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The Recombination of Propargyl Radicals: Solving the Master Equation
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We have investigated theoretically the recombination reaction between two propasgy) (@dicals using
previously published BAC-MP4 calculations (supplemented by DFT-B3LYP results) to characterize the
potential energy surface, RRKM theory to compute microcanonical rate coefficients, and solutions to the
time-dependent, multiple-well master equation to predict thermal rate coefficients and product distributions
as a function of temperature and pressure. The thermal rate coefk€ignt drops off precipitously at high

temperature, regardless of the pressure. Below 5 Kp) ~ k.(T), the high-pressure limit rate coefficient
for initial complex formation, independent pf For 500 K< T < 2000 K, the rate coefficient increases with

increasing pressure, as one would normally expect. At 2000 K, the “coalescence temperature” for this reaction,

k(T,p) = ko(T), the zero-pressure rate coefficient, and only bimolecular products (pheHRylare predicted,
no matter how high we make the pressdurke latter effect is a consequence of all the intermediate complexes
reaching their “stabilization limits,” a concept discussed extensively in the text. Below 800 K, mblgy C

isomers are formed as products, and the pressure and temperature dependence of the branching fractions is
easily understood from conventional reasoning. Above 800 K, the product distributions begin to be dominated

by isomers reaching their stabilization limits and disappearing as important products. Above 1200 K, the
only significant products are fulvene, benzene, and phenill. Beyond 1700 K fulvene disappears, and for

T > 2000 K the only products are phenyl H. We discuss our results in terms of the eigenvalues and
eigenvectors of5, the transition matrix of the master equation. A “good” rate coefficient exists only when
the rate is controlled by a single eigenvalue@fA jump of thek(T,p) curve for any pressure from one

eigenvalue to another is triggered by the reaching of critical stabilization limits, producing “avoided crossings”
of the eigenvalue curves. It is at such avoided crossings that biexponential reactant decays occur.

Introduction dominant. Although other reactions may make important
contributions under certain conditions, the reaction between two

Resonantly stabilized free radicals (RSFR'’s) are generally -
propargyl radicals,

believed to play a critical role in the formation of aromatic
compounds, polycyclic aromatic compounds, and soot in the
combustion of hydrocarbon fuels2® The unpaired electron in
such radicals is delocalized and spread out over two or more
sites in the molecule, resulting in at least two corresponding is generally believed to be the single most important cyclization
resonant electronic structures of comparable importance. As astep in flames of aliphatic fuels:4810.16-24.28.29Moreover,
result of the delocalization of the unpaired electron, resonantly many other RSFR’s postulated to be important in the cyclization
stabilized free radicals normally form weaker bonds than do and PAH growth processes are simply radical-substituted
ordinary radicals, particularly with stable molecué%23.26.27 propargyls;*’18e.g., 1-methylallenyl (CkCCCH,). Therefore,
(perhaps most notably with molecular oxygen). Such weakly it is extremely important to understand the mechanism of reac-
bound addition complexes are not easily stabilized by collisions tion (R1) in some detail, particularly the extent to which it may
at high temperature, nor do they readily support rearrangement.form cyclic products such as benzene, fulvene, and phertyl
Consequently, RSFR’s are relatively unreactive and can reach The theoretical prediction of the rate coefficient and product
high concentrations in flames. These high concentrations anddistribution of the GHz + CsHjz reaction is a daunting task.
the relatively rapid rates at which one RSFR may react with However, this reaction has a number of important features that
another make RSFR RSFR reactions an important mechanism are likely to be typical of reactions involved in higher

C;H; + C;H;— products (R1)

for building higher hydrocarbons in flames. hydrocarbon growth in flames. First, the two propargyl radicals
The simplest and most important RSFR, at least from a can collide in three different ways, forming three chemically
combustion chemistry point of view, is propargykf@), which distinct collision complexes. Each of these complexes may in

has the two resonant KeKukdructures, the first of which is  turn rearrange to form any one of a number of other complexes
(corresponding to different isomers oftds) with no intrinsic

H H energy barrier. A further complication is that all of the accessible
\C —C=C—H \C —c=¢ complexes live long enough to suffer numerous collisions under
Ve / AN normal conditiong.Moreover, for reasons discussed extensively

H H H in a previous articlé,simple approximations to the collisional
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recombination of the two propargyl radicals (the head is the
OCSH:**%*“S CH, end and the tail is the CH end of propargyl), and Figure
1b shows those that can form from head-to-tail recombination.
Both reaction paths go through fulvene (well 1V), and the
subsequent fulvene> benzene isomerization and benzere
phenyl+ H dissociation are common to the two paths. The
BAC-MP4 calculation®2% show several other ¢Elg isomers
that may be formed from 4Ei3 + C3Hz with no intrinsic energy
barrier; however, these isomers are energetically less accessible
than the ones shown in the diagram by at least 25 kcal/mol.
Consequently, we have neglected them in the present analysis.
Such an approximation substantially reduces the strain on our
computing resources.

The Loose Transition StatesFigure 1 shows four “loose”
transition states, i.e., states with no energy barrier in the
exothermic direction. These bond-breaking (bond-forming)
processes correspond to the formation from propargyl
propargyl of 1,5-hexadiyne (TS-1a), 1, 2, 4, 5-hexatetraene (TS-
1b), and 1, 2-hexadiene-5-yne (TS-1c), and to the dissociation
of benzene to form phenyt H (TS-8). There is no information
currently available for these regions of the PES, and it is beyond
the scope of the present work to calculate such potentials from
first principles. To do so correctly requires the use of relatively
sophisticated multireference methods. Rather, we have chosen
to approximate these parts of the potential in the manner
described by Miller and Klippenstef.

For each of the loose transition states, the potential is divided
into three parts. (IJhe potential along the reaction coordinate
This part of the potential is approximated by the Varshni
function3>36 The Varshni potential is similar to a Morse
potential except that it is “flatter” at large bond distances, and
Figure 1. Potential energy diagram for the recombination of two thys it is likely to be a more accurate representation of real
propargyl radicals. Part (a) is for head-to-head and tail-to-tail recom- |, jing potentials than is the Morse function. The two
bination; part (b) is for head-to-tail recombination. parameters in the Varshni potential are calculated from the BAC-
MP4 bond energy and from the force constant matrix at the
potential minimum. The latter comes from a DFT-B3LYP/6
31G* calculation and containgrr(R,), the second derivative
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stabilization process, such as strong-collider or pseudo strong-
collider models, are not likely to produce accurate rate coef-

ficients and produt_:t distributions. Thf_ere appears be_ N0 of the potential with respect to the distanBebetween the
reasonable alternative but to seek solutions to the full multiple- . . e o
bonding atoms at the potential minimum, which is used to

We‘ll'lhrgafttai:aﬁg ;f':ittl:cl); describes such a master-equation a roacgetermine the Varshiil, (2) The potential for the “conseed”
P 9 pp egrees of freedom orthogonal to the reaction coordinate

LosghgfﬂLoepgrAgé&Mpgzpag?ng]EZ?ZTS:natls%r;f;ecaec?sgs\;vgfr&?:r:r second contribution to the potential corresponds to the degrees
P 9y of freedom that can be identified as normal-mode vibrations in

and Meliug? and Melius et af3 throughout, even though several . _
e - he separated fragments and is assumed to be the same as in
modifications have suggested themselves during the course o S .
those fragments. Such an assumption is motivated by the

the analysis. For the present, we restrict ourselves simply to . o . "

- : observation that variationally determined transition states for
determining the consequences of the BAC-MP4 potential. These - . - .

. . . bond-breaking reactions usually lie at relatively large values of
results should provide a convenient point of departure for future h ; . .
- . . R. (3) The potential for the “transitional” degrees of freedom
work, pointing out where more experiments and refinements to : . . .
orthogonal to the reaction coordinat&his last piece of the

the potential are needed. potential is described in terms of a set of internal angles and is
written essentially as a sum of products (in pairs) of sinusoidal
functions whose phases and periods are determined by symmetry
Potential Energy Surface.The potential energy surface on  (see eq 4 of ref 35). The coefficients in the expression are
which the present analysis is based is depicted diagrammaticallyfunctions of R, and their values are derived from the force
in Figure 1. As mentioned in the Introduction, the energies of constant matrix discussed above. This matrix is calculated only
all the stationary points, including the separated fragments, comeat R = R,, and the required matrix elements are assumed to
from BAC-MP4 electronic structure calculatiofs;® even  decay exponentially with the distance between the bonding
though subsequent work on various aspects of thelsC  atoms,
potentiaf®—34 may need to be taken into account in future work.
However, we did replace the less accurate Hartiemck Fi(R) = F;(R) exp[-n(R — R))] (2)
vibrational frequencies and rotational constants that come out
of the BAC-MP4 method with our own density functional (DFT- The tightening (or loosening) parametgris treated as an
B3LYP/6-31G*) calculations of these quantities. adjustable constant for each transition state. Their values are
Figure 1 is separated into 2 parts: Figure 1a shows ghg C  chosen to give rate coefficients that are consistent with low-
isomers that can result from head-to-head and tail-to-tail temperature kinetics experiments.

Theory
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Figure 2. Rate coefficient&ia.(T), kin(T), andkie(T) corresponding
to the three different ways two propargyl radicals can come together.

To determine appropriate values, we calculate the “high-
pressure limit” rate coefficientk., for each of the transition
states i( = 1a, 1lb, 1c, 8) using microcanonical, J-resolved
variational transition state theory\{(T-J).137-3° Such rate
coefficients are given by the expression

1
hQrm(T)

where8 = (ksT)™%, T is the temperatureks is Boltzmann’s
constanth is Planck’s constang is the total internal energy,
Qrm is the reactant partition function (including relative
translational contributions)] is the total angular momentum
quantum number, andl(E, J) is the sum of states with
energy less than or equal ® and total angular momentum
quantum number equal tb Fori = 1a, 1b, and 1c, the reactants
are taken to be two propargyl radicals, butifer 8 the reactants
are phenyh H (in the latter case, of course, the energy scale
in eq 2 is shifted appropriately).

Fahr and NayaR have determined both the total rate
coefficient k and product distribution of the #83 + C3Hs
reaction atT = 295 K and a pressure @f = 50 Torr. They
give k = 4.0 x 10 cm®¥molecule-s, withoy = 0.60 anday,
= 0.25, whereoy and ay, are the branching fractions for
stabilization into well 1 and well V, respectively. They also
detected a third gHg isomer, of unknown identity, whose
formation accounts for 15% of the reaction. This information

Ke, ﬁ[Z(zJJr 1NE(E, J)] expBE) dE (2)

yields three independent rate coefficients that we equate with

Kiao, Kigw, @ndkip. at T = 295 K. The values ofy15 11, and

n1c are adjusted to give these rate coefficients in our analysis.

The assumption that the total rate coefficient is in the high-
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Figure 3. Rate coefficienks.(T) for various values of, the tightening
parameter for TS-8. The experimental result is due to Ackermann et
a|.70

have chosen in our analysis to use a valuey9f= 0.9, even
though the theoretical value &§. using this value ofyg lies
below the experimental rate coefficient. This choice was made
for two reasons: (1) We expected that the formation of phenyl
+ H from CsHz + CsHsz might be a controversial result, and
we wanted to be somewhat conservative in our prediction for
this channel. Of course, larger valueskegf lead to larger values
of the branching fraction to phenyt H, everything else being
equal. (2) The functional form we use to represent bond-breaking
potentials (all three parts) generally leads to rate coefficients
that increase with temperature. This may or may not be correct.
Such rate coefficients could remain constant or decrease slightly
with increasing temperature. The present choiceypf= 0.9
results in values oks..(T) for T = 1000 K that are just slightly
smaller than the experimental room-temperature value.
Microcanonical Rate Coefficients, State Counting, and
Hindered Rotors. Under the constraints of the RRKM ap-
proximation, any one of the dissociation or isomerization
processes depicted in Figure 1 can be described in terms of a
microcanonical rate coefficier(E)

N“(E)

B h®

@)

where Nji(E) is the sum of states for transition stgtavith
energy less than or equal &y andpi(E) is the density of states
per unit energy for isomdir i.e., theith well in Figure 1. The
uVT-J approach® s used in the present analysis to calculate
Nji(E, J) for the loose transition states, and conventional

pressure limit under these conditions is justified by the results transiticin-state theory is employed for the tight ones.irln either
presented below. However, the assumption about the productc@seN; (E) andpi(E) are computed from sums ovérN;"(E)

distribution implicit in this procedure neglects the possibility
that the complexes formed initially fromsB; + CsHz can

=Y+ 1)Nji(E, J), pi(E) = 3423 + 1)pi(E, J). The present
problem formulation does not rigorously conserve angular

rearrange and be stabilized as some other isomer under thénomentum. An angular momentum conserving approach would
experimental conditions of Fahr and Nayak. Nevertheless, therequire the solution of a two-dimensional master equation, and
assumption we have made is the most objective a priori choice such solutions for a problem as complex as this one are well
that we have at our disposal. Furthermore, the relative orderingbeyond our current resources. However, the use\f-J to

of the rate coefficients matches expectations based on thecalculatek(E) for the loose transition states incorporates some
dominance of the propargyl resonance structure with the important angular momentum effects into the calculation.
unpaired electron on the GHite. The room-temperature product There are two exceptions to the above discussion. Transition
distribution is discussed below. Figure 2 shows the calculated State 4 (TS-4) consists of two saddle points with a relatively
values of Kiao(T), Kipo(T), and kie(T) consistent with our shallow well in between, too shallow for any significant

assumptions.

Figure 3 shows values d&.(T) for various values ofys.
Also shown on the plot is the single direct experimental value
for the phenyH- H rate coefficient of which we are aware. We

stabilization to occur. Consequently, we approximej¢E) as
NN /(N3 + N3, which assumes that the well is deep
enough for the RRKM assumption to apply, but not deep enough
to support stabilization. There is another, even shallower, well
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in Figure 1b between transition states 5 and 6. However, thereand the other deficient in concentration. To make the situation

is no significant barrier between this well and well VI.
Consequently, we effectively subsume it into well VI, taking
TS-5 to connect well V directly with well VI and TS-6 to

connect well VI directly with well IV, even though the shallow

concrete, one could think of the “excess” propargyl radicals (i.e.,
the ones that are present in more than sufficient quantities to
convert all the deficient ones to products) as having their central
carbon atoms replaced by*¥C atom, although such an artifice

carbene well is an intermediate in both cases. The shallowis not really necessary. In fact, there does not need to be any
carbene well makes a contribution to the density of states of real physical basis for distinguishing between the two types of
the two wells combined that is negligible compared with that propargyls. When we perform the “experiment”, i.e., let the
of well VI. propargyl radicals react, if two “excess” propargyl radicals react
The sums and densities of stat®fE,J) andp(E,J), are with each other, we replace them immediately so thatthe
computed rigorously in the present investigation by methods number density of the “excess” propargyls, remains constant.
described previousBp444 normally in the harmonic-oscillator ~ Therefore, our experimental situation is such that
rigid-rotor approximation. However, some “vibrational” degrees
of freedom are not described accurately as harmonic oscillators.
The most common of these are torsional motions, in the present
case rotations about-€C single bonds. These are modeled in and the master eq 4 is linear. Of course, such an experimental
the present analysis as hindered rotors, and their sums andsituation cannot be attained in the laboratory. But that is not
densities of states are calculated by methods discussed in soméhe point. The important point is that, if it could be realized,

nN2 > nm > nR

(6)

detail in previous publication®;41:42
The computer code VARIFLEXS written by Klippenstein

we could extract kinetics information in the same way one
normally does for radicaimolecule reactions. Theoretically,

and co-workers, is used in all the calculations described here.we are not encumbered by experimental limitations. We only

The Master Equation. To determine the rate coefficient
k(T,p) and product distribution for the propargyl propargyl

have to imagine the situation and calculate the outcome. The
thermal rate coefficients and product distributions are the same

recombination reaction, we must consider the time-dependent,as those for any physically realistic, inherently nonlinear,

multiple-well master equatio: 4346756 |n our analysis, such
an equation is cast in the form of seven coupled integro-
differential equations:

dn,(E) .
i z fEOiPi(E, E)n(E) dE' — Zn(E) —
%kji(E)ni(E) + %kij(E)nj(E) — kg (E)ny(E) +
*Zqikdi (E)Fi(E)n:jr;m— ki(E)N(E) (1 =1,...M) (4)

In these equationg,is the time,Z is the collision number per
unit time, ny(E) dE is the number density of molecules (or
complexes) in well with energy betweek andE + dE, Eg; is
the ground-state energy for we|l M is the number of wells
(seven (VII) in the present cas@&(E,E) is the probability that
a molecule in well with energy betweei' andE' + dE' will
be transferred by collision to a state with energy betwEen
and E + dE, kj(E) is the unimolecular rate coefficient for
isomerization from wellj to well i, ksi(E) and k,(E) are the
dissociation rate coefficients from welko CsH3 + C3H3 and
to phenyl+ H, respectivelyns andny, are the number densities,

experiment as long as both sets of results are interpreted
correctly.

To complete the problem specification it is necessary to add
an equation fong,

dng .
P Z Jeka(EN(EYIE —

anmizgerqifE";kdi(E)FmE) dE (7)

The terms in eq 7 represent the rates of dissociation and
recombination betweensBl; + CsHz and wells I, 1l, and V, as
shown in Figure 1. In deriving egs 4 and 7, it was assumed that
the reactants are maintained in a thermal distribution throughout
the course of the reaction even though the complexes are not.
Such an assumption is consistent with the inequalities 6.

To solve eqgs 4 and 7, it is convenient to cast them in a
different form. In so doing we follow closely the development
given in our previous work! leaving out the details. First, let
xr(t) = nr(t)/nr(0), X(E, t) = ni(E, t)/nr(0), andyi(Et) =
x(E.)/f(E), wheref2(E) = F(E)Q,(T). Then, after approximating
the integrals in egs 4 and 7 as discrete sums with an energy

respectively, of the deficient and excess reactants (explainedspacingéE, we can express them in the concise form (using

below), andKeqiis the equilibrium constant for the recombina-
tion of CHsz + CsHs3 into well i. The functionFi(E) is the
equilibrium energy distribution in well at temperaturd,

F(E) = p(E)e "51Q(M) (5)

whereQj(T) is the vibrationat-rotational partition function for
theith well. Of course, many of the rate coefficients appearing
in eq 4 are taken to be identically zero in our calculations. In

fact, the only rate coefficients that are not zero are the ones
that have “reactants” and “products” directly connected by one

of the transition states shown in Figure 1.

For the present investigation we consider only cases where

nitrogen (N) is the bath gas. Moreover, to produce a linear

master equation, we restrict our attention to a hypothetical,

experimentally unrealizabJephysical situation in which we

Dirac notation)
d
4 WO0= Glw D ®)

where |w(t)Uis the vector of unknowns,

W)L Y1 (Eq), - Y1 (B, - i (B, - ¥i (B, -y

n, |2 T
QRméE XR] ) (9)
G is a real, symmetric matrix, arid in ref 9 is the energy of

the Ith gridpoint. Clearly,w(t)Thas 1+ ¥"|N; components,
whereN; is the number of grid points in the energy space of

envision two types of propargyl radicals, one in great excess well i.
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From the solution vector it is relatively straightforward to At low temperatures (in the present case Tox 1000 K) it
extract information about the relative populationgt), Xi(t), frequently occurs that eigenvalues that are very small in
andxy(t), where magnitude are not computed accurately by the diagonalization

routine. In fact, in many instances they turn out positive.
Xi(t) = fmei(E, t) dE i=1,..,M (10) Although such results usually do not affect the value of the
o thermal rate coefficient (for reasons that will become obvious
and below), they do impact the product distribution, at least for the
minor components. Consequently, forx 1000 K, we integrate
M Ny (t) npheny(t) eq 8 directly using the stiff ODE integrator VODE.This
X0 =1—x(t) — » X(t) = =——-  (12) method has been used previously by Miller and Chaftitér
= ng(0) ng(0) in solving the master equation for overtone dissociation and
isomerization problems. It is much more robust than the
and xp(t) is the fraction of the initial reactant concentration, eigenvector expansion method, but it is slightly more time-

nRr(0), that has formed bimolecular products at times in consuming. However, it may well be possible to reduce the
previous work, it is useful in interpreting our results to compute computing time by adjusting the error control, a tactic that we
a time-dependent rate coefficiek(T, p, t), have not yet attempted.
All of the master equation calculations in the present work
KT, p, ) = — 1 dx(t) (12) were done with VARIFLEX4® into which both the VODE and
T nXs(t) dt eigenvector expansion methods have been incorporated. For

simplicity, a single-exponential down model was used for the
If Xz ultimately goes to zero (it does) and decays exponentially energy transfer function witbAE4CJ= 500 cnt?.
in time, k(T,p,t) = k(T,p) is constant in time, and we have a
“good” rate coefficient. In cases where there are multiple- Results and Discussion
exponential decays, we characterize the rate using eq 12 at the
time whenxg(t) has dropped to a value of 1/2. Similarly, to
avoid any ambiquity that might occur in the product distribution,
the branching fractions are defined as

Both the product distribution and the thermal rate coefficient
k(T,p) are of considerable practical and theoretical interest.
Consequently, we discuss both in some detail below. Let us
begin with the rate coefficient.

o =X i=1.,M The Thermal Rate Coefficient. Figure 4 is a plot of the
thermal rate coefficient versus temperature for a series of
i = X(7) (13) pressures ranging from= 1 Torr top = 100 atm. Also shown
) ] on the plot areke(T) = Kiao + Kime + Kigw, the “high-pressure
wherez is the time when(r) has dropped to a valug(z) ~ limit” of the recombination rate coefficient, arg(T), the rate
0.01,0i is the branchlng frac_tlon for stab|I|_zatI0n into well coefficient in the zero-pressure (collisionless) limit. There are
and oy, is the branching fraction for formation of bimolecular  pree important temperature regimes.
products. (i) T < 500 K.In this temperature rangkg(T)  k«(T), and

In the present investigation it was necessary to solve eq 8 by the ‘rate coefficient for all intervening pressures is the same.
two different methods. The first method is our method of choice. This behavior indicates that anyids complex that is formed

It is the one we have used in our previougs\é\fgﬁ?’ and the  from CyH, + CaHs ultimately ends up as some product, and
one employed by most other investigatttsX>***/Equation 8 ey few such complexes redissociate back to reactants. This

has the solution is not surprising in view of the character of the potential energy

Ny Ny -1 surface (Figure 1), i.e., the rearrangement barriers all lie well
ity M below the entrance-channel energy so that any complex that is
W= JZ ¢ 9 D@”W(O)D (14) not stabilized can go on to phenyt H with relative ease.

However, it is interesting that very little phenyl H is actually
wherel; and|gCare the 1+ ¥ ¥, N; (negative) eigenvalues and ~ formed under these conditions, everpat 1 Torr.
eigenvectors o6, and|w(0)corresponds ter(0) = 1. Equation (i) 500 K < T < 2000 K.This is the temperature regime of
14 can be thought of as an expansion in the normal modes ofmost practical interest, because virtually all combustion takes
relaxation ofG.4357-60 The slow modes, i.e., the ones corre- place at these temperatures. In this rarigées a function of
sponding to the algebraically largest eigenvalues (the ones withboth pressure and temperature. Increased pressure results in
the smallest absolute values), describe “chemical” processeshigher collision rates, which in turn increase the stabilization
whereas the others describe intermolecular energy transferrates of the various s isomers. As expected(T,p) is a
Typically there is one chemically significant eigenvalue/ monotonically increasing function of pressure in this regime.
eigenvector pair for each transition state in the problem, In principle, for ordinary reactionk(T,p) could increase with
consistent with the idea that a transition state is a “bottleneck” pressure until it approachds(T). However, reaching such a
for reaction in configuration space. In the present case, therelimit is problematic at highrl, even though, fop = 100 atm,
are eight chemically significant eigenvalues, with the transition K(T,p) ~ k«(T) up toT &~ 1000 K.
states marked 1a, 1b, and 1c in Figure 1, all correlating with a  (iii) T = 2000 K. This is an extremely intriguing regime,
single eigenvalue. It is instructive and useful to discuss our one that we have also identified in our previous investigations
results in terms of these eigenvalues and eigenvectors. Moreoverpf the GHs + O, and GH3 + C;H, reactions2 although
eq 12 indicates that a “good” rate coefficient exists only when the temperature at which it begins is highly reaction dependent.
xr(t) is governed by a single eigenvalue/eigenvector pair. In In the present case, far= 2000 K,k(T,p) = ko(T) independent
such casesg(t) falls and the products rise with the same time of pressureeven though the intermediate complexes may suffer
constant. To diagonaliz8 and thus express the solution vector numerous collisions. This situation occurs when activating
|w(t)Oas eq 14, we use the DSYEV routine from LAPACK. collisions, those withAE = 0, become competitive with
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Figure 4. Plot of k(T) for various pressures. The experimental results are due to Fahr and Rajtkipson and Hudgen®, Morter et al.8®

Scherer et a4 and Alkemade and Homarsh.

deactivating collisionsAE < 0) at energies very high in the
energy manifolds of the various isomers shown in Figure 1.
Then the conditionfAEC= 0 (where[AE[]s the average energy
transferred in all collisions, both activating and deactivating),
can occur at similarly high energies. The energy at wiich[]
goes to zero can be viewed as a stabilization bottleneck, since
a complex with such an energy that suffers a deactivating
collision is more likely in the next collision to be reactivated
than it is to lose more energy. If a dissociation or isomerization
transition state lies at an energy in the vicinity of = 0
energy, such a dissociation or isomerization serves as a “sink”
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for complexes, and no stabilization occurs. For 2000 K in
the GHz + CsHz reaction, because of this phenomenon, 500 1000 1500
stabilization cannot occur iany of the wells. Actually, such a Temperature (K)
condition is reached at different temperatures for each of the Figure 5. Influence of reducindosa Eoan andEq7 by 10 kcal/mol on
wells individually, but this becomes apparent only when one k(T,p) atp = 50 Torr andp = 1 atm.
looks at the product distributions. We shall refer to the condition
reached here at 2000 K as the “stabilization limit” (i.e., for all
the wells) and the temperature at which it occurs as the obtained by indirect means in a shock tube experiment at
“coalescence temperature.” pressures of approximately—2 atm. These results are also

A particularly surprising result is the precipitous drop off of plotted in Figure 4. The agreement between our theoretical
k(T,p) with temperature, independent of pressure, between roompredictions and the measurement of Scherer et al. is quite good.
temperature and 2000 K. This is a consequence of the tight Nevertheless, it would be extremely valuable to have more high-
transition states along the reaction path betweghi;G- C3H3 temperature measurements kgT,p) (with which to compare
and benzene, particularly TS-4 and TS-7. The theoretical the theory) in order to confirm or deny the large decay of the
predictions are in good agreement with the room-temperaturerate coefficient at these temperatures.
rate coefficient of Fahr and Nayak (they were constrained to  To illustrate the influence of the rearrangement barriers on
be) and are consistent with the slight increasekofith k(T,p), we have plotted in Figure 5 the rate coefficients at 50
temperature implied by the result of Alkkemade and Honf&nn, Torr and 1 atm for two cases: (1) the BAC-MP4 results as
whose experiments were performed between 2 and 4 Torr. Of shown in Figure 4, and (2) a case wh&, Eoan andEogy (the
course, the latter agreement can be achieved only with a valuethreshold energies for TS-4a, TS-4b, and TS-7) were reduced
of k«(T) that increases with temperature. by 10 kcal/mol.

High-temperature experimental results f&(T,p) are ex- The two sets of rate coefficients begin to deviate at roughly
tremely scarce. In fact, the only one that we could find is the 800 K and differ by a factor of 6 at the coalescence temperature
very recent investigation by Scherer ef&in which k(T,p) was (T = 2000 K). Even with such a large modification to the barrier
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Figure 6. Effect of various ways of handling angular momentum on Figure 7. Rate coefficienk(T,p) and eigenvalue curvesii/n, (i =
ko(T), the zero-pressure rate coefficient. 1, ..., 8) for the chemically significant eigenvaluespat 50 Torr.

heights, probably beyond the error limits of the BAC-MP4 in time, it is conceptually easy to envision each chemically
calculations k(T,p) still drops off quite dramatically at high S'gn'f'qam éigenpair as a mini chemlcal reaction. EaCh eigen-
temperature. vector individually has the conservation propéf§ (taking into

Itis possible to check the impact of certain rotational effects account eq 11)
in our calculations, namely those associated with rotational
channel switching:5566 Such effects are expected to be most _ .
pronounced at the collisionless limit. In Figure 6 we Kg(T) (A% + ;Axi TA) =0 j=1..8
from uVT (microcanonical variational transition-state theory)

anduVT-J, along withk(T) for p = 107° Torr. These represent  \yhereA indicates the change in population that accompanies
three distinct ways of handling molecular rotationuMT there the propagation of thigh eigenpair front = 0 tot = c. Note
is one dividing surface for each of the loose transition states atthat the magnitudes of the terms in eq 15, i.e., the overall scale,
every value of, andE is conserved in going from one transition s different for different eigenvectors because the scalar coef-
state to another. InVT-J there is a different dividing surface ficjent [g;|w(0)Cis different in each case. If only one term in eq
for everyE, J combination for each loose transition state, and 15 s positive (the product) and one is negative (the reactant),
both E andJ are conserved between transition states. The rate that eigenpair indeed represents a simple chemical reaction as
coefficient at 10° Torr is effectively at the collisionless limit.  ye normally think of it, with one reactant (or set of reactants)
In this calculation we treat angular momentum as described in 3nd one product (or set of products). In such cases
the Theory section, i.e.,;&/T-J treatment of the loose transition
states, but onl§ is conserved in going from one transition state A=k +k (16)
to another. These three rate coefficients are indistinguishable
on the plot, and thus it is fair to say that angular momentum wherek; andk; are the forward and reverse rate coefficients for
conservation is not a dominant factor in determinkg,p). the reaction in question—4; is called the “fundamental
The failure ofJ conservation to have an impact &{(T) is relaxation rate® €0 for that reaction. The equilibrium condition,
relatively easy to understand, at least qualitatively. At low ki/k, = Keq allows determination ok: andk; individually. (It
temperatures, loose transition states have dividing surfacesshould be noted that, in case of the pseudo first-oder process
located at relatively large fragment separations, and the dividing involving the reactants and Keq each should be multiplied
surface positions indeed are controlled by centrifugal barriers. by n., in eq 16 and the equilibrium condition.) However, the
However, at such low temperatures the rearrangement transitiorsituation can become much more complex than that just
states do not have much of an effectla(Tr), because they lie  described, with eq 15 having several negative terms and several
so low in energy. Consequently, angular momentum conserva-positive terms in the most complicated situations.
tion is not important. As temperature is increased and the tight To help understand how the considerations just described
transition states begin to affele)(T), the loose dividing surfaces  relate to the present analysis, consider Figure &(Tip) is
move to smaller fragment separations, where centrifugal barriersgoverned by a single eigenvalue @f which is the only way
are no longer the dominant effect, and again angular momentumthat a “good” rate coefficient can exist, one obtains from eq 12
conservation is unimportant.
It is particularly interesting and informative to consider our k(T.,p) = —4/n,, a7
results in terms of the eigenvalues and eigenvecto@ dhere
are eight chemically significant ones. These in fact correspond for i corresponding to one of the eight chemically significant
to the slow normal modes of relaxation of the entire system. eigenvalues. Figure 7 shows values-ofi/n, fori =1, ..., 8
Because our mathematical model does not allow the bimolecularandk(T,p) for a pressure of 50 Torr, where the eigenvalue curves
products, phenyh- H, to recombine, all the eigenvalues are are labeled by their size at low temperature. As temperature is
negative. Let us definel; to be the algebraically largest increasedk(T,p) first coincides with—Ag/ny,, then—A4/ny,, and
eigenvalue (the least negative ong),to be the next largest  finally —1,/ny,, with crossings of other eigenvalue curves along

Vil
(15)

one, and so on. The corresponding eigenvectorggarg|gol] the way and “avoided crossing$*43 when k(T,p) switches
etc. If we had allowed for the reverse process, phenyl — from one eigenvalue curve to another.
benzene, there would be another eigenvalige= 0O, corre- At low temperature it is relatively easy to identify one

sponding to complete thermal and chemical equilibrium. If one transition state with each chemically significant eigenvalue,
thinks of each of the terms in eq 14 as propagating sequentially consistent with the notion introduced in the Theory section that
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the slow modes of relaxation correspond to bottlenecks in the

overall relaxation process. There is the exception to this rule T
that TS-1a, TS-1b, and TS-1c all correlate with one eigenvalue,
As. The transition states that correlate with the various eigen-
values are shown on the diagram. As temperature is increased, s
and various crossings and avoided crossings occur, the eigen
value curves are distinguished in the plot by their transition
states, not by their relative magnitudes at a specificTo
identify a transition state with an eigenvalue, we modified a
property (usually its barrier height) for each transition state
individually and inquired as to how the eigenvalue spectrum
was changed. Normally, orig was changed substantially with
the others remaining relatively constant. However, in the vicinity
of crossings and avoided crossings, it sometimes happened that
2 or 3J; could change when a barrier height was changed. This
norma”y happened when the eigenva|ues were Chemica”y Figure 8. Product distribution as a function of pressureTaF 295
coupled in some way, e.g., representing competing isomerizationk-
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paths for a single complex. In all cases, when such a situation
occurred, oné,; was changed by a significantly larger fraction
than the others, and that eigenvalue was identified with the
transition state under investigation. At temperatures above a
crossing or avoided crossing, it is again relatively easy to make
the identifications, at least until an eigenvalue merges with the
“continuum” of energy-transfer eigenvalues abovéi/n, ~

107% cm®¥molecule-s.

At temperatures below thigT,p) curve in Figure 7, where
the eigenvalues are distinct in magnitude from each othér,
can frequently be identified as the fundamental relaxation rate
for a simple isomerization or dissociation/recombination reac-
tion. The reactants and products of such reactions are the

chemical species directly connected by the transition state
corresponding to that eigenvalue, i.e., these are the only terms
in eq 15 that are nonzero. For examplecorresponds to the
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Figure 9. Product distribution as a function of pressureTat 500

benzene— phenyl+ H reaction,/, to fulvene< benzeneds K.

to fulvene< 2-ethynyt1,3-butadiene, etc. The situation with
some of the other eigenvalues is slightly more complicated in
that multiple reactants or products are involved, but the basic
idea should be clear.

As the temperature increases the situation becomes more
interesting, particularly in the case of avoided crossings, where
two eigenvalue curves approach each otk@r,p) jumps from
one curve to the other, and the curves then diverge. In such
cases there is a narrow temperature region in whighin eq
15 is significantly negative for both eigenvectors involved, and
xr(t) exhibits biexponential decays corresponding to the two
eigenvalues. For example, neki= 1200 K thek(T,p) curve
jumps from—Ag/ny, corresponding to TS-1, ted4/ny, corre-
sponding to TS-4. Between 1200 and 1608gt) is controlled
by TS-4, even though this transition state is relatively far
removed from the reactants in configuration space. There is aFigure 10. Product distribution as a function of pressurelat 650
similar jump from—A4/nm to —22/Ny(TS-7) between 1600 and K.

1700 K. The rate coefficierk(T,p) = —4o/nmfor T= 1700 K, istributions at various temperatures and pressures. These are
at least forp = 50 Torr. The situation is similar at other  contained in Figures 8 through 16, which are plotsxgfand
pressures as long as collisions are a major factor in determiningg, (j = |, ... VII) defined by eq 13, as a function of pressure, 1
the rate coefficient. Changing the pressure does not change therorr < p < 10 atm, for a series of temperatures (295, 500,
roles of the various transition states and eigenpairs, but it cangso, 800, 1000, 1200, 1500, 1700, and 2000 K).

have an effect on the precise temperatures at which the crossings First, consider the low-temperature regime, which we shall
and avoided crossings occur. take to beT < 800 K, although the precise temperature range

The Product Distributions. It is our hope that the present is not really well defined. In this regime, the trends in the
investigation will spawn a host of new experiments that will product distributions as a function of pressure are as one might
seek to confirm or deny our theoretical predictions. There is a expect. At very low pressures, no stabilization can occur, and
dearth of such experiments at the present time, both for the ratethe only product is phenyt- H. As pressure is increased, the
coefficient and the product distribution. To this end, we include first stabilization products one sees are the ones with the deepest
in the present article a large number of predictions for product wells: benzene, fulvene, and 2-ethymll,3-butadiene. As

T=650K
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pressure is increased further, these products are supplanted by

those that occur earlier along the reaction path shown in Figure on to well Il (dimethylene-cyclobutene) occurs so readily, the

1. By the time we reaclp = 10 atm atT = 295 K, the only master equation results do not produce the intended effect. Such

significant products are those that are formed directly fraffsC a result could possibly be a consequence of an error in the BAC-

+ CsHg, i.e., well I, well I, and well V. In effect, the high- MP4 threshold energlo,. One might naturally ask what change

pressure-limit product distributions for these recombination in Eg, would bring the master equation results in line with the

reactions have been reached at this point. The major changeFahr and Nayak measurements. This question is answered in

brought about by an increase in temperature in this regime is Figure 17. An increase of 4 to 5 kcal/mol would increas¢o

that the low-pressure products tend to persist to higher pressuresa value above 0.5, which is probably within the error limits of
As discussed in the Theory section, we constrakagd Kipx, the experimental value af,= 0.60. Figure 17 also shows that

andk; to reflect the product distribution determined by Fahr the increase imy asEq; is raised occurs at the expenseogf

and Nayak aff = 295 K andp = 50 Torr. However, because and that an increase Ey, of 10 kcal/mol causes, effectively

the isomerization from well | (1,5-hexadiyne) to well 1l, and to reach its high-pressure limit.
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At T ~ 650 K Alkemade and Homaf#detected the products
(roughly in order of importance) 1,2 hexadiene-5-yne (well V),
benzene (well VII), 1,3-hexadiene-5-yne (not shown in Figure
1), 1,5-hexadiyne (well I), and 1,2,4,5-hexatetraene (well I1) at
pressures between 2 and 4 Torr. These results are in conflict
with the master equation predictions shown in Figure 10. Most
of the discrepancy may be due to the way we constrained our
values 0ofkig., ki, andkiee at T = 295 K, forcing head-to-
head recombination of the propargyl radicals to be the dominant /

. . s [ 300} | A T /AU S RS SUNT N WUt S S
reaction mechanism. Alkemade and Homann'’s results strongly 200 800 1200 1600 2000
imply that head-to-tail recombination is dominantTatz 650 Temperature (K)

K, at Iea,st if the BAC-MP4 PES. Is correct. For Alkemade and Figure 18. Fulvene, benzene, and phenlylH branching fractions as
Homann's result to be compatible (on the basis of the BAC- 4 fynction of temperature fqv = 50 Torr (a) andp = 1 atm (b).
MP4 potential) with that of Fahr and Nayak, on whose

experiments our values df., are based, would require &  gnq penzene drops off the plots between 1800 and 2000 K. For
crossing 0kia. andkyee between 295 and 650 K. A parthularly_ T > 2000 K, the only significant product is phenyd H.
|nterest|ng. result from Alke.made and Homann’s experiment is For combustion purposes the important products are fulvene,
the detection of 1,3-hexadiene-5-yne as a product. The BAC- benzene, and phenyl H. Their branching fractions are plotted
.MP4 pptentlal shows that2 22'5686 ISomer 1s access'ble, by in Figure 18 as a function of temperature for two different
isomerization from well \222% However, the V— VI path is pressures. The 50 Torr case is typical of low-pressure flame
favored over this isomerization by about 25 kcal/mol. As noted g, e riments, and the 1 atm case is intended to represent normal
by Melius et al3* earlier thermal pyrolysis experiments favor combustion at atmospheric pressure. Decreasing the pressure

the V— VI paéh over 1,3-hexadieg$f-5-yne ;‘]ormation. Ilf the 2h below 50 Torr increasingly favors phenyl H; increasing the
isomerization barriers were not so different, the two results might o eccire above 1 atm does not change the results very much.

be compatible, since one experiment is thermally activated and g1, aw and ayy drop off dramatically as the fulvene and
the other is chemically activated. It is also not out of the question pan-ene stabilization limits are reached: each has also risen
that an undiscovered path connecting well I or well 11 t0 1,3- 5541y a5 the isomers preceding it along the reaction path reach
hexadiene-5-yne might exist. Such a path could also help t0 e ‘stapilization limits. Note particularly the connection
explain the discrepancy. between Figure 7 and Figure 18. At 1200 K #{&,p) curve in

For temperatures abovie= 800 K, another factor begins to  Figure 7 shifts from—Aig/n, (governed by TS-1) to-As/nm
affect the product distributions: various isomers begin to reach (governed by TS-4). This shift corresponds to the stabilization
their “stabilization limits.” Although 1,5-hexadiyne is one of |imits having been reached for all the isomers to the left of TS-4
the dominant products above 1 atm in Figure TH(800 K), in Figure 1a. The branching fractions for these species is
its branching fraction drops below the threshold of the plot at negligible beyond this temperature, as is clear from Figure 18.
1000 K, a consequence of passing its stabilization limit. Well A similar shift occurs between 1600 and 1700 K fré(T,p)
I1 (1,2,4,5-hexatetraene) also reaches its stabilization limit at  peing governed by-14/nm (TS-4) to—A2/nm (TS-7) as fulvene’s
~ 800 K, but the consequence in this case is that it equilibrates stabilization limit is reached. The occurrence of stabilization

0.1

Branching fraction

0.01

T T TTTTT
taauul

with dimethylene cyclobutene (well Ill). FoF > 800 K, well limits triggers the appearance of avoided crossings in Figure 7.
Il 'and well 11l respond in concert to changes in temperature Actually, an avoided crossing also indicates a shift in equilibrium
and pressure. in favor of the reactant® For T > 2000 K, benzene’s

As temperature increases from 800 to 2000 K, eagHsC  stabilization limit has also been reached, and the only product
isomer in turn reaches its stabilization limit and drops off the is phenyl+ H, but its rate of formation is still controlled by
subsequent branching fraction plots. Well | reaches its limit the fulvene< benzene isomerization transition state.
between 800 and 1000 K, well V between 1000 and 1200 K, Itis of interest to examine what happens in the vicinity of a
wells Il and Il between 1200 and 1500 K, and well VI between stabilization limit. We shall do this for fulvene. Consider Figure
1500 and 1700 K. Fulvene reaches its stabilization limit between 19, which shows thermal equilibrium energy distributions and
1700 and 1800 K, although the 1800 K result is not shown, [AEE) at a series of temperatures for well IV. Note that the
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10 —~ r ' | | like tht_a one just described for fuIven_e. The ful\/_eﬁepenzer_]e
AUAYRY transition state (TS-7) is extremely tight, resulting in relatively
0o "\ —— T1=1000 | slow isomerization rates. As a consequence, a relatively large
08l \ i I:ggg ] fraction of the thermal distribution is pushed above the
I O S T=2000 isomerization threshold before the stabilization limit is triggered.
0.7 ‘.‘ \ e TR200 | In cases where the transition state is much looser (and the
= i \ _ isomerization or dissociation rates much faster) than that for
‘~”~E FORTY fulvene, the stabilization limit occurs much sooner, i.e., when
0.5 Eor ‘.\ A - a smaller fraction of the thermal distribution lies above the
§ 0al i "\ | reaction threshold. The dissociation of benzene to phenil
e 1A iy is a good example of the latter case.
03| 3 ‘-‘ '-\ — An important issue that we have not addressed in the present
02l LR '.\ B work is how best to represent the master equation results in
’ ‘.\ . terms of phenomenological rate coefficients. For example,
01l N, \-. ] consider the temperature range, 1200 < 1600 K. It is clear
0 \1‘~_1 }\:_'\ n that one could describe our results in this temperature range as
120 <100 -80 —60 —40 -20 O 20 40 60 80 the direct reactions
E (kcal/mol)
C;H; + C;H; — benzene
200 T T T T T T T 1 — fulvene
160f- 1 % ? —_—= u
\ ‘}\ ! —syeed — phenyl+ H
120 [P\ L R T=1850 | —
‘\ \\ iEw """ Ifgggg The master equation results satisfy all the criteria that we can
b L Y | i 7 think of to be consistent with a description in terms of these
& 40 \ . three elementary steps, namely that there is a single time
'g constant for decay ofg(t) and rise of the products and that the
E 0 results are independent of the valuengf(a point that we have
Vol not mentioned previously). However, it may be more accurate
) and more prudent to describe the processes in question as
-80}— i
120l ! C;H; + C;H; — intermediate wells
160l ; intermediate wells—~ benzene
—200 ! J [ I | 1 ! | — fulvene
-100 -80 -60 —40 -20 O 20 40 60 80 100
E (Kcal/mol) — phenyl+ H

Figure 19. Equilibrium thermal population distributions (a) abhEE
(E) (b) for fulvene at selected temperatures, illustrating the “stabilization
limit” concept.

Here the “intermediate wells” step is intended to be a shorthand
representation of a number of intermediate isomerizations (and
dissociations) connecting one intermediate well to another and
[AECE= 0 point tracks the peak in the thermal energy distribution to the_indicated product.s. If such rea_lctions were fast., this latter
very closely. AfT = 1000 K, the peak of the thermal distribution description of the chemlstry would yield results |dgntlpal to the
and thelAEC= 0 point are well belovEy, the isomerization former. Other scenarios may also lead to ambiguity in the

limit. Correspondingly, AE{Eo7) ~ —140 cnr?, i.e., it is phenomenological description. Ultimately, it may be instructive
significantly negative. As the temperature increases, the therma/nd practically use“fu.l to ”},/ to determine how much O‘T. each
distribution shifts to higher energies, an@E[{(Ey) gets product is formed “directly” and how much is formed “indi-

increasingly smaller in magnitude until it becomes zero at "€Ctly” in cases such as this ofie.
approximately 2000 K. However, let us focus attention on the
curves forT = 1850 K, which is just 150 K past the stabilization
limit for fulvene described above. At this temperature, the peak In the present article we have discussed at some length the
in the thermal distribution is &t ~ —45 kcal/mol, which is recombination reaction between two propargyl radicals. The
only 7 kcal/mol below the isomerization barrier, and the principal basis of our discussion is the solution of the time-
equilibrium population aE = Ey; is greater than 90% of the  dependent, multiple-well master equation using the BAC-MP4
peak. The ultimate function of collisions is to try to establish potential energy surface and microcanonical (RRKM) rate
(or maintain) the equilibrium distribution, but under such coefficients calculated from it. Several interesting and important
conditions, rapid isomerization from a large fraction of the high results emerge from the analysis.
energy wing causes complexes with those energies to react on 1. The thermal rate coefficiek{T,p) drops off precipitously
a time scale that is much smaller than that for reactant decay.at high temperature, independent of the pressure. One can
In such cases, where the “stabilization bottleneck” (REC= identify three different temperature regimes for the rate coef-
0 point) approaches the isomerization limit, isomerization ficient. (i) T < 500 K. In this rangek(T,p) ~ k«(T) for all
becomes a nearly infinite sink for complexes, at least as long pressures. (ii) 500 k& T < 2000 K. The thermal rate coefficient
as chemical equilibrium favors the products. This situation has here is a function of pressure, as one might normally expect.
been described in slightly different terms previously by Mifler.  (iii) T = 2000 K. AtT = 2000 K, all thek(T,p) curves coalesce
One should not get the idea that every stabilization limit is into ko(T), the rate coefficient at the collisionless limit. This is

Concluding Remarks
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the same effect we observed previously in our investigations

of the GHs + O, and GH3 + C,H, reactions. We call this

J. Phys. Chem. A, Vol. 105, No. 30, 2001265

(14) Atakan, B.; Hartlieb, A. T.; Brand, J.; Kohse-idghaus, K.Proc.
Combust. Inst1998 27, 435.
(15) DouteC.; Delfau, J.-L.; Vovelle, CComb. Sci. Technol994 103

temperature the “coalescence temperature.” The situation occurg gz 173,

when all the recombination products reach their “stabilization

(16) Pope, C. J.; Miller, J. A., “Exploring Old and New Benzene

limits,” a condition discussed at length in the paper. Our Formation Pathways in Low-Pressure Premixed Flames of Aliphatic Fuels,”

predictions ofk(T,p) are in good agreement with experiment,

Proc. Combust. Ins200Q 28, 1579-1528.
(17) Castaldi, M. J.; Marinov, N. M.; Melius, C. F.; Hwang, J.; Senkan,

even though there are not very many experiments with which s m.: pitz, w. J.: Westbrook, C. Keroc. Combust. InstL996 26, 693

to compare.
2. The product distributions far < 800 K are relatively easy

to understand from conventional reasoning. The importance of

702.

(18) Marinov, N. M.; Pitz, W. J.; Westbrook, C. K.; Castaldi, M. J.;
Senkan, S. MCombust. Sci. Technal996 116/117 211.

(19) Melius, C. F.; Colvin, M. E.; Marinov, N. M.; Pitz, W. J.; Senkan,

a particular product at any pressure is determined by its positionS. M. Proc. Combust. InstL996 26, 685-692.

along the reaction path and its RRKM lifetime. Fbr= 800
K, the various branching fractions(i = I, ..., VII) begin to

(20) Miller, J. A.; Volponi, J. V.; Pauwels, J.-Eombust. Flamé&996
105 451-461.
(21) Pauwels, J.-F.; Volponi, J. V.; Miller, J. £ombust. Sci. Technol.

drop to zero with relatively small increases in temperature, a 1995 110-111, 249-276.

consequence of each isomer individually reaching its stabiliza-

tion limit. For T > 1200 K, only fulvene, benzene, and phenyl

+ H are significant products; above 1700 K only benzene and

(22) Miller, J. A.; Melius, C. F.Combust. Flamed 992 91, 21—39.

(23) Melius, C. F.; Miller, J. A.; Evleth, E. MProc. Combust. Inst.
1992 24, 621-628.

(24) Davis, S. G.; Law, C. K.; Wang, Hroc. Combust. Inst1998

phenyl+ H are important, and above 2000 K the only product 27, 305-312.

is phenyl+ H.
3. Interpreting the master equation results in term&,athe

“transition matrix,” is very interesting and instructive. Consistent gg3.

(25) Stein, S. E.; Walker, J. A.; Suryan, M.; Fahr, Proc. Combust.
Inst. 199Q 23, 85-90.
(26) Slagle, I. R.; Gutman, DProc. Combust. Inst1986 21, 875~

with the idea that the slow normal modes of relaxation (27) Atkinson, D. B.; Hudgens, J. W. Phys. Chem. A999 103 4242~
correspond to chemical reaction, it is possible to identify each 42?35-3) WU C. - Kern. R. DJ. Phys. Chemi987 91. 62916296
transition state with an eigenvalue/eigenvector pair, usually on 1R D e O TS b :

(29) Kern, R. D.; Singh, H. J.; Wu, C. Hnt. J. Chem. Kinet198§ 20,

a one-to-one basis. However, in the present case the threer31-747.

transition states corresponding to the three ways two propargyl
radicals can come together all correlate with one eigenvalue,

(30) Harkless, J. A. W.; Lester, W. A. Chem. Phy200Q 113 2680—

(31) Bauschlicher, C. W., Jr.; Langhoff, S. Bhem. Phys. Letfl992

Ag. The chemically significant eigenvalues, eight in the present 193 380-38s5.
case, are the algebraically largest ones (i.e., the least negative). (32) Mebel, A. M.; Lin, S. H.; Yang, X. M.; Lee, Y. TJ. Phys. Chem.

At sufficiently low temperatures, these eigenvalues are the

A 1997 101, 6781-6789.
(33) Madden, L. K.; Mebel, A. M.; Lin, M. C.; Melius, C. K. Phys.

“fundamental relaxation rates” for particular isomerization or o4 Chem.1996 9, 801-810.

dissociation/recombination reactions, e.g., benzenilvene
and benzene— phenyl + H. As the temperature increases,

crossings and “avoided crossings” of the eigenvalue curves o

(34) Bettinger, H. F.; Schreiner, P. R.; Schaeffer, H. F., Ill; Schleyer,
P. V. R.J. Am. Chem. S0d.998 120, 5741-5750.
(35) Miller, J. A.; Klippenstein, S. d. Phys. Chem. 200Q 104, 2061

appear, and the simple low-temperature interpretation may no (3('3) Varshni, V. PRev. Mod. Phys1957, 29, 640-683.

longer apply. In the case of avoided crossings Kfigp) curve

(37) Klippenstein, S. JJ. Phys. Chem1994 98, 11459-11464 and

jumps from one eigenvalue to the other, indicating that control references therein.

of the overall rate has shifted from one transition state to another. 55
Such shifts are triggered by reaching the stabilization limits (and
equilibration) of all the isomers along the reaction path that lie

ahead of the transition state to which control is being transferred.
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