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The thermal decomposition and isomerization processes of C3-C4 alkyl radicals, 1-C5H11, and 1-C6H13 have
been investigated by using a shock-tube apparatus coupled with atomic resonance absorption spectrometry
(ARAS). Isomeric alkyl radicals were generated by the thermal decomposition of respective alkyl iodides.
Branching fractions for the competitive pathways (C-C bond cleavage, C-H bond cleavage, and isomerization)
have been determined by following the hydrogen-atom concentration by ARAS. In the investigated temperature
range (900-1400 K), for all alkyl radicals, the energetically favored C-C bond cleavage was found to dominate
over the C-H bond cleavage. The 1,2 or 1,3 isomerization reaction was found to be minor in C3 and C4 alkyl
radicals. On the other hand, the results for 1-C5H11 and 1-C6H13 radicals clearly show the occurrence of 1,4
and 1,5 isomerization reactions. From an RRKM analysis of the present result and the previous lower
temperature data, with consideration of the tunneling effect, the threshold energies for 1,4 and 1,5 primary-
to-secondary isomerization reactions were evaluated to be 21.5( 1.2 and 14.6( 1.2 kcal mol-1, respectively.
The high-pressure limit rate constants for the isomerization processes were evaluated ask∞(1-C5H11 f 2-C5H11)
) 4.88× 108T 0.846 exp(-19.53 [kcal mol-1]/RT) s-1 andk∞(1-C6H13 f 2-C6H13) ) 6.65× 107T 0.823 exp-
(-12.45 [kcal mol-1]/RT) s-1 for the temperature range 350-1300 K. Even under relatively high-pressure
conditions (∼1 atm), the falloff effect was shown to be important for multichannel dissociation systems. The
nonequilibrium effect in the thermal decomposition of energized alkyl radicals formed in the high-temperature
reaction system, which has been first suggested by Tsang et al. [J. Phys. Chem.1996, 100, 4011] was discussed.
The possible effect of the tunneling in the isomerization reactions was discussed in comparison with previous
lower temperature data.

Introduction

Thermal decomposition of alkyl radicals plays an important
role in the combustion of hydrocarbons. It is one of the important
elementary reactions in the oxidation processes of alkanes, and
it competes with the reaction with O2, especially at high
temperatures and under fuel-rich conditions. Recently, Gutman,
Slagle, and co-workers have investigated the thermal decom-
position of C2 to C4 alkyl radicals at low temperatures (<1100
K) and at low pressures (<20 Torr) with a laser photolysis-
photoionization mass spectrometry method.1 Under their ex-
perimental conditions, the dominant product channel was
confirmed to be, or assumed to be, the energetically most
favored channel (in many cases, the C-C bond fission channel).
However, at elevated temperatures, energetically less favored
reaction channel (for example, C-H bond fission channel) may
open up. Rate parameters for these minor channels have been
derived2-5 from the analysis of chain reaction system or
estimated from the rate parameters for reverse reactions
measured at lower temperatures, but experimental information
at high temperatures is limited.

Furthermore, for long-chain alkyl radicals, the isomerization
processes are known to compete with the direct dissociation
processes.6 Earlier experiments7 have been reviewed by Benson,8

who explained the occurrence of five-membered ring isomeriza-
tion7a,b and the lack of evidence for three- or four-membered
ring isomerizations7b with the estimated activation energies and
preexponential factors (A factors) based on the ring strain
energies and the hindrance of internal rotations in the transition

states. Abnormally lowA factors (107-108 s-1) for five- or six-
membered ring isomerization reported earlier7c,9 have been
shown to be too low.10 Several experimental investigations have
been also reported for three- or four-membered ring isomer-
ization.11 Although some earlier investigations on the three- or
four-membered ring isomerization indicated low activation
energies or large fractions for these processes, recent investiga-
tions showed higher threshold energies11g,h close to, or higher
than, that for C-H fission (∼34 kcal mol-1). Several quantum
chemical calculations on the three-membered ring transition state
of ethyl radical,12 and on three- to seven-membered ring
transition states of larger alkyl radicals13 also support the high
ring strain energies for three- or four-membered ring transition
states. Isomerization via five- and six-membered ring transition
states was also reported for the energized alkyl radicals produced
by the photolysis of haloalkanes in the collision-free molecular-
beam conditions.14 Since most of the rate parameters for
isomerization processes have been derived from the analysis
of chain reaction systems and sometimes suffered from the
reaction mechanism assumed,10a direct observations of the
isomerization processes are needed.

In the present study, the branching fractions for the thermal
decomposition ofn-C3H7, i-C3H7, n-C4H9, s-C4H9, i-C4H9,
1-C5H11, and 1-C6H13 were investigated at elevated temperatures
(900-1400 K) by a shock tube apparatus with direct and
quantitative measurements of product hydrogen atoms, in order
to investigate the possible contribution of higher C-H bond
fission channels, and to investigate the isomerization processes
in competition with C-C bond fission reactions.
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Experimental Section

Details of the shock tube apparatus have been described
previously.13 Briefly, a diaphragmless stainless steel shock tube
(5 cm i.d. and 4 m long) with an ARAS (atomic resonance
absorption spectrometry) detection system was used in the
present study. A microwave discharge in a flowing gas mixture
of 1% H2/He or 0.1% I2/He was used as a light source for the
ARAS measurement of H or I atoms, respectively. Atomic
transitions from the lamp, 121.6 nm [2P-2S1/2(2p-1s)] for H or
183.0 nm [4P5/2-2P3/2(6s-5p)] for I, were filtered with a 20 cm
vacuum-UV monochromator and detected by a solar-blind
photomultiplier. The ARAS calibration for H and I atoms was
performed using the thermal decomposition of methyl iodide
and ethyl iodide, respectively.

Isomeric alkyl radicals were generated by the thermal
decomposition of respective alkyl iodides,

Since molecular dissociation channel 1b is possible in the
thermal decomposition of alkyl iodides, the initial concentration
of alkyl radicals was determined by following the concentration
of iodine atoms, counterpart of the alkyl radicals, by ARAS.
Branching fractions for the competitive dissociation or isomer-
ization pathways were determined by following the hydrogen
atom concentrations by ARAS. For the quantitative measure-
ment of hydrogen atoms, experiments were performed alter-
nately with the thermal decomposition of ethyl iodide,

for which the branching fraction has been measured precisely
by Kumaran et al.14 (87% for reaction 2a). The thermal
decomposition of the ethyl radical

after reaction 2a, was used as a reference reaction for the
hydrogen atom concentration.

The gases used were obtained from Nihon Sanso (He,
>99.9999%; Ar, >99.9999%; H2, >99.9999%), Wako (I2,
99.9%; CH3I, >99%; n-C3H7I, >97%; i-C3H7I, >99%), and
Tokyo Kasei (C2H5I, >99%;n-C4H9I, >98%;s-C4H9I, >97%;
i-C4H9I, >97%; t-C4H9I, >95%; 1-C5H11I, >98%; 1-C6H13I,
>98%). All reagents (alkyl iodides) were purified by trap-to-
trap distillation. Ar was purified by passing through a cold trap
(-140 °C). Indicated error limits for the experimental results
are at two standard deviations level throughout the paper.

Results

A. Thermal Decomposition of C3-C4 Alkyl Radicals.
Figure 1a shows the observed time profiles of I- and H-atom
concentrations in the thermal decomposition ofn-C3H7I. The
observed concentration of H atoms was much smaller than that
of I atoms, which is a measure of the initial concentration of
n-C3H7 radicals, indicating that the thermal decomposition of
n-C3H7 produces little H atoms. On the other hand, as shown

in Figure 1b, the yield of H-atoms is almost unity in the thermal
decomposition ofi-C3H7 radicals. Since, in the thermal decom-
position of i-C3H7I, the branching fraction for molecular
elimination (1b) is large (0.6-0.8), significant decrease of H
atoms and increase of I atoms were observed under high initial
concentrations ofi-C3H7I, due to the reaction

In order to minimize the effect of this reaction, the initial
concentration was kept low especially fori-C3H7I experiments,
although this effect is still slightly visible in Figure 1b which
was observed under the initial concentration as low as 1 ppm.
For n-C3H7I, the branching fraction for HI elimination (1b) is
smaller (0.2-0.3) and thus higher initial concentration was
applied in order to confirm the very small yield of H atoms.

The H-atom yields from the thermal decomposition of two
isomeric propyl radicals at different temperatures are sum-
marized in Figure 2. The H-atom yield from the thermal
decomposition ofi-C3H7 radical was unity within the experi-
mental error limit, 1.01( 0.27, and was found to be independent
of temperature. This indicates the dominance of the C-H bond
fission in the thermal decomposition ofi-C3H7 radical,

This is the only possible reaction channel except for the
isomerization ton-C3H7. The H-atom yield fromn-C3H7 radical
was found to be much smaller,<0.05. This result indicates the
dominance of the energetically favored C-C bond cleavage (6a)

RI + M f R + I + M (1a)

f alkene+ HI + M (1b)

C2H5I + M f C2H5 + I + M (2a)

f C2H4 + HI + M (2b)

C2H5 + M f C2H4 + H + M (3)

Figure 1. Observed time profiles of I- and H-atom concentrations in
the thermal decomposition of (a)n-C3H7I and (b)i-C3H7I. Experimental
conditions for (a): [I-atom trace]T ) 1039 K,P ) 0.99 atm, 3 ppm
n-C3H7I/Ar; [H-atom trace] T ) 1033 K, P ) 0.99 atm, 15-ppm
n-C3H7I/Ar. Note that the scales for [I] and [H] are shifted for clarity
and that the initial concentration ofn-C3H7I is 5 times grater in the
H-atom measurement than in the I-atom measurement. Experimental
conditions forb): [I-atom trace]T ) 1364 K, P ) 1.17 atm, 1-ppm
i-C3H7I/Ar; [H-atom trace]T ) 1398 K,P ) 1.23 atm, 1-ppmi-C3H7I/
Ar.

H + HI f H2 + I (4)

i-C3H7 + M f C3H6 + H + M

∆H298 ) 35.7 kcal mol-1 (5)
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over C-H bond cleavage (6b) in this temperature range (1000-
1400 K)

The observed very small H-atom yield, 0.03-0.05, should be
treated with care since, considering the purity ofn-C3H7I reagent
used (<97%), a small impurity (<3%; possibly, other alkyl
iodides) might be the main source of the observed H atoms.
The true branching fraction for (6b) may be even smaller. No
apparent pressure dependence of the H-atom yield was found
for either n-C3H7 or i-C3H7 in the pressure range 1.0-1.4 or
1.0-1.2 atm, respectively.

The observed H-atom yield from the butyl radicalsn-C4H9,
s-C4H9, and i-C4H9 are summarized in Figure 3. The H-atom
yield from the thermal decomposition ofn-C4H9 radicals was
unity within the experimental error limit (1.08( 0.24). This
does not imply the dominance of C-H bond fission (7b) since
C2H5 radical formed by C-C rupture (7a) successively decom-
poses to C2H4 + H (3)

Although the observation of H atoms could tell nothing on the
branching fractions for (7a) and (7b), the main dissociation
channel is expected to be the C-C rupture (7a) from the results
for n-C3H7 as well as those fors-C4H9 and i-C4H9, which will
be shown below.

The small H-atom yields fors-C4H9 (∼0.09) andi-C4H9

(∼0.03) indicate the dominance of C-C bond cleavage ((8a)
and (9a)) in the thermal decomposition ofs-C4H9 and i-C4H9

radicals

For the reasons similar ton-C3H7, these small H-atom yield
should be discussed carefully. Especially fors-C4H9I, since the
branching fraction for C-I bond fission (1a) is small (∼0.2),
small (∼3%) impurity in thes-C4H9I reagent might produce
the H atoms corresponding to the H-atom yield as high as
∼15%. For this reason, the H-atom yield of∼0.09, which seems
significantly large, may be solely ascribed to the impurity. No
apparent pressure dependence of the H-atom yield was found
for either butyl radical in the pressure range 0.7-1.1 atm. A
trial was also made to investigate the H-atom yield fromt-C4H9

radical,

by the thermal decomposition oft-C4H9I. However, for this
iodide, the molecular elimination process (1b) is almost
exclusively dominant and almost no I atoms were observed
(<0.05). Since this extremely small I-atom yield (<0.03) may
be attributed to the impurity,t-C4H9I could not be used as the

Figure 2. H-atom yield ()[H]/[C3H7]0) from the thermal decomposition
of n-C3H7 (b) and i-C3H7 (O) radicals. Solid line (s) throughi-C3H7

data (O) denotes the averaged H-atom yield fromi-C3H7. Solid line
(s) and dotted broken line (- - - - -) throughn-C3H7 data (b) denote
the results of RRKM-fit and high-pressure limit fit, respectively (see
text for detail). Dotted line (- - -) and broken line (- - -) denote the
high-pressure limit estimates by Dean3 and by Tsang,4 respectively.
Experimental conditions: [n-C3H7 (b)] P ) 1.0-1.4 atm, 12-15 ppm
n-C3H7I/Ar; [ i-C3H7 (O)] P ) 1.0-1.2 atm, 1-ppmi-C3H7I/Ar.

n-C3H7 + M f C2H4 + CH3 + M

∆H298 ) 23.3 kcal mol-1 (6a)

f C3H6 + H + M

∆H298 ) 32.9 kcal mol-1 (6b)

n-C4H9 + M f C2H4 + C2H5 + M

∆H298 ) 22.4 kcal mol-1 (7a)

f 1-C4H8 + H + M

∆H298 ) 33.1 kcal mol-1 (7b)

Figure 3. H-atom yield ()[H]/[C4H9]0) from the thermal decomposition
of n-C4H9 (O), s-C4H9 (b), and i-C4H9 (0) radicals. Lines through
experimental data points are the averaged H-atom yields. Experimental
conditions: [n-C4H9 (O)] P ) 1.0-1.1 atm, [s-C4H9 (b)] P ) 0.9-
1.0 atm, [i-C4H9 (0)] P ) 0.7-1.1 atm. Sample gas concentration was
1-10 ppm.

s-C4H9 + M f C3H6 + CH3 + M

∆H298 ) 23.9 kcal mol-1 (8a)

f 1-C4H8 + H + M

∆H298 ) 36.2 kcal mol-1 (8b)

f 2-C4H8 + H + M

∆H298 ) 33.7 kcal mol-1 (8c)

i-C4H9 + M f C3H6 + CH3 + M

∆H298 ) 22.9 kcal mol-1 (9a)

f i-C4H8 + H + M

∆H298 ) 31.3 kcal mol-1 (9b)

t-C4H9 + M f i-C4H8 + H + M (10)
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precursor fort-C4H9 radicals. The I-atom yield was found to
be high (0.6∼0.9) for primary iodides while it was smaller (0.2-
0.4) for secondary iodides, and further smaller for the tertiary
one (<0.05) which has been discussed in the previous work.15

All the results for C3-C4 alkyl radicals indicate the domi-
nance of the C-C bond fission channel in the present
experimental conditions (900-1400 K,∼1 atm) except for the
result forn-C4H9 which is, however, also consistent with this
conclusion.

B. Isomerization Processes of Alkyl Radicals.The present
distinct results betweenn-C3H7 and i-C3H7 radicals imply the
insignificance of the three-membered ring 1,2 primary-to-
secondary (3sp) or the reverse 2,1 secondary-to-primary (3ps)
isomerization reaction,

Although a lower activation energy is expected for 1,2 primary-
to-tertiary (3tp) isomerization, the very small H-atom yield
(∼0.03) observed fori-C4H9 implies the minority of 3tp
isomerization

sincet-C4H9 is expected to decompose predominantly toi-C4H8

+ H (10). Similarly, the results forn-C4H9 and s-C4H9 also
imply the insignificance of four-membered ring 1,3 primary-
to-secondary (4sp) or 3,1 secondary-to-primary (4ps) isomer-
ization reaction

These results are consistent with the previous indications8,11g,h

that the threshold energy for three- or four-membered ring
isomerization is higher than that for C-H fission (∼34 kcal
mol-1) and the expected smallerA factors, which will be
discussed later. In order to investigate the possibility of
isomerization reactions via larger ring transition state, experi-
ments were extended to 1-C5H11 and 1-C6H13 radicals.

Figure 4 shows a typical time profile of H-atom concentration
observed in the thermal decomposition of 1-C5H11I. The rapid
H-atom formation is ascribed to the thermal decomposition of
1-C5H11 while the slower part is ascribed to a side reaction,
thermal decomposition of 1-C5H10 (1-pentene) produced by the
HI elimination (branching fraction is∼0.54) from 1-C5H11I.
Since the allylic C-C bond in 1-C5H10 is weak, its thermal
decomposition

is relatively fast and the subsequent decomposition of C2H5 (3)
or C3H5(allyl radical)

produces hydrogen atoms. The slower part of the H-atom
formation was observed above∼1100 K, which is consistent
with the reported rate constants16 for the thermal decomposition
of 1-pentene. The solid line in Figure 4 shows the numerical
simulation using the rate constant for reaction 11, 3.6× 103

s-1, which is slightly larger than the previously reports.18 The
fast rise of the H-atom formation could be clearly separated
from the slow rise up to∼1250 K. The evaluated H-atom yield
from the thermal decomposition of 1-C5H11 radical is sum-
marized in Figure 5.

Similar slow production of hydrogen atoms was also observed
in the thermal decomposition of 1-C6H13I, which was ascribed
to the thermal decomposition of 1-C6H12 (1-hexene)

formed by the HI elimination (branching fraction is∼0.47) from
1-C6H13I, and the subsequent H-atom formation via reaction
12. The H-atom yield from the thermal decomposition of
1-C6H13 radical could be separated from the slow H-atom
production by the side reaction up to∼1300 K, and is plotted
in Figure 6.

For the thermal decomposition of 1-C5H11, possible reaction
channels except for isomerization are

Since, as shown above, C-C bond cleavage is generally
preferred to C-H cleavage for C3-C4 alkyl radicals and the
heats of reaction for (14a) and (14b) are quite similar to those
for C-C and C-H fission reactions of C3-C4 radicals, the
branching fraction for (14b) is expected to be negligibly small.
However, as shown in Figure 5, the H-atom yield from 1-C5H11

Figure 4. Observed time profile of H-atom concentration in the thermal
decomposition of 1-C5H11I. Experimental conditions:T ) 1200 K,P
) 1.0 atm, 4-ppm 1-C5H11I/Ar. The solid line represents the result of
the numerical simulation (see text).

n-C3H7 + M T i-C3H7 + M (6c)

i-C4H9 + M f t-C4H9 + M (9c)

n-C4H9 + M T s-C4H9 + M (7c)

1-C5H10 + M f C3H5 + C2H5 + M (11)

Figure 5. H-atom yield ()[H]/[1-C5H11]0) from the thermal decom-
position of 1-C5H11 radical. Dotted broken line (- - - - -) denotes
the result of high-pressure limit fit (see text). The three parallel lines
represent the results of RRKM calculations with different threshold
energies for five-membered ring primary-to-secondary isomerization
[E0(5sp)]; E0(5sp)) 20.2 (- - -), 20.5 (- - -), and 20.8 (-- -) kcal
mol-1 (see text). Experimental conditions:P ) 0.7-1.2 atm, 4-ppm
1-C5H11I/Ar.

C3H5(allyl) + M f C3H4(allene)+ H + M (12)

1-C6H12 + M f C3H5 + n-C3H7 + M (13)

1-C5H11 + M f C2H4 + n-C3H7 + M

∆H298 ) 22.7 kcal mol-1 (14a)

f 1-C5H10 + H + M

∆H298 ) 33.1 kcal mol-1 (14b)
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radical is quite large, 0.4-0.5. This result indicates the
occurrence of the five-membered ring 1,4 primary-to-secondary
(5sp) isomerization

followed by the thermal decomposition of 2-C5H11

and subsequent decomposition of C2H5 to C2H4 + H (3).
For the case of 1-C6H13, both of the possible direct dissocia-

tion channels

expected to produce one H atom since the subsequent dissocia-
tion of n-C4H9 quantitatively produces H atom as shown before.
However, the observed H-atom yield was clearly less than unity,
0.4-0.5 (Figure 6). Accordingly, this result should be ascribed
to the six-membered ring 1,5 primary-to-secondary (6sp)
isomerization reaction,

The resultant 2-C6H13 radical is expected to produce few H
atoms via the reaction

followed by the decomposition ofn-C3H7 dominantly to C2H4

+ CH3 (6a).

Discussion

A. Falloff Effect to the Branching Fraction for n-C3H7.
The present experimental results for C3 and C4 alkyl radicals
indicate the dominance of C-C bond cleavage in the thermal
decomposition processes. The branching fractions for the
competitive C-H bond fission channels were below the
detection limits imposed by the impurities in the reagents.

As a preliminary analysis for the two-channel thermal
decomposition ofn-C3H7, a transition state theory (TST)

calculation, that is an RRKM calculation in the high-pressure
limit, was performed. Geometry and vibrational frequencies of
the reactant and the transition states (TS’s) were estimated by
Hartree-Fock level [HF/6-31G(d)] ab initio calculations by
using Gaussian 94.17 The frequencies were scaled by 0.8929,
which is the recommended scale factor for HF/6-31G(d).18 One
C2H5-CH2

• torsion motion ofn-C3H7 and one C2H4-CH3

torsion of the C-C fission TS were treated as free rotors. The
threshold energy for the C-C fission channel was fixed to 29.5
kcal mol-1, which has been derived by Bencsura et al.1b The
result of this high-pressure limit fit to the observed branching
fraction is shown in Figure 2 by a dotted broken line (- - - - -
), where only the threshold energy for higher C-H fission
channel, E0(C-H), was adjusted so as to reproduce the
experimental branching fraction. As the best fit,E0(C-H) was
derived to be 36.5 kcal mol-1. Since the observed branching
fraction should be treated as the upper limit as described above,
the high-pressure limit calculation suggests thatE0(C-H) g
36.5 kcal mol-1. From the thermochemical data,19 this corre-
sponds to the threshold energy for the reverse reaction,g4.7
kcal mol-1, which is apparently too large in comparison with
E0 ) 2.2 kcal mol-1 for C2H4 + H1c or the generally suggested
activation energy,Ea ) 2.5 kcal mol-1, for primary radical
formation.3 This discrepancy could not be explained by the
uncertainty of the preexponential factors (about(30%) due to
the errors in the estimated geometry and frequencies.

Also, previous estimates3,4 for the high-pressure limit pre-
dicted larger branching fractions for C-H rupture (6b), 0.10-
0.11, than the present result,<0.04, at 1200 K as shown in
Figure 2. No significant error in the previous estimations could
be found since they are based on the thermochemistry and the
rather certain rate parameters for reverse reactions which have
been measured at lower temperatures, and where the high-
pressure limit was easily fulfilled. This discrepancy and the
failure of the high-pressure limit fit imply that the present
experimental conditions did not satisfy the complete high-
pressure limiting condition. In order to investigate the falloff
effect to the branching fraction, two-channel RRKM calculation
was performed forn-C3H7. The calculation was carried out by
using UNIMOL program suit.20 The solution of the master
equation was obtained by solving the eigenvalue problem in
the form,21

whereg is the steady-state population distribution,ktot is the
overall rate constant, andM is a matrix consists of energy
transfer rate constants and microscopic reaction rate constants.
An exponential down model23 with R ) 500 cm-1 was assumed
for the energy transfer probabilities. The microcanonical rate
constant at energyE was calculated by the RRKM formula,
k(E) ) [nqσ/nσq][QR

q/QR][Wq(E-E0)/hF(E)],23 wheren, σ, QR,
nq, σq, and QR

q denote the number of optical isomers and
rotational conformers, rotational symmetry number, and rota-
tional partition function of the reactant, and those for the TS,
respectively.Wq andF denote the sum of states of the TS and
the density of states of the reactant, respectively, andh is the
Planck constant. The geometry and the frequencies of reactant
and TS’s and the threshold energy for C-C fission were the
same as those used in the TST calculation described above.

In the RRKM fit, similarly to the TST fit, onlyE0(C-H)
was adjusted so as to reproduce the observed branching fraction.
The best fit to the experimental branching fraction (a solid line
through solid circles in Figure 2) was found atE0(C-H) ) 33.5
kcal mol-1 and hence the RRKM fit suggestsE0(C-H) g 33.5

Figure 6. H-atom yield ()[H]/[1-C6H13]0) from the thermal decom-
position of 1-C6H13 radical. Dotted broken line (- - - - -) denotes
the result of high-pressure limit fit (see text). The three parallel lines
represent the results of RRKM calculations with different threshold
energies for five-membered ring primary-to-secondary isomerization
[E0(6sp)]; E0(6sp)) 14.3 (- - -), 14.6 (- - -), and 14.9 (-- -) kcal
mol-1 (see text). Experimental conditions:P ) 0.8-1.2 atm, 4-ppm
1-C6H13I/Ar.

1-C5H11 + M f 2-C5H11 + M (14c)

2-C5H11 + M f C3H6 + C2H5 + M (15)

1-C6H13 + M f C2H4 + n-C4H9 + M (16a)

f 1-C6H12 + H + M (16b)

1-C6H13 + M f 2-C6H13 + M (16c)

2-C6H13 + M f C3H6 + n-C3H7 + M (17)

Mg ) -ktotg (18)
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kcal mol-1. The correspondingE0 for the reverse reaction,g1.7
kcal mol-1, is in reasonable comparison withE0 ) 2.2 kcal
mol-1 or Ea ) 2.5 kcal mol-1 described above. Further, the
high-pressure limit calculation with thisE0(C-H) gave the
branching fraction close to the previous estimates3,4 (coinciding
with the broken line in Figure 2). These analyses show the
importance of the falloff effect especially in the branching
fraction for multichannel dissociation processes because the
population depletion by the lower channel enhances the falloff
effect for the higher channel. The RRKM calculation predicts
that the branching fraction for C-H fission even at 10 atm
(∼0.044) is still far less than the high-pressure limit (∼0.10) at
1200 K, where the overall rate constant is fairly close to the
high-pressure limit, that is,k(10 atm)/k ∞ ) 0.13. In the above
analysis, the average downward energy transferred per collision,
〈∆Edown〉, was set to be 500 cm-1, which is a typical value for
relatively large organic molecules,22 and was assumed to be
independent of temperature. The derived threshold energy is
not so sensitive to this quantity. For example, a change of
〈∆Edown〉 by (200 cm-1 changed the best fitE0(C-H) by only
(0.3 kcal mol-1.

B. Analysis of the Competition between Isomerization and
Dissociation. The present results for 1-C5H11 and 1-C6H13

radicals indicate the occurrence of five- and six-membered ring
primary-to-secondary (5sp and 6sp) isomerization reactions. As
a rough high-pressure limit picture, the present results indicate
that the isomerization proceeds with a rate nearly equal to the
direct C-C fission, and thus, the activation energy for the
isomerization should be significantly lower than that for the
C-C fission since a lower preexponential factor is expected
for the isomerization via ring TS.8 However, the observed
temperature dependence of the H-atom yield was very small
and contradicts the expected large difference of activation
energy. This implies the breakdown of the high-pressure limit
assumption, which will be shown below more quantitatively.

The procedure used in the high-pressure limit TST analysis
is similar to that forn-C3H7 described in the previous subsection.
Only the threshold energies for the isomerization processes were
adjusted so as to reproduce the observed H-atom yield. The
minor C-H fission processes and three- or four-membered ring
isomerization processes were ignored, and only the C-C fission
processes and five- and six-membered ring isomerization
processes were considered. The estimated energy diagrams for
these processes are shown in Figure 7. Threshold energies for
the C-C fission processes were estimated to be∆H0 + 7.7
kcal mol-1 from the reported1 threshold energies for smaller
alkyl radicals, which is also in good comparison withEa )
∆H300 + 7 kcal mol-1 suggested3 generally for the C-C fission
reactions of alkyl radicals. The threshold energy for 5sp
isomerization of 1-C6H13 was assumed to be the same as that
for 1-C5H11. The threshold energy for 5sp isomerization,E0-
(5sp), was derived from the best fit to the 1-C5H11 data (Figure
5) and, by using this, the threshold energy for 6sp isomerization,
E0(6sp), was derived from the best fit to the 1-C6H13 data (Figure
6). By including the effects of the backward isomerization
processes from 2-C5H11 to 1-C5H11 and from 2- or 3-C6H13 to
1-C6H13, the observed H-atom yields can be related to the
branching fractions for individual processes as

where f1p,i and f2p,i denote the branching fractions for 1- and
2-pentyl(C5H11) radicals, respectively, numbered (i) in the order
from lower to upper channels; that is,i ) 1 denotes the
isomerization process andi ) 2 denotes the C-C fission process
(see Figure 7a). Similarly,f1h,i, f2h,i, andf3h,i denote the branching
fractions for 1-, 2-, and 3-hexyl(C6H13), respectively. Alsoi is
the channel number from lower to upper (see Figure 7b).

The results of the TST-fit are shown in Figures 5 and 6 by
dotted broken lines (- - - - -). As expected, this high-pressure
limit analysis could not reproduce the observed small temper-
ature dependence of the H-atom yields, and the falloff effect is
implied to be important even for these large alkyl radicals. The
derived threshold energies for the isomerization processes;E0-
(5sp) ) 17.8 andE0(6sp) ) 9.8 kcal mol-1, were apparently
too low in comparison with the previous results and theoretical
investigations which will be shown below.

For the quantitative analysis of the falloff effect, multichannel
RRKM calculations were also performed for C5H11 and C6H13

systems. By assuming the independent steady-state distribution
for each isomer, the rate constants can be derived from the
independent eigenvalue problems similar to eq 18,

where suffixes 1p, 2p, 1h, 2h, and 3h denote the properties for
1-, 2-pentyl (C5H11), 1-, 2-, and 3-hexyl (C6H13), respectively.
The observed H-atom yields can be related to the branching
fractions in the same manner as the TST calculation by eqs 19
and 20. This analysis will be referred asindependenttreatment
hereinafter.

[H]

[1-C5H11]0

)
f1p,1f2p,2

1 - f1p,1f2p,1
(19)

[H]

[1-C6H13]0

)
f1h,3 + f1h,2f3h,2

1 - f1h,1f2h,1 - f1h,2f3h,1
(20)

Figure 7. Estimated energy diagrams for dissociation and isomerization
processes of (a) 1-C5H11 and (b) 1-C6H13 radicals. The ordinate is
relative enthalpies at 0 K.

M1pg1p ) -k1pg1p

M2pg2p ) -k2pg2p (21)

M1hg1h ) -k1hg1h

M2hg2h ) -k2hg2h

M3hg3h ) -k3hg3h (22)
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The above assumption of the independent steady-state for the
each isomer may not be valid at high temperatures. For example,
for the pentyl (C5H11) case, the fast isomerization from 1-C5H11

to 2-C5H11 interferes with the steady-state distribution of 2-C5H11

and, also, the reverse isomerization interferes that of 1-C5H11.
In order to treat this problem properly, a different type of RRKM
calculation was also performed by solving the problem repre-
sented by,

where suffixes such as 1p2p denote the cross term; for example,
1p2p denotes the effect of the distribution in 2-pentyl to 1-pentyl.
The cross term matrices such asM1p2pare diagonal and consist
of microscopic rate constants only. A schematic representation
of this treatment (which will be referred assimultaneous
treatment hereinafter) is shown in Figure 8 for the pentyl (C5H11)
case. The cross terms,M1p2pandM2p1p, represent the population
interference between the two isomers, which is neglected in the
independent treatment. For the hexyl (C6H13) case, the cross
terms between 2-hexyl and 3-hexyl are null since no isomer-
ization between these two was considered (eq 24). It should be
noted that the right-hand side of eq 23 or 24 isnot T(g1p, g2p)
or T(g1h, g2h, g3h) since, for example by the 1-C5H11 case, the
problem to be solved is the steady-state dissociation of 1-pentyl
radical, but not the steady-state dissociation of the mixture of
1- and 2-pentyl. The solution of eq 23 or 24 was obtained
numerically by iteration starting from a initial guess of the
population distribution.

The geometry, frequencies, and threshold energy for C-C
fission processes were the same as those used in the TST
calculations. The average downward energy transferred per
collision, 〈∆Edown〉, was assumed to be 500 cm-1 and indepen-
dent of temperature. In the RRKM fit, similarly to the TST fit
described above, the threshold energy for 5sp isomerization of
1-C6H13 was assumed to be the same as that for 1-C5H11 and
thusE0(5sp) was derived from the best fit to the 1-C5H11 data
andE0(6sp) was derived from the best fit to the 1-C6H13 data.
The results of the RRKM fit with independent treatment are
shown in Figures 5 and 6 by solid lines. The derived threshold
energies wereE0(5sp)) 20.5 andE0(6sp)) 14.6 kcal mol-1.
The RRKM calculation well reproduces the observed small
temperature dependence of the H-atom yields. The simultaneous
treatment shows quite different population distribution, and thus
different rate constants for each process, from the independent

treatment, as shown in Figure 9. The simultaneous treatment
predicts lower total steady-state concentration in 2-pentyl and,
as expected, the hotter energy distribution in 2-pentyl than the
independent treatment. However, these differences did not affect
the calculated H-atom yields so much. The calculated difference
in the H-atom yields between these two treatments was only
<0.0025 for 1-C5H11 and <0.0060 for 1-C6H13, and thus the
best fit threshold energies were unchanged from the results of
the independent treatment, that isE0(5sp)) 20.5 andE0(6sp)
) 14.6 kcal mol-1. The error limit of the threshold energies
was estimated to be(1.2 kcal mol-1 by considering the possible
errors from the data scattering, errors in the H-atom calibration,
the uncertainty of the estimated threshold energies for C-C
fission channels, and the uncertainty of the value of the〈∆Edown〉
(assumed to be(200 cm-1).

Although no significant difference was found in the calculated
H-atom yield, the difference of the calculated population
distributions between the two treatments (Figure 9) indicates
that the mutual effect of the population distribution is essentially
important. For example, the dissociation rate constant for
2-pentyl calculated by the simultaneous treatment is about 2
times larger than that calculated by the independent treatment.
In the case of the dissociation starting from the primary radical
side as the present experiments (from 1-C5H11 or 1-C6H13), the
contribution of the backward isomerization is minor and the
effect on the branching fraction was small. However, the
dissociation from the secondary radical side may show larger
effect than the present case. This problem should be investigated
in further experimental and theoretical studies.

C. Nonequilibrium Effect in the Branching Fractions. The
deviation of the population distribution of 2-pentyl from the
independent steady state as shown in Figure 9 is a similar
problem to those called nonequilibrium or non-steady-state
effect,23,24 and to the chemical activation reactions.10,25 In the
above RRKM analysis, such an effect was considered in only
the isomerization product radicals. However, as pointed out by
Tsang et al.,26 the nonequilibrium effect may be important
generally in the radical species (with low dissociation thresholds)
generated in the high-temperature chain reaction. In order to
assess this effect in the present experiments as well as in the
practical combustion conditions, a discussion will be done
below.

Figure 8. Schematic representation of thesimultaneoustreatment for
pentyl (C5H11) system. M 1p, M 2p, M 1p2p, and M 2p1p indicate the
microcanonical processes described by the corresponding matrices in
eq 23 (see text for detail).

(M1p M1p2p

M2p1p M2p
)(g1p

g2p
)) -k1p(g1p

0 ) (23)

(M1h M1h2h M1h3h

M2h1h M2h 0
M3h1h 0 M3h

)(g1h

g2h

g3h
)) -k1h(g1h

0
0 ) (24)

Figure 9. Comparison of the steady-state internal population distribu-
tions of pentyl (C5H11) radicals calculated with independent (- - -) and
simultaneous (- - -) treatments at 1260 K and 1 atm (see text for
details). The abscissa indicates the energy from the ground state of the
2-pentyl radical. The ordinate is the population per grain (the grain
size is 100 cm-1) and the distribution has been normalized so that the
sum of the populations in 1- and 2-pentyl is unity. The calculations
were performed withE0(5sp)) 20.5 kcal mol-1.
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The nonequilibrium effect has been investigated25,26 by the
time-dependent solution of the master equation starting from
the thermal Boltzmann distribution at the bath-gas temperature.
However, the “initial distribution” in the actual reaction system
will be more complicated and different from the Boltzmann
distribution. The nascent internal energy distribution should
apparently depend on the kind of reaction process that produces
the radical of interest. The highly exothermic reaction with
significant barrier, such as OH+ alkane, will produce highly
excited radicals while the endothermic reaction without barrier,
such as C-C bond fission of alkane, will produce radicals with
less excess energy. Here, as an example, nonequilibrium RRKM
calculations on the two-channel dissociation ofn-C3H7 radical
produced by three types of reactions

will be shown.
The nascent population distributions of then-C3H7 radicals

produced by (R1)-(R3) were estimated based on the prior
distribution.26 Details of the estimation procedure are described
in the Appendix. The estimated nascent distribution ofn-C3H7

produced by reactions R1-R3, the steady-state distribution
calculated by eq 18 [g(E)], and the Boltzmann distribution [F(E)]
are compared in Figure 10 [calculated at 1400 K and 1.1 atm
(Ar)]. Very cool distribution was calculated for the barrierless
simple C-I bond fission reaction (R1), while hotter distribution
close tog(E) was estimated for the C-C fission reaction (R2)
with a pronounced barrier, that is, with 7.7 kcal mol-1 energy
release from TS to products. The hottest distribution was
calculated for the abstraction reaction (R3) because of the large
exothermicity,∆H0 ) -18.4 kcal mol-1 (with a small barrier
for this reaction,E0 ∼ 1.3 kcal mol-1, totally 19.7 kcal mol-1

energy release is expected from TS to products). The rate
constants and the branching fractions for these nonequilibrium
conditions were calculated by solving the steady-state equation
similar to the chemical activation problems,27

whereg is the steady-state population distribution,R is the rate
of formation ofn-C3H7, andη is the incoming flux distribution,
that is, the nascent population distribution ofn-C3H7 such as
those shown in Figure 10. This problem was solved by the
inversion of the matrix,

In the actual calculation, the constantR was omitted since it
does not affect the shape of the distributiong. The calculation
was made with the threshold energy for the C-C fission and
the C-H fission of n-C3H7, 29.5 and 33.5 kcal mol-1, which
are the same as those used in the RRKM fit shown in Figure 2.

With cool distribution,η from (R1) or (R2), the calculated
branching fractions for the C-H fission differ only very slightly
(<0.0008) from the steady-state calculated by eq 18 at 1000-
1400 K and 1.1 atm. However, with hot distribution from the
OH reaction (R3), the calculated branching fraction for the C-H
fission significantly [1.6 (1000 K)- 3.3 times (1400 K)] larger
than the usual steady-state calculation at 1.1 atm.

The above calculations imply the importance of nonequilib-
rium effect in alkyl radical decomposition when it is generated
by the highly exothermic reaction, such as H-abstraction
reactions from alkanes. Since the H-abstraction reaction is one
of the major sources of the alkyl radical, the nonequilibrium
effect will be important in the practical combustion conditions.
However, this effect is negligible in the present experiments,
in which the alkyl radicals were generated from the barrierless
decomposition of alkyl iodides. Similar calculations for 1-C5H11

and 1-C6H13 produced by the thermal decomposition of respec-
tive iodides showed that the nonequilibrium effect (except the
one discussed as the “simultaneous treatment”) is also negligible
in the present experiments. It should be noted that the present
calculations on the nonequilibrium effect were still rather
qualitative since our experimental knowledge on the energy
distribution in the reaction products is limited and the deviation
from the prior distribution has been frequently reported in many
reaction systems as “surprisal”.28

D. Rate Parameters for Isomerization Reactions.Present
experimental results showed the insignificance of the three- or
four-membered ring isomerization processes. This is consistent
with the high threshold energies estimated by ab initio calcula-
tion:13b E0(3sp) ) 38.6, E0(3tp) ) 36.5, andE0(4sp) ) 38.1
kcal mol-1. Considering the lower threshold energies and larger
preexponential factors (A factors) for C-C fission processes,
three- or four-membered ring isomerization processes are hard
to compete with C-C fission processes, but may compete with
C-H fission processes in, for example, the thermal decomposi-
tion of t-C4H9 at extreme conditions. (See below for the general
trend of the high-pressure limit rate parameters.)

From the RRKM fit to the present experiments for 1-C5H11

and 1-C6H13, the threshold energies were derived asE0(5sp))
20.5 ( 1.2 andE0(6sp) ) 14.6 ( 1.2 kcal mol-1. Recent ab
initio calculation13b at MP-SAC2/6-311G(d,p) predictsE0(5sp)
) 20.6-21.5 kcal mol-1 andE0(6sp)) 13.4 kcal mol-1 which
are in good agreement with the present results.

The large difference between threshold energies for 5- and
six-membered ring isomerization reactions can be interpreted
mainly in terms of the ring-strain energy.8 From the present
result, the difference between the ring-strain energies between
five- and six-membered ring transition state,ERS(5) - ERS(6),
was estimated to be 5.9 kcal mol-1. Benson estimated thatERS-
(5) - ERS(6) ) 7 kcal mol-1 based on the ring-strain energy of
cycloalkanes, for whichERS(5) - ERS(6) ) 6.3 kcal mol-1. From
the ab initio calculation13b for primary-to-secondary isomeriza-

Figure 10. Comparison of the estimated nascent population distribu-
tions of n-C3H7 produced byn-C3H7I + M (- - -), 1-C5H11 + M
(- - - - -), and OH+ C3H8 (- - - - - - -) at 1400 K and 1.1 atm
(Ar). The ordinate is the population per grain (the grain size is 100
cm-1) and the distributions have been normalized. The steady-state
distribution calculated by eq 18,g(E) (s), and the Boltzmann
distribution,F(E) (- - -), are also shown for comparison.

n-C3H7I + M f I + n-C3H7 + M (R1)

1-C5H11 + M f C2H4 + n-C3H7 + M (R2)

OH + C3H8 f H2O + n-C3H7 (R3)

dg/dt ) Mg + Rη ) 0 (25)

g ) -RM-1η (26)
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tion, ERS(5) - ERS(6) ) 7.2-8.1 kcal mol-1 (at MP-SAC2
level), and from that13a for primary-to-primary isomerization,
ERS(5) - ERS(6) ) 7.4 (at MP-SAC2 level) or 6.3 kcal mol-1

(at BAC-MP4 level).
The high-pressure limit rate constants for 5sp and 6sp

isomerization reactions calculated by using the threshold ener-
gies determined in the present study are compared with previous
experimental results10,27 at lower temperatures in Figure 11.
Since the tunneling effect is expected to be large for these
hydrogen transfer reactions at lower temperatures, the effect was
estimated qualitatively by Wigner correction28 using imaginary
frequencies (2308i and 2265i cm-1 for 5sp and 6sp TS's) derived
by HF/6-31G(d) calculation. With the tunneling correction, the
presentE0(6sp) well reproduces the previous experimental
results while the presentE0(5sp) corresponds to the rate constant
higher than the previous results. The best fits to the previous
measurements give the higherE0(5sp), 21.5 kcal mol-1. This
discrepancy of 1 kcal mol-1 may be explained by the effect of
the tunneling in the present studies at high temperatures. Since
the quantum mechanical effect to the microscopic rate constant
is expected to be large at the energies around the threshold
energies, the effect of tunneling depends on the population
distribution around the threshold energies. As shown in Figure
9, some population in C5H11 is present around the 5sp threshold
energy (20.5 kcal mol-1), while almost no population is present
around the 6sp threshold energy (14.6 kcal mol-1) in C6H11,
for which the population distribution is similar to C5H11 but

slightly shifted toward higher energy by about 5 kcal mol-1.
This implies much larger tunneling effect for 5sp isomerization
than for 6sp. By ignoring the quantum effect, the present analysis
might result in the effectively lower threshold energy for 5sp
isomerization. However, no further analysis for the tunneling
effect was made since the expected change in the threshold
energy (e1 kcal mol-1) due to the quantum effect is smaller
than the error limit ((1.2 kcal mol-1), and the quantitative
analysis needs the accurate potential energy curve along the
reaction coordinate.

By considering the above discussion, as the best estimate,
the threshold energies for the isomerization processes were
estimated to beE0(5sp)) 21.5 andE0(6sp)) 14.6 kcal mol-1.
By using these, the high-pressure limit rate constants are
recommended to be

for 5sp isomerization of 1-C5H11 to 2-C5H11, and

for 6sp isomerization of 1-C6H13 to 2-C6H13. The error limit of
these expressions was estimated to be factor of 3. It should be
noted that the high-pressure limit assumption is valid only below
∼800 K at 1 atm, where the RRKM calculation suggest that
k(1 atm)/k ∞ ∼ 0.7. No recommendation is made for the rate
constants at the high-temperature falloff regime since further
experimental and theoretical investigations for the tunneling
effect and the nonequilibrium effect are needed for this.

Finally, the general trend of theA factors and activation
energies for the relevant decomposition and isomerization
processes is discussed. TheA factors and the activation energies
derived from the TST calculations are summarized in Table 1.

Figure 11. Comparison of the calculated high-pressure limit rate
constant with previous low-temperature measurements for (a) five-
membered ring isomerization of 1-C5H11 to 2-C5H11 and (b) six-
membered ring isomerization of 1-C6H13 to 2-C6H13. Broken lines
(- - -) and dotted lines (- - -) denote the results of TST calculations
using present threshold energies,E0(5sp)) 20.5 andE0(6sp)) 14.6
kcal mol-1, with and without Wigner correction, respectively. The bold
lines denote the previous measurements by (A) Tsang et al.,29 (B)
Marshall,10f (C) Endrenyi and Le Roy7c (recalculated by Watkins10a),
(D) Watkins9a (recalculated10a), (E) Dóbéet al.,10e and (F) Watkins.10b

TABLE 1: Estimated High-Pressure Limit Rate Parameters
for Straight-Chain Alkyl Radicals at 1000-1300 K

type of reaction

A
(per C-H)a/

s-1

Ea - E0
a/

kcal
mol-1

E0
b/

kcal
mol-1

C-H fission (primary radical) 6.9× 1013 3.3 ∼34.2
C-H fission (secondary radical) 9.3× 1013 4.5 ∼35.7
C-C fission (primary radical) 1.8× 1014 2.1 ∼29.2
C-C fission (secondary radical) 3.0× 1014 3.3 ∼29.5
3sp isomerization 1.6× 1013 2.1 ∼38.6
4sp isomerization 3.6× 1012 2.0 ∼38.1
5sp isomerization 3.0× 1011 1.3 ∼21.5
6sp isomerization 3.4× 1010 1.1 ∼14.6

a A factor andEa - E0 were derived from the Arrhenius plot of the
preexponential part of the TST expression, (kBT/h)(Qq/Q), calculated
at 1000-1300 K.A factors for C-H fission and isomerization processes
were divided by the number of equivalent C-H bonds of concern.
Listed values were estimated from (the average of) the rate parameters
of typical reaction s, that is, (1) average of•C-C f CdC + H and
•CCC f CdCC + H; (2) C-•C-C f CdC-C + H; (3) average of
•C-C-C f CdC + •C, •C-C-C-C f CdC + •C-C, •C-C-C-
C-C f CdC + •C-C-C, and•C-C-C-C-C-C f CdC + •C-
C-C-C; (4) average of C-•C-C-C-C f C-CdC + •C-C, C-•C-
C-C-C-C f C-CdC + •C-C-C, and C-C-•C-C-C-C f
C-C-CdC + •C-C; (5) •C-C-C f C-•C-C; (6) •C-C-C-C f
C-C-•C-C; (7) average of•C-C-C-C-C f C-C-C-•C-C and
•C-C-C-C-C-C f C-C-C-•C-C-C; (8) •C-C-C-C-C-C
f C-C-C-C-•C-C. b Typical threshold energies were estimated,
(1) as ∆H0(∼32.0) + ∼2.2; (2) as ∆H0(∼34.9) + ∼0.8; (3) as
∆H0(∼21.5)+ 7.7; (4) as∆H0(∼21.8)+ 7.7; (5)-(6) from ab initio
calculation;13b (7)-(8) from present best estimate (see text).

k∞(5sp)) 4.88× 108T 0.846×
exp(-19.53 [kcal mol-1]/RT) s-1 (350-1300 K)

k∞(6sp)) 6.65× 107T 0.823×
exp(-12.45 [kcal mol-1]/RT) s-1 (350-1300 K)
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The tunneling correction was not included in the rate parameters
in this table. The Wigner correction suggests that the tunneling
effect is important for hydrogen-shift isomerization reactions,
and the rate constants with tunneling correction can be ap-
proximated by lowering threshold energies than those in Table
1 by∼1 kcal mol-1. Although theA factors for C-C and C-H
fission processed are in the same order (note that theA factors
for C-H fission processes shown in Table 1 are those “per C-H
bond”), the threshold energies for C-H fission processes are
higher than those for C-C fission by∼5 kcal mol-1 or more.
The C-C fission process is generally favored if possible, and
the branching fraction for C-H fission process is only∼10%
or less at the high-pressure limit. The falloff effect further
diminishes the branching fraction for C-H fission, and it will
be less than 5% at this temperature range (1000-1300 K) up
to 10 atm as shown by the RRKM calculation forn-C3H7.
However, the nonequilibrium effect may increase the branching
fraction up to the high-pressure limit,∼10%, as suggested by
the present and previous26 estimations. The threshold energy
for intramolecular hydrogen-transfer isomerization reactions
decreases as the number of ring members increases, mainly
reflecting the decrease of the ring-strain energy, while theA
factors decreases mainly due to the increasing number of internal
rotors inhibited in the ring transition state. Because of the higher
threshold energies and smallerA factors for 3sp and 4sp
isomerization processes than the C-C or C-H fission processes,
these processes are expected to be minor, which is consistent
with the present experimental results.

Conclusions

In the present study, the product branching fractions for the
thermal decomposition of C3-C4 alkyl radicals, 1-C5H11, and
1-C6H13 have been investigated by a shock-tube apparatus with
quantitative measurements of hydrogen atoms by ARAS at
900-1400 K and∼1 atm (Ar). Under these conditions, the
falloff effect was shown to be important especially in the
branching fractions for higher threshold energy channels such
as C-H fission processes in competition with C-C fission
processes. From the present and previous studies for the
isomerization processes, and by considering the possible tun-
neling effect, the threshold energies for five- and six-membered
ring primary-to-secondary (5sp and 6sp) isomerization processes
were evaluated to be 21.5 and 14.6 kcal mol-1, respectively.
The nonequilibrium effect and the tunneling effect should be
investigated by further experimental and theoretical studies.

Appendix

The nascent population distributions ofn-C3H7 radicals
produced by reactions R1-R3 (in the subsection C in the
Discussion section) were estimated as follows. The partitioning
of the excess energy,ε*, into then-C3H7 fragment was estimated
to be completely statistical, that is, the prior distribution28 was
assumed. The statistical vibrational energy distribution,g0(E;ε*),
in n-C3H7 at excess energyε* can be expressed as,

where F(E) is the vibrational density of states ofn-C3H7 at
energyE, nR, andnV denote the rotational and vibrational degree

of freedom to be summed, respectively, that is, the total
rotational degree of freedom of two fragments and vibrational
degree of freedom of the fragment other thann-C3H7. Since eq
A1 is derived from the replacement of summation over
vibrational states by integration, the excess energy,ε*, should
be measured from the classical ground state of the fragment
other thann-C3H7 [C2H4 for (R2) and H2O for (R3)]. By using
the estimated distribution ofε*, f*(ε*), which will be described
below, the initial population distribution ofn-C3H7, g0(E), was
calculated as superimposition ofg0(E;ε*) at different ε*

The distribution f*(ε*) was estimated as follows. The
vibrational energy distribution on the TS of (R1)-(R3), fVq-
(εV

q), is proportional to the reactive flux above the TS as

for unimolecular reactions (R1 and R2), or as,

for bimolecular reaction (R3), from basic assumptions in RRKM
or TST. Here,gR is the steady-state distribution of the reactant
molecule (that is, the steady-state dissociation is assumed for
(R1) and (R2)),k is the microscopic rate constant,E0 is the
threshold energy for the dissociation,FV

q is the vibrational
density of the state of the TS,kB is the Boltzmann constant,
andT is temperature. By adding the thermal rotational energy,
the total energy distribution above the TS,f q(εq), is expressed
by

where fRq is the thermal rotational energy distribution,εR
q is

the rotational energy,FR
q is the rotational density of states, and

QR
q is the rotational partition function of the transition state.

The excess energy distribution,f*(ε*), needed to evaluate eq
A2 can be derived by adding the energy difference between TS
and product, that is, the threshold energy for the reverse reaction,
E0, rev, and the zero-point energy of the fragment other than
n-C3H7, EZP

The necessary geometry and frequencies of the molecules and
TS’s were estimated by ab initio calculations similarly to the
TST calculation ofn-C3H7 decomposition described in the text.
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