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Complex chemical reactions in the gas phase can be decomposed into a network of elef@entary
unimolecular and bimolecularsteps which may involve multiple reactant channels, multiple
intermediates, and multiple products. The modeling of such reactions involves describing the
molecular species and their transformation by reaction at a detailed level. Here we focus on a
detailed modeling of the GP) +allene (GH,) reaction, for which molecular beam experiments

and theoretical calculations have previously been performed. In our previous calculations, product
branching ratios for a nonrotating isomerizing unimolecular system were predicted. We extend the
previous calculations to predict absolute unimolecular rate coefficients and branching ratios using
microcanonical variational transition state theofy-VTST) with full energy and angular
momentum resolution. Our calculation of the initial capture rate is facilitated by systeahdtidtio
potential energy surface calculations that describe the interaction potential between carbon and
allene as a function of the angle of attack. Furthermore, the chemical kinetic scheme is enhanced to
explicitly treat the entrance channels in terms of a predicted overall input flux and also to allow for
the possibility of redissociation via the entrance channels. Thus, the computation of total
bimolecular reaction rates and partial capture rates is now possib2002 American Institute of
Physics. [DOI: 10.1063/1.1506307

I. INTRODUCTION of the angle of attack. This approach goes beyond the as-
sumptions inherent in simpler anisotropic modasy., free
This paper presents results of our new study of theotor and CSHRRef. 7] and calculates the anisotropy for
C(®P)+allene (GH,) reaction, for which experiments and the entrance channel based on an expéibitinitio model of
theoretical calculations have previously been performéd. the PES.

In the previous modeling, product branching ratios for a non-  Our motivation for this project is to understand the de-
rotating isomerizing unimolecular system were prediéted. tailed reaction dynamics of complex reactions in the gas
In the current study, we have substantially extended th@hase at a energy and angular momentuJ) resolved
previous calculations in order to predict absolute unimolecutevel. We then are able to predict both detailed quantities

lar rate coefficients and branching ratios using microcanonisuch ask,J-resolved product branching ratidg,(E,J) as

cal variational transition state theofyVTST) (Refs. 4-6  well as averaged quantities of interest such as thermal bimo-
with full energy and angular momentuni (J) resolution®  |ecular rate coefficients(T). Our goal is to construct a sys-
The chemical kinetic scheme for the overall reaction is entematic theoretical treatment for such complex reactiotes,
hanced to explicitly treat the entrance channels in terms of goal indeed shared by other research grdtip®.

predicted overall input flux and also to allow for the possi- Complex chemical reaction@t least in the gas phase
bility of redissociation via the entrance channels. Our calcucan be decomposed into a network of elementary., uni-
lation of the initial capture rate is facilitated by systematic molecular and bimolecularsteps which may involve mul-
potential energy surfacdES calculations that describe the tiple reactant channels, multiple intermediates, and multiple
interaction potential between carbon and allene as a functio§roducts_ To each elementary ste@TST is then applied to
variationally predict the sum of stat&¥(E,J) and the uni-
aElectronic mail: Harold.Schranz@adfa.edu.au; Current address: School dnolecular rate coefficierik(E,J) and thus properly account
Chemistry, University Colleg€UNSW), Australian Defense Force Acad- for angular momentum conservatidthereby going beyond

,emy, Canberra ACT 2600, Australia. the usual microcanonical RRKM treatment in terms of just
Electronic mail: S.Smith@chemistry.ug.edu.au

9Electronic mail: mebel@po.iams.sinica.edu.tw E_). Improvements over previous approache_s include a more
9Electronic mail: hcshaw@po.iams.sinica.edu.tw rigorous treatment of transitional modes via use ofam
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initio PES and being able to variationally minimize the reac- A
tive flux with respect tdin principle) better definitions of the of
(generalizetireaction coordinat@.

A significant impetus to our goals is the considerable
data provided by recent sophisticated experiments on a wide
variety of complex reaction systems, e.g. B)+ C3H, (al-
lene and propyne C,+C,H,, O+SiH,;, O+ CHsF,
O(*D) + CH,.17316-18For the present study we begin with
our title system: C{P) + allene (GH,).

The C@P)+allene (GH,) reaction is an example of a -0
class of hydrocarbon radical reactions that are of major im-
portance in combustion chemistd?° atmospheric
chemistry* and astrochemisti? It involves likely reaction T
pathways for formation of/n-C,H; isomers(implicated in FG. 1. Trilet GH. PES oath Erercies include th '
aromatic ring formation in combuspﬁnnSome of the re;l- o d.wérengs(teitm(gt;d using?:\ewgﬁt cn,(:/:glgsrr:gfh% d‘zée? 223;? point energy
evant(crossed molecular bearmexperiments and theoretical
(ab initio and RRKM calculations performed at the IAMS
on the CP) +allene (GH,) system are described in Refs.
1-3.

In the following sections we briefly describe the®@]
+allene (GH,) system, in terms of the PES pathways be-
tween reactants, intermediates and products. dihéanitio
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reaction channel is formation of produpfi (n-C,H3) via
the intermediate isomee (triplet butatrieng whereas prod-
uct p2 (i-C4H3) is formed in only minor amountgabout
1%). Thei2 isomer represents the global minimum of the

PES calculations for the entrance channel are presented. Aleet C_:4H4 PES and is bound by 96.7 kcal/rr_1@04.6 kJf
ol) with respect to the reactants. It can emit a H-atom to

enhanced chemical kinetic scheme for the overall reaction i . . .
orm pl or undergo 41,2]-H migration to formi7 (a C,H,

truct I .Th licati TSTt ic- . . .
constructed and solved. The application.afTST to predic somep which can either fragment to forml or p2. A much

tion of the elementary rate constants is described. The com

putation of the typical time evolution of the system and theMore minor pathway beginning wiil8 involves ring closure

calculation of branching ratios and total bimolecular reaction’'2 @ tight transition state with a S|gn|f!cant forward b_arrler
£65.7 kJ/mol to form the ¢H, isomeri6 which can ring

rates is presented and discussed. Concluding remarks a? . ) .
made in tphe final section g open via a barrier of 50.6 kJ/mol to form¥. Much more

detail on the intermediate species can be found in the previ-
ous work??3
Il. THE TRIPLET C4H, POTENTIAL ENERGY

SURFACE B. Ab Initio PES for anharmonic (transitional ) modes

A. Major species and pathways One aim of the current project is to incorporate revers-

The geometries and energies of various isomers of tripleble flux in the entrance channel into the chemical kinetic
C,H,, transition states and dissociation products have beescheme of Ref. 2. Thus, in our code, UNIRATRhe calcu-
calculated in a previous study. The geometries in that study lation has been updated to allow for the incorporation of the
were optimized using the hybrid density functional B3LYP anisotropy for the entrance channel based on an explirit
method® with the 6-311G(,p) basis set. Energies were es- initio model of the PES. It is this more sophisticated treat-
timated using the higher level GARCC,MP2 method®* ment that is described below.

The major triplet GH, PES pathways are shown in Fig. As with the previous calculatiorfs: our newab initio
1. For brevity, we give here just a brief description of thecalculations were performed via a density functional theory
PES pathways as a detailed representation and discussion(BFT) approach, B3LYP/6-311% , using theGAUSSIAN 98
given in the previous work? The significant intermediate program?® In the present calculations, PES scans over the
species for the primary reaction pathways producing the manternal coordinatesR, 6, ¢), described in Fig. @), were
jor productpl and minor producp2 areil,i3,i2, andi7.  performed with all other coordinates frozen at the equilib-
There are two possible entrance channels, both without arium allene configuration. This approximation was necessary
entrance barrier. The major channel involves attack of théo keep the amount oéb initio calculation tractable and
incoming carbon atom on either of the allenic double bondshould suffice for the purpose of estimating the anisotropy
to form speciesil, a cyclic isomer(a triplet cyclopropy- for the entrance channel. The grid of potential energies used
lidene derivativewhich is stabilized by 63.4 kcal/m¢R65.3  covers center of mass separationdRef 3.0-6.0 A at inter-
kJ/mo) with respect to the reactants. The minor entrancevals of 0.2 A and the angleg and ¢ are sampled at 10°
channel involves an attack of the incoming carbon on thentervals over the range 0-90°.
central allenic carbon to form specie% a branched isomer Samples of the PES(R, 6,¢) are shown for a center-
(a triplet diradical which is stabilized by 46.1 kcal/mol of-mass separation d®=3.0 and 4.0 A in Figs. ®) and
(192.9 kJ/mol with respect to the reactants. Previous calcu-2(c). The repulsion felt by the incoming carbon atom by one
lationg indicate that the specié8 quickly converts to spe- of the allene hydrogens is clearly seen in Fith)Zor angles
ciesil (due to a small barrier of 12.6 kJ/maind the major of approach of ~30°, $~0°) whereas attractive interaction
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R = distance C9-C2
6 = angle C9-C2-C3
¢ = dihedral C9-C2-C3-X1
0 = dihedral X1-C2-C3-H5
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FIG. 3. MEPab initio points and stiff Morse fit.
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When calculating the microcanonical rate coefficient
k(E,J) (as described in Sec. MMor the loose G-allene

5008 entrance/exit channels at low values of the enefgwynd
-5000 angular momentund, the variationally determined transition
state location lies at large separatidRsvhich may exceed
the range of ourb initio based PES. To remedy this, exten-
sion of the PES for center-of-mass separati@rizeyond 6.0
A was achieved by estimating the minimum energy path
(MEP) for the C+allene entrance channel and using this in-
formation to apply a damping function to the existing PES to
yield an asymptotically flat PES at long separatiéhs

Firstly, the MEP was estimated by fitting B3LYP/
6-311G™ DFT calculations at the longer center-of-mass
separations oR=4.0-10.0 A as well as the minimum en-
ergy for entrance channel specidsatR=1.4 A. Fits were
performed on the scaleab initio energieqscaled by 0.9266
for B3LYP relative to G2M at the minimujrfor consistency
with the scaled PES potential. The fitted MEP was repre-
sented by a Stiff Morse functional form over the rarige
<R<R|y with

Viep(R) =Def1—exf — B(R)]}*~ De, ()

FIG. 2. (a) Definition of the coordinatesR;, 6, ¢) and the frozen dihedral M

(zero angle¢ used in the present calculations or-C3H, (allene. (b) The R)= (R—R.)! 2
PESV(R,0,¢)/cm ! at a separation oR=3.0 A for C+C3H, (allene B(R) 21 ai( o) 2
based orab initio calculations generated witbaussian 98 (c) As in (b) but i o

at a separation dR=4.0 A. The chosen parameters and fitted coefficients for the MEP

are D,=65.75 kcal/mo22996 cm, R.=1.4 A, R u
=19.4 A, and theM=5 least squares fitted coefficients
a;=1.004255, a,=0.526404, a3=-0.121679, a4

results from approach angles 6f~40-90%, $=~909), re- 5 119974 3 — —0.000214. The fitted MEP is shown in

flecting the potential for bonding to the allenic double bondFi 3
or the central carbon atom. The PBXR;,6,¢) for each g o . : .

; . . Using a damping function based on the decay function
separatiorR; , obtained above, were interpolated at each re- ) ) S

! . . B(R) from the fitted MEP Stiff Morse function in Eq1l) the
quired separatiomR to yield a PESV(R, 6,¢). For current .
. - . __asymptotically damped PES can be formulated as

purposes, it was found sufficient and robust to use linear

interpolation. V(R,6,¢)={V(Rcux 0, ¢) — Vyep(Rewx)}
These B3LYP/6-3118 energies were corrected by a
simple scale factor, based on the difference between the xexd — B(R) + B(Rewx) ]+ Vver(R), (3)

B3LYP/6-311G™* DFT and higher level G2M predictions for where Rgyx=6 A is the maximum center-of-mass separa-
the well depth of thel species with respect to the reactantstion R at which theab initio PES is available. For consis-
(C+allene, 70.96 and 65.75 kcal/mol, respectively. The re-tency, the exponential damping term is set to zero Ror
sulting scale factor of 0.9266 was applied to the B3LYP/>R, s, beyond which point the PES is essentially flat.
6-311G™ DFT energies to yield the final PES used in our This PES model of the entrance channel is used also for
calculations. the exit channels leading to dissociation of tiie andi3
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f; - d[i6
C+C3H4"3‘ i3 %=k12[i3]—(k,12+k,lg)[i6]+k13[i7], )
Kis A
dli7] ] ]
T: k2[|2]+ k,13[|6]_(k,2+ k,5+ k3+ k4+ k13)
X[i7]+ks[i8], (8)
k
10 d[i8] . | |
Tzk,5[|7]_(k5+ k6+ k7+ k,8)|:|8]+k8[|9],
C)
dlio] ) )
oy —ar =k ali8] (kg ko)[i9], (10
i1 [
C+ C3H4T i1 whence the original chemical kinetic scheme of Ref. 2 is

i recovered fok _;;=k_;3=0.

FIG. 4. Enhanced chemical kinetic scheme. Since it is not easily possible to separate the overall in-
put flux into contributions for each entrance channel species
i1 andi3 we simply calculate the overall input fluk based

species except that in the latter case a shallower well deptf SPeCiesl andsg)erform calculations using a tuning param-
of D.=48.44 kcal/mok 16942 cm® is employed. These eter parameter.®® On the basis of transition state thedry,
well depths, correspond to the difference betweéninitio W€ can assume that the total input flxat eactE, J level is
energies with zero-point energies subtracted, calculated &OPortional toW(E,J). The total input flux be- can thus
the G2M level as depicted in Fig. 1. be expressed as the sum of the two individual fluxes

In the wVTST calculations, the location of the variation- _ _

. (. o F f|1+f|3 (11)

ally determined transition states stayed well within the range
2.0<R<11.5 A. In addition, theuVTST rate coefficient so that each each entrance channel has an individual flux in
was found not be be sensitive to the valueRyj,x . These  terms of the tuning paramete;
observations indicate that the the current level of sophistica-

tion of the PES is more than adequate. fiyaW(E,J), (12
fizo(1—a)W(E,J), (13

IIl. ENHANCED CHEMICAL KINETIC SCHEME with a constant of proportionality related to the statistical

A. Solution weight of theE,J level. Merely for the purposes of obtaining

a thermal bimolecular rate coefficiek{T) (and not thereby
The original chemical kinetic scheme used in the previ-making any assumptions about the experimental conditions
ous work on the C{P) +allene (GH,) system is depicted in  studied in Ref. 2we will assume a thermal input distribution
Fig. 15 of Ref. 2. In this treatment, the total input flExwvas  so that the above fluxes will get a Boltzmann weighting. The

unknown and the possibility of species andi3 dissociat-  calculation of the thermal bimolecular rate coefficié(T)
ing via the entrance channel was disregarded. Thus, onlyg further discussed in Sec. IV B.

relative branching ratios could be calculated and not total  Since we are assuming collision free conditions, the spe-
bimolecular reaction rates and partial capture rates. cies begin and remain on a fixdglJ level. Thus, the rate

In the current work, the chemical kinetic scheme haSequationS for the interconversion of species on eBgh
now been enhanced, as shown in Fig. 4, to allow for a theotevel can be cast into matrix form as
retically predicted overall input flu and also to allow for
the possibility of redissociation via the entrance channels. dp

The corresponding rate equations are dt Kp+f, (14
d[ditl] = — (K 1ot ky—k_p)[i1] where the population vector for the intermediates
, , p=(Li1].[i2],[i3],[i6].[i7],[i8].[i9]), (15
+k_qq[i2]+kyi3]+Fiq, (4) . o
drin the input flux vectorionly nonzero for the starting interme-
| . i .
%=k1][i1]—(k1+k2+k_lj)[i2]+k_2[i7], 5) diatesil andi3),
f=(f1,03,0,0,0,0, (16)
dli3] , .
T=k—1o[ll]—(k10+ Kio—K_i3)[i3] but now the corresponding rate matii is updated to ac-
count for the reverse dissociatioffiate constantk;; and
+k_1Ji6]+fi3, (6)  kj3) for the entrance channels
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. k4 K
—ky, k|, ko 0 0 0 0

—k_p
—k,
ki, —k, 0 0 k_, 0 0
—k_1
—kig
k_1o 0 —kys k_1 0 0 0
—k_j3
—k_1;
0 0 ki> kis 0 0
K— —k_13
—k_
—k_s
0 ks 0 k_ i3 — ks ks 0
—k,
—ki3
—ks
0 0 0 0 k_s —kg kg
—kq
—k_g
—k_g
0 0 0 0 0 k_g
. —ky )

At eachE,J we have to solve a microcanonical Master For the current system all eigenvalues Kfare negative
Equation corresponding to the low pressieellision free definite (all populations of the intermediates eventually de-
limit. 22 Typical speaking, this involves solving2000 7X7  cay irreversibly to zerpand in the long time limitf— o,
matrix equations. Using the sank€E,J) data resolution a >
similar full pressure dependent solutidimcorporating ef- p(oo):f dsexg K(t—s)]f (19
fects of collision$ would involve the solution of a 14 000 0
%14 000 matrix equation for each pressure. This sort of morg hich (assuming a time-independent input fléixyields a
sophisticated calculatidi’ is unnecessary for our present formal solution of the form
purposes but worthy of future effort. ’

It is possible to formally solve this matrix equation for ~ P()=—K™*f. (20)
the steady s_tatdp/dt =0 _so_that tr_le stea(_zly state populationsyye could go further and solve the eigenproblem for the rate
may be derived by matrix inversioasK is nonsingula®)  matrixK to expand the temporal evolution of the populations

p in terms of the eigenvalues and eigenvector& pbut this
p()=—K™ . (170  is not necessary for present purposes. The initial conditions
for our purposes will be such that the initial populations of
otthe intermediatep(0) are identically zero and there is a non-

The solutions obtained have been fully checked by use ; X . b 1
zero time independent input flukforming i1 andi3. We

MATHEMATICA ,%8 stochastic simulatiof and direct integra- <19 Per _ d1s.
will find that this input flux is transformed by kinetic pro-

tion techniques? _ heARi
Another approach is to employ the Integrating Factorcesses into output fluxes that can be subdivided in terms of

method for solving O.D.E.’s obtaining a formal solution of branching ratios via various pathways to the various products

the temporal evolution of the populatiopét), pll anq 92. For the purpose of determining sugh b.ranching
ratios it is also possible to solve the chemical kinetic system

in terms of a zero input fluk and set the initial populations

p(t)=exr[Kt]p(0)+jtdsexp[K(t—s)]f. (18) of the intermediatep(0) to represent the proportions of
0 population formed a$l andi3. In this case the branching
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FIG. 5. Sum of state®/(E,J) for variational transition state for bimolecular
entrance channel €C;H, (allene)—il.
(b) 100 [
ratios can be determined from the integrated product yields 101 L
and the values obtained will be identical to those from the
current approach. S 102L
. : . 5
B. Time evolution of the unimolecular system 3
. . . . O 103
If we treat the chemical kinetic system as a unimolecular a 107k ¢
reaction system, with initial populationX,i3) it is possible 104

to obtain time resolved branching ratios from a time evolu-
tion of the system. Given long enough time, the system
should evolve such that the same branching ra@sspopu- 10°
lation ratiog are obtained as predicted by a steady state so-

lution for long times(Fig. 5). Additionally one can fit the

time evolution of the production of produgil, approxi-  ° 100
mately as a single exponential process, and obtain approxi-
mate effective rate constantgs and half-timesry,, for the 107}
production ofpl. This information is tabulated in Table Xl -
and some sample time evolutions using elementary rate con- 2102
stantsk(E,J) with J=0 are given in Fig. 6 for a collision -
energy of 19.6 kJ/mdi424.4 kJ/mot101.38 kcal/mol above §_’ 103 L
the zero-point level of thé2 intermediatg

It is abundantly clear from an examination of Fig. 6, that 104l §
the time evolution of reactants proceeds largely via the inter-
mediatei 2, regardless of the initial compositionl(i3). In 105

fact, 2 is always important and? is clearly becoming less
important, consistent witlpl being the major product and
p2 being a much more minor product, as the initial popula-gg, 6. Time evolution of unimolecular kinetic system calculated with mi-
tion of il is increased. crocanonical rate constantskat 0 andE = 101.38 kcal/moli(a) initial com-

The effect of reversibility, in allowing for redissociation position (1,3)=(0,1), (b) initial composition (1,i3)=(0.5,0.5),(c) initial
of i1 andi3 species via the entrance channels into reactarfi®mposition (1i3)=(1,0).
species G-allene(species é-a in Figs. 6, is relatively mi-
nor but becomes more important as the collision energy is
increased or as the initial flux into th8 entrance channel is
increased. This behavior is a consequence of the lower weflystem has an input fluxor fluxes to form the two initial
depth for thei3 species relative to thiel species. However, intermediatesl andi3 and then these species can intercon-
for the present system, thi& entrance channel is likely to be Vert and convert to other intermediates on the way to finally
the dominant one and so the effect of neglecting/treating reand irreversibly form products. In the present system the

versibility in the entrance is negligible except at very highparametera can be tuned to measure the response of the
collision energies. chemical kinetic system in terms of product yields given a

certain total input flux=.

The most obvious way to define a branching ratio is in
terms of the overall fluxf(—P) and partial fluxesf(l

In order to calculate the branching ratios it is necessary— P) to form products? which we can determine from the
to carefully define what is meant by a branching rati@he  kinetic scheme. For the formation of prodyst the fluxes
current kinetic schemdresembling a chemical activation are

Time/ps

C. Branching ratios
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f(i2—pl)=k,[i2], (21) Essentially the same trends seen above are seen more clearly
) ) with the comparisons between the previous w@Ref. 2,
f(i7—pl)=k[i7], (22 the traditional RRKM and the UNIRATEJ=0) results in
f(18—p1)=kg[i8], (23) Tables VI, \/II, and VIII-X. As the ratia 1:i3 is increased,
the proportion of produgpl increases.
f(i9—pl)=Kkq[i9], (24 Unlike traditional RRKM codes UNIRATE code has the

o . . . ability to generate energy and angular momentum resolved
(=P =kili2]+ke[i 7]+ kel 18] +kq[i9], 29 elementary rate constark$E,J) which we can thus convert
and for the formation of produgi2 the fluxes are to energy and angular momentum resolved branching ratios.

These results are given in Table V, and Tables VIII-XI.

F(i7—p2)=ki[i7], (26 The branching ratios appear insensitive to variations in
f(i8—p2)=k,[i8], (27 angular momentum. Part of this insensitivity is likely due to

) ] cancellations in the branching ratios. The general trend is

f(—=p2)=ky[i7]+ks[i8]. (28 such that the branching ratios are consistent with those cal-
Thus, partial and overall branching ratios may be definegulated by the traditional RRKM approach. The primary
relative to the total input flug, productpl accounts for at least 97% of the initial flux, re-

_ _ gardless of initial compositioni {,i3).
b(i2—pl)=f(i2—pl)/F, (29 The branching ratios for formation of produgig (ma-
b(i7—pl)=f(i7—pl)/F, (30) jor produc) andp2 (minor product are shown in Figs. 7 and

8 for tuning parameter values af=0, 0.5, and 1.0. Even if
b(i8—pl)=f(i8—pl)/F, (3D all of the total input flux is entering via the3 entrance
b(i9—p1)=f(i9—p1)/F, 32 channel(a=0) this only enhances the formation of product

p2 by a few percent. This is due to the rapid interconversion
b(—pl)=f(—pl)/F, (33 toil and then a facile conversion to prodyzt via the
intermediate isomer2. More interesting is the effect of re-
(34) versibility in the entrance channel upon tp& branching

b(i7—p2)=f(i7—p2)/F (35) ratio; at higher energieE>110 kcal/mol(collision energies
' above 59 kJ/molfor «=0 about 15% of the flux redissoci-
b(i8—p2)=1(i8—p2)/F, (36)  ates. Asa is tuned towards unity, more of the input flux is

entering by tha1 channel and the formation of prodyst
b(—p2)=1(—p2)/F. 37 " is enhanced by a few percent at the expense of propict
In Ref. 2 another definition of branching ratio was em-and at the expense of a much lower redissociation probabil-
ployed, relative to the total product yield @2. However, ity.
since the yield(flux) of p2 f(—p2) is very low, ratios in-
volving it are, statistically speaking, highly unstable quanti-
ties to calculate and it would be more prudent to display th
results as branching ratios referenced to the total input flux.
It should be noted that, for the original chemical kinetic A. Energy and angular momentum resolved
scheme of Ref. 2 which disallows redissociatiok_{;  €lementary rate constants

=k_i3=0), at steady state the input flux must equal the |5 order to proceed with the modeling of the enhanced
output flux, kinetic scheme depicted in Fig. 4 and described in Sec. Il it
F=f+fs=f(—pl)+f(—p2) (38) Wwas necessary to estimate the elementary rate constants

) ) ki,Ko,... Kk g,Kg,k_j1,k_i3 in the rate matriX<. We do this
since there are no other sources and sinks. Thus, knowledgg; ihe TST theor;‘),“*

of F and the ratiof (— p1)/f(—p2) allows the calculation
of f(—pl) and f(—p2) and the total branching ratios K(E.J)= W(E,J)
f(—pl) andf(—p2) can be recovered from the results in ' hp(E,J)"

Tables IV-VI of Ref. 2. . - .
. . For 20 of the elementary steps which have explicit barriers
Using the steady state populatiop&=) from Eq. (20 a(ll4 isomerizations and 6 eliminationsan be treated by tight

we may calculate branching ratios referenced to the tot . : :
input flux for each product species. For example, by suminS-T- theory (flux minimizes _at the barrigrto yield rate _
: ’ coefficientsk(E,J). However, in the current enhanced ki-

ming over the fluxes at eadh,J which yield either product netic scheme the two loose entrance channelig

p1 or p2 we have the respective branching ratios recombination/fissionare explicitly treated. A proper treat-
bp1(E,J) =Kypia() +kapiz(©) +Kepig(%) +Kgpig(), ment requireu-VTST with the fluxW(E,J)/h variationally
(39 minimized as a function of the reaction coordinate. For the
B present calculation, we simply choose the reaction coordi-
bp2(E,J) =Kapiz(>) Tk7pig(%). 40 hate to be the center-of-mass separation of fragments. How-
In terms of branching ratios relative to the total input ever, our theoretical approach, as implemented in our
flux, (as defined aboyeesults are presented in Tables V—XI. UNIRATE code?® allows for more generalized reaction co-

V. MICROCANONICAL VARIATIONAL TRANSITION
TATE THEORY

(41)
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B

(1,0).

(0,1), (b) initial composition (1

¢ and for a range of angular momenturd,

neigborhood of the collision energies studied in the previous
160 which covers most of the range of the rotational
peak in the overall angular momentum distribution.
theil channel predictions partitioned between each entrance
For the loose entrance channels a number of models of

predict sums of statéd/(E,J) and unimolecular rate coeffi-

FIG. 8. Branching ratid,,(E,J) for formation of productp2: (a) initial
cientsk(E,J) for each elementary step.

composition {1,i3)
initial composition (1,i3)

(0.5,0.5), (0)

b) initial composition (1,i3)

(
(1,0).

p1(E,J) for formation of productpl: (a) initial

1)

©

i3)

To generate the required set of elementary rate constantslculation

using our UNIRATE packag®, the corresponding set of mo- =0—

lecular and transition state frequenci@s cm %) and rota-

ordinates. Details of the theoretical foundations of thecalculation of the microcanonical rate coeffici&(E,J) was
The energy and angular momentum resolved UNIRATE

UNIRATE package and further ongoing work can be foundrun for a range of energieB focusing on energies in the

in Refs. 6.
lowest energy intermediai® and the statistical calculations were similarly calculated to satisfy detailed balance. These

(UNIRATE) for each intermediate were matched so that theycalculations are facilitated by using the UNIRATE c6ti®

were run at the same total energgollision energy with

tional constants were based on those used in Ref. 3. The The total input fluxF in Eg. (11) was estimated using
respect to the lowest energy intermedig2e

critical energie€, were obtained from the energién kcal/
mol) displayed in Fig. 2 of Ref. 3 and Fig. 9 of Ref. 2. All channel as given in Eq12). The reverse dissociation uni-

energies of the intermediates were referenced to that of theolecular rate coefficients(E,J) for each entrance channel

FIG. 7. Branching ratid

composition {1
initial composition (1,i3)
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The C(®P)+allene reaction system 9

the transition state are available. The simplest level assumé@4BLE |. Temperature dependence of the total thermal bimolecular reaction

free rotors in the loose transition state. A more sophisticate

calculation, employs full Monte Carlo integration for the

sum of states, with nonbonded interactions modeled by

te coefficienk(T)/1071° cm? s~ for various models of the anisotropy in
the entrance channel: Free, free rotor; CSHR, coupled sinusoidally hindered
rotor; PES, based on thab initio surface.

Lennard-Jones potentials, and the anisotropic potential mod-  T/K Free CSHR PES
eled by the Coupled Sinusoidally Hindered Rot@SHR 50 1.75 1.50 1.33
model’” Our most sophisticated calculations, however go be- 75 2.59 2.23 2.03
yond this approach by allowing for the calculation of the 100 321 2.79 2.57
anisotropy for the entrance channel based on an expliit 150 .86 3.51 3.28
initio (DFT derived model of the potential energy surface ggg g'gg Z'Zg i;g
(discussed above in Sec. I)Brhe bulk of calculations pre- 400 547 466 461
sented here use this more sophisticated model, unless other- 500 5.79 4.78 4.88
wise stated. 600 6.07 4.84 5.10

700 6.30 4.86 5.28

The potential importance of explicitly accounting for the

energy and angular momentum dependence of unimolecular

a
Flux {(Normalised)

CO0000000
[Sl=i=l=i=l=t=tt=)
OIRBEOOIRO
LI e e e

Flux {Normalised)

0.014
0.012
0.01
0.008
0.006
0.004
0.002
0

Flux {(Normalised)

0.003

0.0025 |

0.002 | AN

0.0015 | /"‘s\\ W\

0.001 | /1 \\\\\\\\\

o.ooog - Q \‘\\\\ \\\&\\\\ =
L NS

SRR

2075 OSSR

710
495 o100 105 Ekealimol)

FIG. 9. Reaction flux distribution for formation of produgt for «=0.0:
(@) at T=100 K, (b) at T=300 K, (c) at T=700 K.
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rate coefficients is shown in Fig. 5 of the sum of states
W(E,J) for the bimolecular entrance channel+CsH,
(allene)—il. There is significant] dependence present
which would be ignored in a simpl&-dependent RRKM
calculation. This dependence could lead to significant effects
on the total thermal bimolecular rate coefficidi) though
observed differences may be less due to the results of ther-
mal averaging.

B. Thermal rate coefficients

Since the current theoretical approach now estimates the
total input flux it is now possible to compute total reaction
rates and partial capture rates. The total thermal bimolecular
reaction rate coefficient can be readily computed as

1 0 o0
k(T)=—J’ dEJ dJ WE,J)e FE, (42
hQ Jo 0
whereQ is the partition function for the incoming fragments.

The thermal capture rate coefficient for prodpdt is given
in terms of the branching ratiby,(E,J) by

1 00 ©
Kpr(T) = h_Qjo dE fo dJWE,J)e #Eb, (E,J).

(43
Thermal branching ratios can be computed from the ratios
kpl(T)
bpa(T)= T (44)

Corresponding expressions fios,(T) andby,(T) apply for
productp?2.

Reaction flux distributions, essentially the normalized
integrand in Eq(43), are shown in Fig. 9 for temperatures of
T=100, 300, and 700 K. Clearly, at low temperatures, sig-
nificant contributions to the thermal rate coefficient only
arise for low energiesE~97-100 kcal/mol (where the
threshold energy is 96.7 kcal/mand forJ~10-80.

The temperature dependence of the total thermal bimo-
lecular coefficientk(T) for the entrance channel of €R)
+allene (GH,) is shown in Table | and Fig. 10 for a number
of models of the anisotropy. The simplest modklbeled
Free ignores the anisotropy and assumes free rotors in the
loose transition state. An empirical modéhbeled CSHR
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7 10-10 TABLE Il. Temperature dependence of the total thermal bimolecular reac-
tion rate coefficienk(T)/107° cn® s™! based on experimental results of
6 10-10 Chastainget al. (Refs. 33, 34 (T=15-295 K) and Husaiet al. (Ref. 35
L (T=300 K) compared with theoretical predictions based onaheinitio
PES in the present work.
= 51010
‘:(,n T/IK Experiment Theory
§ a1 15 2.91-0.58
E 27 4.10+0.55
X 31010k 54 3.42-0.39 1.46
83 4.67-0.60 2.23
2 10-10F 207 3.63:0.36 3.76
295 3.22£0.32 4.25
300 8.0:0.01 4.27
1 10-10 MEFEPEPE BT P BN BN B TR R
0 100 200 300 400 500 600 700

T/K

FIG. 10. Temperature dependence of the total thermal bimolecular reactionf . . b h hi all f
rate coefficientk(T) for various models of the anisotropy in the entrance of interaction between the approaching &llene fragments.

channel: Free, free rotdfl); PES, based on thab initio surface(O). The Free model has no hindering; the CSHR and PES mod-
els assume a hindering potential respectively based either on
a particular functional forfhor on ab initio data and thus
employs an anisotropic potential modeled by the CSHHRead to lower estimates of the thermal rate coefficients as the
model with nonbonded interactions modeled by Lennard-temperature is raised. At the highest temperatures examined,
Jones potentials. The most sophisticated calculdtaireled the empirical CSHR model apparently assumes too much
PES, employs full Monte Carlo integration for the sum of hindering and leads to a cross over below the PES model to
states, with non-bonded interactions modeled by Lennardpredict a lower thermal capture rate coefficignt.
Jones potentials, with the anisotropic potential modeled by Comparison of the theoretical thermal rate coefficient
the ab initio (DFT derived PES described in Sec. IIB. The k(T) predictions of the PES model with recent experimental
PES model yields substantially smaller thermal rate coeffiresults of Chastaingt al3***and Husairet al® is made in
cients than for the free rotor predictions in in Table | and Fig.Fig. 11 and Table Il. Agreement is within a factor of 2 above
10. Moving to lower temperatures, the thermal rate coeffi-T=60 K. The theoretical predictions apparently show a
cients predicted by each of these models approach eachore pronounced temperature dependence than the experi-
other. This is a consequence of tBel-dependent transition mental results of Chastairet al,>*>*with the former fitted
state location moving out to larger values Rf(the center- by a form k(T)=(2.68+0.12)x 10~ 1(T/K) ~(0-116-0.007)
of-mass separation of the fragments which region the Xxe (5754 133K ey g1 and the latter fitted to the form
potential energy surface approaches being equally flat for a(3.5+0.8)x 10~ *(T/K) ~ (00012 cn# 571 The increasing
of the models. Moving to higher temperatures, thediscrepancy in the very low temperature regime may be due
E,J-dependent transition state locations move inwards tdo inaccuracies in our PES model for large transition state
lower values ofR. In this region the different models have separations. Low temperature rates are dominated by the
different models of the anisotropy arising from the potentiallong range PES. In this regime a better approach may be to
use a low-temperature capture model such as those devel-
oped by Bettenst al**%7 for similar systems.

10°
=
TABLE lll. Thermal branching ratid,(T) as a function of the temperature
T/K and the tuning parametet. Results are given for the formation of
- productn-C,H; (p1) andi-C,4H; (p2).
< TIK « by, (T) by, (T)
% 100 0.0 0.984 0.0159
S 0.5 0.987 0.0113
1.0 0.993 0.0067
300 0.0 0.984 0.0172
0.5 0.988 0.0121
10-10 L 1 L 1 ) L 1 1.0 0.993 0.0071
0 100 200 300 400 500 600 700
TK 500 0.0 0.979 0.0199
0.5 0.988 0.0139
FIG. 11. Temperature dependence of the total thermal bimolecular reaction 1.0 0.992 0.0079
rate coefficienk(T) from experimental results of Chastaiagal. (Refs. 33,
34) (@) and Husairet al. (Ref. 35 () compared with theoretical predic- 700 0.0 0.977 0.0241
tions (solid curvg based on theb initio PES in the present work. The 0.5 0.983 0.0165
dashed line represents a fit to the equatig)=AT®E for the results of 1.0 0.992 0.0089

Chastainget al. (Refs. 33, 34
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TABLE IV. A comparison of the previous workRef. 2, UNIRATE and
RRKM12 predictions of the microcanonical rate coefficie(iE,J=0) at a
collision energy of 19.6 kJ/mol (424.4 kJ/mol101.38 kcal/mol above the
zero-point level of the2 intermediate for the elementary reaction @2 to

formil in the C+ C3H, (alleng system. The IAMS rate constants are from

Ref. 2 except that a correction has been made suchkthakg, ki3 have
been swapped witk_5, k_g, k_13.

Rate constant/s Ref. 2 RRKM12 UNIRATE (=0)
Ky 29110 7.423<10'° 7.281x 10%°
Ky 8.26x 10° 1.977x10° 1.913<10°
k_, 7.41x10°  7.327x 10\ 7.049x< 101
Ks 1.75x 10" 1.807x 10" 1.760x 10'*
Ky 2.24x 10 1.108x 10 1.093x 10
Ks 3.28x10° 3.430x10° 3.295¢ 10°
k_s 2.88<10°  2.880x10'° 2.868x 101
Ke 2.88<101°  2.894x 10\ 2.838x 101
K, 3.20x 10° 1.610<10° 1.631x 10°
kg 7.61x10° 2.890x 10° 2.722x 10°
K_g 6.03x10'°  5.542<10' 6.723x 10%°
Ko 1.14x 10° 4.377x 10° 3.581x 10°
Ko 1.13x10  5.633< 10" 6.473< 101
K_10 7.18<10t  7.219< 10 7.426x 101
Ku1 1.34x10%  1.327x 108 1.349< 108
K_11 1.86x10°  9.647x 10° 9.002¢ 10°
K1z 5.04x10'°  2.561x10'° 2.844x 101
K_15 1.57x10°°  7.888x10° 8.203x 10°
Kis 2.50x 10 2.434x 10 2.582x 101
K_13 4.92¢<10'2  2.468x 10' 2.628< 10
K_i1 8.756x 10°
K_iz 2.295¢<10°

Thermal branching ratiob,;(T) andbp,(T) are given
in Table Il as a function of temperatuiieand tuning param-
eter a. Clearly, the major produgbl dominates with more
than ~98% of the product yield. Only a& is lowered and
the temperaturdl is raised does the yield b2 become
more than 294839

V. COMPARISON WITH PREVIOUS WORK

The C(3P) +allene reaction system 1

TABLE VI. Corrected results of Ref. 2 using normal branching ratio defi-
nition for branching— p1 at E=101.38 kcal/mol(collision energy of 19.6
kJ/mol).

(i1i3) i2—pl i7—pl i8—pl i9—pl —pl
(0.00, 1.00 0.939 0.025 0.003 0.001 0.968
(0.10, 0.90 0.943 0.024 0.003 0.001 0.970
(0.20, 0.80 0.946 0.022 0.002 0.001 0.971
(0.30, 0.70 0.950 0.021 0.002 0.001 0.973
(0.40, 0.60 0.953 0.019 0.002 0.001 0.975
(0.50, 0.50 0.957 0.018 0.002 0.001 0.977
(0.60, 0.40 0.960 0.016 0.002 0.000 0.979
(0.70, 0.30 0.964 0.015 0.002 0.000 0.981
(0.80, 0.20 0.967 0.013 0.001 0.000 0.983
(0.90, 0.10 0.971 0.012 0.001 0.000 0.985
(1.00, 0.00 0.974 0.011 0.001 0.000 0.986

the zero-point level of thé€2 intermediatg since the results
at the higher collision energy 38.8 kJ/m@143.4 kJ/mol
=105.98 kcal/mol above the zero-point level of iteinter-
mediate are substantially similar. Correctly recalculated re-
sults of the previous work are presented in Tables V and VI
using the branching ratios as defined in Sec. IftC.

From these results, it is clear thatl is the primary
product even as the compositiorl( 3) is varied, with most
of the flux traversing the pathway involvin@. The trends
are such thapl:p2 branching ratios increase with increas-
ing i1:i3 ratios. This is the opposite of the trend depicted in
Ref. 2. The results in Table IV=VI of Ref. 2 shopl/p2
ratios that are decreasing as iidi 3 ratio is increasing; one
would have expected the reverse. The only way thatitBat
could be preferred tol for producingpl is if the rate con-
stants were larger via3 to get topl than fromil to p1.
Taking the most directindependentroute, at a collision
energy of 19.6 kJ/mal101.38 kcal/mol above2 zero point
using the rate constants, the pa#-i6—i7—pl involves
the rate constants;,, K15, K3, K_13, andks whereas the

In this section we describe calculations performed forpathil—i2—pl involves the rate constariktgy, K19, Ki1,

comparison with the results of previous wdrka this previ-

k_11, andk,. Examining the magnitude of rate constants in

ous work, the RRKM rate constants were tabulated in Tabldable 1V it is clear that the pathway frond—pl seems the

3 of Ref. 2 for two collision energieéTable 1V).*° In the

most direct(two step$ and quickesti@2 is the major inter-

comparisons, we focus on calculations at the lower collisiormediate and7 is about 1-2 orders of magnitude lower in
energy of 19.6 kJ/mal24.4 kJ/mot=101.38 kcal/mol above concentration

TABLE V. Comparison tablgRef. 2, RRKM, UNIRATE withJ=0) for
branching toi-C,4H; (p2) at E=101.38 kcal/mol(collision energy of 19.6
kJ/mol).

TABLE VII. RRKM branching ratios for branching—pl at E
=101.38 kcal/mol(collision energy of 19.6 kJ/mpl

(i1i3) Ref. 2 RRKM12 J=0 (i1i3) i2—pl i7—pl i8—pl i9—pl —pl
(0.00, 1.00 0.032 0.020 0.020 (0.00, 1.00 0.942 0.033 0.004 0.001  0.980
(0.10, 0.90 0.030 0.019 0.019 (0.10, 0.90 0.946 0.031 0.003 0.001  0.981
(0.20, 0.80 0.029 0.018 0.017 (0.20, 0.80 0.949 0.029 0.003 0.001  0.982
(0.30, 0.70 0.027 0.017 0.016 (0.30, 0.70 0.953 0.027 0.003 0.001  0.983
(0.40, 0.60 0.025 0.015 0.015 (0.40, 0.60 0.956 0.025 0.003 0.001  0.985
(0.50, 0.50 0.023 0.014 0.014 (0.50, 0.50 0.960 0.023 0.003 0.001  0.986
(0.60, 0.40 0.021 0.013 0.013 (0.60, 0.40 0.963 0.021 0.002 0.001  0.987
(0.70, 0.30 0.019 0.012 0.012 (0.70, 0.30 0.966 0.019 0.002 0.001  0.988
(0.80, 0.20 0.017 0.011 0.010 (0.80, 0.20 0.970 0.017 0.002 0.000  0.989
(0.90, 0.10 0.015 0.009 0.009 (0.90, 0.10 0.973 0.015 0.002 0.000  0.991
(1.00, 0.00 0.014 0.008 0.008 (1.00, 0.00 0.977 0.013 0.001 0.000  0.992
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TABLE VIII. UNIRATE branching ratios for branching—pl at E TABLE X. UNIRATE branching ratios for branching—pl at E

=101.38 kcal/molcollision energy of 19.6 kJ/mpandJ=0. =110.70 kcal/mol(collision energy of 58.6 kJ/mpandJ=0.

(iLi3) i2—pl i7—pl i8—pl i9—pl —pl (i13) i2—pl i7—pl i8—pl i9—pl —pl
(0.00, 1.00 0.943 0.032 0.004 0.001 0.980 (0.00, 1.00 0.910 0.040 0.005 0.001 0.956
(0.10, 0.90 0.947 0.030 0.003 0.001 0.981 (0.10, 0.90 0.916 0.037 0.005 0.001 0.959
(0.20, 0.80 0.950 0.028 0.003 0.001 0.982 (0.20, 0.80 0.922 0.034 0.004 0.001 0.962
(0.30, 0.70 0.953 0.026 0.003 0.001 0.983 (0.30, 0.70 0.928 0.032 0.004 0.001 0.965
(0.40, 0.60 0.957 0.024 0.003 0.001 0.985 (0.40, 0.60 0.935 0.029 0.004 0.001 0.968
(0.50, 0.50 0.960 0.022 0.003 0.001 0.986 (0.50, 0.50 0.941 0.027 0.003 0.001 0.972
(0.60, 0.40 0.964 0.021 0.002 0.001 0.987 (0.60, 0.40 0.947 0.024 0.003 0.001 0.975
(0.70, 0.30 0.967 0.019 0.002 0.001 0.988 (0.70, 0.30 0.953 0.022 0.003 0.001 0.978
(0.80, 0.20 0.970 0.017 0.002 0.001 0.989 (0.80, 0.20 0.959 0.019 0.002 0.001 0.981
(0.90, 0.10 0.974 0.015 0.002 0.000 0.991 (0.90, 0.10 0.966 0.016 0.002 0.001 0.985
(1.00, 0.00 0.977 0.013 0.001 0.000 0.992 (1.00, 0.00 0.972 0.014 0.002 0.000 0.988

VI CONCLUSIONS a greater effect, especially if they involve entrance channels

We have successfully demonstrated a methodologwith shallow wells under conditions of high collision ener-
which allows for full energy and angular momentum resolu-gies.
tion of rate coefficients and branching ratios. In addition, the ~ We have also successfully implemented #feinitio en-
ability to handle the initial capture processes means that thgance channels, shown in FiggbPand 2b) into the theo-
computation of total thermal bimolecular reaction rates andetical calculation. A major goal is now to use the techniques
partial capture rates is now possible. The theoretical apdeveloped in this project to model other complex reactions of
proach used, as implemented in program UNIRATBJso interest.
allows for the development of more generalized reaction co-

ordinates to handle multiple entrance and exit channel sys-
tems(Tables VII-XI). ACKNOWLEDGMENTS
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ratios appears to be minor at the energies studied. going supp
The effect of reversibility in the entrance channel on the
product branching is small in this system, except when goingrABLE 1. Total branchi P calculated f Fort g
. .. . P . . lotal branching—p1l calculated from our Fortran code com-
to higher collision energies. This is also true in the of thepared with results of the stochastic CKS pack&gef. 29 and the deter-

corresponding Fhermal-"y averaged capture rate constants akghistic REACT packaggRef. 30. Fitted first order rate constants and
thermal branching ratios. Other chemical systems may showalf-lives are given for the for the formation of the major prodpit

CKS,
TABLE IX. UNIRATE branching ratios for branching—pl at E Calculation (1i3)  Fortran REACT Kkei/ps ' 7i,/ps
=105.98 kcal/molcollision energy of 38.8 kJ/mpandJ=0. Ref. 2 (0.00, .00 0.968 0.968 0.185 541

(0.50, 0.50 0.977 0.977 0.227 4.41

(iLi3) i2—pl i7—pl i8—pl i9—pl —pl (1.00. 0.00 0.986 0.987 0278 3.60
(0.00, 1.00 0.933 0.036 0.004 0001 0974
(0.10, 0.90 0.937 0.034 0.004 0001 0976 RRKM (8'08' (1)'00 8-822 g-ggg 8'8282 17';
(0.20, 0.80 0.941 0.031 0.004 0001 0977 (1-(5)0' O-(SJO Pl 0-0729 35
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38Comment: The overall input flux based on speiBs$s comparable to that

based on specidad.

3%Since all populations of intermediates irreversibly decay to prodpitts

andp2, so that the determinant &f is nonzero.

In the course of this work it was deduced that the rate constants in Table
11l of Ref. 2 should be corrected such thaf, kg, ki3 is swapped with
k_g, k_g, k_13. Itis likely that this error was caused by the numbering
scheme used in Fig. 15 of Ref. 2, which usualbut not alway$ had
lower numbered intermediates goifggward to higher numbered interme-
diates.

411t should be noted, that thel:p2 branching ratios results in Table IV-VI

of Ref. 2 are only correct for the last row, for compositiori(3)
=(1,0), and that there is a substantial error in the remaining results. Upon
recalculation it has been determined tkiatit is not just a transcription
error of the results to the tablethat the most likely source in the previous
work (Ref. 2 is in the Laplace transform derived solutidmghich involve
complicated expressionemployed to generate the product populations at
t—oc. Given the partial correctness of the results, it would appear that any
terms involving the initial population of3 are incorrect or incomplete
whereas the terms involving the initial populationidf are substantially
correct. The former terms are substantially more complex than the latter
terms(to a first approximation tha, /k_, are small. Given the complex-

ity of solving a 7<X7 rate matrix by hand, it is possible that there might be
some error in the solutions. The current calculations have been checked
in terms of the rate matrix used and independent methods of solution
employed|[Fortran, MATHEMATICA, and the Chemical Kinetic Simulator
(Ref. 29].



