3284 J. Phys. Chem. R008,112,3284-3290

ARTICLES
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The reactions between phenyl radicalsH€) and propylene (CBCHCH,) together with its D6- and two
D3-isotopologues were studied under single collision conditions using the crossed molecular beams technique.
The chemical dynamics inferred from the center-of-mass translational and angular distributions suggests that
the reactions are indirect and initiated by an addition of the phenyl radical w-t@ebon atom (C1 carbon

atom) of the propylene molecule at theCH, unit to form a radical intermediate (GEHCH,CsHs) on the

doublet surface. Investigations with D6-propylene specified that only a deuterium atom was emitted; the
phenyl group was found to stay intact. Studies with 1,1,2-D3- and 3,3,3-D3-propylene indicated that the
initial collision complexes CBCDCD,CgHs (from 1,1,2-D3-propylene) and GODHCH,CgHs (from 3,3,3-
D3-propylene) eject both a hydrogen atom via rather loose exit transition states to form the D3-isotopomers
of cig/trans-1-phenylpropene (C#€HCHGHs) (80—90%) and 3-phenylpropene {8CHCHC¢Hs) (10—

20%), respectively. Implications of these findings for the formation of polycyclic aromatic hydrocarbons
(PAHSs) and their precursors in combustion flames are discussed.

1. Introduction (CoHy),18 methylacetylene (CKCCH)7 allene (HCCCH,),Y”

and benzene (§Elg)!8 together with their (partially) deuterated
isotopologues in crossed beam experiments leading to the
Sormation of phenylacetylene §BsCCH), styrene (GHs-
CHCH,), 1-phenylmethylacetylene (GBCGHs), 1-phenyla-
llene (GHsHCCCH,), and biphenyl (€HsCgHs) at collision
energies in the range of 71185 kJ mot?. These studies show-

ed that (i) the phenyl group stayed intact, (i) the energy
randomization is likely incomplete, and (iii) the reaction

Since the phenyl group presents a dominating building block dynamics are indirect and dominated by atomic hydrogen loss

of precursor molecules to synthesize polycyclic aromatic pathways. ] ) ) )
hydrocarbons (PAHSs), various reaction models have been Here, we expand these studies and investigate the reaction
proposed regarding how these molecules can be formed indynamics of phenyl radicals with propylene (€FHCH;).
combustion flame&:® These kinetic models predict that the Note that previous studies on the phengtopylene sys-
phenyl radical, GHs(X2A1), represents one of the most signifi- tems are sparse. In 1972, Hefter and co-worRestudied the
cant transient species to initiate the formation of PAHs. These reaction of phenyl radicals with propylene in liquid propylene
networks propose further that reactions of phenyl radical with at 183 K utilizing electron spin resonance. They concluded
unsaturated hydrocarbon molecules such as (substituted) acetythat the reaction is initiated by an addition of the phenyl radical
lenes, olefins, and aromatic molecules proceed via addition of to the=CH, group of propylene; in the liquid phase, the authors
the phenyl radical to the electronic system of the unsaturated also observed the ¢8lsCHsCHCH, radical formed via ad-
coreactant. This initial addition complexiepending on the  dition of phenyl to thes-carbon atom of propylene and the
collision rates-either fragments to the initial reactants, decom- allyl radical as an abstraction product. Recently, Park et al.
poses via atomic hydrogen loss(es), isomerizes prior to their followed the kinetics of this reaction by cavity ring-down
decomposition, and/or is stabilized at higher pressures if the spectroscopy at temperatures between 296 and 486TKe
lifetime of the intermediate is longer than the time scale reaction rate was derived to be183:006 5 g(-1512:50)/T oy
necessary to divert the internal energy of the complex via a s™1. Similar to Hefter et al., Park et al. concluded, with the
third body collision?-14 Due to the importance of phenyl radical  help of electronic structure calculations, that the phenyl radical
reactions, we have investigated in our laboratory the reaction adds to the=CH, unit of the propylene molecule. How-
dynamics of phenyl radicals with acetylene),!® ethylene ever, reaction products are still elusive. In our crossed beam
studies, by using partially deuterated reactants, we will pin
* Corresponding authors. E-mail: ralfk@hawaii.edu. down to what extent the hydrogen atom is emitted from the
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In recent years, an investigation of theHz, potential energy
surface (PES) has received considerable attention both from th
experimental and theoretical viewpoints. This is becausé £
isomers such as indane;-methylstyrene, anccis/trans-1-
phenylpropene are considered as important reaction intermedi-
ates and toxic byproducts in the combustion of fossil fuel in
diesel and jet engined,in the thermal degradation of poly-
mers34in organic waste incineratiohand in cigarette smok&e.
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TABLE 1: Peak Velocities (vp), Speed Ratios §), Center-of- ' " ' o] " " " ey
Mass Angles Pcwm), and the Collision Energies of the Phenyl '*

Radical with the Reactants E.) of the Segments Crossing at
the Interaction Region

beam vp, Ms't S E kImoll  Ocwm

CeHs(X?Aj)/He 2981+ 92 4.9+0.3 — -
CHaCHCH(X'A') 835425 125+1.0 130.2:8.2 8.7+0.5
CeHs(X?Aj)/He ~ 3525+54 55405 — -
CDsCHCHy(X'A') 820425 125+1.0 186.0-6.0 7.7+0.3
CeHs(X?Aj)/He ~ 3525454 55405 — -
CH:CDCDy(X'A') 820425 125+1.0 186.0-6.0 7.7+0.3
CeHs(X?A))/He ~ 3525454 55405 — -
CD:CDCDy(X;A') 820425 125+1.0 193.6+6.3 83+0.4

Relative Counts

methyl group or from the olefinic vinyl unit (or both). This
allows us to extract branching ratios of the reaction pro-
ducts. In addition, an expansion of the reactant from methy-
lacetylene to propylene by adding two hydrogen atoms in- Time of Flight(usec)

creases the degrees of freedom by six. Therefore, our studiesFigure 1. Selected time-of-flight data recorded at a mass-to-charge
also aim to investigate the influence of these additional (nVz) of 118 (GH1c") in the reaction of phenyl radicals with propylene
degrees of freedom on the lifetime of the reaction intermediates at a collision energy of 130.2 kJ mal The open circles are the
and, hence, on the energy randomization in the activated exPerimental data and the solid lines the fits.

complex(es).

0 100 200 300 400 O 100 200 300 400 500

TOF spectra and the laboratory angular distribution were then
calculated from these center-of-mass functions. This plot
contains all the basic information on the reactive scattering

The experiments were carried out in a crossed molecular beamProcess. Since previous kinetics studies of phenyl radical
machine at The University of Hawai'i under single collision eactions with propylene showed the existence of a threshold
conditions?! A pulsed supersonic beam of phenyl radicals was €nergy to reactiorg,° we included an energy-dependent cross
generated via flash pyrolysis of the nitrosobenzene precursorSection.o(E) ~ (1 — EJ/Ec), via the line-of-center model with
(CeHsNO, Aldrich) in the primary source chamber at seeding the collision energfc for Ec = E, in the fitting routine?’ Due
fractions of less than 0.1% by operating a modified Chen source t0 the low signal counts, we had to record up te 30° TOF
at 200 Hz2223 Helium gas (3040 Torr, 99.9999%; Matheson) SPectra to obtain a reasonable signal-to-noise ratio of the
was introduced into a stainless steel reservoir that was kept ateactively scattered species. This limited us to carry out the
283 K. The mixture was expanded at a backing pressure of 920€xperiments with the deuterated propylene reactants only at the
Torr through a resistively heated silicon carbide tube estimated corresponding center-of-mass angles.
to be at 1206-1500 K. At these experimental conditions, the
decomposition of the nitrosobenzene molecule was quantitative;
all nitroso benzene molecules dissociated to phenyl radicals plus  3.1. Laboratory Data. We recorded reactive scattering signal
NO molecules. After passing a skimmer, a four-slot chopper at mass to charge ratios from'z = 118 (GHag") (Figure 1)
wheel selected a part of the phenyl radical beam; the peakdown tom/z = 114 (GHs"). TOF spectra recorded at lower
velocities and speed ratios of the segments of the beams crossingvz ratios showed identical pattern and could be fit with identical
the hydrocarbon beam in the interaction region are compiled in center-of-mass functions as those data taken'at 118. This
Table 1. This phenyl radical beam intersected pulsed propylenesuggests that signals in the rangewt = 117—114 originated
(CHCHCH;,, Aldrich; 99+ %), D6-propylene (CBCDCDy, from dissociative ionization of the ¢B1o parent molecule in
CDN; 99+ % D), 3,3,3-D3-propylene (C4&ZHCH,, CDN; 99+ the electron impact ionizer of the detector. Also, we can deduce
% D), and 1,1,2-D3-propylene (GEDCD;, CDN; 99+ % D) that in the reaction of the phenyl radical with propylene, the
beams released by a second pulsed valve at 550 Torr backingpheny| radical versus atomic hydrogen exchange pathway is
pressure under well-defined collision energies in the interaction open. Besides the atomic hydrogen loss, we also investigated a
region. possible methyl group (CHi loss channel. This was achieved

The reactively scattered products were probed using a by monitoring ion counts at/z = 104 (GHsg™). Nevertheless,
quadrupole mass spectrometric detector in the time-of-flight no reactive scattering signal from thgH{g+ CHs pathway could
(TOF) mode after electron-impact ionization of the molecules be observed. In contrast to the hydrogen atom loss channel, it
at 90 eV at an emission current of 2 mA. The detector could be is more difficult to observe the methyl loss pathway, simply
rotated within the plane defined by the primary and the because the corresponding Newton sphere of the methyl group
secondary reactant beams to take angular resolved TOF spectrdoss is larger compared to the atomic hydrogen loss channel.
By integrating the TOF spectra at the laboratory angles and Accounting for the data accumulation time ratz = 118 vs
correcting for the day-to-day intensity fluctuations of the phenyl 104 and the signal-to-noise ratio of our experiments, we can
radical beam, the laboratory angular distribution, which depicted estimate that the upper limits of the importance of the methyl
the integrated signal intensity of an ion of distimotz versus loss pathway is 10%. It should be mentioned that we also
the laboratory angle, could be obtained. Information on the monitored the signal atvz= 119. Considering the intensity of
chemical dynamics was gained by fitting these TOF spectra andthe signal of about 1:615% compared tovz = 118 and-after
the angular distribution in the laboratory frame (LAB) using a scaling—the identical shape of the TOFswfz= 118 andn/z
forward-convolution routiné*26 This approach initially as- = 119, we can conclude that signal mtz = 119 originated
sumed an angular distributioF(0) and a translational energy  from 3CCgHy¢". Figure 2 visualizes the laboratory angular
distributionP(Ey) in the center-of-mass reference frame (CM). (LAB) distribution of the ion counts at/z = 118. Obviously,

2. Experimental Section

3. Results
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Figure 2. Laboratory angular distribution of ion counts recorded at a
mass-to-chargef/z) of 118 (GHo") in the reaction of phenyl radicals
with propylene at a collision energy of 130.2 kJ mfolThe circles are

the experimental data and the solid lines the fits. C.M. defines the
center-of-mass angle.
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3 F o T T 7 Figure 4. Center-of-mass translational (lower) and angular distributions
% o o (upper) of the GHyo product(s) formed in the reaction of phenyl radicals
2 with propylene. The hatched areas account for the experimental error
§ i T T o R c limits of the laboratory angular distribution as well as the peak velocity
0.0o1° ° b O] and speed ratio (Table 1).
o~ 9t )50 . .0, KA e pathway(s), we conducted crossed beam experiments of phenyl
1

0 ' 100 200 O 100 200 O 100 200 300 radicals with 3,3,3-D3-propylene (GDHCH,) and 1,1,2-D3-
propylene (CHCDCD,). Let us consider the phenyB,3,3-D3-

Time of Flight(usec) propylene reaction first. If a hydrogen atom is emitted from
Figure 3. Time-of-flight spectra of mass-to-chargevg) of 123 the vinyl group, signal should be observablenalz = 121
(CoeHsDs") (left), 121 (GH;Ds*) (center), and 121 (¢1;,D3*) (right) (CoH7D3); if a deuterium atom ejection takes place, ion counts

recorded during the reactions of phenyl radicals with isotopically atm/z = 120 (GHsD»") should be detectable. Also, signal at

substituted propylene molecules at the corresponding center-of-mass _ . . i
angles. The open circles are the experimental data and the solid Iinesm/Z = 120 can arise from fragmentation opi&:Ds". On the .
the fits. Fits of the signal ofivz = 121 (GH-Ds") (right) have been other hand, let us consider now 1,1,2-D3-propylene. Here, if

obtained with a center-of-mass translational energy distribution as atomic hydrogen is emitted from the methyl group, signal should
depicted in Figure 4, but cut at the high energy end by 20 kI'mol  be detectable atvz = 121 (GH,Ds"); however, if an atomic
deuterium is ejected from the vinyl group, it should be feasible

the LAB distribution is very narrow and spreads only over about to probe ion counts atvVz = 120 (GHgD,"). Similar to the
13 in the scattering plane defined by both supersonic beams.reaction of phenyl radicals with 3,3,3-D3-propylene, the signal
In addition, the LAB distribution is slightly forward peaked with at mVz = 120 may originate from fragmentation o%k;D3".
respect to the primary beam. On the basis of these considerations, if the signaliat= 121

To gather information on the position of the hydrogen loss is observed in the reactions of phenyl radicals with 3,3,3-D3-
(phenyl versus methyl group versus vinyl hydrogen atoms), we propylene and 1,1,2-D3-propylene, this should be a unique
conducted reactions of the phenyl radicakklg) with D6- indicator of a hydrogen atom loss from the vinyl and methyl
propylene. In the case of a hydrogen atom ejection, signal shouldgroups, respectively. As a matter of fact, we observed a signal
be observable aivz = 124 (GH4D¢"); if a deuterium atom atnm/z= 121 for the 3,3,3-D3-propylerend1,1,2-D3-propylene
elimination happens, we should be able to monitor ion counts reactants (Figure 3). Therefore, we can conclude that two
at m/'z = 123 (GHsDs™). In principle, mz = 123 can also hydrogen elimination pathways exist: from the vinyl group and
originate from fragmentation afYz = 124. In our crossed beam  from the methyl group. We would like to stress that the use of
study, we detected signal at’z = 123 for the reactions of  perdeuterated and partially deuterated reactants only allowed
phenyl radicals with D6-propylene (Figure 3). Within the signal- us to record TOF spectra at the corresponding center-of-mass
to-noise limit, we could not detect any ion countsréz = 124. angles due to the low signal counts and the costs of these
This suggests that only the deuterium atom is being released;chemicals.
the phenyl group is likely to be conserved in the reaction. 3.2. Center of Mass Translational Energy,P(Et), and
Consequently, in the reaction of phenyl radicals with propylene, Angular Distribution, T(@). As evident from the center-of-
atomic hydrogen is released from the propylene reactant. mass functions (Figure 4), a reasonable fit of the TOF data

However, we should stress that the hydrogen atom can be(Figure 1) and LAB distribution (Figure 2) of the phenyl
released either from the vinyl or from the methyl group of the propylene reaction could be achieved with a single reaction
propylene molecule (or from both). To pin down the ultimate channel leading to a product of the molecular formul#{g
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Figure 5. Schematic representation of the reaction of phenyl radicals with propylene. The energies (imRJofrtble intermediates, transition
states, and products were taken from ref 20 and are given with respect to the separated reactants.

plus atomic hydrogen. Best fits of the center-of-mass transla- reaction energy is about10 + 10 kJ mot . We can compare
tional energy distribution®(Er)s, were achieved with distribu-  this data with computed reaction energies of possible products
tions extending to maximum translational energy reledsgs, (Figure 5)20 Here, the reaction energy can account for the
of 140+ 10 kJ mot L. Recall that this high-energy cutoff, which ~ formation of thecis/trans-1-phenylpropylene dis/trans-CHs-
resembles the sum of the absolute of the reaction energy plusCHCHGsHs) isomer p1/p2). However, on the basis of the
the collision energy, permits us to gauge the reaction energy. energetics alone, we cannot elucidate the importance of the less
This suggests that the reaction energy of phenyl radicals with stable product isomep3, and we have to combine the data on
propylene leading to §10 + H is about—10 4 10 kJ mof ™. the energetics with the results obtained from the reaction of
Therefore, the reaction could b&vithin the error limits— phenyl radicals with distinct isotopologues of propylene.
thermoneutral, but it is most likely slightly exoergic. Finally, However, we should stress that the formation of the thermo-
the P(Er) is very broad and shows a significant distribution dynamically most stable 410 isomer, indane, is exoergic by
maximum of about 10 kJ mot, i.e. a peak slightly away from 50 kJ mot ;3! therefore, the synthesis of this structure can be
zero translational energy. The peaking close to zero translationallikely ruled out. It should be stressed that, in the reaction of
energy indicates that the reaction of the phenyl radicals with phenyl radicals with D6-propylene, no atomic hydrogen loss
propylene involves a rather loose exit transition st&fé. pathway was observed. Since the formation of indane should
The center-of-mass angular distribution assists to collect involve hydrogen shifts and an emission of a hydrogen atom
supporting information on the reaction dynamics. Here, the (Figure 7), the failed detection of the atomic hydrogen loss
angular flux distribution is asymmetric and shows intensity over pathway in the reaction of phenyl with D6-propylene presents
the complete angular range frorfi @ 180" and enhanced flux ~ a more direct proof that indane is not synthesized. Under the
in the forward hemisphere (with respect to the phenyl radical assumption thatis/trans-1-phenylpropylene is the dominating
beam) is clearly evident. These data suggest that the reactionreaction product, we can compute that the fraction of the total

follows indirect scattering dynamics via formation of gHz; available energy channeling into the translational degree of the
complex and that the lifetime of thegB1; intermediate(s) is reaction products is 3% 8%.

shorter than the rotational period of the reaction intermediate- 4 5 Proposed Reaction DynamicaVe are combining now

(s) (osculating complexy: We would like to stress that, despite  ,q eyperimental results extracted from the laboratory data and
the unfavorable kinematics of the reaction, the data obtained ., the center of mass functions in an attempt to explain the

within the error limits from the‘l’(a)_ distrib_utio_n depict clearly most likely reaction dynamics in the pherydropylene system.
that the center-of-mass angular distribution is forward scattered ot \ve ‘correlate the structure of tiés/trans 1-phenylpro-

with respect to the phenyl radical beam; no acceptable fit could ; :
. X | . - pylene €igdtranssCH;CHCHGsHs) product 01/p2) with the
be obtained with forwardébackward symmetric and/or isotropic geometry of the propylene (GBHCH,) and phenyl radical

distributions. Remember that our fits mcor_porateld an energy- (CeHs) reactants (Figure 5). Here, we recommend that the phenyl
dependen_ce of t.h_e thrgshold energy (section 2); our f'ts. WEr€ adical adds with the radical center to thecarbon of the
relat|vely.|nsen3|t|ve within the range of threshold energies to propylene molecule holding theCH, unit. This attack position
the reaction of 5 and 30 kJ mdl is likely directed by two factors. First, the sterical hindrance of
the methyl group reduces the cone of acceptance of addition of
the phenyl radical to thes-carbon atom of the propylene
4.1. Energetical ConsiderationsOn the basis of the energet- molecule. Second, the phenyl radical is an electron-deficient
ics of the reactions, we are attempting now to elucidate the reactant and attacks preferentially the carbon atom with the
product isomer(s) formed in the reactions of phenyl radicals highest electron density. In propylene, g8, andy (methyl
with propylene. The center-of-mass translational energy distri- group) have charges 6f0.42, 0.0, and-0.4132 On the basis
bution for the atomic hydrogen loss channel indicated that the of the sterical hindrance of thg-attack and the enhanced

4, Discussion
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Figure 6. Schematic representation of the decomposition of intermedi-
ateil formed in the reactions of reactions of phenyl radicals with 1,1,2-

D3-propylene (upper) and 3,3,3-D3-propylene (lower). Mass-to-charge
(mV2) ratios of the products are also given.

electron density at the-carbon atom, the radical center likely
attacks the=CH, unit of the propylene molecule forming a
doublet radical intermediatd (Figures 5 and 6). A similar
direction of an addition of an electrophilic reactant to double
and triple bonds dictated the reaction dynamics of the bimo-
lecular reactions of methylacetylene with CN radic&I€;,D
radicals3* C(®P),% and phenyl radical%’ Our best fits suggested
the existence of a threshold energy to the reaction-a3®kJ
mol~%. This data agree well with the computed barrier to
addition of 4-12 kJ moi1.2° The addition process to the

Zhang et al.

enough to predict a branching ratio for thrans- versuscis-
1-phenylpropylenedis-CH;CHCHGsHs) isomers.

Additionally, we should keep in mind that the crossed beam
reaction of phenyl radicals with 3,3,3-D3-propylene (D
CHCH,) indicates that the emitted hydrogen atom originates
from the vinyl group. Here an attack of phenyl on tiagosition
followed by a hydrogen loss from threCH, unit can account
for the observed ions in the TOF spectra, the loose exit transition
state, and the energetics of the reaction (Figure 6). On the other
hand, the attack of the phenyl radical at flaearbon atom would
lead to a D3-intermediatesBsCDsCHCH, that can also emit
a hydrogen atom forming ¢ElsCDsCCH, (p3). However, the
exit transition state of this pathway is rather tight (21 kJ mhol
above the separated products), and the overall reaction is
endoergic by about 9 kJ mdl2° Therefore, a comparison of
these data with the experimental results and the fact that the
attack on thes-position is not favorable (see above) suggest
that this reaction pathway is less dominant than an addition of
the phenyl radical to the=CH, unit followed by an atomic
hydrogen loss from the latter.

Finally, we would like to discuss the laboratory data obtained
from the reaction of phenyl radicals with 1,1,2-D3-propylene
(CHsCDCDy,). To explain the experimentally observed atomic
hydrogen loss, we have to suggest an addition of the phenyl
radical to the=CD, unit; this leads to the formation of a D3-
intermediate CHCDCD,CgHs (Figure 6). The latter can emit a
hydrogen atom leading to the B®3 product through a tight
exit transition state, i.e., D3-3-phenylpropene@@DCD,CeHs).
Since the reactions with partially deuterated D3-propylene
molecules assisted to identify two distinct hydrogen elimination
pathways, we attempt now to estimate the branching ratios of
the formation ofpl/p2 versusp3. It should be stressed that, to
derive accurate branching ratios, it is necessary to collect the
fragmentation ions arising from dissociative ionization of the
parents in the electron impact ionizer. Also, it is important to
have a laboratory angular distribution of both reaction channels
available3®¢ However, in cases of isotopically labeled experi-
ments, we have shown that, if the laboratory angular distribu-
tions have a similar pattern, i.e., for reaction channels that have
comparable available energies, it is feasible to utilize the TOF
spectra recorded at the center-of-mass angles for the parent ions
to estimate the branching ratios. This has been conducted
successfully for the reactions of cyano radicals (Epd D1-
ethynyl (CCD¥* with D3-methylacetylene (CECCH) to ac-
curacy within 10%. Therefore, we can attempt to estimate the
branching ratios of the channels based on the signalat
121 for the reaction of phenyl radicals with the 3,3,3-D3-
propylene and 1,1,2-D3-propylene reactants at the corresponding
center of mass angles (Figure 3). If we apply this procedure,
our experimental data propose a branching ratio of the partially
deuterate1/p2 versusp3 products of 5.7+ 2.1, i.e., about
80—90% of cigtrans D3-1-phenylpropene (CIZHCHG:Hs)
and 10-20% of D3-3-phenylpropene gg&CDCD,CgHs). This
order of magnitude agrees very well with the energetics of the
reactions and the enhanced production of the thermodynamically

a-carbon atom of propylene leads to a weakly stabilized reaction more stable product molecule.

intermediatél and accounts for the indirect scattering dynamics

4.3. Comparison with the Phenyt-Methylacetylene Reac-

as observed experimentally. This intermediate can emit ation. It is interesting to compare the chemical dynamics of the

hydrogen atom from the-carbon atom forming theis/trans-
1-phenylpropylenedis/trans CH;CHCHGsHs) product 01/p2)
via a loose exit transition state located only 8 kJ Mabove

phenyt-propylene system with those of the phenglethy-
lacetylene reaction investigated earlier in our gréltilizing
D3-methylacetylene, the authors found that, at similar collision

the separated products. Recall that this loose exit transition stateenergies, the phenyl radical adds to teearbon atom of the
was predicted on the basis of the center-of-mass translationalmethylacetylene molecule, leading to a LL@CHGHs inter-
energy distribution. Note that our experiments are not sensitive mediate. Similar to the phenypropylene system, the attack
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Figure 7. Proposed reaction sequence to form indane in low-temperature hydrocarbon flames from reaction of phenyl radicals with propylene.

to the least substituted carbon atom is directed by the screeningconditions utilizing a crossed molecular beams machine. The
effect of the methyl group and by the enhanced electron density chemical dynamics extracted from the data propose indirect
of thea-carbon atom. For both reactions, the intermediates were (complex forming) dynamics that are initiated by an addition
short-lived, as evident from the forward-peaked center-of-massof the phenyl radical to the.-carbon atom (C1 carbon atom)
angular distributions. However, for the pheryhethylacetylene of the propylene molecule at treCH, unit. This leads to the
system, we observed a ratio at the polé$80°)/1(0°), of 0.17 formation of a radical intermediate (GEHCH,CgHs) on the

=+ 0.05 versus 0.5 0.1 for the phenytpropylene system. The  doublet surface. Investigations with D6-propylene suggested that
previous analysis of the reaction of phenyl radicals with only a deuterium atom is emitted; the phenyl group was found
methylacetylene suggested a lifetime of the reaction intermediateto stay intact. Studies with 1,1,2-D3- and 3,3,3-D3-propylene
of less than 0.3 ps. However, utilizing the osculation complex indicated that the initial collision complexes @EDCD,CgHs
model and the rotational constants of the CHCH,CgHs of (from 1,1,2-D3 propylene) and GOHCH,CgHs (from 3,3,3-

the phenyt-propylene reactionlf = 2.4 x 10745 kg n¥, Ig = D3 propylene) eject both a hydrogen atom via loose exit
7.7 x 10745 kg n?, Ic = 8.9 x 107%° kg n¥), we can estimate  transition states to form the D3-isotopomers of 3-phenylpropene
the lifetime of the reaction intermediai® rotating around its (H2CCHCH,CgHs) (10—20%) andcig/trans-1-phenylpropene

A, B, or C-axis to be about 0.6, 1.3, and 1.5 ps. Therefore, this (CH;CHCHGsHs) (80—90%), respectively. Despite the en-
simple consideration implies that the lifetime of the £H  hanced lifetime of the reaction intermediate compared to the
CCHGsHs reaction intermediate formed in the phenyhethy- related phenytmethylacetylene system studied earlier in our
lacetylene reaction is less than the lifetime of the s3CH laboratory, the lifetime of the reaction intermediate is still too
CHCH,CgH5s complex accessed in the reaction of phenyl radicals low—at least under our experimental conditiefte allow the
with propylene. It should be noted that, in case of thesCH formation of the indane molecule (Figure 7). At lower col-
CCHGsHs intermediate (methylacetylene reaction), the authors lision energies and hence corresponding lower temperatures in
only observed the emission of a hydrogen from the acetylenic combustion flames, a possible reaction scenario, which still
carbon atom leading to the formation of GECGsHs, whereas remains to be confirmed experimentally and/or computationally,
in the current experiments (propylene), the LHICH,CsHs is that the enhanced lifetime of the addition complex could
intermediate was also found to decompose predominantly viasupport a hydrogen shift from the to the  carbon atom
emission of the hydrogen atom connected todkearbon atom, followed by ring closure and emission of a hydrogen atom from
but in addition, a minor pathway was verified to be the ejection the benzene ring. Recall that, at our high collision energy, the
of atomic hydrogen from the-carbon atom (the methyl group).  reaction of phenyl radicals with D6-propylene and the sole
The authors deduced that the lifetime of the LEHGHSs observation of the atomic deuterium channel clearly indicated
intermediate (methylacetylene reaction) was too short to allow that indane was not a reaction product. However, lower collision
an energy “flow” from the position of the initial carbercarbon energies might trigger the formation of indane, as proposed in
single bond formation to the terminal carbemydrogen bond; Figure 7.

as verified experimentally, this hindered the formation of the
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