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This paper is concerned with the mechanisms and rate constants for the decomposition of 1-penten-3-yl,
1-penten-4-yl, and 1-penten-5-yl radicals. They are formed from radical attack on 1-pentene, which is an
important decomposition product of normal alkyl radicals with more than 6 carbon atoms in combustion
systems. This work is based on related data in the literature. These involve rate constants for the reverse
radical addition process under high-pressure conditions, chemical activation experiments, and more recent
direct studies. The high-pressure rate constants are based on detailed balance. The energy transfer effects and
the pressure dependences of the rate constants are determined through the solution of the master equation
and are projected to cover combustion conditions. The low barriers to these reactions make it necessary to
treat these thermal reactions as open systems, as in chemical activation studies. The multiple reaction channels
make the nature of the pressure effects different from those usually described in standard texts. The order of
stability is 1-penten-3-yk 1-penten-4-yb> 1-penten-5-yl and straddles those for thalkyl radicals. A key

feature in these reactions is the effects traceable to allylic resonance. However, the 50 kJ/mol allylic resonance
energy is not fully manifested. The important unsaturated products are 1,3-butadiene, the pentadienes, allyl
radicals, and vinyl radicals. The results are compared with the recommendations in the literature, and significant
differences are noted. Extensions to larger radicals with similar structures are discussed.

Introduction (a) 1-penten-3-yl
This study is part of a program to develop chemical kinetic CH,=CHCH*CH,CH; —— CH,=CHCH=CH, + CH;

databases that can be used for the description of the behavior
of real liquid transportation fuels. We are particularly interested
in developing an understanding of the scale and nature of such
efforts. The aim is to enable the increased capability of the new

computational fluid dynamics (CFD) tools for handling detailed ____» CHF=CH*+GHs
CH,=CHCH,CH*CH; —__, CH,=CHCH=CHCH;+H

(b) 1-penten-4-yl

chemistry. This can lead to exciting po§sibilities for simulating NI ~™— CH;=CHCH,CH=CH, +H
real systems and developing new design tools. CHCH,
Hydrocarbon fuels contain large quantities of normal alkanes. /\ homoallylic rearrangement
Their pyrolytic reactions compete with oxidation and lead to *CHCHCH,
the formation of precursors of soot/polycyclic aromatic hydro- W
carbons (PAHs). The mechanism for pyrolytic breakdown CH,=CHCH(CH,*)CH; —> CH,=CHCH=CH, + CH;

involves successive degradation of large radical structures via
isomerization and beta bond cleavage to smaller unsaturated
fragments. These can serve as part of the boundary conditions
for soot/PAH models. This work concerns the breakdown of  CH=CHCH,CH,CH,* —> CH,=CHCH,*+ CH,CH,
the 1-pentenyl radicals formed as a consequence of the abstrac- Tl
tion of hydrogen atoms from 1l-pentene. The latter is formed
via the following sequence of reactions: normal alkanes
(beginning with hexaneFr> alkyl radicals with the electron in
the 4 positior=> 1-pentenet alkyl radical. Relevant structures
and mechanisms can be found in Figure 1. Energy level
diagrams for the three processes are in Figure 2. Broadly tions contain a sampling of the pyrolytic reactions of the larger
speaking, they cover the full range of radical decomposition radicals, the selection of mechanisms and assignment of rate
processes likely to be encountered. The first, for 1-penten-3-yl, constants for these processes have not been critical to the success
is a straightforward single-stef-bond scission. The second of these studies. Since there are few direct kinetic studies, it is
involves a rapid isomerization. In the third process, the difficult to build the database by simply abstracting results
isomerization is an integral part of the decomposition process. directly from the literature. In most of the earlier studies, the
There has been considerable recent work in simulating the isomeric nature of the 1-olefinyl radicals was ignored. Thus,
combustion of larger and more realistic liquid fuéf§.Most ~ the extension of such databases for soot/PAH applications is
of the focus has been on reproducing behavior traceable toproblematic. Curran et &l.developed probably the most
oxidative processes. Although the databases used in the simulacomplete and traceable chemical kinetic database for the
combustion of heptane. They assumed that the main decomposi-
Part of the Chava Lifshitz Memorial Issue. tion channel for the 1-olefinyl radicals is the formation of the

(c) 1-penten-5-yl

Cyclopentyl — cyclopentene + H

Figure 1. Structures of the radicals under consideration and their
mechanisms for decomposition and isomerization.
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Figure 2. Energy level diagram for the decomposition of 1-penten-3-yl, 1-penten-4-yl, and 1l-penten-5-yl radicals. Energies are based on the
discussion given in the text.

allyl radical and the appropriate alkene. In the present case, thisdatabases for more realistic fuels. For current CFD codes, the
would be ethylene. The rate expression is estimated to be 2.5systematic reduction of the mechanism will be absolutely
x 1013 exp(—227007M) s L. This implies that radical attack on  necessary. The entire process can only be initiated with a
1-pentene will lead to the formation of the 1-pentenyl-5 radical. database that is as complete as possible. The neglect of a reaction
The rate constants related to the unimolecular breakdown oris equivalent to assigning it a rate constant of zero.
isomerization of many organic radicals, and the 1l-pentenyl We have developed a procedure for carrying out calcula-
radicals in particular, under combustion conditions will be tions®7”to take account of energy transfer effects. We solve the
affected by energy transfer effects. The processes are charactemaster equation for the molecular distribution function of the
ized by low barriers for reactions. By low barriers we mean the reacting molecule, and, when this is combined with the specific
situation in which the peak of the molecular energy distribution rates from Rice-RamspergerKasset-Marcus (RRKM) cal-
function is near or above the reaction threshold. With these low culations, rate constants as a function of time are obtained. The
barriers, at sufficiently high temperatures, it becomes impossible inputs for these calculations are the same as those required for
to establish a steady-state distribution of reactant energies usinghe computation of the JANNAF tablésexcept that the
the standard “closed” system approach (i.e., a system in which properties of the transition state are also required, and parameters
the reactant molecule is present at time0, and the rate of  for specifying energy transfer, the step-size down, must be
reaction is determined by following its concentration decay). defined. This leads to the determination of the complete temporal
To describe any system in terms of rate constants, it is necessanistory of the rate constants, beginning with the incubation or
that a steady-state energy distribution function be achieved induction period (the time required for all the rate constants of
before significant reaction occurs. This is the standard approachthe system to become time independent) and ending with the
for the treatment of thermal unimolecular reactions described rate constant appropriate for the steady-state energy distribution.
in standard texts and, as will be shown in this study, is actually  The organization of the paper is as follows: We begin with
only appropriate for reactions with high reaction thresholds. a brief discussion of the scope of the problem. We will
Instead, we have found that an “open” system, as in chemical summarize the basic information (thermodynamics and experi-
activation (in which reactive molecules are continuously cre- mental) used to derive the mechanisms and rate constants on
ated), is the only means to accurately derive rate constants, sincehe decomposition of these radicals. High-pressure rate expres-
the influx of reactive species guarantees the achievement of asions for the isomerization afiC—C bond cleavage reactions
steady-state distribution. This reflects the actual physical situ- will then be extracted. These will be projected to cover
ation for the decomposition of the 1-pentenyl radicals, since temperatures and pressures relevant to combustion applications.
the unstable radicals are created in the course of the reactionThe paper will conclude with a discussion of the significance
process. of these results and possible extensions to larger fuel fragments.
An important issue is the internal energy of the radical. For o
this study, we assume that they are formed by the abstractionProblem Definition
of a hydrogen atom from 1-pentene. Since the 1-pentene must The 1-pentenyl radicals under consideration are characterized
have equilibrated with the bath, we make the additional by unpaired electrons in the 3, 4, and 5 positions. Radicals at
assumption that removing a hydrogen will not have significant the 1 and 2 positions can only be formed from the much slower
effects on the internal energy of the radical. If the 1-pentenyl abstraction of vinylic H atoms and are expected to be much
radicals were formed by a different mechanism (i.e., by an less important. They are not considered here. The specific
addition reaction), then rate constants could be different. Indeed,reactions are given in Figure 1. Figure 2 contains an energy
the initial rate constant will be that of a chemical activation level diagram of the processes of interest. The energy scale is
process. This is an added complication. Together with the derived on the basis of the subsequent discussion.
increased number of molecules and reaction pathways, they The decomposition of 1-penten-3-yl is a single-step reaction.
represent problems that must be faced as one attempts to buildrhis is a resonance-stabilized radical, and rate constants can be
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TABLE 1: Equilibrium Constants of Formation for the Five Radicals of Interest

radicals logo (equilibrium constant of formation, 1 bar std state)
1-GHe-3 —17.502— 5279 + 6.69 x 1(°/T? — 3.96 x 10°/T%+ 5.35x 104T*
1-GHg-4 —16.322— 7125IT + 2.88x 1(P/T? — 2.90x 10¥/T3 + 4.22 x 10T*
3-CHs-1-C/H7-4 —16.725— 80817 + 4.00 x 1(P/T? — 3.00x 10°¥/T° + 4.22 x 10'T*
1-GsHg-5 —16.960— 80691 + 3.86 x 10P/T?> — 3.03x 10°¥/T° + 4.29 x 101/T*
¢-CsHo —18.812— 6175 + 14.34x 10°/T? — 6.32x 10¥/T® + 7.98 x 109T*

expected to be smaller than those found when it is absent.heat of formation and the uncertainties on how to scale the low
1-Penten-4-yl and 1-penten-5-yl decompositions also involve frequencies can lead to unacceptably large errors in the
isomerizations. Note the presence of the homoallylic rearrange-equilibrium constants of formation and the rate constants derived
ment for the 1-penten-4-yl radical. An interesting aspect of the from them. We are particularly concerned that the relative values
decomposition of the 1-penten-5-yl radical is the possibility of of the thermodynamic properties be self-consistent and obey
cyclization to form cyclopentyl. Since this can ultimately lead group additivity. This is because we are interested in building
to cyclopentadiene, an important issue is the contribution of up kinetic databases for large groups of hydrocarbons for use
these reactions to PAH/soot formation mechanisms. Thesein the simulation of the behavior of real fuels. Obviously they
isomerization reactions are brought about by the presence ofcannot vary in a random manner. Our preference for basing
the double bond. Far-alkyl radicals, 1,4 and higher hydrogen selections on experimental measurement arises from the fact
atom migrations are the only modes for isomerization. For that these techniques are well understood and are, in essence,
1-olefinyl radicals larger than the 1-pentenyl radicals considered validated from data on related systems. There is a real need for
here, hydrogen atom migration processes will also contribute a systematic evaluation of the accuracy of ab initio calculations,
to isomerization. Another important aspect of the 1-olefinyl both in an absolute and in a relative sense. Of course, in the
radicals is their formation from the decomposition of cycloalkyl absence of experimental results, theory must be used. For the
radicals. Their precursors, the cycloalkanes, are important cyclopentyl radical, we used the results from Matheu ét al.

components of common liquid fuels. This is based on a theoretical calculation.
Our results are based on the following bond dissociation
Basis for Estimates energies: 424 2 kJ/mol, primary CG-H bond; 410+ 2 kJ/

Si h fow di . Ld hat deal mol, secondary €H bond; and 413.% 5 kJ/mol for the CG-H
Since there are very few direct experimental data that deal strength in cyclopentane. There does not appear to be any
with the processes of interest, estimates will be 'afge'y based;gg o5 regarding these values. The value chosen for the allylic
on measurements that can be related to the reactions througf?esonance energy was 504 kJ/mol2 Senosian et d recently
det_auled balance. A great deal of the work wil dep(-'_:nd on suggested 606t 5 kJ/mol for this important quantity. They
estimates of the properties of the radicals. In the following, we o0 ey misread the value reported in ref 14 that summarized
summarize data on molecular properties and experimental results[he experimental results and cited it as support for their value.

that can be r_elated to the rate con_stants. .Th's W.'” I_ead to Indeed, the experimental number in the reference they quote
recommendations for the decomposition and isomerization rate,,ould have led to a resonance energy of 52 kJ/mol. Note that
constants. _ _ . , their calculated number is 64 kJ/mol. Deviations in this amount
A. Thermodynamic Properties. Thermodynamic properties  petween calculations and experiments are not unreasonable. The
are very important for the present application since rate constantsexnonential dependence of rate constants on the activation

are derived from the equilibrium constant. For this purpose, the gnergy means that these differences can have serious conse-
logarithms of the equilibrium constants of formation for pertinent gyences.

radicals have beer) calcylated with standard statistﬁcal meqhanical An interesting issue is how allylic resonance will be
formu_las and are listed n Taple 1. This approach is used InStealdmanifested in the transition state. The three cases are
of using group properties since the molecular frequency and (1) an allylic type radical is directly formed, for example
structure information are needed in the subsequent calculationsf h dy ype T f 1 %5_ | f vl P d
It is the more rigorous approach and naturally takes into account rom t e. ecomposition of 1-penten-5-yl to form allyl an
problems dealing with internal rotors. The frequencies of these ethylene; ) ) ) )
radicals are based on the suggestion of Befisafe remove (2)_an allylic bond is broken, leading to th_e_ formation of a
from the parent molecule the three frequencies associated with1:3 diene, for example, from the decomposition of 1-penten-
hydrogen motion. In addition, we change the hindered rotors 4-Y! to form a H atom and 1,3 pentadiene;
adjacent to the radical site to free rotors. In the case of the allylic  (3) an allylic type radical decomposes to form a 1,3-diene,
hydrogens, their removal lead to the formation of stiffened allylic for example, from the decomposition of 1-penten-3-yl to form
groupings. The weakly hindered rotors are now changed into 1,3 butadiene and methyl.
torsions. This general technique was used earlier to successfully The various reactions can be found in Figure 1. The
determine the heat of formation of the smaller alkyl radicals consequences will involve increases or decreases in the stability
(up to four carbons)® These are, in fact, within the stated of the radicals. One of the aims of this work is to obtain some
uncertainties of values used today. The same procedure shoulddea of the magnitude of these effects.
therefore be capable of determining the thermodynamic proper- B. Rate Expressions and Energy TransferHigh-pressure
ties of five-carbon radicals. A particularly useful advantage of rate expressions are particularly important. The activation energy
this approach is that there should be a cancellation of any errorsdefines the magnitude of the energy barrier, and the A-factor is
in the molecular frequency and structures. Thus, the relative related to the entropy of activation. These values are the basis
entropies of the radicals should be determined to high accuracy.for the RRKM calculation®¥ that determine the specific rates.
Modern computational methods can also be used to determineCompetition with collisional deactivation processes defines the
thermodynamic properties. We are, however, uncertain aboutdistribution function. Although these calculations require mo-
their accuracy. The stated uncertainties ef74kJ/mol in the lecular frequencies and rotational constants, it is known that if
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the desired rate expression is reproduced, results are insensitive
to the exact nature of the molecular properties. In line with most
transition state calculations for large polyatomics, tunneling is
ignored. Such effects are lumped into the rate expression. We
expressed the energy removed per collision as (step-size down)
= 3600+ 2.4x(temp) in units of J/mol, in which the 2.4 is in
units of J/mol cm! with nitrogen as the collision partner. This

is in the range of values determined from studies on decomposi-
tions over extended temperature ran¥fg<.The results from

this work can therefore be directly used in combustion models.

C. Related Experimental Results.The following sections
represent the experimental basis for our estimates.

C1. 1-Penten-3-ylKerr and Parsonadéanalyzed the ex-
perimental literature for the terminal addition of methyl to Energy /kJ/mol
butadiene to form 1-penten-3-yl. They recommended, over the Figure 3. Distribution functions for 1-penten-3-yl at 700 and 1500 K.
temperature range of 353153 K, the rate expressiok(1,3- The initial (Boltzmann) and final steady-state values are indistinguish-
butadiene + methyl = 1-penten-3-yl)= 1.34 x 10713 able at 700 K. At 1500 K, the initial (Boltzmann) distributions are the
exp(—20631) cm? molecule? s~1. At the low temperatures at dotted lines. The final steady-state distribution is the solid line. The

hich th tudi ied out. th t tant esults are for closed and open systems at 700 K and for an open system
whic ese studies were carried out, the rate constanis aré ak; 1500 K. The inset contains calculated results at 1500 K for a closed

the high-pressure limit. The high-pressure rate expression for system and shows the extent of decomposition while rate constants
the reverse decomposition process is determined through detailedre varying. The pressure is 1 bar. The vertical line is the reaction
balance. threshold. The scale for theaxis is arbitrary for each distribution and

C2. 1-Penten-4-yIThe chemically activated decomposition "2 been displaced for clarity.

?f the 1'pef‘te”'f'y' ratorl:cal é\:ja.‘ts. StUdf'ehd Sy Cartertand .Férfi from a cyclopentyl radical. We then adjusted the barriers to the
rom experiments on he addition of hydrogen atoms 1o 1,- decylization of cyclopentyl radicals and the decomposition of
pentadiene. The most interesting observation is the OCCUITENCE)_yonten-5-yl to match the experimental observations. It appears

of a ;/er)t/ fast |5(t)mer|zat|ton pr_lqﬁess, thre] hqmoallyhcbreaf\rrangg- that the experimental determinations are within a factor-e8 2
ment, at room temperature. The mechanism can be found in ¢ e high-pressure limit.

Figure 1. An estimated maximum rate expressiok(1sCsHg-
4-yl => 3-CHz-1-C4He-4-yl) = 8 x 10%2 exp(~7850M) s L. Derived Rate Constants
They also found that the barrier for methyl addition to the  Before describing the specific rate constants and expressions,
nonterminal bond in butadiene is 337 kJ/mol higher than jtjs of interest to consider the nature of the distribution functions
that for terminal addition to an olefin, and attributed this to the zng the general behavior of the systems. Figure 3 contains a
conjugation stabilization of 1,3-butadiene. We have used thistplot of the initial and final distribution functions for 1-penten-
to estimate the high-pressure rate expression for the ejection o 3-yl at 700 and 1500 K. Other 1-pentenyl radicals will have
the nonterminal methyl and hydrogen from 3-methyl-1-butenyl-  simijlar distribution functions. At the lower temperature, the peak
4-yl and 1-penten-4-yl, respectively. The rate expressions for of the Boltzmann distribution function is well below the reaction
breaking the vinylic G-C bond is based on the rate constant threshold. A steady-state distribution is rapidly achieved, and
for the addition of vinyl to ethylene and used for the decom-  thjs distribution function differs from the original one only in
position of 1-butene-4-y1° For the ejection of the terminal  that the high-energy end is depleted by the rapidity of the
hydrogen, the rate expression is based on hydrogen addition toreaction. It is indistinguishable in this plot from the Boltzmann
butadiene®® distribution. The physical picture is that which is usually treated
C3. 1-Penten-5-yITsang and Walkét generated 1-penten- in standard text&® At 1500 K, however, the peak of the
5-yl from the decomposition of 1,7-octadiene in single-pulse distribution function is now at energies higher than the reaction
shock tube experiments and found the expression for the ratiothreshold. Reactions move the entire distribution function toward
of cyclopentene and ethylene to be (cyclopentene)/(ethylene)lower energies. If this is treated in the standard manner, the
= 6.9 x 1073 exp(2118T) over the temperature range of 1650 results can be seen in the inset. Decomposition is occurring
1150 K and at a pressure of 3 bar argon. Since these productbefore the establishment of a steady state. Hence, rate constants
are formed rapidly under the reaction conditions, they are a are changing with time, and it will be impossible to use such
direct measure of the branching ratio for 1-penten-5-yl decom- data in standard simulation programs. A solution to this problem
position. Handford-Styring and Walkérdetermined the rate  is to treat such systems in the same manner as that used for
expression for ethylene formation during the decomposition of chemical activation experiments. The essential difference is that,
cyclopentyl radicals in a slowly reacting hydrogen/oxygen in traditional studies of thermal reactions, the physical picture
mixture to be 1.4x 103 exp(—17260T) s~1. Their analysis is that of a molecule in a closed vessel that is reacting in a
also included the earlier experimental work of GorddiThis unimolecular sense. Traditional chemical activation experiments
is the rate-determining step if the ring-opening reaction is not are carried out with a constant flux of active radicals being
reversed. This has been confirmed in the course of the presenformed. This is, in fact, the situation for radical decomposition.
work. Experimental rate constants for hydrogen addition to Itis convenient to describe these two equivalent ways of treating
cyclohexene andis-butene-2 were found by Parsonage and unimolecular reactions as involving “closed” or “open” systems.

o, closed system

L} 0.00 025 050 075 1.00
.

K3 fractional conversion
.
3

steady state

.°§ Boltzmann

teey

concentration (arbitrary units)

0 100 200 300 400 500 600

Kerr'® to be near 8x 10713 cm® molecule! s1 with an In the present case, the latter is the preferred methodology since
activation energy of 17 kJ/mol. This is used to derive a rate it leads to an invariant molecular energy distribution function
expression of 6.6< 10710 exp(—2000M) cm?® molecule! s71 that can be used to obtain rate constants.

for H addition to cyclopentene. Detailed balance leads to a high-  The situation for rate constants determined on the basis of
pressure rate expression for the ejection of a hydrogen atomthe open system can be seen in Figure 4. Within the incubation
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Figure 4. Rate constants as a function of time for the reactions involved
in 1-penten-4-yl decomposition. Specific reactions are (13Hs& =
1,3-GHs + H; (2) 1-GHg-4 = CsHg + CoH3; (3)1-GHo-4 = 1,4-
CsHg + H; (4) GsHg-4 = 3-CH,CyHy7; (5) 3-CHs-1-CyHe-4 = 1,3-CHe
+ CHjs; and (6) 3-CH-1-C4Hs-4 = CsHe-4. The temperature is 1600 oL )
K, and the pressure is 1 bar. The logarithm of time is used to cover the vValue with increasing temperature. A look-up table may be the

entire range of behavior.

or induction period, steady-state rate constants are not applicable

The initial rate constants for the isomerization products are larger
than the high-pressure number. Unlike the situation for the
reactant, which initially has a Boltzmann distribution, the higher

energy levels of the isomerization products are the first to be
populated. These are therefore more likely to react. The initial
rate constant of the starting reactant is the high-pressure valueas the basis of an empirical fit. This is particularly appropriate
The incubation or induction time sets a limit on the time scales for combustion applications in the lower temperature range,

of applicability for the present analysis.
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Table 2 contains the recommended rate constants. We have
chosen to express the results in terms of a high-pressure rate
expression and the deviations from these values. Also included
in the first column, together with the reaction thresholds (in
both directions), are rate constants at 1100 K at 1 bar. This
gives the reader a sense of the magnitudes. At every temperature,
a broadening factor that will fit the pressure dependence can
be found. It is not possible, however, to describe these reactions
in the generalized Troe form that is required to fit data over
extended temperature ranges, even on a purely empirical basis.
Figure 5 contains a plot of the rate constant for the decomposi-
tion of 1-penten-3-yl to form butadiene and methyl as a function
of temperature. Note the indication of the rate constants returning
to high-pressure values as the temperature is increased. This is
contrary to the standard case in which, at constant pressure, the
rate constants show continual departures from the high-pressure

most appropriate way to report data for simulation purposes.
An analogous approach is to report results in an isobaric form.

For errors less than a factor of 1.1, we have found it necessary
to use four parameters in the form

(k,/K) = a+ b(L/T) + c(1/T)? + d[log 10(1/T)]

since the deviations from high-pressure behavior are not large.

TABLE 2: Summary of Recommended Rate Expression for 1-Pentenyl Decompositions

reactions

(reaction thresholds, kd/mol, high-pressure ‘
forward and backward at 0 K) rate expressions § log(kC/k)? at various pressures

logk (1100 K, 1 bar) loA N E (kJ/mol) P (bar) A B C D
1-CGsHo-3 = 1,3-GHg + CH; 13.76 0.10 150.2 0.1 87.76 —26386 7.01e6 22.6
(148.3;22.2) 1 39.52  —14340 4.25e6 9.73
5.98 10 10.32 —669.3 7.4e5 —3.44
1-GHg-4 = 1,3-GHg + H 9.06 1.30 144.8 0.1 83.57 —26209 7.06e6 21.2
(140.4; 19.3) 1 38.61 —14990 4.53e6 9.28
5.68 10 —12.2 —1116 9.99e5 —4.14
1-GsHg-4 = C3Hs + CoH3 11.87 0.56 155.7 0.1 91.39 —27920 7.42e6 234
(152.3; 4.4) 1.0 4499  —16539 4.89e6 11
5.66 10 —7.86 —2241 1.29e6  —2.97
1-GHo-4=1,4-GHg + H 9.76 1.04 155.0 0.1 96.98 —29405 7.77e6 24.9
(156.6; 9.3) 1.0 48.60 —17612 5.17e6 11.9
5.05 10 —7.23 —2586 1.40e6  —2.85
1-CsHo-4 = 3-CHs-1-CjHe-4 8.70 1.43 61.0 0.1 216  —3782 1.47¢e6  —8.97
(60, 50.6) 1.0 11.22 245 3.92e5 -3.54
10.08 10 22.29 3866 6.49e5 6.36
3-CHz-1-CyHe-4 = 1,3-GHs + CHs 11.63 0.42 128.1 0.1 71.44 —22519 6.10e6 18.2
(126.8; 55.3) 1.0 33.46 —12947 3.92e6 8.06
6.43 10 -9.19 —1217 9.20e5 —-3.91
3-CHs-1-CHe-4 = 1-GHo-4 10.22 1.135 49.0 0.1 5.44 —4051 1.46e6 .90
(50.6; 60) 1.0 —6.4 —547.6 533e5 —2.17
11.24 10 —16.68 2730 3.97e5 -—-4.8
1-CsHo-5 = CgHs + CH, 11.96 0.39 102.9 0.1 102.2  —24182 5.11e6 27.3
(103.4; 66.9) 1.0 89.11 —23061 5.44e6 23.6
7.62 10 58.63  —16819 4.39e6 15.3
C-CsHy = 1-GsHo-5 12.81 0.156 142.5 0.1 746  —22525 5.99e6 19.2
(137.8;78.8) 1.0 33.30 —12080 3.57e6 8.19
6.00 10 —9.20 —423.9 5.86e5 —3.04
¢-CsHo = c—CsHg+ H 11.80 0.46 138.6 0.1 73.3  —22313 5.97e6 18.8
(137.5; 8.9) 1.0 3222 —11860 3.53e6 7.89
6.11 10 —9.85 —282.0 557e5 —-3.21
1-GsHg-5 = ¢-CsHo 6.22 1.39 71.76 0.1 83.44 21421 4.96e6 221
(78.8;137.8) 1.0 65.87 —18068 4.50e6 17.3
6.61 10 38.38  —11737 3.21e6 9.88

aLog(kO/K) = a + b(L/T) + c(1/T)2 + d[log 10(1/M)].
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Figure 5. Rate constants as a function of temperature for the reaction tormation from 1-penten-5-yl decomposition at various temperatures
1-GsHg-3 = 1,3-GHg + CHs. The dotted line is at the high-pressure 54 pressures.

limit. The solid lines refer to reactions at the numbered pressures (in

bar). It is interesting that the barrier for bond breaking is higher than
00 that for cyclopentyl formation. The low A-factor for isomer-
ization to cyclopentyl more than makes up for this deficiency.
0.2 ; A summary of predicted ethylene-to-cyclopentene ratios at
5 04 Emm————aaa === various temperatures and over a pressure range of-Q.Qd0
B .06 \ A/ bar is given in Figure 7. Even at 1000 K, the variation of this
o ratio is only about a factor of 2 under the combustion conditions
% R S of 1-1000 bar. These general trends are in line with the earlier
€ 10 LI = situation for 1-penten-4-yl.
8 s A particularly interesting result is the similarity in rate
= D expressions for the €C and C-H bond cleavage for cyclo-
— 1.4 c pentyl radical decomposition (see Table 2). This is in striking
16 contrast to the situation for normal alkyl radicals in which there
are differences of the order of 25 kJ/mol in favor of C bond
-18 ' ‘ ' ‘ cleavage. Thus, for cyclopentyl radical decomposition, both
1000 1200 1400 1600 1800 2000

bond cleavage channels must be taken into account. The
TIK difference in activation energies between the normal alkyl
Figure 6. Branching ratios for specific reactions and the sum of all  radjcals and cyclopentyl is strikingly similar to those for alkanes
It.he decomposition processes as a function of temperature at 1 bar (dark, oy cjopentane, even though there is a tremendous difference
ines) and near the high-pressure limit (light lines) for reactions (A)1- . .
CeHo4 = 1,3-GHg + H: (B) 1-CsHo-4 = CsHs + CoHs: (C) 1-GiHo-4 in the. reaction thr'e.sholds (on thg order of 210 kJ/moI)..It appears
= 1,4-GHs + H; and (D) 3-CH-1-CiHe-4 = 1,3-CGHs + CHa. that, in the transition state, aside from the lengthening of the
C—C bond, there are factors, for example, twisting of the
Deviation from the high-pressure results may be larger at the methylene group in the cyclic compound, that must take place
higher temperatures. However, under such conditions, ratebefore bond breaking can occur.
constants become very large, and the key factors are the From the rate constants for the decomposition of 1-penten-
branching ratios for product formation, since no other reactions 5-yl to form ethylene and allyl, it is possible to derive from
can make contributions. Some typical results can be found in detailed balance the rate expression for allyl radical addition to
Figure 6. This involves the decomposition of 1-penten-4-yl. The ethylene. The expression that we obtained is>8.50712 exp-
branching ratios at 1 bar are very near the value at the high- (—8700T) cm® molecule’! s™1. This can be compared with the
pressure limit. The greatest deviations are those for the minor recommendation of Kerr and Parson¥gand confirmed by
channels. Even here, the departures of the 1 bar values are nd&nyazev and Slagfé for the addition of ethyl to ethylene of
more than a factor of 2 from the high-pressure numbers. 2.6 x 10714 exp(—3674M) cm® molecule! s™1. Thus, the
The very fast homoallylic rearrangement can produce large resonance energy is manifested almost completely in the rate
quantities of 3-methyl-1-buten-4-yl from the parent 1-penten- expression for addition and not in that for the reverse process.
4-yl. However, the greater stability of the latter makes it the  Stein and Rabinovitéh and Carter and Tard§ studied the
major reactant. Equilibrium is rapidly achieved. Thus, the results chemically activated decomposition of cyclopentyl radicals
are not particularly sensitive to the rate expression used. As agenerated from the addition of hydrogen atoms to cyclopentene
result, the 1,4-pentadiene- and vinyl-producing processes ac-at room temperature. Their results in terms of the stabilization-
count for a substantial part of the decomposition products.  to-decomposition ratio in a bath of hydrogen as a function of
There is a wealth of experimental data on the unimolecular pressure can be found in Figure 8. These results were obtained
reactions involving 1-penten-5-yl. Our conclusions, therefore, using the same procedure as that outlined earlier for the thermal
have a high degree of validity. It should provide an excellent reaction, that is, through the solution of the master equation.
test for the state of the theory. This is, however, beyond the We solve for the distribution function (chemically activated)
scope of this work. The main reactive channel involves the and extract rate constants by convoluting with the RRKM
breaking of the allylic G-C bond to form allyl and ethylene.  specific rates. We are able to reproduce their results if it is
The cyclopentene formation channel makes only a minor assumed that 720 J/mol (60 cih of energy is removed by
contribution, even at the lowest temperatures considered here each collision of cyclopentyl with the hydrogen bath gas. This
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at room temperature for the chemically activated decomposition of the Figure 9. High-pressure rate constants as a function of temperature
cyclopentyl radical formed from H-atom addition to cyclopentene. The for the decomposition of 1-olefinyl radicals as recommended by Curran
open polygons are values from the work of Stein and Rabinovitch. et al. (dark line); secondary heptyl_radlcal (dark dashed line); 1-penten-
The filled symbols are values from the work of Carter and Tardy; the 3V (1-GsHe-3=1,3-GHe + CHg, line 3-a); 1-penten-4-yl (1-{Ho-4

filled circles are from experiments using ethylene (ethyl getter), and — 1,3-GHs + H; line 4-a); 1-GHg-4 = CgHs + CoHs (line 4-b);

the filled squares are from experiments ustigbutene-2 (methyl ~ 1:CsHo4 = 1,4-GHs + H (line 4-c); (3-CHCaHe = 1,3-GiHe + CHs
getter). (line 4-d); 1-penten-5-yl (1-gHe-5 = CsHs + CoHy; line 5-a); and

¢-CsHo = ¢-CsHg + H (iine 5-b).

number is consistent with the decreased efficiency of hydrogenfor the decomposition of the 1-bentenvl radicals. One can
as a collider for other systems at these temperafrgdt is P P y )

lower than the published values used in the earlier studies to fit conclude that, with such values in a database, sool/PAH

results. This is a consequence of the differences between thePrecursors will be gnder predlgted, sincea smaller rate constant
. " means that there will be more time for the radical to be destroyed
rate expressions used for cyclopentyl decomposition to form

the 1-penten-5-yl radical in this and the earlier work. The rate by the oxygen. The differences in the rate constants are largely

expressions used here and given in Table 2 are compatible Withdue to dlﬁgrences In activation energies. 1-Penten-5-yl radical
o . - ; decomposition, leading to the formation of the allyl radical, has
all the existing results bearing on the transformations involved

in the cyclopentyl-1-penten-5-yl system. The effect of the high- & threshold of 103.4 kJ/mol and is thus less stable than the
pressure rate expression on the step-sized down paramete‘rzomparabIe alkyl radical. The stability of 1-penten-3-yl is

chosen to fit the results was discussed by Knvazev and Tan enhanced by its allylic resonance energy. However, is the full
y Ry 9 Value of the resonance energy is manifested in neither case.

Instead, the data seems to be consistent with an intermediate
value.

A very interesting general result from this study is the It is difficult to make an exact error estimate for the data
demonstration that the standard closed-system approach to the@resented in Table 2. The following are our estimates: The
treatment of thermal unimolecular reactions is increasingly uncertainties in the rate constants for 1-penten-3-yl and 1-penten-
questionable for low reaction barriers under high-temperature 5-yl decomposition and isomerization should be on the order
conditions. The open-system approach has been found to beof factors of 1.5 and 2. For 1-penten-4-yl, the errors may be
fully satisfactory. It is, however, difficult to fit the data in the larger and may be in the range of factors of 2 and 3.
standard analytical format. The results are indicative of the scale From the data in Table 1 and Figure 9, the stability ranking
of effort necessary to describe the chemistry of realistic liquid is 1-penten-3-yk 1-penten-4-yb> 1-penten-5-yl. It is clear
fuels. that allyl radicals will be rapidly released into the system. The

The results, summarized in Table 2, demonstrate the errorsgreater stability of the other radicals means that there is a greater
introduced by treating the three 1-pentenyl radicals as one probability for their being attacked by oxygen molecules. Note
species or undergoing one reaction. This can be seen in Figurethat, under stoichiometric conditions, at temperatures where the
9, in which the high-pressure rate constants for the bond decomposition rate is below 4871, oxidation is controlling
cleavage reactions are plotted as a function of temperature. Dugassuming a rate constant of 1x610-12 cm® molecule’® s™1
to the similarities in reaction thresholds and molecular structure, for oxygen addition to the radical).
the falloff effects are not that much different for these reactions.  The relative importance of the various reaction channels is
At 1 bar, rate constants are lowered by factors-6fl6. Thus, related to the amount of radicals produced as a result of
the differences in Figure 9 will be quite similar under all abstraction reactions. It is known that allylic resonance energy
conditions. Also included are the recommendations of Curran is not fully manifested for abstraction proces3e$he conse-
et al? for the treatment of 1-olefinyl radicals in general and the quence is that, although abstraction rate constants are enhanced
rate expression for the breaking of a—C bond in the by the resonance energy, the overall effect is no more than a
decomposition of a secondary heptyl radical. It is clear that it factor of 2 or 3 in comparison to the system in which it is absent.
is not proper to express all the possible decomposition channelsThus, although the predominating radical will, in fact, be
of the 1-olefinyl radicals in terms of one rate expression. There 1-penten-3-yl, a significant amount of other radicals will also
is no question that, in going to larger molecules, there is a needbe present.
for lumping. However, these should only be based on reliable  Finally, is important to note that, although the focus of this
results for all the elements in a lumped process. Most striking work is on the decomposition of the 1-pentenyl radicals, the
is the underestimate of Curran et?dbr all the rate constants  necessity of considering all the channels means that rate

Discussion
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obtained here are equally applicable to larger normal hydro-
ol e carbons. New problems arise from the possibility of isomer-

1'C5H9'5=C3H5+C2_'_*,4...--- -CgHy=e-CgHgHH ization involving hydrogen transfer across four or more carbon

2 atoms. One suspects that the rate expressions for such isomer-
izations involving alkyl and olefinyl radicals will be similar.
Another problem is the formation of cyclic radicals. Chemical
activation results from the chemically activated decomposition
of the cyclohexyl radical show the preference for the formation
of five-membered rings in comparison to six-membered struc-
tures?* On this basis, very few cyclohexyl radicals will be
formed from the decomposition of the 1-hexen-5-yl radical.
Obviously, high-reliability experimental results in addition to
theory can resolve much of the uncertainties and thus fine-tune
the recommendations. Finally, the results on the pressure
-4 -2 0 2 4 dependence of the decomposition of these radicals suggests that

Log [P/bar] using high-pressure rate expressions may be sufficient to

Figure 10. Rate constant as a function of pressure at 1400 K for the describe the behavior of these systems under certain ranges of
decomposition of reactions in this system beginning with 1-penten-5- 4 pustion conditions.

yl (solid line) and cyclopentyl (dotted line).

5 K

. . Summar
constants for many other reactions can be derived from the same y

set of input parameters. These include the thermal decomposition We have derived rate expressions for the decomposition of
of cyclopentyl and 3-methylbuten-1-yl radicals. In addition, it the three isomeric 1-pentenyl radicals over extended temperature
will also be possible to derive rate constants for the chemically and pressure ranges that encompass combustion conditions. They
activated decomposition of 1-penten-5-yl from alylmethyl lead to the formation of a variety of unsaturated compounds
and cyclopentyl from H+ cyclopentene. that are the boundary conditions to soot/PAH formation models.
A particularly serious consequence of the isomerization Energy transfer effects have been determined, and thus, formally,
processes being important is that, in the falloff region, the rate the recommended rate constants take into account all possible
constants of the individual isomers are dependent on how theyPhysical situations. The recommendations are based on existing
are formed. Falloff curves at 1400 K for the four reaction data that cover various aspects of these reactions over limited
channels for the decomposition of 1-penten-5-yl and cyclopentyl temperature and pressure ranges. The procedures used to derive
radicals, with each of the compounds as the starting reactant,the data are described. Extensions to cover the larger fragments
can be found in Figure 10. The high-pressure rate constantsthat are the products of the combustion of larger and more
are, of course, the same. However, as the pressure is loweredrealistic fuels are indicated. Some of the problems that arise
there is increasing divergence in the values for three of the four from taking into account energy exchange effects are discussed.
cases. There are also changes in the shape of the falloff curve. .
Obviously, these differences are a reflection of the changed _Acknowledgment. This research was supported by the US
distribution functions. Note that, for the two isomerization Department of Defense through the Strategic Environmental and
reactions, detailed balance does not hold in the pressure-Development Program (SERDP #1198), Charles Pellerin, Sci-

dependent region. All of these results are a striking demonstra-éntific Officer. The author is also grateful for the support from
tion of the simplification brought about at the high-pressure limit the Department of Energy, Office of Basic Energy Sciences on
where all molecules follow a Boltzmann distribution. For the fundamental aspects of this work dealing with the treatment

combustion applications in which all experiments are at 1 bar ©f low-threshold unimolecular reactions.
or above, it can be seen that the largest spread of results is no

more than a factor of 2 at the lowest pressures. An important
issue will be the maximum tolerable range of errors.

Another consequence of energy transfer effects can be
deduced from Figure 3. It can be seen that the new distribution
function at high temperatures is that of a much cooler molecule.
If this molecule were to undergo reactions other than that of
decomposition, rate constants are likely to be smaller than thoseLJ (1) Eff’JAV_VaIEdS' TF l;irggog,XYAE-z, (;g:l l\éiggcgélﬁ Smirzperties and
for the bath temperature. Thus, for example, the chemically Sgiae%ecgs N'Igetci’;‘;ean‘a Exhibit, Reno. NV. Janu@t& 2001, erospace
activated decomposition of a molecule formed from the (2) Curran, H. J.; Gaffuri, P.; Pitz, W. J.; Westbrook, C.@ombust.
combination of 1-penten-3-yl and another radical at 1500 K will Flame1998 114 149-177.
have rate constants consonant with a 20 kJ/mol smaller internal3l7(3?25léindstedt. R. P.; Maurice, L. @Combust. Sci. Techndl995 107,

energy. . _ (4) Bakali, A. E.; Delfau, J.-L.; Vovelle, CCombust. FlameL999
Since direct measurements are unavailable, most of the earlier11g 381-389.

databases for complex organic fuels are based, at best, on (5) _I?ikas, (3\/ /I_D\eFEers, I\Combu?t. FAamQOOl 126, %55_147?}(' .

thermocherical inetics considerations. Afough at some stage, &, 1320, Pieocessor e Cenertir o Cremica Knetes

this must be used for larger systems, the present study showsyeeting and Exhibit, Reno, NV, January-&1, 2001.

that through detailed balance and the use of chemical activation  (7) Tsang, W.; Bedanov, V.; Zachariah, M. R.Phys. Chem1996

data, one can rigorously enlarge the database. This can theri0Q 4011-4018. )

serve as a basis for further extensions. It is known that the rateNBS(?%TSt‘\J/Uég’HiﬁatE;OpS‘gL Ig%\'AF Thermochemical TabledSRDS-

constants of many reactions are unaffected by methylene " (g) genson, S. Wrhermochemical KineticSohn Wiley: New York,

substitution in distant positions. The high-pressure rate constants1974.

Supporting Information Available: Estimated molecular
properties used in the calculations and the transition-state
properties. This material is available free of charge via the
Internet at http://pubs.acs.org.
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