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Reactions of methyl radicals with hydrogen bromidesGHHBr — CH, + Br (1) and bromine atoms CH

+ Br — CH3Br (2) were studied using excimer laser photolysignsient UV spectroscopy at 297 3 K

over the 100 bar buffer gas (He) pressure range. Methyl radicals were produced by 193 nm (ArF) laser
photolysis of acetone, (GHCO, and methyl bromide, GiBr. 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=L (26 +

0.7)x 10712 (3.84 1.5) x 107*2 and (3.4+ 1.3) x 10 *2cm? molecule® s™! 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, CH + CH; — C,H; (3) in experiments with photolysis of GBr: ko/ks = 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 yield& = (5.8 + 2.2) x 10°%, (7.4+ 2.2) x 10°%, (10.74+ 2.3) x 10°%, and (11.9+ 2.5)

x 107 cm® molecule! s™* at 1.05, 11.2, 101 bar (He), and in the high-pressure limit, respectively.

Introduction treatmeng®23-25 A shallow well was indeed found in ab initio
calculationg%?* 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 observét?*

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 depende?fci#sThe
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 reactiot-GiHg +
DBr, the ambient temperature VLPR rate constant is 144 times
lower than the one measured using laser pulsed photdf/&s.
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 stutiés.

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?”-28The main point of this criticism is in the possible
lead to a substantial re-evaluation of-8 bond energies in presence and interference of .highly vibratipnally excited free

radicals after pulsed photolysis of the radical precursor mol-

small hydrocarbon moleculé$: 1921 A possible explanation of . . ’ . X
. . - ecules, used in all direct studies, which allegedly lead to negative
the negative temperature dependence was given in terms of a

Wl . - values of the activation energies due to the interference of
well” in the potential energy surface which corresponds to a

. N . . N excited species.
bound complex and in terms of “chemically activated” system ) . L
In view of the tremendous importance of this issue for the
*To whom correspondence should be addressed. E-mail: thermOChem!Stry of hydrocgrbon fr.ee radicals and fpr the
KRASNOPEROV@ADM.NJIT.EDU. kinetics of simple metathesis reactions, one of the simplest
T Undergraduate summer research student, 1996. reactions of this class, the reaction of methyl radicals with
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Reactions of small hydrocarbon free radicals (such as, CH
C,Hs, C3H7, C4Hg) with hydrogen halides (HI, HBr, and HCI)
have been a subject of research during the last 50 ye#rs.
Beyond their importance for the fundamental chemical kinetics,
these kinetic measurements were used as a source ofthe C
bond energie¥ 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 la¥%.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 €H bond energies in hydrocarbon
molecules and the enthalpies of formation of free radi#als.

Recent theoretical and experimental kinetic studies performed
using a variety of experimental technigues revealed negative
apparent activation energies for reactions of small hydrocarbon
free radicals with HI and HBF210.1219.21 These observations
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Figure 1. Experimental setup. Pulsed laser photolysis coupled to a-\i¥/transient absorption spectroscopy.

hydrogen bromide (1), was reinvestigated in the current work explored mainly in this group. There have been few kinetic

over an extended buffer gas density range. studies at elevated pressuf&s’* the majority employed static
reaction cells with a single pulse illumination by photolytic light.
CH; + HBr— CH, + Br Q) Recently, Hippler et al. incorporated high-pressure flow system

in the experimental approaéhA similar approach is used in
The pressures employed in the current study (up to 100 bar)the current work. This technique is still not sufficiently char-
are sufficient to completely quench any vibrationally excited acterized. Characterization and evaluation of the performance
species on the time scale of the experiments (is). If there of the experimental approach was the third objective of this
was an interference of vibrationally excited species in the Work.
previous direct measurements and if the true rate constant is In the course of this study the rate constant of reaction of
much lower (as the data obtained using VLPR infer), then a methyl radical with atomic bromine (reaction 2) was necessary
decreasen the rate constant with pressure is expected. for the reaction kinetic modeling.

Another objective of this study was to search for a possible
buffer gas density dependence of the rate constant of reaction CH; + Br— CH;Br (2)

1. Such a dependence can be expected if the explanation of the ] ) ) )

negative activation energies based on the “chemically activated T his reaction was not studied previously. In this work, the rate
system” with the transition state below the energy level of the constant of reaction 2 was determined relative to the rate
reactant¥ is correct. In this case, ancreaseof the rate constant ~ constant of methyl radical self-reaction,

with pressure is expected at elevated pressures. Currently, a

reliable prediction neither of the scale of such a dependence CH; + CH; — CHg (3)
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- Experimental Setup.The experimental approach used in this
tion/recombination reactions, reactions with chemical activation, study is based on the combination of a laser pulsed photolysis
etc.) are buffer gas density dependent. Elevated pressures arith transient U\V-vis absorption spectroscopy. The sketch
encountered in a number of systems of practical importance, of the experimental setup is shown in Figure 1. The reactant
such as rocket engine combustion chambers and internalmixture which contains free radical photolytic precursor
combustion and diesel engines. In the past, the high-pressurg(CHs;),CO or CH;Br), reactant (HBr), and a buffer gas (He) in
limit rate constants as well as the whole pressure falloff great excess (£8-1CPtimes) is slowly flowing through a high-
dependence were often obtained via an extrapolation of the lowpressure absorption cell. The cell (internal diameter 7.0 mm,
and intermediate pressure data. The accuracy and reliability ofinternal length 10.4 cm, volume of 4.0 é&nis equipped with
this procedure depend on the range of densities used in thetwo 12.7 mm in diameter 12.7 mm thick fused silica windows
experimental measurements. High-pressure kinetic measure-and is designed to withstand pressures up to at least 150 bar.
ments were pioneered by Troe and HippléP and were Typical reactant concentrations were [(§#CO] = (2.0-6.5)

The results of these latter measurements are also presented.

Experimental Section
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x 105, [HBr] = (0.3—3.0) x 10'6, and [CHBr] = (2.0-15) The second monochromator (Jarrell-Ash, model 82-518, 0.5
x 10 molecules cm?2. Much higher concentrations of acetone m) was used for in situ monitoring of HBr and BiFor this
(up to 3.6 x 10 molecules cm3) were used in several purpose, a proper hollow cathode lamp was installed in the
experiments aimed at the search of i) transient absorption.  working position. The first dielectric mirror was removed. The
The energy flux of the laser light was varied in the range-1.2  monitoring light is reflected by the second mirror, focused on
21 mJ cm? ((1.2—-20) x 10 photon cn?). Attenuation of the entrance slit of the second monochromator, and measured
the laser light was performed by inserting flat non-UV grade by a (Hamamatsu R106) photomultiplier. A standard circuit for
quartz plates (with typical attenuation of ca. 50%-60% per plate) current modulation and lock-in detection from an atomic
into the laser beam. Typical initial concentrations of methyl absorption spectrometer was used in these measurements.
radicals were in the range (6-34) x 10 molecules cm?, A light shutter (Oriel model 76993) was located between the
All experiments were performed at ambient temperature 297 laser and the cell. Every odd laser pulse was blocked. A
+ 3 K and three buffer gas pressuresl, 11, and 101 bar. A synchronized switch (Pasternack Electronics, PE7100) was used
typical total flow rate of ca. 50 standard cubic centimeters per to connect the two input channels of the oscilloscope to the
second was used. Experiments were performed under thepreamplifier output to accumulate separately the light intensity
conditions of complete replacement of the reaction mixture profile with and without the laser pulse entering the reactor.
between laser pulses using proper repetition rates (e.g., 0.1 HZThis procedure was used to account for a small (0.5% in 1 ms)
at 100 bar). variation of the monitoring light intensity during a pulse. The
Unfocused light from an ArF excimer laser (LumonicsTE ~ two traces then were used to calculate the temporal profile of
861T-3) formed into a beam by two iris diaphragms was the monitoring light absorption.
reflected by a 45(>98% at 193 nm, Newport) dielectric mirror The high-pressure flow system consists of high-pressure mass
and directed along the cell axis so that it fills all the cross section flow controllers, a high-pressure flow cell, an upstream (back)
of the cell. When reflected by the dielectric mirror, the laser pressure regulator, high-pressure test gauges, and the cylinders
beam is merged with the monitoring beam which is formed by with the helium, the precursor, and the reactant mixtures. Brooks
a fused silica lensf(= 10 cm). After passing the cell, the laser high-pressure mass flow controllers (5850 TR series) are used.
beam is separated from the monitoring light using the second The flow controllers were periodically calibrated using the soap
45° dielectric mirror for 193 nm. film method. In the initial experiments, a pneumatically
Hollow cathode |amps (HCL) as well as |OW_power Xe and controlled Upstream pressure regulator (GrOVe MITY-MITE
Hg arc lamps are used as sources of the monitoring light. Methyl model 5D91W, up to 2000 psi) was used. Later, it was re-
radicals were monitored using strong narrow absorption band Placed by an electronic upstream pressure regulator (Brooks,
around 216 nnd®4° A 216.51 nm line from a copper hollow model 5866). Both upstream pressure regulators demonstrated
cathode lamp was used as a source of the monitoring light. To comparable performance, the electronic being more convenient.
improve the monitoring light intensity, a three-electrode hollow The flow reactor pressure was measured using test pressure
cathode lamp (Superlamp, Photron) was used with current 9auges (Matheson model 63-5633M, up to 250 bar, model 63-
boosting. A high-voltage pulse generator (Cober 605P) provided 9622 M, up to 14 bar, accuracy 0.25%) and by the internal
1.8 kV, 10 A flat-top pulses with durations up to 10 ms. calibrated pressure sensor of the electronic upstream pressure
Typically, rectangular pulses with a duration of 3 ms and current "egulator.
of 4 A were used. The estimated gain in light intensity Reactants and Preparation of Mixtures. Helium from
(compared to a regular hollow cathode lamp operating at 10 Matheson (UHP grade, 99.999%) was passed through an oxygen
mA) was ca. 2000 times. Concentration of HBr was monitored trap (R&D Separations, OT3-2) to ensure molecular oxygen
in situ using UV absorption at the 196.0 nm line of a Se hollow content less than 0.02 ppm. A mixture of acetone in helium
cathode lamp. Formation of molecular bromine was ruled out (15.2+ 0.5 ppm) was prepared in a 40 L high-pressure tank.
based on the measurements of light absorption at 422 nm (NeApproximately 10 days were allowed for mixing before the first
line from a HCL lamp). use of the mixture. The acetone concentration in the mixture

The light from a hollow cathode lamp is focused into the Was determined using gas chromatography.
cell and then onto the entrance slit of a grating monochromator ~ Hydrogen bromide (Matheson, initial purity 99.8%) was
(Jarrell-Ash, model 82-518, 0.5 m) using two fused silica lenses purified by a multiple (6-7 times) liquid nitrogen cooled trap-
with focal lengths of 10 cm. The residual light from the excimer to-trap distillation with passing through a trap cooled by
laser pulse was removed using a spatial filter (1 mm wire mMelting ethanol {115°C, HBr vapor pressure ca. 20 Torr,Br
perpendicular to the slit placed in the focal spot of the second vapor pressure ca. ¢ 10~ Torr), degassed, and stored in a 5
lens) and by a liquid filter (4« 10~3 M solution NaOH in water, L darkened Pyrex glass flask. The content of molecular bro-
1 cm). The liquid filter provides depression of 193 nm light Mine (and other low volatile impurities) after the purification
10'2 times while attenuating the monitoring light (216.5 nm) Was estimated based on the pressure developed in smaller
only by 17%. A photomultiplier tube (Hamamatsu R106) Volume (400 cr#) by vaporization of the residual material
mounted on the exit slit operates on a reduced number oft.r?:\IOIOGQI in the melting ethanol trap. The content of impurities
dynodes (6) with a voltage divider current of 2.7 mA, which (including molecular bromine) was determined to be less than
ensures good linearity and lower noise at high photon fluxes. 0-007%.
The PMT signal is preamplified (EMI preamplifier), then Methyl bromide (Liquid Carbonic, 99.5%) was degassed from
digitized and stored using a digital storage oscilloscope (LeCroy liquid nitrogen and purified by multiple trap-to-trap distillation.
9310A, Dual channel, 400 MHz, 100 Msamples/s, 50 Kpts/ch).  Mixtures of HBr with He and CkBr with He at a pressure
The time resolution is determined by the preamplifier setting of 150 bar were prepared before each series of experiments in
and can be 30 ns, 0/8s, 3us, or 30us. Typically, a 0.3us a stainless steel high-pressure vessel (Parr, high-pressure reactor,
time constant was used. After the signal accumulation (typically, 300 mL, model 4561 M). Pressures of HBr and BHwere
from 300 to 800 pulses), the traces were transferred to a PC formeasured using MKS Instruments pressure gauges for the ranges
processing and fitting. 0—10 Torr, 0-100 Torr, and 6-1000 Torr. The total final
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pressure was measured by a pressure gauge installed on the higlportion of HBr was stored in a Pyrex glass flask over the more
pressure vessel. Several possible sources of errors were identifiedhan one year period with no indication of HBr decomposition.
in the quantitative preparation of mixtures at high pressures. Neither molecular hydrogen (as monitored via the residual
Efficient stirring must be provided due to the very slow diffusion pressure after freezing with liquid nitrogen) nor molecular
at elevated pressures. The vessel was equipped by the manubromine (as measured using visible absorption at 422 nm, see
facturer with an electrical motor driven vane stirrer. This later) were found. Before being used, both the high-pressure
approach was found to be unacceptable due to the high “deadvessel and the flow system were passivated with ca. 10 Torr of
volume” of the sealing glands of the stirrer. Instead of the HBr. Mixtures of HBr with He prepared in the same day were
original stirrer, a regular Teflon coated magnetic bar driven used in the experiments. Several times the mixtures were left
magnetically through the bottom wall (nonferromagnetic stain- for the periods of 23 days, with subsequent check for the
less steel) of the vessel was used. This provides fast and efficienppresence of Br No Br, was detected in such experiments.
mixing inside the high-pressure vessel. Second, loading of the Additional experiments were performed to determine whether
vessel with helium at elevated pressures leads to a significantthere is a detectable decomposition of HBr when flowing
temperature rise. This elevated temperature dissipates quitehrough the mass-flow controllers, connecting tubes, and the
slowly when no stirring is applied. However, cooling is efficient flow reactor. Such measurements were performed both with the
under stirring. The gas temperature was monitored using anworking mixtures and when only the mixture of HBr/He (6.1
internal thermocouple (supplied with the vessel). The gas 0.2%) was allowed to the reactor. The 422 nm line (near the
mixture was cooled until the difference between the gas maximum of Bg absorption, absorption cross section cax 5
temperature and the ambient temperature was less than 3 K. AL0™1° cn? molecule® 49 from Hg/Ne HCL was used. The gas
proper correction for the residual temperature difference was flow was repeatedly replaced with flow of pure He, and the
made in the mixture composition calculations. difference in the light intensity transmitted through the cell was
The problem of a “dead volume” requires separate consid- measured. No change in the light intensity was observed within
eration. The “dead volume” is composed by the volume of the the experimental accuracy, which yielded an upper limit on
tubes leading to the connection valves, pressure gauge, etc. Nanolecular bromine present in the mixtur@ x 10 molecules
stirring can reach inside the dead volume. Slow diffusion cm™3. To increase the sensitivity of these measurements, the
requires too long time to exchange the gas and equalize thereactor was filled with HBr/He mixture (typically 1.4%) at a
composition. An estimate gives the characteristic diffusion time pressure of 20 bar. Then, the flow was stopped and the system
at a distance of 5 cm of c& h at 150 bar HeThere is significant was left with standing gas for 10 min. A flush flow of He was
“amplification” of the dead volume effect due to the fact that then let to the reactor and the light intensity at 422 nm was
the component which is present in the mixture at low concentra- monitored. These experiments lead to an upper estimate of the
tion (HBr or CHBr) and is supplied to the vessel first is possible Bs production less than & 1074 of the concentration
compressed almost pure in the dead volume during the first of HBr in 10 min.
stages of the second component (He) addition. The following In a number of experiments, the concentration of HBr was
expression was derived (see Appendix 1) using a model basedmeasured in situ using UV absorption at 196.0 nm (Se HCL).
on the assumption of perfect mixing in the bulk of the vessel The absorption cross section of hydrogen bromide at this

during the mixture preparation: wavelength iso(HBr, 196 nm, 298 K)= 1.55 x 10718 cn?
molecule’.*3 The concentrations of HBr determined in this way
XX = x* (E1) agreed withink=3% (the accuracy of these measurements) with

those calculated from the flow conditiortemperature, pres-
wherex; is the actual mole fraction of the minor component in  sure, flow rates, and mixture compositions.
the bulk of the vesselx is the targeted (overall) mole frac- Generation of Methyl Radicals. Methyl radicals are pro-

tion, ando. = Vagead(Viotal — Vaead IS the ratio of the dead vol-  duced using excimer laser photolysis (ArF, 193.3 nm) of acetone
ume and the residual (total minus dead) volume of the ves- and methyl bromide:

sel. For example, for a vessel with= 0.05 and targeted mole

fraction of 0.01% X = 1 x 104, the actual mole fraction in (CH,),CO + hv (193 nm)— 2CH,+ CO (4a)

the bulk of the reactor would bg; = 0.000P-%x = 0.6,

which is in error by 37%. The larger is the fraction of the dead — CH;+ CH,CO (4b)
volume and the mixture dilution, the bigger is the error. To )

minimize possible errors due to the “dead volume” effect, the CHgBr + hv (193 nm)— CH; + Br("P;,)  (5a)
external outlets of the vessel were minimized and the gland )

used for the original stirrer axis sealing was removed. A — CH;+ Bre(*Py,)  (5b)
conservative estimate on the dead volume<&4 cn?, with

the reactor volume of 300 cmTherefore, the maximum pos- Photolysis of acetone at 193 nm at pressures less than 1 bar
sible error due to the “dead volume” effect for 6.0.2% was studied in detail previousfy.Channel 4a was found to
mixtures (used in this study) is estimated to be less than account for>99% of the overall photodissociation at low
12%. pressures. However, at elevated pressures, due to the much faster

In the mixture preparation at elevated pressures as well as inquenching of highly vibrationally excited acetyl radical, this
the calculations of the concentrations in the flow reactor, proper was not guaranteed, and the importance of channel 4b at elevated
corrections for nonideal gas behavior were made. The compres{pressures was investigated. The measurements in this work put

sion factor for He isZpe(100 bar, 300 K= 1.0471 andZye 5% as an upper limit on the importance of the channel 4b at
(150 bar, 300 K)= 1.0735% 100 bar He (see the Results section).
Stability of HBr and in situ HBr Concentration Measure- Role of Spin—Orbit Excited Br*( 2Py;) Atoms. Electroni-

ments. Special attention was paid to the stability of HBr during cally excited bromine atoms can be produced both in the
storage in the glass flask, in mixtures in the stainless steel vesselphotolysis of methyl bromide (5) and in the photolysis of
and when passing through the stainless steel flow system. Onehydrogen bromide (6):
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HBr + hv (193 nm)— H -+ Br(?P,.,) (6a) 25 T T T T T T T T

— H + Br¢(*Py,) (6b)
2.6

Donovan and Husseihdid not see excited bromine atoms
in VUV photolysis of CHBr, ¢s(Br*) = 0. The quantum yield
of Br* in photolysis of HBr is known ¢s(Br*) = 0.1546 0.1447
According to the most recent measurements, the rate constang= 1.8
of the collision quenching of spinorbitally excited bromine
atoms on He i&q ndBr*) = 1.6 x 107 14cm?® molecule't s71.48
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:8.6t 1
bar. Therefore, excited bromine atoms play no role in our
measurements (the shortest time used in the processing of the
kinetic curves was &s). 05

In (10 /

acetone in He

UL DL L L L D L L L L L |

T I O T T O T O I O I I |

Absorption Cross Sections.Absorption cross sections of A=193.3 nm
acetone, CkBr, 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 ool b
of these data were taken from literature: others were measured o 1 2 3 4 5 6
in this work. The measurements of acetone cross section at 193.3 [acetone] / 10'molecule cm™

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 wer
performed under single-pulse conditions. Laser intensity trans-

mitted through the cell was compared to that when the acetone/Stuoly (reaction 1), reaction of methyl radicals with bromine

helium mixture was replaced with pure helium. Absorption of atoms (reaction 2), reaction of recombination of methyl radical

193 nm light by_ acetone is found to be buff_er gas Pressuré o tion 3), and several additional undesirable secondary
dependent. This is due to the pressure broadening of the resolve eaction 7Z-11:

vibrational structure in the absorption spectrum of acetone near
193 nm. The absorption cross section of methyl radical at 216.51

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

used to fit the experimental profile consists of the reaction under

nm was also found to be pressure depenéetit-or the species CH, +H—CH, 7

which exhibit broad structureless absorption bands (such as HBr) H + HBr — H,+Br (8)

the independence of the absorption cross sections of pressure

was assumed. H+H—H, 9)
The Beer-Lambert plots for acetone absorption at 193 nm H -+ Br — HBr (10)

at different pressures are shown in Figure 2. The absorption

cross section data are summarized in Table. 1. Absorption cross Br+ Br— Br, (11)

sections of methyl radicals were calculated from the initial signal
amplitudes in the photolysis of acetone alone, the decay In the reaction mechanism, all radieaholecule reactions,
parameters, and the rate constant data on the methyl radicakxcept for the reaction under study (reaction 1) and reaction 8,
recombination reaction 3. Fitting the temporal profiles of are neglected. Reactions of all free radicals §COH, Br) with
absorption in this case allows the ratio of the recombination (CHs),CO, CH;, CHsBr, CO, and H are too slow at ambient
rate constant and the absorption cross section of methyl radicalgsemperature to play any role. Reactions of 2iad H with Bp
at the wavelength of the monitoring ligh/o216 5{CHz), to be are fast. However, only minor concentrations of molecule
obtained. The literature ddfawere used to extract the cross bromine are formed during the reaction. Model calculations have
section of methyl radicals from the experimentally measured shown that taking into account reactions of £&hd H with
ratios. While fluxes of laser radiation were measured several molecular bromine has less than 0.6% effect on the extracted
times, they were not used in any quantitative data processing.rate constant of reaction 1. Therefore, reactions of free radicals
These flux measurements agree with indirect photon flux with molecular bromine were also neglected.
estimates obtained from the methyl radical absorption cross The most important interfering reaction is reaction 2, reaction
sections, cross sections of absorption of laser light by acetone,qf methyl radicals with bromine atoms (which are formed
and acetone concentrations in the absorption cell. initially in the photolysis of HBr, and later after the pulse in
Data Processing. Experimental temporal light intensity  the reaction of methyl radicals with HBr (reaction 1)) and
profiles were fitted by numerical solutions of a system of reaction of hydrogen atoms (formed in the photolysis of HBr)
ordinary differential equations, which corresponds to the chosenwith HBr (reaction 8)). Reaction 2 was characterized in this
set of elementary reactions. The SCIENTIST software (Micro- study using photolysis of CiBr as a photolytic source of GH
Math) was used to perform nonlinear least-squares fits of the radicals and Br atoms with equal initial concentrations. The
experimental light intensity profiles by a numerical solution of absorption cross section of methyl radical at the monitoring
a dimensionless system of differential equations using approachwavelength was determined via the measurements of the

outlined in Appendix 2. transient absorption profiles in the photolysis of acetone alone,
Reaction Mechanism.The initial free radical concentrations when reaction 3 is the only reaction responsible for the
used in the current work are relatively high, and radicalical consumption of methyl radicals. The literature datan the

reactions are of substantial importance. The reaction mechanisnrecombination reaction 3 were used in this work.
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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)

absorption cross
section at 193.3 nm,

absorption cross
section at 216.51 nm,

species cn? molecule® comment cn?molecule® comment
(CH3),CO (9.454+ 0.05)x 10718 pre = 100 bar (1.49:0.10)x 10°%° Pre = 100 bar
(5.27+ 0.40) x 10718 pre = 10 bar pre = 10 bar
(3.23+0.07)x 10718 pre = 1 bar (1.8+0.1) x 102 p =1 bar, air
this work (1.47+£0.10)x 107 120 Torr acetone, this work
HBr (1.784+0.01)x 10718 ref 50 (3.44+ 0.10)x 10°%° ref 50, confirmed in this work
CHgBr (4.494 0.07)x 1071° ref 51 (3.48+ 0.05)x 10°%° ref 51
CHs 1.71x 1077 at 100 bar He; using the experimentally determined

3.20x 107 at 10 bar, He;

3.52x 107 at 1.0 bar He

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

ratiosks/o2165{CHs) (Table 3) and
the literature data oks (Table 2)

reaction

rate constant
(cm®molecule? s71)

reference/comment

CH3 + CH3 - CzHe

6.47 x 10" at 100 bar He
6.42x 10 at 10 bar He
6.29x 10 at 1 bar He

kint from ref 40,
pressure falloff
from ref 52

CHz; +H—CH, 4.62x 107%at 100 bar He kint from ref 53,
4.37x 107%at 10 bar He pressure falloff
3.27x 10°at 1 bar He from ref 54

H + HBr— H, +Br 6.32x 10712 ref 55

H + Br— HBr 2.25x 10" at 100 bar He
2.25x 1072 at 10 bar He calé:ulated ak”{,%’ -
225 10-13at 1 bar He (Ker+arkir++)

Br + Br—Br, 7.64x 10712at 100 bar He ref 56
7.64x 107 at 10 bar He
7.64x 10 “at 1 bar He

H+H—H, 1.66 x 10 at 100 bar He ref 57

1.66 x 10 *2at 10 bar He

1.66x 103 at 1 bar He

ko/ks = 1.65+ 0.26 at 100 bar He,
1.154+ 0.30 at 10 bar He,

0.92+ 0.32 at 1 bar He

to be determined

CHsz + Br— CH3Br this work, 95%

confidence interval

CHz + HBr — CHs + Br

1.02 ‘IIIIIIIIIIIl|IIIIIlrllll'lllllllllll’][lr
[CH,Br]|=5.57x101¢

Reactions 2, 3, 7, and-9.1 are buffer gas density dependent.
Recombination of methyl radicals is close to the high-pres- 1.01
sure limit, reactions of methyl radicals with Br and H atoms 1.00
are in the pressure falloff region, and reactions of atom 0.99
recombination 9-11 are in the low-pressure limit over the )
experimental pressure range 100 bar. Reactions-911 play 0.98
a minor role even at 100 bar and a negligible role at 1 bar. The 0.97

=

rate constant of the reactions used in the kinetic modeling are g 0.96
listed in Table 2. = 095
= 094 300 K
Results = 093 97.7 bar, He
Methyl Radical Absorption at 216.51 nm. Absorption 0.92 193.3 nm
temporal profiles recorded at 1, 11, and 100 bar (He) in the 0'91

photolysis of acetone alone were used to obtain the ratio of the

rate constant of recombination reaction 3 and the methyl radical 0.90

absorption cross section. An example of the absorption profile 0.89

is shown in Figure 3. The results are given in Table 3. PPPY S P FRTEY PRRI FRUEE FRUEE FRRT PO
Acetyl Radical Production in Photolysis of Acetone at 193 40 20 0 20 40 60 80 100 120

nm. Photolysis of acetone was shown to be a very clean source

of methyl radicals at pressures below 1 faHowever, this . . . .

does ot warrant the performance of tis precursor at levatec "% %, Trasen bsrolon o ety edcal ecorged at 216,01

pressures. At higher pressures, the collisional relaxation of ggjid curves are the results of the fits.

vibrationally excited acetyl radicals produced in the primary

photolytic process is faster and thus it is not clear whether it route 4b was derived from these measurements. An estimate

can lead to significant stabilization of acetyl radicals or not. based on the RRKM theory is in accord with this conclusion.

Absorption profiles were recorded at 222.57 and 224.42 nm The collisional quenching at 100 bar He is expected to provide

where acetyl radical has strong absorptiog{CH3;CO) ~ 1 less than 5% stabilization yield of GBO radicals when the

x 10717 cn? molecule %8). The results are illustrated in Figure  excess energy of the radicals (energy above the dissociation

4. An upper limit of 5% {4, < 0.05 at 100 bar He) for the threshold, E) is larger than 60 kJ mol. The maximum

CH,+Br —> CH,Br

LR R AR LAY ALY LA RRRAS LLARYARRANLLLLY LERLI LA

time / usec
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- - . T 0ME /
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Figure 4. Transient absorptions recorded in photolysis of large 0.90 F +HBr —> CHA+B
concentration of acetone at 216.51 nm ¢Q#dical) and 224.42 nm E CH,+HBr CH+Br
(CHsCO radical). 0.89 F
. 0.88 =
TABLE 3: The Ratio B = ka/g2165{CH3)L for -40 -20 0 20 40 60 80 100 120

Recombination of CH; Radicals (T = 301+ 1 K, Buffer Gas

is He, and Cell Length,L, = 10.4 cm time / sec

Figure 5. Transient absorption of methyl radicals without and with

T%Eressure/bar (l;{/l(?ils-gigﬁ)l‘))/loes ' HBr added. The solid lines through the experimental points show the
1i 5 0'1934_- 0'008 fitted line using the re«_’;\ction model (_see text for det_ails)_. The_plot on
10‘1 0.365:I: 0.016 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
TABLE 4: Rate Constant for the Reaction CHs -+ Br (T = yvithout reaction 1K = 0) _but _with other secqndary reactions taken
301+ 1K) into account. The dotted line is calculated with the rate constants of
reactions 2, 3, and 7 set to their uncertainty limits; rate congtaist
He pressure increased by 14%, the ratie/ks is increased by 16%, and the rate
(bar) Kerg+er/kergtcr®  Kemgrens Kemg+Br™° constantk; is increased by a factor of 2.5.
1.05 0.92+£0.32 6.29x 101 (5.8+2.2)x 101! . . .
11.2 1.15+ 0.30 6.42x 1011 (7.4+ 2.2) x 101 constant of reaction 1 are summarized in Table. 5. An example
101 1.65£0.26 6.47x 107 (10.7+£2.3)x 1011 of the absorption profiles of methyl radicals at 216.51 nm at
o0 (11.9+2.5)x 107*¢ 100 bar He with and without HBr added is shown in Figure 5.

2 This work, the errors indicate 95% confidence interyaased ~ Side reactions of methyl radical with itself, Br, and H atoms
on ks = 6.5 x 107! cm® molecule’ s (ref 40) and the pressure  play a significant role and can account for from-&D% (at
falloff parameters from ref 5Z. The errors were obtained by combining 100 bar) of the rate of consumption of methyl radical depending
the errors in the rate constant ratios (95% confidence interval, column on the laser pulse energy (in the time domain used for the data
2) "Xi‘t{;/ths eaizjc:jritiiil) :]hgfrﬁ:g Z?Péti?géﬁcﬁ'tlgeo'ﬁtﬁirawaﬁﬁisctﬁgﬁeﬂef processing). The dashed curve in Figure 5 shows the kinetic
as o) . . . . . .

40) and t%le deviation from the value suggestecﬁJ in tt?e review paper curve simulated W'th all reac’Flons in the mechanism taken into
(ref 57) (ca. 8%) High pressure limit rate constant obtained by a short account but reaction 1. The difference between the dashed curve
extrapolation (this work). and the experimental profile is due to reaction 1. The dotted
curve was simulated in a similar manner to the dashed curve,
theoretically possible excess energy of acetyl radicals producedbut with the rate constants of reactions 2, 3, and 7 set at their
in the photolysis of acetone at 193 nm is 266 kJ Thol uncertainty limits (see the figure caption). The relative impor-

Reaction CH; + Br — CH3Br. Photolysis of methyl bromide  tance of the secondary interfering reactions increases with
(5) was used as a simultaneous photolytic source of methyl pressure. Contribution of these reactions is relatively small at
radicals and bromine atoms. The photolytic route (5) is expected 1 bar and significant at 100 bar. This is mainly due to the
to be the main channel of photodissociation of 8Hin the increase with pressure of the rate constants of the main
ultraviolet regiorn25° Therefore, the equality of the initial interfering reactions 2 and 7.
concentrations of methyl radicals and bromine atoms is provided. To verify the experimental and the data processing proce-
Figure 3 shows the experimental profiles recorded in photolysis dures, the following checks were performed. At fixed concentra-
of acetone and methyl bromide with equal initial concentrations tion of HBr, the laser light intensity was varied by a factor of
of methyl radicals. The role of reaction 2 is apparent. Such 4 at 1 bar, factor of 7 at 11 bar, and factor of 16 at 100 bar.
measurements allow determination of the ratio of the rate Investigation of Table 5 shows no systematic dependence of
constant of reaction of methyl radicals with Br atoms and the the pseudo-first-order rate constant returned by the fits on the
methyl radical recombination reactioky/ks. The results are laser pulse energy. Concentration of HBr was varied within the
listed in Table 4. factor 5-6. The pseudo-first-order rate constants of reaction 1

Reaction CH; + HBr — CH4 + Br. The experimental returned by the fits were plotted as a function of HBr
conditions and the results of the experiments to measure rateconcentration. The results for 1, 11, and 100 bar buffer gas
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TABLE 5: Experimental Conditions and Results to Measure Rate Constant of CH + HBr — CH, + HBr Reaction

[acetone] [HBr] [CHg]e? [Brlo=[H]® laser energy flux ky'
10**molecule cm?® 10*> molecule cm?® 10" molecule cm?® 10 molecule cm?® mJ cn? 103sted
Phe = 1.05 bar
6.11 13.6 2.5 1.6 6.1 422 2.9
6.03 23.2 2.0 2.1 4.8 62#44.9
6.47 9.41 2.0 0.82 4.6 266 2.8
5.07 8.98 0.92 0.45 2.7 384 1.6
5.07 8.98 3.8 1.8 11 30F%2.2
5.07 8.98 1.5 0.73 4.3 204 1.4
5.14 4.44 1.2 0.29 3.5 16¥#1.4
Phe=11.2 bar
3.99 35.1 2.4 3.5 5.8 136 14
4.03 13.8 3.0 1.7 7.3 518 4.6
4.08 4.54 2.8 0.52 6.6 25:82.3
3.98 24.3 3.1 3.2 7.6 91F%7.0
3.59 7.96 7.0 2.6 19 298 2.9
3.59 7.96 0.96 0.36 2.6 2986.7
3.59 7.96 3.2 1.2 8.7 308 3.3
Pre = 101 bar
3.48 13.9 12 4.3 18 5249.1
3.48 26.0 7.1 5.0 11 8@ 19
2.99 22.1 4.2 2.9 7.6 10+ 16
2.99 18.7 2.9 1.7 5.3 6@ 10
2.7e 16.7 2.6 1.5 5.1 5t 10
2.46 9.46 2.4 0.85 5.2 284 4.8
2.46 9.46 6.5 2.4 14 304 4.3
2.46 9.46 0.86 0.31 1.9 2t 10
2.46 4,73 3.1 0.55 6.8 2184.1
2.46 4.73 7.3 1.3 16 245 3.3
2.44 9.79 0.94 0.35 2.1 252 8.5
2.44 4.89 1.0 0.19 2.3 9F%9.8
2.44 20.4 0.92 0.72 2.0 6211
2.44 6.13 0.57 0.13 1.3 33R7.4
2.44 12.3 0.86 0.41 1.9 324 7.0
2.47 20.5 1.6 1.29 3.6 57%#7.4
2.47 6.17 1.3 0.30 2.9 234 4.1
2.47 12.3 1.0 0.49 2.3 5211
2.36 10.4 8.6 3.5 20 5246 4.4
2.36 10.4 1.4 0.60 3.3 54#48.1

a|nitial concentration of methyl radical8 Initial concentrations of bromine and hydrogen atofiRseudo-first-order rate constant of reaction
1, ki’ = k[HBr]. ¢ The errors indicated ar&3 standard deviations of the fits and reflect statistical accuracy only.

pressure are shown in Figure 6. Linear dependencies aredetermined by varying the input parameters by 10%,
observed, as expected. The scatter of the experimental points

increases at high pressures. This is due to both the decreasing § = ain(k,)/aIn(P;) (E2)
quality of the kinetic curves at 100 bar and to the increasing

role of the interfering reactions. The quality of the kinetic curves ~ The total error ink; was estimated assuming that the
deteriorates due to two main reasons: the decrease of thdndividual errors in the input reaction rate constants, absorption
absorption coefficient of methyl radical due to the pressure Cross sections, and the uncertainties of the experimental
broadening and the lesser number of averaging due to the mucHParameters (acetone and HBr concentrations) are statistically

lower pulse repetition rate. independent,
The slopes of the linear regression lines in Figure 6 were ) n1J2
used to determine the rate constant of reaction 1 at different oln(ky) = (1§ oIn(P)1” + 16In(ky)sd) (E3)

pressures. The results obtained in this waykare (2.9+ 0.7) ) o )
x 10712 (3.8 + 1.5) x 1012 and (3.4+1.3) x 10712 cd whereodln(ky) is the total (logarithmic) error ik, SIn(P;) are

molecule’l s at the buffer gas (He) pressures of 1.05, 11.2, the logarithmic errors in the parameters used (rate constants of
and 101 bar, respectively. reactions 2, 3, and-711, absorption cross-sections, and the

Error Assessment.The error assessment in the case when a 'eactant concentrations), atth(k:)s; is the statistical error in
number of interfering reactions are to be taken into account the determination of the rate constants due to the scatter of the

represents a rather complex problem. To assess the error in th&XPerimental data. Three standard deviations of the linear
determined rate constants, the following approach was used.'©9ressions in Figure 6 were used as the measure of the statistical
First, for given experimental conditions (temperature and &ccuracy. The sensitivities determined in this way, the errors
pressure), one experimental kinetic curve out of those that havell the rate constants and other parameters used, and the total
maximum impact on the value of the determined rate constant &0 determined are summarized in Table 6.

(such as those at highest concentration of HBr in Figure 6) was
chosen. Then, the sensitivitie§,(eq E2) of the rate constant
of reaction 1,k;, obtained in fits by the reaction mechanism The rate constant of reaction 1 as a function of the buffer
1-3 and 711, to the different input parametefy, were gas density, together with the results of previous measurements,

Discussion
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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.

Krasnoperov and Mehta

0.691 cmi s71, calculated using the following Lennard-Jones
parameter§t oue= 0.255 nm,eqe = 10.22 K, opypr = 0.335

nm, eppr = 449 K, ocnz = 0.382 nmgecnz = 148 K). Estimation

the reaction radius as the separation between the H atom and C
atom in the transition statdag = 0.162 nn° leads to the
diffusion-controlled rate constant (EEyi = 2.51x 10~ cm?
molecule’t st at 100 bar He. Using eq E4, this gives ¢d4.5%
correction to the experimentally measured rate conskant=

3.96 x 10712 cm® molecule! s 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
kst 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™. The characteristic relaxation time of a highly excited
molecule,r, can be estimated as

7= E/(v[AED (E6)
whereE is the internal energyAE is the mean energy transferred
in collision, andv is the collision frequency. At 100 bar He,
the collision frequency is ca. 1.2 10* collisions/s. The mean
energy transferred in collision of a highly vibrationally excited
molecule with helium atom is-211 kJ moi.62 This leads to
7=(1.7-9.1) x 10" sand (1.79.1) x 10 °s at 100 and 1
bar He, respectively. At the lowest pressure of the current
experiments, 1 bar, assuming the most conservative estimate
(9 x 1079 s), this time is still ca. 500 times shorter than the
minimum time after photolysis used to process the experimental

is plotted in Figure 7. The current measurements together with data (5us). At low excitation levels (such as single vibrational
the previous measurements cover the density range of 4.6duantum), the above estimate is not applicable. The slowest
decades. The results indicate no dependence of the rate constaryibrational relaxation experimentally observed for multiatomic

of reaction 1 on the buffer gas density. While the points at 11
and 100 bar are 1425% 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 nesessafyThe rate constant of a bimolecular
reaction is given by the Smoluchowski theory:

1k = Ll + g
Kaitt = 47RagDag

(E4)
(ES)

where kgir and kyin are the diffusion-controlled and the
kinetically controlled rate constants, respectivésg is the

molecules is that of metha§&.%> Relaxation of methane in
collisions with methane molecules and He atoms requires ca. 2
x 10* collisions®364 The Lambert-Salter correlatioff 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 cml) compared to the lowest vibrational
mode in methane (1306 cr. The relaxation of the out-of-
plane vibration (umbrella) mode of methyl radical in collisions
with CHgl is very fast and requires only ca. 40 collisidis.
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 (is6at 1 bar and

“reaction radius” (the separation between the centers of the16 ns at 100 bar) ensures complete-V relaxation in our

reactants molecules at the diffusion “bottlenecidhg = Da

+ Dg and is the relative diffusion coefficient of the reactants,

andDa andDg are the diffusion coefficients of the reactants.
The estimated relative diffusion coefficieBcrz—Hgr) in He

(300 K, 100 bar)= 1.35x 1072 cn¥? s 1 (based orDyg; in He

(300 K, 1 bar)= 0.657 cn s, Dchs in He (300 K, 1 bar)=

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
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TABLE 6: Sensitivities of the Determination of the Rate Constant of the Reaction CH+ HBr — CH, + Br from the Reaction
Modeling and the Errors Assessment

sensitivity, parameter sensitivity, parameter sensitivity, parameter
parameter, aln(ky")/aIn(P;) relative error, aln(ky")/aIn(P;) relative error, aln(ky")/aIn(P;) relative error,

Pi at 1 bar o(In(Py)) at 11 bar o(In(Py)) at 100 bar o(In(Py))
ks 0.38 0.060 0.73 0.057 0.63 0.057
ko/ks —0.28 0.35 —0.29 0.26 —0.14 0.16
k7 -0.21 0.90 —0.39 0.90 -0.37 0.90
ks 0.13 0.15 0.16 0.15 0.17 0.15
ko 15x 10 1.1 1.1x 103 1.1 0.018 1.1
k1o 6.6 x 104 12 0.0030 1.27 0.046 12
ki1 3.3x 104 0.25 8.2x 1074 0.25 0.027 0.25
B —0.84 0.040 -11 0.041 -1.7 0.044
[acetone] 0.67 0.030 1.0 0.030 14 0.030
[HBr] -15 0.030 -1.7 0.030 —-2.3 0.030
oigfacetone) 0.67 0.020 1.0 0.076 1.4 0.020
o195(HBI) —0.76 0.0050 -1.0 0.0050 -1.6 0.0050
010 CH3Br) 0 0.015 0 0.015 0 0.015
ondacetone) —3.3x10* 0.070 —-1.6x 103 0.74 0.068 0.070
0216(HBI) —0.26 0.030 —0.39 0.030 —0.40 0.030
0216(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

2 Corresponds to an uncertainty factor 2&orresponds to an uncertainty factor 3.0.

10.0 responsible for the negative apparent activation energies ex-
3:3 il perimentally observed, thenbauffer gas density dependence of
N, 7.0 Hl:fmﬂﬁl‘ HHlCH 4 Ry the rate constant should be anticipat&d
Tw 6.0 " » Theoretical calculations indeed found a weakly bounded
2 THM K - ; ; : :
B 50 complex in reactions of methyl radicals with hydrogen halffes.
= 40 However, the calculated potential wells appeared to be rather
g . shallow (1-3 kJ mofl1), which makes the statistical assumption
"’E 3.0 3 (fast energy redistribution due to the high density of energy
S“ i = J_ levels in the intermediate complex) somewhat questionable. The
S L0 N | o theoretical calculations positioned the barriers of the transition
- SeaknJm Nikovich 1l states in reaction of methyl radical with hydrogen bromide above
= et|al. 18 gl fhis work the ground-state energy of the reactants. To fit the experimental
& data, the authors were forced to adjust the transition state
o energies by ca. 3 kJ mol down to reach an agreement with
o 8 the experimental data and to obtain the negative apparent
§ 0.8 activation energy. However, the experimental rate constant of
0. lﬂ reaction 1 was then remeasutetf and the revised value is a
g~: i factor of 2 higher than that used in the theoretical wirk.
Lo o7 L0 10 102 Py e . The anticipated magnitude of the _buffer gas den;slty eren-
ence strongly depends on the barrier energy. Being fitted to
Buffer Gas Density / molecule cm3 the corrected experimental value of the rate constant of reaction
1, statistical models (with the other parameters taken from the

Figure 7. Rate constant of reaction 1 measured in the previgls - : ) -
and in the current work at different buffer gas densities. theoretical calculatiod) predict an increase of the rate constant

of reaction 1 of ca. 26100% at high pressures. Our experi-
indicates that there have been no interference from vibrationally mental measurement at both 10 and 100 bar He yielded
excited radicals in these, previous, measurements. systematically higher values of the rate constant by ca: 15
Buffer Gas Density Dependence of the Rate Constant. 25% compared to these measured at low pressures (Figure 7).

Simple bimolecular metathesis reactions are generally believedHoWever, these deviations are still within the limits of the
to be independent of a buffer gas density. The discovery of combl_ned experimental and the mod_el error. Mor_e accurate
negative apparent activation energies in a number of reaction®XPerimental measurements are required to establish the pres-
of hydrocarbon free radicals with hydrogen halides and halogens€nce of the buffer gas density dependence of this reaction.
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 theo®}:23-25 The reaction Typically, gas mixtures are prepared by sequential addition
products are separated from the intermediate complex by aof gases to some (preliminarily evacuated) volume. The minor
transition state. It was shown that if the ground state energy of component is added first, the major component is added last.
the transition state lies below the ground state of the reactants,The composition is calculated based on the pressures measured
and under the assumption of complete statistical energy after the addition of each component. The homogeneity of the
redistribution in the intermediate complex, the statistical theories mixture is provided either by allowing time long enough to
(such as RRKM) lead to prediction of a negative apparent ensure completion of the component diffusion, or by forced
activation energy for the reactidh.If this mechanism is convection (caused by the flows of admixed gases or by stirring).

Appendix 1: The “Dead Volume Effect” in Preparation
of Gas Mixtures
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Forced convection is the only possibility to reduce the time  The concentration of a specigs Cj, is divided into a

required for mixture preparation. This is especially important permanent componerdy, and a variable componer;. The

for high-pressure mixtures, where the diffusion can easily take permanent components exist before the photolysis, remain

days or weeks. unchanged after the photolysis pulse, and are not changed during
Typically, any mixing volume has some narrow diameter parts the secondary reactions. Variable components appear as a result

attached (such as pressure gauges, valves and connectingf photolysis and secondary reactions. The initial amplitudes

tubings). Stirring (or convection induced by other means) in of the variable components are proportional to the laser pulse

the main volume does not reach inside the volume associatedenergy. The total concentration of a given chemical substance,

with these parts. In the derivation below this volume is called C;, is equal to the sum of permanent componént,and the

the “dead volume.” While the fraction of the dead volume is variable componen®;; Ci = A + B;

typically small, its effect on the mixture composition in the main

Taking into accounC; = A + B;, Ay = constant, and the

volume is greatly enhanced when dilute mixtures are preparedfact that the “permanent” components do not “react” with each

(the “dead volume effect”).
A brief derivation is given below.

other (the termA/A; disappears), the system of differential
equations becomes

A mixture of a gas A in gas M is prepared in a voluvie=
V1 + V2 (Vy, the “bulk” volume; Vs, the “dead volume”) by
addition of M to the volume initially filled by the gas A. ) B )

Efficient mixing in the bulk of the vessel during the gas _ Each variable componen;, can participate in a pseudo-
addition is assumed (typically provided by the convection forced first-order reaction with a permanent compongrirate constant
by the flow of gas M). ki) and in a_blrr_lolecu_lar reaction with varlatﬂrp(rate constant

Notations. X1, %, andx, mole fractions of A inVy, V,, and kj). The stmcfnometnc coefficients &th species areij. Only
the overall mole fraction of A in the vesseli1, Naz, Na, Ny, one contribution §/A; or AiB)) can be nonzero in eq E8.
nwi2, N, number of moles of A and M iy, Vs, andV (total), ' Only permanent cqmponent.s partmpate in the laser phqtoly-
respectively; dy, an infinitesimal amount of M added. sis. The general stoichiometric equation for the photolysis is

Several Relations.na; 4+ Nyy = Ny, total number of moles ~ Written as
in V1; na2 + N2 = Ny, total number of moles iV,; dny = (1
— f) dny, dny = S dny, 8 = Vo/(V1 + Vs), the fraction of the
dead volumepo = p/(1 — ) = VoIV, 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:
dnax = xodnp.

Therefore, daz = (Na1/(na1 + nm1)) B dnu. Taking into
accountiai = na — Naz, dnaz = —dnaz (only M is added), one
derives tha; = —(Na1/(Na1 + nm1)B dnw. At any time, pressures
in the “bulk” and the “dead volume” are equal, which infers
n/Vi1 = m/Vs, and, subsequentlpAl + nM1 = (nA + nM)(1
= p).

After some transformations, one arrives at

dB/dt = = _; v kBB, + =i, vyck; (BA + AB) (E8)

0= Z¢yA

whereg; is the quantum yield of the production jih species

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

Bjo = F1(Zi oLigyA)

whereF; is the photon flux (photon/cfof the photolytic light,
andol; is the absorption cross sectionitf permanent species
at the wavelength of the laser light.

Absorption of the monitoring light is characterized by the
cross sections at the monitoring wavelength, 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, fbbefore
and after the pulsd < 0,t > 0) and variable absorption, Abs-
(t), after the pulset(> 0),

(E9)

(E10)

dn,,/ny, = —ocdny/(ny + ny)

Integration of this equation with the initial conditiong = 0,
na1 = na(1 — p) yields

a Absy, = (X 02ZA)L (E11)
XX =X
Abs(t) = (X, 02B)L (E12)
wherex; = nai/(na1 + nwm1), the mole fraction of A in the bulk
volume,x = na/(na + nu), the overall (targeted) mole fraction
(one obtained from the partial pressures), and V./V; is the

ratio of the dead volume and the bulk volume of the vessel.

The amplitude of the variable absorption after the pulse is

Abs, = (2, 02B,)L (E13)
Bio is theith variable component after the pulse, is the
absorption cross section of thth species at the monitoring
) ) ) wavelength, and. is the optical path (cell) length.

A systematic procedure of reduction of a system of ordinary  pqr the sake of convenience in the numerical integration of
differential equations which describes a pulsed photolysis/ o system of ordinary differential equations (E8) a dimension-
transient absorption experiment to a dimensionless form andess form is desirable. It could be done in a number of different
which automatically accounts for all absorptions before and after ways. We choose the dimensionless form, which avoids using
the photolytic pulse is outlined below. the laser energy flux or the radical concentration as fitting or

_The system of rate equations for a setNfelementary  j,nyt parameters. Instead, it employs initial absorption of one
bimolecular reactions is written as follows: 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

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

dC/dt == vy k CGC; k=1,2,3,..N (E7)
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combinations are often directly derived from experimental data
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and have better accuracy than the individual rate constants orchem.1986 90, 1816.

cross sections.
After normalization of all variable components to the initial

(12) Russell, J. J.; Seetula, J. A.; Gutman JDAm. Chem. Sod.988
110, 3092.
(13) Russell, J. J.; Seetula, J. A.; Senkan, S. M.; GutmannD J.

concentration of one (the “reference”) transient species (methyl Chem. Kinet1988§ 20, 759.

radicals in our case) and introduction of dimensionless combina-

tions, the ODE system becomes

dy/dt = Absey 0B X vy 1y VY] + Zig vy (VA + AY)
(E14)

The initial conditions are
= Bi/Ben,0 = (& 0L A)I(E 01ihy cuA) (E15)

In this work, the “reference” concentration is the initial

concentration of methyl radical. The dimensionless combinations

areY; = Bi/[CH3]o, the normalized variable component of the
ith species, Ahgy,0 = 02ch[CH3loL, the initial absorption of
methyl radicals,B = ks/o2cu,L, the combination of the

(14) Russell, J. J.; Seetula, J. A.; Timonen, R. S.; Gutman, D.; Nava,
D. F.J. Am. Chem. Sod.988 110, 3084.

(15) Seetula, J. A.; Russell, J. J.; Gutman JDAm. Chem. Sod.99Q
112 1347.
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3663.

(17) Seetula, J. A.; Gutman, B. Phys. Chem199Q 94, 7529.
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(19) Seakins, P. W.; Pilling, M. d. Phys. Chem1991, 95, 9874.

(20) Chen, Y.; Rauk, A.; Tschuikow-Roux, B. Phys. Chem199]
95, 9900.

(21) Seakins, P. W.; Pilling, M. J.; Niiranen, J. T.; Gutman, D.;
Krasnoperov, L. NJ. Phys. Chem1992 96, 9847.

(22) Benson, S. Wrhermochemical Kinetic&Viley: New York, 1976.

(23) McEwen, A. B.; Golden, D. MJ. Mol. Struct 199Q 224, 357.

(24) Chen, Y.; Tschuikow-Roux, B. Phys. Chem1993 97, 3742.

(25) Mozurkewich, M.; Benson, S. W. Phys. Cheml984 88, 6429.

(26) Muller-Markgraf, W.; Rossi, M. J.; Golden, D. M. Am. Chem.

recombination rate constant, absorption cross section, and thes,: 1989 111, 956.

reactor length (which is directly measured in additional experi-

ments), andrj = kj/ks, 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 paramé&er

the initial concentrations of the “permanent” species, and the

ratiosrj; are known. The initial absorption of one of the free

(27) Dobis, O.; Benson, S. W.. Am. Chem. S0d.995 117, 8171.

(28) Benson, S. W.; Dobis, d. Phys. Chem. A998 102 5175.

(29) Troe, JBer. Bunsen-Ges. Phys. Cheh969 73, 906.

(30) Hippler, H.; Troe, JBer. Bunsen-Ges. Phys. Chet971, 75, 27.

(31) Cobos, C. J.; Hippler, H.; Luther, K.; Ravishankara, A. R.; Troe,
J.J. Phys. Chem1985 89, 4332.

(32) Kaiser, E. WJ. Phys. Chem1993 97, 11681.

(33) Allen, M. T.; Yetter, R. A.; Dryer, F. LCombust. Flamel997,
109, 449.

(34) Rohrig, M.; Petersen, E. L.; Davidson, D. F.; Hanson, RIni.J.
Chem. Kinet1996 28 599.

(35) Forster, R.; Frost, M.; Hamann, H. F.; Hippler, H.; Schlepegrel,
A.; Troe, J.J. Chem. Phys1995 103 2949.

(36) Herzberg, GThe Spectra and Structures of Small Free Radjcals
Cornell University Press: Ithaca, 1971.

(37) Van Den Berg, H. E.; Callear, A. B.; Norstrom, RChem. Phys.

radicals (methyl in this case) is used as a fitting parameter. The | o 1969 4, 101.

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.

AbS() = Absyy, o= (02/020,)Y) (E16)

I(t) = Io(t) exp(—Abs(t))

wherel(t) is the monitoring light intensity without the laser

(E17)

pulse entering the reactor. The absorption of the permanent

species isautomatically accounted fan eq E17.
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