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Abstract

In this thesis, the kinetics of several alkyl, halogenated alkyl, and alkenyl free
radical reactions with NO2, O2, Cl2, and HCl reactants were studied over a wide
temperature range in time resolved conditions. Laser photolysis –
photoionisation mass spectrometer coupled to a flow reactor was the
experimental method employed and this thesis present the first measurements
performed with the experimental system constructed. During this thesis a great
amount of work was devoted to the designing, building, testing, and improving
the experimental apparatus. Carbon-centred free radicals were generated by the
pulsed 193 or 248 nm photolysis of suitable precursors along the tubular reactor.
The kinetics was studied under pseudo-first-order conditions using either He or
N2 buffer gas. The temperature and pressure ranges employed were between 190
and 500 K, and 0.5 – 45 torr, respectively. The possible role of heterogeneous
wall reactions was investigated employing reactor tubes with different sizes, i.e.
to significantly vary the surface to volume ratio.

In this thesis, significant new contributions to the kinetics of carbon-centred
free radical reactions with nitrogen dioxide were obtained. Altogether eight
substituted alkyl (CH2Cl, CHCl2, CCl3, CH2I, CH2Br, CHBr2,  CHBrCl,  and
CHBrCH3) and two alkenyl (C2H3,  C3H3) free radical reactions with NO2 were
investigated as a function of temperature. The bimolecular rate coefficients of all
these reactions were observed to possess negative temperature dependencies,
while pressure dependencies were not noticed for any of these reactions.
Halogen substitution was observed to moderately reduce the reactivity of
substituted alkyl radicals in the reaction with NO2, while the resonance
stabilisation of the alkenyl radical lowers its reactivity with respect to NO2 only
slightly.

Two reactions relevant to atmospheric chemistry, CH2Br + O2 and CH2I + O2,
were also investigated. It was noticed that while CH2Br  +  O2 reaction shows
pronounced pressure dependence, characteristic of peroxy radical formation, no
such dependence was observed for the CH2I  +  O2 reaction. Observed primary
products of the CH2I + O2 reaction were the I-atom and the IO radical.

Kinetics  of  CH3 +  HCl,  CD3 +  HCl,  CH3 +  DCl,  and  CD3 + DCl reactions
were also studied. While all these reactions possess positive activation energies,
in contrast to the other systems investigated in this thesis, the CH3 +  HCl  and
CD3 + HCl reactions show a non-linear temperature dependency on the
Arrhenius plot.

The reactivity of substituted methyl radicals toward NO2 was observed to
increase with decreasing electron affinity of the radical. The same trend was
observed for the reactions of substituted methyl radicals with Cl2. It is proposed
that interactions of frontier orbitals are responsible to these observations and
Frontier Orbital Theory could be used to explain the observed reactivity trends
of these highly exothermic reactions having reactant-like transition states.
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1. Introduction

Free radicals, like the methyl radical CH3, are neutral species with unpaired
electrons. Their multiplicities (2S + 1) in the ground state are higher than unity
and they are called open shell species. They are generally highly reactive in
comparison to closed shell molecules (CH4, N2, CO2, Cl2 etc.), whose electrons
are paired and their multiplicities are unity. However, there are two common
reactant molecules employed in the current work, O2 and  NO2, whose
multiplicities are higher than unity and are thus sometimes referred to as
radicals. Due to their stability and easiness to handle as reactants in experiments,
they have several properties common with closed shell molecules.
Consequently, in the following sections, these species are considered as
molecular reactants similar to Cl2 and HCl.

 Reactions of free radicals constitute key steps in a broad range of chemical
systems. Radical – radical reactions (e.g. CH3 +  CH3) are important in
combustion environments, where these processes play a vital role, for example,
in soot formation.1 Radical – radical combinations are typically barrierless
reactions and are also potentially important in atmospheric and interstellar
chemistries despite the low temperatures in these environments.2 On the other
hand, radical – molecule reactions (e.g. C2H3 +  O2)  play  a  key  role  in  several
branches of chemistry. Under combustion conditions, these reactions are of pre-
eminent importance due to their role as the dominant chain carriers and are
intimately involved in the oxidation process.3 Radical – molecule reactions also
play a crucial role in atmospheric chemistry. In addition to the oxidation of the
radicals formed after OH-attack on released natural hydrocarbons (e.g.
isoprene), chemical processes leading to the formation of ultra fine particles and
their subsequent development into clouds has received substantial interest.4

Catalytic ozone depletion phenomena in the upper atmosphere, caused by the
degradation products of halogenated compounds, has also been studied
extensively.5 Radical – molecule reactions are important in the formation of
carbon – carbon bonds in organic synthesis6, in the attack and subsequent
breakdown of DNA7 as well as in the aging process itself (the free radical theory
of aging)8.

In this work, laser photolysis (LP) – photoionisation mass spectrometry
(PIMS) apparatus was constructed and employed to study radical – molecule
reactions. The first articleI includes the description of the apparatus and
measurements of  the C2H3 + O2 and C2H3 + Cl2 reactions. The following three
articlesII – IV present the results of a study on R + NO2 reactions, where R = C2H3,
C3H3, CH2Cl, CHCl2, CCl3, CH2I, CH2Br, and CHBrCl. The unpublished results
on CHBr2 +  NO2 and CHBrCH3 +  NO2 reactions are also included for
comparison.9 Together these direct measurements report the first systematic
study of carbon-centred radical + NO2 reactions.  This allows the effects  of  the
radical  substituents  on  reactivity  to  be  determined.  A  comparison  of  the
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reactivity of the same radicals with different reactants (Cl2, Br2, etc.),
determined using a similar experimental set-up, can reveal important
information on the mechanisms of the radical + NO2 reactions. The fifth articleV

describes measurements of two apparently similar CH2I  + O2 and CH2Br + O2
reactions. The last articleVI reports measurements of the CH3 + HCl, CD3 + HCl,
CH3 +  DCl,  and  CD3 + DCl reactions. These experiments were performed in
order to investigate possible hydrogen atom tunnelling through the potential
barrier in these H/D-atom transfer reactions and to make an important
experimental contribution to the intensively studied Cl + CH4  CH3 +  HCl
reaction system. The unpublished results of C2H5 + Cl2 and n-C4H9 +  Cl2
reactions are also included for comparison.10

1.1 Methods for the production and detection of free radicals

UV-photolysis, microwave discharge (MWD), pulse radiolysis and shock
tubes11 are methods commonly used to generate radicals in gas phase kinetics
experiments. Exciplex lasers are pulsed UV-light sources (laser photolysis (LP))
at 193, (222), 248, 308, and (351) nm wavelengths and are convenient and often
used for radical production.12 At these wavelengths, several chromophore
containing precursor molecules (a carbonyl-group, a carbon-halogen bond,
double or triple bonds etc.) absorb light and are excited to dissociative excited
states  leading  to  the  fission  of  one  or  more  bonds  producing  the  radicals  of
interest.13

Several detection techniques are available for direct measurements of radical
kinetics  (i.e. to directly measure the time-resolved behaviour of free radicals
during the reaction). These techniques can be divided into optical and mass-
spectrometer (MS) methods. Principal optical detection techniques include
UV/VIS/IR-absorption, resonance fluorescence (RF), laser induced fluorescence
(LIF), and the relatively recent method of cavity ring-down spectroscopy
(CRDS)14. In the MS methods, a sample is taken continuously from the reaction
mixture and either conventional electron-impact ionisation or photo-ionisation in
PIMSI is used to ionise radicals in the sample flow before the mass-filter and
detection of ions.

Examples of combinations of experimental set-ups for the production and
detection of free radicals are LP - RF15, LP - LIF16,  LP  -  CRDS17, pulse
radiolysis – UV-absorption18, shock tube – LIF19,  MWD  –  VLPR  (Very  Low
Pressure Reactor)20, and LP –PIMSI, which is described in this thesis.

In general, highly labile free radicals are difficult to observe at low enough
concentrations to quantitatively measure their kinetics under widely varying
conditions, for example over a range of pressure and temperatures.
Consequently, each experimental method has its limitations over the range of
experimental conditions were it is useful. The LP – PIMS is especially suitable
for studying the kinetics of radical – molecule (or radical – radical) reactions of
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polyatomic free radicals over a wide temperature range (~ 190 – 1100 K) at low
pressures. Limitations of this method are its low sensitivity in the detection of
peroxy- and oxy-radicals (RO2, RO), and its restrictive operative pressure range
(~ 0.5 – 50 torr), and difficulties in measuring absolute radical concentrations.

1.2 Types of common exothermic radical – molecule reactions

Direct kinetic measurements of radical – molecule reactions over a moderate
temperature and pressure range give important information on the form of the
electronic potential energy surface (PES) of the reactive system, which
ultimately defines the mechanism and kinetics of the reaction. Although
computational kinetics is needed to obtain a firm connection between the PES
and experimental kinetic results21, it is still possible to infer several important
characteristics of the PES from kinetic measurements.

TS#1

TS#2

I

II
III

IV

V

Reaction Path

En
er

g y

Reactants Product(s)

Figure 1. The schematic electronic potential energy surface morphologies for several
radical – molecule reactions. Surfaces (I) – (IV) correspond to barrierless additions
followed by one or more subsequent barriers with different heights relative to
reactants. The surface (V) possesses a significant reaction barrier (activation
energy). In surfaces (II) – (IV), multiple transition states exist on the reaction path
from the reactants to the products.
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Figure 1 shows schematic pictures of potential energy surface morphologies
frequently encountered in radical – molecule reactions.22 These range from a
pure bond association – dissociation surface (I) without a discernible reaction
barrier to a pure atom abstraction surface (V) with a simple barrier. Forward
reaction on surface (I) via a loose transition state (TS#1) is a termolecular
reaction at low pressures while at sufficiently high pressures a smooth change to
a bimolecular mechanism is observed. On the other hand, an exothermic
reaction  on  surface  (V)  is  always  bimolecular  due  to  the  single  barrier  with  a
tight transition state (TS#1) located above the reactants and a low energy exit
channel. Surface (I) is the PES for simple association reactions, which can be
explained by the classical energy transfer (Lindemann) mechanism of the type A
+ B + M  AB + M. This can be formulated symbolically in terms of the steps

A + B     AB* (1)
  AB*     A + B         (–1)

     AB* + M     AB + M (2)

With steady-state concentrations of AB*, this leads to a rate expression d[AB]/dt
= k[A][B] with a pseudo-second order rate coefficient

Mkk
Mkkk
21

2
1 (3)

in which pressure dependence is represented by the dependence of k on gas
concentration [M]. Although equation (3) qualitatively reproduces the behaviour
of experimental association reactions, it fails at the quantitative level in the fall-
off region.2 Introducing a “center broadening factor” Fcent to correct an over-
simplified representation of energy transfer in the fall-off region given by
reactions (1), (–1), and (2), and using limiting low-pressure (k0) and high-
pressure (k ) rate coefficients instead of k1, k–1, and k2, the following equation
(4) is obtained.2

p
centn

n

F

kMTk

MTk
TMk

300
1

300,

0

0
(4)

In this expression, T is the temperature and the temperature dependency of k0
is expressed by exponent n while temperature dependence is ignored for k  and
for Fcent. The exponent p is given in equation (5) where the width parameter N =
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0.75 – 1.27 × log Fcent.2 Equation (4) is the most suitable one for the association
reactions at atmospheric temperatures and the Fcent value of 0.4 for linear A and
non-linear B is recommended.2

12

0 300
log1 NkMTkp

n
(5)

The prototype process characterised by surface (I) is the CH3 + O2 reaction.
According to the calculated ab initio PES, the lowest-energy bimolecular exit
channel of the excited CH3O2 adduct to the CH3O + O products is 115.9 kJ/mol
above the reactants.23 Consequently, under atmospheric pressure conditions the
association reaction producing CH3O2 dominates the reaction below 1500 K.23

In the case of surface (V), the prototype process is the CH4 + OH  CH3 +
H2O reaction. A calculated PES for this system is schematically similar with
surface (V) and only one barrier, about 25 kJ/mol above the reactants, exists.24

For several important reactions in different fields of chemistry (combustion,
atmospheric, etc.), the form of the potential energy surface is better described by
the surfaces (II) – (IV) (or combinations of those) rather than by surface (I) or
(V). An important characteristic of surfaces (II) – (IV) is the existence of a
reaction barrier following the initial radical-molecule association. Depending on
the  depth  of  the  first  well  (after  TS#1)  and  the  height  of  the  barrier
(characterised by TS#2), relative to the reactants, completely different kinetics
for radical-molecule reactions can be observed. For example, R + O2 reactions
with  R  =  C2H5, n-C3H7, and i-C3H7 possess  a  barrierless  addition  pathway  to
form the corresponding peroxy radicals and the first potential well is relatively
deep, i.e. about 150 kJ/mol in each case.25,26 For  all  these  reactions,  the  top  of
the lowest-energy barrier following association is about 20 kJ/mol below the
reactants and surface (II) best represents these systems. Chemically activated
peroxy radicals can be collision-stabilised, dissociate back to the reactants, or
overcome barriers and rearrange to products.3

The highly exothermic CF3 + NO2 reaction, which has received considerable
experimental27 and computational28,29 interest, could probably be used as an
example of carbon-centred radical + NO2 reactions. The PES obtained for the
CF3 + NO2 reaction involves a deep well, which is about 310 kJ/mol below the
reactants after the initial barrierless F3C-ONO association.28,29 The chemically
activated adduct can easily overcome the barrier to the bimolecular CF2O and
FNO/FON products, because the highest energy transition state for
rearrangement is more than 145 kJ/mol below the reactants. Thus, surface (III)
provides the best representation of this reaction.

It has recently become apparent that pre-reactive complexes (van der Waals
or hydrogen-bonded) can play an important role in the kinetics of radical-
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molecule reactions, especially at atmospheric temperatures and below.30,31 Pre-
reactive interactions (such as H-bonding) between radical and molecular
reactants generates a potential well, the energy of which is several kJ/mol below
the reactants. For example, in the OH + CH3COCH3 and OH + HNO3 reactions,
the calculated binding energies of the complexes are about 20 and 25 kcal/mol
below the reactants, respectively.32,33 In  these  cases,  the  formation  of  the  pre-
reactive complex occurs by a barrierless process and the formation of the
complex is followed by a reaction barrier, the energy of which is above the
energy of the reactants. However, this is not always the case. Formation of the
pre-reactive complex can also cause the reaction barrier to be below the reactant
energy.30 Surface (IV) represents this case with the formation of the pre-reactive
complex in the entrance channel.

Several electronic potential energy surface morphologies for radical –
molecule reactions have been characterised above. The purpose is to use them as
a theoretical framework, which binds together the experimental work of this
thesis  and  augments  the  discussion  of  the  experimental  observations  of  the
current study.

1.3 Reactivity trends in radical – molecule reactions

Examination of reactivity and reaction mechanisms has always attracted
considerable attention in chemistry. A simple, yet indirect way to obtain
information on the reaction mechanism and the origin of the reactivity of
radicals is to systemically investigate (experimentally) series of reactions where
only one parameter is changed at a time. For example, one or more hydrogen
atoms in the methyl radical can be substituted by different atoms (CH2Cl,
CHCl2)  or  by  groups  (H2C-CH3,  H3C-C(H)-CH3).  Seetula  and  Gutman34 have
discovered that there exists a linear relationship between the logarithm of the
room-temperature rate coefficients of the R + HI reactions (essentially the
reaction free energies of activation according to the thermodynamic formulation
of the transition state theory)35 and  the  simple  algebraic  sum  of
electronegativities of the atoms or groups attached to the radical centre in R.
This sum of electronegativities ( Electronegativity) is used as a measure of the
inductive effect and is defined as

3

1i
Hi XXativityElectroneg (6)

where Xi and XH are the electronegativities of the substituent atom or group and
of the H-atom, the reference substituent. Pauling electronegativities for the
atoms are 2.2 (H), 2.66 (I), 2.96 (Br), and 3.16 (Cl) while that of the CH3 radical
(1.82) was used to place methyl substituted methyl radicals (H2C-CH3,  H3C-
C(H)-CH3, and H3C-C(CH3)-CH3) on this linear relationship.34 This method can
also be used for other reactants, and on the left hand side of figure 2 is shown a
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k300K (R + Cl2) versus Electronegativity plot (see figure caption for more
details).36
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Figure 2. Logarithms of the room-temperature rate coefficients for the R + Cl2
reactions versus Electronegativity (left) and EA(R) (right) of the radical. Here,

Electronegativity is a simple algebraic sum of electronegativities of the atoms or
groups attached to the radical carbon in R. Pauling electronegativities are used for
the atoms, i.e. 2.2 (H), 2.66 (I), 2.96 (Br), and 3.16 (Cl), while the value of CH3 (1.82)
is obtained from fitting.34 Values for the radical adiabatic electron affinities (EA(R))
are taken from reference 37 except for CH2I and CHBrCl, which are taken from
references 38 and 39, respectively. The solid lines in the figures are linear fittings to
the entire dataset, while the broken line on the left hand side is the original fitting34

omitting radicals containing fluorine. Values of the rate coefficients of the R + Cl2
reactions are taken from references 36, 40, and 41, respectively. EA(Cl2)  2.45 eV37

During the course of this thesis another free energy relationship has been
observed. On the right hand side of figure 2 is shown a k300K (R + Cl2) versus
EA(R) plot, where EA(R) is the adiabatic electron affinity of the radical R.
While the ordinate scale is essentially the same for both plots, it can be seen that
abscissa scales are also similar. In the k300K (R + Cl2) versus Electronegativity
plot, the obtained value of abscissa for the CH3 radical is zero while the
experimental EA(CH3) = 0.08 ± 0.03 eV,37 i.e. almost zero with respect to the
EA(R) range, -0.5 – 2.5 eV. In principle the latter method is more universal,
because only the electron affinity of the radical is needed.

It  should  be  noted  also  that  the  logarithm  of  the  room-temperature  rate
coefficients  of  the  R  +  Cl2 reactions also correlate with the reaction
exothermicities ( Hr (R + Cl2  RCl + Cl)).34
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2. Experimental

In this work, the kinetics of the reactions was studied under time-resolved
conditions in a temperature-controlled, tubular flow reactor coupled to a
photoionisation mass spectrometer. The laser photolysis of the relevant
precursor molecule along the reactor tube was used to generate radicals
homogeneously and in low concentrations in a reaction mixture. The reaction
mixture consisted mainly of inert gas in addition to the precursor and reactant
molecules in high dilutions. Under these conditions, initial radical
concentrations were low enough to avoid complications from the reactions
between radicals, i.e. these had negligible rates compared with the first order
processes occurring in the system, and only radical reactions with added reactant
and the (mainly) heterogeneous wall reaction were important. The molecular
reactant was in large excess in comparison to the small initial radical
concentration. When these conditions were achieved, it was possible to isolate
the radical reaction of interest from the other possible gas phase reactions of the
radical in the gas mixture, i.e. experiments were conducted under pseudo-first-
order conditions. The temporal ion signal of the radical decay obtained in this
direct measurement was then a single exponential function.

 In this section, the experimental apparatus which was partly constructed and
heavily exploited during this work is described in detail. Raimo Timonen, the
supervisor of this thesis, was responsible for the main design of the experimental
apparatus. Several modifications made during the system building and
experimental details of the final form of the system are explained, including a
short outline of the application of photoionisation (quadrupole) mass
spectrometer in study of the reaction kinetics.

2.1 Experimental apparatus

Pulsed, unfocused radiation at 193 (ArF) or 248 (KrF) nm from the ELI-76E
exciplex laser was directed along the axis of the temperature-controlled tubular
flow reactor using one surface mirror. A schematic drawing of the apparatus is
shown in figure 3. The axis of the exciplex laser was collimated with the reactor
tube employing a helium-neon laser, thus ensuring that gas mixture was evenly
photolysed along the reactor. The production of the radicals was synchronized
with data acquisition using a commercial computer program for instrumentation
(LabView 5.1). The output intensities of the photolysing laser were measured to
be between 30 – 110 mJ/pulse (Gentec ED-200), which were observed to
depend on both the rare gas used (Ar, Kr) and time from the last gas exchange.
Intensities were stable enough during one set of measurements to obtain a
bimolecular reaction rate coefficient and were further attenuated employing both
fine wire meshes and/or quartz plates.
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Figure 3. Schematic drawing of the laser photolysis-laminar flow reactor coupled to
the photoionisation mass spectrometer (PIMS). P is a pressure gauge. Pressures
inside the chambers containing the flow tube and PIMS were typically 10–5 and 10–6

torr, respectively.

The system for handling of reactant, precursor, and inert carrier gas was
mainly made of Pyrex-glass. Tubes, connectors (Cajon Ultra-Torr – and
Swagelog tube fittings), metering – and needle valves were made of stainless
steel (grade 316). The concentrations of the reactants were calculated from the
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pressure change in a known volume, the total pressure, the temperature of the
reaction mixture and the total flow rate. The total and partial pressures of gases
were measured using a high precision, capacitance pressure gauge (CCM
Instruments). The pressure within the reactor tube was measured at about 55 cm
upstream from the sampling point. The pressure was then corrected for the
pressure decrease along the flow direction to the sampling hole position.42

The refrigerated bath with the circulator for the external loop (Heto-Holten
CBN 28-90/HMT 4000) was coupled to the reactor cooling mantle to control the
reactor temperature in the range 185 – 363 K. The mantle was made from two
aluminium profiles, which were clamped around the reactor tube. The special
air-vacuum feed-through was designed for heat transfer liquid circulation.
Methanol was employed as the heat transfer fluid below ambient temperature
and distilled water above it.

Modifications in the reactor tube heating system were carried out in order to
perform measurements above 363 K (90ºC). The external circulation loop and
the cooling mantle were replaced with electrically heated resistors attached to
similar aluminium profiles surrounding the reactor tube as above. A temperature
controller was built to maintain the desired reactor temperature. With this
system experiments were performed up to about 500 K.

The temperature inside the reactor surrounded by cooling or heating mantle
was measured using a K-type thermocouple located in the centre of the reactor
and at two centimetres downstream from the sampling point. Axial temperature
profiles in the reaction zone inside the reactors were also measured under the
same conditions (temperatures, pressures and flow rates) as in the kinetic
measurements and were observed to be uniform within ± 2 - 3 K.

The minimum length of the uniformly cooled (heated) zone was 30 - 40 cm,
depending on the flow velocity, gas pressure and temperature. The flow rates
were  typically  about  4  -  5  m s–1 inside the reactor, and hence the gas mixture
passes the uniform temperature zone in about 80 ms.

Reactor tubes with different inner diameters were employed to cover a wider
pressure range, in order to evaluate possible heterogeneous second order wall-
loss processes, and to minimise reactant gas consumption in certain cases. The
largest reactor employed was the 17 mm inner diameter (i.d.) tube with 1.5 mm
wall thickness resulting in 20 mm (o.d.). Special reactor assemblies were
developed to employ smaller tubes in the cooling/heating mantles appropriate
for 20 mm (o.d.) reactors. This was achieved by inserting a small tube having 6
or 8 mm i.d. and 2 mm wall thickness into the longitudinal groove manufactured
in 20 mm o.d. aluminium rod. The sampling hole position of the small reaction
tube was inserted on the circumference of the aluminium rod, i.e. on the same
radial location (measured as the distance from the centre of the bar) as in the 17
mm i.d. (20 mm o.d.) tube. This made it possible to keep the distance from the
sampling  hole  to  the  skimmer  constant  as  reactor  tubes  were  changed.  This
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enabled the rational employment of selected tubes with known sampling hole
sizes for particular pressure ranges.

 All reactors employed were made of seamless stainless steel (grade 316)
tubes and inner surfaces were coated with either halocarbon-wax (HW) or
polydimethylsiloxane (PDMS). Several reactor tubes with different sampling
hole sizes were used to cover the wide buffer gas concentration ranges
employed, which in this work changed almost to a factor of fifty. For example,
the 6 mm i.d. tube with a 0.15 mm i.d. sampling hole was used in measurements
performed at the highest pressures, while the 17 mm i.d. tube with a 0.5 mm i.d.
sampling hole was applied at low pressure measurements. The sample gas flow
through the pinhole from the reactor to the vacuum chambers was measured as a
function of the buffer gas (He or N2) pressure and temperature. Under the
experimental conditions used (1 and 5 torr at 298 K), the sample flow was
observed to be about 3 and 20 % of the total flow for 17 and 6 mm i.d. tubes,
respectively.

Vacuum chambers containing the flow reactor and PIMS were made of
stainless steel. Both high vacuum chambers were pumped by two diffusion
pumps and the total heating power required for the four pumps was over 6 kW
and pumping speed was over 5 m3 s–1 of  He.  For  some  experiments  a  turbo
pump was also used to improve the pumping speed of the chamber containing
the PIMS.

The gas mixture emerging from the sampling hole was formed into a beam by
a conical skimmer before it entered the second vacuum chamber containing the
PIMS. The beam passed the ion source before it entered the quadrupole mass
spectrometer (Extrel, C-50/150-QC/19 mm rods). A portion of the gas was
photoionised by an intense resonance lamp and the ions formed were mass-
selected before they were detected by an off-axis electron multiplier. The
temporal ion signal from the electron multiplier was pre-amplified (EG&G
Ortec VT 120), amplified and discriminated (EG&G Ortec 9302) and recorded
with a multichannel-scaler (EG&G Ortec MCS plus) for different concentrations
of the reactant from about 10 ms before each laser pulse to 20 - 80 ms following
the pulse. Typically, a radical ion signal profile from 3000 to 10000 repetitions
of the experiment was accumulated at about 5 Hz frequency before a non-linear
least squares method was used to fit an exponential function, [R]t = [R]0 × exp(–
k't), to the data. Here [R]t is the signal proportional to the radical concentration
at time t and k' is the first-order reaction rate coefficient.

The LabView 5.1 computer program for instrumentation was employed with
timer-counter PCI-6602 and analogue input-output PCI-6024E data acquisition
cards, all from National Instruments. The time-accurate PCI-6602 card was
utilised to trigger a multichannel-scaler (MCS) and to start exciplex laser action
10 ms later. The recording length, usually about 100 ms, is set from the MCS
program. This cycle was repeated at a frequency of about 5 Hz. Pressures were
measured at several positions in the apparatus for monitoring purposes and were
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obtained from gauge heads by the PCI-6024E card and were displayed on the
computer screen. LabView 5.1 was also employed to construct a computer
program for the non-linear least-squares method fitting of the exponential decay
to the recorded radical ion signal profile and calculation of the corresponding
reactant concentration. The user-interface of the program is shown in figure 4.

Figure 4. The user-interface of the program constructed using LabView 5.1 for the
non-linear fitting of the exponential decay to the recorded radical ion signal and
calculation of the corresponding reactant concentration.

The flow-type resonance radiation lamp assembly was used to provide high
energy radiation for ionisation. The lamps employed were combined with the
appropriate salt windows to transmit the emission light of interest and to cut off
higher energy radiation. Windows were inserted onto a special revolver-like
mounting, which allowed windows to be changed in a few minutes without
interfering with the vacuum in the chamber containing the PIMS. This feature
was especially useful when product formation was investigated, in which case
different lamps were often needed. The lamps were powered by a microwave-
generator (Opthos MPG-4) using Evenson-cavity. The atomic resonance lamps
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used to selectively photoionise the reactants and products for the mass
spectrometer were an argon lamp (11.6 and 11.8 eV) with a LiF-window, a
hydrogen lamp (10.2 eV) with a MgF2-window, and a chlorine lamp (8.9 – 9.1
eV)  with  a  CaF2-window. A neon lamp (16.7 and 16.9 eV) with a collimated-
hole-structure filter was also employed in a few cases. The energy of the
photons for the selected lamp was higher than the ionisation energy of the
radical or closed-shell molecule of interest. However, it was lower than the
energy required to initiate any significant fragmentation process producing
radical ions from the precursor or destroying the radical or closed-shell molecule
measured. Consequently, fragmentation was avoided, especially in comparison
to the conventional electron impact ionisation method, where high energy
electrons (~ 70 eV) are used.

2.2 Comparison with other PIMS used for kinetic studies

The basic design of the apparatus presented is similar to that previously
reported from the laboratory of David Gutman40,43 although several obvious
differences exist. These arise both from the applications of the system
(atmospheric / combustion chemistry) and from the additional options available
on the current system for future studies (LIF-detection, external reactor for the
kinetic measurements of surface reactions, different ionisation methods etc.).
One important difference between Gutman’s and our system is in the attainable
temperature range. While in the Gutman’s apparatus the temperature range is
from 300 K up to about 1100 K, i.e. appropriate for studying combustion
chemistry, we have made an effort to extend the range downwards. In our
system, the obtainable temperature range is at present from about 185 K up to
about 500 K, i.e. extending significantly downwards from room temperature.
Another significant difference between ours and Gutman’s apparatus is the
detection method of ions after mass separation. In Gutman’s system, a Daly-type
detector with a scintillator/photo-multiplier was used to detect ions while in our
system an electron-multiplier is employed for that purpose. We have extensively
applied coated stainless steel reactor tubes while in Gutman’s laboratory coated
or  uncoated  Pyrex  and  quartz  tubes  were  employed.  Important  similarities
between  the  two  systems  exist,  for  example,  the  use  of  diffusion  pumps  and,
more importantly, the “window revolver”. Also Kyle Bayes44 and later Nobuaki
Washida45 have employed similar experimental systems. Interestingly, Washida
and his co-workers45 have used two closed resonance lamps on opposite sides of
the ionisation lenses instead of the “window revolver” in their apparatus.
Washida has also employed the Daly-type detector and Pyrex tubes. Authors
discussed above have also used quadrupole mass spectrometers.
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2.3 The production and relaxation of radicals

As discussed previously, radicals were generated by pulsed ArF (193-nm) or
KrF (248-nm) excimer laser photolysis of the appropriate precursor molecules
along the tubular flow reactor to produce radicals homogeneously in the reaction
mixture. Radicals formed in the photodissociation process retain significant
amounts of internal excitation energy prior to their collisions with the bath gas.
For example, in the photodissociation of acetone at 193 nm, the maximum
theoretically possible internal energy of methyl radicals is 220.4 kJ/mol, i.e.
about 110 kJ/mol for each CH3. However, production of (halogenated) methyl
radicals from the corresponding halogenated methanes at 193 nm introduces
even higher internal energy to the radicals. For example, the maximum
theoretically possible internal energy of CH2Cl, CH2Br, CH2I, and CHCl2
radicals generated from CH2Cl2, CH2Br2, CH2ICl, and CHCl3 precursors at 193
nm are about 281.8 kJ/mol, 291.6 kJ/mol, 343.7 kJ/mol, and 299.3 kJ/mol,
respectively.36,46 Employing 248 nm photolysis the corresponding values for
CH2I from CH2I2, CH2Br from CH2Br2 and CH2BrI, and CCl3 from CCl3Br are
265.5 kJ/mol, 206.3 kJ/mol, 263.2 kJ/mol, and 250.5 kJ/mol, respectively.36,46

Thus, irrespective of the photolysis the wavelengths, radicals formed in the
photolyses are highly vibrationally excited and these excitation energies
correspond to (halogen-carbon) bond energies in these precursor molecules. Of
course, we are essentially interested in the kinetics of the thermalized radicals
and hence the vibrational relaxations of the radicals by buffer gas must be
considered.

Radicals produced by laser photolysis at either 193 nm or 248 nm are
completely vibrationally relaxed during the time between the photolytic
decomposition of the precursor and the beginning of the kinetic analysis, which
is typically commenced at about 2 ms after the laser pulse. In the following, this
conclusion is explained. During the 2 ms time interval after the laser pulse (laser
pulse duration is less than about 50 ns) radicals experience typically 3 × 104 – 3
× 105 collisions  with  He  or  N2 buffer gas. The vibrational deactivation of
bending modes of methane (ca. 1306 cm–1) is the slowest relaxation process
experimentally observed for multiatomic molecules.47-49 In He the
experimentally obtained probability per collision for the deactivation of
methane, P(CH4 – He), is 3.9 × 10–5, which translates to 2.57 × 104 collisions for
deactivation.47 The rotational relaxation of vibronically excited methane is much
faster than vibrational deactivation, which ensures rapid rotational
equilibration.49 Thus, the experimental procedure employed in this work is
capable of thermalizin even excited CH4 before data accumulation.

Importantly, any halogenated methane or larger (halogenated) hydrocarbon,
or hydrocarbon radicals have a higher probability per collision for deactivation
than that of methane.50,51,52 For example, the probabilities per collision for
deactivation of CH3Cl, CH3Br, CF2HCl, CF2Cl2,  and  CF3I molecules are 9.2 ×
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10–5, 2.3 × 10–4, 1.4 × 10–3,  1.7  ×  10–3, and 4.6 × 10–3,  when  studied  with
excitation corresponding to energies imparted to radicals formed in the
photolysis.53 In general, for low levels of excitation of a polyatomic molecule,
the probability for energy transfer increases as the lowest vibrational frequency
decreases, as the excitation energy increases, and as the mass of the collider
decreases.50,52,53 Particularly important is the lowest vibrational frequency of the
molecule in question, because it acts as a doorway for the energy transfer out of
the molecule, as is shown in the Lambert–Salter correlation50. This is also seen
in the case of halogenated methanes as discussed above. In the case of larger
hydrocarbons, the probabilities per collision for deactivation increases in
comparison to methane. For example, P(CH3CH2F – He) = 1.1 × 10–2 and
P(CH2CH2 – He) = 2.5 × 10–2, which translates to about 90 and 40 collisions for
deactivation.

The available experimental data for the deactivation of highly excited
polyatomic radicals are scarcer than that for closed shell molecules. Callear et
al.54 have studied the relaxation of excited methyl radicals produced in the flash
photolysis of dimethyl mercury by following the UV-absorption of the
vibrational ground state of CH3. They obtained P(CH3 – He) = 2.0 × 10–3, which
translates to 500 collisions for deactivation, and suggests that the rate is
controlled by the out-of-plane vibration (ca. 606 cm–1). Later Donaldson et al.55

examined the deactivation of excited methyl radicals produced in the 193 nm
laser photolysis of acetone by following the antisymmetric stretch excitation (ca.
3150 cm–1)  of  CH3. Interestingly, they obtained P(CH3( 3)  – He) = 5.8 × 10–4,
i.e. about 1724 collisions are needed for deactivation. More recently, de Avillez
Pereira et al.56 have observed, by following the UV-absorption of the vibrational
ground state of CH3 under the conditions of 8 Torr He and 473 K, that relaxation
of excited methyl radicals produced in the 193 nm laser photolysis of acetone
are deactivated in about 20 s, i.e. about 1784 collisions are needed for
deactivation (P(CH3 – He) = 5.6 × 10–4). For the weak collision deactivation of
highly excited s–butyl radical, Kohlmaier and Rabinovitch57 have obtained E

 6.3 kJ/mol as the mean energy transferred on collision. Recalling that upper
values of E  300  kJ/mol  were  calculated  for  the  excitation  energies  of  the
radicals produced in the photodissociation process of the precursor molecules,
the probability per collision for deactivation by He can be obtained from P =

E /E = 6.3 / 300 = 0.021, i.e. about 48 collisions are needed for relaxation.
 Finally,  the  kinetics  of  the  CH3 + HBr reaction have been measured in the

buffer gas concentration range 6 × 1016 – 2 × 1021 (0.0025 – 101 bar) without
any change in the measured reaction rate.58,59 The above arguments rule out the
possibility of the interference of the excited radicals on kinetics measured with
our laser photolysis – photoionisation mass spectrometer. This also replies to the
criticism of Benson and Dobis60–61 against the measurement technique employed
in this work.
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The free radical ionisation energies, lamps, precursors, and excitation energies
together with the experimental conditions are listed in table 1.

Table 1. Radicals, Precursors, Energies, and Conditions employed in the current
Experiments.

R IP of R
/ [eV]

Lamp Precursor of R
/ [nm]

kwall

/ [s–1]
CH3 9.8 H CH3(CO)CH3 193 2 – 22b,c

CD3 9.8 H CD3(CO)CD3 193 1 – 31b,c

CH2Cl 8.8 Cl / H CH2Cl2 193 13 – 18a,b

Cl CH2ClBr 193 5 – 16b,d

CD2Cl 8.8 Cl CD2Cl2 193 10b

CH2Br 8.6 Cl / H CH2Br2 193 / 248 2 – 32a,b,d

Cl CH2BrI 248 5b

CH2I 8.4 Cl CH2ICl 193 8 – 93b,c,d

Cl CH2I2 248 4 – 6b

CHCl2 8.4 Cl / H CHCl3 193 12 – 21a

Cl CHCl2Br 248 2 – 8b,d

CHClBr Cl CHClBr2 248 4 – 11b,d

CHBr2 8.3 Cl CHBr3 248 8 – 57b,c

CCl3 8.1 Cl CCl3Br 248 0 – 4b,d

C2H3 8.3 H CH3(CO)C2H3 193 25 – 88a,d

H C2H3Br 193 25 – 129a,d

C2H5 8.1 Cl C2H5NO2 193 8 – 16d

Cl C2H5Br 193 6 – 11d

CHBrCH3 Cl CHBr2CH3 248 33 – 74b,c

C3H3 8.7 Cl C3H3Cl 193 7 – 19a,d

C3H3Cl2 Cl C3H3Cl 193 7 – 8d

n-C3H7 8.1 Cl n-C3H7NO2 193 6 – 18d

Cl n-C3H7Br 193 5 – 8d

n-C4H9 8.0 Cl n-C4H9Br 193 7 – 26d

aA 6 mm i.d. reactor tube coated with halocarbon wax.
bA 8 mm i.d. reactor tube coated with halocarbon wax.
cA 8 mm i.d. reactor tube coated with polydimethylsiloxane.
dA 17 mm i.d. reactor tube coated with halocarbon wax.
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2.4 Reactions in the gas-phase and on the wall

Experiments were conducted under conditions where only two significant
reactions consumed the radical R:

R + Reactant  Products (7)
R  Heterogeneous loss on the wall (8)

In the current work, Reactant = NO2, O2, Cl2, HCl or DCl. Under pseudo-first-
order conditions (i.e. when [reactant] >> [R]) and with several open product
channels (Pi), this system can be expressed as35

R wk

R '1k P1 (9)
R '2k  P2

     .
     .

R 'nk  Pn

Here kw is the first order decay rate coefficient for reaction (8) consisting of
all first order processes occurring in the reaction mixture and on the reactor wall
without the added molecular reactant and 'nk  is the first order rate coefficient
for product nP  formation. For these n parallel reactions, the time-dependence of
the radical R concentration is

tke '
0RR          (10)

where n
i iw kkk 1 '' and t is time. The rate equation for the production of a

given product Pn is

R'Pn
nk

dt
d          (11)

Combining equation (10) with equation (11) followed by integration gives

tkn e
k
k '

0

n 1
'
'

R
P          (12)

From  equations  (10)  and  (12)  it  can  be  seen  that  the  formation  rate  of  the
product(s) always equals the decay rate of the radical R (k') under pseudo-first-
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order conditions. In addition, in the case of a multichannel reaction, it can be
seen from equation (12) that under conditions when the formation rate of a
specific product Pn is significantly less than the overall reaction rate (i.e. kn' « k'),
the ratio [Pn]/[R]0 «  1.  This  shows  that  often  only  the  major  products  can  be
experimentally observed.

Under experimental conditions, where the initial radical concentrations were
kept below about 2 × 1011 cm–3, interference from radical-radical or radical-atom
reactions in minimal. A system containing only reactions (7) and (8) gives [R]t =
[R]0 × exp(–k't), where k' = k × [Reactant] + kw and k is a bimolecular reaction
rate coefficient. Under these conditions, direct measurements were performed in
a time-resolved manner employing a photoionisation mass spectrometer to
obtain the first order decay rate coefficient, k'. The bimolecular reaction rate
coefficient k could then be obtained from the slope of the line fitted through a
plot of the decay rate coefficient k' vs. [Reactant].

Although the dependence of the first order decay rate coefficient k' on the
reactant concentration was linear at each temperature and pressure over wide
ranges of reactant concentration (when only one tube size was used), further
experiments were performed to check for the possible presence of a second
order R heterogeneous wall-loss process.

R + [Reactant]surface   heterogeneous loss on the wall          (13)

This was especially important in the current experiments for several reasons.
The concentration of the reactant adsorbed on the reactor surface depends on the
gas-phase concentration and on the adsorption isotherm of the reactant under
experimental conditions. Thus, there could exist a concentration range where
[Reactant]surface is linearly proportional to the [Reactant] and the corresponding
decay rate coefficient k' would then include contributions from both surface and
gas-phase reactions. Employing the expression k'  = k × [Reactant] + kw would
then lead to erroneous kinetics (i.e. too fast reaction rate coefficients could be
obtained). The employed temperature ranges in the current experiments were
also extended significantly below room temperature (down to -85ºC), i.e. to
conditions where adsorption of the reactant might cause problems. In addition,
some of the reactants used (e.g. NO2) are susceptible to adsorption.

The rate expression for the system consisting of reactions (7), (8), and (13)
can now be obtained

 –d[R]/dt = [R](k × [Reactant] + kw + kw, surface × [Reactant]surface)        (14a)

      = [R](k' + kw, surface × [Reactant]surface)        (14b)

      = [R](k' + 0.5 ×  ×  × r–1 × [Reactant]surface)        (14c)
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where kw, surface is the second order heterogeneous wall reaction rate coefficient,
the fraction of collisions of R with the surface leading to reaction,  the mean
velocity of R, and r is the radius of the reactor tube.42 It is difficult to integrate
expression (14c) without prior knowledge of the [Reactant]surface, because even
though [Reactant] » [R]0, the relation [Reactant]surface »  [R]0 might not be true.
However, more importantly, it can be seen from the right hand side of the
expression (14c) that the term kw, surface × [Reactant]surface is proportional to r–1 (or
to the surface / volume ratio of the reactor tube). Thus, if reaction (13) occurred
to any significant extent, one would expect a higher bimolecular reaction rate
coefficient for the smaller i.d. tube than for the larger i.d. tube. In the current
work, bimolecular reaction rate coefficients were measured employing 6 or 8
and 17 mm i.d. tubes, i.e. varying surface / volume ratio significantly (almost by
a factor of three). However, no differences in bimolecular reaction rate
coefficients exceeding statistical uncertainty were observed with any of the
reactants. Therefore, it can be concluded that second order heterogeneous wall
reactions were unimportant under conditions employed.



26

3. Results

3.1 Rate coefficients for some R + Cl2 and R + NO2 reactions

The rate coefficients for the reactions were obtained from the slopes of plots
of exponential ion signal decay rates versus the measured concentrations of
reactants. Representative ion signal decay profiles in the absence and presence
of  the  reactant  are  shown  in  figure  5  for  the  C2H5 +  Cl2 reaction.  Plots  of  the
decay rate coefficient k’ versus [Cl2] at three temperatures (data obtained from
table 2) are also shown. It can be seen from figure 5 that the reaction rates
increase as temperature decreases, i.e. this reaction possesses a negative
temperature dependency. Some unpublished results of R + Cl2 and  R  +  NO2
reactions are shown in table 2.
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Figure 5. Plots of first order C2H5 decay rate coefficient k' versus [Cl2] at T = 203 K,
298 K and 358 K at about 1 torr pressure employing the 17 mm i.d. reactor tube (see
table 2). Insets show actual ion signal profiles for the C2H5 decays in the absence of
the Cl2-reactant (left) and in the presence of the [Cl2] = 1.75 × 1013 cm–3 (right).
Corresponding decay rates are kwall = 7 ± 0.5 s–1 and k' = 188 ± 5 s–1 and are shown
as solid squares in the plot. Uncertainties are one-standard deviation (1 ).
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Table 2. Results and Conditions for the Experimentsa Used To Measure the
Bimolecular Rate Coefficients of R1 + Cl2  Products (R1 = C2H5 and n-C4H9) and R2

+ NO2  Products (R2 = CHBr2 and CHBrCH3) Reactions.

T /
[K]

Pb /
[Torr]

10–12 [Reactant] /
[cm–3]

kc
 wall /

[s–1]
10–12 kd /
[cm3 s–1]

C2H5 + Cl2
190  1.1e 1.5 –  4.7 10 33.3 ± 1.1
203  1.2f 1.4 –  7.2 14 28.6 ± 0.9
223  1.2f 2.2 –  8.3 16 23.8 ± 1.3
244   1.1e,f 3.0 – 13.5 12 18.5 ± 1.3
267 1.2 2.7 – 12.1 12 18.1 ± 1.0
298 1.1 1.7 – 23.0 8 14.9 ± 0.8

 336g 1.0 3.9 – 20.0 11 12.5 ± 0.3
 359g 1.0 2.4 – 25.2 6 10.3 ± 0.3

n-C4H9 + Cl2
202 1.0 1.4 –  4.1 26 52.8 ± 2.1
221 1.0 1.5 –  3.9 17 50.1 ± 2.9
244 1.0 1.7 –  4.9 17 35.4 ± 1.1
267 1.0 1.4 –  6.4 9 29.5 ± 1.0
299   1.2e,f 2.0 –  6.9 7 22.7 ± 1.0
324 1.1 3.0 – 12.1 17 16.9 ± 0.4
359 1.0f 2.4 – 11.4 12 15.0 ± 0.4

CHBr2 + NO2

288 2.4 2.0 – 19.6 12 10.4 ± 0.8
288 4.8 1.9 – 18.4 19 10.9 ± 0.7
288 5.9 2.0 – 14.6 19 10.1 ± 0.1
298 5.0 4.9 – 18.5 19 10.5 ± 0.3
338 5.6 2.2 – 22.1 8 8.8  ± 0.6
363 5.9 4.2 – 26.5 10 5.9  ± 0.5
383 6.3 6.4 – 32.0 52 6.3  ± 0.4
433 7.2 6.9 – 33.6 57 6.0  ± 0.4
483 7.3 5.8 – 38.5 57 4.4  ± 0.3

CHBrCH3 + NO2

250 4.8 2.8 –  8.5 58 26.6 ± 2.9
267 4.8 2.2 –  5.1 74 29.4 ± 1.5
298 5.2 4.6 – 11.8 50 22.3 ± 2.0
298 6.0 2.8 –  8.5 46 21.6 ± 0.9
298 5.0 2.0 – 13.5 60 21.7 ± 2.2
298 2.4 1.8 –  8.7 33 24.5 ± 3.3
336 5.5 2.5 –  9.8 47 19.3 ± 1.2
393 5.9 2.0 –  8.4 70 17.4 ± 1.1

    433 6.2 2.0 – 10.2 72 14.6 ± 0.4
483 6.8 2.3 – 13.3 63 11.5 ± 1.7
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aC2H5NO2 and n-C4H9Br used as precursors for C2H5 and n-C4H9 radicals employing
193 nm radiation unless otherwise stated. CHBr3 and CHBr2CH3 used as precursors
for CHBr2 and CHBrCH3 radicals using 248 nm radiation. bHelium used as a buffer
gas. c Reactor tubes coated with halocarbon wax below 370 K and with PDMS
above. dStatistical uncertainties shown are 1 ; estimated overall uncertainty is ± 25
%. e A few decay rates measured at three times higher buffer gas pressure (3 P);
however, no dependence on pressure was observed. f A few decay rates measured
at 0.5 P; however, no dependence on pressure was observed. gC2H5Br (193 nm)
used as a precursor.

3.2 The temperature dependencies of the reactions

Reactions  in  this  work  were  studied  as  a  function  of  temperature  and  the
measured bimolecular rate coefficients were fitted to both the Arrhenius
equation (k = A × exp[–Ea/(RT)]) and the k = Ã × (T/300 K)n expression using
the linear least-squares method. Here, A and Ea are the pre-exponential factor
and activation energy, respectively, while Ã and n are empirical parameters. The
parameters obtained for the bimolecular R + NO2, Cl2,  and  O2 reactions are
shown in table 3 with their 1 -uncertainties. Note that all these reactions show
negative temperature dependences.

Table 3. Summary of the rate equation parameters for the k = A × exp[–Ea/(RT)] and
k = Ã × (T/300 K)n expressions obtained in this study from the measurements of the
R + NO2, Cl2,  and  O2 reactions. Statistical uncertainties shown are one-standard
deviations (1 ).

Reaction T / [K] 10–12A /
[cm3 s–1]

–Ea / [kJ
mol–1]

10–12Ã /
[cm3 s–1]

–n

C2H3 + NO2 220 – 336 24.7 ± 1.7 1.31 ± 0.16 41.9 ± 0.5 0.60 ± 0.07
C3H3 + NO2 220 – 336 9.81 ± 0.98 2.38 ± 0.22 25.5 ± 0.5 1.06 ± 0.10
CHBrCH3 + NO2 250 – 483 5.20 ± 0.72 3.63 ± 0.37 22.7 ± 0.7 1.28 ± 0.11
CH2I + NO2 220 – 363 5.55 ± 1.14 3.38 ± 0.49 21.8 ± 0.7 1.45 ± 0.22
CH2Cl + NO2 220 – 363 7.67 ± 1.89 2.57 ± 0.56 21.6 ± 0.8 1.12 ± 0.24
CH2Br + NO2 220 – 363 7.88 ± 0.68 1.99 ± 0.20 17.6 ± 0.3 0.86 ± 0.09
CHBr2 + NO2 288 – 483 1.36 ± 0.25 4.93 ± 0.51 9.80 ± 0.39 1.65 ± 0.18
CHCl2 + NO2 220 – 363 2.25 ± 0.30 3.41 ± 0.31 8.90 ± 0.16 1.48 ± 0.13
CHClBr + NO2 220 – 363 1.74 ± 0.62 4.03 ± 0.88 8.81 ± 0.28 1.55 ± 0.34
CCl3 + NO2 298 – 363 0.30 ± 0.12 6.0  ± 1.0 3.35 ± 0.10 2.2   ± 0.4

C2H3 + Cl2 202 – 363 4.64 ± 0.59 3.12 ± 0.27 16.7 ± 0.4 1.41 ± 0.09
C2H5 + Cl2 190 – 359 3.21 ± 0.29 3.70 ± 0.19 14.5 ± 0.4 1.73 ± 0.09
n-C4H9 + Cl2 202 – 359 2.65 ± 0.47 5.23 ± 0.38 22.1 ± 0.7 2.38 ± 0.14

C2H3 + O2 200 – 362 4.62 ± 0.40 1.41 ± 0.18 8.23 ± 0.08 0.64 ± 0.04
CH2I + O2 220 – 450 0.27 ± 0.04 4.02 ± 0.39 1.39 ± 0.01 1.55 ± 0.06
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Both equations shown above to express the dependence of the bimolecular rate
coefficient on the temperature have been used widely.63 The advantage of using
the k = Ã × (T/300 K)n expression are that it is numerically more and results in
smaller statistical uncertainties of the parameters, ease of obtaining a room-
temperature rate coefficient (and a temperature dependence), as well as
similarity with the results obtained from the Troe analysis2 of the association
reactions (see equation 4).
Double-logarithmic  plots  of  the  bimolecular  rate  coefficients  of  the  R  +  NO2
reactions versus the temperature studied in this work are shown in figure 6.
Fittings in this figure are based on the k = Ã ×  (T/300 K)n expression and
corresponding parameters are shown in table 3.
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2. Parameters of the fitting expression (k = Ã × (T/300 K)n) are shown in table 3.
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Figure 7 shows the double-logarithmic plots of the bimolecular rate coefficients
obtained  in  this  work  of  the  R  +  Cl2 reactions versus the temperature. Again
fittings shown are based on the k = Ã × (T/300 K)n expression and corresponding
parameters are shown above in table 3. Figure 7 also shows previous imported
data for these reactions. Note that the bimolecular rate coefficient measured by
Dobis and Benson64 at 298 K for the C2H5 + Cl2 reaction employing VLPR (see
Section 1.1) is about 15 times smaller than the one obtained by others (i.e. in this
work, by Timonen et al.40, and by Kaiser et al.65).
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4. Discussion

All the R + NO2, R + O2, and R + Cl2 reactions studied in this work possess
negative temperature dependences (see table 3), i.e. their reaction rates increase
as the temperature decreases.  Only  in  the  case  of  the  CH3/CD3 + HCl/DCl
reactions are the activation energies positive. Thus, it is necessary to explore
theories that consider this behaviour.

In general, negative temperature dependences in bimolecular gas-phase
reactions is a well-established phenomenon.25,26,31,36,40,58,63 Typically, a negative
temperature dependence is observed for a reaction that proceeds via the
formation of a bound, long-lived statistical (activated) complex, which is
separated from the reactants and the products by a transition state. An
explanation of this phenomenon is given on the basis of the RRKM theory
applied to the unimolecular dissociation of the statistical complex.67 One
assumption of the RRKM theory is that even if the initial formation of the
complex did not populate all possible states of the statistical complex,
subsequent rapid intramolecular energy redistribution insures a thorough mixing
before any unimolecular reaction.68 A typical example of this class of system is
the  C2H5 +  O2 reaction62 where  the  C2H5OO complex is more stable than the
reactants about 145 kJ/mol25, which was discussed in the introduction (Section
1.2).  The  major  features  of  the  ethyl  +  O2 and similar reactions are well
understood in terms of a multi-step mechanism.67

Since the late 1980`s negative apparent activation energies have been reported
for several bimolecular R + HBr58,69,70,  R + HI34,  R + Cl240,  and R + Br2

71 gas-
phase reactions that had been assumed to be “simple metathesis reactions” (i.e.
reactions which can have only a single transition state)62. In previous72 as well as
in later60,61 experimental  studies  of  these  and  similar  reactions  employing  the
VLPR (Very Low Pressure Reactor) method, negative temperature dependence
(negative apparent activation energies) had not been observed. This has caused
some debate on the appropriate method to measure the kinetics of these
reactions.62,73 A simple reaction exhibiting a negative activation energy is CH3 +
HBr. This reaction has been investigated in a number of studies and has become
a prototype reaction for the systems possessing negative temperature
dependencies.59,69,74-78 For example, Krasnoperov et al.59 have measured the
kinetics of this reaction up to 100 bar of He at room temperature without
observing any difference in reaction rate coefficients (within experimental
uncertainty) in comparison to low-pressure measurements58,69,70.

In addition to experimental  work,  the CH3 + HBr reaction has also attracted
computational and theoretical interest. Since the first computational attempts to
study  the  CH3 + HBr reaction,74,75 more recent high-level studies of Espinosa-
García76 and Sheng et al.77 have produced entirely different results with respect
to the negative temperature dependence. Both authors employed an improved
canonical variational transition state theory (ICVT), which can be used in the
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case of a “negative reaction barrier”, i.e. when the ground state energy of the
transition state (TS, i.e. the bottleneck position along the reaction coordinate)
lies below the ground state energy of the reactants. While Espinosa-García76

concluded that the complex was an artefact of the basis set super position error
and that the true reaction barrier is positive, Sheng et al.77 were able to observe a
hydrogen bonded complex (CH3-H-Br) and a TS below the ground state energy
of the reactants, resulting in the “negative reaction barrier” and negative
temperature dependence.

Recently Krasnoperov et al.78 have employed highly sophisticated ab initio
calculations  to  study  the  CH3 +  HBr/DBr  system.  They  also  observed  that  the
CH3-H-Br complex is bound by about 4 kJ/mol at 0 K after including zero-point
vibrational energies. Comparison of this value with the binding energy of 145
kJ/mol for the C2H5OO complex indicates that the shallow CH3-H-Br complex is
weakly bound. They also observed that the TS of the CH3 + HBr/DBr system
lies below the ground state energy of the reactants.

In  addition  to ab initio calculations, Krasnoperov et al.78 have  been  able  to
extend the traditional transition state theory (TST) (which can handle only
positive barriers) to account for “negative barriers” in reactions, in which the TS
lies below the ground state energy of the reactants. This modified transition state
theory (MTST) is a modification to the classical TST. The main point of MTST
is that while all energy states of the TS are available for the reactants in the case
of a positive reaction barrier, only those energy states of the TS which are at or
above the energy level of the reactants are accessible when the ground state of
the TS lies below the ground state of the reactants (i.e. in  the  case  of  the
“negative reaction barrier”). Because MTST is based on traditional transition
state theory,  the requirement of  a statistical complex is not needed (which was
the case in the first computational study of the CH3 + HBr reaction74,75

employing RRKM-theory).
An interesting question is whether theoretical methods used in calculate

kinetics basing on the formation and decomposition of the statistical, activated
complex are applicable to a reaction like the CH3 + HBr system in which case
the complex is weakly bound.79-80 However, it appears likely that they are useful
for R + NO2 reactions.

Although CH3-H-Br is a weakly bound complex, its presence has an
important effect on the kinetics of the reaction. Calculations of Sheng et al.77 and
Krasnoperov et al.78 (who observed the CH3-H-Br complex and a “negative
reaction barrier”) are able to quantitatively reproduce the experimental results
for the rate coefficients, which possess a negative temperature dependence. On
the other hand, calculations of Espinosa-García76 (who did not observe the CH3-
H-Br complex and proposed a positive reaction barrier) produce bimolecular
reactions rate coefficients, which are systematically smaller than the
experimental results (at room temperature by a factor of 6.7).
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4.1 Types of R + Cl2, R + O2, R + NO2, and R + HCl reactions

4.1.1 R + Cl2 reactions

It  is  likely  that  the  presence  of  a  weakly  bound  complex  in  the  entrance
channel also plays an important role in the R + Cl2 reactions, as for the CH3 +
HBr reaction. The energetic in these systems is probably best described by
surface (IV) in figure 1. The height of the barrier (characterised by TS#2)
following complex formation has a strong influence both on the reaction rates
and on their temperature dependence. The increasingly negative temperature
dependence in going from vinyl to ethyl to n-butyl (see table 3 and figures 7 and
10) suggests that in these reactions the top of the barrier is below the energy of
the reactants. Timonen et al.40 have also observed similar behaviour in going
from ethyl to i-propyl  for  R  +  Cl2 reactions. However, their measurements for
the t-butyl  +  Cl2 reaction indicate that Ea = 0 within experimental uncertainty.
This result deviates from the trend of increasingly negative temperature
dependence with increasing complexity of the reactants, which has been
observed for several R + HBr69,70,81 and R + HI82 reactions with R = CH3, C2H5,
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i-C3H7, and t-C4H9.  This  is  also  predicted  by  MTST78 described above for
reactions with similar negative barriers and has also been observed for the SiH3
+ HBr83 and  Si(CH3) + HBr84 reactions. The deviation from increasingly
negative temperature dependence as the complexity of the radical increases with
the exception of the t-butyl radical has also been observed for the R + Br2
reactions71 with  R  =  CH3,  C2H5, i-C3H7, and t-  C4H9 where the t-butyl  +  Br2
reaction again deviates from the trend. The reaction of the methyl radical with
Cl2 possesses a positive activation energy40 as well as the reactions of
halogenated methyl radicals with Cl2

36,85, see figure 8. Increasing chlorine or
bromine substitution in the methyl radical increases the activation energy and, as
a result, the reaction rates at room temperature decrease dramatically. The R +
Br2 reactions seem to retain their negative temperature dependence up to the
CHCl2 + Br2 reaction, see figure 8.

4.1.2 R + O2 reactions

In general, R + O2 reactions differ in many ways from the R + Cl2, R + Br2, R
+ HBr, and R + HI systems. Most importantly, the kinetics and mechanism of R
+ O2 reactions vary significantly as the temperature is changed. This has been
shown in extensive experimental studies performed in the laboratory of David
Gutman.43,88,89 Typically, at low temperatures (~ 300 K) peroxy-adducts are
formed. At higher temperatures (~ 400 – 700 K) the peroxy-radicals either
decompose back to the reactants or rearrange to give bimolecular products.88,89

At high temperatures, the bimolecular product channels dominate.88 As
discussed  previously,  R  +  O2 reactions proceed through an almost barrierless
addition into a deep potential well and RRKM-theory can be employed to treat
back-dissociation, collision deactivation, and further reactions of the excited
peroxy-adduct.25,26,90

In this work one pressure-dependent reaction, CH2Br  +  O2 +  HeV has been
investigated at three temperatures. Under the experimental conditions employed
this reaction is best described by surface (I) in figure 1. The highest temperature
employed (363 K) is sufficiently low that neither unimolecular dissociation back
to the reactants nor bimolecular reaction channels are observable. Consequently,
a non-linear least squares fitting of the Troe expression2 (given by equations (4)
and (5)) to the complete data set (i.e. including all rate coefficients at each
density and temperature) was performed simultaneously for the CH2Br +  O2 +
He reaction. The bimolecular rate coefficients and obtained fits for this reaction
are shown in figure 9 and are compared to the CH2Cl + O2 + He and CCl3 + O2
+ He reactions. Statistically indistinguishable bimolecular rate coefficients
between CH2Br + O2 + He and CH2Cl  +  O2 + He reactions can be easily seen
and  the  behaviour  of  the  CCl3 +  O2 + He reaction is also similar. However, a
striking difference between the reactivity of the CH2Br  and  CH2I radicals in
their reaction with molecular oxygen under the experimental conditions
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employed can be observed.V While the CH2Cl, CH2Br, and CCl3 + O2 reactions
show a pronounced bath gas concentration dependence, characteristic of peroxy
radical formation, no such dependence can be observed for the CH2I  +  O2
reaction within the estimated overall uncertainty of ± 25 %. In addition,
observations on the formation rates of the I-atom and IO radical (see article V),
which match with the decay rate of the CH2I radical within 1 -experimental
uncertainty, strongly suggest that the iodine atom and the iodine mono-oxide
radical  are  the  primary  products  of  the  CH2I  +  O2 reaction. Consequently, this
bimolecular reaction has at least two product channels open under experimental
conditions  employed  because  I  and  IO  cannot  be  products  of  the  same
bimolecular reaction channel.
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Figure 9. Double-logarithmic plots of the measured bimolecular reaction rate
coefficients for the CH2I + O2 and CH2Br + O2 reactions as a function of helium buffer
gas concentration at 298 K. Also shown are previous measurements of the CH2I + O2
reaction performed by Masaki et al.91 using nitrogen as a buffer gas. Dash and dash
dot lines show Troe expression2 fittings of  the CH2Cl + O2 + He92 and CCl3 + O2 +
He93 reactions using a relative third-body efficiency of (He/N2) = 0.5694 for
comparison.

Probably the most interesting question considering the CH2Cl + O2, CH2Br +
O2,  and  CH2I  +  O2 reactions is the reason for the complete difference in
mechanism in going from the CH2Br  to  the  CH2I radical. It might be that the
interaction between the iodine atom of the CH2I radical and the oxygen atom of
the O2 is responsible for this behaviour. Thus, while CH2Cl + O2 and CH2Br +
O2 reactions are best described by potential energy surface (I) in figure 1, the
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experimental results obtained for the reaction CH2I  + O2 support the view that
PES (II) or (III) provides the best description of the CH2I + O2 reaction. Due to
the low bath gas concentrations employed in this work, it is difficult to estimate
the  extent  of  CH2IOO-complex stabilisation due to the pressure increase.
However,  in  the  photolysis  (320  nm  <   <  480)  of  a  CH2I2-O3-syntentic air
mixture at 760 Torr and 298 K, Barnes et al.95 observed that for every
photolysed molecule of CH2I2 two molecules of O3 were consumed (any I-atoms
produced were consumed in the I + O3  IO  +  O2 reaction). Thus, it can be
concluded that the I-atom is potentially one of the main products of the CH2I +
O2 reaction at atmospheric pressure. This supports the conclusion that collision-
stabilisation of the CH2IOO-complex at atmospheric pressure probably does not
compete with dissociation to form bimolecular products. These results indicate
that PES (III) in figure 1 best describes the CH2I + O2 reaction. This surface has
a  small  exit  barrier  for  the  rearrangement  of  the  CH2IOO-complex to
bimolecular products and the energy of the complex is well below the energy of
the reactants.
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shown in table 3 for the current reactions. Filled symbols refer to the reactions of the
C3H3 radical.
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In this work, the kinetics of the reactions C2H3 + O2 and C2H3 + Cl2 were also
studied.I (The reaction of vinyl radical with Cl2 has already been discussed in the
context of R + Cl2 reactions.) The bimolecular reaction rate coefficients obtained
at different temperatures are shown in figure 10 together with the data for other
reactions of C2H3 radical and for reactions of the C3H3 radical, both measured by
Timonen et al.96,97. Mebel et al.98 have calculated an ab initio potential energy
surface for the C2H3 +  O2 reaction, which has all the characteristics of alkyl
radical + O2 reactions  (alkyl  =  C2H5, n-C3H7, i-C3H7, etc.). The barrierless
addition of the reactants proceed by a deep minimum (~ 190 kJ/mol) below the
energy of the reactants and the excited complex formed can then dissociate back
to the reactants, become deactivated by collisions with bath gas, or the excited
peroxy-adduct may react further. Since the highest energy transition state of the
channel to form the bimolecular products HCO + H2CO is well below the
energy of the reactants (~ 60 kJ/mol), PES (III) in figure 1 probably best
describes this reaction path. However, with respect to the CH2I + O2 reaction, it
is  interesting  that  according  to  the  RRKM  calculations  of  Mebel  et  al.98,
collisional stabilisation of the excited C2H3OO adduct is the most important
reaction channel at room temperature and atmospheric pressure for this highly
exothermic reaction.

4.1.3 R + NO2 reactions

In this work, a new contribution to the kinetics of carbon-centred free radical
(R) reactions with nitrogen dioxide has been made. Only a few R + NO2
reactions have been studied directly before the current experimentsII-IV,9,  and to
my best knowledge, only two of these reactions have been measured over a
reasonable temperature range.99 101 Since several R + NO2 reactions and their
temperature dependencies have been measured in this work, special care has
been taken to avoid potential problems in experiments arising from the use of
nitrogen dioxide as a reactant. The surface-to-volume ratio was varied in order
to minimize possible bimolecular surface reactions (see 2.4 in Experimental).
Low NO2 concentrations in the reaction mixtures were employed to avoid
dimerisation, and laser intensities were varied to check for potential problems
due to the photolysis of nitrogen dioxide.IV

All the bimolecular rate coefficients of the R + NO2 reactions determined in
this  work  are  shown in  figure  6  as  a  function  of  temperature.  Interestingly,  all
the measured rate coefficients possess negative temperature dependences,
indicating the absence of a potential energy barrier in the combination process of
these two radicals. In addition, there is a modest trend in the negative
temperature behaviour which becomes more pronounced (with a few
exceptions) as the reactivity of the radical with NO2 decreases (also note n and
Ea values in table 3). This behaviour is in a clear contrast to the R + Cl2, R + Br2,
R  +  HBr,  and  R  +  HI  reactions,  for  which  the  opposite  behaviour  has  been
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observed. However, similar behaviour seems to exist for the high pressure rate
coefficients of the R + O2 reactions, though the data are scarce and contain large
uncertainties. Temperature dependencies of the high pressure rate coefficients
for the R + O2 reactions (R = CH3, CH2Cl, CHCl2,  and CCl3), employing Troe
expression (see Section 1.2) with k (T)  = k (300 K) × (T/300 K)–m, give the
exponent m values of (1.2 ± 0.4), (–1.2 ± 0.6), (–1.4 ± 0.6), and (–2.1 ± 0.6),
respectively.92 94 The corresponding high pressure rate coefficients at 300 K are
(1.2 ± 0.2), (2.9 ± 0.2), (2.8 ± 0.2), (2.6 ± 0.3) × 10–12 cm3s–1, indicating that,
although the negative temperature behaviour becomes more pronounced with
chlorination, the reactivity also increases slightly. The above comparisons reveal
that there exists interesting similarities between the reactions of the radicals with
NO2 and O2 when compared to the reactions with Cl2, Br2,  HBr,  and HI.  Most
likely,  the  radical  nature  of  the  NO2 and  O2 reactants may provide an
explanation for the difference between the two different reaction types.
Interestingly, a negative temperature dependence has also been observed
experimentally and predicted theoretically for the combination kinetics of two
alkyl radicals.102

The effect of radical centre substitutions on the reactivity of methyl radicals in
reactions with nitrogen dioxide can also be seen in figure 6 by noting that
k300K(C2H5 + NO2)97 = (4.5 ± 0.9) × 10–11 cm3s–1 k300K(C2H3 + NO2)II = (4.2 ±
0.05) × 10–11 cm3s–1 and k300K(CH3 +  NO2)98 =  (2.5  ±  0.5)  ×  10–11 cm3s–1 
k300K(C3H3 +  NO2)III = (2.55 ± 0.05) × 10–11 cm3s–1 within experimental
uncertainties. These observations are interesting, especially the similar reactivity
between methyl and propargyl radicals. In the following discussion on the
reactivity of  R + NO2 reactions, comparison is made at room temperature with
the methyl radical reaction as the reference in figure 6. It can be observed that
substitution of a hydrogen atom with a methyl group in the methyl radical (i.e.
forming the ethyl radical) substantially increases the reactivity (~ 64 %) while
the substitution of one hydrogen atom with a halogen atom (Cl, Br, or I) slightly
decreases the reactivity (~ 13 – 30 %). However, substitution of two hydrogen
atoms with halogen atoms (Cl and/or Br) the reactivity decreases significantly (~
44 – 59 %) in comparison to monohalogenated methyl radicals. The most
significant decrease in reactivity (~ 62 %) is observed as the last hydrogen atom
in CHCl2 is substituted with a Cl-atom. The order of reactivity of the radicals
among the  R +  NO2 reactions  is  similar  to  the  R +  Cl2 and  R +  Br2 reactions.
The notable difference is among the monohalogenated methyl radicals, where
the  order  of  reactivity  is  CH2I   CH2Cl > CH2Br  for  the  R  +  NO2 reactions
whereas for the R + Cl2 and  R  +  Br2 reactions the order is CH2I  >  CH2Br  >
CH2Cl.

In addition to the high pressure rate coefficients of the R + O2 + M system,
another  group  to  which  R +  NO2 reactions could be compared, are R + O(3P)
reactions. Both NO2 and O(3P) reactants are radicals and the initial association
of R and NO2 most likely involves R-O bond formation105, as is the case for R +
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O(3P) reactions106. However, R-N bond formation could compete with R-O bond
formation in the reactions of R with NO2.107 Interestingly, the order of reactivity
for R + O(3P) reactions at room temperature is CH2Cl > C2H5 > CHCl2  CH3 >
CCl3 and the corresponding bimolecular rate coefficients at 300 K are (2.7 ±
0.3), (2.2 ± 0.4), (1.4 ± 0.2), (1.4 ± 0.2), (0.45 ± 0.1) × 10–10 cm3s–1,
respectively.108 112 Several of these fast radical – radical reactions also possess a
small negative temperature dependency, ranging from about 0 kJ/mol for the
CH3 +  O(3P)  reaction  to  –1.66  kJ/mol  for  the  CCl3 +  O(3P) reaction. These
activation energies can be compared with Ea = –1.31 kJ/mol for the C2H3 + NO2
reaction (see table 3).

The measured R + NO2 (R  =  CH2Cl, CHCl2,  or  CCl3)III bimolecular rate
coefficients are compared with literature values for the R + Br2 and  R  +  Cl2
reactions in figure 8 as a function of temperature. While all the R + NO2
reactions possess negative activation energies and all the R + Cl2 systems show
positive temperature dependences, for the R + Br2 reactions there is a change
from negative (for the CH2Cl + Br2 and CHCl2 + Br2 systems) to positive (for
the CCl3 +  Br2 reaction) temperature dependence. The effect of increasing
chlorine atom substitution in the methyl radical has only a small effect on the
bimolecular rate coefficients of R + NO2 reactions (k300 K(CH2Cl + NO2)  / k300

K(CCl3 +  NO2) ~ 6.5), while it is significantly more pronounced for R + Br2
reactions (k300 K(CH2Cl + Br2)  / k300 K(CCl3 +  Br2)  ~  507)  and  for  the  R +  Cl2
reactions (k300 K(CH2Cl + Cl2) / k300 K(CCl3 + Cl2) ~ 1000).

Figure 10 shows the present rate coefficient measurements for the unsaturated
vinyl (C2H3) and propargyl (C3H3) free radical reactions with several reactants
(C2H3 + NO2, C2H3 + Cl2, C2H3 + O2, and C3H3 + NO2)I,II along with previously
reported data (C2H3 + Br2, C3H3 + Br2, and C3H3 + Cl2)96,97 for comparison. All
rate coefficients have been determined as a function of temperature. All
reactions of the vinyl radicals are fast and possess negative temperature
dependences. The C2H3 + Br2 reaction is also faster than the C2H3 + NO2 (k300

K(C2H3 + Br2) / k300 K(C2H3 + NO2) ~ 2.5) reaction at room temperature. These
observations are in contrast to the reactions of the propargyl radical, because
both C3H3 + Br2 and  C3H3 +  Cl2 reactions possess positive temperature
dependency and the C3H3 + Br2 reaction is significantly slower than the C3H3 +
NO2 reaction (k300 K(C3H3 + Br2)  / k300 K(C3H3 + NO2)  ~ 0.05).  The reaction of
the propargyl radical with molecular oxygen at low temperatures (T < 380 K)
and densities (P  100 torr) is also a pressure-dependent reaction with an
extraordinary low high-pressure limiting-rate coefficient at room temperature
k 300 K(C3H3 + O2) = (2.3 ± 0.5) × 10–13 cm3s–1.90,113

The low reactivity of the propargyl radical with closed-shell molecules, and
especially with molecular oxygen, stems from its resonance stabilisation.90 The
self-reaction of propargyl radicals is also slow, k 300 K(C3H3 +  C3H3)  =  (4.3  ±
0.6) × 10–11 cm3 s–1.113 On the other hand, the difference between the reactivity
of  C2H3 +  NO2 and  C3H3 +  NO2 reactions (k300K(C2H3 +  NO2)  / k300K(C3H3 +
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NO2) ~ 1.6) is small and the rate coefficient k300 K(C3H3 + NO2) = (2.55 ± 0.05)
× 10–11 cm3s–1 is fairly large. Similarly, the resonance-stabilised allyl (C3H5) and
acetonyl (CH3C(O)CH2) radicals possess high bimolecular rate coefficients at
room temperature in their reactions with NO2 (k300 K(C3H5 +  NO2)114 = (3.9 ±
0.8) × 10–11 cm3s–1, k300 K(CH3C(O)CH2 + NO2)115 = (3.25 ± 0.65) × 10–11 cm3s–

1).  However,  an  extreme  example  is  probably  the  reaction  of  the  phenoxy
(C6H5O) radical with molecular oxygen and nitrogen dioxide. The upper limit
for the reaction of the phenoxy radical with O2, k300 K(C6H5O + O2) < 5 × 10 21

cm 3 s 1, is extremely small while the bimolecular rate coefficient for the
reaction with NO2 at room temperature, k(C6H5O + NO2) = (2.08 ± 0.15) × 10 12

cm 3 s 1, is comparable with the rate coefficient for the CCl3 + NO2 reaction.116

Consequently, resonance stabilisation of free radicals has only a small effect on
their kinetics with nitrogen dioxide, whereas in their reactions with molecular
oxygen the effect of resonance stabilisation is significant.

Kinetic measurements on the R + NO2 reactions performed in this work were
carried out at different pressures to investigate the possible contributions of
three-body processes. Variation of pressure between about 1 – 6 torr (He) did
not  change  the  bimolecular  rate  coefficients  for  any  of  the  R  +  NO2 reactions
studied. Therefore, rapid three-body processes are not likely to be significant in
these reactions. This is in accordance with the observations of Breheny et al.117,
who did not observe pressure dependence in the range 1.5 – 110 torr of Ar and
N2 for  the  CF3 +  NO2 reaction. On the other hand, both bimolecular and
termolecular reaction channels have been observed for the CH3 +  NO2
reaction.100,118 According  to  the  study  of  Wollenhaupt  et  al.100,  there  is  an
increase of about 40 % in the reaction rate coefficient as the pressure is changed
from 1 to 5 torr near the low-pressure limit of the termolecular channel at room
temperature. If similar or larger pressure dependencies had occurred in the
current measurements, they would have been observed.

Proposals on the probable mechanisms for the carbon-centred free radical
reactions with nitrogen dioxide can be made by combining current and previous
information on the rate coefficients, products, and temperature dependencies of
these reactions. Reactions of free radicals with NO2 are generally highly
exothermic (for example, H 0

300 K(CF3 + NO2   CF2O + FNO) = –270 kJ mol–
1)117 and several product channels are consequently open. The magnitude of the
negative temperature dependencies of the measured rate coefficients suggests
that these radical–radical reactions proceed without any notable energy barrier to
form a collision complex early in the reaction co-ordinate connecting reactants
to products. Because the transition state (TS) in these highly exothermic
reactions is formed early in the reaction path (i.e. when the reactants are still
relatively far from each other), the TS is characterised as a reactants-like
transition state. An association of the radical R with the O-atom of a NO2 to
form excited nitrite (R-ONO)* competes with the association of the radical R
with the N-atom of NO2 to form excited nitro (R-NO2)* adducts. The remaining
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fate of these adducts, however, depends on the specific reaction and on the
temperature and pressure of the system. For example, the reaction of the ketenyl
radical  (HCCO)  with  NO2 has received theoretical attention recently. The
potential energy surfaces obtained by Hien et al.119 as well as by Meyer et al.120

consist of both radical centre addition to the N and O-atoms of NO2 without any
energy barrier. According to the Meyer et al.120, it is just this initial association
between the radical and nitrogen dioxide which appears to be the major factor in
determining the distribution of product channels. Zhang et al.121 have also
recently carried out calculations on this reaction. However, they did not obtain
the initial association between the radical and the O-atom of NO2. This potential
problem in their calculations is important in the context of this work, because
these authors have also calculated potential energy surfaces122 for  the  CH2Cl,
CHCl2,  and CCl3 + NO2 reactions, which were also studied in this work. As in
the case of the HCCO + NO2 system, they were not able to obtain evidence for
the initial interaction between the O-atoms of NO2 and chlorinated methyl
radicals. They have also calculated ab initio potential energy surfaces for several
other similar systems including CH2F, CH2OH  and  CH3 +  NO2
reactions.123,124,107 They have not  obtained evidence for  the initial  interaction of
any substituted methyl radical reactions with the O-atoms of nitrogen dioxide.
Thus, there is a requirement for high-level ab initio calculations of potential
energy surfaces for R + NO2 reactions, which could be combined with the
RRKM theory to obtain more insight into the kinetics and dynamics of these
reactions.

According to Zhang et al.122,  the  initial  association  between  the  N-atom  of
NO2 and C-atom of the substituted methyl radical proceeds by a deep well with
energy ~ 170 – 250 kJ mol–1 below the reactants followed by a high barrier
leading to rearrangement. Depending on the radical, the calculated reaction
barrier to give rearrangement products is even above the energy of the reactants.
For example, for the CCl3 + NO2 reaction, the only exit barrier for CCl3NO2* is
60 kJ mol–1 above the energy of the reactants. This type of potential energy
surface (similar to PES(I) in figure 1) would result in a bath gas concentration
dependent kinetics at low pressures without the formation of bimolecular
products. This is clearly in contradiction to the current experimental
observations. On the other hand, Cumming et al.125 have studied the kinetics of
the CCl3 + NO2 reaction by following the build-up of CCl3NO2 at 290 nm using
the pulsed radiolysis UV-absoption method. Measurements were performed at
room temperature and in the pressure range about 100 – 1500 torr. Within this
range, the build-up of CCl3NO2 was linearly proportional to Ar pressure and the
termolecular rate coefficient determined was k(300K) = 3.31 × 10 31 cm6 s 1.
Using this value to estimate the reaction rate coefficient at 5 torr for the
termolecular channel gives k(300 K) = 5.3 × 10 14 cm3 s 1, which is only about
1.5 % from the bimolecular reaction rate coefficient k(300 K) = 3.35 × 10 12 cm3

s 1 measured in the current study. However, at atmospheric pressure, the
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termolecular channel gives k(300 K) = 8.0 × 10 12 cm3 s 1,  which is  more than
twice as high as the bimolecular reaction rate coefficient from this work. It can
be inferred that under the low-pressure conditions employed in this work the
contribution of the possible termolecular channel is small. Consequently, the
observed modest trend of increasing negative temperature dependence with
decreasing reactivity of the radical with NO2, is most unlikely to originate from
an increasing contribution of the termolecular channel at low temperatures.

It can be concluded from the above discussion that in highly exothermic R +
NO2 reactions the initial association of the reactants leads to excited nitrite (R-
ONO) and nitro (R-NO2) intermediates, which are characterised by the PES(III)
and PES(I) or PES(II), respectively.

4.1.4 R + HCl/DCl reactions

All the CH3 + HCl, CD3 + HCl, CH3 + DCl, and CD3 + DCl reactions studied
in this work possess positive activation energies, in contrast to the other systems
investigated in this work.VI At first sight, the positive temperature dependency of
the CH3/CD3 + HCl/DCl reactions might be considered as an indication of a
simple and well-behaved system (i.e. a reaction that closely follows Arrhenius
behaviour with a constant activation energy). However, the CH3 + HCl and CD3
+ HCl reactions show non-linear temperature dependence on the Arrhenius plot
(log(k) versus T 1), as shown on the left hand side of figure 11.

Employing a Kooij expression, k = Â × (T/300 K)i × exp[–Ei/(RT)], where Â,
i, and Ei are fitting parameters, the non-linearity can be modelled. Note that
Kooij expression is often given as k = Á × T l × exp[–El /(RT)], where Á, l, and El
are fitting parameters. However, the former expression results in a smaller
standard deviation for the parameter Â and is preferred in this work. As also
shown in figure 11, curvature in the Arrhenius plot of the CD3 + DCl reaction
was observed. The k = Ã ×  (T/300 K)n expression adequately fits the
experimental results (fit shown with solid line), while that of the Arrhenius
equation (k = A × exp[–Ea/(RT)])  does  not  fit  well  (a  fit  shown with  a  broken
line). The k = Ã × (T/300 K)n expression also fits slightly better the data from the
CD3 +  DCl  reaction  data  (a  fit  shown  with  a  solid  line),  even  though  the
temperature range is too short to make firm conclusions. In addition to the
equations proposed in article VI to fit the experimental results of the CH3/CD3 +
HCl/DCl reactions (shown with broken lines on the left hand side of figure 11),
equations (15) – (18) were obtained in this work to fit the measured bimolecular
rate coefficients using the linear (CH3/CD3 + DCl) and non-linear (CH3/CD3 +
HCl) least-squares methods (errors are 1 -uncertainty and units cm3 molec–1 s–

1):

k(CH3 + HCl) = (1.34 ± 0.46) × 10–14 (T/300 K)2.73 ± 0.34 exp[(387 ± 99)K/T]  (15)
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k(CD3 + HCl) = (3.22 ± 1.41) × 10–14 (T/300 K)1.71 ± 0.44 exp[(232 ± 125)K/T](16)

k(CH3 + DCl) = (9.83 ± 1.28) × 10–15 (T/300 K)2.66 ± 0.40        (17)

k(CD3 + DCl) = (1.38 ± 0.03) × 10–14 (T/300 K)2.12 ± 0.06        (18)
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Figure 11. Logarithms of the rate coefficients for the CH3 + HCl, CD3 + HCl, CH3 +
DCl, and CD3 + DCl reactions versus 1000 / T (left) and logarithm of T (right), where
T is temperature in K. The fittings of the Kooij-expression (k = Â × (T/300 K)i × exp[–
Ei /(RT)]) to the rate coefficients of the CH3 + HCl and CD3 + HCl reactions are given
with solid lines in the above figures, while fittings proposed in article VI are given with
broken lines in the left hand side figure. For the CH3 + DCl and CD3 + DCl reactions,
the solid lines in the above figures are fittings of the k = Ã × (T/300 K)n expression for
the rate coefficients, while broken lines in the left hand figure are Arrhenius (k = A ×
exp[–Ea/(RT)]) fittings to the data.

Formulas  (15)  –  (18)  are  shown  with  solid  lines  on  both  the  left  and  right
hand  side  of  figure  11  and  fit  the  experimental  data  well.  In  addition,  by
comparing the fit of the data for the CD3 +  DCl  reaction  on  the  left  and  right
hand side of figure 11, it is clear from the curvature on the Arrhenius plot (the
left hand side of figure 11) that the exploitation of the k = Ã ×  (T/300 K)n

expression implicitly leads to non-constant activation energy (as defined by
Arrhenius equation).

The reverse Cl + CH4 reaction, and to a lesser extent the CH3 + HCl reaction,
have received much theoretical and computational interest, including studies of
kinetic isotope effects due to the substitution of one or more hydrogen atoms
with deuterium atoms.126 131 Thus,  the  current  experimental  results  can  be
compared with these calculations. Fairly recently Bryukov et al.132 have studied
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the  kinetics  of  the  Cl  +  CH4 reaction at high temperatures employing the
discharge flow/resonance fluorescence technique. Fitting their results together
with previous experimental data obtained at lower temperatures and using the
known thermochemistry of the CH4 + Cl  CH3 + HCl system, they proposed
the following Kooij-expression for the temperature dependence of the CH3 +
HCl reaction: k = 5.48 × 10–20 T 2.27 exp[253 K/T] (200 – 3000 K). In figure 12,
this expression is shown with a broken line and the results of two previous
computational studies are also given. Measurements given in article VI and the
current Kooij fitting, equation (15), are included. The following conclusions can
also be made from this figure. The agreement between the Kooij-expression of
Bryukov et al.132 and measurements from article VI is excellent. The activation
energy also increases as a function of temperature, i.e. possesses positive
temperature dependence. This is in contrast to the implicit assumptions of the
Arrhenius equation. The classical potential energy surface of the CH3 + HCl 
CH4 + Cl reaction resembles that of PES(V), while the zero-point energy
corrected surface possesses a potential energy well on the product side.128
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Figure 12. The temperature dependency of the experimental (current dataVI) and
computational (Roberto-Neto et al.127 and Corchado et al.128) rate coefficients of the
CH3 + HCl reaction. The current Kooij-fit is that of equation (15). The Kooij
expression of Bryukov et al.132 is k(CH3 + HCl) = 5.48 × 10–20 T 2.27 exp[253 K/T].

4.2 Reactivity trends in radical – Cl2 and NO2 reactions

In this thesis, a large amount of work has been devoted to studying the
reactivity of carbon-centred free radicals (R) in their reactions with nitrogen
dioxide. Consequently, it is worth examining whether common trends exist for
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the reactions of carbon-centred radicals with NO2 and  Cl2 which  can  used  to
explain observed reactivities.133

A radical, for which the important frontier orbital interactions are between the
SOMO (Singly Occupied Molecular Orbital) of the radical and the HOMO
(Highest Occupied Molecular Orbital) of the closed-shell reactant (e.g. Cl2), is
termed an electrophile, whereas a radical, for which the important frontier
orbital interactions are between the SOMO of the radical and the LUMO
(Lowest Unoccupied Molecular Orbital) of the closed-shell reactant (e.g. Cl2), is
termed a nucleophile. The reactivity of the substituted methyl radical R towards
Cl2 increases with the size and the number of alkyl substituents (i.e. increasing
electron donating groups to the radical), while reactivity decreases with
increasing halogen atom substitutions at the radical centre (i.e. increasing
electron withdrawing groups to the radical), see figure 2. Consequently, in the R
+ Cl2 system considered, the radical R is the nucleophile and Cl2 behaves as the
electrophile (EA(Cl2)  2.45 eV)37 and the important frontier orbital interaction
is between the SOMO of R and the LUMO of Cl2. According to Frontier Orbital

0,0 1,0 2,0
3E-12

4E-12

6E-12

8E-12

1E-11

2E-11

4E-11

6E-11

CHBrCH3

CCl3

CHBr2
CF2Cl

CHBrCl
CHCl2

CF3

CH2CN
CH2I

CH2Br

CH2Cl
CH3

C2H5

k
30

0 
K(

R
 +

 N
O

2) 
/ c

m
3 s-1

EA(R) / eV

Figure 13. The logarithm of the room-temperature rate coefficients of the R + NO2
reactions versus EA(R) of the radical. Values for the radical adiabatic electron
affinities (EA(R)) are taken from reference 37 except for CH2I and CHBrCl/CHBr2,
which are taken from the references 38 and 39, respectively. In addition, the electron
affinity of CHBrCH3, which is known to be positive135, is estimated: EA(CHBrCH3)  
EA(C2H5) + (EA(CH2Br ) – EA(CH3)).

Theory134, the most efficient interaction between frontier orbitals occurs when
these possess about the same energy, i.e. here E(R)SOMO E(Cl2)LUMO. Under
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these conditions, the reaction rate should also be the most pronounced. Because
E(Cl2)LUMO > E(R)SOMO > E(Cl2)HOMO, it can be concluded that E(Cl2)LUMO > E(t-
C4H9)SOMO > E(CH3)SOMO > E(CCl3)SOMO >> E(Cl2)HOMO.

Similar to figure 2 (right) with respect to the R + Cl2 system, the logarithm of
the room-temperature rate coefficients for the R + NO2 reactions versus EA(R)
of  the  radicals  are  shown  in  figure  13.  In  this  case,  a  correlation  can  also  be
observed. In addition, it can be noted that the reactivity of a certain radical with
respect  to  other  radicals  among  the  R  +  Cl2 reactions (see figure 2 (right))
closely resembles that of the same radical with respect to other radicals among
the R + NO2 reactions (see figure 13). The important difference between figures
2  (right)  and  13  is  in  the  ordinate  scales,  which  can  be  seen  in  figure  14.  It
should be noted that while the reaction products are well defined for the R + Cl2
system  (R  +  Cl2  RCl  +  Cl)  this  is  generally  not  the  case  for  R  +  NO2
reactions, because several potential (bimolecular and termolecular) channels are
open for these highly exothermic R + NO2 reactions. Consequently, it is difficult
to examine whether the k300K (R  +  NO2) values correlate with Hr (R  +  NO2)
because reaction exothermicities are complicated (or impossible) to define
accurately. It should be also noted that neither a plot of log (k300 K) vs. IP(R) –
EA(Cl2) for R + Cl2 reactions36 nor a plot of log (k300 K) vs. IP(R) – EA(NO2) for
R + NO2 reactionsIII,IV do produce linear correlation.
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and 13 where references are given.

The noted similarity between the reactivity of a certain radical among the R +
Cl2 reactions and the reactivity of the same radical among R + NO2 reactions is
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an interesting observation. In the case of the R + Cl2 reactions, alkyl substituted
methyl radicals (t-C4H9, n-C4H9, i-C3H7, n-C3H7,  and  C2H5) possess negative
temperature dependencies while methyl and halogenated methyl radicals (CH3,
CH2Cl, CH2Br, CF3, CCl3, etc.) possess positive temperature dependencies. On
the  other  hand,  all  R  +  NO2 reactions studied possess negative temperature
dependencies. In addition, the negative temperature dependencies among the R
+ NO2 reactions becomes more pronounced when the reactivity of the radical
decreases, an observation which is essentially the reverse of that found for the R
+ Cl2 reactions (i.e. negative temperature dependencies first diminish and
eventually change to increasingly positive as reactivity decreases).

In fact, figure 14 suggest that Frontier Orbital Theory134 can probably be
applied  to  the  R  +  NO2 reactions as well. However, the situation is more
complex for the R + NO2 reactions than for the R + Cl2 reactions because both R
and NO2 reactants are radicals. One possibility for frontier orbital interactions in
this  case  is  between  the  SOMO of  R and  the  SOMO of  NO2. However, in the
NO3 +  RO2 (nitrate radical + peroxy radical) system it has been observed that
frontier orbital interactions probably does not occur between the SOMO of NO3
and the SOMO of RO2 but between the SOMO of NO3 and the HFOMO of RO2,
where the HFOMO is the highest fully occupied molecular orbital.136 In spite of
possible computational and theoretical difficulties in determining interacting
orbitals, Frontier Orbital Theory134 is a promising approach to explain current
observations and to predict the kinetics of the radical – molecule and radical –
radical reactions, which have not been measured or are difficult or even
impossible to measure. Frontier Orbital Theory should be suitable for highly
exothermic reactions in which the transition state is clearly reactant-like and is
thus determined by frontier orbitals.
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5. Errata

Publication I

1. For the gas phase reaction with only one reaction channel and product
yield one, k'rise =  k'decay –  k6 . This sentence on page 2559 should read:
Under pseudo-first-order conditions even for the multichannel reaction
k'rise = k'decay. (see section 2.4)

2. Note that k'rise(H2CO) = k'decay(C2H3)  –  k6, if each reacting vinyl radical,
which is not lost in the heterogenous reaction, produces one H2CO
molecule. This sentence on page 2560 should read, as above: always
k'rise(H2CO) = k'decay(C2H3).

3. kf = 113 – 30 = 83 s–1 on page 2560 should read kf = 113 s–1.

Publication IV

1. electrically excited on page 1418 should read spin-orbit excited
2. The correct form for the reference 13 on page 1423 is: A. Masaki, S.

Tsunashima, N. Washida, J. Phys. Chem., 1995, 99, 13126.
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