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Abstract

The thermal cracking patterns from the decomposition and isomerization of octyl-1 radicals have been
determined from the pyrolysis of n-octyl iodide in single pulse shock tube experiments at temperatures in
the 850-1000 K range and pressures near 2 bar. Rate constants for the six beta bond scission and five of the
six isomerization processes have been derived over all combustion conditions [0.1-100 bar, 700-1900 K.
Comparisons are made with previous studies on the decomposition of other primary radicals. Results
are consistent with similar types of reactions having equal rate constants. The larger size of the octyl rad-
icals makes contributions from secondary to secondary radical isomerization increasingly important. The
results confirm that the 1-3 H-transfer process (involving a seven member cyclic transition state) have rate
constants that are within a factor of 2 of those for the 1-4 process (six member cyclic transition state) It
appears that rate constants for 1-2 H-transfer isomerization, involving an eight member cyclic transition
state is unimportant in comparison to contributions from other isomerization processes. The strain energy
does not appear to play an important role for these larger transition states. The implications of these results

to larger fuel radicals will be discussed.
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1. Introduction

The improving capability of computational
fluid dynamics codes has made possible computer
simulation of the combustion of real fuels in real
devices [1,2]. This paper is part of a project aimed
at developing the chemical kinetic databases nec-
essary to support this effort. The elements of this
database are the rate constants of single step reac-
tions that describe the transformation of fuel mol-
ecules across the whole range of stoichiometries.
Focus of the present work is on the reactions in-
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volved in pyrolytic processes. These reactions rep-
resent an integral part of any complete
combustion kinetics database. They can be com-
petitive with oxidation processes and hence extend
the range of current combustion models to richer
mixtures. They lead to the formation of small
unsaturated compounds that are the precursors
to PAH (polynuclear aromatic hydrocarbon)/soot
and are necessary for relating particle formation
to fuel composition.

Normal alkanes are important components of
real fuel mixtures [3]. The abstraction of a hydro-
gen atom from these molecules leads to the forma-
tion of primary and secondary alkyl radicals. The
aim of this work is to discover the general rules
that govern the quantitative details of their
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unimolecular decomposition and isomerization
processes in combustion environments. Previous
studies have covered normal pentyl [4], hexyl [5]
and heptyl [6] radicals. Cracking patterns and
thermal rate constants have been derived. The
current work is concerned with the corresponding
reactions of the next compound in this series,
octyl radicals. It represents an extension of uni-
molecular rate theory to larger molecules with
low reaction thresholds and is absolutely vital
for the quantitative understanding of the combus-
tion of realistic fuels.

Real fuels are complex mixtures of hydrocar-
bons. Without specification of the chemical nature
of the fuel, it is not possible to carry out the type
of molecule based simulations that are important
elements in modern combustion research. In order
to simplify the experimental problem and provide
a basis for comparisons, there has been much pro-
gress in selecting a small number of fuel com-
pounds that can serve as surrogates [7] for real
fuel mixtures. The necessity of using mixtures of
varying compositions, depending on the applica-
tion, means that a fundamental approach is desir-
able. Most of the earlier databases [8-10] have
focused on single molecule fuels and require
adjustments of the rate constants to fit experimen-
tal targets. A kinetics database for fuel mixtures
cannot be constructed by simply agglomerating
all the rate constants derived from combustion
studies involving single fuel molecules. A more
fundamental approach has the advantage that
the mixing rules in terms of the rate expressions
for fundamental single step thermal reactions are
transparent and may be the most efficient
procedure.

2. Background

During the pyrolytic breakdown of any large
fuel radical smaller fragments are formed. Thus
for any normal alkyl radical, the reactions

Alkyl Radical(n carbon atoms)
= l-olefin 4 smaller alkyl-1 radical
x (at most n-2 carbon atoms)

lead to the necessity of specifying the rate con-
stants for the pyrolytic breakdown of the smaller
radicals. Note the special role of 1-olefins and al-
kyl-1 radicals. For a homologous class of mole-
cules an examination of the literature shows that
rate parameters for many reactions are related
[11]. This is largely due to the localized nature of
the transition states for many types of reactions.
The aim of this work is to discover these relation-
ships for the reactions of interest. This will lead to
the possibility of accurate predictions of the rate
constants for larger and more realistic fuel mole-
cules. There are a number of unique features in

the reactivity of the radicals being considered.
Their relatively large size means that there are a
multiplicity of reaction channels, including both
isomerizations and beta bond scissions. All of
these processes have low reaction thresholds.
These situations are rarely considered in standard
texts. These unique problems have now been
satisfactorily solved and are discussed in previous
reports [4-6].

The earlier studies [4-6] are based on the com-
bination of experimental work in a single pulse
shock tube and available literature results. These
have demonstrated the consistency of the experi-
mental results with the assumption that after
methyl high pressure rate expressions for beta
bond scissions is independent of the size of the lin-
ear alkyl radical being ejected. This is expected
since C-H bond strengths are known to be invari-
ant with substitution in the beta position [11,13].
The increase in the size of the fuel radical leads
to the possibility of contributions from isomeriza-
tion channels that are not possible in smaller fuel
molecules. For the five to seven carbon radicals it
appears that the H-transfer isomerization pro-
cesses involving five and six cyclic carbon struc-
tures have rate constants that are specific for a
particular process and independent of adjacent al-
kyl groupings. The difference in rate constants
suggests the importance of strain energy and the
role of the ring size for the transition state on
A-factors. In the heptyl case results have also been
obtained for H-transfer isomerization involving a
seven member transition state. (1-6 hydrogen
transfer) From measured yields of the associated
marker olefin for this process (propene), the con-
tribution from hydrogen transfer appear to be sur-
prisingly large. One might have expected that in
the seven member transition state the ring strain
(similar to that for the 1-4 process) and loss of
entropy associated with the larger ring would
make such processes much less important than
hydrogen transfer involving.six member transition
states However, the increasing length of the fuel
molecules leads to the possibility of hydrogen
migration from secondary sites. Thus the concen-
tration of a particular olefin can be due to the
contribution from two or more isomerization pro-
cesses. Although our estimates are based on
reasonable assumptions, this adds a degree of
uncertainty to the results. Results from this study
should clarify this issue. Previous data involving
H-transfer isomerizations through 5 and 6 cen-
tered transition states via primary to secondary
radicals have been summarized in an earlier paper
[5]. Dobe et al. [12] have studied secondary to sec-
ondary radical isomerization involving 2-octyl
radicals.

An important problem in the older literature
data on H-transfer isomerization has been the
extremely low A-factors and activation energies
from the low reaction temperature studies [12].
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Such parameters make it impossible to derive rea-
sonable traditional transition state structures. We
have attributed this to tunneling [5] and used
in the present work for the construction of the
transition states. They lead to highly curved
Arrhenius plots.

Larger alkyl iodides have been used as radical
precursors. Advantage is taken of the low strength
of the C-I bond. Their cleavage releases the rele-
vant radicals into the shock heated system. By set-
ting concentrations so that the radical can only
undergo unimolecular decomposition and isomer-
ization, it is possible to obtain a thermal cracking
pattern. This thermal cracking pattern together
with existing data is used to deduce the high pres-
sure rate expressions for all the possible unimolec-
ular processes. Although the thermal cracking
results do not show a pressure dependence, solu-
tion of the master equation taking into account
literature values of the step size down parameter
demonstrate that the experiments are in the region
where k/k,, = 0.3-0.5. The lack of pressure
dependence in the thermal cracking patterns is be-
cause all the reactions are in the fall-off region.
The actual values are somewhat different (see
Table 2) but they are not sufficient to permit the
deduction of pressure effects. The high pressure
rate expressions can then be used again through
master equation modeling to deduce rate con-
stants under all relevant combustion conditions.
This is in the 0.1-100 bar pressure and 600—
1900 K temperature range. The departures from
high pressure behavior can be more than a factor
of 10 at sufficiently high temperatures. It is ex-
pected that these pressure effects will decrease
with molecular size. It will then be possible to de-
scribe the reactions in the traditional Arrhenius
form. This will represent a great simplification
and is helpful for treatment of truly large fuel mol-
ecules. Up to heptyl this decrease appears to be
very slow. The present work will extend results
to cover the larger octyl radicals.

There is very little experience in the determina-
tion of rate constants or expressions for multi-
channel reactions through thermal cracking
patterns. The values of the experimental olefin
cracking patterns (ratio of one olefin to all the ole-
fins) are extremely accurate. It is estimated that
the uncertainties in the relative concentrations will
not exceed 5%. Such results cannot be obtained by
any estimation or calculational approaches. The
rate expressions presented here represent the best
possible fit of the data. They are however actually
relative values and to a large extent depend on the
values for beta bond scission.

The rate expressions are the direct inputs for
simulations. However, for high temperature only,
the short lifetimes of the alkyl radical means that
the relative concentration of the olefins can be
directly used and radical concentrations can be
ignored. Rate expressions are useful for lower

temperature simulations and as a basis for
estimation in related molecules. An accurate
branching ratio from the shock tube experiments
facilitates correct extrapolations even if there are
considerable uncertainties in the actual rate
expressions.

Another rationale for treating the pyrolytic
decompositions in a rigorous fashion is to set
the base for studying oxidation processes. These
reactions are responsible for ignition behavior. It
is obvious that mechanistically the C, H system
is much simpler than the C, H, O system. Thus
a thorough understanding of the behavior of the
former is a prerequisite for the proper description
of the latter. There is almost no experimentally
clean determination of rate constants for the var-
ious stages of the oxidation process. This will be
the subject for subsequent work.

3. Experimental

Pyrolytic studies using a single pulse shock
tube is a well established technique [13]. Details
have been described in earlier publications and
various review articles. Normal octyl iodide is
the source for the alkyl radical in this study. The
thermal decomposition of alkyl iodides can also
involve a direct 1,2 elimination of hydrogen
iodide. This produces a 1l-olefin with the same
number of carbons as the radical itself. This 1-ole-
fin is not formed by any of the decomposition
reactions of interest and can be ignored for pres-
ent purposes.

The mixture used in the present study is
180 ppm (ul/1) 1-iodooctane, 100 ppm chlorocycl-
opentane and 1% 1,3,5-trimethylbenzene (mesity-
lene) in argon. The concentrations are such that
the octyl radicals released into the system can only
undergo unimolecular isomerization and decom-
position. This is due to a combination of short res-
idence time (500 pus) and the instability of the
radicals (lifetimes of the order of ups or less).
Any active radical such as methyl or H atom will
preferentially react with the mesitylene forming a
benzyl type radical. Benzyl radicals, with a reso-
nance stabilized structure cannot attack any of
the species in the several hundred ppm range in
the time scale of these experiments. Indeed, the
only process they can undergo is combination
with other radical species in the system and thus
adding to the inhibitory power of mesitylene.
The prevention of radical chain process in these
experiments means that it is possible to study
simultaneously several unimolecular reactions in
the same shock tube experiment. This is the basis
of the comparative rate technique. A reaction,
preferably one that leads to stable products and
whose rate expression is well established, is carried
out simultaneously with the target process. It
must experience the same temperature as the other
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process and serves as an internal temperature
standard. The reaction selected as the standard
is the dehydrochlorination reaction of cyclopentyl
chloride [14]. The rate expression is

k(C — C5H9Cl =C— C5Hg + HCl
=3 x 10" exp(—24220/T)s™".

This can then be converted to the reaction temper-
ature through the relation

1/T = [In(In(1 — fractional conversion)/3
x 10 x 1))/ — 24220,

where the fractional conversion is derived from
the conversion to cyclopentene from cyclopentyl
chloride, ¢ is the residence time and has been
found to be 500 ps for the present geometry.
Cyclopentene is not a decomposition product of
the n-alkyl radicals. There is no possibility of
interferences. Actually, the cracking patterns have
only very small dependence on temperature. An
exact value of the reaction temperature is not
absolutely necessary.

Analysis was by gas chromatography with flame
ionization detection. A 30 m x 0.53 mm Rtx-524
column (from Restek)[15] for the heavy com-
pounds (greater than C5), and a 1 m HayesSep S
in series with a 1 m HayesSep Q micropacked col-
umns (1/16” diam). Temperature program was
40-225 °C (no cryo). The n-octyliodide, cyclopen-
tyl chloride and mesitylene were from Aldrich and
used without further purification. The argon was
from Matheson and has stated puritiy of
99.9999% Gas chromatographic analysis did not
reveal the presence of any interfering impurities.

4. Results

The mechanism for the unimolecular reactions
of octyl radicals under shock tube conditions is
summarized in Fig. 1. The multichannel nature of
the reaction makes this a complicated process.
There are four isomeric octyl radicals that can
undergo six beta bond fission reactions and six
reversible H-transfer isomerization processes. A
summary of the specific reactions can be found in
Table 1. All the normal C; to Cg alkyl radicals are
formed. The mechanism of decomposition for 1-
propyl and 1-butyl is straightforward (beta bond
scission and no isomerization). Analysis of the data
begins with the rate expressions derived in earlier
studies on the three smaller fuel radicals. Within
the experimental uncertainties, the rate constants
are virtually identical for the same type of process.

For beta bond scissions octyl-1 and octyl-2
have only one reaction channel. Octyl-3 and
octyl-4 can lose alkyl radicals from both sides of
the radical site. For isomerization, four of the pro-
cesses involve exothermic transfer of H-atoms

12354321
ccccecceccecc
CH, +1-C;H,,
1-CHy +1-CH,

23(6) TT

CHLCHS(CH,),CH, (roctyl) | b Cyy CpCH¥(CH,), CH G-octyl)

1-CsH,; + CH=CHCH;

*CH,(CH,),CH, (1-octyl) ———— CH,=CH, + I-CH};

CH,(CH,),CH*(CH,) CH, (4-octyl) CH,(CH,),CH*(CH,) CH, (4-octyl)

NS

1-CH,, + CH,

1-CH i+ 1-CH,

Fig. 1. Mechanism for octyl radical decomposition and
isomerization. The arrows pointing in opposite direc-
tions refer to isomerization processes. The numbers are
the type of H-transfer processes. The arrows in one
direction are for beta bond scission processes. The two
parallel arrows are for the two channel processes. The
numbers in the parenthesis refer to the size of the cyclic
transition state. The numbers at the top of the figure and
the carbons represent the standard convention used in
the paper. The bold letters refer to the olefins that are
detected. The italicized underlined radicals indicate
compounds whose olefinic decomposition products are
deduced from earlier studies.

from the 1 to 5(5), 4(6), 3(7) and 2(8) positions.
The numbers in the parenthesis refer to the size
of the cyclic transition states and the labeling of
positions is defined in Fig. 1. The other two pro-
cesses are thermally neutral conversions of sec-
ondary radicals and involve five and six member
ring transition states. Serial isomerizations are
added complications. When they make contribu-
tions, results on some of these processes can only
be obtained from information on isomerizations
involving H-transfers from secondary to second-
ary radicals.

The experimental branching ratio for olefin
yields are summarized in Fig. 2. All the expected
1-olefins are found. This is a demonstration of the
importance of isomerization in the decomposition
of these large radicals. If isomerization were unim-
portant, the only product would be ethylene from
successive beta bond scissions. Ethylene is the main
product. It is formed from many of the possible
reaction channels and does not yield unique mech-
anistic information. The larger 1-olefins can be
uniquely matched with particular radical precur-
sors. 1-Heptene and methyl can only originate from
octyl-3. From the other side of the radical site, beta
bond scission will lead to the formation of 1-butene
and butyl-1. Beta scissions from octyl-4 leads to the
production of 1-hexene and ethyl and 1-pentene
and n-propyl. 1-Hexene and 1-pentene are present
in equal amount. This is consistent with a mecha-
nism where the rate of C—C bond scission increases
when changing from a methyl to an ethyl group,
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Table 1

Fundamental kinetic [A] and thermodynamic [B] properties of octyl radicals

135

A: Reaction Log A n E/R Log (k [10007])
1 1-octyl = ethene + 1-hexyl 11.96 31 13708 6.93
2 2-octyl = propene + 1-pentyl 10.78 .84 14001 7.24
3 3-octyl = 1-butene + 1-butyl 13.31 .04 14340 7.21
4 3-octyl = 1-heptene + methyl 9.98 1.08 14790 6.78
5 4-octyl = l-pentene + 1-propyl 11.74 .55 14134 7.26
6 4-octyl = 1-hexene + ethyl 9.83 1.11 13600 7.25
7 l-octyl = 4-octyl (1-4-H trans) 71 3.23 8479 6.72
8 1-octyl = 4-octyl (1-5-Htrans) 1.36 2.82 5413 7.46
9 1-octyl = 3-octyl A7 3.08 5544 7.29
10 4-octyl = 1 octyl 1-4-H trans —.38 3.57 9532 6.20
11 4-octyl = l-octyl 1-5-H trans .27 3.16 6466 6.94
12 3-octyl = 1-octyl .52 3.11 6579 6.99
13 2-octyl = 3-octyl 27 3.27 6642 7.20
14 2-octyl = 4-octyl 15 3.32 8125 6.60
15 3-octyl = 2-octyl 1.33 2.96 6625 7.34
16 4-octyl = 2-octyl .071 3.32 8128 6.52
Compound B Equilibrium constant of formation 106g [kp]
Octyl-1 —38.931-1.031 x 10%/T + 4. 904 x 10%/T>-2. 601 x 10°/T> + 4. 473 x 10'Y/T*
Octyl-2 —39.196-1.941 x 10%/T + 4. 736 x 10%/T>-2. 554 x 10°/T> + 4. 403 x 10'!/T*
Octyl-3 —39.098-5.633 x 10%/T + 4. 912 x 10%/T>-2. 608 x 10°/T> + 4. 485 x 10'"/T*
Octyl-4 —39.109-2.265 x 10*/T + 4. 780 x 10%/T%2. 577 x 10°/T> + 4. 468 x 10'!/T*

The rate parameters (limiting high pressure values) are derived so that they give the fit to the data in Fig. 2. The number
of places of the values are not significant. The two reactions involving 1-7 H-transfer are not listed since as mentioned in
the text the experiments are not sensitive to their contributions.

but the change from ethyl to propyl has negligible
effect. 1-Butene is formed not only from the
decomposition of octyl-3 but also from the
decomposition of hexyl-1 formed through beta
bond scission of octyl-1. This accounts for the ra-
tio of 1-butene to 1-heptene of four in comparison
to a factor of 3.4 for similar reactions with 3-hexyl
and 3-heptyl.

5. Discussion

From the data in Fig. 2, rate constants for the
processes listed on Table 1 will be assigned. To

0.0
0212
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0.8

(circle}

Ao lMaAs Ads  AMAsd A M M4 A 4

Log [olefin branching ratio]
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-1.6 C7H14-1

18 m—l-liu_-ll\l

1.00 1.02 1.04 106 1.08 1.10 112 1.14
1000/T

Fig. 2. Branching ratios for olefin production from
single pulse shock tube experiments. The lines represent
the fit of the results based on rate constants in Table 1.

this end we carry out a master equation —- RRKM
analysis. It is necessary to assign values for the
molecular properties of the four alkyl radicals
and the transition states. This treatment attempts
to be consistent with the values for stable com-
pounds in the API Tables [16]. We follow the
observation of Pitzer [17] on the additional vibra-
tional frequencies needed upon insertion of a
methylene group into a linear hydrocarbon mole-
cule. We then adjust the low frequency modes so
that the thermodynamic properties are the same
as those given in the standard tables [16]. Radical
properties are derived on the basis of the prescrip-
tion of Benson [18]. Vibrational frequencies asso-
ciated with the hydrogen motion (at the radical
site) are eliminated and the hindered rotors adja-
cent to the radical site are converted into free ro-
tors. The resulting properties of the four octyl
isomers can be found in the Supplementary mate-
rial. Table 2 contains a tabulation of their equilib-
rium constants of formation in polynomial form.
The transition states were defined so that the de-
sired rate expressions were reproduced.

There are two internal isomerization processes.
They involve 2,5 (5) and 2,3(6) H-atom transfers
or the reverse. As before it was assumed that the
rate constants for these thermally neutral pro-
cesses roughly intermediate between those for
the exothermic 1-4 (5) and 1-5(6) and reverse
endothermic processes. The former is particularly
important since they couple the radical that is
formed by 1-4 (6) transfer, the most favored isom-



Table 2

Departure from high pressure behavior for unimolecular processes from the pyrolysis of 1-octyl radical

Temp pressure bar Reactions (log [ko./k])
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
600 0.1 0.14 0.07 0.08 0.10 0.09 0.09 0.09 0.05 0.04 0.01 0.03 0.02 —0.01 0.01 0.01 0.03
1.0 0.03 0.01 0.02 0.01 0.01 0.02 0.03 0.03 0.02 0.00 0.01 0.01 —0.02 0.00 0.00 0.01
10.0 0.01 0.00 0.01 0.00 0.00 0.01 0.02 0.03 0.01 0.00 0.00 0.01 —0.02 0.00 0.00 0.00
100.0 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.01 0.00 0.00 0.01 —0.02 0.00 0.00 0.00
700 0.1 0.43 0.22 0.24 0.30 0.28 0.28 0.28 0.15 0.17 0.07 0.13 0.07 0.08 0.08 0.07 0.10
1.0 0.13 0.05 0.06 0.07 0.07 0.08 0.09 0.05 0.06 0.02 0.03 0.02 0.03 0.02 0.02 0.01
10.0 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.00 0.00 0.01 0.02 0.00 0.00 —0.01
100.0 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.00 0.00 0.01 0.02 0.00 0.00 —0.01
800 0.1 0.76 0.46 0.50 0.60 0.56 0.55 0.56 0.34 0.35 0.21 0.31 0.20 0.19 0.23 0.19 0.26
1.0 0.32 0.15 0.16 0.20 0.20 0.20 0.25 0.16 0.15 0.07 0.10 0.06 0.06 0.07 0.06 0.07
10.0 0.08 0.03 0.03 0.04 0.04 0.05 0.08 0.06 0.05 0.01 0.02 0.01 0.03 0.01 0.01 —0.01
100.0 0.01 0.00 0.01 0.00 0.00 0.01 0.04 0.04 0.03 0.00 0.00 0.01 0.02 0.00 0.00 —0.03
900 0.1 0.99 0.74 0.77 0.91 0.84 0.84 0.77 0.49 0.50 0.38 0.54 0.36 0.35 0.43 0.36 0.48
1.0 0.52 0.30 0.33 0.40 0.38 0.38 0.42 0.26 0.27 0.16 0.22 0.15 0.14 0.17 0.14 0.20
10.0 0.17 0.07 0.08 0.10 0.11 0.11 0.15 0.10 0.10 0.04 0.05 0.04 0.04 0.04 0.03 0.03
100.0 0.03 0.01 0.01 0.01 0.02 0.02 0.05 0.04 0.03 0.01 0.01 0.01 0.02 0.00 0.01 —0.02
1000 0.1 1.09 0.98 0.98 1.14 1.07 1.07 0.89 0.59 0.61 0.55 0.76 0.53 0.52 0.63 0.52 0.69
1.0 0.67 0.49 0.51 0.60 0.57 0.58 0.55 0.36 0.37 0.28 0.38 0.26 0.25 0.30 0.26 0.35
10.0 0.28 0.16 0.17 0.21 0.21 0.21 0.24 0.16 0.16 0.10 0.12 0.09 0.08 0.09 0.08 0.11
100.0 0.06 0.03 0.03 0.04 0.04 0.05 0.07 0.05 0.05 0.02 0.02 0.02 0.03 0.01 0.02 0.00
1200 0.1 1.05 1.25 1.19 1.35 1.31 1.33 0.89 0.62 0.67 0.81 1.02 0.76 0.79 0.92 0.75 1.00
1.0 0.79 0.79 0.78 0.90 0.86 0.88 0.65 0.43 0.48 0.51 0.63 0.49 0.48 0.57 0.48 0.65
10.0 0.46 0.37 0.38 0.45 0.44 0.45 0.37 0.24 0.27 0.26 0.30 0.23 0.22 0.26 0.23 0.33
100.0 0.16 0.10 0.11 0.14 0.14 0.15 0.12 0.07 0.10 0.08 0.08 0.07 0.07 0.07 0.07 0.11
1400 0.1 0.89 1.29 1.19 1.32 1.32 1.34 0.80 0.59 0.63 0.91 1.03 0.86 0.91 1.04 0.84 1.09
1.0 0.75 0.93 0.88 1.00 0.98 1.00 0.66 0.47 0.51 0.66 0.74 0.62 0.64 0.73 0.61 0.79
10.0 0.53 0.54 0.54 0.63 0.61 0.62 0.46 0.32 0.35 0.40 0.45 0.37 0.37 0.42 0.36 0.49
100.0 0.27 0.21 0.23 0.27 0.27 0.28 0.22 0.15 0.17 0.17 0.18 0.15 0.14 0.16 0.15 0.21
1600 0.1 0.73 1.17 1.06 1.17 1.19 1.20 0.68 0.52 0.55 0.89 0.89 0.83 0.90 1.00 0.81 1.03
1.0 0.66 0.92 0.87 0.97 0.96 0.97 0.61 0.46 0.49 0.70 0.72 0.66 0.69 0.77 0.65 0.81
10.0 0.53 0.63 0.61 0.70 0.68 0.69 0.49 0.36 0.38 0.48 0.51 0.46 0.46 0.51 0.45 0.57
100.0 0.33 0.31 0.33 0.38 0.37 0.38 0.30 0.22 0.24 0.26 0.27 0.24 0.23 0.25 0.23 0.31
1900 0.1 0.52 0.86 0.79 0.87 0.87 0.89 0.49 0.38 0.40 0.71 0.63 0.66 0.71 0.76 0.65 0.78
1.0 0.50 0.75 0.72 0.79 0.78 0.80 0.47 0.36 0.38 0.62 0.57 0.59 0.61 0.67 0.58 0.69
10.0 0.45 0.60 0.59 0.66 0.64 0.65 0.43 0.32 0.34 0.50 0.48 0.48 0.48 0.52 0.47 0.55
100.0 0.35 0.39 0.39 0.45 0.43 0.44 0.32 0.24 0.25 0.33 0.33 0.32 0.30 0.33 0.31 0.37

The numbers for reactions are those in Table 1.

9¢l

SEI-IET (600Z) TE 21minisu] uoysnquio) ay1 fo s5uIpasdod | v 12 Suvsy M



W. Tsang et al. | Proceedings of the Combustion Institute 32 (2009) 131-138 137

erization process with the radicals formed as a
consequence of 1-6 (7) and 1-7 (8) H-transfer. It
can serve as means of forming octyl-2 and 3. This
involves a five member transitions state and has
rate constants that are much smaller than those
involving six member transition states. When this
rate constant is made larger in order to match the
yields from octyl-3, the yield of propene from oc-
tyl-2 increases to such an extent that it becomes
impossible to reproduce the experimental results.
It is clear that rate constant for H-transfer isomer-
ization involving seven member transition states
must be larger than would be predicted on the ba-
sis of the trends observed in going from the five to
six center transition state processes. The rate con-
stant from the heptyl radical system involving the
seven member transition state is completely com-
patible with this results. Another consequence is
that propene formation is dominated by hexyl-1
radical decomposition and isomerization from oc-
tyl-3. As a result it is not possible to include a rate
constant or expression for the 1-7 (8) process.
Hence no rate expression for the two processes
are listed in Table 1.

The values for the rate parameters in Table 1
are not as accurate in an absolute sense as the
number of places suggest. They are the values at
the reaction temperatures that give the fit of the
data in Fig. 2. On an absolute basis we estimate
uncertainties in the rate constants of a factor of
1.5, a factor of 2.5 in the A-factor and and 5 kJ/
mol in the activation energy. To some extent,
the experimental measurements are really a deter-
mination of relative rates. Simply using the uncer-
tainty estimates given here in a random manner
will not reproduce the measured branching ratio.
The first priority should be to fit the experimental
observations. When this is accomplished extrapo-
lations using the given rate expressions can with-
stand considerable errors.

The experimental study of Dobe et al. [12] near
room temperature on octyl radical is consistent
with this for the six-center transition state situa-
tion but leads to rate constants that are much
too large for the five center transition state. It is
difficult to believe that the thermally neutral pro-
cess could have rate constants that are substan-
tially larger than those for the exothermic
reaction.

The data in Table 1 lead to high pressure rate
constants that favor isomerization processes at
low temperatures and beta bond fission at high
temperatures. The shock tube experiments are in
the temperature range where both processes con-
tribute. Having derived high pressure rate expres-
sions from the experimental measurements, it is
possible to reverse the process and derive rate con-
stants for all combustion conditions. The range
covered is from 0.1-100 bar and 500-1900 K.
The departures from high pressure values are ex-
pressed as log [k../k] and for the 1-octyl radical

are summarized in Table 2. The step size down
values in wave numbers 0.3 x 7' [19] where T the
temperature, is the same as that used in the previ-
ous studies[5,6]. Similar tables for the other three
octyl radicals can be found in the supplementary
material. In the fall-off region the departures from
high pressure values are different for each isomer
since the distribution functions for each of the iso-
mers are different. We present results in tabular
form since the usual formats are not applicable
for the present application.

A comparison of the results for the rate con-
stants of decomposition for 1-alkyl radicals con-
taining 4-8 carbon atoms can be found in
Fig. 3. They show the expected decrease in pres-
sure dependence with molecular size. However
this decrease is slow and for 1-octyl the maximum
decrease of rate constants with pressure is about a
factor of five and presumably cannot be ignored.
The slowness of the decrease in pressure depen-
dence is due to the opening of more reaction chan-
nels with increasing molecular size. It is not clear
when a fuel radical will be of sufficient size such
that pressure effects can be ignored. From the data
summarized in Table 2, the shape of the fall-off
curve can vary depending on the nature of the
process. Generally, the isomerization processes
have a smaller pressure dependence. This is con-
sistent with the smaller A-factors for such pro-
cesses. Attention is also called to the shape of
the curves in Fig. 3. As a function of temperature,
the values reach a maximum and then begin a
slow decline. This is a direct consequence of the
low threshold and large size of the molecule.
From the data in Table 2 it can be seen that at
100 bar the departure from high pressure values
is less than a factor of 2 for beta bond scission.

6. Summary and conclusions

Thermal cracking patterns from the decompo-
sition of 1-octyl radicals have been determined.

1-C,Hy

Log [ kin/k ]
<)
©

1-CgH17
0.4

0.2

0.0
600 800 1000 1200 1400 1600 1800

Temp [K]

Fig. 3. Deviation from high pressure behavior for the
decomposition of 1-alkyl radicals to form ethylene and
corresponding radical.
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Rate constants required to fit the results are virtu-
ally identical with earlier values for pentyl [4],
hexyl [5] and heptyl [6] radicals. The results con-
firm the earlier observation for heptyl radicals
that H-transfer isomerization involving a seven
member transition state have rate constants
within a factor of two of those involving the six
member transition state. Contributions from pro-
cesses involving an eight member transition state
are obscured by competitive isomerization pro-
cesses. It may be possible to ignore larger ring
H-transfer transition states for larger hydrocar-
bons. The experimental results do not provide
any information on the rates of such processes.
These results provide a basis for predicting the
cracking patterns of larger linear alkanes. The
decrease in energy transfer effects with molecular
size is small and therefore cannot be neglected
for larger fuel molecules in the 1-10 bar region.
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Table S1: Fall-off from Octyl-2
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Table S2- Fall off from Octyl-3
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0.1
1.0
10.0
100.0
0.1
1.0
10.0
100.0
0.1
1.0
10.0
100.0
0.1
1.0
10.0
100.0
0.1
1.0
10.0

100.0
0.1

1.0
10.0
100.0

0.1
1.0
10.0
100.0
0.1
1.0
10.0
100.0
0.1
1.0
10.0
100.0

0.10
0.02
0.01
0.00
0.30
0.07
0.01
0.00
0.58
0.19
0.03
0.01
0.88
0.37
0.09
0.01
1.12
0.57

0.18
0.03

1.38
0.89
0.43
0.11
1.38
1.01
0.61
0.24
1.22
0.99
0.69
0.36
0.90
0.81
0.66
0.43

0.06
0.01
0.00
0.00
0.21
0.05
0.01
0.00
0.45
0.14
0.02
0.00
0.73
0.29
0.07
0.01
1.01
0.49

0.16
0.03

1.38
0.84
0.40
0.11
1.48
1.03
0.61
0.25
1.37
1.04
0.71
0.38
1.00
0.86
0.68
0.46

3

0.07
0.01
0.01
0.00
0.22
0.05
0.01
0.00
0.46
0.14
0.03
0.01
0.74
0.30
0.08
0.01
1.00
0.48

0.15
0.03

1.38
0.83
0.38
0.10
1.53
1.05
0.59
0.23
1.50
112
0.72
0.35
1.23
1.02
0.76
0.46

4

0.09
0.01
0.00
0.00
0.28
0.07
0.01
0.00
0.56
0.18
0.04
0.00
0.88
0.36
0.09
0.01
1.18
0.58

0.19
0.04

1.59
0.98
0.45
0.13
1.73
1.21
0.69
0.27
1.67
1.28
0.84
0.41
1.35
1.13
0.86
0.53

5

0.11
0.02
0.00
0.00
0.34
0.10
0.02
0.00
0.67
0.27
0.06
0.01
0.98
0.50
0.17
0.03
1.21
0.72

0.31
0.08

1.39
0.99
0.59
0.25
1.32
1.04
0.73
0.41
1.12
0.95
0.74
0.49
0.78
0.72
0.64
0.50

6

0.11
0.02
0.01
0.00
0.34
0.10
0.02
0.01
0.67
0.27
0.07
0.01
0.98
0.50
0.17
0.04
1.21
0.73

0.32
0.08

1.41
1.00
0.60
0.25
1.34
1.06
0.74
0.42
1.14
0.97
0.76
0.51
0.79
0.74
0.65
0.51

7

0.05
0.02
0.01
0.01
0.17
0.04
0.01
0.01
0.40
0.15
0.05
0.03
0.65
0.29
0.09
0.03
0.87
0.46

0.16
0.04

1.12
0.71
0.33
0.07
1.22
0.89
0.53
0.21
1.10
0.88
0.61
0.31
0.85
0.76
0.61
0.40

8

0.02
0.02
0.01
0.01
0.08
0.02
0.01
0.01
0.22
0.09
0.04
0.04
0.38
0.17
0.06
0.03
0.53
0.27

0.10
0.04

0.73
0.45
0.20
0.04
0.86
0.61
0.36
0.14
0.82
0.63
0.42
0.20
0.66
0.58
0.46
0.29

9

0.04
0.03
0.02
0.02
0.09
0.03
0.02
0.02
0.23
0.08
0.03
0.03
0.39
0.17
0.05
0.03
0.56
0.28

0.10
0.03

0.79
0.50
0.23
0.06
0.91
0.65
0.39
0.16
0.86
0.67
0.45
0.22
0.69
0.61
0.48
0.31

10

0.03
0.01
0.00
0.00
0.12
0.03
0.00
0.00
0.30
0.10
0.02
0.00
0.54
0.21
0.05
0.01
0.79
0.37

0.11
0.02

1.19
0.71
0.31
0.08
1.39
0.94
0.52
0.19
1.38
1.02
0.66
0.31
1.09
0.91
0.69
0.43

11

0.02
0.00
0.00
0.00
0.11
0.03
0.01
0.00
0.28
0.10
0.02
0.00
0.47
0.23
0.08
0.01
0.65
0.38

0.16
0.04

0.88
0.61
0.35
0.15
0.94
0.72
0.49
0.27
0.86
0.71
0.54
0.35
0.64
0.58
0.50
0.39

12

0.02
0.01
0.01
0.01
0.06
0.02
0.01
0.01
0.17
0.05
0.01
0.01
0.34
0.13
0.03
0.01
0.52
0.25

0.08
0.02

0.84
0.51
0.23
0.06
1.04
0.71
0.40
0.15
1.12
0.83
0.53
0.26
1.01
0.83
0.61
0.37

13

0.03
0.02
0.02
0.02
0.07
0.03
0.02
0.02
0.18
0.06
0.02
0.02
0.34
0.14
0.04
0.02
0.53
0.25

0.08
0.02

0.84
0.51
0.24
0.07
1.02
0.70
0.41
0.17
1.03
0.77
0.51
0.27
0.83
0.70
0.54
0.36

14

0.01
0.00
0.00
0.00
0.08
0.01
0.00
0.00
0.22
0.06
0.01
0.00
0.43
0.16
0.03
0.00
0.64
0.30

0.09
0.01

1.00
0.60
0.28
0.07
1.17
0.80
0.47
0.19
1.15
0.87
0.58
0.30
0.90
0.76
0.60
0.40

15

0.01
0.00
0.00
0.00
0.06
0.01
0.00
0.00
0.17
0.05
0.01
0.00
0.33
0.13
0.03
0.01
0.51
0.24

0.07
0.01

0.83
0.50
0.22
0.06
1.03
0.70
0.39
0.15
1.10
0.81
0.52
0.25
0.99
0.81
0.59
0.36

16

0.01
-0.01
-0.02
-0.02

0.14

0.03
-0.01
-0.01

0.35

0.12

0.00
-0.02

0.59

0.28

0.08
-0.01

0.80

0.46

0.19
0.03

1.08
0.76
0.45
0.19
1.10
0.85
0.59
0.32
0.98
0.82
0.63
0.41
0.69
0.64
0.56
0.43

Table S3: Fall-off from Octyl-4






Table S4: properties C8H17-1
Atomic composition=H17C8
Mass=113.223
Enthalpy(298), 1/cm=-594.59

Frequencies

Frequency(degeneracy)
2950(17)1460(9) 1375(2) 1338(6) 1287
1278  1140(2) 1070(2) 960(6) 940(2)
900(5) 827(2) 420(4) 375(2) 250

Rotors

Name, Moment of Inertia [amu*A*2], Symmetry, Dimension, Active [Yes/No], Hindrance [1/cm], Minima
"1d-overall" 46.3644 1 1 Yes 1189.18 1
"2d-overall” 990.925 1 2 No 0 1
"1d-CH2" 1.2 2 1 Yes 1189.18 3
"1d-CH3" 29 3 -1 Yes 1189.18 3
"1d-C2H4" 10 1 -1 Yes 1189.18 1
"1d-C2H5" 10 1 -1 Yes 1189.18 1
"1d-C3H7" 17 1 -1 Yes 1189.18 1
"1d-C3H6" 17 1 1 Yes 1189.18 1
"c4h8" 22 1 -1 Yes 1189.18 1
Electronic

Level(degeneracy)

0(2)

Table S5: properties C8H17-2
Atomic composition=H17C8
Mass=113.223
Enthalpy(298), 1/cm=-1294.11

Frequencies

Frequency(degeneracy)

2950(17) 1460(9) 1375(2) 1338(6) 1287
1278  1140(2) 1070(2) 960(5) 940(3)
900(5) 827(2) 450(4) 400 375(2)

Rotors

Name, Moment of Inertia [amu*A*2], Symmetry, Dimension, Active [Yes/No], Hindrance [1/cm], Minima
"1d-overall" 46.3644 1 1 Yes 1189.18 1
"2d-overall" 990.925 1 2 No 0 1
"1d-CH3" 29 3 1 Yes 1189.18 3
"1d-CH3" 29 3 -1 Yes 1189.18 3
"1d-C2H4" 12 1 1 Yes 1189.18 1
"1d-C2H5" 12 1 -1 Yes 1189.18 1
"1d-C3H7" 17 1 -1 Yes 1189.18 1
"1dc3h6" 17 1 1 Yes 1189.18 1
"c4h8" 22 1 -1 Yes 1189.18 1
Electronic

Level(degeneracy)
0(2)





Table S6: Properties C8H17-3

Atomic composition=H17C8
Type=0

Mass=113.223

Enthalpy(298), 1/cm=-1294.11

Frequencies

Frequency(degeneracy)

2950(17) 1460(9) 1375(2) 1338(6) 1287
1278  1140(2) 1070(2) 960(5) 940(3)
900(5) 827(2) 430(4) 400 375(2)

Rotors

Name, Moment of Inertia [amu*A*2], Symmetry, Dimension, Active [Yes/No], Hindrance [1/cm], Minima
"1d-overall" 46.3644 1 -1 Yes 1189.18 3
"2d-overall" 990.925 1 2 No 0 1
"1d-CH3" 29 3 -1 Yes 1189.18 3
"1d-CH3" 29 3 -1 Yes 1189.18 3
"1d-C2H5" 12 1 1 Yes 1189.18 1
"1d-C2H5" 12 1 -1 Yes 1189.18 1
"1d-C3H7" 17 1 1 Yes 1189.18 1
"1d-c3h6" 17 1 1 Yes 1189.18 1
"1d-c4h8" 22 1 -1 Yes 1189.18 1
Electronic

Level(degeneracy)

0(2)

Table S7: Properties: C8BH17-4
Atomic composition=H17C8
Type=0
Mass=113.223
Enthalpy(298), 1/cm=-1294.11

Frequencies

Frequency(degeneracy)

2950(17) 1460(9) 1375(2) 1338(6) 1287
1278  1140(2) 1070(2) 960(5) 940(3)
900(5) 827(2) 430(4) 400 375(2)

Rotors

Name, Moment of Inertia [amu*A*2], Symmetry, Dimension, Active [Yes/No], Hindrance [1/cm], Minima
"1d-overall” 46.3644 1 -1 Yes 1189.18 3
"2d-overall” 990.925 1 2 No 0 1
"1d-CH3" 2.9 3 -1 Yes 1189.18 3
"1d-CH3" 2.9 3 -1 Yes 1189.18 3
"1d-C2H5" 12 1 1 Yes 1189.18 1
"1d-C2H5" 12 1 -1 Yes 1189.18 1
"1d-C3H7" 17 1 1 Yes 1189.18 1
"1d-c3h6" 17 1 1 Yes 1189.18 1
"1d-c4h8" 22 1 1 Yes 1189.18 3





Electronic
Level(degeneracy)
0(2)
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