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The chemical dynamics of the reaction of allyl radicalsH§X?A,), with two GsH,4 isomers, methylacetylene
(CH;CCH(X'A,)) and allene (HCCCHy(X'A;)) together with their (partially) deuterated counterparts, were
unraveled under single-collision conditions at collision energies of about 125 k3 mtdizing a crossed
molecular beam setup. The experiments indicate that the reactions are indirect via complex formation and
proceed via an addition of the allyl radical with its terminal carbon atom to the terminal carbon atom of the
allene and of methylacetylenex{carbon atom) to form the intermediates;GCHCHCH,CCH, and
H,CCHCH,CHCCH;, respectively. The lifetimes of these intermediates are similar to their rotational periods
but too short for a complete energy randomization to occur. Experiments with D4-allene and D4-
methylacetylene verify explicitly that the allyl group stays intact: no hydrogen emission was observed but
only the release of deuterium atoms from the perdeuterated reactants. Further isotopic substitution experiments
with D3-methylacetylene combined with the nonstatistical nature of the reaction suggest that the intermediates
decompose via hydrogen atom elimination to 1,3,5-hexatries@CHCHCHCCH,, and 1-hexen-4-yne, H
CCHCH,CCCH;, respectively, via tight exit transition states located aboutZ®kJ mot* above the separated
products. The overall reactions were found to be endoergic by-9BkJ mol* and have characteristic
threshold energies to reaction between 105 and 110 kJ*mlaiplications of these findings to combustion

and interstellar chemistry are discussed.

1. Introduction radicals with ground-state oxygen atoms3@)(!” presents the

only dynamics studies published so far. Considering the absence

of dynamics information of allyl radical reactions with unsatur-

ated hydrocarbon molecules, we investigated in the present study

the chemical dynamics of the reactions of ground-state allyl

f radicals, GHs(X?A,), with two CsH,4 isomers, methylacetylene
(CH3CCH(X!A))) and allene (HCCCHy(X'A1)), under single-
collision conditions as provided in crossed molecular beam
experiments.

During the last decades, the reaction dynamics of resonantly
stabilized free radicals (RSFRs) such as the allyl radicgtsC
(X2A,), have attracted considerable attention both from the
experimental and theoretical viewpointdere, RSFRs are
considered as important growth species in the formation o
polycyclic aromatic hydrocarbons (PAHs) and Zahiring the
combustion of hydrocarbon-based fugl3he role of allyl
radicals in the chemical vapor deposition (CVD) yielding
diamonds has been pointed out receftjue to the delocal-
ization of the unpaired electron, resonantly stabilized free 2. Experiments and Methods
hydrocarbon radicals are more stable than ordinary radicHls.
Therefore, RSFRs are relatively unreactive and can reach hig
concentration in flames. These high concentrations make them
important in the mechanism of formation of complex hydro-
carbons such as the very first aromatic ring species in combu
tion systemg#

Due to the importance of allyl radicals in combustion flames
and CVD processes, the underlying kinetics of allyl radical
reactions with unsaturated hydrocarbons have been investigate
in depth during the last decad®sThese studies suggested
relatively low rate constant in the order of #8to 10-14 cm?®
s under combustion chemistry conditions with temperatures
of up to 2500 K16 Those low rate constants could be indicative
of entrance barriers (activation energies) and/or of strongly
endoergic reactions. However, despite ample kinetic studies,
information on the reaction products and the inherent dynamics
are sparse. The crossed molecular beam experiments of allyl

h 21 Experimental Setup.The scattering experiments were
conducted under single-collision conditions in a crossed mo-
lecular beam machine at The University of HawdiBriefly, a
s_pulsed supersonic beam of allyl radicals was generated via flash
pyrolysis of allyl iodide (GHsl; TCI) in the primary source
chamber employing a modified Chen sodfceoupled to a
piezoelectric pulsed valV&. Here, 3040 torr of helium gas
éMattheson, 99.9999%) was introduced into a stainless steel
reservoir, which contains the allyl iodide sample. This unit was
kept at 253 K so that the concentration of allyl iodide is less
than 0.1%. This mixture was expanded at a stagnation pressure
of 780 torr through a resistively heated silicon carbide tube;
the temperature of the tube was estimated to be around-1200
1500 K. The pulsed valve was operated at 200 Hz with pulses
between 80 and 15@s wide. Under these conditions, the
decomposition of the allyl iodide precursor to the allyl radical
and atomic iodine iguantitatve. After passing a skimmer, a

T University of Hawaii at Manoa. four-slot chopper wheel selected a component of the allyl radical
*Florida International University. beam with a peak velocity, of about 3400 ms! (Table 1).
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TABLE 1: Peak Velocities (vp), Speed Ratios §), radical reactions with unsaturated hydrocarbons showed the
Center-of-Mass Angles @cw), Together with the Nominal existence of threshold energies to reacti&y?® we incorporated
Collision Energies E) of the Reactants an energy-dependent cross sectio(E) ~ [1 — E/Ed], via
beam vp (Ms™) S E(kImol?)  Ocw? the line-of-center model with the collision enerBy for Ec >
CH:CCH(X!A;) 870+ 12 12.5+1.0 E, in the fitting routine?* Note that there are currently no reliable
CDsCCD(X'A;) 860+15 12.5+1.0 data on the collision energy dependence of the cross section;
CDsCCH(X'A;)  863+15 125+1.0 in these cases, the line-of-center model is often utilized as a
CiHs(X?Az)He 3403+ 46 8.2+0.6 124.9+34 14.0+04 simplified model. TOF spectra and the laboratory angular
H,CCCHy(X!A1) 894+ 12 12.5+1.0 distribution were then calculated from these center-of-mass
D,CCCDy(X'A1) 880+ 15 12,5+ 1.0 functions. Due to the low signal counts, we had to accumulate

2
CHs(X°Az)He 3392452 7.4+0.7 1246538 14.4+04 up to 8 x 1C° TOF spectra to obtain a reasonable signal-to-

@ CM angle with respect to the nondeuterated reactants. The speednoise ratio of the reactively scattered species. This limited us
ratio is defined via eq 1 wite = [(2RT)/m] "2 with mbeing the mass  to conduct the experiments with the (partially) deuterated
of the speciesR the ideal gas constant, afidthe temperature of the reactants only by recording TOF spectra at the center-of-mass
beam. 4 . .

angles. The final outcome is the generation of a product flux
contour map. This presents the differential cross secti@h,
u) ~ P(u) x T(0), of the product which reports the intensity of
the heavy reaction product as a function of arggynd product
center-of-mass velocity. This map serves as an image of the
reaction and contains all the information of the reactive
scattering process.

We estimated a number density of about3Hlyl radicals cn3

in the interaction region; this is a similar order of magnitude
compared to the supersonic carbon atom be&niis allyl
radical beam crossed at a right angle with a neat and pulsed
methylacetylene, CECCH(X'A;) (Linde; 99.8%), or allene,
H,CCCHx(X'A1) (Aldrich; 99.5%), released by a second pulsed

valve at a pressure of 550 torr under well-defined collision 2 v

energies (Table 1). To elucidate on the position of the hydrogen N(v) = v exr{—(a - 8)2] 1)

atom loss, we also conducted experiments with D4-allene

(Do,CCCDy; CDN; 99%+ D), D4-methylacetylene (C{ZCD; 2.2. Electronic Structure and Statistical Calculations.The
CDN; 99%+ D), D3-methylacetylene (CEZCH; CDN; 99% geometries of reactants, products, various intermediates, and
+ D), and D1-methylacetylene (GBCD; CDN; 99%+ D). transition states on thegHy potential energy surfaces for the

It is important to comment briefly on the bath temperature reactions of allyl radical with methylacetylene and allene were
of the allyl iodide sample. First, we tried to keep the temperature Optimized using the hybrid density functional B3LYP method
at 233 K. At these conditions, the decomposition of the precursor With the 6-311G(d,p) basis s&°Vibrational frequencies were
is quantitative; elastic scattering experiments with neon clearly computed at the same theoretical level in order to characterize
indicate that only allyl radicals and iodine atoms are produced. Stationary points as local minima and transition states (the
However, when crossing this beam with allene/methylacetylene, Number of imaginary frequencies equals to 0 and 1, respec-
only a very weak signal was observed even at the center-of-tively), to obtain zero-point energy (ZPE) corrections, and to
mass angle. This made the reactive scattering experiments nobe used in RRKM calculations of reaction rate constants and
feasible. Therefore, we decided to increase the bath temperaturéelative product yields. The energies were then refined by single-
stepwise up to 253 K; higher bath temperatures should be Point calculations using the G3(MP2,CCSD)//B3LYP method,
avoided to prevent recondensation of allyl iodide inside the Which approximates the coupled cludte€CSD(T)/G3MP2
pulsed valve. At 253 K, the allyl radical beam is stronger by a €nergy. All calculations were carried out using the GAUSSIAN
factor of up to 4. On the other hand, an on-axis analysis and 98%° and MOLPRO 200® programs. The average absolute
scattering experiments with neon depicted the existence of smalldeviation of the G3(MP2,CCSD)//B3LYP method for enthalpies
amounts €0.5% with respect to allyl) of gHio, i.e., the of formation of 148 molecules from the G3 test set is 5 kJthol
radicat-radical recombination product of the ally radical self- Note that we used RRKM theory for computations of rate
reaction, detected via its mass-to-charge ratidz, of 82. constants of individual reaction steflsRate constank(E) at
However, the relatively intense allyl radical beam at 253 K made an internal energyE, for a unimolecular reaction A*> A* —
the crossed beam reactions with allene and methylacetyleneP can be expressed via eq 2, wheras the reaction path
feasible and reduced the experimental times to only 1 month degeneracyh is Plank’s constant, WE — E) denotes the total
per system. The effect of 1o on the scattering signal is humber of states for the transition state (activated compléx) A
discussed in the Results together with the recorded time-of- With @ barrierE?, p(E) represents the density of states of the
flight (TOF) data and laboratory frame (LAB) distributions. energized reactant molecule A*, and P is the product or products.

The scattered species were monitored using a quadrupole] "€ ca}IcuIatlons were performed atfdt:ﬁerent Va“:ei Of_th?
mass spectrometric detector in the TOF mode after electronNt€rnal energye computed as a sum of the energy of chemica

impact ionization of the molecules. The detector could be rotated activati_on (the relative energy of an intermediate or_a_transition
within the plane defined by the primary and the secondary state with respect to the initial reactants) and the collision energy

reactant beams to take angular resolved TOF spectra in stepgc' The rate constants calculate_d fOIt individugl reaction steps
of 1.5°/2.C°. By integrating the TOF spectra at distinct laboratory VeT® then used to compute relative yields of different products.

angles, we obtained the laboratory angular distribution, i.e., the WHE — B

integrated signal intensity of an ion of distintiz versus the k(E) = oW(E-FE) )
: . ; / _ (E) )

laboratory angle. Finally, information on the chemical dynamics h pr(E)

was extracted by fitting these TOF spectra and the angular
distribution in the LAB using a forward-convolution routife.
This approach initially assumed an angular distributi¢f) and 3.1. Laboratory Data. In our crossed beam experiments of
a translational energy distributid?(Er) in the center-of-mass  allyl radicals with methylacetylene and allene, we recorded
reference frame (CM). Since the previous kinetic studies of allyl reactive scattering signal at mass-to-charge rativs,from m/z

3. Results
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Figure 2. Corresponding laboratory angular distribution of thgHg
product recorded atvz = 80 for the reactions of the allyl radical with
Time of Flight(us) methylacetylene (top) and allene (bottom). The circles indicate the
. . . experimental data, the dashed, dotted, and solid lines the calculated
= +
Figure 1. Selected time-of-flight data fan/z = 80 (GHs") recorded fits for the reactive channel, the elastic channel, and the sum.

at collision energies of 124.9 (allyinethylacetylene; top) and 124.6

kJ mol? (allyl—allene; bottom) at various laboratory angles. The . _
circles indicate the experimental data, the dashed, dotted, and soIidTOF data obtained at lower masses such as frofm= 66

lines the calculated fits for the reactive channel, the elastic channel, (CsHe ") to m/z = 64 (GH4") show the same patterns as those
and the sum. TOF recorded atvz = 80—78; therefore, we can conclude that
the methyl group elimination pathway is not open under our
= 80 (GHg™) to 78 (GHe™) for both systems (Figure 1). Within  experimental conditions. The corresponding laboratory angular
this mass range, the TOF spectra -aafter scaling- distributions are shown in Figure 2. Clearly, two channels from
superimposable. Note that the TOF spectra consist actually ofelastic (fast component) and reactive scattering (slow compo-
two distinct peaks. If we investigate higher masses, we can alsonent) are crucial to fit the TOF and LAB data.
observe signal atVz = 82 (GHi0") and 81 (GHg™); however, However, it is important to address the question whether the
for these masses, the slow component vanishes; only the fasemitted hydrogen atom originated from the allyl radical or from
peak remains virtually unchanged. Also, when conducting a the closed-shell hydrocarbon reactants (allene/methylacetylene).
scattering experiment of the primary beam with neon, the fast Here, we conducted experiments of the allyl radical (41 amu)
peak stays and the slow peak disappears. These findings suggestith D4-methylacetylene and D4-allene (44 amu). If a hydrogen
that the fast component originates from scatteregH ¢ atom elimination prevailed (from the allyl radical), we should
molecules, i.e., the product of the allyl radiealllyl radical have observed signal aw/z = 84 (GH4D4"); however, an
recombination detected via its mass-to-charge ratios frem atomic deuterium loss pathway (from D4-allene/D4-methy-
= 82-78. The slow component, which is only detectable at lacetylene) should yieldvz = 83 (GHsD3™); note thatm/z =
m/z ratios of 80 and lower, comes from reactive scattering of 83 can in principle originateif formed—also from dissociative
the allyl radical with allene/methylacetylene. Summarized, the ionization of GH4D4 in the electron impact ionizer of the
interpretation of the TOF data suggests that only the atomic detector. In the crossed beam experiment at the corresponding
hydrogen replacement channel is open within this mass regimecenter-of-mass angles, we only observed signat/at= 83
to form molecule(s) with the generic formulatd (eq 3); the (CeHsD3™). This suggests that only a deuterium atom is emitted
molecular hydrogen replacement channels are closed. from the D4-allene and D4-methylacetyene reactants (eq 4).

CH,CCH+ C;H; — CHg + H (3a) CD,CCD + C;H; — CgHsD; + D (4a)
H,CCCH, + C;Hy — CgHg + H (3b) D,CCCD, + C;Hy — CHyD4+ D (4b)
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Therefore, we may conclude that in the crossed beam reactions T2 i T

of the allyl radical with allene and methylacetylene, the i W Reactive Channel
hydrogen atom originates from the allene and methylacetylene X 7, Elastic: Scattering ChanneH
reactants, too, but not from the allyl radical. Finally, we wanted

to narrow down the position of the hydrogen loss in the
methylacetylene molecule, i.e., an ejection from the methyl i
group and/or from the acetylenic carbon atom. Therefore, we &
crossed the allyl radical beam with D3-methylacetylene £CD
CCH) and D1-methylacetylene (GEICD). Only with CCCH

we were able to observe an atomic hydrogen via its signal at
m/z = 83 (GsHsD3s™); no hydrogen atom loss was detected with

the CHCCD reactant. Therefore, we can conclude that the
hydrogen atom is eliminated from the acetylenic carbon atom

80 100 120

but not from the methyl group of the methylacetylene molecule Product Translation Energy E (kJmol™)
eq 5).
( q ) 25 T T T T T ¥ T T T ' T b T ' I
CD3CCH + C3H5 — C6H5D3 +H (5) %15 W, Reactive Channel 1
20+ Mt Elastic Scattering Channel

Finally, we would like to mention that we also attempted crossed

beam reactions of the allyl radical with acetylene and ethylene. 1.5
The problem with these systems is that due to the reduced .
center-of-mass angle, the reactive scattering signal is expecteq?‘ 10
to show up between 130 and 1@8; this would result in an
overlap of signal from elastically scatteregHzo. We recorded

up to 10 TOF, but it was not feasible due to the overlap with
elastically scattered species to assign the reactive scattering

0.5

signal unambiguously. 00— : : — e L
3.2. Center-of-Mass Translational Energy,P(Er)s, and ¢ @ A0 G0 g 108 e Y e 1
Angular Distributions, T(#)s. Since the main focus if this paper Center of Mass Angle(6, degree)

is the reaction of allyl radicals with allene and methylacetylene, Figure 3. Center-of-mass translational energy (top) and angular flux
we only discuss the center-of-mass functions of the reactive distributions (bottom) for reactions of allyl with methylacetylene and
channels in depth. For both the allene and methylacetylene@/léne to form GHs and atomic hydrogen (red). The elastic scatting
reactants, the data could be fit with essentially identical S"@nnel is depicted in blue. For both reactants, data could be fit with
translational energy and angular distributions (Figure 3). Best essentially identical center-of-mass distributions.

fits of the TOF spectra and of the LAB distributions were
acquired with only a single reactive channel fit, i.e., only one
center-of-mass translational energy distribution. TPE&r)
extended to a maximum translational enerByay, of 23—31

kJ moit. Recall that the maximum available translational energy

intensity over the complete angular range froli®18C. This
finding indicates that the reaction dynamics are indirect and
that both reactions of allyl radicals with allene and methylacety-
lene proceed via formation of¢8gy complex(es), [€Hd]*, via

. e . . eq 6.

is the collision energy minus the reaction energy. Therefore,

Emax can be utilized to compute the energetics of the title . .

reactions. Here, the reaction to formHg isomer(s) under CHLCCH + CHy — [CeHl CoHg +H  (69)
single-collision conditions was found to be endoergic byt98 H,CCCH, + CHs — [CeHel* — CiHg+H  (6b)

4 kJ mol? for both the allene and methylacetylene reactants.
Also, in the most favorable case, the most probable translational
energy gives information on the order of magnitude of the barrier
height in the exit channel, i.e., the atomic hydrogen loss
pathway(s)}? Here, theP(Er) depicts a maximum of about 0
15 kJ mot ! suggesting the existence of an exit barrier for eac
reaction. The center-of-mass translational energy distribution
also assists us to derive the fraction of total energy available . ” h
channeling into the translational modes of the products. The €aving hydr_ogsen atom are located on different sides of the
averaged fraction of the available energy released into translationfotational axis® The flux contour map (Figure 4) visualizes
was found to be 5@t 5%. This order of magnitude indicates the forward-scattering of theeHls reaction product(s).

that the energy randomization in the decomposing complex is
likely not complete®® It should be highlighted that in order to
get an acceptable fit of the data, it was important to include the  4.1. Energetical Constraints.The center-of-mass transla-
energy dependence of the reactive cross section(g) ~ [1 tional energy distribution indicates that the reaction to fogH{

— EJ/Ec]. Here, we varied the threshold energies between 50 plus atomic hydrogen is endoergic by 984 kJ mol™. This

and 120 kJ mott. Best fits were extracted for threshold energies reaction energy correlatesvithin the error limits-with the
between 105 and 110 kJ mal computed values to synthesize theHg isomers 1-hexen-4-

In addition to the translational energy distribution, the center- yne (1), 1,3,5-hexatriengp@), and 1-hexen-5-yneg) (Figure
of-mass angular flux distributioy(6), of the atomic hydrogen  5). Considering the computed reaction paths, it is clear that in
loss pathway(s) (Figure 3) provides important information on the crossed beam studies of allyl with D4-allene and D4-
the reaction dynamics. Most importantly, the distribution shows methylacetylene, we only observe a deuterium atom loss but

Also, the distributions are slightly forward-peaking showing an
intensity ratio at the poles df(0°)/T(18C°) = 1.5+ 0.2. This
result suggests the existence of an osculating complex whose
h lifetime is in the present case similar to the rotational period of
the decomposing intermediatet4Finally, the forward-peaking

of the T(0) requires that the incorporated allyl radical and the

4, Discussion
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Figure 4. Flux contour map of the &1s product for the reactions of
allyl radicals with methylacetylene and allene; units are given in‘ms

T

no atomic hydrogen loss from the allyl unit. Here, the allyl unit
is conserved during the reaction and formally repladasase

of D4-allene and D4-methylacetylengia an exchange reaction

a deuterium atom from the closed-shell hydrocarbon reactant.
However, since the energetics to fopt, p2, andp3 differ by

only 15 kJ mot?, it is difficult to extract from the energetics
alone which isomer is formed. We would like to stress that the
formation of the 1,3-hexadiene and 1,4-hexadiene isomers

cannot be accounted for. First, the computed reaction energy

of about—31 kJ mof ! does not correlate with our experimental
findings of an endoergic reaction by 984 kJ molt. Second,

1,3-hexadiene and 1,4-hexadiene can be only formed via a cyclic

intermediatei5, which is actually accessed froi via il or
fromi4 viai2. But the transition states of the involved hydrogen
shifts are located 142.0 and 164.8 kJ mahbove the energy

of the separated reactants. Considering our collision energies

of 124.9 and 124.6 kJ mo}, it is obvious that these transition

states cannot be passed. Third, in case of D4-allene and D4-

methylacetylene, the cyclic intermediate should also show
an atomic hydrogen elimination. This has clearly not been
observed experimentally. Therefore, based on the reaction

Guo et al.

Also, the electron density of thei-carbon atom is larger
compared to that of thg-carbon atom. Since the allyl radical
is classified as “electron deficient”, the regio selective addition
is directed to the carbon atom with the higher electron density.
Therefore, both the steric hindrance of the methyl group and
the enhanced electron density direct the attack of the ally radical
to thea-carbon atom forming intermediaie. What is the fate

of the latter? As demonstrated earlier, the heights of the
transition state of the hydrogen shift eliminates the formation
of i3. Consequently, this complex must decompose either to
pl or p2. The formation ofpl correlates with an atomic
hydrogen loss; the synthesis i results solely in the ejection

of a deuterium atom from the D3-methyl group. Since we only
observed a hydrogen atom emission, in the reaction with D3-
methylacetylene, we have to conclude tpatis the reaction
product in the crossed beam reaction of allyl with methylacety-
lene/D3-methylacetylene.

How can this be explained? First, since our collision energy
is only 13 and 17 kJ mol higher than the transition states
connectingil to p2 and pl, respectively, we may expect that
this slight difference in the energies of the transition states might
have a significant effect on the branching ratiogpafversus
p2. Alternatively—due to the large collision energyve might
expect that the lifetime of the intermediateis too short for a
complete energy randomization to occur. This would result in
a preferential cleavage of the-G& bond, i.e., the bond in close
proximity to the newly formed carbercarbon bond. In this
case, the lifetime of the intermediate would be too short so that
the energy can redistribute and “flow” to the acetylenic group
leading to a G-D bond rupture. This case has been observed
under single-collision conditions in the related reaction of phenyl
radicals with D3-methylacetylene leading solely to the formation
of CgHs—C=C—CD3.%8 Finally, we would like to point out that
the available energy is very close to the reaction threshold. In
such situations, small changes in zero-point energies of up to 8
kJ moi~t as found here can influence the outcome of the reaction
dramatically when replacing hydrogen by deuterium. If the
reaction is statistical, we find branching ratios to fquinversus
p2 of 3 (CH;CCH reactant), 12 (CECCH reactant), and 166
(CDsCCD). If the reaction is nonstatistical, the formation of

energies, energies of the transition states in comparison to theP1 Would be even more favorable. Summarized, all the results

collision energies, and the experimentally failed detection of a

hydrogen atom loss pathway, we have to conclude that neither

1,3-hexadiene nor 1,4-hexadiene is formed in our experiment.
4.2. Proposed Reaction Pathwayd.o unravel which isomer
among the energetically accessipte p2, andp3 structures is
formed in the reactions of allyl with methylacetylene and allene,
we have first a closer look at the experimental results obtained
from the reaction of allyl with (partially) deuterated methy-
lacetylene. Recall that the reaction with ICH only leads to
a hydrogen atom loss; no deuterium elimination was observed.
Therefore, we propose that the allyl radical attacks the D3-
methylacetylene with its terminal carbon atom at thearbon
atom, i.e., the carbon atom of D3-methylacetylene holding the
acetylenic hydrogen atom. This process would lead to an initial
addition complex1 via indirect scattering dynamics. Recall that

indicate that in the reaction of the allyl radical with methy-
lacetylene and their (partially) deuterated reactants, the isomer
plis formed.

Considering the allytallene and allyt-D4-allene reaction,
the D4-allene experiment clearly indicates that only a deuterium
loss is observed. Therefore, we also propose an initial addition
of the allyl radical with its terminal carbon atom to the terminal
carbon atom of the allene molecule leading to a doublet
intermediatei2. Here, a deuterium atom loss can leadp®
and/or p3. In case of allene, the exit barriers are virtually
isoenergetic, and the reaction energies differ by only about 4
kJ mol1. Again, the energetics alone cannot help to pin down
to what extent the atomic hydrogen loss in the atigllene
system leads tp2 and/orp3. If the reaction is nonstatistical,
and hence the lifetime of the reaction intermediated does not

the indirect nature of the reaction mechanisms has been inferredallow a complete energy randomization to occur, then we expect

from the center-of-mass angular distributions. This addition

a preferential formation gi2. Here, the shallow potential energy

process is similar, for example, as that found in the reactions wells of il andi2 of only 42.7 and 35.9 kJ mot could lead to

of cyano radicals (CN¥ and D1-ethynyl radicals (CCB)with

a relatively short lifetime of the intermediates. In addition, the

methylacetylene. Here, the steric hindrance of the bulky methyl center-of-mass translational energy distributions assisted to
group (or D3 methyl group) results in a reduced cone of derive the fraction of total energy available channeling into the
acceptance of the3-carbon atom of the methylacetylene translational modes of the products to be about 50%; this order
molecule and hence a preferred addition todhearbon atom. of magnitude indicated that that the reaction is-fasb fast



Reactions Dynamics of ££l5(X?A1) with CsHs Isomers J. Phys. Chem. A, Vol. 111, No. 23, 2004919

A

164 8

i_ . 13-CHD (l14-CHD)
is
17
L

i1 i2

Figure 5. Upper: stationary points on the doublefHg potential energy surface accessed in the reactions of allyl radicals with methylacetylene
and allene. Lower: principal axes of the intermediafeandi2.

for a complete energy randomization to océtiBased onthese  gen atom and the incorporated allyl unit are on different sides
considerations we would expect a preferential formatiop2f of the b/c rotational axis (Figure 5); this was a requirement to

4.3. Exit Transition States and Reaction ThresholdsWe account for the forward-peaked center-of-mass angular distribu-
would like to comment on the existence of the exit transitions tions. The a-like rotations can be likely ruled out.
states. In both the allylallene and ally-methylacetylene Finally, it is important to discuss briefly the experimentally

reaction, the experimental data suggest the existence of an exifound reaction threshold of between 105 and 110 kJ~#nol
barrier and hence a tight exit transition state in the order of Since the reactions were found to be endoergic byt98 kJ
10-15 kJ moft. Considering the closed-shell nature of the mol™1, this reaction threshold could indicate either an entrance
reaction productgl and p2/p3, the reverse reaction of a oran exit barrier. However, an addition of a hydrocarbon doublet
hydrogen atom addition to a carbeoarbon double and/or triple  radical to carborcarbon double and triple bonds has typical
bond is expected to involve an entrance barrier. As seen inentrance barriers in the order of up to 50 kJ neffar less
related potential energy surfaces, the addition of a hydrogenthan the derived threshold of between 105 and 110 kJ ol
atom to an acetylenic and olefinic bond is always correlated On the other hand, the observed endoergicity plus the inferred
with a barrier and therefore a tight exit transition state. The tight exit transition state located about-180 kJ mot ! above
calculations suggest entrance barriers of the reverse hydrogerthe separated products would yield exit transition states located
atom additions of 1518 kJ mot ™. Therefore, the experimental 1114 7 kJ mol! above the separated reactants. These data
findings of an exit barrier correlate nicely with the calculated correlate nicely with the experimentally derived reaction
potential energy surface (Figure 5). Most important, in the-allyl  threshold and also with the electronic structure calculations
methylacetylene and allylallene reactions, the leaving hydro- predicting the exit transition states to be located about-108
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