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The kinetics of the unimolecular decomposition of th€,Hy radical has been studied experimentally in a
heated tubular flow reactor coupled to a photoionization mass spectrometer. Rate constants for the
decomposition were determined in time-resolved experiments as a function of temperaturéZ86Q and

bath gas density ((318) x 10 molecules cm®) in two bath gases, He and;N The rate constants are in

the falloff region under the conditions of the experiments. Structures, vibrational frequencies, and barriers
for internal rotations oh-butyl andiso-butyl radicals and their decomposition transition states were obtained

by ab initio calculations using UHF/6-31G* and MP2/6-31G* methods. The results of ab initio calculation,
together with the reanalysis of earlier studies of the reverse reactions, were used to create transition-state
models of the reactions of unimolecular decompositiom-tfutyl (1) andiso-butyl (2) radicals. Falloff
behavior of reaction 1 was reproduced using master equation modeling with the energy barrier height for
decomposition obtained from optimization of the agreement between experimental and calculated rate constants.
The values of AE[j; = —28 cm! (He) and—40 cn! (N,) for the average energy loss per collision were
obtained using an exponential-down model. The resulting models of the reactions provide the high-pressure
limit rate constants for the decomposition reactid§§r-CsHg — CoHs + C,H.) = 1.06 x 10" exp(—14005

KIT), k3 (iso-CsHg — CHs + CgHe) = 2.14 x 10'?T065 exp(—15529 KI) s1) and the reverse reactions
(ko,ol(C2H5 + C2H4 - n-C4H9) = 6.59 x 10217244 exp(—2697 K/T), kojz(CHg + C3H6 - iSO-C4H9) = 1.66

x 10720T257 exp(—3879 KIT) c® molecule® s™1). Parametrization of the temperature and pressure dependence

of the unimolecular rate constants for the temperature range ZEBK and pressures 0.0610 atm in He

and N is provided using the modified Lindemanhlinshelwood expression.

I. Introduction pressure limit can be significah®. Rate constants are measured
as a function of temperature and bath-gas density. Falloff
behavior is analyzed using a master equation approach to
characterize weak-collision effects. It has been possible in
favorable cases to obtain not only a temperature-averaged value
of [AEown the average internal energy lost in deactivating
collisions, for the conditions of the experiments but also an
indication of the temperature dependence of this pararféfer.
0%uch temperature dependencies are required to extrapolate weak-
collision effects observed under the relatively mild experimental
conditions used in laboratory studies to the harsher conditions
of combustion processes. To date the unimolecular decomposi-
tion of the following radicals has been studied using the above
experimental method: HCOy-CsH11,8 CoHs,? i-CaH7,10 n-C3Ho, 11
CH3CO,12 CH3CHC|,J‘3 t-C4Hg,l4 and S-C4H9.15

The current study addresses the reactions of unimolecular
decomposition of the two remaining isomers of the butyl
Fadical: n-C4Hg andiso-C4sHg. Rate constants for the reaction

The unimolecular decomposition of molecules and polyatomic
free radicals is an important class of elementary reactions in
high-temperature pyrolysis and combustion procekssesn any
guantitative combustion modeling study, the proper inclusion
of the kinetics of these reactions, including the pressure and
temperature dependencies of their unimolecular rate constants
is essentiat:® The ultimate products formed by combustion
processes, rates of burning, and temperature dependencies
flame properties are sensitive functions of the relative impor-
tances of the competing reactions of decomposition and other
elementary reactions involving the same intermediates (e.g.,
reactions with atoms, £and other free radicals).

Most of the current knowledge of the rate constants of these
unimolecular reactions is derived from kinetic data on the
reverse addition reactions combined with thermodynamic prop-
erties of the reactants and produgtdn general, the kinetic
data on the reverse reactions has been obtained at much lowe
temperatures than those of combustion processes and under
conditions which are at or near the high-pressure limit. Major
temperature and density extrapolations of the rate constants and
the falloff characteristics of the unimolecular rate constant so were measured at four densities of He ([He]3—18) x 10
derived are required to obtain rate constants that can be usednolecules cm?) and at two densities of N[N2] = (6—12) x
for modeling high-temperature chemical processes. 10'6 molecules cm?) in the temperature range 56620 K. Data

The method employed in the current study has been successanalysis involved creation of a transition-state model which
fully used before in direct studies of the unimolecular decom- reproduces the temperature dependence of the high-pressure
position of polyatomic hydrocarbon radicals. The experimental limit rate constants of the reverse reactionlj. The thermo-
procedure makes it possible to isolate and quantitatively study chemistry of the reaction (1) was analyzed based on the
the kinetics of the unimolecular decomposition of free radicals data available in the literature as well as on modeling of our
at elevated temperatures (up#d.100 K in selected cases) and experimental results on reaction 1. A transition state model
at low pressures 10 Torr) where falloff from the high- provided k(E) values which were then used in the master
equation analysis of the weak collision effects in the observed
® Abstract published ilAdvance ACS Abstract&ebruary 15, 1996. falloff behavior of the experimentally measured rate constants.
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n-C,Hg=C,H; + C,H, 1,-1)
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The unimolecular decomposition of tlieo-C4Hg radical the ion source, a portion was photoionized and mass selected.
' n-Butyl radicals were ionized using the light from a chlorine
is0-C,Hg == CH; + C3H, (2,-2) resonance lamp (8-8.9 eV) with a CagFwindow. Temporal

ion signal profiles were recorded on a multichannel scaler from
could not be isolated for direct experimental study due to a a short time before each laser pulse up to 20 ms following the
contribution of other butyl radical isomers to the signal (see pulse. Data from 100630000 repetitions of the experiment
section I). Analysis of the data on the kinetics of nonterminal were accumulated before the data were analyzed.
addition of methyl radicals to propylene (reactio2) and the The gases used were obtained from Aldrich (1-bromobutane,
thermochemistry of reaction (22) available in the literature,  99%) and Matheson (He;99.995%; N, >99.998%). 1-Bro-
together with our ab initio study, resulted in a recommendation mobutane was purified by vacuum distillation prior to use.
for the rate constants of this reaction. Helium and nitrogen were used as provided.

The unimolecular decomposition of theC4sHg andiso-C4Hg The n-butyl ion signal profiles were fit to an exponential
radicals has not been isolated for direct study prior to this function (n-CsHg]i = [n-CsHg]oe ™ ") using a nonlinear least-
investigation. However, the rate constant of dissociation relative squares procedure. Experiments were performed to establish
to that of recombination has been determined by both Kerr and that the decay constants did not depend on the concentration of

Trotman-Dickensol and Morganroth and Calvéftfor n-C4Hg precursor (provided that the concentration was kept low enough

radical and by Slater et &. and Metcalfe and Trotman- to ensure that radicaradical reactions had negligible rates) or

Dickensonr® for iso-C4Ho radical. The reverse reactions 1 the laser intensity. The exponential decay constants depended

and —2) have been studied by several groé&h3> Each of only on temperature and bath gas density.

these investigations of both reactions 1 andl involved the Unimolecular decay afi-C4Hg was observed only above 500

study of complex reaction systems and will be discussed in detail K. Below this temperature a slow decayreCsHg is observed

in Section V. due to a first-order heterogeneous wall-loss process:
Recommendations for the temperature dependence of the rate

constants of decomposition reactions have been provided by n-C,Hs — heterogeneous loss 4)

WarnatZ (reactions 1 and 2) and Tsafidreaction 2) and of

reaction—1 by Kerr and Parsonagfe(based on the results of Above 500 K the decay constant increased rapidly with rising

Kerr and Trotman-Dickensdhand Watkins and O’De&#). temperature due to the increasing importance of the thermal

We have reanalyzed these relative studies of both the directdecomposition of the-butyl radical, reaction 1. The-CsHg
and reverse reactions {11) and (2--2) using new data available ~ decay constants were analyzed assuming that-theyl radicals
on the kinetics of the corresponding reference reactions andwere consumed only by two elementary reactions, 1 and 4. At
appropriate falloff corrections. This analysis together with the low temperatures, only the heterogeneous loss is obsekved (
modeling of our experimental data resulted in recommendations= Ks). Above 500 K the sum of the two loss processes is
for the high-pressure limit rate constants of these reactions asobservedK = ki + ka).
well as in information on weak collision effects in reaction ~ Calculations ok, from measurements &f require knowledge

(1,-1). of ks above 500 K. Whileks was directly determined below
500 K (15-38 s%, independent of temperature), it could not
Il. Experimental Study be measured above this temperature due to the additional loss

of radicals by unimolecular decomposition. Valuekpébove
500 K needed to determirke from the measurements kfwere
obtained by an extrapolation assuming that rietains its

Details of the experimental apparattiand procedurésised
have been described before and so are only briefly reviewed

deétezh?::ug;{aggalﬁ :ﬁ;eatgragucegnhotmgg; ?izgi%rat) temperature independence beyond 500 K up to the highest
v peratures | quartz tubu ytemperature of this study, 620 K. To minimize possible errors

pulsed laser photolysis and their unimolecular decay SUbse'in the determination ok; caused by this assumed temperature

oo et Eolend oo 2 . dependece & aboue 50 . experiments 0 obaere
P Y- conducted at temperatures sufficiently high to ensurekhat

diation ¢v5 Hz) from a Lambda Physik EMG 20IMSC excimer 3k4. It was this criterion that established the lowest temperature

laser was directed along the axis of a heatable quartz reactor . X .
(1.05-cm i.d.) coated with boron oxide. Gas flowing through used to determing at each bath gas density. The highest

the tube atvd m s contained the radical precursor@.2%) temperature used at each total gas density was determined by

and the inert carrier gas (He op)Nin large excess>X99.8%). the fact that decay constants above 400 sould not be

The flowing gas was completely replaced between laser pulses measured accurately.
The n-butyl radicals were produced by the pulsed, 248-nm A potentially complicating factor in these experiments is the

laser photolysis of 1-bromobutane: production of othe_r butyl radic_al isome_r_s _during the pho_tolysis
’ process. We studied the relative sensitivity of our experimental
248 nm ion detection system for the four isomers of butyl radical using
CH,CH,CH,CH,Br —— n-C,H, + other products  (3)  bromine and chlorine ionization lamps. A chlorine lamp with
Cak, window (used in the current study) provides ionizing
Initial conditions (precursor concentration and laser intensity) radiation with photon energy 8:8.9 eV2° The most intense
were selected to provide low radical concentratioss @* lines in the spectrum of a bromine ionization lamp with a
molecules cm?®). Under these conditions reactions between sapphire window lie in the region 7.59.87 eV2? although
radical products (including-C4sHg + n-C4Hg) had negligible there are several weak components at higher energies. The only
rates compared to that of the unimolecular decomposition of two isomers of butyl radical that have ionization potentials (IPs)
the n-C4Hg radicals. Gas was sampled continuously through a low enough to be detected with a sensitivity sufficient for kinetic
conical hole (0.043 cm diameter at the inside of the reactor) in measurements using a bromine lampta@Hy (IP = 6.70 eV)
the side of the reactor and formed into a beam by a skimmer ands-C4Hg (IP = 7.25 eV)3° The methods to generate ttegt-
before the gas entered the vacuum chamber containing thebutyl and secbutyl radicals were described earliérf® iso-
photoionization mass spectrometer. As the gas beam traversed,;Hg radicals were generated using the 248-nm photolysis of
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1-bromo-2-methylpropane. The detection sensitivities obtained TABLE 1. Conditions and Results of Experiments To
with the bromine and chlorine ionization lamps differed only MﬁaSUf? the Ummo_lecula][ Rate Clionsgantlsl(_l) of thed
by a factor of 2 for botti-C4Hs ands-CHs isomers (with better ~ 1hermal Decomposition ofn-Butyl Radicals in He and N, as

e . . : Bath Gases
sensitivity obtained using the chlorine lamp). Although both
_ ; ; ; master
n C4Hg andiso-C4Hg radlqgls cquld glso be detected using the 10-13 equation master
bror_mne lamp, the senS|t|V|t3_/ in t_hls case was appr_oxmately 10-16M] [n-C4HoBr] analysis equation
20 times lower than that obtained if the more energetic chlorine (molecules (molecules ks~ ki = [(AEDgown _analysis
lamp was used. The absence of a strong ion signal at the mass ™) T®K) e (79 (7 (em™) —TAEG (m™)
of C4Hg if @ bromine ionizing lamp is used during the 248-nm He as Bath Gas
h ; _ i e 3 570 3.6 188 535 190 34
photolysis of 1-bromobutane indicates the absence of significant
) £-CHo or SCaH 3 580 36 188 836 214 41
concentrations of-C4Hs 4Mlo. . 3 590 3.6 188 114 209 38
Ethyl radical (GHs) was detected as a primary product of 3 600 3.6 26.0 144 193 31
the unimolecular decomposition of theC4Hg radical with the 3 610 36  26.0 197 200 32
rise time of GHs* matching that of the decay of thebuty! 3 620 36 260 256 194 30
i ignal. No formation of ¢Hg (which is a primary product 6 210 66 248 728 187 32
lon signal. 6 primary p 6 570 66 210 789 210 40
of the unimolecular decomposition of tlseC4Hg isomet® and 6 570 2.3 183 72.8 187 33
is expected to be the primary product of the thermal decomposi- 6 580 6.6 248 112 208 38
tion of iso-C4Hg as well) was observed in the current study. 6 580 23 183 101 183 30
Und : al diti the four i £ th 6 590 11.0 322 144 188 31
nder our experimental conditions the four isomers of the 6 590 >3 183 138 178 o8
butyl radical thermally decompose to a measurable extent at 6 600 11.0  32.2 180 168 25
different temperatures. We studied the unimolecular decom- 6 600 11.0 24.3 189 178 27
position oft-C4Hg earlier using the same experimental technique g g%g 1615-2 gi? ggg igg gi’
atT = 712-779 K} The decomposition of the C4Hg radical 12 560 81 196 602 165 Pt
was studietp at_T_= 600—-680 _K, and theiso-C4Hg isomer 12 560 8.1 154 67.4 196 37
decomposes within an approximate temperature range- 580 12 570 81 196 933 181 30
650 K. The current study of the thermal decomposition of the 12 570 23 178 933 181 30
n-C4Hg radical was limited to the 566620 K temperature range. 12 580 81 19.6 132 L7 28
- . ) ; - 12 580 81 154 140 194 33
The absence of any significant ion signal if the bromine 12 590 81 196 179 169 26
ionization lamp is used, together with the different temperature 12 590 2.3 17.8 169 156 22
ranges in which the four butyl radical isomers decompose, and 12 600 5.4 35.6 234 156 22
the absence of propene among the products of the radical ig 228 g-i ggé 22(2) i?g gi
decomposition permits us to eliminate the potential contribution 18 560 58 166 800 213 1
of other butyl radical isomers to theC4Hg signal under the 18 570 538 16.6 114 201 37
conditions of our experimental study. 18 580 5.8 16.6 156 181 29
It was, however, not possible to eliminate such contributions ig ggg g-g %g-g ggcl’ igg gg
to the signal of thaso-butyl radical. At 650 K, the temporal : '
profile of the iso-C4sHg ion signal exhibited a noticeable 6 580 108 N2 a;?gthlggs 083 -
contribution of a _s_Iow-decaymg (compared toa fast o_Ieca_ly due 6 580 108 319 112 251 54
to.the decomposn.lon.).compqnent. The.relatlve qontr|bgt|on of 6 590 10.8 31.9 127 191 32
this component significantly increased if a bromine ionization 6 600 10.8 319 175 193 31
lamp was used. This indicates the possibility of the formation 6 610 108 319 236 192 30
of some amount ofert-butyl radicals (which decompose at 12 g;g 1(1)'3 35431 122'6 gig fé’
higher temperatures) in the photolysis of 1-bromo-2-methyl- 12 590 110 374 166 180 28
propane. Hence, the rate constants of the unimolecular decom- 12 600 11.0  37.4 249 200 33

position ofiso-C4Hg could not be measured directly.

The results of all the experiments and the conditions used to C;Hy* were studied by the MP2/6-31G*//UHF/6-31G* method.
determinek; are given in Table 1. The unimolecular rate Geometrical structures corresponding to minima and maxima
constants for reaction 1 obtained from these sets of experimentsof the rotational potential energy surfaces were obtained with
conducted at different densities are shown in FigureS.1 the full optimization at the UHF/6-31G* level and energy was

Estimated uncertainties in tlgdeterminations vary fror:10% calculated at the MP2/6-31G* level. The rotational energy
in the middle of the temperature ranget@0% at the extreme  parriers of the-CHj torsion and rotation about the EZ3 bond
temperatures used. are listed in Table 3S. The torsional motion of th€H, group

of then-butyl radical was found to have a very small rotational
[l Ab Initio Study of the n-Butyl and iso-Butyl barrier (6-fold barrier with the highest maximum only 0.8 kJ
Radicals and Decomposition Transition States mol~1 above the lowest minimum, correction for the zero-point

We studied the geometries and harmonic vibrational frequen- ViPrational energy included). Hence, it was treated as free
cies of n-C4He and iso-CsHe radicals and decomposition —rotation. The—CH, group torsional motion in théso-CsHo
transition statestCsHo* andiso-C4Hg") using the ab initio UHF ~ radical also has a very small barrier (1.2 kJ mipland,
method with the 6-31G* basis. Energies were calculated at the therefore, was also treated as free.

MP2/6-31G* method. Structures and vibrational frequencies  The optimized structure of the-C4Hg coincides with that

of the most stable conformations of these species are listed indetermined by Pacansky et3lusing the same method. The
Tables 1S and 2S (supporting information). The GAUSSIAN conclusion about the low barriers for the rotation of theH,

92 system of programdswas used in all ab initio calculations.  group and the shape of the potential of the rotation about the

Internal rotations {CH, and —CHs torsions and rotation = C2—C3 bond are in an excellent agreement with analogous
about the C2C3 bond) inn-C4Hg, N-C4Hg*, iso-C4Hg, andiso- results of Pacansky et al. obtained for the caseluéxyl radical.
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Figure 1. Plot of n-C4Hg unimolecular rate constantk; (vs 10007)
for different He densities (atom cr¥). Lines represent the results of
master equation simulation usifngEd; = —28 cnt!. Open circles,
[He] = 3 x 10 atoms cm?; closed circles, [Hels 6 x 10 atoms
cm3; open squares, [HeF 12 x 10 atoms cm?; closed squares,
[He] = 18 x 10 atoms cmi.
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Figure 2. Plot of n-C4Hg unimolecular rate constantk;(vs 10007)
for different densities of B(molecule cm®). Lines represent the results
of master equation simulation usibyEC}; = —40 cnT. Closed circles,
[M] = 6 x 10' molecules cm3; open squares, [ME 12 x 10
molecules cm?.

The models of th&e-C4Hg andiso-C4Hg radicals used in the
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Figure 3. Falloff curves,k; vs [He] for seven temperatures used in
the experiments (560620 K). Lines represent the results of master
equation simulation usingAEQ}, = —28 cnT™.

calculated assuming separability of vibrational and rotational
(including internal) degrees of freedom and using the values of
Pitzer and Gwin#? for thermodynamic functions of the hindered
internal rotors. The calculated values$fqg (332 and 320 J
mol~1 K~ for n-butyl andiso-butyl, respectively) coincides
within error limits with the value obtained in the recent
experimental study of Seetula and SI&4Ig828 + 5 and 316

+ 5J molt K-1).

The results of the ab initio study of the decomposition
transition statesn-C4Ho* and iso-C4Hg*, were also used in
creating the models of reactions1.) and (2;-2). Although
the calculated reaction energy threshold values are not believed
to be sufficiently accurate and are not used here, the geometrical
configurations of the above transition states (Table 1S) and the
barriers for internal rotations (Table 3S) were used in the models.
The calculated sets of vibrational frequencies of the transition
states were used as a basis for the models, with several lowest
frequencies adjusted to fit the known temperature dependencies
of the rate constants (section V).

IV. Data Analysis

Transition-state theory formalism was used to model the high-
pressure limit rate constants of reactions—1) and (2;-2).
Weak collision effects in reaction (1) (falloff from the high-

data analysis (next section) were built on the basis of the currentPressure limit) were analyzed using master equation modeling.
ab initio study. The moments of inertia for the overall rotations !N this section knowledge of the high-pressure limit rate
and reduced moments of inertia for the internal rotations in constantsky, kZ;, k3, kZ,) is first reviewed. Then, transition-
radicals and decomposition transition states were calculatedstate models are created which reproduce the high-pressure limit
using the data of Table 1S. The calculated vibrational frequen- rate constants of the reverse (association) reack®(3) and

cies (scaled by a factor of 0.89) of the lowest-energy conforma- k™,(T). The density of states and sum of states functions of

tions ofn-butyl andiso-butyl radicals were used in these models.
The potential energy surface of the €23 torsional motion in
the n-C4Hg radical has a complex form with three minima
(conformationsanti n-C4Hg and gauche RC4Hg in Table 3S),
two of them being identicalgauche RC4Hg). In our model of
then-butyl radical, we assume a triple sinusoidal well with the
barrier height of 18.6 kJ mol—the average of the barriers
between theanti and gaucheconformations and between the
two gaucheconformations.

then-butyl andiso-butyl radicals and the transition states, needed
for the calculation ofk(E) values and further analysis, are
obtained from the rovibrational models of these species. The
hindered internal rotors are treated classically using the simple
formalism introduced by us earliét. The transition-state
models provide the values of the microcanonical rate constants,
k(E), needed in the master equation modeling. The energy
barrier height for the-butyl decomposition reaction is obtained
by an optimization. In this optimization procedure, the experi-

One test of the appropriateness of the selected parameters ofmental rate constants are reproduced by master equation/RRKM

the n-butyl andiso-butyl radicals is to compare the calculated

entropy with the values obtained from experiment. The room-

modeling and the deviation between the experimental and
calculated values is minimized. The selected model of reaction

temperature entropies for the two butyl radical isomers were (1,—1) is used to obtain quantitative information on the weak
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Figure 4. Plot of experimental and calculated valuekpfss 10007 Figure 5. Plot of experimental and calculated valuekdfss 1000T.

Open circles, Morganroth and Calvéftclosed circles, Kerr and Squares, Slater et dPf;circles, Metcalfe and Trotman-Dickens#h.
Trotman-Dickensof Solid line is obtained from the TST calculations  Open symbols, experimental values lef closed symbols, “experi-
using the model described in text, section 1V.2. Dashed line representsmental” values corrected for the falloff effects (see text). Solid line is
the k; values obtained using this model WilAESgown = 500 cnr? obtained from the TST calculations using the model described in text,
under the conditions of the experiments of Kerr and Trotman-Dickenson section IV.4. Dashed line, recommendation by Ts#ng.
see text).
( ) radicals ks, is required. No experimental data are available on
collision effects. The transition state model of reactio®, in this reaction. We assume here thgequals the rate constant
combination with the known thermochemistry of reaction{2,  of the recombination of-propyl radicals. Taking the recom-
2), provides the temperature dependence of the high-pressurgnendation of Tsarf§ for the latter value, we obtaiks = 1.7
limit rate constant of reaction &;(T). x 10711 cm® molecule® s71. Using this expression and the
1. Experimental High-Pressure Limit Rate Constants of  results of Kerr and Trotman-Dickensérand of Morganroth
Reactions (1;-1) and (2,-2). Present knowledge of the and Calvert’ values ofk; are obtained which can be fitted with
kinetics of reaction (11) and (2;-2) is based on relative rate  simple Arrhenius expressions in the experimental temperature
studies. In this section we review the relevant literature and ranges of these authors. We obtain
reanalyze the relative rate measurements in light of current

kinetic data available on the reference reactions in order to k/(KTD) = 7.73x 10" exp(-11349 KM s * ()

develop transition-state models of reactions—(l), and (2

2). from the results of Kerr and Trotman-Dickenson and
Decomposition Reaction ns8y — CyHs + CyHs (1).

Gierczak et af® studied chemically activatesiC,Hg from the k(MC) = 2.58x 10™ exp(-14481 KM s (Il

photolysis of HSfis-2-butene mixtures with final product

analysis. Kinetic modeling was used to determine the rates of from the results of Morganroth and Calvert (Figure 4).

unimolecular decomposition and isomerization of seebutyl Decomposition reaction is€Hg — CHz + CzHs (2).

andn-butyl radicals. No details of the model are reported, and Metcalfe and Trotman-Dickens&hand Slater et aif deter-

it is not clear to what extent the resuls£ 10'365s71, threshold mined theiso-C4Hy decomposition rate constants relative to that

energy= 121.8 kJ mot?) are affected by the assumptions and of the recombination reaction 6:

details of the model. We therefore did not consider the results . .

of Gierczak et aP® in creating our transition-state model. i50-C4Hg +150-C;Hy — CgHy g (6)
Kerr and Trotman-Dickenséfhand Morganroth and Calvéft

determined the decomposition rate constant relative to that o

the recombination reaction 5. Kerr and Trotman-DickeA%on

¢Metcalfe and Trotman-Dickenson used the photoinitiated chain
decomposition of isovaleraldehyde with product analysis by gas
chromatography. Their experiments were conducted at tem-

n-C,Hy + n-C,Hg — CgH, g (5) peratures in the range 55891 K and concentrations of
isovaleraldehyde (the main component of the bath gas)-(4.0
used medium-pressure mercury arc photolysis-ehleralde- 7.2) x 10 molecules cm®. Slater et al. used the 366-nm

hyde as ar-C4Hg source. The experiments were conducted at photolysis of 1,-azoisobutane with gas chromatographic
an average concentration of valeraldehyde &f 2017 molecules analysis of products dt = 543—-598 K and an average pressure
cm~3 and temperatures in the range 4689 K using final of 1,1-azoisobutane of 5.4 Torr.
product analysis. Morganroth and Calvérused 366-nm The rate constants of reaction 6 have not been determined
photolysis of azobutane with mass spectrometric and chromato-experimentally. Following the recommendation by Ts#hge
graphic analysis of products &it= 432—-520 K and an average  use the value of the rate constant of the recombination@H-
azobutane concentration of 1:5 10" molecules cmd. radicalg® for reaction 6. The resultant values kf obtained

To obtain kT values from these relative measurements, from the relative measurements of Metcalfe and Trotman-
knowledge of the rate constant for the recombination-bfityl DickensonR® and Slater et a® are shown in Figure 5. As can
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TABLE 2: Models of the Molecules and Transition States These results were analyzed by Kerr and Pars@hadm®, based
Used in the Data Analysis on the results of Kerr and Trotman-Dicken3band of Watkins
Energy Barriers and O’Dear?? recommended—; = 2.63 x 10712 exp(~3674
E: (reaction 1)= 115.8 kJ mot?; E; (reaction 2)= 126.6 kJ mot* K/T) cm® molecule® s71. This expression was obtained by
E-1 (reaction—1) = 28.0 kJ mof*; E-» (reaction—2) = assuming the rate constant ofHG recombinationks, to be
87.2kJ mot equal to 4.2x 10711 cm® molecule! s™1. Using the value
Vibrational Frequencies (c) recommended by Baulch et &l ,k; = 1.9 x 10711 cm?
n-C4Ho: 250, 398, 433, 702, 788, 836, 928, 977, 1020, 1059, molecule s, we obtained the expressiont= 348-482 K

1135,1223, 1284, 1290, 1373, 1394, 1425, 1450, (combined temperature interval of experimental measurements

1458, 1463, 1472, 2789, 2841, 2846, 2849, 2871, Ni : )
2901, 2903 2944, 3030 of Kerr and Trotman-Dickenson and of Watkins and O’Dean)

n-CaHe™: 374, 400, 500, 700, 800, 900, 900, 900, 900, 950,
1000, 1047, 1137, 1187, 1193, 1384, 1420, 1438,  k_, = 1.78x 10" exp(~3674 KIT) cm’® moleculé* s
1455, 1458, 1589, 2825, 2876, 2901, 2928, 2951, )
2961, 3000, 3020, 3042

iso-CiHe: 345, 352, 383, 489, 771, 877, 912, 932, 940, 1064,
1142, 1166, 1306, 1318, 1383, 1394, 1428, 1454, which was used in further analysis.
1458, 1466, 1474, 2778, 2843, 2848, 2898, 2900, Association Reaction GH+ CsHg — is0-CiHg (—2). The

150 Cae® 20392352328’ 23315222;44 696. 820 875. 905 recommendation for the rate constants of the nonterminal
9:,38’ 1'021’ '1128" 118’1’ 13'59’ 1'397’ ’1399" 140’2’ addition of me.thyl radical to prop,ylene (reagtlef?_) |s_pased
1454, 1459, 1474, 2844, 2894, 2898 2917 on our analysis of the reaction2’, the terminal addition of
2951, 2966, 3024, 3030, 3032 CHs to GeHg:™®
CoHs 3112, 3033, 2987, 2920, 2842, 1511, 1496, 1440,
1366, 1175, 1138, 1000, 821, 540 CH, + C;Hg — secC,H, (—2)
Rotational Constants (ct#), Symmetry Numbers,
and Rotational Barriers (kJ md) The relative importance of terminal (reaction2’) and
Overall Rotations nonterminal (reaction-2) addition of methyl radical to propyl-
n-CsHe: A= (3/-26566;0= 1 (active) ene was analyzed by Baldwin et?al. Their recommendation
. (BC)™ = 0.1009/0 = 1 (inactive) (k_2/(k_» + k_») equal to 0.735 at 753 K and 0.9 at 403 K)
n-C4Ho™ A=0.847;0 = 1 (active) . . .,
(BOV2=0.122:0 = 1 (inactive) was based on the_|r expenmenta_l study of_ the addition o CH
is0-C4Hg: A=0.2805:0 = 1 (active) to propylene relative to the reaction of giith H, and on the
(BO)Y2=0.2023;0 = 1 (inactive) results of the relative rates study of Cvetanovic and IRfin.
is0-C4Hg™: A=0.2626;0 = 1 (active) Following this recommendation and using our Arrhenius
_ (BC)”ZM= 0.1600/0 = 1 (inactive) dependence df_» (k> = 1.81 x 1012 exp(—4239 KIT) cm?
CHs: (ABQ™=1227,0=1 molecule’ s71),25 we obtain
Internal Rotations
n-C4Hy: a1(CH;—CH.CH,CH,) = 6.256;0 = 3; Vo = 14.25 _ 1
e aiECHzCHz—ZCH§CH3 =1.644:0=1; V(O) =18.61 k_2 =253x%x 10 12 exp(—5260 Km Cm3 molecule ! S !
a3(CH3CH,CH,—CH,) = 10.47;0 = 2; Vo =0 (V)

n-C4Hg": a1(CHs—CHCH,CH,) = 5.919;0 = 3; Vo = 7.82
a(CH3CHy*+*CH,CH,) = 1.606;0 = 1; Vo = 2.32

isoCHy: @ ACHo—CH(CH)CHy) = 5.703,0 = 3; Vo= 16.84 T = 403-753 K. _
ag(CHsCH(CHs)—CHy) = 9.979;0 = 2; Vo =0 2. Transition-State Model of Reaction (1;-1). The
is0-C4Hg*:  a(CH3CH(—CH3)CH,) = 5.643;0 = 3; Vo = 7.39 development of a transition-state model for reaction-(3,was
8(CHs*+-CH(CH;)CHy) = 5.315;0 = 3; Vo = 3.86 based on expression Il for the temperature dependence of the
CoHs: a(CH;—CH,) = 15.16,0 = 6; Vo =0 rate constant of reaction 1.
Lennard-Jones Parameters Calculation ofky andk®; requires knowledge of the struc-
gas elk (K) o (A) ture and vibrational frequencies of the involved molecules. The
He 10.22 2551 geometric structure and vibrational frequ_enm_es of the ethylene
N, 714 3.798 molecule are knowf3° The moments of inertia of {15 were
N-CaHgP 531.4 4.687 taken from an ab initio study of ChéfA. Experimentally
iSO-CqH¢* 330.1 5.278 observed! vibrational frequencies were used together with the
aFrom ref 44.> Taken to be the same as fi;iC4H1o. © Taken to be UI\/_IP2/6-3116**_ values of Pac_ans_ky et l for ques for
the same as foiso-CaHo. which no experimental determinations were available. The

internal rotation about the-6C bond was treated as fré€Table

be seen from Figure 5, the results of these two studies are in2 lists the molecular parameters ofHg used in the current
significant disagreement. The rate constants of Slater et al. arestudy. )

more than an order of magnitude lower than those of Metcalfe ~The model of the-C,Hy radical was taken from the results
and Trotman-Dickenson. It has been noted by T3&thgt the of the ab initio study (section IlI). All hindered rotations were
methodology used by Slater et al. results in an unacceptablytreated classically in order to maintain compatibility with
low value for the rate of the isobutyl radical reaction with O  classical expressions for the density-of-states and sum-of-states
It will be shown later (Section IV.5) that the results of both functions of a hindered internal rotéwhich are required for

these studies are in the falloff region. later calculation of energy-specific rate constak{g). The
Association (Reerse) Reaction &s + CoHs — n-C4Hg (—1). errors in the values of rate constants due to this classical

The addition of ethyl radical to the double bond of ethylene approach are less than 4% fit, and less than 6% fok;’ at

has been studied by four groufs2? In all cases ratios df_; temperatures higher than 298 K, as determined by comparing

to the square root of the;8s recombination rate constant were ~ classical partition functions with exact tabulated valtfes.
determined by product analysis in complex reaction systems. k2, is given by®
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koo

1T A A~ _© T T using the RRKM method° The density of states and sum
! h QCZHAQCZHS g y

T . . »
ke of states functions of the-butyl radical and the transition state,

h N d tition funciti f th needed for the calculation &{E) values and further analysis,
w er'e'Q » Qo AN Q.°2H4 aré partition functions ot € 5.0 optained from the models of these species described above.
transition state, ethyl radical and ethylene molecule respectively,

. : . o ~V"Hindered internal rotors were treated classically using the simple
andE_; is the energy barrier height for association. There exists y g P

ddition barrier oAl and h h o formalism introduced by us earliét. The density of states
an addition barrier in reaction 1, and hence the transition state ¢, wion was calculated separately for each hindered internal

IS t'ght' The moments of inertia of t_he transition state and the - of then-C4Hg radical. The total rotational density of states
barriers for hlnde_re_c_i Ml rotations were taken from the function was calculated by numerical convolution of these
resuits of the_ ab initio study (se_ctlon i, Tableg_ls and 3S). individual functions. The density of states of vibrational degrees
The Iowgst vibrational fr.equer'lues of the transition state qnd of freedom was included using the modified Bey&winehart
the addition energy barrier helght for the assoclation reaction algorithm5! The sum of states function for the transition state
_E_l were varied to fit Arrhenius expression Il at temperatures |, - similarly calculated.
in the range 348482 K. .Frequenmes and qther parameters of 14 account for the angular momentum conservation effects,
the transition state thalngd through this f|tt|ng. proqedure are 5 method introduced by Marct#swas used. In this method,
listed in Table_ 2. Since k_n_ndered internal rotatlonmi_f]‘,4Hg rate constants obtained originally without accounting for
and GHs and in the transition state are treat(_ed classmal_ly_, the diabatic rotations are multiplied by a factéfl, and the low-
energies of these rotations are calcylated relgtlve to the m'n'mumpressure limit rate constant is also multiplied by a factor
of the potential energy of the torsional motion.

The model of the transition state described above results in "
the following expression for high-pressure limit rate constant Frot = 0[E; + (1 = "Dk T]/o[E,]
of reaction—1 at T = 298-1500 K:

_ KT Q* F{— E_l) The energy-dependent rate constak{s) were calculated

where p(E) is the density of states function of the excited
K?, = 6.59x 10" *'T** exp(~2697 KIT) molecule at energg, I* andl are the moments of inertia of the
adiabatic rotational degrees of freedom of the transition state
andn-C4Hg molecule. Thus, falloff curves are “shifted” along
the InP) axis by InfFro). It has been showh53that this simple
treatment is accurate &/l < 3. 1*/I equals 1.22 fon-C4Hg
and 1.26 foriso-C4Hg. Frot for both molecules equals ap-
proximately 0.9 at 600 K.

The method of Gaynor et &5 for solving the master
equation was employed. The energy bin size used in the fitting
procedures was 30 crth By comparing the exact values of
the patrtition functions and high-pressure limit rate constants with
those obtained by numerical integration, it was found that errors
resulting from numerical convolution of the density of states
and sum of states functions, as well as from numerical
integration, are not more than 7% of the exact values at the
temperatures of the experiments.

The optimum value of the energy barrier for the decomposi-
tion, E;, was obtained using a grid search with a step size of 1
kJ molt. With each fixed value of; a weighted sum of
squares of deviations between calculated and experimental rate
constants was minimized using collisional energy-transfer
parameterslAENgown OF [AEL)) as adjustable. Each data point

P(EE) = Aexp(-[E — EJ/AEL,,), E <E (VI was assigned a weight of 3/k The optimized values of this

weighted sum of squares of deviations were obtained as a
[AEQown is the average energy lost in deactivating collisions, function qfl_El and fitte(_j with a parabolic function in the vicinity
andA is a normalization constant. of the minimum. This procedure was repeated for the data

It has been shown that accounting for the dependence ofoPtained with He as bath gas assuming three models of the
[AEown0n E results in a change of shape of the falloff cufie.  temperature dependence QREDgown First, [AEMgown Was
We express this dependence in the fOfREQowdE) = taken as independent of tempe_ratuﬂ.{EDdown = constant.
[AECowiE/EL)®S where E; is the barrier to dissociation, Second, it was assumed to be dlrectly_proportlonal to temper-
[AECgoun is the value of AE[down at E = E1. This square-root aturg,mEBdownz aT. The latter model is based on the earlier
functional form of the dependence @E[down0n energy results ~ Studies of the reaction
in an approximate dependence [KE[, O E ([AEQ, is the
average energy lost in both activating and deactivating colli- CHs=H+CH, (7)
sions) which is appropriate for large molecutg4? To estimate
the importance of inclusion of the energy dependence of The analysis of this systéhdemonstrated a strong dependence
[AELown in the modeling method, we compared the values of of [AEJown ON temperature, increasing from-7000 cnt?! at
the rate constants of reaction 1 calculated with and without 300 K to 280 cm! at 1100 K. This dependence was best fit
accounting for this energy dependence NEd,wn values are with the directly proportional dependend@Eldown, = 0.2551
chosen in such a way that low-pressure-limit rate constantscm-1. The analysis of thé-C3H; — H 4+ C3Hg system? also
coincide in these two cases, the calculated rate constantsupports a strong temperature dependend@\Bfdow, for He
difference is~20% at the conditions of our experiments. as bath gas.

cm® molecule*s™ (V)

The barrier to dissociation of theC4Hg radical was obtained
from the master equation/RRKM fitting of our experimental data
(section 1V.3). Then-butyl radical has no optical isomers, no
overall rotational symmetry, and three internal rotors (3CH
-CH,, and C2-C3) with symmetry factors of 3, 2, andtbtal
symmetry factor 6. The transition state has two internal rotors
(—CHs and C2-C3) with symmetry factors of 3 and 1. Since
no optical isomerism is involved, we obt&frthe reaction path
degeneracy of 2 for the decomposition reaction.

3. Master Equation Calculations of ky(T,[M]) and De-
terminations of the Energy Barrier for Decomposition of
Nn-C4Hg, [AEOgown, and [AEL. The measured rate constants
of reaction 1 k(T,[M])) were reproduced using master equation
simulations. The “exponential down” modef® of collisional
energy transfer was adopted to characterize the probability of
deactivation of the-C4Hg molecule with a total internal energy
E in active degrees of freedom to a final enekgyby collision
with a molecule of bath gas:
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TABLE 3: Optimized Values of the Energy Barrier Height the model describes all sections of falloff in helium and nitrogen

E1, [AEDgown, and LAEL), of Reaction 1 from the Master equally well in the experimental pressure range.

Equation Modeling (Section IV.3) The [AEL}; = constant form of the temperature dependence
model of LAE[own [AEDgown OF LAEL of collisional parameters for He, obtained as an intermediate
vs T dependence Eu/kJ mot? cm? case between two extreméda Eldown = constant andAELdown

[AEDgown = oT 115.7 [AEDgown = 0.2951/K = aT), was advocated by several groups. This independence

[AEdown = constant 116.1 [AEB down = 192 of [AE on temperature is consistent with the results of

[AEL = constant 115.8 [AELy = —28 experimental and trajectory studies of collisional energy transfer

(accepted in model) in large polyatomic molecule®:56 The recent results of Kiefer

et al” on the thermal decomposition of gH in Kr at

In the third model of the temperature dependence of o
. L temperatures of 15213059 K were best fit with the constant
[AEBaown It was assumed thalAE( is independent of ) 0" o [AE; = 270 cmrl. Dashevskaya et &, predict

temperature. This represents an intermediate case of the

- . s [AEL, = constant dependence for He as a bath gas in the
[AEdown VS T dependence, one in whi¢hE[down still increases S
with T but more slowly than in the case of the directly fra;nev_\ll_?;lzgil;éf;e_sstz?gep/lt:)e:;eczllwg;:t gr;g(():tligtner (r;_og)el. The
proportional model. : e

The resultant optimized values Bf obtained with these three gg\slg?%rr?z?(t cr);sastiz)annls\lﬁlcf)gr-?aaet?erpnOdeergt?Jrr;eggngl::c%r\:gsof the
models of the temperature dependencedMElow, from the P P P

analysis of the experimental data are listed in Table 3. Reactiong?ncggsﬁom i(rjlf rfhaeCtgggigl).ofTrZZ;?oTliE? pé?(ggh tv;/:rstﬁ:ed
1 is close to the high-pressure limit under the conditions of our ping ’ P

. o . . selection of thek; value.
experimentsK:i([M],T)/k; = 0.15-0.50 if the model withE; : - :
— 115.8 kJ mol* is used) and, hence, the calculated values of The geometric structure and vibrational frequencies of the

the rate constant are relatively insensitive EGqy, and, methyl radical and propylene as well as the barrier for the

consequently, to its temperature dependence. As can be seeﬁltemal rotation in the propylene molecule are knf, The
' ; ’ . odels ofiso-C4Hg andiso-C4sHg* were taken from the results
from Table 3, the difference between the values pbBtained are 49

- of the ab initio study (section Ill). The lowest vibrational
with the three models of the temperature dependent®Efqwn . o . .
is only 0.4 kJ mot™. We select for further use in our model of frequencies of the transition state and the addition energy barrier

reaction (1-1) (Table 2) the value o, = 115.8 kJ mot? height for the association reactioB-, were varied to fit
I 1= .

. . . Arrhenius expression IV at temperatures in the range-4G3
gﬁﬁ'tnfﬁ'] ajiSL:mln@HEbE{uwlvndipgn%erllt gf t:yzp;er?_t#re E]mor?eiL . Frequencies and other parameters of the transition state
of E gbt.’jnea:jefr%arﬁetheefitt?rfg prgcsdsureais 0 6. KJ e ul chee a tyobtained through this fitting procedure are listed in Table 2.

- . . Th rrier i iation of th Ho radical, Ez, w.
estimate the total uncertainty Bf as twice the sum of the above e barrier to dissociation of thieo-CaHs radical, &5, was

) e obtained from the known thermochemistry of the involved
value and the difference between individual values of the energySloecies Using\Hy®208(is0-CaHo) = 72.7 + 2.2 kJ mot,3

barrier fpr thi decomposition of-Cng in Table 3. Hence, AHr*20(CHs) = 146.0+ 1.0 kJ motL,6162 AH® 50 CsHe) =
we o_btamEl = 1158+ .2'0 kJ motf™. . . 20.0+ 0.8 kJ mot1,83 we obtain & = 126.6 kJ motl. The
This _model of reaction (1_’1). r_esults in the following isobutyl radical has no optical isomers, no overall rotational
expression for the .hllgh-pressure limit rate constant ofthatyl symmetry, and three internal rotors {ZCHs and —CHy) with
radical decomposition af = 298-1500 K: symmetry factors of 3, 3, and-2otal symmetry factor 18. The
- 3 1 transition state has two internalCHs rotors with symmetry
Ky = 1.06 x 10" exp(~14005 KTT) s (Vi) factors of 3 each. Taking into account the existence of two
optical isomers in the transition state, we obtaia reaction
which is plotted in Figure 4 together with the experimental path degeneracy of 4 for the decomposition reaction.
determinations of ref. 16 and 17. The model of the transition state described above results in
Individual values of[AEC4own Can be obtained for each the following expressions for the high-pressure limit rate
experiment listed in Table 1 by reproducing the experimental constants of reaction (22) atT = 298-1500 K:
values of rate constants with the solution of the master equation
using [AEDuown @s an adjustable parameter. Such calculations i = 1 66 x 1072125 exp(~3879 KIT)
were performed with the selected model of the reaction. The

3 1 -1
resultant values ofAECgown and [AED, are listed in Table 1. cm” molecule s = (VIII)
The average value 6ME[, for He is—30 cnT?! consistent (as o 0127065 -

expected) with the value-28 cnt? obtained in the “global” Ky =2.14x1 exp(-15529 KmM) s (1X)

fitting procedure. The average value fof & bath gas IBAE[,
= —40 cnTl Due to the scatter of individual values no 5. Analysis of Prior Experimental Studies of Reactions

information on the temperature dependence®ECgown OF (1,—1) and (2,-2). Both experimental determinations kfj,
[AEQ, can be extracted from these results. those of Kerr and Trotman-Dickens8nand Watkins and
The values of the rate constarkg[M], T) calculated using O'’Dean?® were performed under the conditions of the high-
the accepted model of the reaction (Tables 2 and 3) and valuesPressure limit, as checked by calculating the values of
of [AE[J, = —28 cnt! for He andlAE, = —40 cnt for N, ki(T,[M])/ K at the temperatures and pressures of these ex-
are presented in Figures-B together with the experimental periments. The values GhEldown = 500 and 800 cm! were
data. assigned to gH, and propionaldehyde which were the bath
A check of the quality of the model and data analysis gases in refs 22 and 23, respectively.
procedure is provided by an inspection of the pressure depen- As can be seen from the comparison of the experimental
dence of AEMgown Or LAEL,. The fitted values of these energy-  values ofk? and the calculated results (Figure 4), the results of
transfer parameters should exhibit no dependence on pressureMorganroth and Calvelt are well reproduced by expression
If the values offAECgown and AED, from Table 1 are plotted  VII. The results of Kerr and Trotman-Dickenséhalthough
vs pressure, no dependence can be seen which indicates thadieing in approximate agreement with formula VilTat 500—
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600 K, are somewhat higher at lower temperatures and (ref 64) andAH:°,99(CoHs) = 52.5+ 0.3 kJ mot? (ref 59), we

significantly lower at higher temperatures. The experimental
study of reaction 1 by Morganroth and Calvéwas practically

in the high-pressure limitg/k = 1 if [AE[down = 800 cnT?is
assigned to 1,1azon-butane, the bath gas used in ref 17). The
data of Kerr and Trotman-Dickenson &pare not exactly in
the high-pressure limit. AssigninBAEldown = 800 cnT? to
n-valeraldehyde (bath gas of ref 16) yiekig; (689 K) = 0.7,
and usinglAEQown = 500 cnt?, we obtainky/k(689 K) =

obtain AH¢°20¢(N-C4Hg) = 84.1 kJ mot™.

The uncertainty of this value can be estimated from the
combined uncertainties in the heats of formation efi€and
C;Hg, in the value of;, and the uncertainty induced by possible
errors in thek”,(T) dependence used in developing the model
of reaction 1;-1. The latter value is estimated as follows.

The “global” fitting (section 1V.3) of our data oky(T,[He])
(which are relatively close to the high-pressure limit) is most

0.6. The Lennard-Jones collisional parameters used wereSENSitive to the high-pressure limit rate constants at the

estimated from the boiling point and additive volume incre-
ments?* Falloff, however, can only partially account for the
difference between the calculated valuek®dfnd experimen-
tal results of Kerr and Trotman-Dickenson (Figure 4).

Both experimental determinations kf (Slater et al® and
Metcalfe and Trotman-Dickens&f were performed under the
conditions of falloff. Using the above model of reaction—+2,
2) and assigningAEown= 800 cnt! to 1,1-azoisobutane and

isovaleraldehyde (the bath gases used by these authors) w

obtain the values ok/k; equal to 0.39-0.54 for the condi-
tions of Slater et al. and 0.48.79 for the conditions of
Metcalfe and Trotman-Dickenson. The Lennard-Jones colli-

sional parameters used were estimated from the boiling point.

and additive volume incremert$. “Experimental” values of
k> can be determined by dividing the experimerkaby the
calculatedky/k; values. The values oflandk; thus obtained

temperatures of the experiments. Hence, if a different model
of the transition state (and a different high-pressure preexpo-
nential factor) is used, this fitting procedure will try to
compensate for the change of the preexponential factor by
changing & in order to get the same values kf at the
temperatures of the experiments. In our data analysis, the
vibrational frequencies of the transition state were selected to
reproduce the temperature dependencekyf formula Il

This dependence is based on the recommendation of Kerr and

‘?Darsonage fok_1/(k;)?5 and thek; value recommended by

Baulch et af” The recommendéduncertainty factor fokz is
10°3, which yields an uncertainty factor of 1.4 f&f,.

If values ofk™; changed by a factor of 1.4 are used in the
global” fitting procedure (section 1V.3), a change of 1.7 kJ
mol~1 will be required in the value oE; to obtain the same
high-pressure limit rate constant of reaction 1 at 590 K, the
average temperature of our experiments. We use twice this

from the results of refs 18 and 19 are shown in Figure 5 together yalue (3.4 kJ moil) as a measure of the uncertainty in the

with our calculateds.

It can be seen from Figure 5 that taking into account the
falloff correction significantly improves the agreement between
the “experimental” values ok3 obtained from the data of

Metcalfe and Trotman-Dickenson and those predicted by our

model of reaction 2. The calculated and “experimental” values
coincide in the middle of the experimental temperature range,
although the “experimental” results display a slightly lower

thermochemistry induced by the uncertainty in tkig(T)
dependence.

Combining this value with the uncertainties Bf and the
heats of formation of @5 and GH4, we obtain

AH,6dN-C,Ho) = 84.1+ 4.2 kJ moTl*

and, usingAH¢°29g(N-C4H10) = —125.64 0.7 kJ mot? (ref 63),

activation energy than the calculated ones. The results of Slaterwe obtain the bond energy

et al. are in significant disagreement with both the results of
Metcalfe and Trotman-Dickenson and with our calculated
values. Even after correcting for the falloff effects, the values
of k; obtained from the results of ref 18 are more than an order
of magnitude lower than those of ref 19 and our calculated
K.

Tsang® recommended théG(T) dependencekf = 2 x
10%exp(—-15075 KN s™1) as a compromise between the results
of Metcalfe and Trotman-Dickenson and values calculated from
thermochemistry assuming 10% nonterminal addition o CH
to G3Hg and a preexponential factor of ;2 1013 s~1. Tsang’s
recommendation is lower than that given by formula IX (a factor
of 3 at 600 K). The difference is mainly due to the differences
in approach and in the temperature dependenciek”(fT)
used.

6. Thermochemistry of the n-C4Hg Radical. Kinetic
information on reactions 1 and-() can be used to obtain the
enthalpy of reaction and, through this, the enthalpy of formation
of the n-butyl radical. The recommended valueff= 115.8
+ 2.0 kJ mot™ together with the fitted value of the barrier for
the reverse reactior—; = 28.0 kJ mot!, gives the energy
difference between reactants and products of reactionl{i,
AE; 1 = 87.8 kJ mott. Using the models ofi-C4Hg, CoHs,
and GH, described above and taking into account the zero-
point energies of the torsional rotations (excluded fienand
AE_3), one can obtain for the enthalpy of reaction{1) AH»9g
= 89.4 kJ mott. With AH¢*299(CoHs) = 121.04 1.5 kJ mof?

DH,odn-C,Hy—H) = 427.7+ 4.3 kI mol*

Our AH¢°29¢(N-C4Hg) = 84.1+ 4.2 kJ mottis 3.6 kJ mot?
higher than the directly determined value of Seetula and Sfagle
(80.5 &+ 2.2 kJ mot? from the second-law treatment of the
results on the kinetics of-C4Hg + HBr — n-C4Hio + Br
reaction). This disagreement lies within error limits and is not
large considering the indirect nature of the value obtained in
the current study which relies on the results of relative rate
constant determinations.

7. Uncertainty in the AE yown and [AEL Determination
in Reaction (1~1). There are sources of uncertainty in the
model of reaction (1;1) which propagate into possible errors
in the determination of the collisional energy-transfer param-
eters[AEOgown andAEL. Since reaction (1) is relatively
close to its high-pressure limit at the conditions of these
experiments, a small variation of the calculated valuels’ aft
these temperatures will noticeably affect the fitting parameters
(i.e., the determinations GAE[qown). In the error assessment,
we investigate the influence of the2.0 kJ mot? uncertainty
in the barrier for the»-C4Hg decomposition on the fitted values
of (AEDdown

The master equation fitting exercise described above was
repeated with no changes of the structure and frequencies of
the transition state but with the barrier height for decomposition
changed by+2.0 kJ mof®. This provided a change & at
590 K, the average temperature of our experiments, of a factor
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of 1.5. The resulting individual calculated valuesSI&ECgown

are significantly affected by these variations of the model. The
fitted values of AEDgown and—[AEL (in parentheses) are 328-
(90)/125(14) cm* (He) and 377(113)/146(20) crh (Ny) with

the lower values of AE[M4own corresponding to the lower value
of the energy barrier.
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cent”

F 1.53x 10% exp(—10578 KIT) +

0.190 exp(205 KT) (reaction 1)

k,° = 2.87 x 10°°T ?%?exp(-18031 KI)
cm® moleculeé* s™ (reaction 2)

These results can be considered as upper and lower limits of

the [AEL parameter obtained from the analysis of our
experimental data. Hence, we obtain

—[AEQ, =28 cm ' for He as bath gas
—[AEC, =402 ecm™  for N, as bath gas
or

[AEByo,,= 18455 cm ™t for He as bath gas

[AECgoun = 21555) cm™*  for N, as bath gas

at T = 560-620 K. These average values are comparable to

the values for other alkyl radicals which have now been
determine& 15 by modeling the results of experiments of a
similar type and which cover the range of values4360 cnt?

for He as bath gas and 13800 cnt! for N; as bath gas.

V. Parametrization of Rate Constants

We present here a parametrizationkgfand k, in helium

and nitrogen which provides rate constant values throughout

the range of temperatures 29800 K and pressures 0.0610
atm. The modified LindemanrrHinshelwood expression in-
troduced by Gilbert et & was used:

ky

0] 0
<MV ~F(F gors[M])

K 1+ KMy

% (X)

Values ofk;([M],T) and kx([M],T) in the above temperature

cent™

103.2 expt-6762 KIT) + 0.1186 exp(242 KI)
(reaction 2)

,° =3.15x 10T ¥ exp(-16237 KN

cm® molecule*s™ (reaction 1)

cent”

F 1.46 x 10" exp(—10565 KIT) +

0.189 exp(214 KT) (reaction 1)
k,° = 1.05x 10°°T 2% exp(—17900 KIT)
cm® molecule® s (reaction 2)

470 exp(-8187 KIT) + 0.1269 exp(470 KI)
(reaction 2)

cent™

F

for nitrogen as bath gas.

The average deviation of the parametrized valuek; and
k. from the master equation rate constants over this large range
of conditions is 6%, with maximum deviation of 17%.

Recently, Bernshtein and Ofétlemonstrated that the steady-
state approximation cannot be used for calculation of unimo-
lecular reaction rates by the master equation solution at high
temperatures and low pressures, where relaxation to the steady-
state population occurs on time scales comparable to the reaction
time. The examples given by these authors indicate that
reasonable agreement between the exact values of rate constants
and those obtained under the steady-state assumption is reached
after several hundred collisions with the bath gas. The
calculations presented here are limited to conditions where the
ratio of collision frequency to the rate constant is higher than

and pressure intervals were calculated using the master equationf00- This requirement and the pressure range of 6:a0%atm

RRKM approach assuming\E[; independent of temperature
for both bath gases. For reaction 1, the valuesdEQ;
obtained from the modeling of experimental date28 cnr?

in He and—40 cnt! in Ny) were used. For reaction 2, the
value of [AE, = —53 cnt! was used for both He and,N
which corresponds toAEldown = 250 cnt! at 600 K. The latter
value was chosen based on the results of previous stuéfies
of decomposition of hydrocarbon radicals. It results in the
calculated value df,(650 K, 4 Torr)= 665 s1in He which is

in a qualitative agreement with our experimental observation
made under these conditions: a fast decaysofCsHg was
monitored but could not be measured quantitatively due to
experimental complications (section II). The matrixes of
calculated values ok;(M,T) were fitted with the modified
Lindemann-Hinshelwood expression X and the resulting
parameters are

k? = 1.06 x 10" exp(—14005 KM s *
ky =2.14x 101" exp(-15529 KM s *

k° = 3.82x 10°'T *exp(-16292 KI)

cm® molecule* s (reaction 1)
for helium as bath gas;

determine the upper temperature limit (900 K) of the current
parametrization. For the low-pressure limit rate constant
expressions, however, the upper temperature limit determined
by this requirement is lower820 K.

Due to the uncertainty in the parameters of the models
discussed above and in the temperature dependend&okwn
caution is advised in using the results of this extrapolation.

VI. Summary

The unimolecular decomposition ofC4Hg in helium and
nitrogen (reaction 1) has been studied in the falloff region. A
transition state model of reaction {41) was developed which
provides the high-pressure limit rate constants. The model was
used to calculat&(E) values for the master equation analysis.
The experimental values df; were reproduced by master
equation/RRKM modeling.

Literature data on the reactiggso-C4Hg — CH3 + C3Hg (2,—
2) were reanalyzed and a transition-state model of this reaction
was developed which provides the high-pressure limit rate
constants. Finally, parametrized expressions are presented
which provide values df; andk; over a wide range of pressures
and temperatures.
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