ⇋ CN + NCO 4.60 × 1012 37 58

∗ to be published elsewhere

temperatures ofT > 1800 K all measured rate constants essentially agree. For the purpose of this

work, the rate constant expression reported by Röhriget al.56 has been adopted. Their experiments

have been performed in a similar temperature and pressure range at comparable initial mole fraction

of N2O and using Ar as the bath gas.

A typical experimental NCN concentration-time profile is shown in Figure 5. Compared to the exper-

iment without N2O addition (see Figure 1), NCN is consumed much faster due to its reaction with the

generated O atoms. At early reactions times, a short induction period is noticeable. Starting from the

background NCN3 mechanism presented above, several reactions were added tothe reaction mech-

anism in order numerically simulate the measured NCN profile(see Table 2). In particular, as NO

constitutes a product of reaction 2, allowance was made for the reaction NCN + NO. The temperature

dependent rate constant of this reaction, which eventuallyturned out to be of minor importance, has

been measured separately in our laboratory. Details of these measurements will be published else-

where. Note that the reactions NCN + CN, N2O + CN and N2O + O are already included in the

GRI-Mech 3.0 base mechanism and are not listed in Table 2. In Figure 5, the simulation using the rate

of reaction 2 as the sole adjustable parameter nicely reproduces the measured NCN profile. To further

elucidate the importance of reaction 2, simulations withk2 × 2 andk2/2 are displayed in Figure 5 as

well.

The corresponding sensitivity analysis is depicted in the lower frame of Figure 5. Next to the target

reaction NCN + O, the assumed rate constant of the N2O unimolecular decomposition exhibit a very

similar sensitivity profile showing that O atom formation (dashed curve in the upper frame of Figure

5) is a limiting factor for the NCN decay rate. Even at the hightemperature ofT = 2459 K, the N2O

decomposition is rather slow such that O atom formation takes place on a comparable time scale as

the NCN radical decay. This continuing O atom concentrationbuildup is the principle reason for the

observed induction time of the NCN decay profile. Of course, the interfering sensitivity of reaction

13 is unfavourable for the determination of the rate of reaction 2. The assumed rate constant of

reaction 13 directly affects the extractedk2 value. Unfortunately, it was not possible to fully decouple

these two reactions by tuning the reaction conditions. Whereas the N2O decomposition limits the

lower range of accessible temperatures, toward higher temperatures the unimolecular decomposition
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of NCN sets in. Rate constant values, which were extracted from 16 concentration-time profiles in

the rather narrow intermediate temperature range of 1826 K< T < 2580 K at pressures of 709 mbar

< p < 2334 mbar are plotted in Figure 6. Details on the experimental conditions are given in the

Supplementary Information. Within the scatter of the data,the experiments performed at two different

total densities,4× 10−6 mol/cm3 (dots) and8× 10−6 mol/cm3 (triangles), are indistinguishable. The

data points are best represented by the Arrhenius expression (solid line)

k2 = 9.6× 1013 × exp(−5.8 kJ mol−1 /RT ) cm3mol−1s−1 (±40%)

with a barely significant temperature dependence corresponding to an activation energy of5.8 ±

6.0 kJ/mol. The stated error estimate of±40% was based on a combination of errors arising from

the statistical fit (±15%), the absolute NCN and N2O concentrations (±5%), and the uncertainties of

the rate constant expressions used in the reaction mechanism. As already outlined above, the main

uncertainty ofk2 is associated with the assumed rate constant of the unimolecular decomposition of

N2O. Whereas Röhriget al.56 stated an absolute error of±30% for this reaction, an error of±15%

has been assumed fork13 in this work. This is justified by the very good agreement of all measured

N2O decomposition rate constants found in the literature. However, as the N2O decomposition is

strongly temperature dependent, allowance was made for an additional 5% error stemming from an

experimental temperature uncertainty (±0.5%, precision of the shock wave velocity measurement).

Figure 6 also compares the rate constant fit of this work (solid line) with the only other available
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literature result taken from the theoretical work of Zhu andLin 21 (dashed line). Zhu and Lin calcu-

lated singlet and triplet potential energy surfaces with the G2M compound as well as the CASPT3

and MRCI+Q methods. Three different sets of reaction products (CN + NO, CO + N2, N + NCO) as

well as ten different reaction pathways have been mapped out. Rate constants were calculated for a

temperature range of 200 K< T < 3000 K using the (V)RRKM method. From a mechanistic point

of view, the reaction resembles an association-decomposition process. An NCNO complex is formed

that can undergo several isomerisation steps and finally dissociates forming the different products. It

turned out from the calculation that both for the initially formed singlet and triplet NCNO interme-

diates dissociation into CN + NO is energetically favourable resulting in a predominance (> 99%)

of these products over the entire temperature and pressure range. Overall, the reaction is exother-

mic,∆rH
◦
298 = −187 kJ/mol. Due to energetically low lying exit barriers, whichare well below the

entrance energy of the collisional complexes, no collision-induced deactivation of the NCNO interme-

diate takes place at pressures below 100 bar. As is a common feature of such an association-controlled

reaction, the observed rate constant is close to the collision limit and is little temperature dependent.

Both the predicted absolute rate constant value as well as the pressure and (more or less) temperature

independent rate is consistent with our results. By analysing potential effects of variable entrance

profiles as well as calculated ab initio energies on their predicted rate constant, Zhu and Lin quoted

that their rate expression may be accurate within±10%. In the light of potential errors associated

with the model assumptions and the applied approximate treatment of rotational effects, this narrow

error estimate may be somewhat too optimistic, however, theagreement of our experimental result

with their theoretical prediction within error limits is intriguing.

5.4 Conclusion

Quantitative generation and detection of NCN radicals behind shock waves by means of NCN3 pyroly-

sis and narrow-bandwidth laser UV absorption renders possible direct measurements of high tempera-

ture rate constants of bimolecular NCN reactions. As a prerequisite for such measurements, a detailed

high temperature NCN background mechanism has been worked out. It is capable of reproducing

measured NCN concentration-time profiles at temperatures of 966 K < T < 3248 K, at pressures

of 140 mbar< p < 2204 mbar, and for reaction gas mixtures containing 5 to 130 ppm initial mole

fractions of NCN3. For the first time, rate constants for the self reaction of NCN radicals have been

measured. Presumably, the reaction yields CN radicals according to NCN + NCN→ 2 CN + N2. De-

termined NCN unimolecular decomposition rate constants, NCN + M→C + N2 + M, have been found

to be in excellent agreement with experimental literature data and theoretical predictions. Moreover,

using the pyrolysis of N2O as an additional O atom source, rate constants of the reaction NCN + O→

CN + NO could be directly measured in the temperature range of1826 K< T < 2783 K and at pres-

sures of 709 mbar< p < 1861 mbar. These measurements represent the first availableexperimental
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data on this key reaction for NOx formation modelling in hydrocarbon flames according to the Feni-

more mechanism. With a rate constant ofk = 9.6×1013×exp(−5.8 kJ mol−1 /RT ) cm3mol−1s−1,

the reaction proceeds close to the collision limit, is independent of total pressure, is only slightly tem-

perature dependent, and hence supports the model of an association-controlled reaction as proposed

by Zhu and Lin.21
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5.5 Supporting information

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

T /K p/mbar ρ/(mol/cm3) x(NCN)/ppm kNCN+M

cm3/mol s
kNCN+NCN

cm3/mol s

ρ ≈ 1.9× 10−6 mol/cm3, incident shock wave
966 143 1.78×10−6 59 - 1.0×1012

1065 163 1.84×10−6 56 - 3.0×1012

1196 190 1.91×10−6 67 - 1.0×1012

1230 197 1.92×10−6 130 - 1.2×1012

1266 204 1.94×10−6 60 - 2.0×1012

1380 227 1.98×10−6 59 - 1.0×1012

1396 231 1.99×10−6 61 - 1.5×1012

1400 231 1.99×10−6 59 - 1.5×1012

1548 261 2.03×10−6 67 - 2.0×1012

ρ ≈ 3.8× 10−6 mol/cm3, incident shock wave
984 293 3.58×10−6 21 - 1.5×1012

1036 305 3.54×10−6 21 - 2.0×1012

1261 406 3.87×10−6 28 - 2.0×1012

1412 467 3.98×10−6 50 - 2.0×1012

ρ ≈ 4.1× 10−6 mol/cm3, reflected shock wave
1620 489 3.61×10−6 14 - 3.0×1012

1705 523 3.71×10−6 15 - 5.0×1012

1734 537 3.72×10−6 50 - 5.0×1012

1857 594 3.85×10−6 64 - 3.0×1012

2093 703 4.04×10−6 60 2.5×108 -
2209 758 4.13×10−6 65 6.0×108 -
2345 823 4.22×10−6 30 1.4×109 -
2375 838 4.24×10−6 65 2.2×109 -
2406 852 4.26×10−6 65 1.9×109 -
2488 892 4.31×10−6 130 3.9×109 -
2574 933 4.36×10−6 60 4.0×109 -
2847 1066 4.50×10−6 60 1.8×1010 -
2886 1084 4.52×10−6 64 2.0×1010 -
3248 1262 4.61×10−6 65 5.0×1010 -

ρ ≈ 8.6× 10−6 mol/cm3, reflected shock wave
1042 475 5.48×10−6 9 - 2.5×1012

1159 364 8.41×10−6 19 - 3.0×1012

1325 710 6.45×10−6 9 - 3.5×1012

1361 741 6.55×10−6 14 - 3.0×1012

1494 857 6.90×10−6 13 - 2.5×1012

1495 859 6.91×10−6 4 - 3.5×1012

1517 961 7.62×10−6 12 - 3.0×1012
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Table 1, continued:

T /K p/mbar ρ/(mol/cm3) x(NCN)/ppm kNCN+M

cm3/mol s
kNCN+NCN

cm3/mol s

1642 990 7.25×10−6 16 - 2.5×1012

1665 1008 7.28×10−6 12 - 4.0×1012

1685 1020 7.28×10−6 13 - 3.5×1012

1763 1099 7.50×10−6 17 - 3.0×1012

1900 1227 7.77×10−6 20 - 5.0×1012

2012 1331 7.96×10−6 19 1.4×108 -
2014 1334 7.97×10−6 31 1.8×108 -
2024 1304 7.75×10−6 20 2.0×108 -
2317 1619 8.41×10−6 18 1.5×109 -
2357 1663 8.49×10−6 22 1.2×109 -
2561 1854 8.71×10−6 26 2.5×109 -
2924 2204 9.07×10−6 50 2.5×1010 -

ρ ≈ 1.3× 10−5 mol/cm3, reflected shock wave
1156 1134 1.18×10−5 5 - 5.0×1012

1322 1415 1.29×10−5 5 - 5.0×1012

1432 1599 1.34×10−5 7 - 2.5×1012

1588 1884 1.43×10−5 7 - 3.0×1012

Table 2: Experimental conditions and results of shock tube experiments with N2O as an O atom
precursor.

T /K p/mbar ρ/(mol/cm3) x(NCN)/ppm x(N2O)/ppm kNCN+O

cm3/mol s

ρ ≈ 4.3 × 10−6 mol/cm3

2099 709 4.06 × 10−6 63 1052 8.0× 1013

2285 797 4.20 × 10−6 63 1052 1.0× 1014

2438 870 4.29 × 10−6 63 1052 6.0× 1013

2459 882 4.31 × 10−6 58 700 8.0× 1013

2541 921 4.36 × 10−6 63 1052 6.0× 1013

2580 939 4.38 × 10−6 57 1275 7.0× 1013

2783 1040 4.50 × 10−6 55 1948 8.0× 1013

ρ ≈ 8.2 × 10−6 mol/cm3

1826 1176 7.75 × 10−6 17 4280 6.0× 1013

1866 1198 7.72 × 10−6 20 1080 6.0× 1013

1900 1232 7.79 × 10−6 19 1080 8.0× 1013

1964 1289 7.89 × 10−6 22 1080 7.0× 1013

1977 1305 7.94 × 10−6 29 1068 6.5× 1013

2138 1454 8.18 × 10−6 21 1080 6.5× 1013

2409 1713 8.55 × 10−6 55 1046 6.0× 1013

2563 1861 8.76 × 10−6 38 1977 9.0× 1013
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6. Rate Constants of the Reactions NCN + NO and NCN + NO2

Abstract

The high temperature rate constants of the reactions NCN + NOand NCN + NO2
have been directly measured behind shock waves under pseudo-first order condi-

tions. NCN has been generated by the pyrolysis of cyanogen azide (NCN3) and

quantitatively detected by sensitive difference amplification laser absorption spec-

troscopy at a wavelength of 329.1302 nm. The NCN3 decomposition initially yields

electronically excited1NCN radicals, which are subsequently transformed to the

triplet ground state by collision induced intersystem crossing (CIISC). CIISC effi-

ciencies were found to increase in the order of Ar< NO2 < NO as the collision

gases. The rate constants of the NCN + NO/NO2 reactions can be expressed as

kNCN+NO/(cm
3mol−1s−1) = 1.9 × 1012 exp [−26.3 (kJ/mol) /RT ] (±7%,∆Ea =

±1.6 kJ/mol, 764 K< T < 1944 K) andkNCN+NO2
/(cm3mol−1s−1) = 4.7 ×

1012 exp [−38.0 (kJ/mol) /RT ] (±19%,∆Ea = ±3.8 kJ/mol, 704 K< T < 1659 K).

In striking contrast to reported low temperature measurements, which are dominated by

recombination processes, both reaction rates show a positive temperature dependence and

are independent of the total density (1.7 × 10−6 mol/cm3 < ρ < 7.6 × 10−6 mol/cm3).

For both reactions, the minima of the total rate constants occur at temperatures below

700 K showing that at combustion relevant temperatures the overall reactions are domi-

nated by abstraction-like pathways according to NCN + NO→ CN + N2O and NCN +

NO2→ NCNO + NO.

6.1 Introduction

Encouraged by the demand for clean energy sources, the efforts to reduce the emissions of hazardous

substances from combustion processes continue. Nitrogen oxides NOx (NO and NO2) are among the

main pollutants, which are generated in the combustion of fossil fuels as well as fuels made from

regrowing resources.1 The hazardous potential of NOx lies in its contribution to photochemical smog

in the troposphere and to ozone depletion in the stratosphere.2 Furthermore, nitrous oxide (N2O), a

secondary product of NOx reactions, is an active atmospheric trace gas with a high global warming

potential.3

There are several formation mechanisms and two principal sources of NOx in combustion processes.1

Firstly, NOx stems from nitrogen impurities in the fuel, which are oxidized. This mechanism is

referred to as fuel-N-conversion.4 Secondly, NOx can be generated from atmospheric molecular ni-

trogen. At high temperatures, the primary formation pathway takes place according to the Zeldovich
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mechanism,5,6

O+N2 → NO+N (1)

N+O2 → NO+O (2)

N+OH→ NO+H. (3)

Thirdly, in low temperature combustion at high pressures, NOx is yielded via the reaction sequence7,8

N2 +O+M→ N2O+M (4)

N2O+O→ NO+NO. (5)

Finally, especially under fuel-rich combustion conditions, prompt-NO is generated by the reaction of

small hydrocarbon radicals with N2. Fenimore9 suggested that a key initiating step of the reaction

sequence is the spin-forbidden reaction

CH
(

2Π
)

+N2

(

1Σ+
)

→ N
(

4S
)

+HCN
(

1Σ+
)

. (6a)

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

quartet potential energy surface necessary for reaction 6ais low and thus theoretically predicted rate

constants were lower than experimentally measured.10 In the year 2000, the products of this textbook

reaction have been revised by Moskalevaet al.11,12according to

CH
(

2Π
)

+N2

(

1Σ+
)

→ H
(

2S
)

+NCN
(

3Σ−
g

)

. (6b)

By quantum chemical and statistical rate calculations theyshowed that this spin-allowed reaction

pathway exists and yields rate constants that are consistent with the experimental data. The path-

way generates NCN radicals, a species which had not been discussed in the context of combustion

research before. Later, it was experimentally proven by flame and shock tube measurements that the

NCN channel (6b) is in fact the dominating reaction channel of reaction 6.13–16 Since then, several

theoretical11,17–22and experimental16–18,23–26studies have addressed NCN reactions and available

rate constants have been introduced into existing combustion models.14,26–30

Objects of previous theoretical work were the reactions NCN+ O (7),21 NCN + O2 (8),20 NCN + OH

(9),22 NCN + NO (10),17,19 NCN + NO2 (11),18 and NCN + H (12).11 Rate constants and product

branching ratios have been theoretically predicted over a wide range of temperatures and pressures.

In contrast, available experimental results are limited toa few reactions and mainly to temperatures

belowT < 600 K. An exception is the reaction NCN + H , which has been investigated behind shock

waves in the temperature range 2378 K< T < 2492 K by Vasudevanet al.16 NCN was obtained by

the pyrolysis of ethane (C2H6), which yields CH radicals that subsequently reacted with the bath gas

N2 to form NCN (reaction 6b). Observed NCN decays were attributed to the reaction NCN + H (12).

An indirect determination of the rate constant of reaction 12 has also been reported by Lamoureuxet
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al.26 In a combined modeling and flame diagnostics study they attributed deviations of simulated from

measured CH, NCN and NO concentrations to reaction 12. Furthermore, high temperature reaction

rates of the unimolecular NCN decomposition NCN + M→ C + N2 + M (13) have been directly

measured (C-ARAS) behind shock waves at temperatures of1800 − 2950 K.31,32

Recently, in order to provide much needed high temperature rate constant data for bimolecular NCN

reactions, we have thoroughly investigated the thermal decomposition of NCN3 as a quantitative high

temperature NCN radical source.33 NCN formation rates and high temperature absorption cross sec-

tion have been directly measured showing that NCN can be sensitively detected in the ppm range

behind shock waves. At such low concentrations subsequent NCN secondary chemistry is efficiently

suppressed turning the thermal NCN3 decomposition into an ideal NCN radical source. Nevertheless,

as a requirement for accurate rate constant measurements, aconsistent NCN background mechanism

has been derived from pyrolysis experiments reporting rateconstants for the reactions NCN + M (13)

at 2010 K< T < 3250 K and NCN + NCN (14) at 965 K< T < 1900 K.34 Furthermore, by adding

O atoms generated from the N2O decomposition to the reaction mixtures, we were able to measure

the rate constant of the reaction NCN + O (7) for the first time (1825 K< T < 2785 K).

Regarding reaction 10, NCN + NO, the theoretical investigations agree that the reaction proceeds via

an NCNNO intermediate.17,24Huanget al.17 performed quantum chemical (G2M/CC5) and statistical

rate (VTST/RRKM) calculations. It was found that the overall reaction exhibits negative temperature

dependence atT < 500 K and a pronounced positive temperature dependence toward higher temper-

atures. At low temperatures, a recombination reaction according to NCN + NO + M⇋ NCNNO + M

takes place, whereas at high temperatures an abstraction-like channel yields N2O + CN. One of the

first experimental works on elementary NCN gas phase reactions was concerned with reaction 10 and

has been performed by Baren and Hershberger23 in 2002. NCN was generated by 193 nm photolysis

of diazomethane (CH2N2) in the presence of cyanogen (C2N2). Rate constants could be determined

from NCN concentration-time profiles measured by means of laser induced fluorescence (LIF) in the

temperature range 298 K< T < 573 K. Both NCN (by LIF) and the possible products N2O and CO2
(by IR absorption) were detected. Similarly, Huanget al.17 measured rate constants in the temperature

range of 254 K< T < 353 K following the 193 nm photolysis of cyanogen azide (NCN3) as a source

of NCN. In the examined temperature range both studies support the expected negative temperature

dependence. Welz24 extended the temperature range to 254 K< T < 485 K and characterized the

pressure dependence at pressures ranging fromp = 30 mbar top = 50 bar. Again, NCN was detected

by LIF following the photodissociation of NCN3 atλ = 193 nm andλ = 248 nm.

Reaction 11, NCN + NO2, has been the subject of two combined experimental and theoretical studies.

Yang et al.18 measured rate constants in the temperature range 260 K< T < 296 K at pressures

betweenp = 133 mbar andp = 666 mbar. NCN was generated by 193 nm photolysis of NCN3

and detected by LIF. Additionally, rate constants have beencalculated at temperatures of 200 K

< T < 2000 K using a combination of quantum mechanical (G2M//B3LYP/6-311+G(d)) and sta-
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tistical (RRKM) methods. Based on these calculations, an association reaction is expected for tem-

peraturesT < 700 K to take place exhibiting a negative temperature dependence, whereas at higher

temperatures a positively temperature dependent abstraction channel is predicted to yield NCNO +

NO. In similar experiments, Kappler25 extended the temperature range to 255 K< T < 349 K and

measured fall-off curves in the pressure range 155 mbar< p < 38 bar. In agreement with Yanget al.,

a negative temperature and a positive pressure dependence has been noted, which was explained by

an association-isomerization mechanism finally yielding NCO and N2O as the products.

So far, only the low temperature recombination processes ofreactions 10 and 11 could be experimen-

tally confirmed. High temperature experiments suitable to assess the dominating N2O + CN channel

for reaction 10 and NCNO + NO for reaction 11 are not available. In this spirit, the high temperature

measurements presented in this paper provide an opportunity to bring together theory and experiment.

Assessing and characterizing the temperature and pressuredependencies of bimolecular reactions of

small unpaired species, i.e., the preference of an association complex at low temperatures and the

opening of an activation energy controlled abstraction-like reaction channel at high temperatures, re-

mains challenging. Recent examples from our shock tube lab addressing similar problems are the

measurements of the rate constants of the reactions HCO + NO/NO2
35 and HCO + O2.36

In this paper, first high temperature measurements on the reactions

NCN+NO→ N2O+CN and (10)

NCN+NO2 → NCNO+NO (11)

will be presented to provide rate constant data at combustion relevant temperatures and to verify the

theoretically predicted dominance of the abstraction-like reaction channels.

6.2 Experimental

All experiments have been performed using a shock tube set-up36,37 equipped with a narrow band-

width laser absorption spectrometer33 to measure NCN concentration-time profiles. Briefly, the 4.4m

long test section of the shock tube could be evacuated down topressures of10−7 mbar by a com-

bination of oil-free diaphragm and turbomolecular pump (Pfeiffer Vacuum). Hydrogen, nitrogen or

mixtures of hydrogen and nitrogen were used as the driver gases; diaphragms were made from 30 or

80 µm thick aluminum foil. Pressures and temperatures behind shock waves were calculated based

on pre-shock conditions and the shock wave velocity. Real gas effects and the shock wave damping

on the order of 1% were taken into account. The shock wave velocity was measured by a fast count

unit wired to four piezoelectric sensors (PCB PiezotronicsM 113A21).

NCN has been detected in its triplet ground state at a wavelength of λ = 329.1302 cm−1 (superpo-
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sition of the3Π1 sub-band of thẽA3Πu(000) − X̃3Σg(000) transition and the Q1 band head of the
3Σ+(010)−3Π(010) vibrationally excited Renner-Teller split transition) bya difference amplification

laser absorption scheme. 1.5 mW of laser light of the respective wavelength was generated by internal

frequency doubling of a stabilized continuous wave ring-dye laser (Coherent 899) with DCM Special

(Radiant Dyes) as a dye, which was pumped by a Nd:YVO4 solid state laser (Coherent Verdi V10)

at λ = 532 nm. The wavelength of the fundamental has been measured by aninterferometric type

wavemeter (MetroLux WL200) with an accuracy of±0.0015 cm−1. Detection and reference beam

were divided by a 50:50 beam splitter plate, the detection beam was passed through the shock tube

and the reference beam could be attenuated by a variable neutral density filter. Both beams were band

pass filtered and coupled into two optical fibers (Thorlabs BFH22-550), which were connected to a

balanced photo detector and amplifier (Thorlabs PDB150A-EC). The resulting difference signal was

further amplified (Ortec Fast Preamp 9305) low pass filtered by 1.4 MHz and stored by an analog

input board (PCI-DAS4020/12, 20 MHz, 12 bit).

The absorption signals were transformed into concentrations using the previously determined NCN

absorption cross section (log10(σ/(cm
2/mol)) = 8.9 − 8.3 × 10−4 × T/K).33 The measurements

were evaluated by fitting numerical simulations to the measured concentration-time profiles. Numer-

ical simulations were performed using the Chemkin-II38 program package. For sensitivity analyses,

the sensitivity coefficientσ(i, j) of the ith reaction of speciesj was normalised with respect to the

maximum concentration of the speciesj occurring during the recorded time interval. The GRI-Mech.

3.039 natural flame mechanism has been used as a background mechanism and an additional subset of

reactions taking into account NCN and CN secondary chemistry has been adopted from our previous

paper.34 Rate constants of reverse reactions have been taken into account based on thermodynamic

data from Konnov,40 except for NCN, for which the data were taken from Gooset al.41

NCN was generated by the thermal decomposition of NCN3. NCN3 was synthesized from gaseous

BrCN and solid NaN3 using a variant33 of the method described by Milliganet al.42 NCN3 is an

extremely explosive substance, hence, no attempt was made to further purify the initially generated

gas. Its purity was checked by means of FTIR spectroscopy. Remaining BrCN impurities were always

< 3%, but usually< 1%. CO2 was on the order of 0.01% and water was not detectable. Freshly

prepared NCN3 was immediately diluted by argon down to mole fractions of 0.1%, nevertheless, a

slow decomposition of≈ 5% per day was found to take place.

Gases and chemicals used were argon (Air Liquide, 99.99%), hydrogen and nitrogen as driver gases

(Air Liquide, 99%), NO and NO2 (Air Liquide, 99.95%), BrCN (Acros, 97%), and NaN3 (Merck,

99%). Gas mixtures were prepared using the partial pressuremethod; the NO2/N2O4 equilibrium has

been taken into account. NO and NO2 were purified by repeated freeze-pump-thaw cycles. All gas

mixtures were used within 3 days after preparation. Before all shock tube experiments, the shock tube

was flushed with the respective test gas mixtures at a pressure of p ≈ 50 mbar. No dependence of

measured signals on the flushing time or the time between sample preparation and experiment could
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be noticed revealing that wall absorption effects or room temperature reactions of NCN3 with NO or

NO2 did not perturb the measurements.

6.3 Results and discussion

6.3.1 NCN + NO

NCN concentration-time profiles of mixtures of NCN3 and NO behind incident shock waves have

been recorded in the temperature range 764 K< T < 1944 K at two different total densities of

ρ ≈ 1.8 × 10−6 mol/cm3 andρ ≈ 3.5 × 10−6 mol/cm3 (123 mbar< p < 690 mbar). Mole fractions

of NCN3 were between 5 and 15 ppm and much lower than the mole fractions of the excess component

NO, which were 5000 or 10000 ppm. A typical concentration-time profile together with the respective

numerical simulation and a sensitivity analysis is shown inFig. 1. To illustrate the influence of

added NO, an experiment without NO is shown as well. Two strong Schlieren signals accompany the

incident and reflected shock wave passages and thus definet = 0 of the corresponding temperature

and pressure jumps.

Without the addition of NO, NCN consuming reactions are negligible. Up to temperatures ofT =

2000 K, stable NCN plateaus were found. At higher temperatures, the decomposition of NCN set in

according to NCN + M→ C + N2 (13). The initial increase of the NCN absorption signal in Fig.

1 reflects two processes: The decomposition of the precursormolecule NCN3 yielding 1NCN and

the subsequent relaxation of the electronically excited1NCN to its triplet ground state (3NCN) via

collision-induced intersystem crossing (CIISC):

NCN3(+M)→ 1NCN+N2(+M) (15)
1NCN(+M)→ 3NCN(+M). (16)

Rate constants for both processes have been reported in our previous publications.33 Updated rate

constant expressions as used in this work rely on recent1NCN concentration-time profile measure-

ments, which will be reported elsewhere.43 Upon the addition of0.5− 1% NO, the initial increase of

the3NCN signal gets much faster. Since the unimolecular decomposition process can be expected to

be only slightly affected by such small amounts of a different bath gas, this increase is attributed to a

much more efficient CIISC process of NO compared to argon. To support this assumption, test exper-

iments have been performed with the detection laser frequency tuned to a strong1NCN transition. In

the measured1NCN concentration-time profiles, the addition of NO did not alter the formation rate

of 1NCN, but had a strong influence on the1NCN decays.
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With 1% NO added to the mixture, rise times are shortened by a factor of about 5 showing that

NO exhibits a CIISC efficiency higher by a factor of 400 compared to argon. Rate constants of

the relaxation reaction 16 were extracted from the measuredprofiles and are shown together with

corresponding data for argon43 and NO2 (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, NO2 and Ar. The apparent activation

energies as well as the observed density dependences (n ≈ 1 for NO , n ≈ 0.5 for NO2, n ≈ 0.6 for

Ar; according tokb = ( ρbρa )
nka) reflect the complicated underlying physical processes that govern the

CIISC probability and are difficult to predict.44,45

As it is discernible in the sensitivity analysis shown in thelower frame of Fig. 1, the CIISC process

is completed within 50µs and thus does not critically interfere with the rate constant measurement of

the reaction NCN + NO. In fact, reaction 10 is the only sensitive NCN consuming reaction showing

that the measurements essentially follow pseudo-first order kinetics. Possible secondary chemistry is

successfully suppressed by using very low (≈ 10 ppm) mole fractions of NCN3. Rate constants were

extracted in the temperature range of 764 K< T 1944 K. Toward low temperatures, the accessible

temperature range was limited by the rate of the NCN3 decomposition. It is slower than the1NCN

relaxation belowT = 750 K. At high temperatures, NCN absorption cross sections are too low

and higher NCN3 concentrations used to compensate for the lower sensitivity resulted in significant

secondary chemistry. Selected rate constants of the reaction used in the mechanism can be found in

Table 1.
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Table 1: Selected reactions of the mechanism used in the numerical simulations to extract the rate con-
stants of the reaction NCN + NO. Possible secondary chemistry has been taken into account
by the GRI-Mech. 3.039 and a subset of NCN and CN reactions as outlined in our previous
paper.34 Rate constants are given aski = AT n exp [−Ea/RT ]. Units are cm, mol, s, K and
kJ.

No. Reaction A Ea Ref.
(10) 3NCN + NO → CN + N2O 1.9× 1012 26.3 this work
(15) NCN3 → 1NCN + N2 3.3× 109 71.2 43 ρ = 1.8 × 10−6 mol/cm3

5.0× 109 71.2 43 ρ = 3.5 × 10−6 mol/cm3

(16) 1NCN → 3NCN 1.1× 106 17.4 this work 1.0% NO,
ρ = 1.8 × 10−6 mol/cm3

2.3× 106 17.4 this work 1.0% NO,
ρ = 3.5 × 10−6 mol/cm3

(17) 1NCN + NO → CN + N2O 1.9× 1012 26.3 this work set equal to reaction 10
(18) 3NCN + CN ⇋ C2N2 + N 1.3× 1014 33.5 11
(19) 3NCN + N ⇋ CN + N2 1.0× 1013 46

An Arrhenius plot of the rate constant data fork10 including selected literature results17,23,24is shown

in Fig. 3. Data of the experimental conditions are given in the supplementary information. No

dependence of the measured rate constants on the total density is discernible within the scatter of the

data. All data points fall within a narrow margin and can be very well represented by the Arrhenius

expression:

k10/
(

cm3mol−1s−1
)

= 1.89 × 1012 exp [−26.3 (kJ/mol)/RT ] (±7%)

The stated error estimate reflects a combination of the statistical error of the Arrhenius fit (±1%, 2σ),

uncertainties of the NO mole fraction (±5%), and uncertainties in the3NCN formation mechanism

(±1%). Due to the pseudo-first order reaction conditions, uncertainties of the NCN absorption cross

section and thus NCN concentration did not result in an additional error. The uncertainty of the

Arrhenius activation energy of±1.6 kJ/mol corresponds to the2σ error of the slope of the Arrhenius

fit.

In additional measurements,1NCN concentration-time profiles have been recorded to assess potential

differences of the reactivities of1NCN and3NCN. However, because of the fast CIISC process, the

evaluation of these signals did not yield reliable rate constants for the reaction1NCN + NO. Therefore,
1NCN and3NCN radical reactions have been assumed to proceed with the same rate. As can be seen

from the sensitivity analysis shown in Fig.1, the reaction1NCN + NO exerts a minor influence on the
3NCN profile and did not significantly interfere with the measurements of the corresponding3NCN

rate constant.

In contrast to all previous experimental studies, which have been performed at temperatures below

T = 573 K, a positive temperature dependence has been found at temperatures> 764 K. This positive
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temperature dependence has been predicted by Huanget al.17 in their theoretical study. In Fig. 3,

theoretically derived rate constant expressions for two different total pressures are shown. At low

temperatures, according to a recombination process, the reaction proceeds close to the low pressure

limit. The corresponding pressure dependence is also supported by the experimental studies.17,23,24

In contrast, at high temperatures we find reaction rates thatare independent of the total density. Rate

constant values are approximately a factor of two lower thanthe Huanget al.17 prediction. Although

no direct evidence of the postulated minimum of the rate constants is provided by our measurements,

all experimental data are consistent with a minimum at a temperature aroundT ≈ 670 K.

An explanation of the complex temperature and pressure dependence can be best illustrated on the

basis of the characteristics of the underlying potential energy surface. A simplified scheme of the

potential energy surface, adopted from the calculations ofHuanget al.,17 is outlined in Fig. 4. Other

possible reaction channels forming CNO + N2 or NCO + N2 do not play a role because the barriers on

the corresponding minimum energy paths are too high. Two different electronic states are involved.

A simple association of NCN and NO leads to the2A′′ state (dashed lines) with two different isomers

denoted cis-2A′′ and trans-2A′′. The reaction continues by crossing to the2A′ surface through two

conical intersections (CI) yielding the local minima trans-2A′ and cis-2A′. Further dissociation to

the products CN + N2O involves barriers that are significantly higher in energy than the entrance

energy of the initial NCN + NO fragments. Therefore, at low temperatures the trans-2A′ and cis-2A′

intermediates can be stabilized by collisions. Consequently, the reaction exhibits the typical behavior
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of a recombination reaction, i.e., a negative temperature dependence (faster re-dissociation to the

reactants at higher temperature) and a positive pressure dependence (collisional stabilization of the

intermediates). Toward high temperatures, however, enough thermal energy is involved to overcome

the exit barriers of the cis- and trans-2A′ intermediates. In this case, the forward reaction resembles

an abstraction-like mechanism with a positive temperaturedependence stemming from the exit barrier

and virtually no pressure dependence. The measured activation energy ofEa = 26 kJ/mol is between

the barriers of the trans- (61 kJ/mol with respect to the reactants) and the cis-2A′ (14 kJ/mol) pathways.

The much closer agreement with the cis value reveals that theoverall reaction at high temperatures is

dominated by the cis pathway.

6.3.2 NCN + NO2

The kinetics of the reaction NCN + NO2 → NCNO + NO (11) have been investigated in the tempera-

ture range 704 K< T < 1659 K and at two different total densities ofρ ≈ 3.5 × 10−6 mol/cm3 and

ρ ≈ 7.0×10−6 mol/cm3. Corresponding pressures were 182 mbar< p < 654 mbar. Initial mole frac-

tions of NCN3 in Ar were between 3 and 14 ppm, mole fractions of the excess component NO2 were

7000 ppm or, for a validation experiment, 19000 ppm. Fig. 5 shows a typical absorbance-time profile.

Absorbance of NCN has been used instead of NCN mole fractionsto illustrate the effect of interfering

NO2 background absorption stemming from its broadÃ2B2 − X̃2A1 transition.47 Already before the
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arrival of the shock wave, significant NO2 absorption is discernible. Due to the higher density, higher

background absorption values are observed behind the incident shock wave. Superimposed to this

background absorption, the NCN absorbance profile indicates the thermal decomposition of NCN3
followed by CIISC and3NCN formation. The decay at longer times can be attributed toreaction 11,

NCN + NO2.

In order to take into account NO2 background absorption, temperature dependent NO2 absorption

cross sections at̃ν = 30383.11 cm−1 had been measured, beforehand in experiments without NCN3.

NO2 absorption coefficients are best represented by the expression

log10(σ/cm
2mol−1) = 5.28− 1.21 × 10−4 × T/K

An extrapolation to room temperature yields a value of1.8×105 cm2/mol, thus in very good agreement

with a value of1.9× 105 cm2/mol reported by Bogumilet al.48 A plot of the measured cross sections

can be found in the supplemental information. NO2 concentration-time profiles were simulated based

on the initial NO2 concentrations and the reaction mechanism summarized in Table 2. Corresponding

absorbance values are denoted “NO2 absorption” in Figs. 5 and 6. Remaining absorbances have been

attributed to NCN absorption, which could be extracted fromthe profiles with high precision.

CIISC rate constants extracted from the resulting NCN concentration-time profiles are included in

Fig. 2. The relaxation process mediated by collisions with NO2 is less efficient than with NO, but

still a factor of approximately 40 more efficient than with argon. After 100µs, the3NCN formation is

completed and a decay of the absorption can be observed in Fig. 5. The sensitivity analysis reveals that

reaction 11 is the only important reaction for the consumption of NCN. In this regard, the experimental

conditions are close to pseudo-first order conditions and thus enabled an accurate determination ofk11.

However, at temperatures of> 1400 K more reactions gain importance. Such an experiment is shown

in Fig. 6. The unimolecular decomposition of NO2, NO2 + M → NO + O + M (20) sets in and thus

the consecutive reaction NCN + O (7) plays a role. This interfering secondary chemistry constitutes a

high temperature limit fork11 measurements of aboutT ≈ 1700 K. Again, the low temperature limit

was set by the decomposition rate of NCN3.

Measured rate constant values are compared to selected literature data in Fig. 7. All data points can be

nicely represented by a straight Arrhenius fit, thus supporting the reliability of the applied evaluation

procedure:

k11/
(

cm3mol−1s−1
)

= 4.7 × 1012 exp[−38.0 (kJ/mol) /RT ] (±19%).

At temperatures 704 K< T < 1659 K, the rate constants were found to be independent of thetotal

density. The stated error results from a5% uncertainty of the NO2 concentration, a7% statistical error

(2σ), and2% uncertainty attributable to the precursor molecule decomposition and the singlet cyano-

nitrene relaxation mechanism. Although uncertainties resulting from possible inaccuracies of the NO2
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Table 2: Selected reactions of the mechanism used in the numerical simulations to extract the rate
constants of the reaction NCN + NO2. Possible secondary chemistry has been taken into
account by the GRI-Mech. 3.039 and a subset of NCN and CN reactions as outlined in our
previous paper.34 Rate constants are given in terms ofk = A exp[−Ea/RT ]. Units are cm,
s, mol and kJ.

No. Reaction A Ea Ref.
(7) NCN + O ⇋ CN + NO 9.6× 1013 5.8 34 set equal for

1NCN and3NCN
(11) NCN + NO2 → NCNO + NO 4.7× 1012 38.0 this work set equal for

1NCN and3NCN
(15) NCN3 → 1NCN + N2 5.0× 109 71.2 43 ρ = 3.5× 10−6 mol/cm3

7.7× 109 71.2 43 ρ = 7.0× 10−6 mol/cm3

(16) 1NCN → 3NCN 2.3× 106 30.1 this work 0.7% NO2,
ρ = 3.5× 10−6 mol/cm3

1.7× 106 24.8 this work 0.7% NO2,
ρ = 7.0× 10−6 mol/cm3

(20) NO2 + M ⇋ NO + O + M 4.0× 1015 251 49
(21) NO2 + NO2 ⇋ 2 NO + O2 2.0× 1012 105 49
(22) NO2 + NO2 ⇋ NO3 + NO 1.0× 1013 108 49
(23) NO2 + O ⇋ NO + O2 3.9× 1012 −1 50
(24) NO3 + M ⇋ NO2 + O + M 4.0× 1017 200 49
(25) NO3 + O ⇋ NO2 + O2 1.0× 1013 50

decomposition mechanism are only relevant at the high temperature limit, based on simulations with

variedk20, allowance was made for an additional5% error fork11. The Arrhenius activation energy is

accurate to∆Ea = ±3.8 kJ/mol. This estimate already includes the potential uncertainty of the high

temperature data points resulting from the NO2 decomposition mechanism.

Selected results from the literature18,23,25are also included in Fig. 7. At room temperature all re-

sults are in very good agreement, but toward higher temperatures differences become apparent. The

rate constant data by Kappler25 exhibit a significantly stronger temperature dependence than those

measured by Yanget al.18 In both studies, rate constants have been determined assuming pseudo-first

order conditions, thus excluding secondary chemistry. However, as Kappler already discussed in her

work, the used excimer laser photolysis atλ = 248 nm next to NCN radicals also generates NO and

O atoms from NO2 photolysis, NO2
hν
→ NO + O (26). The possible overestimation of the determined

rate constants due to the very fast subsequent reaction 7, NCN + O, was estimated by Kappler to be

< 5%. Yanget al. used 193 nm instead of 248 nm photolysis. At this wavelength,NO2 absorption

cross sections are much larger and O atom yields can be expected to be higher. Although Yanget al.

argued that O atom formation did not interfere in their experiments due to subtle diffusion effects, the

neglected O atom chemistry via reaction 7 may account for thedifferences and the data of Kappler

can therefore be assumed to be more reliable. The dashed curves in Fig. 7 represent the theoretical fit

of Yanget al. Clearly, a strong pressure dependence emerges. However, due to the mentioned effect,

134



6. Rate Constants of the Reactions NCN + NO and NCN + NO2

 6

 7

 8

 9

 10

 11

 12

 13

 14

 15

 1  2  3  4  5  6

lo
g 1

0 
(k

11
 / 

cm
3 m

ol
-1

s-1
)

1000 K / T

133 mbar
666 mbar
1013 mbar
101 bar

High pressure limit

Kappler, 133 mbar
Yang et al., theory

Yang et al., exp., 133 mbar
Baren/Hershberger, scaled to 133 mbar

this work, ρ ≈ 3.5 × 10-6 mol/cm3

this work, ρ ≈ 7.0 × 10-6 mol/cm3

Figure 7: Arrhenius plot of the measured rate constants for the reaction NCN + NO2 at two different
total densities. For comparison, low temperature experimental data18,23,25as well as the-
oretical predictions of Yanget al.18 are also shown. The original 4 mbar value of Baren
and Hershberger23 has been scaled to a pressure of 133 mbar based on the Troe parameters
reported by Kappler.25

the low temperature rate constants may be somewhat over predicted.

Our data represent the first high temperature measurements and can only be compared with the the-

oretical prediction of Yanget al.18 In agreement with their work and similar to the reaction NCN +

NO, a positive temperature dependence is found at high temperatures. Note that for the temperature

and pressure range of this work (182 mbar< p < 654 mbar), the overall reaction is predicted to be al-

most independent of the experimental pressure. The predicted absolute values ofk11 and the absence

of pressure dependence is in very good agreement with our data. Only at the lowest experimental

temperatures, deviations of about a factor of two are observed. These remaining discrepancies can

be easily explained by a slightly over predicted temperature dependence. Unfortunately, the expected

inversion of the temperature dependence could not be observed in the experiments. Obviously, at

pressures belowp < 1 bar the rate constant minimum arise at temperaturesT < 700 K. Combining

the low temperature data of Kappler and the high temperaturerate constants determined in this work,

a rough estimate ofT ≈ 500 K can be made forp = 133 mbar, hence≈ 150 K lower than calculated

by Yang et al.

The switch from a negative to a positive temperature dependence can be explained by the competition

of an association and an abstraction reaction mechanism. The dominating reaction channels of the
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potential energy surface as it has been explored by Yanget al.18 are reproduced in Fig. 8. Additional

reaction channels leading to CNO + N2O or CN + N2O2 do not play a role due to very high associated

barriers.

As for the reaction NCN + NO, at low temperatures the reactionis a typical example of an association

reaction forming the collisionally stabilized recombination product NCNNO2. The sequential transi-

tion state lies energetically too high, (116 kJ/mol above the minimum, 34 kJ/mol above the entrance

energy) such that the thermodynamically most stable products NCO and N2O are not formed. At

high temperatures, with a threshold energy ofE0 = 41 kJ/mol, a direct abstraction reaction channel

becomes accessible. Here, an O atom is abstracted from NO2 yielding the high temperature reac-

tion products NCNO and NO. According to Yanget al., even at high temperatures the contribution

of the reaction channel forming NCO + N2O remains negligible. Corresponding rate constants are

predeicted to be several orders of magnitude lower than for the NCNO + NO channel.

The positive temperature dependence of the overall reaction, which has been determined in this

work, supports the proposed reaction mechanism. The measured Arrhenius activation energy of

Ea = 38.0 kJ/mol is in close agreement with the calculated threshold energy ofE0 = 41 kJ/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 the reactions NCN + NO→ N2O + CN (10) and

NCN + NO2 → NCNO + NO (11) have been measured. For reaction 10, rate constants are repre-

sented by the Arrhenius expressionk10/
(

cm3mol−1s−1
)

= 1.9 × 1012 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 precursor NCN3 at the lower bound and too

small NCN absorption cross sections at high temperatures. Regarding reaction 11, the expression

k11/
(

cm3mol−1s−1
)

= 4.7×1012 exp[−38.0 (kJ/mol) /RT ] accounts for the measured data points

in the temperature range 691 K< T < 1659 K. Here, the temperature range was limited by the on-

set of the NO2 decomposition and interfering secondary chemistry. In striking contrast to previous

low temperature studies, at high temperatures no pressure but a pronounced positive temperature de-

pendence has been determined. For reaction 10,Ea = (26.3 ± 1.6) kJ/mol and for reaction 11

Ea = (38.0 ± 3.8) kJ/mol. These values are in agreement with theoretical predictions and prove

the postulated change of the overall reaction from a recombination to an abstraction-like pathway.

Together with the low temperature data taken from the literature, the position of the minimum of

the overall reaction rate constant has been estimated to be aroundT ≈ 670 K for reaction 10 and

T ≈ 500 K for reaction 11. Additionally, the influence of NO and NO2 on the CIISC process, which

transfers electronically excited1NCN to the3NCN ground state, has been investigated. With respect

to CIISC probability, NO and NO2 are 400 and 40 times more efficient collision partners than argon,

respectively.
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6.5 Supporting information

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

T /K p/mbar ρ/mol/cm3 x(NCN)/ppm x(NO)/ppm k16/s−1 k10/cm3/mol s
ρ ≈ 1.8 × 10−6 mol/cm3

865 123 1.71 × 10−6 12.6 9853 1.0× 105 4.6× 1010

888 127 1.73 × 10−6 13.8 9765 1.0× 105 5.5× 1010

894 130 1.74 × 10−6 12.8 9853 1.1× 105 5.8× 1010

969 145 1.81 × 10−6 14.0 9765 1.3× 105 7.0× 1010

996 149 1.80 × 10−6 13.4 9765 1.2× 105 8.5× 1010

1128 176 1.88 × 10−6 13.3 9853 1.7× 105 1.2× 1011

1249 202 1.95 × 10−6 13.7 9853 2.0× 105 1.5× 1011

1527 258 2.03 × 10−6 14.0 9853 2.5× 105 2.5× 1011

1861 329 2.13 × 10−6 15.0 9853 - 4.2× 1011

ρ ≈ 3.5 × 10−6 mol/cm3

760 203 3.22 × 10−6 5.2 5222 8.0× 104 2.5× 1010

764 204 3.22 × 10−6 12.6 9853 1.1× 105 3.2× 1010

826 229 3.34 × 10−6 12.7 9853 1.7× 105 4.3× 1010

867 246 3.41 × 10−6 6.3 10398 2.0× 105 4.8× 1010

875 250 3.43 × 10−6 5.0 5222 1.2× 105 5.0× 1010

938 277 3.55 × 10−6 5.8 10398 2.4× 105 7.0× 1010

986 295 3.60 × 10−6 5.8 10398 2.9× 105 7.5× 1010

1196 380 3.82 × 10−6 5.9 10398 4.0× 105 1.2× 1011

1485 501 4.06 × 10−6 5.3 10002 - 1.8× 1011

1547 525 4.09 × 10−6 6.0 5222 - 2.2× 1011

1944 690 4.27 × 10−6 5.6 10002 - 4.0× 1011

Table 2: Experimental conditions and results of measurements of the reaction NCN + NO2.

T /K p/mbar ρ/mol/cm3 x(NCN)/ppm x(NO2)/ppm k16/s−1 k11/cm3/mol s
704 182 3.10 × 10−6 12.7 7143 1.3 × 104 1.0 × 1010

741 197 3.20 × 10−6 12.8 7143 1.8 × 104 1.0 × 1010

812 226 3.34 × 10−6 13.5 7143 2.8 × 104 1.4 × 1010

866 247 3.43 × 10−6 12.4 6807 3.5 × 104 2.3 × 1010

873 250 3.44 × 10−6 13.3 7143 3.5 × 104 2.0 × 1010

983 295 3.62 × 10−6 14.0 6807 5.8 × 104 4.7 × 1010

1191 381 3.85 × 10−6 13.8 6807 1.1 × 105 1.1 × 1011

1467 494 4.05 × 10−6 13.8 6807 2.5 × 105 2.5 × 1011

1600 550 4.14 × 10−6 14.0 6807 4.0 × 105 2.5 × 1011

1659 576 4.17 × 10−6 14.1 6807 4.0 × 105 2.5 × 1011

ρ ≈ 7.0 × 10−6 mol/cm3

691 358 6.23 × 10−6 3.8 18709 2.0 × 104 6.0× 109

726 381 6.31 × 10−6 3.2 6985 3.0 × 104 8.0× 109

801 442 6.64 × 10−6 3.1 6985 4.5 × 104 1.5 × 1010

952 566 7.15 × 10−6 3.6 6985 6.5 × 104 3.0 × 1010
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Table 2, continued:
T /K p/mbar ρ/mol/cm3 x(NCN)/ppm x(NO2)/ppm k16/s−1 k11/cm3/mol s
1060 654 7.43 × 10−6 3.2 6985 1.0× 105 8.2× 1010

1202 764 7.64 × 10−6 3.8 6990 1.0× 105 1.2× 1011
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Figure 1: Temperature dependent NO2 absorption cross sections and comparison to room temperature
value reported by Bogumilet al.48
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Abstract

The rate constants for reaction (1),HCO+NO→ HNO +CO, and reaction (2),

HCO+NO2 → products, have been measured at temperatures between770 K < T <

1305 K behind reflected shock waves and, for the purpose of a consistency check, in a

slow flow reactor at room temperature. HCO radicals were generated by 193 nm ex-

cimer laser photolysis of diluted gas mixtures containing glyoxal, (CHO)2, and NO or

NO2 in argon and were monitored using frequency modulation (FM)absorption spec-

troscopy. Kinetic simulations based on a comprehensive reaction mechanism showed

that the rate constants for the title reactions could be sensitively extracted from the mea-

sured HCO profiles. The determined high temperature rate constants arek1(295 K) =

(8.1±0.2)×1012cm3 mol−1 s−1, k1(769−1307 K) = (7.1±2.7)×1012cm3 mol−1 s−1

andk2(804−1186 K) = (3.3±1.8)×1013cm3 mol−1 s−1. The room temperature values

were found to be in very good agreement with existing literature data and show that both

reactions are essentially temperature independent. The weak temperature dependence of

reaction (1) can be explained by the interplay of a dominating direct abstraction pathway

and a complex-forming mechanism. Both pathways yield the products HNO + CO. In

contrast to reaction (1), no evidence for a significant contribution of a direct high tem-

perature abstraction channel was found for reaction (2). Here, the observed temperature

independent overall rate constant can be described by a complex-forming mechanism

with several product channels. Detailed information on thestrongly temperature depen-

dent channel branching ratios is provided. Moreover, the high temperature rate constant

of reaction (7), OH + (CHO)2, has been determined to bek7 ≈ 1.1×1013cm3 mol−1 s−1.

7.1 Introduction

The formyl radical, HCO, is a key intermediate for the mechanistic description of combustion pro-

cesses. HCO lies on the main oxidation pathway of hydrocarbons and is mainly formed by the re-

actions of O, OH, H, and CH3 with formaldehyde. The most important HCO removal reactions are

its thermal decomposition and several other bimolecular reactions, e.g. with H, OH, and O2. In spite

of the importance of HCO reactions, large uncertainties exist in high temperature rate data for oxida-

tion and NOx reactions of HCO. Most direct determinations of high temperature rate constants (T >

1000 K) rely on measurements behind shock waves, because of the unique potential of the shock

tube method to provide well defined high temperature reaction conditions.1 Detecting HCO behind

shock waves is difficult due to the high reactivity and thermal instability of HCO, which causes its

lifetime to be short and the observable concentrations to below. Quite recently, using the very sensi-

tive absorption based frequency modulation (FM) spectroscopy, the detection of HCO behind shock
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waves became feasible.2 In combination with efficient HCO generation by UV photolysis of suitable

precursor molecules such as formaldehyde (CH2O) or glyoxal ((CHO)2), the uncertainty range of

several important HCO reaction rate constants, e.g. H + HCO,HCO + M, and HCO + O2, could be

considerably narrowed.2–4 Moreover, sensitive absorption measurements of OH, CH2O, and (CHO)2
behind shock waves were performed in order to characterise several HCO forming reactions, e.g.

H + CH2O,5 H + (CHO)2,4 CH2O + M,3,6 CH2O + O2,6 and OH + CH2O.7 As a result of these

studies, consistent mechanisms were developed that allow one to quantitatively model formaldehyde

pyrolysis/photolysis3 and glyoxal photolysis4 behind shock waves.

The quantitative modelling of NOx formation and control in combustion processes is a long-standing

challenge for combustion research. Several well-known NOx formation pathways have been estab-

lished8–13 that enable reliable predictions of NOx levels over a wide range of experimental tempera-

tures and pressures. The rate constants of the title reactions

HCO+NO→ HNO+ CO (1)

HCO+NO2 → products, (2)

which are especially important in the post flame region,14 have to be known in order to model the over-

all NOx production. Until now, direct measurements of the rate constants are limited to temperatures

T < 623 K for reaction (1) andT < 713 K for reaction (2).15,16

According to theoretical studies, which will be discussed in more detail in this paper below, the rate

constants of both reactions are expected to be more or less temperature independent up to temper-

atures ofT = 1000 K, but the proposed mechanisms are quite different. Xu et al.17 treated the

overall rate of reaction (1) as a competition of a quasi-direct abstraction channel and a pressure de-

pendent association-fragmentation mechanism. Both pathways yield the products HNO + CO. They

concluded that even at room temperature the reaction is dominated by the abstraction process that pro-

ceeds through a loose hydrogen-bonding molecular complex with only 12 kJ/mol binding energy and

a very small decomposition barrier (8 kJ/mol). In contrast to reaction (1),ab initio/RRKM computa-

tions of Guo et al.18 showed that a temperature independent overall rate constant for reaction (2) is

consistent with an association-fragmentation mechanism exhibiting several feasible product channels

with strongly temperature dependent channel branching ratios. A possible contribution of a direct

abstraction pathway with the products HONO + CO, which should gain importance at increasingly

high temperatures, was not addressed. Experimental high temperature rate data for both reactions are

needed to improve the reliability of rate constant extrapolations to combustion relevant temperatures.

Furthermore, these data can serve as a critical test of the theoretical predictions, i.e. (i) a dominant

abstraction channel in case of reaction (1) and (ii ) a 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 used as an efficient high temperature HCO
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source. The observed HCO concentration-time profiles were described by a comprehensive mecha-

nism based on a our previous study on glyoxal photolysis.4 Subsequently, the high temperature and,

for the purpose of a consistency check with previous low temperature studies, also the room temper-

ature rate constants of the title reactions have been measured by a perturbation approach. Observed

differences between HCO profiles measured with and without NO/NO2 added to the reaction mixtures

could be attributed almost exclusively to reaction (1) and reaction (2), respectively.

7.2 Experimental section

7.2.1 Shock tube and slow flow reactor

High temperature experiments were carried out in an electro-polished stainless steel shock tube.4,19

The 4.4 m long test section with an inner diameter of 81 mm could be evacuated by a combination of

a turbomolecular drag pump and an oil free diaphragm pump down to pressures ofp ≈ 10−7 mbar.

The shock tube was pressure driven with hydrogen or hydrogen/nitrogen mixtures as driver gases

using 30µm thick aluminium diaphragms. Experimental temperature, pressure and density behind

the reflected shock waves were obtained from the initial conditions of the test gas and the shock

wave velocity. The shock wave velocity was measured by a fastcount unit wired to four fast piezo-

electric sensors (PCB Piezotronics M113A21) mounted flush to the tube wall at distances of 400 mm

each. Typically, a slight damping of the shock wave of∼ 1.5% per meter was registered. In order to

monitor the experimental pressure profiles, at a distance of19 mm from the end plate, a fifth piezo

sensor (Kistler type 603B) was installed together with two optical ports. Shock wave parameters were

calculated from a 1-dimensional, frozen chemistry code taking into account real gas effects. A small

independent correction has been applied to allow for boundary layer effects.4,20,21 Typically, these

corrections yielded 1% higher temperatures and 2% higher pressures compared to the ideal shock

tube code.

Experiments atT = 295 K were performed in a slow flow reactor of 45 cm length.22 Two quartz

windows mounted at Brewster’s angle at both ends of the flow cell served as entrance and exit ports

for the detection and photolysis laser beams.

An ArF excimer laser (Radiant Dyes Exc 200 or Lambda Physik Compex 102) was used for the UV

photolysis of the reaction mixtures at a wavelength ofλ = 193 nm. The excimer and the dye laser

beams were combined and divided by the use of two dichroic mirrors in front of and behind the shock

tube (side-on photolysis) or flow cell. In the shock tube experiments, the photolysis laser beam was

slightly focussed by a lens to compensate for intensity lossby absorption of glyoxal. In this way, a

uniform radical yield across the shock tube was achieved.4 Moreover, the diameter of the photolysis

laser (8 mm) was set much larger than the diameter of the detection laser (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 consisting of a 24 liter stainless steel tank for

the storage of glyoxal/argon mixtures, a 5 liter glass flask for the storage and purification of NO and

NO2, and a 20 liter glass flask for the storage of NO/argon and NO2/argon mixtures. The whole system

could be evacuated by a combination of turbomolecular drag and diaphragm pump to pressures as low

asp ≈ 10−6 mbar. Gas mixtures of typically 1-2% glyoxal in argon and 1-2% NO/NO2 in argon were

prepared by the partial pressure method and were used within3 days after preparation. No noticeable

change in the experimental HCO signals was discernible withincreasing reaction mixture age. A flow

system with calibrated mass flow controllers was used to prepare the final test gas mixtures, which

were slowly pumped through the shock tube for 2 minutes to eliminate any wall adsorption effects.

Gases and chemicals used were Ar (99.999%), N2/H2 (99.99%, as driver gas), NO (99.95%), and

NO2 (99.95%). Both NO and NO2 were purified before mixture preparation by repeated fractional

distillation and several freeze-pump-thaw cycles. For a quantitative preparation of NO2 gas mixtures,

the N2O4/NO2 equilibrium was taken into account. At high temperatures, with a lifetimeτ < 1 ns at

T = 1000 K andp = 1 bar,23 an instantaneous thermal decomposition of N2O4 → 2 NO2 could be

assumed.

Glyoxal was prepared by dehydration of the trimer dihydrate. A mixture of 15 g (1 eq.)

((CHO)2)3·2H2O, 30 g (3 eq.) of phosphoric anhydrate (P2O5) and some silica sand was slowly heated

up under vacuum to a temperature of 155◦C. Gaseous products were passed through an ice water

cooled trap to remove impurities. The product was obtained as yellow crystals in a dry ice/isopropanol

cooled trap and was stored at liquid nitrogen temperature. No impurities of H2O or CO2 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) spectroscopy. A detailed description

of the FM setup can be found elsewhere.2,4 Briefly, the wavelength of a Nd:YVO4 solid-state laser

(Coherent Verdi-V10) pumpedcw ring-dye laser (Coherent 899-21) was measured by a wavemeter

(MetroLux WL200) with an absolute accuracy of 200 MHz. The laser light was modulated at a

frequency of 1.0 GHz using a resonant electro-optic modulator (New Focus 4421). The frequency

spectrum of the modulated laser light was monitored by a scanning etalon and the modulation depth

was set to a modulation indexM = 1.6. The slightly focussed laser beam passed through the shock

tube, was coupled into an optical fibre and was detected with afast silicon photodiode (Hamamatsu
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S5973-2). The FM signal was demodulated using a double balanced frequency mixer. A voltage

controlled phase shifter (Lorch) was used in combination with a two polarizer setup to set the phase

angle of demodulation to zero, resulting in purely absorption induced signal. Finally, the signal was

low-pass filtered resulting in an electronic time response of ≈ 400 ns and was stored in a digital

oscilloscope (LeCroy WaveSurfer 454, 500 MHz, 8 bit).

The demodulated FM signal,IFM, is proportional to the concentrationc of the absorbing species

according to2,24

IFM =
I0
2
×∆f × σ c l ×G

Here,I0 is the total light intensity,σ the narrow-bandwidth absorption cross section,l the absorption

path length andG the electronic gain of the FM spectrometer. Whereas∆f, the FM factor, was

calculated from linewidth data, the gain factorG was determined experimentally.4

The HCO radicals were detected at a wavelength ofλ = 614.752 nm, corresponding to the

overlapping Q(6)P(1) line of thẽA2A′′(0, 90, 0)← X̃2A′(0, 01, 0) transition. Absolute concentra-

tions were calculated based on the accurate line shape data and differential absorption cross sec-

tions determined previously for the Q(9)P(2) line atλ = 614.872 nm.2 Allowance was made

for a small pressure broadening effect according to an assumed pressure broadening coefficient

∆νp = 2.0 × (T/298 K)−0.75 GHz/bar. Recently, Flad et al.,25 based on sensitive cavity ringdown

spectroscopic detection and photochemical calibration ofHCO, found agreement within±2% with

our room temperature cross section. In the light of this excellent agreement, the uncertainty of the

calculated HCO concentrations including errors of temperature dependent absorption cross section,

the FM factor, and the gain factor can be estimated to be620%.

For all numerical simulations the Chemkin-II package26 was used. Where applicable, rate constants

for reverse reactions were calculated automatically on thebasis of thermodynamic data taken from

Konnov,27 except for glyoxal.28 Starting with the experimental conditions calculated fromthe shock

tube code, simulations were performed under the constraintof a constant volume such that the ex-

perimental pressure and temperature were allowed to slightly increase over the reaction time up to

1%. For sensitivity analysis the sensitivity coefficientσ(i, j) of the i-th reaction of speciesj was

normalized with respect to the maximum concentration of thespeciesj over the time history.

7.3 Glyoxal photolysis

The photolysis of glyoxal was used as an efficient high temperature HCO source. Based on the

absorption cross section,29 σ193nm = 4.8 × 10−19 cm2/molecule, about 2 % of the glyoxal were

photodissociated in a typical shock tube experiment. The following photodissociation pathways of

150



7. Kinetics of the Reactions HCO + NO and HCO + NO2

glyoxal are thermodynamically accessible:

(CHO)2 + hν → CH2O+CO ∆rH
o
298 = −14 kJ/mol

→ H2 + 2 CO ∆rH
o
298 = −9 kJ/mol

→ 2 HCO ∆rH
o
298 = 299 kJ/mol

→ HCO+H+ CO∆rH
o
298 = 363 kJ/mol

→ 2 H + 2 CO ∆rH
o
298 = 427 kJ/mol

According to Zhu et al.,29 the HCO quantum yield isφ = (0.42±0.21). Next to other stable species, H

atoms are also generated in high yields. Initial [H]0/[HCO]0 ratios were taken from a preceding study

of Colberg and Friedrichs (Fig. 3 in Ref.4). They found that the initial ratio increases with increasing

total density. Typically, under the experimental conditions behind shock waves, [H]0/[HCO]0 ≈ 2.9.

Through the reaction sequence

(CHO)2 +H→ (CHO)CO + H2 → H2 +CO+HCO (3’)

additional HCO is formed from the H atom abstraction reaction with excess glyoxal. Even at room

temperature, (CHO)CO decomposes within the time resolution of the experiment30 and reaction (3’)

can be rewritten as

(CHO)2 +H→ H2 +CO+HCO (3)

At high temperatures, with a lifetime ofτ ≈ 4 µs (T = 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 radicals via reaction (3). It is this HCO re-

generation chain mechanism with reactions (3) and (4) as thepropagation steps that steadily converts

glyoxal into HCO radicals and makes HCO detection behind shock waves feasible in the first place.

Based on room temperature and high temperature mechanisms reported in Ref.2 and as they are in-

cluded in Tables 1 and 2, experimentally observed HCO profiles can be quantitatively modelled. Note

that the room temperature mechanism also takes into accountthe chemistry of initially formed excited

HCO* radicals,2,4 e.g. the fast relaxation process

HCO∗ +M→ HCO+M. (5)

At high temperatures and using Ar as bath gas, this relaxation process can be assumed to be complete

within less than 1µs and HCO* chemistry can be neglected.31 Also at high temperatures, next to the

reaction shown in Table 2, the GRI-Mech 3.0 mechanism32 was 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 the 193 nm photolysis of mixtures of 0.54%

glyoxal in argon at a total pressure ofp = 51 mbar. Due to the small absorption cross section of NO

(σNO < 1×10−22 cm2/molecule),33 NO photolysis is negligible. NO mole fractions were 533, 1058,

and 2128 ppm. The total gas flow was chosen such that the gas volume in the flow cell was replaced

every 6 photolysis laser shots.

Fig. 1a illustrates three HCO concentration-time profiles measured with and without NO added to

the gas mixture. Without NO, the long term consumption of HCOis quite slow. The initial increase

of the HCO signal following the photolysis is due to collision-induced relaxation of vibrationally

excited HCO*, which is transparent at the detection wavelength used. The effect of added NO is

clearly visible. Lower maximum HCO concentrations and significantly shorter overall lifetimes are

observed. The solid curves in Fig. 1a correspond to numerical simulations based on the mechanism

outlined in Table 1. By fitting the onset, the initial increase and the maxima of the observed HCO

profiles, an average HCO* relaxation rate constantk5 = 1.6 × 1011 cm3mol−1s−1 and an average

initial ratio of [HCO*]0/[HCO]0 = 2.3 was obtained. The rate constant of reaction (1) was fitted in

order to reproduce the decay of the HCO profiles.

The sensitivity analysis for the 533 ppm NO experiment shownin Fig. 1b reveals the influence of the

most sensitive reactions on the simulated HCO concentration-time profile. Reaction (5), the HCO*

relaxation process, dominates during the first fewµs. However, the key reaction for the HCO radical

decay is reaction (1). Moreover, since the rate constant setchosen for other HCO removal reactions

nicely reproduces the observed HCO decay for the experimentwithout NO, the differences between

the profiles measured with and without NO can be almost exclusively attributed to reaction (1). As an

average of five measurements with three different NO concentrations,k1 = 8.1× 1012 cm3mol−1s−1

was obtained. At high NO concentrations, however, the simulations withk1 chosen such that the

calculated profiles fitted the observed HCO decays at short reaction times deviate from the experi-

mental profiles at long reaction times (see 1058 ppm experiment in Fig.1, solid curve). This deviation

is probably due to a further unidentified HCO producing reaction not included in the mechanism

or to an interfering absorbing product species. Note that a potential reaction sequence according to

HNO+ (CHO)2 → H2NO+ (CHO)CO → H2NO+HCO+CO is endothermic by∆rH
o
298 ≈

95 kJ/mol and thus cannot play a significant role. In contrast, due to the very rich̃A1A′′ − X̃1A′ ab-

sorption band system, weak HNO absorption might have interfered (asymmetry splittedRQ2(6) line

of the003 − 000 3 − 2 subband atλ = 614.757 nm).34–36Therefore, in another analysis, allowance

was made for a time-dependent HNO background absorption. The corresponding simulations (see

1058 ppm experiment in Fig. 1, dashed curve) gave a better butnot perfect agreement for the high
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(b)HCO* + M → HCO + M (5)

(CHO)2 + H ↔ H2 + CO + HCO (3)

HCO + H ↔ H2 + CO  (8)

HCO + NO ↔ HNO + CO (1)

Figure 1: Room temperature determination of the rate constant of reaction (1), HCO + NO. (a) 32
times averaged HCO concentration-time profiles and corresponding numerical simulations
(solid curves) for experiments atT = 295 K,p = 51 mbar, an initial glyoxal mole fraction of
0.54%, and different amounts of NO added. The dashed curve corresponds to a simulation
taking into account a possibly interfering background absorption (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× 1011 1

(3) H + (CHO)2 ⇋ H2 +HCO+ CO 3.6× 1010 37
(8)2 HCO + H ⇋ H2 +CO 1.1× 1014 2,3
(9)2 HCO + HCO ⇋ CH2O+CO 2.7× 1013 3,38
(10) H+ CH2O ⇋ H2 +HCO 2.4× 1010 39
b) additional NO/HNO reactions:
(1)2 HCO + NO ⇋ HNO+ CO 8.1× 1012 1

(11) H + NO + M ⇋ HNO + M 1.4× 1016 40
(12) H + HNO ⇋ H2 + NO 3.4× 1012 40
(13)2 HCO + HNO → HNOH + CO 1.9× 1012 3

c) additional NO2/OH reactions:
(2)2 HCO + NO2 ⇋ products 3.1× 1013 1

(2a) ⇋ H + CO2 + NO φ = 0.35 1

(2b) ⇋ HNO + CO2 φ = 0.00 1

(2c) ⇋ HONO + CO φ = 0.25 1

(2d) ⇋ OH + NO + CO φ = 0.40 1

(6) H + NO2 ⇋ OH + NO 8.4× 1013 40
(7) OH + (CHO)2 ⇋ H2O + HCO + CO 6.4× 1012 42
(14a) OH + NO2 ⇋ HNO3 6.8× 1011 434

(15)2 OH + HCO ⇋ H2O + CO 1.1× 1014 44
1 this work.
2 reactions of the vibrationally excited HCO* were taken intoaccount

in an approximate manner by assuming the same rate constant as for
the thermally equilibrated HCO.

3 estimated based on Ref. 41
4 measured atp = 39 mbar.

concentration experiments and resulted in<10 % higherk1 values.

Throughout this paper, for a final error assessment, next to the 2σ standard error of the mean and

the fit inaccuracies, also systematic errors arising from uncertainties of the calculated absolute HCO

concentration (±20%) and the assumed [H]0/[HCO]0 ratio (±25% at room temperature,±17% at

high temperatures) were taken into account. The total error, which was derived from simulations

with a combined variation of the error sources, can be taken as a reasonable estimate of the absolute

uncertainty ofk1,

k1(295 K) = 8.1+2.0
−1.3 × 1012 cm3mol−1s−1.

Experimental data and conditions are listed in the Electronic Supplementary Information.
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Figure 2: High temperature HCO profile following the shock heating and photolysis of a mixture
containing 0.97% glyoxal and 0.46% NO in argon atT = 1272 K,p = 1.43 bar. Thick
solid curves correspond to numerical simulations taking into account glyoxal pyrolysis and
photolysis.

7.4.2 High temperature measurements

Shock tube experiments were carried out at temperatures between 769 K< T < 1307 K and

pressures of 851 mbar< p < 1307 mbar using initial test gas mixtures containing 0.25-1.0%

glyoxal and 1230 - 6150 ppm NO in argon. The photolysis was initiated 15µs after the arrival of

the reflected shock waves. For experiments at temperaturesT > 1050 K, the thermal decomposition

of glyoxal could not be neglected. Therefore, numerical simulations were carried out beforehand to

take the pyrolysis of glyoxal into account. In contrast to previous literature reports,45 the thermal

decomposition of glyoxal generates HCO radicals in high yields. A detailed study of the thermal

glyoxal decomposition is currently underway and will be published elsewhere.46

Fig. 2 shows an experimental HCO profile obtained at a temperature ofT = 1272 K. The arrival of the

reflected shock wave is indicated by a strong schlieren signal followed by the onset of HCO formation

due to glyoxal pyrolysis. The UV photolysis initiates a quasi-instantaneous formation of HCO, which

is superimposed on the thermal HCO background. The completesignal can be reproduced by taking

into account glyoxal pyrolysis and photolysis (solid curves). In the experiment shown in Fig. 2, 18%

of the glyoxal had been thermally decomposed prior to photolysis.
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An experimental HCO profile obtained at a temperature ofT = 1013 K is shown in Fig. 3 together

with a numerical simulation and sensitivity analysis, which is based on the reaction mechanism out-

lined in Table 2. In contrast to the experiment shown in Fig. 2, no thermal HCO background is

discernible. Moreover, no indication was found for an interfering HNO background absorption. With

a lifetime of∼3 µs, the HCO decay is very fast, but still can be resolved. The rate constantk1 was fit-

ted as adjustable parameter. Again, the initial [H]0/[HCO]0 ratio was taken from the paper of Colberg

and Friedrichs.4 As becomes clear from the sensitivity analysis (Fig. 3b), the initial increase of the

HCO profile at very short reaction times is due to the fast formation of additional HCO by reaction (3),

H + (CHO)2. The rate of reaction (1) is the most sensitive reaction at longer reaction times and its

importance is further emphasized by a direct comparison of the experiment with a simulation of the

unperturbed system. The curve in Fig. 3a corresponding to a simulation with the mole fraction of NO

set to zero strongly differs from the experimental data withNO.

An Arrhenius plot of the determined 35k1 values (dots) is shown in Fig. 4. Experimental data and

conditions are listed in the Electronic Supplementary Information. In the temperature range inves-

tigated, the rate constant is almost temperature independent. A simple linear fit of the data yields

k1 = 1.3 × 1013 exp
(

−5.0 kJmol−1/RT
)

cm3mol−1s−1. However, with a probability value of

p = 0.03 for the linear fit, it is clear that the small temperature dependence ofk1 is barely significant.

Moreover, keeping in mind that the values at high temperatures are affected by the thermal decom-

position of glyoxal and are less accurate, the data are well represented by a temperature independent

average (solid line with error bars in Fig. 4). The logarithmic mean value of all measurements is

k1 = (7.1 ± 2.7) × 1012cm3mol−1s−1.

The stated total error, next to the2σ standard error of the mean, also includes several systematic errors

and was derived from simulations with a combined variation of all error sources (see discussion of

errors in Section 7.4.1).

7.4.3 Discussion

The determined room temperature and high temperature rate constants of reaction (1) are compared

with theoretical predictions of Xu et al.17 and experimental literature data in Fig. 4. Measurements

at room temperature were reported by Ninomiya et al.51 (cavity ringdown spectroscopy), Langford

and Moore52 (laser absorption spectroscopy), Sarkisov et al.53 (intra-cavity laser absorption spec-

troscopy), Reilly et al.54 (intra-cavity laser absorption spectroscopy), and Shibuya et al.55 (absorption

spectroscopy with Ar-discharge lamp). Recently, DeSain etal.15 published temperature dependent

results for temperatures between 196 K< T < 623 K obtained bycw laser-induced fluorescence ex-

periments using a slow flow reactor setup. The only other temperature dependent study was performed

by Veyret and Lesclaux.56 They determined the rate constant at temperatures of 298 K< T < 503 K
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Figure 3: High temperature determination of the rate constant of reaction (1), HCO + NO. (a) HCO
concentration-time profile and corresponding numerical simulations for an experiment at
T = 1013 K,p = 1.44 bar, 1.03% glyoxal, and 0.51% NO. (b) Sensitivity analysis.

157



7. Kinetics of the Reactions HCO + NO and HCO + NO2

Table 2: High temperature reaction mechanism. Rate constants are given as ki =
AT n exp(−Ea/RT ) (units are cm, mol, K, s and kJ). Additionally, the GRI Mech 3.0

32

mechanism has been used as a base mechanism in order to include potential secondary
chemistry.

no. reaction A n Ea ref.
a) glyoxal mechanism:
(3) H+ (CHO)2 ⇋ H2 +HCO 5.4 × 1013 18 37
(4) HCO+M ⇋ H + CO + M 4.0 × 1013 65 2
(8) HCO+H ⇋ H2 +CO 1.1 × 1014 3
(9) HCO+HCO ⇋ CH2O+CO 2.7 × 1013 3,38
(10) H+ CH2O ⇋ H2 +HCO+ CO 5.7× 107 1.9 11.5 5,39
b) additional NO/HNO reactions:
(1) HCO+NO ⇋ HNO + CO 7.1 × 1012 1

(11) H+NO+M ⇋ HNO + M 9.0 × 1019 −1.32 3.08 40
(12) H+HNO ⇋ NO+H2 1.8 × 1013 4.15 40
(13a) HCO+HNO → HNOH + OH 6.0 × 1011 3

(13b) → CH2O+NO 5.8× 10−1 3.84 0.48 41
(13c) → H2NO +CO 4.9× 101 3.27 7.34 41
(16) NO+HNO ⇋ N2O+OH 8.5 × 1012 124 47
(17) NO+H ⇋ OH + N 1.7 × 1014 204 40
c) additional NO2/OH reactions:
(2) HCO + NO2 ⇋ products 3.3 × 1013 1

(2a) ⇋ H + CO2 + NO φ = 0.70 1

(2b) ⇋ HNO + CO2 φ = 0.00 1

(2c) ⇋ HONO + CO φ = 0.15 1

(2d) ⇋ OH + NO + CO φ = 0.15 1

(6) H + NO2 ⇋ OH + NO 1.3 × 1014 1.5 48
(7) OH + (CHO)2 ⇋ H2O + HCO + CO 1.1 × 1013 1

(14b) OH + NO2 ⇋ HO2 + NO 1.8 × 1013 27.9 49
(15) OH + HCO ⇋ H2O + CO 1.1 × 1014 44
(18) HONO + M ⇋ OH + NO + M 3.0 × 1030 −3.8 211 40
(19) NO2 + (CHO)2 ⇋ HONO + HCO + CO 8.0× 102 2.77 57.5 4

1 this work
3 estimated based on Ref. 41
4 set equal to rate constant of reaction NO2 + CH2O given in Ref. 50
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using a flash photolysis-laser resonance absorption technique. The present work, however, presents

the first measurements ofk1 at combustion relevant temperatures of about 1000 K.

Overall, the room temperature rate constant determined in this work is in excellent agreement with

literature data. Therefore it can be concluded that the measurement strategy (perturbation approach)

and also the mechanism used are suitable for an accurate rateconstant determination.

Both the weak negative temperature dependence reported in the literature for the intermediate temper-

ature range and the absolute high temperature rate constantdetermined in this work are well repro-

duced by the theoretical predictions of Xu et al. At first glance, the overall small temperature depen-

dence ofk1 seems to be consistent with a simple capture rate controlledcomplex-forming mechanism.

However, as has been concluded from RRKM calculations by Xu et al.17 and earlier by Kulkarni and

Koga,57 this is not the case. Fig. 5 illustrates a simplified sketch ofthe singlet state potential energy

surface (PES) as calculated by Xu et al. using Gaussian-2 theory. For a more complete scheme we

refer to the original literature.17 The association-fragmentation pathway to the products HNO+ CO

via the energetically favoured association complex ON-CHO(LM1 in Fig. 5) exhibits a pronounced

exit barrier of 28 kJ/mol (relative to the reactants, TS1). This barrier causes the forward dissocia-

tion rate constant to be much lower (dash-dotted curve in Fig. 4) and its temperature dependence to

be inconsistent with the experimental measurements. AtT = 1000 K andp = 1 bar the predicted

association-elimination rate constant is three orders of magnitude smaller than the experimental re-

sults. Kulkarni and Koga discussed an alternative direct abstraction process with a downhill path

(indicated by the dashed line in Fig. 5) and, based on a calculation using simple transition state the-

ory, concluded that this channel also cannot contribute significantly to the total reaction rate. Xu et

al. came to a different conclusion, which is further illustrated in Fig. 5. Here, the abstraction channel

was found to exhibit a local minimum structure ON-HCO (LM2) followed by a small barrier that is

lower than the reactant energy (TS2). A variational transition state treatment showed that this channel

is nearly temperature independent up to temperatures ofT = 1000 K (dashed curve in Fig. 4) and is

the dominating pathway. According to their calculations, even at room temperature this quasi-direct

abstraction channel contributes 70% (p = 1 bar) or> 99% (1 mbar) to the total rate constant.

The total rate of Xu et al. (long solid curve in Fig. 4,p = 1 bar) and our room and high temperature

data match. Therefore, in particular when keeping in mind the predicted strongly negative temperature

dependence for the association-elimination pathway, our data clearly support the high temperature

dominance of a direct abstraction pathway.
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Figure 4: Comparison of the determined room and high temperature rate constants of reaction (1),
HCO + NO, with literature data. Solid line marked with error bars,•: this work. (△) DeSain
et al.15, (+) Ninomiya et al.51, (◦) Langford and Moore52, (×) Sarkisov et al.53, (N) Veyret
and Lesclaux56, (�) Reilly et al.54, (�) Shibuya et al.55 Solid curve: total rate constant,
dashed curve: direct abstraction channel, and dash-dottedcurve: association-elimination
channel (p = 1 bar) as calculated by Xu et al.17 (RRKM/VTST, see text).

7.5 The reaction HCO + NO 2

Since the early papers of Morrison and Heicklen58,59 it has been long recognised that several product

channels contribute to the overall reaction (2), HCO + NO2→ products, namely16,18,50,60–62

HCO+NO2 → HCO2 +NO→ H+ CO2 +NO (2a)

→ HNO +CO2 (2b)

→ HONO+CO (2c)

→ OH+ CO+NO (2d)

Due to several energetically low-lying exit barriers of theinitially formed association-complexes

(Fig. 6), the direct recombination products O2N-CHO and ONO-CHO can play a role only in the

high pressure regime, which can be assumed to be well above ambient pressures.
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Figure 5: Schematic potential energy diagram of reaction (1) as calculated by Xu et al.17 (solid lines,
G2 method, see text). LM: local minimum, TS: transition state. Dashed line: direct abstrac-
tion channel as discussed by Kulkarni et al.57

Within this section, measurements of the rate constantk2 at room temperature and up to temperatures

of T = 1183 K will be presented. It turned out that the determined overall rate constants depend on

the assumed product branching ratio which is still uncertain.

7.5.1 Product branching ratios

Available data on the product branching ratios of reaction (2) are summarised in Table 3. Note that

the products of channel (2d) are generated from the decomposition of vibrationally excited HONO*

formed in reaction (2c) according to

HCO+NO2 → HONO∗ +CO→ OH+ CO+NO (2d’)

Hence, channels (2c) and (2d) are not separate channels and,moreover, the relative branching fractions

can be assumed to be pressure dependent due to more or less efficient collisional stabilisation of the

primary HONO* product. From measured vibrational distributions of CO2 and CO (T = 298 K,p =

1 mbar) Butkovskaya and Setser63 concluded that both the HONO channel and the OH + NO channel

contribute to the overall rate.
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Table 3: Branching ratiosk2x/k2,total (in %) of reaction (2), HCO + NO2.

ref., method T/K p/mbar 2a 2a+2b 2b 2b+2c 2c 2c+2d 2d
Meyer&Temps,60 FTIR spectroscopy 295 570 34± 10 28± 10 66± 10
Rim&Hershberger,61 IR laser absorption 298 2 37 ± 5 <10 63± 5
Butkovskaya&Setser,63 IR emission 298 1 39 0 >0 61 >0
Guo et al.,18 IR/VIS laser absorption 296 <960 52± 14 < 10 48± 14
based on Guo et al.,18 calculated1 296 02 47 10 43
based on Guo et al.,18 calculated1 1000 02 72 12 17
He et al.,62 FTIR spectroscopy 425 64 34 66
Lin et al.,50 IR laser absorption 1000 550 88 12
this work,1 VIS laser absorption 295 50 35 25 40
this work,1 VIS laser absorption 1000 1250 70 15 15
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Figure 6: Schematic energy diagram of reaction (2) as calculated by Guo et al.18 (solid lines, BAC-
MP4 method). LM: local minimum. Dashed line: direct abstraction channel (estimated
transition state barrier), dotted line: LM1–LM2 interconversion barrier (estimated based on
MP2/6-31G(d), see Electronic Supplementary Information).

In addition to the experimental data, also theoretically derived branching ratios are given in Table 3.

Guo at al. modelled the overall reaction rate constant and the individual product rate constants by

using a variational RRKM approach based on structures and energies obtained by the BAC-MP4

method. Fig. 6 illustrates the calculated reaction energy diagram. Two different collisional complexes,

O2N-CHO (LM1 in Fig. 6) and ONO-CHO (LM2), and several rearrangement and fragmentation

pathways are feasible. LM1 and LM2 are connected by an energybarrier that is lower than the

reactant energy and enables an interconversion of both structures. As a first approximation, due to the

very constrainedtight interconversion barrier (3 membered ring structure), the rate of interconversion

can be assumed to be negligible compared to the rate of redissociation and forward reaction to HONO

+ CO. Whereas HONO can be formed from both intermediates, theproducts H + CO2 + NO and

HNO + CO2 can be formed from LM1 only. Besides the association-fragmentation pathways, also

a direct abstraction pathway exhibiting a small transitionstate barrier is feasible giving rise to the

products HONO + CO. This abstraction pathway was not considered in the rate calculations, however,

it might become important at high temperatures. Guo et al. specified temperature dependent rate

constants for the capture rate, the redissociation, and theforward fragmentation processes (Table 1

in Ref.18). In these calculations, the two collisional complexes LM1and LM2 were assumed to

react independently. Making the additional assumption that both collisional complexes are formed

with equal probability, the data of Guo et al. can be used to estimate the overall branching ratios of
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reaction (2) as given in Table 3. Within the framework of thisanalysis, HONO is exclusively formed

by elimination from the collision complex LM1, whereas the fragmentation of LM2 mainly yields H

+ CO2 + NO. In the latter case, the preferential formation of the intermediate HCO2 (→ H+ CO2)

instead of the thermodynamically more stable products HNO +CO2 can be readily understood in

terms of theloosestructure of the HCO2 forming transition state (simple bond fission vs. elimination

pathway). For the same reason, the formation of HONO + CO and HNO2 + CO from LM2 does

not play a role. A comparison of the predicted branching ratios atT = 296 K and T = 1000 K

reveals that with increasing temperature the importance ofreaction channel (2a) increases (47%→

72%), that of channel (2c+2d) strongly decreases (43%→ 17%), and that of channel (2b) remains

almost unchanged (10%→ 12%). Here, the overall temperature dependence can be largely traced

back to the fate of LM1. Due to the energetically high lyingtight transition state barrier of the

HONO forming channel (2c), the temperature dependence of the LM1 pathway is dominated by the

collisional complex forming step. At high temperatures, a larger fraction of LM1 dissociates back to

the reactants such that less HONO is formed. In contrast, dueto the lower exit barriers and fast HCO2
formation, the LM2 pathways are less temperature dependentsuch that channel (2a) gains importance

for the overall reaction at high temperatures. For a more detailed discussion of this complicated

interplay of the different reaction channels we refer to theoriginal work of Guo et al.18 Note that a

more sophisticated treatment of the reaction system shouldbe based on a higher level calculation of

the potential energy surface and should properly include the interconversion of LM1 and LM2. For

the purpose of this paper, however, the presented level of approximation was found to be in good

accordance with experimental findings.

Although the reported branching ratios seem to differ, overall and within the reported error limits a

consistent picture arises. Based on the studies of He et al.,Lin et al., and Guo et al. an increasing

importance of channel (2a) with increasing temperature canbe expected. At temperatures around

T = 1000 K as used in this work, channel (2a) should account for approximately 70% of the overall

reaction and the remaining 30% can be attributed to channels(2c+2d). Due to the lack of consistent

information, 15% were attributed to the HONO channel (2c) and 15% to the OH + NO channel

(2d), respectively. As a starting point for our room temperature modelling, based on the studies

of Meyer and Temps,60 Rim and Hershberger,61 and Butkovskaya and Setser,63 the branching ratio

of channel (2a) was reduced to 35% such that the sum of channels (2c) and (2d) contributed 65%.

As will be pointed out below, from the best fit of the experimental room temperature data, a ratio

of 25% for channel (2c) and 40% for channel (2d) was obtained.These final values are consistent

with the branching ratios reported by Meyer and Temps.60 Note that a possible minor contribution of

channel (2b), which is presumably< 10%, was neglected in our analysis.

164



7. Kinetics of the Reactions HCO + NO and HCO + NO2

7.5.2 Room temperature measurements

Experimental procedures were the same as for the NO measurements. HCO profiles were recorded

following the photolysis of mixtures of 0.50% glyoxal and 259-1024 ppm NO2 in Ar at a total pressure

of p = 50 mbar. Due to the high NO2 concentrations used, a possible interference of NO2 photolysis

has to be considered:

NO2 + hν → NO+O.

The absorption cross section of NO2, σ193nm = 2.9 × 10−19 cm2/molecule,64 is comparable to the

absorption cross section of glyoxal and approximately 0.6%of NO2 was photodissociated. Detailed

simulations taking into account the additional O atom and NOformation showed that the photolysis of

NO2 did not have a significant effect on the simulated HCO profilesand thus could be neglected. Like-

wise, no indications were found for an interfering NO2 absorption at the detection laser wavelength.

NO2 shows little absorption at wavelengths around 615 nm (σ614.8nm = 3.2×10−20 cm2/molecule),65

however, due to the derivative-like nature of FM spectroscopy, a broad background absorption level

does not give rise to a signal.

Typical HCO concentration-time profiles measured without NO2 and with increasing NO2 concentra-

tion levels are shown in Fig. 7a. The thick solid curves correspond to numerical simulations using the

mechanism outlined in Table 1. The simulations were fitted tothe experimental profiles by varying

the overall rate constantk2. It turned out that the quality of the fit was dependent on the assumed

product branching ratios. Based on a branching ratio of 35% for channel (2a) (see section 7.5.1), an

iterative fitting procedure yielded 25% for channel (2c) and40% for channel (2d). Detailed simula-

tions showed that changing any of these ratios (2a, 2c, or 2d)by only±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 surprising since higher HCO peak concentrations

are obtained for test gas mixtures containing NO2. As can be concluded from the sensitivity analysis

of the 508 ppm experiment shown in Fig. 7b, initially generated H atoms from glyoxal photolysis are

rapidly converted to OH radicals by the fast reaction

H+NO2 → OH+NO. (6)

Subsequently, OH radicals are scavenged by glyoxal yielding HCO radicals,

OH+ (CHO)2 → (CHO)CO + H2O→HCO+ CO+H2O. (7)

Thus, the comparatively slow HCO forming reaction (3), H + (CHO)2, that governs the HCO yield

in case of pure glyoxal mixtures is replaced by the faster reaction sequence (6) + (7). The used

mechanism, which relies on literature data for reactions (3) and (6), nicely reproduces this rather
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Figure 7: Room temperature determination of the rate constant of reaction (2), HCO + NO2. (a) 32
times averaged HCO concentration-time profiles and corresponding numerical simulations
for experiments atT = 295 K,p = 50 mbar, an initial glyoxal mole fraction of 0.50%, and
different amounts of NO2 added. (b) Sensitivity analysis for the 508 ppm NO2 experiment.
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complex kinetic behaviour.

The observed long-term HCO decay is dominated by the rate of reaction (2c). Again, H atoms and

OH radicals generated in reactions (2a) and (2d) are quicklyconverted to HCO causing these reactions

to be less sensitive at long reaction times. In contrast, HONO (as well as HNO) formed by reaction

(2c) (or reaction (2b)) is quite unreactive and finally removes HCO. In this regard, reaction channel

(2b), which was assumed to be negligible, is indistinguishable from reaction channel (2c) and cannot

be ruled out.

The total rate constant has been determined to be

k2(298 K) = (3.1 ± 1.2) × 1013 cm3 mol−1 s−1.

The stated error, which includes the2σ standard error of the mean of 6 measurements and several

systematic errors, was derived from simulations with a combined variation of several error sources.

Next to the error sources outlined in Section 7.4.1, an additional ±5% error was included to allow

for uncertainties of the channel branching ratios. Experimental data and conditions are listed in the

Electronic Supplementary Information.

7.5.3 High temperature measurements

Shock tube experiments were carried out at temperatures between 804 K< T < 1183 K and

pressures of 925 mbar< p < 1437 mbar using initial test gas mixtures containing 0.48-1.0% glyoxal

and 1060-2440 ppm NO2 in argon. Fig. 8a illustrates an experiment performed at a temperature of

T = 804 K. As already discussed for the room temperature experiments, the HCO regeneration is

controlled by the rate constant of reaction (7), which couldbe roughly determined from the initial

increase of the HCO concentration-time profiles. A temperature independent value of

k7 ≈ 1.1 × 1013 cm3 mol−1 s−1

has been obtained in good agreement with an earlier estimatefrom Colberg and Friedrichs,4 k7 =

1.3 × 1013 cm3mol−1s−1, which was based on similar OH abstraction reactions.k2 values were

determined by fitting the HCO decay based on the product branching ratios discussed in section 7.5.1.

The pronounced influence of the addition of NO2 is evident from Fig. 8a. A simulation with the

NO2 concentration set to zero strongly deviates from the best fitcurve. The sensitivity plot shown in

Fig. 8b reveals that the two reaction channels (2a) and (2c) significantly contribute to the simulated

HCO decay. Although the OH radical forming channel (2d) was attributed the same branching ratio as

channel (2c), 15%, reaction (2d) is absent in the sensitivity plot. OH radicals are rapidly reconverted to

HCO by reaction (7) such that the rate of reaction (2d) could not be determined from the experimental

HCO profiles.
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Figure 8: High temperature determination of the rate constant of reaction (2), HCO + NO2. (a) HCO
concentration-time profile and corresponding numerical simulations for an experiment at
T = 804 K,p = 0.925 bar, 1.02% glyoxal, and 0.14% NO2. (b) Sensitivity analysis.
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Figure 9: Comparison of the determined room and high temperature rate constants of reaction (2),
HCO + NO2, with literature data. Solid line marked with error bars,•: this work. (�)
Timonen et al.16, (△) Guo et al.18, (◦) Ninomiya et al.51, (⋄) He et al.62, (▽) Lin et al.50

Long solid and dashed curves: total rate constantk2 and individual product rate constants
k2a (H + CO2 + NO), k2b (HNO + CO2), andk2c+2d (HONO + CO, OH + NO + CO) as
calculated based on the theoretical data taken from Guo et al.18 (RRKM, see text).

The influence of the reactions (2a) and (2c) on the HCO profilesis somewhat decoupled. The rate of

reaction (2a) is most important during the initial decay whereas reaction (2c) gains importance at later

reaction times. Thus, different overall shapes of the simulated HCO profiles are obtained by changing

the ratio of the rate constantsk2a andk2c. A fine-tuning ofk2a andk2c showed that the profiles are

best represented by an average ratio ofk2a/k2c = (5.6 ± 1.3). This value is close to the initially

assumed ratio of 4.7 and thus supports the estimated branching of reaction (2).

An Arrhenius plot of the determined 19k2 values,k2 = k2a + k2c + k2d, is shown in Fig. 9

(dots)together with the resulting logarithmic mean value (solid line with error bars). Within the scatter

of the data, a temperature independent rate constant of

k2 = (3.3 ± 1.8) × 1013 cm3 mol−1 s−1

was obtained. Again, next to the 2σ standard error of the mean, the error estimate is based on a com-
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bined variation of several systematic error sources (Section 7.4.1) including the assumed branching

ratios for channels (2a) and (2c). Moreover, a±10% error was added to account for the uncertainty

of the branching ratio of the insensitive reaction channel (2d).

7.5.4 Discussion

Fig. 9 draws a comparison of the determined room and high temperature rate constants of reaction (2)

with available literature data. The room temperature rate constant is in very good agreement with

the available direct measurements16,18,51and thus confirms the accuracy of the applied perturbation

approach. Moreover, the nearly perfect modelling of the HCOprofiles as shown in Fig. 7 strongly

supports the assumed mechanism and channel branching ratios of reaction (2). To the best of our

knowledge, the only direct measurement of the temperature dependence ofk2 was performed by Ti-

monen et al.16 at temperatures between 294 K< T < 713 K (line marked with squares in Fig. 9).

HCO profiles were recorded by means of time-resolved mass spectrometry under pseudo-first order

conditions using NO2 as the excess species. Within the scatter of their data, a slightly negative tem-

perature dependence of the HCO disappearance rate could be confirmed. The intermediate and high

temperature measurements performed by Lin and coworkers50,62 are based on pyrolysis experiments

of CH2O/NO2 mixtures. The kinetic simulations of the reaction system were less sensitive to the rate

of reaction (2), however, the reported rate constant for temperatures between 1140 K< T < 1650 K

is in very good agreement with our high temperature results.Despite the scatter and the wide error

margin, our much more direct data can be considered to be morereliable.

Also shown in Fig 9 are theoretical estimates that are based on a variational RRKM calculation of

Guo et al.18 as already discussed in more detail in section 7.5.1. The long solid curve represents

the calculated total rate constant, whereas the dashed curves illustrate the temperature dependences

of the different product channels. Overall, in agreement with all available experimental data, the

predicted total rate constant is almost temperature independent. Due to the predicted strongly negative

temperature dependence of the HONO (or OH + NO) forming channel (2c+2d), channel (2a) with

the products H + NO + CO2 is the dominating channel at high temperatures. Whereas theexact

branching ratios could not be determined from our experiment, the inferred high temperature ratio of

k2a/k2c ≈ 5.6 is consistent with the theoretical estimate.

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

ical value. However, within the error limits of the experimental data and by taking into account the

inaccuracies and the assumptions made for the theoretical estimate, the difference is not significant.

Based on our data and in very good agreement with the other direct measurements, we recommend

the use of a temperature independent rate constant of

k2 = 3.2× 1013 cm3mol−1s−1
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over the entire investigated temperature range of 295 K< T < 1183 K.

Next to the purpose of the present study to provide reliable high temperature rate data for

reaction (2), also the question about a possible contribution of a direct abstraction pathway,

NO2 +HCO→ HONO+CO, should be addressed. Such a pathway, due to a transition state barrier

(see Fig. 6), can be expected to exhibit a positive temperature dependence and, at least at increasingly

high temperatures, should be able to compete with the complex-forming mechanism. However, within

error limits, the experimentally observed temperature dependence and also the absolute value of the

overall rate constant was found to be consistent with a complex-forming 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 hightemperatures of 769 K< T < 1307 K.

Based on numerical simulations of HCO concentration-time profiles measured behind reflected shock

waves, a temperature independent rate constant of

k1 = (7.1 ± 2.7) × 1012 cm3mol−1s−1.

was obtained. The determined room temperature rate constant,

k1 = 8.1+2.0
−1.3 × 1012cm3mol−1s−1,

was found to be in very good agreement with previous work and hence verifies the applied perturbation

approach. The determined high temperature rate constant supports the rate expression given by Xu

et al.17 and also the theoretical prediction that a quasi-direct abstraction pathway dominates the high

temperature reaction.

The rate constant of reaction (2),

HCO+NO2 → products, (2)

could also be measured for the first time at temperatures above 713 K. The room temperature rate

constant,

k2 = (3.1± 1.2) × 1013cm3mol−1s−1,

and the inferred branching ratios were found to be in good agreement with previous work. At temper-
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atures between 804 K< T < 1183 K, a temperature independent rate constant of

k2 = (3.3± 1.8) × 1013 cm3mol−1s−1

was determined. A more detailed evaluation of the measured HCO profiles supports a ratiok2a/k2c ≈

5.6. Moreover, the high temperature rate constant of reaction (7), OH + (CHO)2, could be roughly

determined to bek7 ≈ 1.1 × 1013cm3mol−1s−1. Overall, in close agreement with the theoretical es-

timate, the measurements of the total rate constantk2 indicate an essentially temperature independent

reaction rate. We recommend the use ofk2 = 3.2 × 1013 cm3mol−1s−1 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 abstraction pathway was found.
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7.7 Supporting information

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

p T x0((CHO)2) x0(NO) x(HCO) x(H) k1
1000 845 5275 1570 28 70 7.0× 1012

1031 859 5275 1570 68 197 5.0× 1012

1058 875 5375 1575 34 92 7.0× 1012

1095 886 5275 1570 32 93 7.0× 1012

1799 1173 3685 1425 60 193 9.0× 1012

910 806 5300 2705 58 165 6.0× 1012

1167 918 5300 2705 59 173 6.5× 1012

1285 983 5300 2705 75 223 5.0× 1012

1480 1053 5300 2705 68 205 6.0× 1012

1805 1173 4595 2445 70 201 1.3× 1013

1015 854 4965 4990 42 121 7.0× 1012

1135 906 4965 4990 40 117 7.0× 1012

1306 983 4965 4990 100 298 4.0× 1012

1547 1041 4965 4990 45 137 7.0× 1012

1505 1058 4965 4990 40 120 5.0× 1012

1351 1128 10315 4660 150 4416.0× 1012

1819 1179 4505 4880 90 268 6.0× 1012

1427 1274 8620 4385 180 5597.5× 1012

1191 1274 8680 4400 160 4451.3× 1013

900 793 10065 2925 105 298 7.0× 1012

1060 861 10065 2925 150 4379.0× 1012

1246 938 10560 3010 190 5646.5× 1012

1345 979 10065 2925 65 194 7.5× 1012

1917 1182 6385 2375 190 5959.0× 1012

852 769 10315 4930 83 233 8.0× 1012

1110 883 10315 4930 80 234 4.5× 1012

1436 1013 10315 5085 155 4676.8× 1012

1130 905 2525 1230 18 53 6.5× 1012

1606 1078 10365 4570 160 4866.0× 1012

1755 1143 7840 4200 200 6017.0× 1012

1883 1208 4085 1420 90 251 8.0× 1012

1330 1220 9710 4550 180 5346.0× 1012

1350 1248 6360 6150 190 5687.0× 1012

1426 1272 8670 4420 220 6749.0× 1012

1242 1307 7980 4375 220 6711.2× 1013
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Table 2: Shock tube experiments for the determination of therate constant of reaction (2), HCO +
NO2. Units are mbar, K, ppm, cm, mol, and s.

p T x0((CHO)2) x0(NO2) x(HCO) x(H) k2
917 809 5290 1068 40 114 2.5× 1013

1141 908 5290 1060 58 170 3.5× 1013

1227 952 5290 1060 43 127 3.0× 1013

1288 971 5295 1060 53 157 3.0× 1013

1297 1041 5010 1047 70 207 3.3× 1013

1414 1183 4760 900 90 228 2.0× 1013

937 819 4995 2440 35 38 3.0× 1013

1146 910 4995 2440 40 117 4.0× 1013

1399 1016 4995 2440 75 225 3.0× 1013

1437 1099 5995 2965 100 2634.2× 1013

1434 1186 5680 2715 120 2863.8× 1013

925 804 10220 1350 53 151 3.0× 1013

999 836 10220 1350 50 144 3.0× 1013

1109 883 10220 1350 60 176 3.0× 1013

1110 884 10220 1350 70 205 5.0× 1013

1137 894 10220 1350 65 191 4.0× 1013

1247 940 10220 1350 48 143 4.0× 1013

1266 948 10220 1350 110 3284.0× 1013

1251 1004 10435 1075 90 2652.5× 1013
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Table 3: Room temperature experiments for the determination of the rate constant of reaction (1), HCO + NO. Units are ppm,cm, mol, and s.
p = 51 mbar,T = 295 K.

No. x0((CHO)2) x0(NO) x(HCO) x(HCO*) x(H) k1
1 5376 0 4.8 11.2 33.6 -
2 5364 533 4.2 9.8 29.4 (4.5× 1012)a

3 5335 1058 4.05 9.45 28.3 8.0× 1012

4 5305 2128 3.9 9.1 27.3 8.0× 1012

5 5305 2128 3.9 9.1 27.3 8.0× 1012

6 5335 1058 3.81 8.89 26.7 8.0× 1012

7 5364 533 3.9 9.1 27.3 8.5× 1012

8 5376 0 4.05 9.45 27.0 -
a This measurement, in particular with regard to the result ofa second

measurement using the same mixture composition (No. 7), wasidentified
as an outlier and was excluded from averaging.

Table 4: Room temperature experiments for the determination of the rate constant of reaction (2), HCO + NO2. Units are ppm, cm, mol, and s.
p = 50 mbar,T = 295 K.

x0((CHO)2) x0(NO) x(HCO) x(HCO*) x(H) k2a k2c k2d k2
4989 0 1.58 3.68 12.65 - - - -
5020 259 1.86 4.34 13.641.23× 1013 8.75 × 1012 1.40 × 1013 3.51 × 1013

5058 508 1.62 3.78 11.889.60× 1012 8.75 × 1012 1.10 × 1013 2.75 × 1013

5041 1024 1.35 3.15 9.9 1.05× 1013 7.50 × 1012 1.20 × 1013 3.00 × 1013

5041 1024 1.35 3.15 9.9 1.05× 1013 7.50 × 1012 1.20 × 1013 3.00 × 1013

5058 508 1.28 2.98 9.35 9.45× 1012 6.75 × 1012 1.08 × 1013 2.70 × 1013

5020 259 1.35 3.15 9.9 1.26× 1013 9.00 × 1012 1.44 × 1013 3.60 × 1013
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Table 5: Evaluation of the channel branching ratiok2a/k2c and the rate constant of reaction (7), OH + (CHO)2. Units are mbar, K, ppm, cm, mol,
and s.

p T x0((CHO)2) x0(NO2) x(HCO) x(H) k(2a) k(2c) k(7)

1287 971 5295 1060 53 157 2.5 × 1013 (0)1 1.0× 1013

1227 952 5290 1060 40 118 2.9 × 1013 1.5× 1012 1.3× 1013

1141 908 5290 1060 58 170 4.0 × 1013 5.3× 1012 1.5× 1013

917 809 5290 1068 46 131 1.8 × 1013 2.0× 1012 9.0× 1012

1251 1004 10435 1075 90 265 2.5 × 1013 1.8× 1012 1.5× 1013

1399 1016 4995 2440 72 216 2.5 × 1013 4.5× 1012 1.2× 1013

1146 910 4995 2440 43 126 4.0 × 1013 8.0× 1012 1.6× 1013

937 819 4995 2440 35 38 1.8 × 1013 (4.5× 1013)1 8.0× 1012

1266 948 10220 1350 110 328 3.0 × 1013 6.0× 1012 1.5× 1013

1248 940 10220 1350 57 170 3.0 × 1013 8.0× 1012 8.0× 1012

1137 894 10220 1350 90 265 4.0 × 1013 1.0× 1013 7.0× 1012

1109 889 10220 1350 85 294 4.8 × 1013 3.8× 1012 8.0× 1012

999 836 10220 1350 65 187 3.5 × 1013 7.5× 1012 8.0× 1012

925 804 10220 1350 60 171 2.0 × 1013 6.5× 1012 8.0× 1012

∅ 3.02× 1013 5.41 × 1012
1 For two measurements, probably due to slight baseline inaccuracies, it was not possible

to extract meaningful rate constant values fork2c. For the sake of completeness, the best
fit values are reported but have been excluded from averaging.
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Table 6: Summary of MP2/6-31G(d) calculation results for estimation of interconversion barrier be-
tween O2N–CHO and ONO–CHO association complexes (see Figure 6). Cartesian coordi-
nates (10−10 m), frequencies (cm−1), and energies (Hartree).

O2N–CHO
C -0.853641, -0.576263, -0.000003
O -1.836310, 0.106776, -0.000002
H -0.764244, -1.671233, 0.000033
O 1.470273, -0.785180, -0.000002
N 0.544550, 0.045296, 0.000000
O 0.625317, 1.279872, 0.000003
ν̃i 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
O 0.010806, 0.799998, 0.000022
N -0.995017, -0.483589, 0.000016
O -2.084476, -0.079454, -0.000016
ν̃i 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

C -1.044695, 0.036024, 0.406279
O -1.827773, -0.459225, -0.327823
H -1.083366, 0.382383, 1.434030
O 0.304692, 1.046657, -0.233764
N 0.698546, -0.135439, 0.159022
O 1.830794, -0.543739, -0.061521
ν̃i -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
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Difference laser absorption. A new difference amplification laser absorption (DLA) spectrometer

has been set up. With this spectrometer it was possible to detect singlet1NCN and triplet3NCN

cyanonitrene radicals in a sensitive ((αcl)min = 5 × 10−4 @ 1.4 MHz) and quantitative manner.

Temperature dependent3NCN absorption cross sections of the superposition of the3Π1 subband of

the Ã3Πu(000) − X̃3Σg(000) transition of the vibrational ground state and the Q1 band head of the
3Σ+ − 3Π sub-band of thẽA3Πu(010)− X̃3Σ−

g (010) vibrationally hot Renner-Teller split transition

have been determined. Kinetic measurements have been performed at the absorption maximum at

ν̃ = 30383.11 cm−1. Furthermore, temperature dependent1NCN absorption cross sections of the

unresolved band head of the1Πu(000) −
1∆g(000) transition around̃ν ≈ 30045.5 cm−1 have been

extracted from high temperature shock tube experiments. Atcombustion relevant temperatures both

absorption cross sections are on the same order of magnitude, thus making possible the investigation

of 1NCN and3NCN reactions under similar experimental conditions. It isworth mentioning that

these data represent the first directly measured absorptioncross sections and high temperature spectra

of 3NCN and1NCN. Based on the3NCN data, quantitative measurements of NCN concentrations

in flames will be possible and, in fact, have already been performed (Klein-Douwelet al., Combust.

Flame.2011, 158, 2090–2104).

NCN3 decomposition and collision-induced intersystem crossing of NCN. The thermal decompo-

sition of cyanogen azide (NCN3) has been investigated in order to evaluate the suitabilityof NCN3

as an NCN precursor molecule. NCN3 is explosive, nevertheless, a safe synthesis procedure yield-

ing NCN3 in very high purities> 99% could be established. It turned out that the pyrolysis of NCN3

yields stable NCN plateau concentrations by the reaction NCN3 + M→ NCN + N2 + M without inter-

fering by-products. This fact reveals that NCN3 is an almost ideal NCN precursor. The direct product

of the NCN3 pyrolysis is the excited1NCN which subsequently undergoes a collision-induced inter-

system crossing (CIISC) process to the3NCN ground state. From a combination of measured1NCN

and3NCN concentration time profiles behind shock waves, rate constants of the unimolecular NCN3
decomposition and CIISC rate constants have been extracted. In the investigated pressure and tem-

perature range, the CIISC process is surprisingly slow making possible the quantitative investigation

of this electronic relaxation process even behind shock waves. As the thermal NCN3 decomposition

exhibits a much larger temperature dependence than the CIISC, the rate limiting step for the3NCN

appearance switches from the NCN3 decomposition at low temperatures to the CIISC at higher tem-
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peratures.

3NCN reactions.A consistent3NCN mechanism has been set up by measuring3NCN concentration-

time profiles following the pyrolysis of NCN3 behind shock waves. Studies over a wide range of

temperatures, total densities and initial NCN3 concentrations allowed for the determination of the rate

constants of the reactions NCN + M→ C + N2 + M and NCN + NCN→ 2 CN + N2. Whereas the

reaction NCN + NCN has never been adressed before, rate constants of the reaction NCN + M are in

very good agreement with previous work. Subsequently, the pyrolysis of N2O has been used as an O

atom source to measure rate constants of the reaction NCN + O→ CN + NO. This reaction is very

fast and thus constitutes one of the most important NCN consuming and NO forming reactions. In

fact, the measurements reported in this thesis represent the first experimental determination of the rate

constants of this key reaction. Furthermore, the rate constants of the reactions NCN + NO→ CN +

N2O and NCN + NO2 → NCNO + NO have been directly measured by time-resolved detection of

NCN following the shock heating of mixtures of NCN3 and NO or NO2, respectively. Both reactions

are supposed to be dominated by an association-like reaction channel at low temperatures and an

alternative abstraction channel at high temperatures. Hence, the temperature dependence is expected

to be negative at low and positive at high temperatures. Therefore, low temperature data cannot be

extrapolated to combustion relevant temperatures. In thiswork, the first measurements of reaction

rate constants at combustion relevant high temperatures are reported. Whereas in both cases the

expected overall temperature dependence and thus the switching of the reaction channels could be

experimentally proved, rate constant expressions measured in this 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 of frequency modulation

(FM) spectroscopy, rendered possible the determination ofthe rate constants of the reactions HCO +

NO→ HNO + CO and HCO + NO2→ products at room temperature and at high temperatures behind

shock waves. Moreover, in an iterative fitting procedure, product branching ratios of the reaction HCO

+ NO2 have been worked out showing that OH + CO + NO are the main products of this reaction at

room temperature, whereas the products H + CO2 + NO constitute the most important reaction channel

at high temperatures aroundT ≈ 1000 K .

Outlook. The established mechanism of the NCN3 decomposition, singlet-triplet relaxation of NCN

(CIISC) and the NCN consumption by the reactions NCN + M and NCN + NCN together with the

determined absolute absorption cross-sections of both1NCN and3NCN opens the door to all kinds of

kinetic NCN studies. In this spirit, measurements of the rate constants of the very important reactions

NCN + H and NCN + O2 as well as the reaction NCN + H2 are already underway in our workgroup.

These measurements rely on the absorption (DLA) spectrometer, which has been set up during this

thesis and the new driver gas mixing system, which enhances the reproducability of the shock tube

experiments. The determined spectroscopic properties andabsorption cross-sections of NCN can also

be useful for the quantitative detection of NCN in flames, exhaust fumes or combustion engines. Such
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types of experiments are often used to analyse combustion processes and will in turn help to develop

NOx reduction strategies. In this spirit, also the reported rate constant expressions will find their way

into widely used mechanistic models, soon.

Conclusion. The rate constants of several reactions important for the formation of nitrogen oxides

in combustion processes have been measured at combustion relevant temperatures for the first time.

Combined with subsequent work, which has been made possibleby the results of this thesis and which

is already underway, a complete set of high temperature NCN reaction rate constants will be available,

soon. Together with the NOx reactions with HCO, these data contribute to an advanced understanding

of prompt-NO formation in combustion processes.
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• Ausdrücklich danke ich dem 1. FC Köln dafür, mehrere Jahre hintereinander nicht abgestiegen
zu sein.
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