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Abstract 
 
This thesis is based on eight experimental investigations of gas-phase radical-molecule kinetics, 
including  14  different  radicals  in  their  reactions  with  4  small  molecules  (O2, Cl2,  NO  and  NO2), 
relevant to atmospheric and combustion chemistry. These studies were performed with the same 
experimental apparatus, a pulsed ultraviolet (UV) laser photolysis coupled to an atomic resonance gas 
lamp photoionization mass spectrometer. The main interests in these studies were the rate and 
mechanistic parameters of the reactions investigated. Reactions were studied under pseudo-first-order 
conditions, with initial radical concentrations much less than the molecular reactant concentrations of 
the experiments ([Radical]0 << [Reactant]), as a function of temperature (188 to 500 K) and pressure 
[0.4 to 44 Torr helium (He)]. The experimental conditions were found to considerably affect the 
kinetics observed.  
 
In  the  R  +  NO2 and  R  +  Cl2 reactions, pressure-independent reaction rates were observed and rate 
coefficients as a function of temperature were determined. All the rate coefficients displayed negative 
temperature dependence; in the CH2Cl + Cl2 and CH3CCl2 + Cl2 reactions, the sign of the temperature 
dependence reversed after a minimum in the temperature-dependent rate coefficient. The products 
observed gave insight into the possible reaction mechanisms. In a few cases, the observed products 
confirmed the assumed mechanism, whereas in a few others, they pointed to another reaction pathway, 
contrary to the expected one.   
 
In  the  R  +  O2 and  R  +  NO  reactions,  pressure-  and  temperature-dependent  reaction  rates  were  
observed, and hence, pressure falloff parameterizations of the determined rate coefficients were 
performed. In the allyl radical reactions, C3H5 + O2 and C3H5 + NO, an equilibrium mechanism was 
also observed at higher temperatures and the equilibrium constants were obtained as a function of 
temperature. This enabled the determination of the thermochemistries for these reactions. Together 
with the previous results, the formation enthalpies of the C3H5–O2 and  C3H5–NO adducts were 
calculated.  
 
In addition, the reactivities of the radicals toward NO2 and  Cl2 were explored in the current and 
selected similar radical reactions, and previously observed reactivity correlations were extended. The 
reactivity differences among these reactions were found to be connected to the different charge 
densities in the radical centers, i.e., related to the different charge distributions in these radicals.  
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1. Introduction 
 
Radical reactions are ubiquitous. Their importance in the chemical transformation of matter from the 
nearest surroundings (the air we breathe [1, 2], the surfaces we touch [3], the biochemistry of our 
bodies [4-6]) to the furthest imaginable (the chemistries of the extraterrestrial atmospheres [7-11] and 
inter-stellar medium [12, 13]) is certainly not easily grasped. The closer we look and the more we 
investigate, the more radicals seem to be involved: oxidative processes shaping the atmosphere [14-
16], the formation of new particles [7-10, 17-22], biological processes of nature [5, 6, 23-26], all  of 
which share the same solar power source so essential for life on Earth. Even the aging of our mortal 
caskets involve a free radical mechanism [6, 27-29] (see: "free radical theory of aging”, already 
proposed in 1956 [30]).  
 
According to a  formal  definition,  a  radical  is  a  chemical  species  with at  least  one unpaired electron 
(i.e., an open shell species), and hence has a nonzero spin multiplicity (2S + 1) [31, 32]. Radicals are 
formed as a consequence of bonds braking in stable molecules, which generally leads to the formation 
of  radicals  as  the homolysis  of  a  bond,  where both entities  are  left  with an electron,  is  normally the 
lowest energy dissociation pathway [31, 33]. Bond homolysis may occur in many different ways, for 
example, by photolysis with electromagnetic radiation (by lasers and arc lamps in the laboratory, by 
solar UV in the atmosphere) [13, 34], thermolysis by heat (combustion, flames, explosions) [33, 35, 
36], electric discharge (in the laboratory, ozonizers, lightning) [13, 37, 38], desorption (UV radiation 
striking on a surface) [39] and biologically (by enzymes in plant and animal cells) [5, 26]. Radicals 
are also created as a consequence of chemical reactions in which the total number of radicals remains 
constant, but the radical center is changed, for example, in abstraction reactions by OH radicals and in 
their addition to double bonds [40].  
 
There are also significantly more stable, formally radical species, which can be stored in bottles and 
containers for future use and which are usually much more familiar to us. These include the all-
important molecular oxygen (O2, actually a biradical: •O=O•), vital to life as we know it, and some of 
the nitrogen oxides (e.g., NO and NO2). These formally radical species (NO, NO2 and O2) are simply 
referred to as  molecules  hereafter  in  this  thesis,  as  their  lifetimes are much greater  than the radicals  
produced photochemically and in the radical-molecule reactions of these investigations, which have 
lifetimes in the order of milliseconds to seconds under our low pressure experimental conditions. 
Because of their radical nature, the association reactions with reactive free radicals present are usually 
barrierless, exothermic processes, and hence these (formally radical) molecules are generally involved 
in the reactions and scavenging of reactive free radicals from the gas phase. Under terrestrial 
atmospheric conditions, O2 is  crucial,  as  it  is  the  second  most  abundant  gas  phase  species,  the  only  
more abundant gas being the very unreactive N2 (N2 comprises about 78% and O2 about 21% of the 
total gas budget [14]). The likelihood of these reactions was a part of the motivation for studying a 
selection of the reactions for this thesis. 
 
A  few  influential  pioneers  in  the  field  of  free  radical  research,  including  Alan  Carrington  [41]  and  
Nobel Prize winner Gerhard Herzberg [42], were not happy with the formal description of a radical 
which omits, for example, some important reactive carbon centered species such as CH2, CH3

+ and C2, 
(as  well  as  some  others),  and  includes  some  fairly  stable  molecules  such  as  O2 and NO. They 
preferred  the  use  of  what  is  usually  termed  a  kinetic  definition  that  considers  radicals  as  transient,  
unstable species with closed or open electron shells that cannot be stored in bottles or containers. I 
agree with this definition, which makes more practical sense in studies of gas phase radical kinetics, 
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and hence I have adopted this definition throughout the rest of this thesis. 
 
In the gas phase, radicals and molecules are largely free of intermolecular interactions, in contrast to 
liquid and solid phases where the surrounding neighborhood defines the possible physical chemistry 
that  can  take  place.  Thus,  the  gas  phase  is  the  most  ideal  phase  to  study  the  details  of  free  radical  
reactions without much interference due to unwanted intermolecular interactions. In condensed phases, 
the  lifetimes  of  free  radicals  are  often  too  short  to  be  able  to  probe  their  behavior,  and  a  dilute  gas  
mixture offers the best medium to isolate and study these reactions. [43, 44]  
 
Chemical reactions, perhaps gas phase radical reactions in particular, have various dependences on 
surrounding experimental conditions, e.g., temperature and pressure. Radical reactions often proceed 
over multiple, isomeric potential energy wells in the electronic potential energy surface (PES) of the 
reaction, before advancing to the final products [33, 45, 46]. The competition between different 
reaction channels is decided not only by the reaction PES but also by the prevailing experimental 
conditions, with temperature defining the thermal energy available to the system and pressure defining 
the rate of collisions that will distribute this energy. In the two fields where radical reactions play an 
insurmountable part, in atmospheric and combustion chemistry, the experimental conditions also vary 
considerably. The conditions range from the high temperatures and pressures encountered in 
combustion and explosions [33, 35, 36] to the low temperatures and pressures seen in stratospheric 
chemistry [47, 48] (not to mention interstellar chemistry [12, 13]). With this in mind, the reactions 
studied in this thesis were explored under as wide a range of experimental conditions as possible, as 
allowed by the technical specifications of the apparatus and physical properties of the chemicals used. 
 
Kinetics is a branch of chemistry dealing with the time dependence of chemical transformations. The 
different electronic and molecular structures of the reacting partners in R + X reactions results in 
considerable variation in the observed rates, and naturally then also leads to the formation of different 
sets of products . [43, 44, 49-51] The differences in rates between similar radical reactions with a 
common reagent can be understood as different reactivities of the radicals. The variation in reactivity 
between analogous radical reactions may sometimes be readily explainable through changing one of 
reaction- or reactant properties [52-56, I-III, VI], or it may be caused by a succession of factors and 
hence may be difficult to quantify [53, 57, IV]. In principle, to fully understand the behavior of a 
radical-molecule reaction, all the possible product yields from all the possible reaction channels 
should be determined - which might be a formidable task. Fortunately, we can achieve quite a lot even 
with a little less information.  
 
The method employed in all of the studies in this thesis was laser photolysis coupled to a resonance 
gas lamp photoionization mass spectrometry (LP-RPIMS) [58-60]. It is especially well suited for 
studying fast gas-phase radical-molecule reactions, with minimal fragmentation of the labile free 
radicals under investigation, and has been applied in direct investigations of an unusually large list of 
different hydrocarbon free radicals in their reactions with the principal molecules found in the 
atmosphere and combustion [59-86, I-II, IV-VII]. The history of the method is connected to two 
pivotal achievements in the studies of free radicals and their reactions: (i) the pioneering work using 
flash photolysis to induce and study the fast reactions of free radicals by Porter and Porter and Norrish 
[87-89] (ii) and the use of photoionization together with mass spectrometry to study these labile 
intermediates, probably most advocated by Lossing and his co-workers [90-92], even though 
photoionization mass spectrometry had already been introduced over two decades ago [94] and many 
others also deserve credit for the development and characterization of the process [93, 95-100]. These 
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two techniques, (laser) flash photolysis and photoionization mass spectrometry, were coupled and 
modified to examine fast gas-phase radical reactions in flow tubes in the laboratories of Kyle Bayes 
[101, 102] and David Gutman [58, 59], and later in the laboratory of Nobuaki Washida [76, 103]. 
  
In addition to the pulsed, direct (UV) laser photolysis used in the studies of this thesis, radicals for 
similar gas kinetics experiments have also been produced by means of infrared multiphoton induced 
dissociation (IRMPD) [58], shockwaves [104, 105], thermal dissociation [106, 107], rotating sector 
illumination [108], optoacoustic photolysis [109], chemical reactions mediated by halogen atoms that 
have been produced with microwave discharge (MWD) [110, 111], pulse radiolysis (PR) [112] or 
laser photolysis (LP) [113], all of which may also be used for radical production in general. The 
different methods used for detection are based either on spectroscopic or mass spectrometric methods. 
Techniques that have been used include: resonance fluorescence and absorption methods (RF) [114, 
115], laser-induced fluorescence (LIF) [116, 117], conventional absorption and emission 
spectroscopies in infrared (IR), visible (VIS) and ultraviolet (UV) parts of the spectrum [118-121] as 
well as different cavity-enhanced absorption techniques [122], such as cavity ring-down spectroscopy 
(CRDS) [123, 124]. Electron paramagnetic resonance (EPR) [125] and laser magnetic resonance 
(LMR) [126] spectroscopies have also been applied. In addition, techniques have been implemented 
for deducing kinetics indirectly from stable end products with a Fourier transform spectrometry (FTIR) 
[119, 127, 128] and gas chromatography (GC) [127]. Of course the different experimental 
instrumentations are limited only by some relevant physical constraints and examples of combinations 
used include: LP - LIF [116, 117], LP - RF [114], LP - MS / CRDS [124] continuous flash photolysis 
(CWFP) - UV-absorption / FTIR [128], PR - UV-absorption [112], MWD - mass spectrometry (MS) 
[129],  MWD -  Very  Low Pressure  Reactor  (VLPR)  [130],  LP  -  laser  photoionization  (LPI)  time  of  
flight (TOF) MS [131, 132], LP - synchrotron photoionization (SPI) MS [133] and LP-TOF-PIMS 
[134], and certainly many others that have been overlooked in this long but not exhaustive listing.  
 
From the reactions investigated in this thesis, the unsaturated resonance stabilized radical reactions 
have the most relevance to combustion. Resonance stabilized radicals (RSRs) are especially important 
intermediates in combustion chemistry due to their persistence under high temperature conditions. 
The bonds formed between RSRs and small molecules (e.g., O2, NO, NO2...) are generally weaker 
than for similar-sized radicals lacking resonance stabilization (e.g., alkyl- and halogenated alkyl 
radicals), and consequently they reach higher concentrations at elevated temperatures. [135-141] 
Alkyl radicals are important in many instances in their own respect [31, 36, 142, 143], but for this 
thesis, they were mainly of interest due to being the optimal model compounds free of inductive and 
resonance effects of hetero atoms, groups and multiple bonds. Thus, they are ideal for comparison 
with substituted species, such as halogenated alkyl radicals, which were considered in most of the 
studies of this thesis. Halogenated radicals are surely best known for their involvement in 
stratospheric ozone depletion [48], but characterization of their reactions is also important in various 
other respects [145-150]. The reactions studied were selected based on recognized gaps in existing 
knowledge, i.e., due to sparse or unavailable previous information on their rate and mechanistic 
parameters. 
 
The reactions investigated were found to have fairly different dependencies on the experimental 
conditions used, and they may be roughly divided into two classes: pressure-dependent (R + O2 and 
NO) and pressure-independent reactions (R + Cl2 and NO2). Interesting and even unexpected 
temperature dependencies were observed: strongly curved Arrhenius plots in the R + Cl2 reactions 
[III], different dependences between the isomeric propyl and butyl radical reactions with NO2 [IV], 
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and even a clear change in a reaction mechanism in the allyl radical reactions with O2 and NO, as an 
equilibrium between reactants and products was observed at higher temperatures [V, VIII].  
 
In  addition to the rate  parameters,  the mechanisms of  the studied reactions were a  focus of  interest,  
too, and considerable effort was devoted to determining the products of these reactions. The products 
of the few R + NO2 reactions led to the suggestion of a reaction mechanism somewhat contrary to the 
expectation [II, VI], and as the conditions allowed, the measured bimolecular kinetics were verified 
by additionally measuring them through product formation [VII]. Previously observed reactivity 
correlations among R + NO2 and R + Cl2 reactions were also extended during this thesis [I-III, VI]. 

 

1.1 Atmospheric and combustion chemistry 
 
Two  fields  of  science  where  radical  reactions  are  of  paramount  importance  are  atmospheric  and  
combustion research. These are fields were gas phase is usually the dominant phase and the medium 
for chemical transformation; role of surfaces such as those on particulate matter is certainly 
significant, but highly uncertain at the moment. Radicals, formed by photolysis, thermolysis and other 
phenomena, take part in multitude of reactions, inducing rich and often unpredictable chemistry which 
places challenges to experimental kinetics investigations, but as well to theoretical computations. [14, 
15, 33, 47, 50, 51, 150-156] 
 
In the gas phase, the smallest molecules are often the most important. High vapor pressures and low 
masses will keep these practically permanently airborne, and hence they are bound to take part in the 
chemistry and physics of the system by colliding and reacting with radicals present (e.g., OH, H, CH3, 
etc.) or suffer scavenging by surrounding droplets and particles. Combustion under atmospheric 
conditions produces many of these smaller species due to dissociation and degradation of larger 
molecular compounds [33, 35, 36]. Because the underlying radical kinetics are similar in combustion 
and in the atmospheric chemistry [33, 36, 40, 47, 150-155], the same species are usually responsible 
for most of the chemistry in these systems. For example, under terrestrial atmospheric daytime 
conditions, as well as under hydrocarbon combustion conditions, the OH radical can be considered as 
the principal starter of radical chain reactions, i.e., chemistry [33, 40, 151-155, 157]. Nevertheless, the 
OH radical is only an example and other radicals can start reaction chains in similar ways. 
  
Because of the complexity encountered, atmospheric and combustion research is increasingly relying 
on modeling, as often even the easiest seeming reactions, such as combustion of hydrogen (H2 + O2  
products) have very complicated reaction mechanisms [33, 158]. To be able to handle such a big 
chemical systems with multiple reaction pathways and cross connected reaction channels, computer 
modeling becomes of predominant importance [33, 46, 135, 152, 153, 159-162]. The main findings of 
experiments as performed in this thesis, the rate coefficients, mechanisms, product yields and other 
relevant parameters are gathered into compilations by expert panels such as IUPAC [163], NASA/JPL 
[47] and J. Phys. Chem. Ref. Data [164] conveniently for others to use. In addition, many other 
databases for atmospheric and combustion modeling exists, for example, GRI-Mechanism [165], 
THERM [166] and master chemical mechanism (MCM) [167] to name a few more common examples. 
These models and databases are updated frequently, when new improved rate coefficients or more 
reliable estimates are available.  
 
 



13 

 

1.2 Radical reactions 
 
As was explained in the preceding sections, radical reactions are ubiquitous and may take place in 
different phases of matter. In this thesis we limit the discussion to the gas phase reactions only, as all 
of the reactions were investigated in flow tube reactors, in dilute gas mixtures and under low pressure 
conditions,  and the only other  phase present  in  the experiments  was the reactor  surface.  The surface 
acted as a heterogeneous radical sink and its effect on the produced radical concentrations was always 
minimized as properly as possible. 
 
Mechanisms of radical reactions can be roughly divided into two classes of reactions: (i) Reactions 
where the radical center is transferred, and hence also preserved, when atoms or groups are exchanged, 
abstracted or when the radical adds to a double bond. This is named a propagation step (1). (ii) 
Reactions where the radical center is destroyed, for example, when atoms or groups are attached to 
the  radical  center,  or  when  the  radical  is  absorbed  to  some  free  surface  site.  This  is  termed  a  
termination step (2). 
 

B + C•  A• + B C        (1a) 
A=B + C•  A C•         (1b) 
A• + B•      A B        (2) 
 
These seemingly simple prototype reactions cover a wide range of different behaviors, depending on 
the molecular structure and thermal environment of the reacting species [50, 51, 150, 155, 157, 159]. 
The reactions of this thesis belong to the general classes 1a and 2; the R + Cl2 reactions studied here 
belong to the type 1a mechanism and the rest belong to the type 2.    
 
The association product formed in reaction 2 often gains enough internal energy to form as an 
unstable intermediate and fragments back to the same radicals, some other radicals (which may also 
form excited), or possibly to stable products. Thus, the type 2 mechanism is better represented with 
steps 2a to 2c (where an asterisk denotes internal excitation): 
 
A• + B•  A B*         (2*) 
                   A B*  A• + B•       (2a) 
             C• + D•*  C• + E• + F     (2b) 
             G + H       (2c) 
 
The exothermic R + NO2 reactions investigated in this thesis belong to this class of reactions, and 
hence the R + NO2 product studies may become complicated. The pressure-dependent R + O2 and R + 
NO reactions generally follow the type 2 mechanism except that the presented mechanism is again a 
simplification, true only at the limit of very low temperature and very high pressure. In reality, 
collisions with bath gas molecules (M) are required to take away the excess energy of the reaction (2d) 
[50, 51, 153, 162]. Thus, a more realistic representation of the reaction 2 becomes: 
 
A• + B• (+ M)  A B* + M  A B + M,     (2d) 
 
which leads to a  different  description of  the rate  coefficients  as  a  function of  reaction conditions,  as  
the concentration of bath gas molecule M is needed to present the rate coefficient in this energy 
transfer scheme. 
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The  R  +  O2 reactions are interesting exceptions of the type 2d mechanism, as the O2 molecule is a 
biradical species and hence the forming addition product is also a radical species (2e); a peroxy 
radical: 
 
A• + •B• (+ M)  A B•* + M  A B• + M,     (2e) 
  
When the temperature is raised enough, the formed A B bond becomes thermally unstable and the 
backward  reaction  to  reactants  A  +  B  starts  to  compete  (2f).  In  these  temperatures,  the  type  2  
mechanism is better represented by: 
 
A• + B• (+ M)  A B* +M  A B + M      (2f) 
 
This type of mechanism was observed in the allyl radical reactions with O2 and NO. 
 
To be able to accurately predict all characteristics of a radical-molecule reaction, i.e., changes in 
reaction mechanisms and quantitative yields of different product channels as a function of prevailing 
experimental conditions, one would need to know the details of the potential energy surface (PES) of 
the system under study [50, 51, 152, 159-162]. Even though a lot can be learned experimentally about 
the PES of the system based on the reaction behavior, and on the products observed in a reaction, the 
fine details are likely to be so small effects that they will be difficult to notice. Thus, computations can 
supply important hints for what to look at in the laboratory. 

 

1.3 Dependence on experimental conditions 
 
Generally rates of radical reactions depend on several experimental conditions that describe the 
system under examination [33, 44, 49-51]. Two of the main experimental parameters that characterize 
a gas phase chemical reaction system, and that are found to vary considerably between different 
applications, are temperature (T) and pressure (p). These are connected to the thermodynamics of the 
isolated system under study; temperature is related to the thermal energy available for different 
species in the system and pressure is related to the frequency of collisions and hence to the efficiency 
that distributes and equates the available energy. Often the change in either one of these two 
experimental conditions is enough to have a significant effect on the reaction kinetics observed, and 
fortunately, these are usually the most easily controllable parameters.  
 
1.3.1 Temperature dependence 
 
Generally the strongest dependence on experimental conditions observed in the determined reaction 
rate  coefficients  is  the  dependence  on  temperature.  In  the  reactions  studied  in  this  thesis,  different  
behaviors were observed between similar radical reactions when temperature was changed. Most of 
the reactions investigated here are fast, exothermic reactions that display negative temperature 
dependence, which indicates that the reaction rates increase with decreasing temperature, and in a 
“historical” sense that the Arrhenius activation energy of the reaction has a negative sign (Ea in 
equation E2, more below). According to the current understanding, this indicates that the potential 
energy surface for the reactants along the reaction coordinate is fully attractive. This means that there 
are no maxima above the separated reactants energy, and hence that the barriers to products are 
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located below the energy of the original separated reactants (Figure 1). [50, 151, 168-171]  
 

 
 

Figure 1 A schematic potential energy profile usually associated with a negative temperature 
dependence of the rate coefficients of the reaction; attractive potential for the R + X addition to a well 
with a barrier Es that is submerged by E below the energy of the separated reactants. The potential 
energy is sketched according to a hypothetical surface assumed to be important in the CHBr2 + NO2 

reaction [VI]. 

 

To put it in other words, the collision cross sections of these reactions increase as the thermal energy 
of the reacting species decreases. The formally radical-radical reactions studied here, R + NO2, R + O2 
and R + NO all belong to this class of reactions. In addition, one of the three R + Cl2 reactions showed 
only a negative temperature dependence in these experiments. The other two of the three R + Cl2 
reactions investigated displayed a "classical” positive temperature dependence in part of the covered 
temperature range. However, in these reactions, the dependence on temperature reversed when the 
temperature was lowered enough, i.e., dependence changed from a positive to a negative one (Figure 
2).  
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Figure 2 Current and previous results of the measured CH3CCl2 + Cl2 reaction rate coefficients shown 
as a function of temperature indicating how the rate coefficient shows a minimum and afterward the 

dependence on temperature reverses its sign. 

 

Three different equations were used to fit the temperature dependences observed in the determined 
rate coefficients: 
 
k (T) = kT(0) × (T/ T0) n          (E1) 
k (T) = A × exp ( Ea/ RT)         (E2) 
k (T) = Â × exp (B / T) × (T/ 300 K)m      (E3) 
 
where k(T) is the rate coefficient as a function of temperature T, R is the universal gas constant, k300K, 
A and Â are empirical fitting parameters giving the magnitude of the rate coefficient, and n, Ea, B and 
m are empirical fitting parameters describing the temperature dependence. Equation E1 was preferred 
from the two parameter equations E1 and E2 as it is the most readily readable form, i.e., it gives most 
of the relevant information with one glance. By choosing the reference temperature as “room 
temperature” in equation E1 (i.e., T0 = 300 K), the first parameter will show the corresponding room 
temperature rate coefficient (k300K) and the second parameter (n) gives the dependence on temperature 
with a small number (usually plus or minus 0 to 2 range). It also has the same form as what is used in 
the Troe falloff curves [172, 173] described below for pressure-dependent reactions. Furthermore, the 
classical Arrhenius equation (E2) is not suited for exothermic reactions with no apparent activation 
energy  studied  here.  In  this  case,  the  term  activation energy, which literally means barrier to 
overcome for a reaction to happen,  cannot  be  properly  defined  (see  Figure  3  for  example  potential  
curves with a well-defined activation energy Ea). A positive activation energy means that one needs to 
provide this amount of energy from the environment to get a reaction to occur, whereas a negative 
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activation energy implies that the reaction occurs spontaneously, regardless of the size of the negative 
barrier (Es in  Figure 1).  Nevertheless,  due to historical  reasons,  i.e.,  to  be able to  compare,  the rate  
coefficients were also fitted with the Arrhenius equation (E2) to obtain the Arrhenius parameters (Ea 
and A in equation E2) of the reactions studied. The resulting parameters will be given below in the 
results section, in Tables 4 and 5.  
 

 
 

Figure 3 Schematic of the potential energy surfaces along the intrinsic reaction coordinate (IRC) for 
“classical” exothermic ( rHº < 0) and endothermic ( rHº > 0) reactions with a well-defined activation 

energy Ea, which is the same for both reactions. 

 

The above mentioned equations E1 and E2 are only empirical approximations which true rate 
coefficients will follow only in a limited temperature range [13, 49, 174]. In a wider temperature 
range, a non-linearity in a double logarithmic scale that cannot be described by the two parameter 
equations (E1 and E2), will result. Hence, another parameter to describe the temperature dependence 
should be taken into account. With this reasoning one arrives at equation E3, which is a composite of 
the equations E1 and E2. In this thesis, a clear non-linearity in a double logarithmic scale was 
observed  in  the  CH2Cl and CH3CCl2 reactions  with  Cl2 [III]  and  in  the  i-C3H7 and t-C4H9 reactions 
with NO2 [IV]. In these investigations, the equation E3 was applied. 
 
In the studied C3H5 reactions with NO and O2,  increasing the temperature also brought about a clear 
change in the reaction mechanisms, as the C3H5 radical signal profiles observed changed considerably. 
This  is  described  in  Figure  4  and  examples  of  signals  observed  as  a  function  of  temperature  in  the  
experiments are shown in Figure 5. 
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Figure 4 Schematic examples of different signal profiles observed as a function of temperature in the 
R + O2 and R + NO reactions, due to the reaction mechanism changing when the thermal energy 

available to the system increases. The “direct abstraction” is in quotation marks, as according to the 
current consensus the R-H and HO2 products are formed via the peroxy radical (RO2) [151]. 

 

The change in the mechanism was due to the bond formed in the association reaction becoming 
thermally unstable, and consequently the mechanism evolving from a bimolecular association kinetics 
to an equilibrium between reactants and products. The balance between forward (k1) and backward 
(k 1) rate coefficients moves according to the temperature (Figures 4 and 5), and this can be presented 
with a Gibbs free energy change of a reaction ( G) [43, 49]: 
 

Gº = RTlnKp = RTln(k1/k 1)        (E4) 
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Figure 5 Experimentally observed C3H5 signal profiles in the C3H5 + NO reaction shown as a 

function of the temperature of the measurements [VIII]. 

 

where k1 is  the  forward  rate  coefficient,  k 1 the backward rate coefficient and lnKp is  the  natural  
logarithm of the equilibrium constant Kp. The equilibrium constants Kc = k1 / k 1 (from which Kp was 
derived) were determined as a function of temperature and the definition of Gibbs free energy, G = 

H – T S,  where H is  the enthalpy and S the entropy of  the reaction,  respectively [43,  49],  was 
applied. This enabled to determine the thermochemistries of the reactions studied according to a 
modified van't Hoff equation: 
 
lnKp + f(T) = Sº /R Hº /RT        (E5) 
 
where f(T) is a small correction to lnKp due to the temperature dependences of Hº and Sº.  
 
1.3.2 Pressure dependence 
 
The other controllable experimental condition in these experiments was pressure, which depending on 
the underlying reaction mechanism, can have a significant effect on the reaction kinetics observed. 
Pressure of the system becomes important when energy transfer between reacting species and the bath 
gas controls the competition of different reaction pathways. The classical way of presenting energy 
transfer in a pressure-dependent association reaction is with the Lindemann-Hinselwood mechanism 
[163, 173], represented by steps: 
 
A + B    AB*   k3     (3) 
AB*    A + B  k 3     3) 
AB* + M   AB + M  k4     (4) 
 
This mechanism, after a steady-state analysis with respect to the activated intermediate [AB*], leads 



20 

 

p
c

m

n

n

F

M
Tk

Tk

MTk
k

K300

K3001

K300

0

0

12

0 log27.175.0
300

300log1 cm

n

F
K

Tk

MK
Tk

p

to an equation E6 for the total rate coefficient of the combination reaction: 
 
ktot = k3 × (k4[M] / (k 3 + k4[M]).       (E6) 
 
The total rate coefficient (ktot) as a function of bath gas density [M] defines the so-called falloff curve 
of the reaction. It is useful to approximate the behavior of ktot at the limits of very high and very low 
pressure, i.e., when k4 [M] >> k 3 and k4 [M] << k 3, respectively. At the high pressure limit (index ), 
the equation E6 reduces to: 
 
k  = k3.          (E7) 
 
At the low pressure limit (index 0), the equation E6 simplifies to: 
 
k0 = k3 × k4 [M] / k 3        (E8) 
 
In reality, the model does not have enough flexibility to account for different kind of reactions and 
hence it is unable to adequately present the observed falloff curves. The problem arises because the 
excited species (AB*) can possess a range of different excitations given by an appropriate distribution 
of states accessible by the excitation energy and because one collision is not generally enough to 
move this excess energy, i.e., the strong collision assumption is not justified. To alleviate this problem, 
a center broadening factor was introduced by Troe [172]. This factor describes how gradual the 
change from a low pressure to a high pressure behavior is.  In the Troe formalism, falloff curves are 
characterized by five parameters: k0, k , n, m and Fc; the low and high pressure limiting rate 
coefficients, their temperature dependences and the center broadening factor, respectively [172, 173]. 
The  equations  used  to  present  the  observed  pressure  falloff  curves  of  the  rate  coefficients  are  
presented below, (E9) and (E10). 
 

                         (E9) 
 

 
 
          
 
 
 

    (E10) 
 

 
 
 
The center broadening factor (Fc) is usually chosen according to theory [173], according to expert 
panel  recommendation  [47,  163]  or  treated  as  a  variable  parameter  in  the  fit,  and  the  rest  four  
parameters are fitted simultaneously.  
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1.3.3 Independence on other experimental conditions 
 
Possible dependence on other experimental parameters was routinely checked in the experiments. The 
independence of the obtained results on laser intensity (and hence on the concentration ratio of radical 
precursor to radical), on ionization energy as well as on different wall coatings and different reactor 
sizes were tested. In order to ensure the independence of these parameters, experiments were repeated 
under similar conditions but changing only one experimental parameter at a time. When the 
determined rate coefficients were unaffected by the variation of the parameter, the independence was 
confirmed.  

 

1.4 Production and detection of radicals 
 
For the experiments, radicals were produced by a pulsed, unfocused exciplex UV laser photolysis of 
suitable precursor molecules at 193 (ArF) or 248 nm (KrF). Radical generation by means of high 
energy UV-radiation can create radicals in highly internally excited states and thus the method, and 
more importantly the results obtained were criticized [175], as whether the high rate coefficients 
obtained resulted from the method of radical generation. After the criticism, considerable effort was 
invested to address this issue [176-178]. The previous widely discussed high values obtained in low 
pressures were confirmed at high pressures (up to 100 bar [176]), thus ruling out the possible 
interference of excited species. Furthermore, the relaxation of the excited radicals in these 
experiments can be guaranteed as even the slowest experimentally observed vibrational relaxation in 
multiatomic molecules, the bending vibration of methane at about 1306 cm 1, is well relaxed within 
the first millisecond after the photolysing laser pulse [179-181]. This first millisecond is always left 
out in our analysis of the first-order radical decay rate. Finally, the discrepancy and hence the 
criticism rose from studies conducted with the VLPR technique, which has in many instances found to 
give anomalously low values of the rate coefficients, in comparison with other well established 
methods used (see reference 176 and references there in) [55, 176]. 
 
Generally high energy UV laser photolysis of substituted hydrocarbons may lead to many different 
sets of photoproducts [47], and thus the radical precursors were chosen according to a few important 
characteristics: (i) the precursor chosen preferably had a simple photochemistry (i.e., not many side 
photoproducts), (ii) its photolysis produces the radical of interest with a high yield, (iii) it does not 
have a fast reaction with the produced radical (i.e., kwall stays low), and (iv) that no competing radicals 
or isomers of the radical can be formed at the same mass to charge (m / z) value. In the product studies, 
care was taken not to misinterpret recorded signals; fragments signals from labile intermediates, 
signals  from reactions  of  other  possible  photoproducts  (e.g.,  NO from O +  NO2 [VI]),  primary  and  
secondary product signals.  
 
In some of the measurements, the laser beam was attenuated to lower fluence by means of quartz 
plates  or  metallic  wire  grids  placed  in  the  beam  path.  In  the  R  +  NO2 reaction studies this was a 
necessary feature as the photolysis of NO2 at 193 and 248 nm produces nitric oxide (NO) and oxygen 
atoms to the system [47, 182]. With other reactants used (NO, O2 and Cl2), this was not a problem as 
only NO has a considerable absorption cross section at the wavelengths used (see Table 2 below), but 
no possibility for dissociation as the photon energy [hv(193 nm) = 620 kJ mol 1] is lower than the 
N=O bond energy (about 630 kJ mol 1 [183]). The laser power was decreased for other reasons too; to 
lower the initial radical concentration produced as to prevent the possibility of second order radical 
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reactions and to vary the ratio of [R precursor] to [R]0. 
 
The laser  fluences used in the experiments  were about  1 to  40 mJ cm 2 at 193 nm, which produced 
roughly about 5 × 1010 to 2 × 1012 cm 3 radicals for the measurements. Initial radical concentrations 
were calculated with the known absorption cross section and concentration of the precursor or 
estimated from the precursor photodecomposition signal. In the R + NO2 investigations, the initial 
radical concentrations used were lower, as in these fast reactions low reactant concentrations needed 
to be used while still fulfilling our minimum requirement of pseudo-first-order approximation: 
[Reactant] > 10 × [R]0; concentration of the molecular reactant should be at least 10 times greater than 
the initial radical concentration of the experiments. 
 
Radicals were ionized by photoionization using resonance gas discharge lamps with an Evenson 
cavity [184], powered by a microwave generator (Opthos MPG4). Photoionization is a highly 
selective and sensitive method of ionization that produces minimal fragmentation of the parent 
compounds [91-93, 95-98, 100]. The sensitivity and selectivity results from two facts: (i) the 
photoionization yield is almost a step function as the ionization occurs due to an electronic transition 
in the molecule, i.e., high ion production immediately above the ionization threshold, whereas the 
electron impact ionization cross section starts from zero and has a gradual increase in the ion yield as 
a function of bombarding electrons energy [91-93, 95, 96, 100]. (ii) As ionization near the ionization 
threshold can be achieved with a minimum possible available energy, limited by the usable atomic 
transitions, energies enough to fragment the molecules can be avoided. Hence much lower 
background is produced, which enables more efficient detection [91-93, 95, 96, 100]. There are, of 
course, some difficulties with the photoionization too. The electronic transition for ionization 
generally  needs  to  be  lower  in  energy  than  a  state  that  will  lead  to  a  dissociative  ionization  of  the  
compound. These kinds of problems exist with some of the potential RO2, RO and XNO product 
species, where X is a halogen atom [II, IV-VI]. The photoionization absorption cross section also 
needs to be high enough to produce a detectable ion signal from the low radical concentrations of the 
experiments. Different lamp and window combinations used in the experiments are given in Table 1. 
 
Table 1 Gases and window materials used in the atomic resonance gas discharge lamps. 
Lamp Gas Most important transitions / 

nm [eV] 
Window material used and 
cutoff / nm [eV] 

IEmax / eV Ref 

N2 174.3 [7.11], 174.5 [7.11], 
149.3 [8.31] 

Quartz (Schott suprasil) / 163 
[7.6] 

7.11 185, 186 

Br2 163.4 [7.59], 158.2 [7.84], 
157.7 [7.86], 157.5 [7.87] 

Sapphire / 143 [8.7] 7.87 185, 186 

O2 130.6 [9.49], 130.5 [9.50], 
130.2 [9.52] 

CaF2 / 122 [10.2] 9.52 185, 186 

Xe 147.0 [8.44] Sapphire / 143 [8.7] 8.44 185, 186 
Xe 129.5 [9.58] CaF2  / 122 [10.2] 9.58 186, 103 
Cl2 139.7 [8.88], 139.0 [8.92], 

136.4 [9.09] 
CaF2 / 122 [10.2] 9.09 185, 186 

H2 121.6 [10.20] MgF2 / 112 [11.1] 10.20 185, 186 
Ar 106.7 [11.62], 104.8 [11.83]  LiF / 104 [11.9] 11.83 186, 187 
Ne 74.4 [16.67],  

73.6 [16.85] 
a CHS / not available 16.85 187 

a CHS = collimated hole structure plate. 
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1.5 Reactant and radical properties relevant for this thesis 
 
Four  fairly  different  molecules  were  used  as  molecular  reactants  in  this  thesis;  three  radical  species  
(NO, NO2 and  O2) and one covalent molecule (Cl2). The formally radical species also differ 
significantly as O2 has  two  unpaired  electrons  and  thus  is  actually  a  biradical  (•O=O•),  nitrogen  
dioxide has well known resonance structures (O=N O  O N=O) and nitric oxide with its lone pairs 
of electrons in the O- and N-atoms plus a single electron in the N-atom has a bond order of 2.5 and a 
fairly strong double bond (about 630 kJ mol 1) [183].  The most important characteristics of these 
species appropriate for this thesis are gathered in Table 2. 
 
Table 2 Properties of the reactant molecules used, relevant for this thesis.  
Reactant IE / eV EA / eV a (193 nm) 

 / 10 19 cm 2 

a (248 nm)  
/ 10 19 cm 2 

Tfusion / K fHº / kJ 
mol 1 

Ref 

Cl2 11.481 
±0.003 

2.50  
±0.20 

0.008 0.004 171.7 0 188-192 

O2 12.0697 
±0.0002  

0.4480 
±0.0060  

0.0001 0.0002 54.5 0 191-195 

NO 9.26438 
±0.00005  

0.026 
±0.005  

21.5  - 109.6 91.04± 
0.08 

191, 192, 
196-198 

NO2 9.586  
±0.002 

2.2730 
±0.0050  

2.9 0.16 263.9 b 33.97± 
0.08 

182, 191, 
192, 199, 
200 

a  = Absorption cross section. b Fusion point of N2O4 which is in equilibrium with NO2. 
 
The different carbon centered hydrocarbon radicals used in this thesis can be divided into three 
categories: (i) alkyl radicals, (ii) halogen substituted alkyl radicals and (iii) resonance stabilized 
radicals. Alkyl radicals are saturated, only carbon and hydrogen containing radicals and constitute the 
backbone of systematic radical reaction studies, as these are free of inductive and resonance effects of 
hetero atoms, groups and multiple bonds. Halogen atoms substituted for hydrogen atoms in an alkyl 
radical (i.e., halogenated alkyl radical) incorporate inductive effects to the alkyl structure, and hence 
are ideal for learning about these effects. Resonance stabilized radicals are characterized by resonance 
stabilization energy which results from the extra stabilization gained by delocalizing an electron 
between atoms in different resonance forms. Resonance stabilization is only possible for unsaturated 
systems, where -electrons can move in a plane. The most important characteristics of these radicals 
for this thesis are gathered in Table 3. 
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Table 3 The radicals (R) of the R + NO / NO2 / O2 / Cl2 investigations of this thesis and their main 
characteristics.   
R Precursor 

(a (laser) / nm) 
Reac-
tion 

b, c   at 
(laser) / 

10 18 cm 2 

d IE used e (IE used); IE 
literature / eV 

f EA / eV  g El. h Ref 

CH2Cl CH2ClBr (193) / 
CH2Cl2 (193) 

Cl2 / 
NO2 

1.03 / 0.37 9.1 (10.2); 8.75 ± 0.01 0.74 ± 
0.16 

0.96 192 / 192, 
201, 202 

CHCl2 CHCl3 (193) / 
CHCl2Br (248) 

NO2 0.83 / 0.22 9.1 (10.2); 8.32 ± 0.01 1.52 ± 
0.11 

1.92 192 / 192, 
201, 203 

CCl3 CCl3Br (248) NO2 0.48 9.1 (10.2); 8.06 ± 0.02 2.160 ± 
0.096 

2.88 192, 204, 
205 

CHBr2 CHBr3  (248) NO2 1.94 9.1 (10.2); 8.30 ± 0.03 1.71 ± 
0.08 

1.52 206, 207, 
203 

C2H5 C2H5Br (193) NO2 0.60 9.1 (10.2); 8.117 ± 0.008 0.263 ± 
0.089 

0.38 192, 208, 
209 

C2H4Cl CH3CHCl2 
(193) / 
CH3CHClBr 
(193, 248) 

Cl2 / 
NO2 

- / - 9.1 (10.2); - 0.4 i 0.58 - 

C2H4Br CH3CHBr2 

(248) 

NO2 - 9.1 (10.2); - 0.45 i 0.38 210 

CH3CCl2 CH3CCl3 (193) Cl2 / 
NO2 

1.73 9.1 (10.2); - 1.13 i 1.54 192 

n-C3H7 1-C3H7NO2 

(193)  
NO2 - 9.1 (10.2); 8.09 ± 0.01 0.07 ± 

0.12 
- 211, 212, 

209 

i-C3H7 2-C3H7NO2 
(193) / 2-
C3H7Br (193) 

NO2 0.26 / - 9.1 (10.2); 7.37 ± 0.02 0.320 ± 
0.092 

0.76 213, 192, 
212, 209 

s-C4H9 2-C4H9NO2 

(193) 

NO2 - 9.1 (10.2); 7.25 ± 0.02 0.129 ± 
0.092 

- 214, 209 

t-C4H9 (CH3)3C-
C(O)CH3 (193) 

NO2 - 9.1 (10.2); 6.70 ± 0.03 0.162 ± 
0.092 

1.14 215, 209 

C3H5 CH2CHCH2- 
CH2CHCH2 (193) 

O2 / 
NO/ 
NO2 

4.1 8.44, 9.1, 9.57; 8.18 ± 
0.07 

0.481 ± 
0.008 

- 216-218, 
219, 220 

C4H5 CH3CCCH2Br 
(193) 

NO/ 
NO2 

- 8.44; 7.95 - - 221 

a Wavelength used to produce the radical. b Precursor absorption cross section at the laser wavelength. c Often 
the cross section needed to be extrapolated (up to 7 nm). d Used in kinetics experiments. e Used to test the effect 
of higher ionization energy. f Electron affinity. g Electronegativity parameter used below in the correlation 
plots. h First reference(-s) corresponds to the absorption cross section and photolysis reaction, second IE and 
third EA. i Estimated [II, VI].  
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2. Methods 
 
2.1 Mass spectrometry for studying radical-molecule reactions 
 
In the gas phase, the chemical transformation is most readily studied in a molecular level. For 
examining details of a reaction occurring in a gas phase and in dilute gas mixtures, mass spectrometry 
offers  the  ideal  means.  In  principle,  mass  spectrometer  is  a  universal  detector,  meaning  that  all  the  
reactants and products concerned can be ionized and detected [34, 131]. This may require different 
sampling, ionization and detection schemes [101-103, 109, 131, 133, 156, 222-229], but in general 
this goal is achievable. The combination employed here (LP-RPIMS) is especially suited for 
investigating the details of radical-molecule and radical-radical reactions, owing to the high selectivity 
and sensitivity of the method, particularly due to the soft ionization technique applied.  

 

2.2 Measurements 
 
The research method employed in the studies in this thesis was laser photolysis coupled to 
photoionization mass spectrometry. The apparatus and its use have been described in length 
previously [60, 230], and what follows here is a description of the major procedures of the experiment. 
Schematic of the apparatus is presented in Figure 6. 
 

 
 

Figure 6 Schematic of the experimental apparatus. 
 
Experiments were performed in temperature controlled (T = 185 500 K) flow tube reactors. The 
reactors  used  were  made  of  seamless  stainless  steel  tubes  with  6,  8  or  17  mm  inner  diameters  and  
were coated with Halocarbon wax (HW) or polydimethylsiloxane (PDMS). In addition, a 16.5 mm 
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inner  diameter  uncoated  Pyrex  reactor  was  applied  in  the  C3H5 and  C4H5 radical reaction studies. 
Radicals were uniformly produced along the flow reactor by pulsed, unfocused exciplex laser 
photolysis (ASX-750 or ELI-76) at ArF or KrF laser transition giving 193 or 248 nm UV radiation, 
respectively. The contents of the reactor could be continuously studied through a pin-hole leak 
(0.25 0.5 mm) in the wall of the reactor. 
 
Through the pin-hole, the sample entered the detection chamber, and at the entrance it was formed 
into a beam by a conical skimmer. Immediately after the skimmer, the sample beam was photoionized, 
accelerated and focused with ion optics and then mass selected in a quadropole mass spectrometer 
(Extrel, C-50/150-QC/19 mm rods). Photoionization was achieved using radiation from atomic 
resonance gas lamps, filtered by suitable window filter materials. Different gas and window 
combinations used to produce certain ionization energies have been provided in Table 1 above.  
 
Radical ions formed were detected with an electron multiplier and the mass selected ion signals were 
pre-amplified (EG&G Ortec,  VT120 fast  preamp) discriminated and amplified (EG&G Ortec 9302),  
before  saving  them  into  a  hard  disc  with  a  multichannel  scaler  (EG&G  Ortec  MCS  plus).  Radical  
decay data from about 1000 to 25000 repetitions were accumulated with a 3 to 5 Hz laser photolysis 
repetition rate (with a gas flow of 3 to 5 m s 1; so that laser pulses hit the same gas mixture only once) 
before the data were analyzed. Molecular reactant concentrations in the experiments were measured 
with a pressure increase in a calibrated volume method. 
 
Products of the reactions studied were sought with different ionization energies by recording ion 
signals at mass to charge (m / z) values of possible products. In Figure 7, typical examples of radical 
and product signals observed in the t-C4H9 + NO2 reaction are shown. 
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Figure 7 Examples of radical (t-C4H9) and product (C4H8) signal profiles recorded in the experiments, 
together with single exponential fits through the data points, giving the time dependence of the 

corresponding reaction processes. 
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2.3 Data analysis 
 
All experiments were performed under pseudo-first-order conditions ([R]0 << [Reactant]), which 
considerably simplifies the data analysis. The first-order radical decay rates were obtained by fitting a 
single-exponential function  
 
[R]t = [R]0 × exp( k´t) + a0        (E11) 
 
to the radical signals obtained (Figures 7 and 8). In this equation, [R]t is the radical signal counts at 
time t, k´ is the pseudo-first-order rate coefficient describing the time dependence of the decaying 
radical concentration and a0 is the pre-photolysis background signal level (Figure 4). The bimolecular 
rate coefficients k(R + Reactant) were obtained from the measured first-order rate coefficients (k´) 
with a linear equation:  
 
k´ = k(R + Reactant) × [Reactant] + kwall,      (E12) 
 
by plotting these against corresponding reactant concentrations ([Reactant]) in a bimolecular plot 
(Figure 8). In the equation E12, kwall is  the  loss  rate  of  the  radicals  in  the  reactor  without  added  
reactant (i.e., k´ when [Reactant] = 0), k´ is the decay coefficient obtained from the single-exponential 
fitting, [Reactant] is the reactant concentration and the slope of the plot, k(R  +  Reactant),  is  the  
bimolecular rate coefficient of the studied reaction.  
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Figure 8 A typical example of a bimolecular plot used to determine the t-C4H9 + NO2 bimolecular 
reaction rate coefficient at 298 K and 2.7 Torr He. Acetone (C3H6O) and butene (C4H8) formation 

signals observed in the measurements have been included in the figure, and were measured under the 
conditions of the filled red square in the plot: [NO2] = 4.13 × 1012 cm 3. 
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Reaction rate coefficients are generally dependent on temperature and the dependences on 
temperature were analyzed according to equations E1 to E3. In pressure-dependent reactions, the 
reaction rate also changes with changing buffer gas pressure, and to express this dependence, Troe 
falloff parameterizations (E9 and E10) [172, 173] were performed.  

When equilibrium was observed between reactants and products, a different fitting scheme had to be 
applied, which is described next.  
 
2.3.1 Equilibrium studies 
 
When  temperature  was  increased  above  a  certain  limit  in  the  C3H5 reactions with NO and O2, the 
observed C3H5 radical signals did not return to the pre-photolysis background level during the time 
the reaction was followed (<80 ms, see Figures 4 and 5 for examples of such a radical profiles). This 
indicates equilibrium mechanism R + X  RX in these reactions and to obtain equilibrium constants 
from the observed C3H5 decay profiles, a different approach had to be applied. The equilibrium 
constants, Kc(C3H5 +  O2) = k6 / k 6 and Kc(C3H5 +  NO)  =  k10 / k 10,  were  retrieved  from  the  C3H5 
radical decays observed by numerical simulations of the relevant reaction mechanisms (5 7 and 

10). For the O2 reaction, the mechanism used was: 
 
C3H5  wall          (5) 
C3H5 + O2  C3H5O2         (6, 6) 
C3H5O2  further products        (7) 
 
and for the NO reaction, the mechanism was: 
 
C3H5  wall          (8) 
C3H5 + C3H5  C6H10         (9) 
C3H5 + NO  C3H5NO         (10, 10) 
 
This approach was compared to the double-exponential analytical expression described by Knyazev et 
al. [231] and was observed to give consistent results. 
 
The mechanisms differ, as in the C3H5 + NO reaction the C3H5NO adduct formed cannot react further 
to produce bimolecular products under our experimental conditions, confirmed with a computational 
study by Zhang et al. [232]. In contrast, the product of the C3H5 + O2 reaction, the allyl peroxy radical 
C3H5O2,  has  a  possibility  for  further  reactions,  and as  a  radical  product  it  may also be lost  from the 
gas phase due to heterogeneous wall reactions. Hence, a loss process for the C3H5O2 radical needed to 
be considered in the mechanism constructed.  
 
The thermochemical parameters of the reactions were extracted by common thermodynamic second 
and third law methods, by plotting the natural logarithms of the equilibrium constants obtained [lnKp 
+ f(T)] as a function of reciprocal temperature (1/T) in a modified van’t Hoff plot (Figure 9; E5). Here, 
f(T) is a small correction (in the order of 0.05 to 0.2%) to the measured equilibrium constants due to 
the temperature dependences of Hº and Sº,  and is  equal  to  Cp/R[(T  298 K)/T + ln(298 K /  T)] 
[49]. The second law determination corresponds to a linear least-squares fit to the obtained data, and 
in the third law determination, the reaction entropy change is used as a fixed computationally solved 
parameter in the plot, i.e., as a fixed y-axis intercept.  
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Figure 9 A modified van’t Hoff plot of lnKp + f(T) against 1/T used to determine the thermochemistry 
of the C3H5 + NO  C3H5NO reaction [242, VIII]. The current data are indicated with solid symbols. 

Shown is a linear least-squares fit to the data corresponding to a thermodynamic second law 
determination. In the inset the corresponding third law plot is displayed with a calculated intercept 

137.2 J mol 1 K 1 / 8.31447 J mol 1 K 1 = 16.50). 
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3. Results and Discussion 
 
The results and discussion of the investigations performed for this thesis are grouped according to the 
molecular reactant X in these R + X reactions. First the results of the pressure-independent R + NO2 
and R + Cl2 reaction investigations are considered, followed by the pressure-dependent R + O2 and R 
+ NO results. In addition, the thermochemistries, products and reactivity differences observed are 
described separately.  
 
3.1 R + NO2 
 
Most of the reactions studied for this thesis were R + NO2 reactions (R = CH2Cl, CHCl2, CHBr2, CCl3, 
CH3CH2, CH3CHCl, CH3CHBr, CH3CCl2, n-C3H7, i-C3H7, s-C4H9, t-C4H9,  C3H5 and  C4H5).  All  of  
these are highly exothermic reactions (reaction enthalpies will be given in Table 11 below in the 
thermochemistry part) with multiple possible reaction pathways and rate coefficients that display 
negative temperature dependence (Table 4), but do not depend on the bath gas densities used under 
the low pressure conditions of the present experiments (about 0.5 to 10 Torr He). This behavior is 
consistent with a mechanism in which an initial association of R and NO2 forms an energized adduct 
that cannot be quenched by the bath gas collisions and thus dissociates to smaller fragments.  
 
Table 4 Determined R + NO2 reaction rate coefficients, the conditions of the performed experiments 
and the fitting parameters obtained. a 

R T / 
K 

p / 
Torr  

k(R+NO2) 
/ 10 11 cm3 

s 1 

k300K / 10 11 

cm3 s 1 
 –n Â / 

10 12 

cm3 s 1 

B /  
T(K) 

m b–Ea / kJ 
mol 1 

bA / 10 12 
cm3 s 1 

CHBr2 288–
483 

2.39
7.30 

0.4 1.1 0.98 ± 0.04 1.65 ± 
0.18 

- - - 4.66 ± 0.66 1.5 ± 0.4 

CH3CHBr 250–
483 

2.41
6.80 

1.2 2.9 2.27 ± 0.06 1.28 ± 
0.11 

- - - 2.91 ± 0.61 7.0 ±1.8 

CH2Cl 220–
363 

1.00
6.0 

1.6 3.1 2.16 ± 0.08 1.12 ± 
0.24 

- - - 2.61 ±1.01 7.5 ± 3.6 

CHCl2 220–
363 

1.00
6.3 

0.7 1.3 0.89 ± 0.02 1.48 ± 
0.13 

- - - 3.20 ± 0.33 2.5 ± 0.4 

CCl3 298–
363 

1.00
6.20 

0.2 0.4 3.35 ± 0.10 2.2 ± 
0.4 

- - - 5.93 ± 1.30 0.3 ± 0.2 

C2H5 221–
365  

0.59–
5.25 

3.6 5.0 4.33 ± 0.13 (4.5 
± 0.8 [110]) 

0.34 ± 
0.22 

- - - 0.81 ± 0.56 31.3 ±7.8 

CH3CHCl 221–
363  

0.56–
6.02 

1.6 3.7 2.38 ± 0.10 1.27 ± 
0.26 

- - - 2.79 ± 0.58 7.7 ± 2.0 

CH3CCl2 248–
363 

0.59–
6.02 

0.7 1.5 1.01 ± 0.02 1.65 ± 
0.19 

- - - 3.81 ± 0.42 2.3 ± 0.41 

n-C3H7 203–
473 

1.20–
7.15 

3.9 4.9 4.34 ± 0.08  c (7.2 
± 1.2 [233])  

0.14 ± 
0.08 

- - - 0.31 ± 0.20 38.3 ± 3.3 

i-C3H7 220
489 

1.42–
10.58 

2.2 5.0 3.45 ± 0.08  c (6.1 
± 1.0 [233]) 

0.91 ± 
0.11 

3.66 ± 
2.54 

656 ± 
201 

1.26 ± 
0.68 

2.57 ± 0.30 11.8 ± 1.6 

s-C4H9 241
485 

1.67
11.91 

1.9 7.6 4.99 ± 0.16  c  
(8.2 ± 1.2 [233]) 

1.74 ± 
0.12 

- - - 4.53 ± 0.27 7.8 ± 0.9 

t-C4H9 201
480  

0.56
10.74 

2.4 5.5  3.58 ± 0.08  0.94 ± 
0.08 

8.64 ± 
4.61 

413 ± 
154 

0.51 ± 
0.55 

2.23 ± 0.15 14.2 ± 1.0 

C3H5 201–
363 

0.47
3.38 

3.0 7.6 3.97 ± 0.05 1.55 ± 
0.05 

- - - 3.28 ± 0.11 10.6 ± 0.6 

C4H5 221–
363 

0.52
1.66 

3.2 6.4 3.97 ± 0.10 1.43 ± 
0.12 

- - - 3.25 ± 0.20 10.6 ± 1.0 

a Uncertainties given as one standard errors of the fits. b Arrhenius parameters given for comparison. Other 
fitting functions: k = k300K × (T/300 K) n (= E1) and k = Â × exp(B / T) × (T/300 K)m (= E3). c Value determined 
at 300 Torr and 298 K [233]. 
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In the studies of the chlorinated and brominated radical reactions with NO2 [I,  II,  VI],  the  rate  
coefficients determined and their temperature dependences were observed to strongly depend on the 
substitution level of the radical center (Figure 10). Perhaps surprisingly, Br and Cl substitution in the 
radical center, in disubstituted methyl and monosubstituted ethyl radicals, have almost the same 
influence on reaction rates, i.e., k(CHBr2 + NO2)  k(CHBrCl + NO2)  k(CHCl2 + NO2) and 
k(CH3CHCl + NO2)  k(CH3CHBr + NO2).  
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Figure 10 Bimolecular rate coefficients of the ethyl and the substituted methyl and ethyl radical 
reactions with NO2 determined in this thesis, shown as a function of temperature. Equations E1 and 
E2 were fitted to each reaction data separately and the resulting parameters are given in Table 4. In 

the figure, the methyl radical reactions are indicated with black symbols and the ethyl radical 
reactions with blue symbols. Included in the figure is the only previous direct determination of these 

reactions, C2H5 + NO2 by Park and Gutman [110], shown with a filled red star. 

 

In the studies of alkyl radical reactions with NO2, interesting temperature dependencies were observed 
in  the  reactions  of  isomeric  C3H7 and  C4H9 radicals  (see  Figure  11)  [IV].  In  propyl  radicals,  the  
change that is brought upon by changing the radical center position is substantial; the n-propyl radical 
reaction showing almost no dependence on temperature, whereas the reaction of the i-propyl radical 
has a strong, even curved dependence on temperature, and the three parameter expression (E3) for k(T) 
probably gives more accurate description of these rate coefficients. In butyl radicals, s-C4H9 was 
observed to be significantly more reactive toward NO2 than t-C4H9, but the difference in temperature 
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behavior is not as pronounced as with the propyl radicals. Nevertheless, the temperature dependence 
of the t-C4H9 +  NO2 reaction is probably better presented with two than with one parameter; both 
parameterizations  are  given  in  Table  4.  In  the  rest  of  the  R  +  NO2 reactions studied, the rate 
coefficients obtained can be well represented with the two parameter equations E1 and E2.  
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Figure 11 Rate coefficients of the alkyl radical reactions with NO2 determined in this thesis [II, IV] 
shown as a function of temperature. The rate coefficients of the i-C3H7 and t-C4H9 radical reactions 

were also fitted with the three parameter equation E3 and the rest with E1 and E2; the parameters are 
given in Table 4. Also shown are the results from a previous indirect investigation by Baulch et al. 
[233] for the n-C3H7 (hollow black square), i-C3H7 (hollow green diamond) and s-C4H9 reactions 

(hollow red circle) at 298 K and at about 300 Torr pressure. 

 

What causes this curvature in k(T) can only be guessed at the moment, but it can suggest, for example, 
a gradual change in reaction mechanism as the experimental conditions begin to favor one reaction 
pathway over another [171]. In the R + NO2 reactions investigated, this could mean a change from an 
addition, rearrangement and dissociation mechanism to a pure concerted elimination mechanism as 
the temperature increases. Another, perhaps the most obvious reason for curvature could be that a 
pressure-dependent, termolecular channel becomes important at lower temperatures. However, as was 
noted above, no pressure dependence that could point to a termolecular channel was observed in any 
of these R + NO2 studies [I, II, IV, VI-VIII]. 
 
Two resonance stabilized radical reactions with NO2, those with CH2CHCH2 and CH3CCCH2 radicals, 
were also investigated for this thesis. The reactions were found to have practically identical rate 
coefficients (Figure 12), both in the absolute values and in the magnitudes of the observed 
temperature dependencies.  
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Figure 12 The rate coefficients of the CH2CHCH2 and CH3CCCH2 radical reactions with NO2 shown 
as a function of temperature. The only previous determination of these rate coefficients, k(CH2CHCH2 

+ NO2) at 300 K and 1 Torr He by Slagle et al. [58], has been included and is shown with a hollow 
square; in perfect agreement with the current results. 

 

Whereas the studies with halogenated and resonance stabilized radicals point to an organized, 
predictable behavior in the rate coefficients, the studies with alkyl radicals show that interesting 
dependencies may be observed, and highlight how care is needed especially when estimating rate 
coefficients, but also when making extrapolations.  
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3.2 R + Cl2 
 
Three chlorinated radical (CH2Cl, CH3CHCl and CH3CCl2)  reactions  with  Cl2 were investigated in 
this thesis [II]. The determined bimolecular rate coefficients are shown as a function of temperature in 
Figure 13 together with the previously determined values [54, 234-236]. In the CH3CCl2 +  Cl2 
reaction,  the  slowest  of  these  three,  the  determined  rate  coefficients  can  be  expressed  with  the  two  
parameter equations E1 and E2 with a weak negative temperature dependence (Table 5). When 
previous results are taken into account [54, 234], three parameters are needed for the representation of 
k(T); the dependence shows a minimum at about T = 340 K and turns to a positive dependence 
afterward.  In  the  CH2Cl + Cl2 reaction,  the  three  parameter  equation  E3  is  needed  to  present  the  
current data and the temperature dependence has a minimum at about T = 240 K. In the CH3CHCl + 
Cl2 rate coefficients, only a negative temperature dependence is seen in this study, but by inspection, 
some curvature in k(T) seems to be visible. Nevertheless, k(T) can be equally well fitted with the two 
parameter equations. 
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Figure 13 Double logarithmic plot of the determined R + Cl2 bimolecular reaction rate coefficients 
shown as a function of temperature. Current data are indicated with filled symbols. The previously 

measured values of the CH2Cl (hollow squares) and CH3CCl2 (hollow triangles) radical reactions with 
Cl2 by Seetula et al. [54, 234] and of the CH3CHCl + Cl2 reaction by Knyazev et al. [235] (hollow 

circle) and by Dobis and Benson [236] (hollow star) have been included in the Figure. 

 



36 

 

Table  5 Determined R + Cl2 reaction rate coefficients, the conditions of the performed experiments 
and the determined fitting parameters. a 

R T / K p / 
Torr 

k(R+Cl2) 
/ 10 13 
cm3s 1 

k300K / 
10 13 

cm3s 1 
n 

Â / 10 14 

cm3s 1 B /  T(K) m 
b Ea / 

kJ mol 1 

b A / 10 13 
cm3s 1 

CH2Cl 201  
363 

2.83
5.55 

2.48  
3.35 - - 

2.11 ± 1.29 
c5.18 ± 1.06 

773 ± 183 
c525 ± 63 

3.26 ± 0.67 
c 2.52 ± 0.13 - - 

CH3CHCl 191– 
363 

1.67
5.37 

81.8  
24.0 

30.2 ± 
1.4 

1.89 ± 
0.19 

- - - 
3.98± 
0.47 

6.3 ± 1.6 

CH3CCl2 240– 
363 

3.91
4.15 

1.17  
1.38 

1.23 ± 
0.02 

0.26 ± 
0.10 

c 0.47 ± 0.17 c 971 ± 106 c 3.07 ± 0.23 
0.64± 
0.23 

0.9 ± 0.1 
a Uncertainties correspond to one standard errors of the fits. b Arrhenius parameters given for comparison. c 
Current and previous results [234] used in the fitting. Other fitting functions: k = k300K × (T/300 K) n (= E1) and 
k = Â × exp(B / T) × (T/300 K)m (= E3). 

 

The three closely related chlorinated radical reactions display fairly different temperature 
dependences. It seems plausible that the three radical reactions considered have similar overall 
dependences on temperature, but the different molecular structure of the reacting radical (and hence 
the formation of a different transition state) changes the absolute values of the rate coefficients as well 
as  the  temperatures  where  the  behavior  of  k(T)  changes,  i.e.,  when  the  minimum  in  the  rate  
coefficients  is  observed.  Seetula  studied  the  CH2Cl + Cl2 and  CH3CCl2 + Cl2 transition states with 
modest Ab-initio methods  together  with  a  few other  similar  R  +  Cl2 reactions and found that as the 
radical center becomes increasingly more substituted by halogen atoms, the tighter becomes the 
transition state [234]. An intriguing open question remains about the significantly higher reactivity of 
the CH3CHCl radical toward Cl2 (about 10 times more than CH2Cl and 20 times more than CH3CCl2 
at T = 298 K) that could it be connected to a different reaction mechanism and hence shows a different 
dependence on temperature. It would be interesting to determine the CH3CHCl + Cl2 rate coefficients 
at higher temperatures, at about 600 800 K, to see whether a similar curvature as observed in the 
CH2Cl and CH3CCl2 reactions is actually present (Figure 13). 
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3.3 Allyl + O2 

In the allyl radical reaction with O2, bimolecular pressure-dependent association kinetics were 
observed at low temperatures (T = 201 298 K, p = 0.4 36 Torr He), when R + O2 association forms 
the peroxy adduct R O2 (Figure 14). Falloff parameterizations were performed with the current data 
only and also by including the previous single value measured by Jenkin et al. [237] at atmospheric 
pressure of N2 and at 296K; the resulting parameters are gathered in Table 6.  
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Figure 14a and 14b a) Pressure dependence observed in the determined C3H5 + O2 rate coefficients 

shown in a double logarithmic plot at different temperatures of the experiments. The falloff fits 
through the data were drawn with the center broadening factor (Fc) as a free parameter, which resulted 

in: Fc = (0.71 ± 0.13) for the current data. The inset shows the performance of the different fitting 
approaches at the atmospheric pressure limit, together with the atmospheric pressure result of Jenkin 
et al. [237] shown with a hollow diamond. b) Shown is a typical bimolecular plot used to determine 

the reaction rate coefficient at 201 K and 9.4 Torr He and this experiment is indicated with a filled red 
star in the figure a). Included are the examples of different signal profiles observed at different 

temperatures of the experiments. 
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Table 6 Falloff fit parameters determined for the C3H5 + O2 reaction with different fitting approaches. 
Values in parentheses include the result of Jenkin et al. [237]. a 
 k0 / 10 30 cm6 s 1 k  / 10 13 cm3 s 1  n m 

NASA/JPL b 7.64 ± 1.58  
(7.45 ± 1.33) 

6.19 ± 0.44  
(6.28 ± 0.33) 

4.34 ± 0.56  
(4.41 ± 0.50) 

2.02 ± 0.22  
(1.97 ± 0.17) 

Fc fixed to 0.4  14.1 ± 3.36  
(15.3 ± 2.96) 

7.55 ± 0.70  
(7.21 ± 0.45) 

4.63 ± 0.70  
(4.40 ± 0.61) 

1.90 ± 0.28  
(2.02 ± 0.20) 

Fc a free 
parameter c 

6.01 ± 2.02  
(6.24 ± 2.14) 

5.77 ± 0.71  
(6.10 ± 0.50) 

4.17 ± 0.61  
(4.35 ± 0.51) 

2.08 ± 0.24  
(1.98 ± 0.17) 

a Uncertainties given as one standard error. b Fc = 0.6 and denominator (0.75  1.27 × logFc) in (E10) set equal 
to unity. c Fc = (0.71 ± 0.13) and when the rate coefficient from Jenkin et al. [237] is included: Fc = (0.67 ± 0.10).  

 

When the temperature was increased above 320 K, the formed R O2 bond became thermally unstable 
and dissociation back to original reactants R + O2 started to compete with the forward reaction, 
establishing equilibrium between the reactants and the products. Numerical simulation of the chemical 
reaction mechanism (5 7) was used to deduce the equilibrium constants of the C3H5 + O2  C3H5O2 
reaction from the recorded C3H5 decay traces. The thermochemistry of the reaction was analyzed with 
the modified van't Hoff equation (E5) and the resulting second and third law plots are shown in Figure 
15. The enthalpy ( H°298) and entropy ( S°298) values obtained are given in Table 7. 
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Figure 15 A modified van’t Hoff plot of lnKp + f(T) against reciprocal temperature (1/T) for the C3H5 

+ O2  C3H5O2 reaction. Fit through the data corresponds to the second law determination with a 
slope equal to H°298/R and an intercept S°298/R. Shown in the inset is the corresponding third law 
plot with the calculated intercept [238, 239] ( S°298/R = 121.55 J K 1 mol 1 / 8.31447 J K 1 mol 1 = 

14.62). In the plots, previous results [64, 216, 231, 240] are marked with solid symbols. 
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Table 7 Current and previous values determined for the thermochemistry of the reaction C3H5 + O2  
C3H5O2. 

Study 
2nd Law  H298

º / 
kJ mol 1 

2nd Law S298
º /  

J K 1 mol 1 

3rd  Law  H298
º / 

kJ mol 1 

calc. S298
º /  

J K 1 mol 1 

Ruiz et al. [240] 72.0 ± 4.2 a - - 110.5 b 

Morgan et al. [216] 76.2 ± 2.1  122 ± 5  - 122 c 
Knyazev et al. [64, 231] 77.9 ± 3.2 126.8 ± 8.6  76.8 ± 2.6  124.0 ± 4.5 d 

Bozzelli and Dean [241] e - - 75.3 134.0 
Lee and Bozzelli [238] e - - 79.7  121.6 
This study f 78.3 ± 1.1  129.9 ± 3.1  75.4 ± 0.1  121.6 g 

Combined f, h 76.5 ± 0.8 124.0 ± 2.3  75.6 ± 2.3 i  121.6 g 

a Determined with calculated G and estimated S values. b Only  S348º value reported. c Calculated with 
Benson’s group additivity method [49]. d Entropy value calculated for the third law plot. e Computational study. 
f Statistical uncertainties shown are one standard error.  g Entropy from Lee and Bozzelli [238]. h Current and 
previous experimental results [64, 216, 231, 240] fitted simultaneously (Figure 15). i Uncertainty obtained with 
the propagation of errors method.  

 

In the equilibrium studies, it was additionally verified that the obtained lnKp values did not depend on 
the bath gas densities and reactant concentrations used (Figure 16); which are important observations 
as the position of equilibrium, i.e., the ratio of forward and backward rate coefficients (i.e., k1 / k 1 in 
E4) should not be affected by any other experimental parameters than temperature [49]. 
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Figure 16a and 16b Plots of the determined lnKp + f(T) values as a function of a) oxygen 
concentrations ([O2]) and b) total densities ([He]) used, showing equilibrium constants independence 

of these experimental parameters. 
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3.4 R + NO  
 
Two  unsaturated  R  +  NO  reactions  were  studied  for  this  thesis;  the  allyl  (CH2CHCH2) and the 
methylpropargyl (CH3CCCH2) radical reactions with NO. The rate coefficients determined for both 
reactions depend on bath gas densities used and display negative temperature dependence (Figure 17). 
This behavior is consistent with a reversible addition mechanism, formation and stabilization of a 

NO complex in the reaction.  Falloff  parameterizations were performed for  both reactions and are 
given in Table 8. 
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Figure 17 Pressure and temperature dependences of the R + NO reaction rate coefficients obtained. 
The C3H5 + NO rate coefficients of Tulloch et al. [217] (solid stars), which were also exploited in the 
falloff parameterizations (red dotted line), and the single value measured by Boyd et al. [242] (hollow 

diamond), have been included in the Figure. 
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Table 8 Falloff fit parameters determined for the CH2CHCH2 and CH3CCCH2 radical reactions with 
NO using different fitting approaches. a 

 k0 / 10 29 cm6 

molecule 2 s 1 
k  / 10 12 cm3 

molecule 1 s 1 n m 

b CH2CHCH2 + NO  Products 

NASA/JPL c 6.03 ± 1.32  
(2.46 ± 0.27) 

5.86 ± 0.66  
(13.9 ± 0.63) 

2.98 ± 0.57  
(4.64 ± 0.43) 

2.65 ± 0.30  
(0.82 ± 0.23) 

IUPAC d 10.5 ± 2.82  
(4.56 ± 0.55) 

7.48 ± 1.10  
(16.9 ± 0.88) 

3.03 ± 0.70  
(4.47 ± 0.51) 

2.62 ± 0.39  
(0.97 ± 0.28) 

Free Fc e 7.49 ± 4.05  
(4.59 ± 2.49) 

6.52 ± 1.62  
(16.9 ± 2.75) 

3.00 ± 0.63  
(4.48 ± 0.51) 

2.64 ± 0.34  
(0.98 ± 0.32) 

CH3CCCH2 + NO  Products 

NASA/JPL c 39.0 ± 17.2 9.34 ± 1.80 2.37 ± 4.20 1.71 ± 1.88 
IUPAC d 76.8 ± 39.2 11.2 ± 2.5 2.42 ± 4.88 1.69 ± 2.19 

a Statistical uncertainties shown are 1 . b Values in parentheses include the results of Tulloch et al. [217] at 296 
K and 1 atm of N2. c Fc = 0.6 and denominator in (E10) is set equal to unity. d Fc = 0.4. e Obtained with a floating 
Fc; including Tulloch et al. [217] values at 296 K resulted in Fc = (0.40 ± 0.13) and without them the fit returned 
Fc = (0.51 ± 0.18).  

 

Like propargyl radical (CH2CCH), methylpropargyl also has allenic (CH3 •C=C=CH2) and acetylenic 
(CH3 C •CH2) resonance forms, which provides it with two potential sites to react and likely 
influences the kinetics observed. The association product C4H5NO [CH3C(NO)CCH2 or 
CH3CCCH2NO] was directly detected in the CH3CCCH2 + NO reaction and the bimolecular kinetics 
were determined from the C4H5NO product formation rates too, resulting in good agreement between 
the two determinations (Figure 18). 
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Figure 18 Bimolecular plot of the CH3CCCH2 + NO reaction at 336 K and at 1.5 Torr He; determined 

from the C4H5NO formation rates [main plot: (2.3 ± 0.1) × 10 12 cm3 s 1] and from the CH3CCCH2 
decays [inset plot: (2.8 ± 0.1) × 10 12 cm3 s 1, where the uncertainties are the statistical uncertainties of 

the fits only]. 

 

The rate coefficients of the CH3CCCH2 + NO reaction have not been presented previously. These are 
significantly higher under similar experimental conditions than the related CH2CHCH2 + NO reaction 
rate coefficients determined in this thesis. The rate coefficients of the CH2CHCH2 radical reaction 
have been determined by Tulloch et al. [217] at higher pressures (50 to 400 Torr Argon at 296 K), and 
this has been exploited in the falloff parameterizations (Table 8).  
 
In the allyl radical reaction, change from an addition to an equilibrium mechanism was observed at 
temperatures between 410 K and 500 K [VII] and the equilibrium constants of the reaction (Kc = k10 / 
k 10) were determined as described above. The equilibrium reaction CH2CHCH2 +  NO   
CH2CHCH2NO has been studied previously by Boyd et al. [242] at atmospheric pressure of N2 and 
between 403 to 473 K, and hence the thermochemistry of the reaction was analyzed with the current 
results, and also together with the previous results (Table 9). The modified van't Hoff plot, together 
with the previous results and with fits corresponding to the second and third law determinations were 
shown above in Figure 9. 
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Table 9 Current and previous values determined for the thermochemistry of the reaction C3H5 + NO 
 C3H5NO.  

Study 
2nd Law Hº / 

kJ mol 1 
2nd Law Sº / 

J K 1 mol 1 
3rd Law Hº /  

kJ mol 1 

a calc. Sº / 
J K 1 mol 1 

Boyd et al. [242] 112 ± 5 158 ± 11  108 ± 5  150 ± 7 

This study 100.8 ± 3.0 b 133.6 ± 6.6 b 102.4 ± 3.2 c  137.2 ± 7.0 e 
Combined d 104.9 ± 3.0 b 142.6 ± 6.7 b 102.4 ± 3.2 c 137.2 ± 7.0 e 

a Entropy calculated for the third law plot. b Statistical uncertainties shown are one standard error. c Uncertainty 
obtained with the propagation of errors method. d Current determination combined with previous results [242]. e 

Estimated uncertainty. 
 
Due  to  technical  difficulties  with  the  apparatus,  the  CH3CCCH2 + NO reaction was not studied at 
higher temperatures than 363 K, but according to an estimation and based on an analogy with the allyl 
reaction, the equilibrium should be observable at about the same temperature range as in the 
CH2CHCH2 + NO reaction.  
 
Among resonance stabilized radical reactions, the bond in R O2 peroxy adducts seems to be generally 
weaker  than in similar  R NO adducts.  In this  thesis,  the C3H5 O2 bond strength was determined as 

Hº298 = 75.6 ± 2.3 kJ mol 1, and the similar C3H5 NO adduct was found to have a bond energy of: 
Hº298 =  102.2  ±  3.2  kJ  mol 1.  In  similar  benzyl  radical  reactions:  Hº298 (C7H7 O2)  =  91.4  ±  4  kJ  

mol 1 [243] and Hº298 (C7H7 NO) = 123 ± 5 kJ mol 1 [242]. As a result, equilibrium is observed at 
lower temperatures in the RSR reactions with O2 than with NO. In the C3H5 reactions investigated in 
this thesis, the equilibrium in the NO reaction was observed at roughly 100 degrees higher in 
temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



44 

 

3.5 Products and mechanisms 
 
During the experiments of this thesis, considerable effort was devoted to find the products of the 
reactions studied, and hence, to learn about the underlying reaction mechanisms. Products were 
sought by applying different ionization energies and trying to detect signals at mass to charge ratios of 
possible products. Products that were observed in these studies are gathered in Table 10. 
 
Table 10 Products observed in the R + X reaction (X = Cl2, O2, NO and NO2) investigations. 

Reaction Product(-s) IEused  

(IEliterature) / eV 

aMechanism b,c kf´(product) \ 
kd´(radical) /  s 1 

Comment 

CHBr2 + NO2 CBr2O and 
CHBrO 

10.2 (10.8 [244], -) Four center 
pathway 

107 ± 8 (CBr2O), - \ 
125 ± 7 

Products in contrast to known 
alkoxy decomposition 
reaction. 

CH3CHBr + 
NO2 

CH3CHO, CHBrO 
and CH3 

10.2 (10.22 [245], -, 
9.843 ± 0.002 
[246]) 

Alkoxy, or 
possibly four 
center pathway 

88 ± 18 (CH3CHO), 
114 ± 16 (CHBrO), 
, - \ 131 ± 8 

Alkoxy channel supported by 
a computational study [256]. 

CD2Cl + NO2 CD2O 11.8 (10.908 ± 
0.003 [247])
  

Alkoxy and/or four 
center pathway 

kf´  kd´ Deuterated radical used to 
avoid contribution of NO (m/z 
= 30). No kf´and kd´ values 
given. 

CHCl2 + NO2 CHClO 16.9 (11.51 [248]) Alkoxy and/or four 
center pathway 

kf´  kd´ No kf´and kd´ values given. 

CCl3 + NO2 CCl2O 16.9 (~11.2 [244]) Alkoxy and/or four 
center pathway 

kf´  kd´ No kf´and kd´ values given. 

C2H5 + NO2 // 
Cl2 

- // - - - - - 

CH3CHCl + 
NO2 // Cl2 

CH3CHO // - 10.2 (10.22 [245]) Four center 
pathway 

111 ± 10 \ 117 ± 4 In the Cl2 reaction, high 
background from precursor 
prevented the detection of the 
product. 

CH3CCl2 + NO2 
// Cl2 

- // - - - - In the Cl2 reaction, high 
background from precursor 
prevented the detection of the 
product. 

CH2Cl + Cl2 CH2Cl2 16.9 (11.32 [249]) Metathesis 107 ± 6 \ 113 ± 7 - 
n-C3H7 + NO2 - - - -  - 
i-C3H7 + NO2 - - - - - 
s-C4H9 + NO2 - - - - - 
t-C4H9 + NO2 C4H8 and C3H6O 10.2 (9.19 [250], 

9.694 ± 0.006 
[251]) 

Alkoxy and nitro 
and/or four center 
pathways  

147 ± 3 (C4H8), 
132 ± 5 (C3H6O) \ 146 
± 2 

Alkoxy formation is supported 
by previous studies. C4H8 
formation mechanism unclear 
(Figure 19). 

C3H5 + NO // O2 
// NO2 

C3H5 // C3H5 // 
C3H4O, C3H5O 

8.44 (8.18 ± 0.07 
[219]) // 8.44, 9.1 // 
10.2 (10.1 [252], -) 

Addition and 
equilibrium // 
Addition and 
equilibrium // 
Alkoxy 

k 10 = k10 / Kc (C3H5) \ 
k10´ = k 10 × Kc(10) × 
[NO]  // d //  
68 ± 2 (C3H4O), - \ 81 
± 3 

 

In the equilibrium reactions, 
C3H5 is a product of the 
reverse reaction. C3H4O is a 
likely product of the C3H5O 
alkoxy decomposition. 

CH3CCCH2 + 
NO // NO2 

C4H5NO // C4H5O 10.2 (-) // 10.2 (-) Addition // Alkoxy see comment Bimolecular k’s through 
product formation too. 

a Assumed mechanism based on the products observed. b Uncertainties given as one standard deviations of the 
fits. c Product formation and radical decay rates observed in concomitant measurements. d C3H5 + O2 similarly 
as the given C3H5 + NO example. 
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In the product search, there are several reasons why some of the products formed may have escaped 
detection. First of all, (i) the initial radical concentrations produced are small (~ 1011 cm 3) which set 
upper  limits  to  the  primary  product  concentrations.  Secondly,  (ii)  the  studied  R  +  X  reactions  are  
highly exothermic and in principle may have several competing product channels, decreasing the 
already low maximum possible primary product concentration. Furthermore, (iii) the ionization 
efficiencies and the sensitivity of the apparatus are unknown for the majority of the species concerned, 
and some of the products may have been produced below their detection limits. And finally, (iv) some 
of the products formed may have been fragmented as a result of dissociative ionization by 
photoionizing light, which seems to be the case at least for some of the potential nitrosyl compounds 
[II, VI] and perhaps for some of the expected oxygenated radical products too. 
 
The mechanism of R + NO2 reactions is usually presented through steps (16 18) [110, 253, 254].  

 
R + NO2 (+ M)  (R NO2)* + M  NO2 (+ M)    (16) 
R + NO2  (R ONO)*       (17) 
(R ONO)*  RO + NO       (18) 
 

Step 16 (nitro route) is the reversible N-side attack of NO2 to the radical center, which results in the 
formation of a nitro compound. Step 17 (nitrite route) is the O-side attack of NO2 to the radical site, 
which leads to step (18) and to the formation of a nitric oxide and an alkoxy radical, because the 
formed R O bond is generally substantially stronger than the RO NO bond. In addition, the alkoxy 
radical formed often gains enough energy to dissociate and breaks into smaller fragments. [110, 253, 
IV, VI]  
 
Oxygenated radicals play important role in the aforementioned R + NO2 (16 18) and allyl + O2 (5 7) 
mechanisms. The alkoxy radical (RO) formed in reaction 18 and the peroxy radical in reaction 6 were, 
despite multiple attempts, generally not observed, as explained in original articles [I, II, IV VI]. 
However, in the studied CH3CHBr and t-C4H9 radical reactions with NO2 [IV, VI], an alkoxy radical 
formation was indirectly inferred from observed products of known alkoxy radical decomposition 
reactions.  
 
In the t-C4H9 + NO2 reaction, acetone formation was measured, which points to a t-butoxy radical (t-
C4H9O) intermediate (Figure 19). The most important decomposition channel for t-C4H9O is (19) [255, 
256]: 
 
t-C4H9O  C3H6O + CH3        (19) 
 
C4H8 was also observed in the product search (Figure 19), possibly implying formation of t-C4H9NO2 

that loses HONO during photoionization, as elimination of HONO has been previously observed in 
the photodissociation of t-nitrobutane [213]. Nevertheless, it should be noted that nothing excludes the 
possible prompt formation of C4H8 (and  C3H6O) in the t-C4H9 +  NO2 reaction in concerted steps, 
without going through nitro, nitrite and alkoxy intermediates. This is supported by the rate 
coefficients lack of pressure dependence under these low pressure conditions. 
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Figure 19 Products observed in the t-C4H9 + NO2 investigation. Acetone (C3H6O) formation was 

recorded, pointing to an alkoxy radical formation (t-C4H9O) in the reaction. C4H8 production was also 
observed, possibly formed by dissociative ionization of a t-nitrobutane product, i.e., t-C4H9NO2 + hv 

 C4H8
+ + HONO + e-. The corresponding bimolecular plot was given in Figure 8. 

 

In  the  CH3CHBr + NO2 reaction, formation of an alkoxy radical was also deduced from product 
signals, assumed to originate from known alkoxy radical decomposition reactions [257, VI]. As with 
the t-C4H9 +  NO2 reaction,  also  in  this  case  the  prompt  formation,  likely  through  a  four  center  
transition state pathway (described next), cannot be ruled out. 

The products observed in the CHBr2 and  CH3CHCl reactions with NO2, CBr2O  and  CH3CHO, 
respectively [II, VI], led to suggest an alternative pathway to product formation in these reactions, 
different  from the classical  R + NO2 mechanism (16 18) presented above. The products CBr2O and 
CH3CHO were in contrast to the expected products from known alkoxy radical decompositions 
(CHBr2O  CHBrO + Br [114, 255, 258, 259] and CH3CHClO  CH3CO + HCl [260-264]) and thus 
it was suggested that the products could be formed through four center elimination pathways 20 and 
21 (see Figure 1 for a schematic example PES):   
 

   (20) 

 

 

and 
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                                     (21) 
 

 
 
 
 

After the publication of the CH3CHCl + NO2 results, a computational research by Wang et al. [265] 
was  able  to  observe  the  CH3CHO production through the suggested four center pathway in their 
calculations with UB3LYP and UMP2 methods with a 6-311G(d, p) basis set. 
 
The  products  detected  in  these  R  +  X  experiments  [I-VIII]  were  verified  to  be  produced  in  the  
reactions studied. The product formation measurement was performed under similar experimental 
conditions as the radical decay measurement and the observed equality of the measured formation and 
decay kinetics was taken as a confirmation that the signals are produced in the same chemical process. 
In  the  study  of  the  CH3CCCH2 radical  reactions  with  NO  and  NO2 [VII],  this  approach  was  taken  
further, and the bimolecular kinetics of the CH3CCCH2 radical reactions were additionally measured 
through the C4H5NO and C4H5O product formations. The agreement between the two determinations 
was good in both cases (Figures 18 and 20) and thus confirms that the products were formed in the 
CH3CCCH2 reactions studied.  
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Figure 20 Plots used to determine the bimolecular rate coefficient k(CH3CCCH2 + NO2) by 

measuring the CH3CCCH2 radical decays (filled squares) and also by measuring the C4H5O product 
formation rates (red hollow circles). Also included are the example signal profiles observed in the 

measurements. 
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The nitro products (R NO2)  were  also  sought  in  all  of  the  R  +  NO2 investigations, but were never 
detected; probably because (i) the bath gas pressures used were not high enough to stabilize them, (ii) 
they were photodissociated to other products during photoionization or simply because (iii) the 
detection sensitivity of the apparatus is too low for these species, due to low photoionization cross 
sections. It is also possible that the studied reactions proceed straight to bimolecular products in 
concerted steps, without going through steps 16 to 18. This is supported by the rate coefficients’ lack 
of pressure dependence at these low pressures. 
 
In the R + Cl2 reactions researched [III], the reaction mechanism is generally assumed to be a simple 
metathesis mechanism (22): 
 
R• + Cl2  RCl + Cl•         (22) 
 
Hence  the  products  are  more  straightforward  to  guess  than,  for  example,  in  the  studied  R  +  NO2 
reactions.  The  only  product  observed  in  these  R  +  Cl2 investigations was the CH2Cl2 formed  in  the  
CH2Cl + Cl2 reaction (Table 10). The absence of measurable CH3CCl3 and CH3CHCl2 product signals 
in the CH3CHCl and CH3CCl2 reactions with Cl2 does not confirm that these products are not formed 
as  was  stated  above.  In  these  cases,  the  expected  product  was  the  same  as  the  photolytic  radical  
precursor (Table 3), and hence, huge background signals from the precursor molecules rendered the 
detection practically impossible, i.e., the precursor amount was about 100 to 1000 times larger than 
the expected maximum intensity product signal – likely well below detection limits.  
 
The mechanism presented by Taatjes [266] for alkyl radical reactions with O2 (Figure 21), is in part 
relevant for the C3H5 + O2 reaction investigated in this thesis.  
 

    
Figure 21 General reaction mechanism of R + O2 reaction [266]. In the scheme, temperature and 

pressure are increasing from left to right, R is a carbon centered free radical, QOOH is a 
hydroperoxyalkyl radical and an asterisk denotes internal excitation. 

 

In  the  present  allyl  +  O2 experiments  [V],  only  the  first  part  of  the  scheme  (Figure  21)  could  be  
observed. In the low temperature and pressure experiments (201 298 K, 0.4 36 Torr He), the 
association of C3H5 and  O2 to  C3H5O2 was observed through measured pressure-dependent C3H5 
reaction  rate.  Higher  in  temperature,  the  formed  C3H5 O2 bond became thermally unstable and the 
C3H5O2 peroxy radical started to decompose back to the reactants, establishing equilibrium between 
C3H5 +  O2 and  C3H5O2 (for example signal profiles and description, see Figures 4 and 14b). The 
potential alkene product in Figure 21, allene (C3H4), identified in the work of Lodhi and Walker [267], 
was extensively sought under different experimental conditions, but not found. C3H5 produced in the 
C3H5O2  C3H5 + O2 reaction ( 6) was the only product signal detected.  
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The  general  mechanism  of  R  +  NO  reactions  has  similarities  to  the  R  +  O2 mechanism presented 
above. At low temperatures, association kinetics are expected (23) and were also observed in the 188 
to  363  K  and  0.4  to  24  Torr  He  ranges  in  both  of  the  R  +  NO  reactions  studied  here.  Higher  in  
temperature, the association evolves into an equilibrium between reactants and products, observed at 
414 to 500 K in the allyl + NO reaction [VIII]. Abstraction of H atom by NO (25) is another possible 
reaction pathway especially at elevated temperatures. 
 
R + NO  RNO        (23) 
R + NO  RNO        (24, 24) 
R + NO  R H + HNO        (25) 
 
For the NO reactions, products formed in reactions 23 to 25, as well as other potential candidates, 
were sought. In the CH3CCCH2 + NO reaction, the association product C4H5NO was directly detected 
using a 10.2 eV ionization energy and one set of experiments was repeated under similar conditions to 
determine the bimolecular rate coefficient by observing the C4H5NO product formation rates (Figure 
18). [VII] Methylpropargyls two resonance forms (CH3 •C=C=CH2 and CH3 C •CH2) provide it 
with two potential sites to react. With the current method and unavailable information on the 
appearance energies for fragment signals, it is impossible to determine which isomeric C4H5NO is 
formed.  In  the  C3H5 +  NO  reaction,  the  only  product  observed  was  C3H5 from the backward 
decomposition reaction of C3H5NO ( 10; Table 10). 

 

3.6 Thermochemical calculations 
 
In a classical endo- or exothermic reaction, where k(T) follows the Arrhenius equation E2 with a 
properly defined positive activation energy (Figure 3), thermochemistry is often enough for deducing 
the order of reactivities observed between analogous chemical reactions. This is generally not the case 
with fast, exothermic radical-radical reactions that proceed on purely attractive potential energy 
surfaces and where long range attractive forces may be involved. In this situation, the reactivity 
frequently runs counter to the expectation of the reaction thermochemistry, i.e., opposite to the 
direction predicted by the Bell-Evans-Polanyi relationship [32, 159, 268-272]. Good examples are the 
R + Br2 [53, 273, 274] and R + Cl2 [61, 275] reactions researched by Timonen and co-workers were 
the former R + Br2 reactions are generally less  exothermic,  but  nevertheless  significantly faster  than 
the R + Cl2 reactions. 
  
Despite thermochemistry often guiding wrong in estimating reactivities between similar radical 
reactions, it is of interest to various other aspects of radical-molecule investigations. For example, it 
may be useful in estimating the likelihood of possible reaction mechanisms, such as presented in the 
preceding chapter. Thermochemistries of the reactions and reaction channels were explored with 
available literature values, according to the observed and assumed reaction mechanisms. Discussion is 
based on the different reaction classes studied, i.e., R + NO2, R + Cl2, R + O2 and R + NO. 
 
Thermochemistries  of  the R + NO2 reactions were calculated according to two prototypical reaction 
mechanisms,  which  result  from  either  an  N-atom  or  an  O-atom  of  NO2 adding to a radical center 
forming the nitro compound (26) or the alkoxy radical and nitric oxide (27), respectively: 
R + NO2  R NO2         (26) 
R + NO2 RO + NO         (27) 
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This is a simplification of the general mechanism 16 to 18 presented above. The R + NO2 reactions 26 
and 27 are generally highly exothermic (Table 11) [110, 253, IV, VI] and this exothermicity often 
leaves the primary products with high internal excitation, causing dissociation to further products as 
the bath gas collisions cannot remove this excess energy efficiently enough. 
 
Table 11 Thermochemistries of the R + NO2 reactions studied.  

Reaction a, b Reaction enthalpy of  
mechanism 26 // 27 [kJ mol 1] 

c Mechanism observed; comments  d Ref 

CH2Cl + NO2 227.6 ± 8.2 //  105.4 ± 5.5 Alkoxy and / or four center pathway 47, 276, 277 

CHCl2 + NO2 201.9 ± 8.4 // - Alkoxy and / or four center pathway 47, 276, 278 

CCl3 + NO2 176.8 ± 7.6 // 57.5 ± 20.16 Alkoxy and / or four center pathway 47, 276 

CH3CHCl + NO2 - // 98.5 ± 8.1 Four center pathway 47, 260 

CH3CCl2 + NO2 - // - - - 

CHBr2 + NO2 - // 52.8 ± 11.5 Four center pathway 239, 258, 279, 
280 

CH3CHBr + NO2 - // 89.8 ± 15.0 Alkoxy or possibly four center pathway 239, 257, 279, 
281 

C2H5 + NO2 258.0 ± 10.5 // 81.0 ± 2.5 - 47, 282 

n-C3H7 + NO2 258.5 ± 12.6 // 81.6 ± 4.4 - 47, 282, 283 

i-C3H7 + NO2 260.1 ± 14.1 // 84.5 ± 5.9 - 47, 282, 283 

s-C4H9 + NO2 264.7 ± 16.3 // 87.7 ± 7.9 - 47, 282, 283, 
284 

t-C4H9 + NO2 257±17.6 // 86.1±10.0 Possibly both, alkoxy and nitro pathways 47, 282, 284 

C3H5 + NO2 - // - Alkoxy - 

CH3CCCH2 + NO2 - // - Alkoxy pathway; bimolecular rate 
coefficient through product formation 
too. 

- 

a Uncertainty of the reaction enthalpy was calculated with the propagation of errors method, e.g.:  
rHº) = 

{( fH(RO))2+( fH(NO))2+( fH(R))2+( fH(NO2))2)}1/2. b In case an uncertainty was missing, it was 
estimated to be 10% of the value. c Assumed mechanism based on the products observed and possible comments. 
d Reaction enthalpy was calculated according to indicated references; some of the values needed for the 
calculations were unavailable. 
 
In few cases, more information on reaction energetics was available and consequently this was 
exploited in the calculations. For example, Drougas and Kosmas have computationally investigated 
the unimolecular dissociation and isomerization of the brominated alkoxy radicals CHBr2O [258] and 
CH3CHBrO [257], relevant for the CHBr2 + NO2 and CH3CHBr + NO2 reactions [VI], respectively. In 
the CHBr2 + NO2 reaction, a CHBr2O radical is supposed to form according to the mechanism 27 and 
its subsequent dissociation is expected to occur through reactions 28a to 28c [258]: 
 
CHBr2O*  CBr2O + H       (28a) 

   CHBrO + Br       (28b) 
             Other Products      (28c) 

 
We examined the thermochemistry of the mechanism 27 of the CHBr2 + NO2 reaction using literature 
[239, 258, 279, 280] (Table 11) and found it incapable of explaining the formation of CBr2O observed 
[VI]. Hence a different formation mechanism was postulated that contains a concerted formation 
through a four center transition state 20: 
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  (20)  
 
 

In the CH3CHBr + NO2 reaction, again an internally excited brominated alkoxy radical (CH3CHBrO) 
was expected to form via mechanism 27, and its unimolecular dissociation 29a to 29c has been 
explored computationally by Drougas and Kosmas [257]: 
 
CH3CHBrO*  CH3CHO + Br      (29a) 

   CHBrO + CH3      (29b) 
   Other Products      (29c) 

 
With literature [239, 257, 279, 281], we calculated the exothermicity of the mechanism 27 of the 
CH3CHBr + NO2 reaction (Table 11), and in this case it was found to be enough to cause dissociation 
of CH3CHBrO through channels 29a and 29b. The products CH3CHO, CHBrO and CH3 were  all  
detected  in  the  product  search  (Table  10).  The  rest  of  the  enthalpies  of  the  studied  reactions  were  
determined with available literature, according to reaction mechanisms 26 and 27, and the determined 
values have been collected into Table 11.  
 
In  the  R  +  Cl2 reactions, the thermochemistry was calculated according to a common metathesis 
mechanism 22 and the reaction enthalpies determined have been provided in Table 12. 
 
Table 12 Thermochemistries of the R + Cl2 reactions studied.  

Reaction a Reaction enthalpy of mechanism 22 
/ kJ mol 1 

Mechanism  b Ref 

CH2Cl + Cl2 87.7 ± 3.8 Metathesis 47 
CH3CHCl + Cl2 91.1 ± 4.0 Metathesis 47 
CH3CCl2 + Cl2 65.8 ± 2.6 Metathesis 47 
a Uncertainty of the reaction enthalpy was calculated with the propagation of errors method. b Reaction enthalpy 
was calculated according to given reference. 
 
In  both  of  the  R  +  NO reactions,  irreversible  formation  of  an  R NO adduct  was  observed  at  lower  
temperatures (188 363 K). The formation enthalpies of these adducts are not available in the 
literature. However, in the C3H5 + NO reaction, the reaction enthalpy Hº298(C3H5 + NO) was directly 
determined in the equilibrium study and it can be used to determine the formation enthalpy of the 
C3H5NO, with the values of NO and C3H5 taken from a compilation [47]. Thus according to a reaction:  
 
C3H5 + NO  C3H5NO         (10) 
 

Hreaction = fH(C3H5NO) - fH(C3H5) - fH (NO)  
 

fH(C3H5NO) = ( 102.4 ± 3.2) kJ mol 1 + (91.04 ± 0.08) kJ mol 1 + (166.1 ± 4.3) kJ mol 1  
     = 154.7 ± 5.4 kJ mol 1,  

where the uncertainty has been obtained with the propagation of errors method. Similarly as in the 
C3H5 + NO reaction, the determined reaction enthalpy can be used to deduce the formation enthalpy 
of the C3H5O2 in the C3H5 + O2 reaction: 
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fH(C3H5O2) = ( 75.6 ± 2.3) kJ mol 1 + 0 + (166.1 ± 4.3) kJ mol 1 = 90.5 ± 4.9 kJ mol 1. 

 
The thermochemistries determined for the R + NO and R + O2 reactions are given in Table 13. 
 
Table 13 Thermochemistries of the R + NO and R + O2 reactions studied.  

Reaction a, b  Reaction 
enthalpy / kJ mol 1 

c, d Hº /  
kJ mol 1 

c, d Sº /  
J K 1 mol 1  

Sº /  
J K 1 mol 1 

f Mechanism 
observed // 
Comment 

C3H5 + NO 102.2 ± 3.2  101.3 ± 3.0  135.1 ± 6.6 137.2 ± 7.0 g Addition (188 363 K) and 
equilibrium (414 500 K). 

C4H5  + NO - - - - Addition 

C3H5 + O2  75.6 ± 2.3 78.3 ± 1.1 124.0 ± 2.3 121.6 h Addition (201 298 K) and 
equilibrium (320 420 K). 

a Uncertainty of the reaction enthalpy was calculated with the propagation of errors method. b Corresponds to a 
third law determination. c Second law determination. d Uncertainties shown are one standard errors of the fits. f 
Assumed mechanism based on the products observed. g Calculated value for the third law plot; estimated 
uncertainty. h Entropy from Lee and Bozzelli [238]. 

 

3.7 Reactivity correlations 
 
Correlations between reactivity of radicals and different radical properties have been sought in order 
to gain understanding of the factors affecting their chemical reactivity. Usually some common 
characteristic of a reaction, or one of reagent properties, is plotted against the logarithm of the rate 
coefficient  at  a  common  temperature  (usually  at  about  298  K)  in  a  so-called  linear  free  energy  
relationship. [52] The name of the free energy relationship and the justification of displaying rate 
coefficients  in  a  logarithmic  scale  come  from  thermodynamics,  from  a  presentation  of  Gibbs  free  
energy, or Gibbs energy as IUPAC calls it [32, 44]. The change in Gibbs energy is the chemical 
potential minimized during a spontaneous chemical process. It is the thermodynamic driving force 
and can be equated as (E4): Gº = RTlnKp = RTln(k1 / k 1). The same relation of the Gibbs energy 
and equilibrium constant is the basis of the van't Hoff equation (E5), applied in equilibrium studies 
and hence in this thesis too. The name and use of linear free energy relationships as indicators of 
differing reactivity probably originates from the famous studies by Hammet [56, 285] and Taft [57, 
286] but similar correlations have been widely called structure (re-)activity relationships (SAR) as 
well [287-290]. Due to this ambiguity in naming, henceforth these are only referred to as correlations 
in this thesis.  
 
Two of these linear correlations provide good descriptions of the rate coefficients of the current and 
selected similar R + Cl2 and R + NO2 reactions [I III, VI]. The R + NO and R + O2 reactions studied 
in  this  thesis  do  not  cover  such  a  significant  range  –  only  two  R  +  NO  reactions  and  one  R  +  O2 
reaction which all belong to a special case of resonant stabilized radical reactions – and thus similar 
correlations were not attempted for these reactions.  
 
The correlations observed are shown in Figures 22 and 23 where the room temperature rate 
coefficients are plotted against radicals’ Electronegativity(R) parameter (also referred to as TSED 
parameter [54, 55]), and electron affinity EA(R) (Table 3) in semi-logarithmic plots. The 

Electronegativity parameter is defined for trivalent methyl radical analogues, and it describes the 
electron withdrawing inductive effect of the substituents to the radical center as inferred from a simple 
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sum of the Pauling electronegativities [291, 292] of the substituent atoms and groups (discussion of 
Electronegativity parameter can be found in several publications [54, 55, II, III, VI]).  
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Figure 22 Semilogarithmic plots of the current and selected R + NO2 and R + Cl2 rate coefficients 
shown as a function of the Electronegativity of the radical R [III, VI]. The current results are 

indicated by red star symbols. Fluorinated radicals have been included in the correlation by 
introducing an effective electronegative value of 2.8 to a fluorine atom substituent, as has been 

discussed in [54, III, VI]. Note that linear correlation in these semilogarithmic plots implies a power 
law dependence; fitting parameters are given in Table 13. 

 

Table 13 Reactivity correlation on radical properties EA(R) and Electronegativity(R). 

Reaction series Correlation with EA(R) Correlation with Electronegativity(R) 

R + Cl2 k300K = (1.14 × 10 11) × 10 1.64 × EA(R) k300K = (4.14 × 10 12) ×10 1.19 × Electronegativity  
R + NO2 k300K = (3.66 × 10 11) × 10 0.33 EA(R) k300K = (3.39 × 10 11) ×10 0.76 × Electronegativity 

 
As noted previously, polar effects are likely to be important in determining the reactivity differences 
observed in the R + Cl2 and R + NO2 reactions [II, III, VI]. The lower the charge density in the radical 
center, i.e., the higher the polarity of the radical, (e.g., CH3CCl2 > CH3CHCl > CH3CH2 and CHBr2 > 
CH2Br > CH3) the lower is the reactivity toward Cl2 and NO2. Both Cl2 and NO2 have high electron 
affinities (Table 2: EA(Cl2)  2.50 eV [189], EA(NO2)  2.27 eV [199]) and hence, the "electron rich" 
alkyl substituted radical centers have higher reactivities toward them, than halogen substituted 
electron deficient radical centers. This evidence could also suggest that the reactivity is connected to 
the looseness of the weakest bound electron, i.e., rate coefficients of these reactions should correlate 
with the ionization potential of the radical IE(R)  (Table  3).  However,  this  correlation  was  also  
investigated and found to produce no linear correlations (see Figure 23 insets). 
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Figure 23 Semilogarithmic plots of the current and selected R + NO2 and R + Cl2 rate coefficients 
shown as a function of the electron affinity of the radical R; EA(R) [III, VI]. Fit parameters are given 

in Table 13. The current results are indicated by red star symbols. Also shown in insets are the 
corresponding plots produced to investigate the reaction rates correlation with the ionization energy of 

the radical; IE(R) vs. k300K. 

  

Briefly summarizing the reactivity trends observed in the R + NO2 and R + Cl2 investigations: In both 
of the reaction classes (i) electronegative halogen substitution at the radical center decreases the 
observed reaction rate coefficients. (ii) Electropositive alkyl substitution has an opposite effect and 
enhances the rate  coefficients;  but  there seems to be “a saturation of  the reaction rate” that  is  likely 
connected to the steric  differences of  the radical  sites.  In the R + NO2 reactions, the C2H5 + NO2 is 
faster than the i-C3H7 and t-C4H9 reactions at T = 298 K; only the s-C4H9 + NO2 being faster (Figure 
11).  Whereas,  in  the  R  +  Cl2 reactions,  the  rates  increase  from C2H5 to  C3H7, but the i-C3H7 and t-
C4H9 radicals  have  nearly  equal  reactivity  toward  Cl2. (iii) The level of substitution affects the 
temperature dependence: The more substituted the radical, the stronger is the observed temperature 
dependence [54, 234, I III, VI]. This is best demonstrated among the measured chlorinated radical 
reactions with NO2, where the n parameter describing T-dependence decreases (becomes more 
negative) as: C2H5 > CH3CHCl > CH3CCl2 and CH2Cl > CHCl2 > CCl3 (Figure 10) [I, II]. In the R + 
NO2 reactions, Br and Cl substitution in the radical center, in disubstituted methyl and 
monosubstituted ethyl radicals, have almost the same influence on reaction rates, i.e., k(CHBr2 + NO2) 

 k(CHBrCl + NO2)  k(CHCl2 + NO2) and k(CH3CHCl + NO2)  k(CH3CHBr + NO2) (Figure 10). 
The same cannot be deduced for the R + Cl2 reactions as the rate data for analogous reactions is not 
available. (iv) Branching of the radical from the -carbon in comparison with the substituents carbon 
chain length, i.e., i-C3H7 (CH3-CH•-CH3) vs. n-C3H7 (CH3-CH2-CH2•) and t-C4H9 [(CH3)2-C•-CH3] vs. 
s-C4H9 (CH3-CH2-CH•-CH3), seems to have a smaller effect on the reactivity of the radical in the R + 
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NO2 reactions [IV] than in the R + Cl2 reactions [54, III]. This is likely connected to the steric effects 
of the substituents on the radical center discussed above, i.e., possible “saturation” of the reaction rate, 
as these radical centers get increasingly more shielded by neighboring groups. In addition, large 
differences between isomeric species often owe to the steric differences, which cannot be described 
by additive contributions of atoms, groups and bonds [49]. Furthermore, NO2 is  a  somewhat  more  
“bulky” species than Cl2 and hence can be considered to be affected more by shielding of neighboring 
groups. More data from isomeric radical reactions are required to access the validity of these 
assumptions.  
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4. Conclusions in brief 
 
A  total  of  twenty  carbon  centered  free  radical  reactions  with  selected  principal  atmospheric  and  
combustion related small molecules (NO2, Cl2,  O2 and  NO)  were  characterized  in  this  thesis.  Wide  
variations in radical reactivity toward these molecules were found between similar radical reactions. 
The change of rates observed as a function of reaction conditions were investigated, and three main 
behaviors were observed: (i) pressure-independent reaction rates (R + NO2 and R + Cl2), (ii) pressure-
dependent  reaction rates  (R + O2 and R + NO) and (iii) equilibrium between reactants and products 
(allyl  +  O2 and NO). All of these required different approaches for determining the relevant 
parameters  describing  the  processes,  i.e.,  the  rate  coefficients  as  a  function  of  temperature  and  
pressure  and  the  equilibrium  constants  as  a  function  of  temperature,  and  the  parameters  were  
successfully determined.  
 
Product studies of these barrierless, exothermic radical reactions may become very complicated, 
which was observed especially in the R + NO2 reactions. Many potential products were detected in the 
experiments, and in some cases these confirmed the assumed reaction mechanisms. Some fairly 
unexpected products were also detected, such as the CBr2O  in  the  CHBr2 +  NO2 reaction and the 
CH3CHO in the CH3CHCl + NO2 reaction, which called for different explanations than the basic R + 
NO2 reaction mechanism found in the literature. In these cases, a four center transition state 
mechanism was postulated to explain the CH3CHO and CBr2O product formations observed. 
 
In  addition,  the  reactivities  of  the  radicals  in  their  reactions  with  Cl2 and  NO2 were  compared  in  a  
usual  way  in  correlation  plots  and  were  found  to  be  connected  to  the  inductive,  polar  effects  of  the  
substituents on the radical centers. Reactivity differences in these reactions were correlated and 
quantified as a function of the electron affinities and Electronegativities of the radicals 

 

4.1 Future perspectives 
 
Pulsed UV laser photolysis combined with a photoionization mass spectrometer is a useful method for 
studying fast, gas phase radical-molecule reactions, as I have hopefully been able to convince in the 
preceding chapters. However, there is always space for improvements and some of the experimental 
difficulties encountered have been alluded above, for example, the problems of detecting alkoxy, 
peroxy and some nitrosyl species were noted. For alkoxy and peroxy radicals, including a LIF 
detector could make the difference as it has been previously successfully applied in the studies of 
alkoxy and peroxy radical reactions [116, 293-296]. It would also enable the detection of the 
important OH radicals [40, 296-298], which could supply key insights into the reaction mechanisms. 
As with all techniques, LIF also suffers drawbacks, but its employment to mass spectrometry could be 
relatively straightforward because of similar instrumentation requirements. 
 
Another improvement that concerns the ionization technique used would be the application of a 
tunable photoionization, already applied in kinetics research [133, 222, 299-301]. This would 
certainly be a move to a right direction, but with the synchrotron light source the machine is 
extremely expensive and consequently limits the locations to existing synchrotron facilities [133, 299, 
300]. The beam times are generally also limited, thus constraining data production time. Another 
approach to use tunable laser radiation seems promising [222], but the instrumentation is more 
complicated than with the apparatus used in this thesis, and hence somewhat limits its applicability.   
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Other  avenues for  improving the system exist,  for  example,  interactions with the reactor  surface are 
problematic  with  some  very  reactive  radicals  such  as  vinyl  (C2H3) and recently observed Criegee 
intermediate CH2OO  [80].  Hence,  more  inert  surfaces,  i.e.,  better  coating  materials,  are  wanted  for  
these studies to lower the uncertainties of the values obtained. The sampling of the current method 
should also be modified to allow higher reactor pressures. This will be difficult, as the sampling, 
ionization and detection regions should be as close to each other as possible, and the sampling, of 
course, should not affect the kinetics observed.  
 
Obviously the machine can still be improved a lot, but for what for? Without hesitation, it seems safe 
to assume that there are many surprises left in the interesting world of radical-molecule reactions, and 
that the number of these surprises is likely to increase when more fine details are resolved. Many 
important and fascinating processes, from here on Earth to inter-stellar space, call for experiments and 
characterization. To give a quick idea what these could be: The description of new particle formation 
in a microscopic level, secondary and primary, is still poorly understood in the atmosphere, and 
according to recent studies neutral-neutral nucleation dominates under all relevant conditions  which 
can point to involvement of radical reactions. Gas phase oxidation in the atmosphere continues to be 
an important field, with the recent direct detection of a Criegee intermediate [80] opening up a whole 
branch of reactions to examine. Combustion problems will also remain in focus as long as we create 
energy and merchandize by burning fuels. For example, the enol reactions [302] and the knowledge 
about the mechanism of PAH and soot formation are still far from being complete [33, 139, 140]. The 
mentioned extraterrestrial chemistry [7, 8, 41], with new species being discovered all the time, and the 
look for new Earthlike exoplanets through studying their atmospheric compositions with telescopes 
[303] are also exciting research subjects. Finally I want to point out that the kinetics of the 
heterogeneous reactions occurring on particle surfaces are practically untouched and certainly offer 
challenges for years to come.  
 
All  of  these  are  just  a  few  examples  from  a  long  list  of  gas  phase  related  problems  with  an  
environmental  point  of  view,  but  if  we  extend  the  discussion  to  other  fields  and  phases  as  well,  the  
number of unsolved problems will increase exponentially. Hence, I expect a long and fruitful career in 
the fascinating world of experimental radical kinetics.  
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