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Reactions of methyl radicals with hydrogen bromide CH3 + HBr f CH4 + Br (1) and bromine atoms CH3
+ Br f CH3Br (2) were studied using excimer laser photolysis-transient UV spectroscopy at 297( 3 K
over the 1-100 bar buffer gas (He) pressure range. Methyl radicals were produced by 193 nm (ArF) laser
photolysis of acetone, (CH3)2CO, and methyl bromide, CH3Br. Temporal profiles of methyl radicals were
monitored by UV absorption at 216.51 nm (copper hollow cathode lamp with current boosting). The yield of
acetyl radicals in photolysis of acetone at 193 nm was found to be less than 5% at 100 bar He based on the
transient absorptions at 222.57 and 224.42 nm. The measured rate constants for reaction 1 arek1 ) (2.9 (
0.7)× 10-12, (3.8( 1.5)× 10-12, and (3.4( 1.3)× 10-12 cm3 molecule-1 s-1 at the buffer gas (He) pressures
of 1.05, 11.2, and 101 bar, respectively. The rate data obtained in this study confirmed high values of the
previous (low pressure) measurements and ruled out the possibility of interference of excited species. The
measured rate constant is independent of pressure within the experimental error. The rate constant of reaction
of methyl radicals with bromine atoms (2) was determined relative to the rate constant of methyl radical
self-reaction, CH3 + CH3 f C2H6 (3) in experiments with photolysis of CH3Br: k2/k3 ) 0.92( 0.32, 1.15
( 0.30, and 1.65( 0.26 at 1.05, 11.2, and 101 bar He, respectively. On the basis of the literature data for
reaction 3, this yieldsk2 ) (5.8 ( 2.2)× 10-11, (7.4( 2.2)× 10-11, (10.7( 2.3)× 10-11, and (11.9( 2.5)
× 10-11 cm3 molecule-1 s-1 at 1.05, 11.2, 101 bar (He), and in the high-pressure limit, respectively.

Introduction

Reactions of small hydrocarbon free radicals (such as CH3,
C2H5, C3H7, C4H9) with hydrogen halides (HI, HBr, and HCl)
have been a subject of research during the last 50 years.1-22

Beyond their importance for the fundamental chemical kinetics,
these kinetic measurements were used as a source of the C-H
bond energies.22 Combination of the rate constant of reaction
of a free radical with hydrogen halide with the rate constant of
the reverse reaction, reaction of the halogen atom with the
corresponding hydrocarbon molecule, yields a temperature-
dependent equilibrium constant. Equilibrium constant data
provide the standard enthalpy and entropy of the reaction using
the second and the third laws.22 Being combined with the
accurately known thermodynamic properties of other reactants
and products of reaction (of hydrogen halide, halogen atom,
and the hydrocarbon molecule), these data allow accurate
determination of the C-H bond energies in hydrocarbon
molecules and the enthalpies of formation of free radicals.22

Recent theoretical and experimental kinetic studies performed
using a variety of experimental techniques revealed negative
apparent activation energies for reactions of small hydrocarbon
free radicals with HI and HBr.7,9,10,12-19,21 These observations
lead to a substantial re-evaluation of C-H bond energies in
small hydrocarbon molecules.12-19,21A possible explanation of
the negative temperature dependence was given in terms of a
“well” in the potential energy surface which corresponds to a
bound complex and in terms of “chemically activated” system

treatment.20,23-25 A shallow well was indeed found in ab initio
calculations.20,24 The RRKM calculation with the theoretical
potential energy surface with an adjusted “transition state”
energy confirmed the possibility of negative activation energies
which were experimentally observed.20,24

The results of these direct studies are in considerable dis-
crepancy with the data obtained using the very low pressure
reactor (VLPR) technique, both in the absolute values of the
rate constants and in their temperature dependencies.26-28 The
VLPR studies (which are based on the measurement of the
steady-state concentrations of the reaction species in a Knudsen
cell), resulted in much lower rate constants and in positive
activation energies. For example, for the reaction oft-C4H9 +
DBr, the ambient temperature VLPR rate constant is 144 times
lower than the one measured using laser pulsed photolysis.18,26

Significant discrepancy was observed for the reaction of ethyl
radicals with HBr; the reported rate constant at 298 is 14 times
lower than that measured in the time-resolved studies.21,27

The whole series of the direct measurements which lead to
negative activation energies and high rate constants in reactions
of small hydrocarbon free radicals with HBr and HI was recently
criticized.27,28The main point of this criticism is in the possible
presence and interference of highly vibrationally excited free
radicals after pulsed photolysis of the radical precursor mol-
ecules, used in all direct studies, which allegedly lead to negative
values of the activation energies due to the interference of
excited species.

In view of the tremendous importance of this issue for the
thermochemistry of hydrocarbon free radicals and for the
kinetics of simple metathesis reactions, one of the simplest
reactions of this class, the reaction of methyl radicals with
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hydrogen bromide (1), was reinvestigated in the current work
over an extended buffer gas density range.

The pressures employed in the current study (up to 100 bar)
are sufficient to completely quench any vibrationally excited
species on the time scale of the experiments (>5 µs). If there
was an interference of vibrationally excited species in the
previous direct measurements and if the true rate constant is
much lower (as the data obtained using VLPR infer), then a
decreasein the rate constant with pressure is expected.

Another objective of this study was to search for a possible
buffer gas density dependence of the rate constant of reaction
1. Such a dependence can be expected if the explanation of the
negative activation energies based on the “chemically activated
system” with the transition state below the energy level of the
reactants24 is correct. In this case, anincreaseof the rate constant
with pressure is expected at elevated pressures. Currently, a
reliable prediction neither of the scale of such a dependence
nor of the transition pressure is possible due to the insufficient
accuracy of the well depth and the “transition state” energy by
ab initio calculations and the lack of data on relaxation of
vibrationally excited weakly bound complexes.

Many reactions of combustion importance (such as dissocia-
tion/recombination reactions, reactions with chemical activation,
etc.) are buffer gas density dependent. Elevated pressures are
encountered in a number of systems of practical importance,
such as rocket engine combustion chambers and internal
combustion and diesel engines. In the past, the high-pressure
limit rate constants as well as the whole pressure falloff
dependence were often obtained via an extrapolation of the low
and intermediate pressure data. The accuracy and reliability of
this procedure depend on the range of densities used in the
experimental measurements. High-pressure kinetic measure-
ments were pioneered by Troe and Hippler29,30 and were

explored mainly in this group. There have been few kinetic
studies at elevated pressures,31-34 the majority employed static
reaction cells with a single pulse illumination by photolytic light.
Recently, Hippler et al. incorporated high-pressure flow system
in the experimental approach.35 A similar approach is used in
the current work. This technique is still not sufficiently char-
acterized. Characterization and evaluation of the performance
of the experimental approach was the third objective of this
work.

In the course of this study the rate constant of reaction of
methyl radical with atomic bromine (reaction 2) was necessary
for the reaction kinetic modeling.

This reaction was not studied previously. In this work, the rate
constant of reaction 2 was determined relative to the rate
constant of methyl radical self-reaction,

The results of these latter measurements are also presented.

Experimental Section

Experimental Setup.The experimental approach used in this
study is based on the combination of a laser pulsed photolysis
with transient UV-vis absorption spectroscopy. The sketch
of the experimental setup is shown in Figure 1. The reactant
mixture which contains free radical photolytic precursor
((CH3)2CO or CH3Br), reactant (HBr), and a buffer gas (He) in
great excess (103-105 times) is slowly flowing through a high-
pressure absorption cell. The cell (internal diameter 7.0 mm,
internal length 10.4 cm, volume of 4.0 cm3) is equipped with
two 12.7 mm in diameter 12.7 mm thick fused silica windows
and is designed to withstand pressures up to at least 150 bar.
Typical reactant concentrations were [(CH3)2CO] ) (2.0-6.5)

Figure 1. Experimental setup. Pulsed laser photolysis coupled to a UV-vis transient absorption spectroscopy.

CH3 + HBr f CH4 + Br (1)

CH3 + Br f CH3Br (2)

CH3 + CH3 f C2H6 (3)
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× 1015, [HBr] ) (0.3-3.0) × 1016, and [CH3Br] ) (2.0-15)
× 1016 molecules cm-3. Much higher concentrations of acetone
(up to 3.6 × 1016 molecules cm-3) were used in several
experiments aimed at the search of CH3CO transient absorption.
The energy flux of the laser light was varied in the range 1.2-
21 mJ cm-2 ((1.2-20) × 1015 photon cm-2). Attenuation of
the laser light was performed by inserting flat non-UV grade
quartz plates (with typical attenuation of ca. 50%-60% per plate)
into the laser beam. Typical initial concentrations of methyl
radicals were in the range (0.5-14) × 1014 molecules cm-3.
All experiments were performed at ambient temperature 297
( 3 K and three buffer gas pressures- 1, 11, and 101 bar. A
typical total flow rate of ca. 50 standard cubic centimeters per
second was used. Experiments were performed under the
conditions of complete replacement of the reaction mixture
between laser pulses using proper repetition rates (e.g., 0.1 Hz
at 100 bar).

Unfocused light from an ArF excimer laser (Lumonics TE-
861T-3) formed into a beam by two iris diaphragms was
reflected by a 45° (>98% at 193 nm, Newport) dielectric mirror
and directed along the cell axis so that it fills all the cross section
of the cell. When reflected by the dielectric mirror, the laser
beam is merged with the monitoring beam which is formed by
a fused silica lens (f ) 10 cm). After passing the cell, the laser
beam is separated from the monitoring light using the second
45° dielectric mirror for 193 nm.

Hollow cathode lamps (HCL) as well as low-power Xe and
Hg arc lamps are used as sources of the monitoring light. Methyl
radicals were monitored using strong narrow absorption band
around 216 nm.36-40 A 216.51 nm line from a copper hollow
cathode lamp was used as a source of the monitoring light. To
improve the monitoring light intensity, a three-electrode hollow
cathode lamp (Superlamp, Photron) was used with current
boosting. A high-voltage pulse generator (Cober 605P) provided
1.8 kV, 10 A flat-top pulses with durations up to 10 ms.
Typically, rectangular pulses with a duration of 3 ms and current
of 4 A were used. The estimated gain in light intensity
(compared to a regular hollow cathode lamp operating at 10
mA) was ca. 2000 times. Concentration of HBr was monitored
in situ using UV absorption at the 196.0 nm line of a Se hollow
cathode lamp. Formation of molecular bromine was ruled out
based on the measurements of light absorption at 422 nm (Ne
line from a HCL lamp).

The light from a hollow cathode lamp is focused into the
cell and then onto the entrance slit of a grating monochromator
(Jarrell-Ash, model 82-518, 0.5 m) using two fused silica lenses
with focal lengths of 10 cm. The residual light from the excimer
laser pulse was removed using a spatial filter (1 mm wire
perpendicular to the slit placed in the focal spot of the second
lens) and by a liquid filter (4× 10-3 M solution NaOH in water,
1 cm). The liquid filter provides depression of 193 nm light
1012 times while attenuating the monitoring light (216.5 nm)
only by 17%. A photomultiplier tube (Hamamatsu R106)
mounted on the exit slit operates on a reduced number of
dynodes (6) with a voltage divider current of 2.7 mA, which
ensures good linearity and lower noise at high photon fluxes.
The PMT signal is preamplified (EMI preamplifier), then
digitized and stored using a digital storage oscilloscope (LeCroy
9310A, Dual channel, 400 MHz, 100 Msamples/s, 50 Kpts/ch).
The time resolution is determined by the preamplifier setting
and can be 30 ns, 0.3µs, 3 µs, or 30µs. Typically, a 0.3µs
time constant was used. After the signal accumulation (typically,
from 300 to 800 pulses), the traces were transferred to a PC for
processing and fitting.

The second monochromator (Jarrell-Ash, model 82-518, 0.5
m) was used for in situ monitoring of HBr and Br2. For this
purpose, a proper hollow cathode lamp was installed in the
working position. The first dielectric mirror was removed. The
monitoring light is reflected by the second mirror, focused on
the entrance slit of the second monochromator, and measured
by a (Hamamatsu R106) photomultiplier. A standard circuit for
current modulation and lock-in detection from an atomic
absorption spectrometer was used in these measurements.

A light shutter (Oriel model 76993) was located between the
laser and the cell. Every odd laser pulse was blocked. A
synchronized switch (Pasternack Electronics, PE7100) was used
to connect the two input channels of the oscilloscope to the
preamplifier output to accumulate separately the light intensity
profile with and without the laser pulse entering the reactor.
This procedure was used to account for a small (0.5% in 1 ms)
variation of the monitoring light intensity during a pulse. The
two traces then were used to calculate the temporal profile of
the monitoring light absorption.

The high-pressure flow system consists of high-pressure mass
flow controllers, a high-pressure flow cell, an upstream (back)
pressure regulator, high-pressure test gauges, and the cylinders
with the helium, the precursor, and the reactant mixtures. Brooks
high-pressure mass flow controllers (5850 TR series) are used.
The flow controllers were periodically calibrated using the soap
film method. In the initial experiments, a pneumatically
controlled upstream pressure regulator (Grove MITY-MITE
model 5D91W, up to 2000 psi) was used. Later, it was re-
placed by an electronic upstream pressure regulator (Brooks,
model 5866). Both upstream pressure regulators demonstrated
comparable performance, the electronic being more convenient.
The flow reactor pressure was measured using test pressure
gauges (Matheson model 63-5633M, up to 250 bar, model 63-
5622 M, up to 14 bar, accuracy 0.25%) and by the internal
calibrated pressure sensor of the electronic upstream pressure
regulator.

Reactants and Preparation of Mixtures. Helium from
Matheson (UHP grade, 99.999%) was passed through an oxygen
trap (R&D Separations, OT3-2) to ensure molecular oxygen
content less than 0.02 ppm. A mixture of acetone in helium
(15.2 ( 0.5 ppm) was prepared in a 40 L high-pressure tank.
Approximately 10 days were allowed for mixing before the first
use of the mixture. The acetone concentration in the mixture
was determined using gas chromatography.

Hydrogen bromide (Matheson, initial purity 99.8%) was
purified by a multiple (6-7 times) liquid nitrogen cooled trap-
to-trap distillation with passing through a trap cooled by
melting ethanol (-115°C, HBr vapor pressure ca. 20 Torr, Br2

vapor pressure ca. 1× 10-4 Torr), degassed, and stored in a 5
L darkened Pyrex glass flask. The content of molecular bro-
mine (and other low volatile impurities) after the purification
was estimated based on the pressure developed in smaller
volume (400 cm3) by vaporization of the residual material
trapped in the melting ethanol trap. The content of impurities
(including molecular bromine) was determined to be less than
0.007%.

Methyl bromide (Liquid Carbonic, 99.5%) was degassed from
liquid nitrogen and purified by multiple trap-to-trap distillation.

Mixtures of HBr with He and CH3Br with He at a pressure
of 150 bar were prepared before each series of experiments in
a stainless steel high-pressure vessel (Parr, high-pressure reactor,
300 mL, model 4561 M). Pressures of HBr and CH3Br were
measured using MKS Instruments pressure gauges for the ranges
0-10 Torr, 0-100 Torr, and 0-1000 Torr. The total final
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pressure was measured by a pressure gauge installed on the high-
pressure vessel. Several possible sources of errors were identified
in the quantitative preparation of mixtures at high pressures.
Efficient stirring must be provided due to the very slow diffusion
at elevated pressures. The vessel was equipped by the manu-
facturer with an electrical motor driven vane stirrer. This
approach was found to be unacceptable due to the high “dead
volume” of the sealing glands of the stirrer. Instead of the
original stirrer, a regular Teflon coated magnetic bar driven
magnetically through the bottom wall (nonferromagnetic stain-
less steel) of the vessel was used. This provides fast and efficient
mixing inside the high-pressure vessel. Second, loading of the
vessel with helium at elevated pressures leads to a significant
temperature rise. This elevated temperature dissipates quite
slowly when no stirring is applied. However, cooling is efficient
under stirring. The gas temperature was monitored using an
internal thermocouple (supplied with the vessel). The gas
mixture was cooled until the difference between the gas
temperature and the ambient temperature was less than 3 K. A
proper correction for the residual temperature difference was
made in the mixture composition calculations.

The problem of a “dead volume” requires separate consid-
eration. The “dead volume” is composed by the volume of the
tubes leading to the connection valves, pressure gauge, etc. No
stirring can reach inside the dead volume. Slow diffusion
requires too long time to exchange the gas and equalize the
composition. An estimate gives the characteristic diffusion time
at a distance of 5 cm of ca. 1 h at 150 bar He.There is significant
“amplification” of the dead volume effect due to the fact that
the component which is present in the mixture at low concentra-
tion (HBr or CH3Br) and is supplied to the vessel first is
compressed almost pure in the dead volume during the first
stages of the second component (He) addition. The following
expression was derived (see Appendix 1) using a model based
on the assumption of perfect mixing in the bulk of the vessel
during the mixture preparation:

wherex1 is the actual mole fraction of the minor component in
the bulk of the vessel,x is the targeted (overall) mole frac-
tion, andR ) Vdead/(Vtotal - Vdead) is the ratio of the dead vol-
ume and the residual (total minus dead) volume of the ves-
sel. For example, for a vessel withR ) 0.05 and targeted mole
fraction of 0.01% (x ) 1 × 10-4), the actual mole fraction in
the bulk of the reactor would bex1 ) 0.00010.05x ) 0.63x,
which is in error by 37%. The larger is the fraction of the dead
volume and the mixture dilution, the bigger is the error. To
minimize possible errors due to the “dead volume” effect, the
external outlets of the vessel were minimized and the gland
used for the original stirrer axis sealing was removed. A
conservative estimate on the dead volume is<5.4 cm3, with
the reactor volume of 300 cm3. Therefore, the maximum pos-
sible error due to the “dead volume” effect for 0.1-0.2%
mixtures (used in this study) is estimated to be less than
12%.

In the mixture preparation at elevated pressures as well as in
the calculations of the concentrations in the flow reactor, proper
corrections for nonideal gas behavior were made. The compres-
sion factor for He isZHe(100 bar, 300 K)) 1.0471 andZHe-
(150 bar, 300 K)) 1.0735.41

Stability of HBr and in situ HBr Concentration Measure-
ments.Special attention was paid to the stability of HBr during
storage in the glass flask, in mixtures in the stainless steel vessel,
and when passing through the stainless steel flow system. One

portion of HBr was stored in a Pyrex glass flask over the more
than one year period with no indication of HBr decomposition.
Neither molecular hydrogen (as monitored via the residual
pressure after freezing with liquid nitrogen) nor molecular
bromine (as measured using visible absorption at 422 nm, see
later) were found. Before being used, both the high-pressure
vessel and the flow system were passivated with ca. 10 Torr of
HBr. Mixtures of HBr with He prepared in the same day were
used in the experiments. Several times the mixtures were left
for the periods of 2-3 days, with subsequent check for the
presence of Br2. No Br2 was detected in such experiments.
Additional experiments were performed to determine whether
there is a detectable decomposition of HBr when flowing
through the mass-flow controllers, connecting tubes, and the
flow reactor. Such measurements were performed both with the
working mixtures and when only the mixture of HBr/He (0.1-
0.2%) was allowed to the reactor. The 422 nm line (near the
maximum of Br2 absorption, absorption cross section ca. 5×
10-19 cm2 molecule-1 42) from Hg/Ne HCL was used. The gas
flow was repeatedly replaced with flow of pure He, and the
difference in the light intensity transmitted through the cell was
measured. No change in the light intensity was observed within
the experimental accuracy, which yielded an upper limit on
molecular bromine present in the mixture<2 × 1015 molecules
cm-3. To increase the sensitivity of these measurements, the
reactor was filled with HBr/He mixture (typically 1.4%) at a
pressure of 20 bar. Then, the flow was stopped and the system
was left with standing gas for 10 min. A flush flow of He was
then let to the reactor and the light intensity at 422 nm was
monitored. These experiments lead to an upper estimate of the
possible Br2 production less than 3× 10-4 of the concentration
of HBr in 10 min.

In a number of experiments, the concentration of HBr was
measured in situ using UV absorption at 196.0 nm (Se HCL).
The absorption cross section of hydrogen bromide at this
wavelength isσ(HBr, 196 nm, 298 K)) 1.55 × 10-18 cm2

molecule-1.43 The concentrations of HBr determined in this way
agreed within(3% (the accuracy of these measurements) with
those calculated from the flow conditionsstemperature, pres-
sure, flow rates, and mixture compositions.

Generation of Methyl Radicals. Methyl radicals are pro-
duced using excimer laser photolysis (ArF, 193.3 nm) of acetone
and methyl bromide:

Photolysis of acetone at 193 nm at pressures less than 1 bar
was studied in detail previously.44 Channel 4a was found to
account for >99% of the overall photodissociation at low
pressures. However, at elevated pressures, due to the much faster
quenching of highly vibrationally excited acetyl radical, this
was not guaranteed, and the importance of channel 4b at elevated
pressures was investigated. The measurements in this work put
5% as an upper limit on the importance of the channel 4b at
100 bar He (see the Results section).

Role of Spin-Orbit Excited Br*( 2P1/2) Atoms. Electroni-
cally excited bromine atoms can be produced both in the
photolysis of methyl bromide (5) and in the photolysis of
hydrogen bromide (6):

x1/x ) xR (E1)

(CH3)2CO + hν (193 nm)f 2CH3 + CO (4a)

f CH3 + CH3CO (4b)

CH3Br + hν (193 nm)f CH3 + Br(2P3/2) (5a)

f CH3 + Br*(2P1/2) (5b)

CH3 + HBr Reaction Kinetics J. Phys. Chem. A, Vol. 103, No. 40, 19998011



Donovan and Hussein45 did not see excited bromine atoms
in VUV photolysis of CH3Br, φ5(Br*) ) 0. The quantum yield
of Br* in photolysis of HBr is known (φ6(Br*) ) 0.15,46 0.14.47

According to the most recent measurements, the rate constant
of the collision quenching of spin-orbitally excited bromine
atoms on He iskQ,He(Br*) ) 1.6× 10-14 cm3 molecule-1 s-1.48

Such a collision quenching rate leads to the lifetime of excited
Br atoms of 26 ns at 100 bar, 260 ns at 10 bar, and 2.6µs at 1
bar. Therefore, excited bromine atoms play no role in our
measurements (the shortest time used in the processing of the
kinetic curves was 5µs).

Absorption Cross Sections.Absorption cross sections of
acetone, CH3Br, and HBr at the laser wavelength 193.3 nm as
well as at the monitoring wavelength 216.51 nm are required
in the numerical fits of the absorption temporal profiles. Some
of these data were taken from literature; others were measured
in this work. The measurements of acetone cross section at 193.3
nm were performed using the high-pressure flow cell by
monitoring the laser pulse intensity by a combination of a
fluorescent quartz and a photodiode. These measurements were
performed under single-pulse conditions. Laser intensity trans-
mitted through the cell was compared to that when the acetone/
helium mixture was replaced with pure helium. Absorption of
193 nm light by acetone is found to be buffer gas pressure
dependent. This is due to the pressure broadening of the resolved
vibrational structure in the absorption spectrum of acetone near
193 nm. The absorption cross section of methyl radical at 216.51
nm was also found to be pressure dependent.31,49For the species
which exhibit broad structureless absorption bands (such as HBr)
the independence of the absorption cross sections of pressure
was assumed.

The Beer-Lambert plots for acetone absorption at 193 nm
at different pressures are shown in Figure 2. The absorption
cross section data are summarized in Table. 1. Absorption cross
sections of methyl radicals were calculated from the initial signal
amplitudes in the photolysis of acetone alone, the decay
parameters, and the rate constant data on the methyl radical
recombination reaction 3. Fitting the temporal profiles of
absorption in this case allows the ratio of the recombination
rate constant and the absorption cross section of methyl radicals
at the wavelength of the monitoring light,k3/σ216.51(CH3), to be
obtained. The literature data40 were used to extract the cross
section of methyl radicals from the experimentally measured
ratios. While fluxes of laser radiation were measured several
times, they were not used in any quantitative data processing.
These flux measurements agree with indirect photon flux
estimates obtained from the methyl radical absorption cross
sections, cross sections of absorption of laser light by acetone,
and acetone concentrations in the absorption cell.

Data Processing. Experimental temporal light intensity
profiles were fitted by numerical solutions of a system of
ordinary differential equations, which corresponds to the chosen
set of elementary reactions. The SCIENTIST software (Micro-
Math) was used to perform nonlinear least-squares fits of the
experimental light intensity profiles by a numerical solution of
a dimensionless system of differential equations using approach
outlined in Appendix 2.

Reaction Mechanism.The initial free radical concentrations
used in the current work are relatively high, and radical-radical
reactions are of substantial importance. The reaction mechanism

used to fit the experimental profile consists of the reaction under
study (reaction 1), reaction of methyl radicals with bromine
atoms (reaction 2), reaction of recombination of methyl radical
(reaction 3), and several additional undesirable secondary
reaction 7-11:

In the reaction mechanism, all radical-molecule reactions,
except for the reaction under study (reaction 1) and reaction 8,
are neglected. Reactions of all free radicals (CH3, H, Br) with
(CH3)2CO, CH4, CH3Br, CO, and H2 are too slow at ambient
temperature to play any role. Reactions of CH3 and H with Br2
are fast. However, only minor concentrations of molecule
bromine are formed during the reaction. Model calculations have
shown that taking into account reactions of CH3 and H with
molecular bromine has less than 0.6% effect on the extracted
rate constant of reaction 1. Therefore, reactions of free radicals
with molecular bromine were also neglected.

The most important interfering reaction is reaction 2, reaction
of methyl radicals with bromine atoms (which are formed
initially in the photolysis of HBr, and later after the pulse in
the reaction of methyl radicals with HBr (reaction 1)) and
reaction of hydrogen atoms (formed in the photolysis of HBr)
with HBr (reaction 8)). Reaction 2 was characterized in this
study using photolysis of CH3Br as a photolytic source of CH3
radicals and Br atoms with equal initial concentrations. The
absorption cross section of methyl radical at the monitoring
wavelength was determined via the measurements of the
transient absorption profiles in the photolysis of acetone alone,
when reaction 3 is the only reaction responsible for the
consumption of methyl radicals. The literature data40 on the
recombination reaction 3 were used in this work.

HBr + hν (193 nm)f H + Br(2P3/2) (6a)

f H + Br*(2P1/2) (6b)

Figure 2. Beer-Lambert plot for the ArF laser light (193.3 nm)
absorption by acetone at different buffer gas (He) pressures.

CH3 + H f CH4 (7)

H + HBr f H2+Br (8)

H + H f H2 (9)

H + Br f HBr (10)

Br + Br f Br2 (11)
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Reactions 2, 3, 7, and 9-11 are buffer gas density dependent.
Recombination of methyl radicals is close to the high-pres-
sure limit, reactions of methyl radicals with Br and H atoms
are in the pressure falloff region, and reactions of atom
recombination 9-11 are in the low-pressure limit over the
experimental pressure range 1-100 bar. Reactions 9-11 play
a minor role even at 100 bar and a negligible role at 1 bar. The
rate constant of the reactions used in the kinetic modeling are
listed in Table 2.

Results

Methyl Radical Absorption at 216.51 nm. Absorption
temporal profiles recorded at 1, 11, and 100 bar (He) in the
photolysis of acetone alone were used to obtain the ratio of the
rate constant of recombination reaction 3 and the methyl radical
absorption cross section. An example of the absorption profile
is shown in Figure 3. The results are given in Table 3.

Acetyl Radical Production in Photolysis of Acetone at 193
nm. Photolysis of acetone was shown to be a very clean source
of methyl radicals at pressures below 1 bar.44 However, this
does not warrant the performance of this precursor at elevated
pressures. At higher pressures, the collisional relaxation of
vibrationally excited acetyl radicals produced in the primary
photolytic process is faster and thus it is not clear whether it
can lead to significant stabilization of acetyl radicals or not.
Absorption profiles were recorded at 222.57 and 224.42 nm
where acetyl radical has strong absorption (σ224(CH3CO) ≈ 1
× 10-17 cm2 molecule-1 58). The results are illustrated in Figure
4. An upper limit of 5% (f4b < 0.05 at 100 bar He) for the

route 4b was derived from these measurements. An estimate
based on the RRKM theory is in accord with this conclusion.
The collisional quenching at 100 bar He is expected to provide
less than 5% stabilization yield of CH3CO radicals when the
excess energy of the radicals (energy above the dissociation
threshold, E+) is larger than 60 kJ mol-1. The maximum

TABLE 1: Absorption Cross Sections of Some Molecules at 193.3 nm (ArF Laser) and at 216.51 nm (Cu Hollow Cathode
Lamp) (298 ( 2 K and 1-100 Bar)

species

absorption cross
section at 193.3 nm,

cm2 molecule-1 comment

absorption cross
section at 216.51 nm,

cm2 molecule-1 comment

(CH3)2CO (9.45( 0.05)× 10-18 pHe ) 100 bar (1.49( 0.10)× 10-19 pHe ) 100 bar
(5.27( 0.40)× 10-18 pHe ) 10 bar pHe ) 10 bar
(3.23( 0.07)× 10-18 pHe ) 1 bar (1.8( 0.1)× 10-21 p ) 1 bar, air

this work (1.47( 0.10)× 10-21 120 Torr acetone, this work
HBr (1.78( 0.01)× 10-18 ref 50 (3.44( 0.10)× 10-19 ref 50, confirmed in this work
CH3Br (4.49( 0.07)× 10-19 ref 51 (3.48( 0.05)× 10-19 ref 51
CH3 1.71× 10-17 at 100 bar He;

3.20× 10-17 at 10 bar, He;
3.52× 10-17 at 1.0 bar He

using the experimentally determined
ratiosk3/σ216.51(CH3) (Table 3) and
the literature data onk3 (Table 2)

TABLE 2: Rate Constants for the Reactions Used in the Kinetic Modeling

reaction
rate constant

(cm3 molecule-1 s-1) reference/comment

CH3 + CH3 f C2H6 6.47× 10-11 at 100 bar He kinf from ref 40,
pressure falloff
from ref 52

6.42× 10-11 at 10 bar He
6.29× 10-11 at 1 bar He

CH3 + H f CH4 4.62× 10-10 at 100 bar He kinf from ref 53,
pressure falloff
from ref 54

4.37× 10-10 at 10 bar He
3.27× 10-10 at 1 bar He

H + HBr f H2 +Br 6.32× 10-12 ref 55
H + Br f HBr 2.25× 10-11 at 100 bar He calculated askH+Br )

2(kBr+BrkH+H)1/22.25× 10-12 at 10 bar He
2.25× 10-13 at 1 bar He

Br + Br f Br2 7.64× 10-12 at 100 bar He ref 56
7.64× 10-13 at 10 bar He
7.64× 10-14 at 1 bar He

H + H f H2 1.66× 10-11 at 100 bar He ref 57
1.66× 10-12 at 10 bar He
1.66× 10-13 at 1 bar He

CH3 + Br f CH3Br k2/k3 ) 1.65( 0.26 at 100 bar He,
1.15( 0.30 at 10 bar He,
0.92( 0.32 at 1 bar He

this work, 95%
confidence interval

CH3 + HBr f CH4 + Br to be determined

Figure 3. Transient absorption of methyl radicals (recorded at 216.51
nm) in photolysis of acetone and methyl bromide at 193.3 nm. The
solid curves are the results of the fits.
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theoretically possible excess energy of acetyl radicals produced
in the photolysis of acetone at 193 nm is 266 kJ mol-1.

Reaction CH3 + Br f CH3Br. Photolysis of methyl bromide
(5) was used as a simultaneous photolytic source of methyl
radicals and bromine atoms. The photolytic route (5) is expected
to be the main channel of photodissociation of CH3Br in the
ultraviolet region.42,59 Therefore, the equality of the initial
concentrations of methyl radicals and bromine atoms is provided.
Figure 3 shows the experimental profiles recorded in photolysis
of acetone and methyl bromide with equal initial concentrations
of methyl radicals. The role of reaction 2 is apparent. Such
measurements allow determination of the ratio of the rate
constant of reaction of methyl radicals with Br atoms and the
methyl radical recombination reaction,k2/k3. The results are
listed in Table 4.

Reaction CH3 + HBr f CH4 + Br. The experimental
conditions and the results of the experiments to measure rate

constant of reaction 1 are summarized in Table. 5. An example
of the absorption profiles of methyl radicals at 216.51 nm at
100 bar He with and without HBr added is shown in Figure 5.
Side reactions of methyl radical with itself, Br, and H atoms
play a significant role and can account for from 40-80% (at
100 bar) of the rate of consumption of methyl radical depending
on the laser pulse energy (in the time domain used for the data
processing). The dashed curve in Figure 5 shows the kinetic
curve simulated with all reactions in the mechanism taken into
account but reaction 1. The difference between the dashed curve
and the experimental profile is due to reaction 1. The dotted
curve was simulated in a similar manner to the dashed curve,
but with the rate constants of reactions 2, 3, and 7 set at their
uncertainty limits (see the figure caption). The relative impor-
tance of the secondary interfering reactions increases with
pressure. Contribution of these reactions is relatively small at
1 bar and significant at 100 bar. This is mainly due to the
increase with pressure of the rate constants of the main
interfering reactions 2 and 7.

To verify the experimental and the data processing proce-
dures, the following checks were performed. At fixed concentra-
tion of HBr, the laser light intensity was varied by a factor of
4 at 1 bar, factor of 7 at 11 bar, and factor of 16 at 100 bar.
Investigation of Table 5 shows no systematic dependence of
the pseudo-first-order rate constant returned by the fits on the
laser pulse energy. Concentration of HBr was varied within the
factor 5-6. The pseudo-first-order rate constants of reaction 1
returned by the fits were plotted as a function of HBr
concentration. The results for 1, 11, and 100 bar buffer gas

Figure 4. Transient absorptions recorded in photolysis of large
concentration of acetone at 216.51 nm (CH3 radical) and 224.42 nm
(CH3CO radical).

TABLE 3: The Ratio B ) k3/σ216.51(CH3)L for
Recombination of CH3 Radicals (T ) 301 ( 1 K, Buffer Gas
is He, and Cell Length,L, ) 10.4 cm

He pressure/bar (k3/(σ216.51(CH3)L))/106 s-1

1.05 0.172( 0.007
11.2 0.193( 0.008
101 0.365( 0.016

TABLE 4: Rate Constant for the Reaction CH3 + Br (T )
301 ( 1 K)

He pressure
(bar) kCH3+Br/kCH3+CH3

a kCH3+CH3
b kCH3+Br

a,c

1.05 0.92( 0.32 6.29× 10-11 (5.8( 2.2)× 10-11

11.2 1.15( 0.30 6.42× 10-11 (7.4( 2.2)× 10-11

101 1.65( 0.26 6.47× 10-11 (10.7( 2.3)× 10-11

∞ (11.9( 2.5)× 10-11d

a This work, the errors indicate 95% confidence interval.b Based
on kinf ) 6.5 × 10-11 cm3 molecule-1 s-1 (ref 40) and the pressure
falloff parameters from ref 52.c The errors were obtained by combining
the errors in the rate constant ratios (95% confidence interval, column
2) with the error in the rate constantskCH3+CH3. The latter was estimated
as 14% by addition of the error stated in the original publication (ref
40) and the deviation from the value suggested in the review paper
(ref 57) (ca. 8%).d High pressure limit rate constant obtained by a short
extrapolation (this work).

Figure 5. Transient absorption of methyl radicals without and with
HBr added. The solid lines through the experimental points show the
fitted line using the reaction model (see text for details). The plot on
the top shows the residuals of the fit. The dashed line is a simulated
kinetic curve in the presence of the same concentration of HBr and
without reaction 1 (k1 ) 0) but with other secondary reactions taken
into account. The dotted line is calculated with the rate constants of
reactions 2, 3, and 7 set to their uncertainty limits; rate constantk3 is
increased by 14%, the ratiok2/k3 is increased by 16%, and the rate
constantk7 is increased by a factor of 2.5.
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pressure are shown in Figure 6. Linear dependencies are
observed, as expected. The scatter of the experimental points
increases at high pressures. This is due to both the decreasing
quality of the kinetic curves at 100 bar and to the increasing
role of the interfering reactions. The quality of the kinetic curves
deteriorates due to two main reasons: the decrease of the
absorption coefficient of methyl radical due to the pressure
broadening and the lesser number of averaging due to the much
lower pulse repetition rate.

The slopes of the linear regression lines in Figure 6 were
used to determine the rate constant of reaction 1 at different
pressures. The results obtained in this way arek1 ) (2.9( 0.7)
× 10-12, (3.8 ( 1.5) × 10-12, and (3.4(1.3) × 10-12 cm3

molecule-1 s-1 at the buffer gas (He) pressures of 1.05, 11.2,
and 101 bar, respectively.

Error Assessment.The error assessment in the case when a
number of interfering reactions are to be taken into account
represents a rather complex problem. To assess the error in the
determined rate constants, the following approach was used.
First, for given experimental conditions (temperature and
pressure), one experimental kinetic curve out of those that have
maximum impact on the value of the determined rate constant
(such as those at highest concentration of HBr in Figure 6) was
chosen. Then, the sensitivities (Sj, eq E2) of the rate constant
of reaction 1,k1, obtained in fits by the reaction mechanism
1-3 and 7-11, to the different input parametersPj, were

determined by varying the input parameters by 10%,

The total error in k1 was estimated assuming that the
individual errors in the input reaction rate constants, absorption
cross sections, and the uncertainties of the experimental
parameters (acetone and HBr concentrations) are statistically
independent,

whereδln(k1) is the total (logarithmic) error ink1, δln(Pj) are
the logarithmic errors in the parameters used (rate constants of
reactions 2, 3, and 7-11, absorption cross-sections, and the
reactant concentrations), andδln(k1)st is the statistical error in
the determination of the rate constants due to the scatter of the
experimental data. Three standard deviations of the linear
regressions in Figure 6 were used as the measure of the statistical
accuracy. The sensitivities determined in this way, the errors
in the rate constants and other parameters used, and the total
errors determined are summarized in Table 6.

Discussion

The rate constant of reaction 1 as a function of the buffer
gas density, together with the results of previous measurements,

TABLE 5: Experimental Conditions and Results to Measure Rate Constant of CH3 + HBr f CH4 + HBr Reaction

[acetone]
1015molecule cm-3

[HBr]
1015 molecule cm-3

[CH3]0
a

1014 molecule cm-3
[Br] 0 ) [H]0

b

1014 molecule cm-3
laser energy flux

mJ cm-2
k1′

103 s-1 c,d

PHe ) 1.05 bar
6.11 13.6 2.5 1.6 6.1 42.2( 2.9
6.03 23.2 2.0 2.1 4.8 62.4( 4.9
6.47 9.41 2.0 0.82 4.6 26.6( 2.8
5.07 8.98 0.92 0.45 2.7 38.1( 1.6
5.07 8.98 3.8 1.8 11 30.7( 2.2
5.07 8.98 1.5 0.73 4.3 20.1( 1.4
5.14 4.44 1.2 0.29 3.5 16.7( 1.4

PHe ) 11.2 bar
3.99 35.1 2.4 3.5 5.8 130( 14
4.03 13.8 3.0 1.7 7.3 51.8( 4.6
4.08 4.54 2.8 0.52 6.6 25.3( 2.3
3.98 24.3 3.1 3.2 7.6 91.7( 7.0
3.59 7.96 7.0 2.6 19 29.8( 2.9
3.59 7.96 0.96 0.36 2.6 29.8( 6.7
3.59 7.96 3.2 1.2 8.7 30.3( 3.3

PHe ) 101 bar
3.48 13.9 12 4.3 18 52.4( 9.1
3.48 26.0 7.1 5.0 11 80( 19
2.99 22.1 4.2 2.9 7.6 101( 16
2.99 18.7 2.9 1.7 5.3 60( 10
2.7e 16.7 2.6 1.5 5.1 51( 10
2.46 9.46 2.4 0.85 5.2 28.4( 4.8
2.46 9.46 6.5 2.4 14 30.4( 4.3
2.46 9.46 0.86 0.31 1.9 21( 10
2.46 4.73 3.1 0.55 6.8 21.3( 4.1
2.46 4.73 7.3 1.3 16 24.5( 3.3
2.44 9.79 0.94 0.35 2.1 25.2( 8.5
2.44 4.89 1.0 0.19 2.3 9.7( 9.8
2.44 20.4 0.92 0.72 2.0 62( 11
2.44 6.13 0.57 0.13 1.3 33.2( 7.4
2.44 12.3 0.86 0.41 1.9 32.7( 7.0
2.47 20.5 1.6 1.29 3.6 57.7( 7.4
2.47 6.17 1.3 0.30 2.9 23.1( 4.1
2.47 12.3 1.0 0.49 2.3 52( 11
2.36 10.4 8.6 3.5 20 52.6( 4.4
2.36 10.4 1.4 0.60 3.3 54.4( 8.1

a Initial concentration of methyl radicals.b Initial concentrations of bromine and hydrogen atoms.c Pseudo-first-order rate constant of reaction
1, k1′ ) k1[HBr]. d The errors indicated are(3 standard deviations of the fits and reflect statistical accuracy only.

Sj ) ∂ln(k1′)/∂ln(Pi) (E2)

δln(k1) ) (Σj|Sj δln(Pj)|2 + |δln(k1)st|2)1/2 (E3)
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is plotted in Figure 7. The current measurements together with
the previous measurements cover the density range of 4.6
decades. The results indicate no dependence of the rate constant
of reaction 1 on the buffer gas density. While the points at 11
and 100 bar are 14-25% higher than the low-pressure values,
this deviation is within the experimental error.

Correction for Diffusion Control. At the highest density
(at pressure 100 bar) a correction for the reactant diffusion
control might be nesessary.60 The rate constant of a bimolecular
reaction is given by the Smoluchowski theory:

where kdiff and kkin are the diffusion-controlled and the
kinetically controlled rate constants, respectively,RAB is the
“reaction radius” (the separation between the centers of the
reactants molecules at the diffusion “bottleneck”),DAB ) DA

+ DB and is the relative diffusion coefficient of the reactants,
andDA andDB are the diffusion coefficients of the reactants.

The estimated relative diffusion coefficientD(CH3-HBr) in He

(300 K, 100 bar)) 1.35× 10-2 cm2 s-1 (based onDHBr in He

(300 K, 1 bar)) 0.657 cm2 s-1, DCH3 in He (300 K, 1 bar))

0.691 cm2 s-1, calculated using the following Lennard-Jones
parameters:61 σHe) 0.255 nm,εHe ) 10.22 K, σHBr ) 0.335
nm,εHBr ) 449 K,σCH3 ) 0.382 nm,εCH3 ) 148 K). Estimation
the reaction radius as the separation between the H atom and C
atom in the transition state,RAB ) 0.162 nm20 leads to the
diffusion-controlled rate constant (E5)kdiff ) 2.51× 10-11 cm3

molecule-1 s-1 at 100 bar He. Using eq E4, this gives ca.+15%
correction to the experimentally measured rate constant,kkin )
3.96 × 10-12 cm3 molecule-1 s-1 at 100 bar pressure. The
correction at 10 bar is ca. 1.5% and can be neglected. The open
symbol in Figure 7 shows the value corrected for the diffusion
at 100 bar.

It should be mentioned that the expressions E4 and E5 are
applicable for spherical reactants when the mean free path is
smaller than the reactant separation at the closest contact. Neither
of these two assumptions is fulfilled in our case. Both the mean
free path of the reactants and the mean separation between the
buffer gas atoms are larger than the reaction radius so that the
assumption of continuous diffusion is hardly applicable. The
reaction is nonisotropic, which should lead to a reduction of
kdiff and, subsequently, to an increase in the corrected rate
constant of reaction 1.

Role of the Excess Vibrational Energy.The maximum
theoretically possible internal energy of methyl radicals formed
in photodissociation of acetone at 193.3 nm (reaction 4a) is 219
kJ mol-1. The characteristic relaxation time of a highly excited
molecule,τ, can be estimated as

whereE is the internal energy,∆E is the mean energy transferred
in collision, andν is the collision frequency. At 100 bar He,
the collision frequency is ca. 1.2× 1012 collisions/s. The mean
energy transferred in collision of a highly vibrationally excited
molecule with helium atom is 2-11 kJ mol-1.62 This leads to
τ ) (1.7-9.1)× 10-11 s and (1.7-9.1)× 10-9 s at 100 and 1
bar He, respectively. At the lowest pressure of the current
experiments, 1 bar, assuming the most conservative estimate
(9 × 10-9 s), this time is still ca. 500 times shorter than the
minimum time after photolysis used to process the experimental
data (5µs). At low excitation levels (such as single vibrational
quantum), the above estimate is not applicable. The slowest
vibrational relaxation experimentally observed for multiatomic
molecules is that of methane.63-65 Relaxation of methane in
collisions with methane molecules and He atoms requires ca. 2
× 104 collisions.63,64 The Lambert-Salter correlation65 of the
efficiency of vibrational relaxation with the frequency of the
lowest vibrational mode infers 2 orders of magnitude higher
rate for the vibrational relaxation of methyl radical compared
to methane due to the much lower frequency of the out-of-plane
vibration (ca. 606 cm-1) compared to the lowest vibrational
mode in methane (1306 cm-1). The relaxation of the out-of-
plane vibration (umbrella) mode of methyl radical in collisions
with CH3I is very fast and requires only ca. 40 collisions.66

However, even under the assumption that the rate of vibrational
relaxation of methyl radical is as slow as the rate of relaxation
of methane, the estimated relaxation time (1.6µs at 1 bar and
16 ns at 100 bar) ensures complete V-T relaxation in our
experiments. Therefore, irrespective of which mode of relaxa-
tion (relaxation of the highly or low vibrationally excited
molecules) is considered, the estimates unambiguously show
complete thermalization of the excess energy under our experi-
mental conditions. The agreement of our measurements with
the measurements which employed lower buffer gas densities

Figure 6. Pseudo-first-order rate constant of reaction 1 yielded by
the fits of the experimental profiles plotted vs concentration of HBr at
different buffer gas pressures.

1/k ) 1/kdiff + 1/kkin (E4)

kdiff ) 4πRABDAB (E5)

τ ) E/(ν〈∆E〉) (E6)
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indicates that there have been no interference from vibrationally
excited radicals in these, previous, measurements.

Buffer Gas Density Dependence of the Rate Constant.
Simple bimolecular metathesis reactions are generally believed
to be independent of a buffer gas density. The discovery of
negative apparent activation energies in a number of reaction
of hydrocarbon free radicals with hydrogen halides and halogens
may lead to reconsideration of this assumption.

An explanation of the negative activation energies for
reactions that proceed via formation of an intermediate complex
was given in terms of the RRKM theory.20,23-25 The reaction
products are separated from the intermediate complex by a
transition state. It was shown that if the ground state energy of
the transition state lies below the ground state of the reactants,
and under the assumption of complete statistical energy
redistribution in the intermediate complex, the statistical theories
(such as RRKM) lead to prediction of a negative apparent
activation energy for the reaction.25 If this mechanism is

responsible for the negative apparent activation energies ex-
perimentally observed, then abuffer gas density dependence of
the rate constant should be anticipated.25

Theoretical calculations indeed found a weakly bounded
complex in reactions of methyl radicals with hydrogen halides.20

However, the calculated potential wells appeared to be rather
shallow (1-3 kJ mol-1), which makes the statistical assumption
(fast energy redistribution due to the high density of energy
levels in the intermediate complex) somewhat questionable. The
theoretical calculations positioned the barriers of the transition
states in reaction of methyl radical with hydrogen bromide above
the ground-state energy of the reactants. To fit the experimental
data, the authors were forced to adjust the transition state
energies by ca. 3 kJ mol-1 down to reach an agreement with
the experimental data and to obtain the negative apparent
activation energy. However, the experimental rate constant of
reaction 1 was then remeasured18,21 and the revised value is a
factor of 2 higher than that used in the theoretical work.20

The anticipated magnitude of the buffer gas density depen-
dence strongly depends on the barrier energy. Being fitted to
the corrected experimental value of the rate constant of reaction
1, statistical models (with the other parameters taken from the
theoretical calculations20) predict an increase of the rate constant
of reaction 1 of ca. 20-100% at high pressures. Our experi-
mental measurement at both 10 and 100 bar He yielded
systematically higher values of the rate constant by ca. 15-
25% compared to these measured at low pressures (Figure 7).
However, these deviations are still within the limits of the
combined experimental and the model error. More accurate
experimental measurements are required to establish the pres-
ence of the buffer gas density dependence of this reaction.

Appendix 1: The “Dead Volume Effect” in Preparation
of Gas Mixtures

Typically, gas mixtures are prepared by sequential addition
of gases to some (preliminarily evacuated) volume. The minor
component is added first, the major component is added last.
The composition is calculated based on the pressures measured
after the addition of each component. The homogeneity of the
mixture is provided either by allowing time long enough to
ensure completion of the component diffusion, or by forced
convection (caused by the flows of admixed gases or by stirring).

TABLE 6: Sensitivities of the Determination of the Rate Constant of the Reaction CH3 + HBr f CH4 + Br from the Reaction
Modeling and the Errors Assessment

parameter,
Pi

sensitivity,
∂ln(k1′)/∂ln(Pi)

at 1 bar

parameter
relative error,

δ(ln(Pi))

sensitivity,
∂ln(k1′)/∂ln(Pi)

at 11 bar

parameter
relative error,

δ(ln(Pi))

sensitivity,
∂ln(k1′)/∂ln(Pi)

at 100 bar

parameter
relative error,

δ(ln(Pi))

k3 0.38 0.060 0.73 0.057 0.63 0.057
k2/k3 -0.28 0.35 -0.29 0.26 -0.14 0.16
k7 -0.21 0.90a -0.39 0.90 -0.37 0.90
k8 0.13 0.15 0.16 0.15 0.17 0.15
k9 1.5× 10-4 1.1b 1.1× 10-3 1.1 0.018 1.1
k10 6.6× 10-4 1.2 0.0030 1.27 0.046 1.2
k11 3.3× 10-4 0.25 8.2× 10-4 0.25 0.027 0.25
B -0.84 0.040 -1.1 0.041 -1.7 0.044
[acetone] 0.67 0.030 1.0 0.030 1.4 0.030
[HBr] -1.5 0.030 -1.7 0.030 -2.3 0.030
σ193(acetone) 0.67 0.020 1.0 0.076 1.4 0.020
σ193(HBr) -0.76 0.0050 -1.0 0.0050 -1.6 0.0050
σ193(CH3Br) 0 0.015 0 0.015 0 0.015
σ216(acetone) -3.3× 10-4 0.070 -1.6× 10-3 0.74 0.068 0.070
σ216(HBr) -0.26 0.030 -0.39 0.030 -0.40 0.030
σ216(CH3Br) 0.018 0.014 0.019 0.014 0.065 0.014
statistical error (3 st. dev.) 0.048 0.013 0.044
cumulative relative error 0.26 0.40 0.39

a Corresponds to an uncertainty factor 2.5.b Corresponds to an uncertainty factor 3.0.

Figure 7. Rate constant of reaction 1 measured in the previous18,21

and in the current work at different buffer gas densities.
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Forced convection is the only possibility to reduce the time
required for mixture preparation. This is especially important
for high-pressure mixtures, where the diffusion can easily take
days or weeks.

Typically, any mixing volume has some narrow diameter parts
attached (such as pressure gauges, valves and connecting
tubings). Stirring (or convection induced by other means) in
the main volume does not reach inside the volume associated
with these parts. In the derivation below this volume is called
the “dead volume.” While the fraction of the dead volume is
typically small, its effect on the mixture composition in the main
volume is greatly enhanced when dilute mixtures are prepared
(the “dead volume effect”).

A brief derivation is given below.
A mixture of a gas A in gas M is prepared in a volumeV )

V1 + V2 (V1, the “bulk” volume; V2, the “dead volume”) by
addition of M to the volume initially filled by the gas A.

Efficient mixing in the bulk of the vessel during the gas
addition is assumed (typically provided by the convection forced
by the flow of gas M).

Notations. x1, x2, andx, mole fractions of A inV1, V2, and
the overall mole fraction of A in the vessel;nA1, nA2, nA, nM1,
nM2, nM, number of moles of A and M inV1, V2, andV (total),
respectively; dnM, an infinitesimal amount of M added.

Several Relations.nA1 + nM1 ) n1, total number of moles
in V1; nA2 + nM2 ) n2, total number of moles inV2; dn1 ) (1
- â) dnM, dn2 ) â dnM, â ) V2/(V1 + V2), the fraction of the
dead volume;R ) â/(1 - â) ) V2/V1, the ratio of the dead
volume and the bulk volume of the vessel.

The mixture entering the dead volume at a given stage of
preparation has the composition of the bulk volume mixture:
dnA2 ) x1dn2.

Therefore, dnA2 ) (nA1/(nA1 + nM1)) â dnM. Taking into
accountnA1 ) nA - nA2, dnA2 ) -dnA1 (only M is added), one
derives dnA1 ) -(nA1/(nA1 + nM1)â dnM. At any time, pressures
in the “bulk” and the “dead volume” are equal, which infers
n1/V1 ) n2/V2, and, subsequently,nA1 + nM1 ) (nA + nM)(1
- â).

After some transformations, one arrives at

Integration of this equation with the initial conditionsnM ) 0,
nA1 ) nA(1 - â) yields

wherex1 ) nA1/(nA1 + nM1), the mole fraction of A in the bulk
volume,x ) nA/(nA + nM), the overall (targeted) mole fraction
(one obtained from the partial pressures), andR ) V2/V1 is the
ratio of the dead volume and the bulk volume of the vessel.

Appendix 2: Transformation and Reduction of ODE
System to a Dimensionless Form

A systematic procedure of reduction of a system of ordinary
differential equations which describes a pulsed photolysis/
transient absorption experiment to a dimensionless form and
which automatically accounts for all absorptions before and after
the photolytic pulse is outlined below.

The system of rate equations for a set ofN elementary
bimolecular reactions is written as follows:

The concentration of a speciesi, Ci, is divided into a
permanent component,Ai, and a variable component,Bi. The
permanent components exist before the photolysis, remain
unchanged after the photolysis pulse, and are not changed during
the secondary reactions. Variable components appear as a result
of photolysis and secondary reactions. The initial amplitudes
of the variable components are proportional to the laser pulse
energy. The total concentration of a given chemical substance,
Ci, is equal to the sum of permanent component,Ai, and the
variable component,Bi; Ci ) Ai + Bi

Taking into accountCi ) Ai + Bi, Ai ) constant, and the
fact that the “permanent” components do not “react” with each
other (the termAiAj disappears), the system of differential
equations becomes

Each variable component,Bi, can participate in a pseudo-
first-order reaction with a permanent componentAj (rate constant
kij) and in a bimolecular reaction with variableBj (rate constant
kij). The stoichiometric coefficients ofkth species areνijk. Only
one contribution (BiAj or AiBj) can be nonzero in eq E8.

Only permanent components participate in the laser photoly-
sis. The general stoichiometric equation for the photolysis is
written as

whereφij is the quantum yield of the production ofjth species
in the photolysis ofith permanent species. The negative sign is
assigned to the quantum yield of photodissociating molecule.
The variable components after the pulse are

whereF1 is the photon flux (photon/cm2) of the photolytic light,
andσ1i is the absorption cross section ofith permanent species
at the wavelength of the laser light.

Absorption of the monitoring light is characterized by the
cross sections at the monitoring wavelength,σ2i. The variable
component of the absorption of the monitoring light is described
by the “absorption”, Abs, the optical density with base e. There
is a permanent absorption of the monitoring light, Abs00, before
and after the pulse (t < 0, t > 0) and variable absorption, Abs-
(t), after the pulse (t > 0),

The amplitude of the variable absorption after the pulse is

Bi0 is the ith variable component after the pulse,σ2i, is the
absorption cross section of theith species at the monitoring
wavelength, andL is the optical path (cell) length.

For the sake of convenience in the numerical integration of
the system of ordinary differential equations (E8) a dimension-
less form is desirable. It could be done in a number of different
ways. We choose the dimensionless form, which avoids using
the laser energy flux or the radical concentration as fitting or
input parameters. Instead, it employs initial absorption of one
of the variable components as a fitting parameter and requires
dimensionless combinations (such as ratios of rate constants,
cross sections, and their combinations) as input parameters. Such

dBk/dt ) Σiej νijkkijBiBj + Σiej νijkkij(BiAj + AiBj) (E8)

0 ) ΣjφijAj (E9)

Bj0 ) F1(Σi σ1iφijAi) (E10)

Abs00 ) (Σi σ2iAi)L (E11)

Abs(t) ) (Σi σ2iBi)L (E12)

Abs0 ) (Σi σ2iBi0)L (E13)

dnA1/nA1 ) -R dnM/(nA + nM)

x1/x ) xR

dCk/dt ) Σiej νijk kij CiCj k ) 1, 2, 3, ...,N (E7)
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combinations are often directly derived from experimental data
and have better accuracy than the individual rate constants or
cross sections.

After normalization of all variable components to the initial
concentration of one (the “reference”) transient species (methyl
radicals in our case) and introduction of dimensionless combina-
tions, the ODE system becomes

The initial conditions are

In this work, the “reference” concentration is the initial
concentration of methyl radical. The dimensionless combinations
areYi ) Bi/[CH3]0, the normalized variable component of the
ith species, AbsCH3,0 ) σ2CH3[CH3]0L, the initial absorption of
methyl radicals,B ) k3/σ2CH3L, the combination of the
recombination rate constant, absorption cross section, and the
reactor length (which is directly measured in additional experi-
ments), andrij ) kij/k3, the normalized rate constants of
bimolecular reactions.

The set of differential equations (E14) together with the set
of the initial conditions (E15) completes the formulation of the
problem for numerical solution.

The specification of the initial conditions requires only the
initial concentrations of the “permanent” species, their absorp-
tion cross sections for the laser light, and the quantum yields
of the relevant photodissociation routes. No laser energy is
required to fit the absorption kinetic curve, if the parameterB,
the initial concentrations of the “permanent” species, and the
ratios rij are known. The initial absorption of one of the free
radicals (methyl in this case) is used as a fitting parameter. The
absolute concentration of free radicals enters indirectly, via the
initial absorption and the absorption cross sections.

The variable absorption and the intensity of the monitoring
light are given by eqs E16 adn E17.

where I0(t) is the monitoring light intensity without the laser
pulse entering the reactor. The absorption of the permanent
species isautomatically accounted forin eq E17.
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