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The reaction dynamics of phenyl radicalssffg) with ethylene (GHs;) and D4-ethylene (£D,) were
investigated at two collision energies of 83.6 and 105.3 kJ tnaiilizing a crossed molecular beam
setup. The experiments suggested that the reaction followed indirect scattering dynamics via complex
formation and was initiated by an addition of the phenyl radical to the carbarbon double bond of

the ethylene molecule forming asdsCH,CH; radical intermediate. Under single collision conditions,

this short-lived transient species was found to undergo unimolecular decomposition via atomic hydrogen
loss through a tight exit transitions state to synthesize the styrene molegtisCtEl3). Experiments

with D4-ethylene verified that in the corresponding reaction with ethylene the hydrogen atom was truly
emitted from the ethylene unit but not from the phenyl moiety. The overall reaction to form styrene plus
atomic hydrogen from the reactants was found to be exoergic by 28 kJ mot?. This study provides

solid evidence that in combustion flames the styrene molecule, a crucial precursor to form polycyclic
aromatic hydrocarbons (PAHSs), can be formed within a single neutialtral collision, a long-standing
theoretical prediction which has remained to be confirmed by laboratory experiments under well-defined

single collision conditions for the last 50 years.

Introduction

Polycyclic aromatic hydrocarbons (PAHs)nd related mol-
ecules such as partially (de)hydrogenatéand ionized PAHS
have attracted substantial interest from the astrochefncand
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combustion communities during the last centt#in interstellar
space, PAH-like species have been linked to the unidentified
infrared (UIR) emission bands observed in the range-e18

um (3300-700 cnt1).11 They have been further considered as
a carrier of the diffuse interstellar bands (DIB3)discrete
absorption features superimposed on the interstellar extinction
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curveld ranging from the blue part of the visible (400 nm) to data show rate constants at temperature up to 1500 K ranging
the near-infrared (1,2m).1* Whereas in the interstellar medium  between 10 and 102 cm?® s™1. These studies show also
PAH-like species are crucial to understand the astrochemicalactivation energiesanging between 5 and 45 kJ mblupon

and astrobiological evolution of carbon-rich environments such addition of the radical to olefines and alkyri@s? But despite

as circumstellar envelopes of carbon-rich stars+20216 and valuable kinetic data, the reaction products, which are crucial
planetary nebulae, they on Earth are considered as toxicto know for a detailed chemical modeling of combustion
byproducts in combustion processes of fossil fuel. Here, the processes and PAH formation in circumstellar shells of carbon
growth mechanisms of PAHs and their role in the formation of stars, were rarely probed.

soot particles have been investigated from the combustion, Considering the simplest reaction of a phenyl radical with
medical, and environmental points of view. Considering a yearly an olefin, Stein et al. conducted bulk experiments and carried
emission rate of 1.6 million tons in combustion proces8es, out low-pressure pyrolysis studies on the reaction of phenyl
PAHs and soot are severe air and marine pollutts,  radicals with ethylene in the range of 1000300 K28 The
contribute to global warming and are considered as airborn  authors inferred the styrene moleculglfgC,Hs) as a reaction
toxic chemicals because of their mutagenic and carcinogenic product. However, bulk experiments have shown to be prob-
character. Consequently, a quantitative understanding of thelematic since they are often influenced by wall effeét®
formation of PAHSs is essential to develop clean combustion Further, pyrolysis studies cannot provide detailed information
devices and also to comprehend the astrochemical as well asn the reaction dynamics involved. On the basis of quantum

the astrobiological evolution of the interstellar medium.
Contemporary reaction networks mimicking PAH formation
in combustion flameé§2! and in the interstellar mediiih
concur that the phenyl radical §8s) in its 2A; electronic ground
state presentthe most important transient species to trigger
the formation of PAH4%23 The phenyl radical itself has been
scavenged as a methylthioether in flarffeRecently, the phenyl

chemical and statistical calculations, Lin et al. proposed that
the reaction involved an initial addition of the phenyl radical
to the carbon-carbon double bond of the ethylene molecule
via a phenylethyl radical, §&sC;H,4, followed by atomic
hydrogen eliminatiod? Note that this radical intermediate is
utilized in polymer chemistry as a model compound to
understand the region selectivity of polysterene radit’als.

radical was also assigned via its ionization potential in sooting Also, the phenylethyl radial is formed during the in vivo

hydrocarbon flames utilizing tunable vacuum ultraviolet light
from synchrotron source8:6 Therefore, both the matrix and

oxidation of the drug phenylethylhydrazine and is often utilized
to understand the metabolism of hydrazine and analogues

the ionization studies demonstrated explicitly the existence of compounds as well as DNA damage by carbon-centered

phenyl radicals in high-temperature hydrocarbon flames. Be-

cause of the crucial importance of the phenyl radical in

radicals?3—46
Despite the central role of the phemdthylene reaction in

combustion processes and extraterrestrial environments, athe formation of PAHs, and the role of potential phenylethyl
multitude of kinetic and SpeCtrOSCOpiC inVeStigationS have been radical intermediates in polymer science and medicinal chem-
carried out in the past. The most precise measurements of ratgstry, the theoretical investigations have never been verified
constants of phenyl radical reactions with alkenes and alkyneSexperimenta”y under Sing|e collision conditions, i.e., experi_

have been taken via cavity ring-down spectrosctp¥§ these
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mental conditions in which the outcome of a single collision
can be observed without any wall effects. Here, we present the
very first crossed molecular beam study of the reaction of the
phenyl radical, GHs, with ethylene, GH,, as the simplest
representative of an olefinic reactant molecule to synthesize
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styrene (phenylethylene)s8sC;H3, plus atomic hydrogen via  was monitored at mass-to-charge ratioéz, from m/z = 104
[CsHg]* intermediate(s). By deriving the underlying reaction (CgHg") to 102 (GHs") at both collision energies (Figure 1a).
dynamics and the reaction mechanism, this helps not only to Most important, within this mass range, the TOF spectra are,
gain a systematic understanding of the formation of PAHs in after scaling, superimposable. This indicates that ion counts at
combustion flames and in the interstellar medium but also assistsm/z = 103 and 102 originate from dissociative ionization of
to conduct organic radical reactions (here: radical substitution the GHg product in the electron impact ionizer. Also, the

reactions) on the most fundamental, microscopic level. interpretation of the TOF data suggests that only the atomic
hydrogen replacement channel is open within this mass regime
Methodology to form species with the molecular formulat@ (eq 1); the

The crossed molecular beam method presents a powerfulmolecular hydrogen replacement channels are closed. We would
experimental technique to investigate the reaction dynamics of like to point out that we also detected ion countsnét = 105.
important combustion reactiod$.The networks of chemical ~ The corresponding TOF is superimposable with the one taken
processes occurring in combustion flames consist of a series ofat "Wz = 104; in addition, the intensity of signal atz = 105
elementary reactions, most of which are bimolecular collisions is only about 10+ 2% of the ion count rate atVz = 104.
between a radical or atom and a closed shell species. A detailedlherefore, we can conclude that ionsmaz = 105 originate
experimental knowledge of the elementary processes involvedfrom the ionized=CC;Hs reaction product but, within our error
at a fundamental microscopic level is therefore desirable, evenlimits, not from a GHy adduct.
if we want simply to assess the nature of the primary reaction
products. Experiments under single collision conditions are CH, + CgHs — CgHg + H 1)
essential to achieve this because in a binary collision involving
phenyl (GHs) radicals and a generic hydrocarbon, RH, where ~ Next, we would like to answer the question whether the

an intermediate is formed, i.e.¢ds + RH — [CeHsRH]* — hydrogen atom originated from the phenyl radical or from the
CsHsR + H, a phenyl radical reacts solely with one single ethylene reactant. To gair_l insight into this topic,_ we carried
hydrocarbon molecule and the stabilization of theHERH]* out a crossed beam experiment of the phenyl radical (77 amu)

intermediate and/or successive reaction of the primary productswith D4-ethylene (32 amu). If a hydrogen atom elimination takes
will be eliminated. Only this requirement can guarantee that place from the phenyl group, a signal should be detecteuzt
the real primary reaction products are identified. In contrast to = 108 (GH4D4*); an atomic deuterium loss pathway (from D4-
bulk experiments, where the reactants are mixed, the maineéthylene) should yieldvz = 107 (GHsDs"). It is important to
advantage of a crossed beam experiment is the capability tostress thatw/z = 107 can in principle originate, if formed, also
confine the reactants (here phenyl and ethylene molecules) infrom dissociative ionization of 14D, in the electron impact
separate, supersonic beams; this implies that the radicals willionizer of the detector. In the crossed beam experiment at the
collide only with the molecules of a second beam at a specific corresponding center-of-mass angles, we observed a strong
collision energy and crossing angle, therefore ensuring the signal atm'z = 107 (GHsDs") (Figure 1b); a small signal at
observation of the consequences of well-defined molecular "Wz = 108, which is superimposable on the TOF recorded at
collision. m/z = 107, can be attributed td3CC;HsD3™). These findings

To detect the product, our machine incorporates a triply indicate that only a deuterium atom is emitted from the D4-
differentially pumpeduniversalquadrupole mass spectrometric  €thylene reactants (eq 2). Consequently, we can conclude that
detector coupled to an electron impact ionizer operating at in the crossed beam reactions of the phenyl radical with ethylene,
extreme ultrahigh vacuum conditions down to 30T orr. Here, the hydrogen atom originated from the ethylene reactant but
any reactively species scattered from the collision center after not from the phenyl radical. Finally, we probed to what extent
a single collision event took place can be ionized in the electron @ hydrogen abstraction pathway forming benzengHgCm/z
impact ionizer, and in principle it is possible to determine the = 78) plus vinyl (GHs) is involved in the dynamics. When we
mass (and the gross formula) of all the products of a bimolecular monitored vz = 78, we detected strong interference from
reaction by varying the mass-to-charge ratigz in the mass  €lastically scattere®CCsHs radicals atm/z = 78. To bypass
filter. Since the detector is rotatable within the plane defined this interference, we tried to monitor the deuterium abstrac-
by both beams, this detector makes it possible to map out thetion pathway to form D1-benzene D) in the reaction of
angular and velocity distributions of the scattered products. Phenyl with D4-ethylene. Atnmvz = 79, no background
Measuring the time-of-flight (TOF) of the products from the Mmolecules interfered; however, we were unable to detect any
interaction region over a finite flight distance allows extraction reactive scattering signal. This led us to the conclusion that in
of the product translational energy and angular distributions in the reactions of phenyl with ethylene and D4-ethylene, only
the center-of-mass reference frame. This provides direct insightsthe phenyl versus atomic hydrogen/deuterium pathways are
into the nature of the chemical reaction (direct vs indirect), open.
intermediates involved, the reaction product(s), their branching
ratios, and in some cases the preferential rotational axis of the C,D, + CgHs — CgHsD; + D )
fragmenting complex(es) and the disposal of excess energy into
the products’ internal degrees of freedom as a function of Center-of-Mass Translational Energy, REr)s, and Angu-

scattering angle and collision energy (cf. Experimental Section). lar Distributions, T(6)s. Since the TOF spectra verified the
formation of GHg isomer(s), we attempt now to unravel the

Results and Discussion underlying reaction dynamics. This assists the extraction of

Laboratory Data. In the crossed molecular beam experiment reaction energies and gains additional data on potential entrance

of phenyl radicals with ethylene, the reactive scattering signal and exit barriers of this reaction. Most importantly, the dynamics
aid the assignment of the product isomer(s) and help to infer

(47) Kaiser, R. I.; Balucani, NAcc. Chem. Re001, 34, 699-706. the intermediate(s) involved. At both higher and lower collision
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FIGURE 1. (a) Selected time-of-flight data recorded at mass-to-charge ratipp ¢f 104 (GHs") for two collision energies of 83.6 (upper row)

and 105.3 kJ mot (lower row). The open circles are the experimental data, the solid lines the fits. The quadrupole mass filter was set at a constant
m/z = 104, the mass spectrometer was then operated in the time-of-flight (TOF) mode to record the arrival time of the ionized pnoduets of

104. (b) Time-of-flight spectrum recorded at mass-to-charge ra#lg) of 107 (GHsDs"). The open circles are the experimental data, the solid

lines the fits. The quadrupole mass filter was set at a constént= 107; the mass spectrometer was then operated in the time-of-flight (TOF)
mode to record the arrival time of the ionized productsn¥ = 107.

energies, the TOF spectra (Figure 1) and laboratory angularreaction intermediate(s) is(are) shorter than the rotational period
distributions (Figure 2) could be fit with only one channel at and that the reaction likely proceeds via an osculating confplex.
each collision energy. The center-of-mass translational energy,lt is important to stress that because of the kinematics of the
P(E)s, and angular distribution$(6)s, are shown in Figure 3.  reactions, i.e., a narrow angular range in the laboratory frame
The center-of-mass angular distributions at both collision of the reactively scattered heavy product of only IBigure
energies depict, within the error limits, intensity over the 2), theT(#)s do not change much when the collision energy is
complete range from°to 18C; this finding indicates that the  raised from 83.6 to 105.3 kJ mdl

reaction dynamics are indirect and involve the formation ghi4C .

intermediate(s), [gHg]*, before the latter decompose via atomic CoHy + CeHs = [CeHal CeHg + H 3)
hydrogen elimination to the ¢z product(s) (eq 3). Second,  The translational energy distributions contribute to the

the T(6)s depict a pronounced forward scattering: the flux of ¢qjlection of additional information on the reaction dynamics.
the heavy reaction product at & enhanced compared to 80

This result, combined with the _sin_gle channel fit of th? (48) Miller, W. B.; Safron, S. A.; Herschbach, D. Riscuss. Faraday
laboratory data, suggests that the lifetime(s) of the decomposingSoc.1967, No. 44 108-122.
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FIGURE 2. Laboratory angular distributions recorded at mass-to-
charge ratio 1fV2) of 104 (GHg") for two collision energies of 83.6
(upper) and 105.3 kJ mdl (lower).

Both distributions show maxima around-425 kJ mot?. This
likely indicates a tight exit transition state when thgHg
intermediate(s) fragment to the finaglds products plus atomic
hydrogert® On the basis of the principle of microscopic
reversibility of a chemical reaction, the reversed reaction of
hydrogen addition to the dEls product is therefore expected to
have an entrance barrigt.In addition, the high-energy cut-

JOC Article

consistent with the complex-forming reaction mecharfidm.
Finally, best fits of the TOF data and laboratory angular
distributions were achieved by adjusting the threshold energy
within the fitting routing to be in the range of @35 kJ mot ™,

This compares favorably with an activation energy of 9.6 kJ
mol~! as derived by Lin et &’

C,H, + CgHg — [CgHgl* — CgHsC,H; + H 4)

Discussion

Having identified the styrene molecule as the product in the
reaction of phenyl radicals with ethylene, we are attempting
now to derive the underlying reaction mechanism. The experi-
mental results suggest that the phenyl radical adds with its
radical center to the carbeitarbon double bond of the ethylene
molecule forming a gHy doublet radical intermediate (Figure
4; i1). Recall that the threshold energy points to an entrance
barrier in the range of 1035 kJ mot%. Also, the shapes of the
center-of-mass angular distributions are indicative of complex-
forming, ‘indirect’ scattering dynamics as proposed here. At
both collision energies, the lifetime of the decomposing
intermediate was found to be much shorter than the rotational
period. The initial collision complex decomposed via atomic
hydrogen emission through a tight exit transition state located
10—-20 kJ mot?! above the separated products. In other words,
the reversed reaction of a hydrogen atom addition to the C2
atom of the vinyl group has an entrance barrier. This reaction
mechanism correlates with a previous theoretical stQ¢iere,
the authors proposed that the phenyl radical added with its
unpaired electron to the ethylene molecule via a barrier of about
10 kJ mot? leading to an intermediatié which is stabilized
by 152 kJ mot™. This relatively shallow potential energy well
could result in the relatively short lifetime of the reaction
intermediate as deduced from the center-of-mass angular
distributions. The computations suggested further that this
intermediate ejects a hydrogen atom via a tight exit transition
state located 25 kJ ndl above the styrene and atomic hydrogen
products. Most importantly, both our phemdthylene experi-
ments and the computations are supported by the sole detection
of the atomic deuterium pathway observed in the crossed beams
reaction of D4-ethylene with the phenyl radical: on the basis
of the suggested reaction pathways and the computed surface
(Figure 4), the phenyl group stays intact during the reaction.

offs of the translational energy distributions resemble the sum Recall that the indirect nature of the reaction mechanisms as
of the absolute of the reaction exoergicity plus the relative inferred from the center-of-mass angular distributions is similar,
collision energy. By extraction the latter and averaging over for example, as found in the reaction of cyano radicals (CN)
both experiments, the data suggest that the reaction is exoergicVith ethylene studied previously under single collision condi-

by 25 + 12 kJ mofl. These data correlate nicely with the
computed exoergicity of 3@ 8 kJ mol? 37 and the energy
derived from the NIST database 626 4+ 9 kJ mol? 5! and
from ref 52 of —21 & 3 kJ mol! to form the styrene isomer
(phenylacetylene; §1sC,Hs) plus atomic hydrogen (eq 4). On
the basis of this, we can extract the fraction of available energy
channeled into the translational degrees of freedom of the
reactants to be about 3® 3%. This order-of-magnitude is

(49) Kaiser, R. I.Chem. Re. 2002 102 1309-1358.

(50) Steinfeld, J. I.; Francisco, J. S.; Hase, WChemical Kinetics and
Dynamics Prentice Hall: Upper Saddle River, NJ, 1999.

(51) NIST Chemistry WebBopkinstrom, P. J.; Mallard, W. G., Eds.;
National Institute of Standards and Technology: Gaithersburg, MD, 2003.

(52) Blanksby, S. J.; Ellison, G. BAcc. Chem. Re2003 36, 255—
263.

tions#” Finally, the experiments confirm the sole existence of
the atomic hydrogen loss pathway in the phersthylene
system and the absence of the hydrogen abstraction pathway to
form benzene plus the vinyl radical.

It should be noted that the computations also indicated the
possibility of hydrogen migrations in the initial addugtto i2
and i3 (Figure 4). Note that our experiments have no direct
means to quantify to what exteilt isomerizes ta2 prior to
decomposition to styrene and atomic hydrogen. However, by a
comparison with the related cyano radicathylene reaction,
we can present a qualitative trend. In the latter reaction, the
authors deduced that the hydrogen migration from the initial
NCCH,CH, radical intermediate to NCCHGHhccounts for less

(53) Kaiser, R. I.; Mebel, A. Mint. Rev. Phys. Chem2002 21, 307—
356.
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FIGURE 4. Schematic representation of potential energy surface (PES) involved in the reaction of phenyl radicals with ethylene leading to styrene
(phenylethylene) plus atomic hydrogen extracted from ref 40. The carbon and hydrogen atoms are denoted in black and blue, respectively.

than 10% of the scattering signal of the vinyl cyanideH& carried out at much lower collision energies of only 15.3 kJ
CN) plus atomic hydrogen reaction product. This reaction was mol~! and 21.0 kJ mof' compared to the phenykthylene
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TABLE 1. Peak Velocities ¢p), Speed Ratios §), Center-of-Mass Angles @cw), Together with the Collision Energies Ec) of the Reactant$

beam vp, mst S E, kJ mol?t Ocwm
CoHa(X1Ag) 896+ 10 150+ 1.0 - -
CeHs(X?A1)/He 2709+ 57 5.3+0.2 83.6+ 3.2 6.9+ 0.2
CoHa(XAg) 921+ 25 15.0+£ 1.0 - -
CeHs(X?A1)/He 3067+ 34 6.0+ 0.3 105.3+ 2.6 6.2+ 0.3
CoDa(X?Ag) 897+ 12 15.0+1.0 - -
CeHs(X?A1)/He 2995+ 121 6.1+ 0.5 111.0+8.3 7.3+0.3

aNote that the peak velocities and corresponding speed ratios refer to those segments of the pulsed beams which are crossing in the interaction region.

reaction; also, the center-of-mass angular distribution of the fractions of less than 0.1% in the primary source chamber
CN—C;H4 system was only mildly forward-peaked at higher employing a modified Chen sou_ﬁ?ecoupled to a piezoelectr_ic
collision energy. An enhanced collision energy is expected to Pulsed valve? Here, 3040 Torr helium gas (99.9999%) was guided
reduce the probability of a hydrogen migration prior to the INto @ stainless steel reservoir, which contains the solid nitrosoben-
decomposition of the reaction intermediate. Therefore, we may 28"€ Sample at 283 K. The mixture was expanded at a stagnation
conclude that in case of the phemgithylene reactions, the pressure of 920 Torr through a resistively heated silicon carbide

. - P yiens . tube. By using helium as a calibration gas, the temperature of the
rearrangement fronil to i2 plays only a minor role in the

. . . . tube was estimated to be around 120600 K. The pulsed valve
reaction dynamics. We would like to comment briefly on the | -« operated at 200 Hz with pulses 166 wide. At these

possible role of the intermedial®. The latter can isomerize to  experimental conditions, the decomposition of the nitrosobenzene
i2 via a barrier located about 64 kJ mélabove the separated  molecule to form nitrogen monoxide and the pheny! radical is
reactants. Although this transition state can be passed, baseduantitative. After passing a skimmer, a four-slot chopper wheel
on the collision energies of our experiments, the back-reaction sliced a component of the phenyl radical beam with peak velocities
of i3 to i1 presents a more favorable route because of the v, between 2709 and 3067 mis(Table 1). Number densities of
energetically preferred transition state. Finally, the previous the phenyl radicals in the interaction region of the main chamber
computations proposed bicyclic reaction intermediates which Were estimated to be a few ¥0adicals cm®. The phenyl radical
either ring-open and/or emit hydrogen ato¥hslowever, these beam intersected neat and pulsed ethylene (99.999%) and D4-
pathways are highly endoergic, a finding not verified by our ethylene ¢-99% D) beams released by a second pulsed valve at a

experiments. Most important. these pathwavs would also lead PreSSUe of 550 Torr under well-defined collision energies; the peak
P S portant, pe y - velocities and speed ratios of those segments of the hydrocarbon
to an emission of deuterium atoms in the reactions of D4-

- h X beams interacting with the phenyl radical beam are compiled in
ethylene with phenyl. This has not been observed in our Tapje 1. Note that the D4-ethylene experiment was carried out to
experiments either. Therefore, we may conclude that the pin down the position of the hydrogen/deuterium atom loss, i.e.,
involvement of bicyclic reaction intermediates and reaction an emission from the ethylene versus the phenyl moiety.

products resulting from ring-opening mechanisms of the phenyl  The reactively scattered products were monitored using a

ring are unimportant. quadrupole mass spectrometric detector in the time-of-flight (TOF)
mode after electron-impact ionization of the molecules at 90 eV.
Conclusions The detector could be rotated within the plane defined by the

primary and the secondary reactant beams to take angular resolved

In this study, we investigated the chemical dynamics of the TOF spectra in steps of /&.0°. By integrating the TOF spectra
reaction of phenyl radicals, ¢85, with ethylene, GH,4, under at distinct laboratory angles, the laboratory angular distribution,
single collision conditions at two collision energies. Our data i.e., the integrated signal intensity of an ion of distin@z versus
indicated that the reaction was indirect via complex formation the laboratory angle, could be extracted. Information on the
and involved an addition of the phenyl radical to the olefinic chemical dynamics was gained by fitting these TOF spectra and
bond of the ethylene molecule forming aHGCH,CH, inter-  the angular distribution in the laboratory frame (LAB) using a
mediate. The latter was found to decompose via a tight exit forward-convolution routin€! This approach initially assumed
transition state to yield the styrene moleculgHgC,Hs) plus an angular distributioff(#) and a translational energy distribution

atomic hydrogen. The overall reaction was found to be exoergic PEn in the center-of-mass reference frame (CM). Since the
b Y kg ' (1 . ith hvl d 9 previous kinetic studies of phenyl radical reactions with unsaturated
y 25+ 12 kJ mot™. Experiments with D4-ethylene demon- hydrocarbons showed the existence of a threshold energies to

strated that the phenyl moiety stayed intact. Our study provides reaction £,,3237we incorporated an energy dependent cross-section,
solid evidence that in combustion flames and in the circumstellar (g, ~ [1 — E/E], via the line-of-center model with the collision
envelopes of carbon rich stars such as#R0216 and planetary

nebulae like CRL 618} the styrene molecule, a crucial (54) Cemicharo, 1. Heras, A. M.; Tielens, A. G. G. M.; Pardo, J. R.;

precursor to form polycyclic aromatic hydrocarbons (PAHS), perpin, F; Guelin, M.; Waters, L. B. F. Mastrophys. J2001, 546, L123—
can be synthesized within a single neutrakutral collision, a L126.

long-standing theoretical prediction which has remained to be  (55) Gu, X.; Guo, Y.; Kawamura, E.; Kaiser, R...Vac. Sci. Technol.,

i . . .~ A 2006 24, 505-511.
confirmed by laboratory experiments under well-defined condi- (56) Guo, Y. Gu, X.; Kawamura, E.: Kaiser, R.Rev. Sci. Instrum.

tions until now. 2006 77, 034701/03470%034701/034709.
(57) Stranges, D.; Stemmler, M.; Yang, X.; Chesko, J. D.; Suits, A. G.;
- : Lee, Y. T.J. Chem. Phys1998 109, 5372-5382.
Experimental Section (58) Kohn, D. W.; Clauberg, H.; Chen, Rev. Sci. Instrum1992 63,
. . . L : 4003-4005.
. The experiments were carried out unde_r single CO”'S'.on C(.)nd' (59) Kaiser, R. I.; Ochsenfeld, C.; Stranges, D.; Head-Gordon, M.; Lee,
tions in a crossed molecular beam machine at The University of 1 Faraday Discuss1998 109, 183204
Hawai'i.555¢ A pulsed supersonic beam of phenyl fadlca|$ was  (60) Vernon, M. Ph.D., University of California, Berkley, 1981.
generated by flash pyrolysis of nitrosobenzengHgBIO) at seeding (61) Weiss, M. S. Ph.D., University Of California, Berkley, 1986.
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energyEc for Ec > E, in the fitting routine®2 Recall that no reliable scattered species. This limited us to conduct the experiment with
data on thecollision-energy dependencé the cross-section exist;  the D4-ethylene reactant only by recording TOF spectra at the
in this case, the line-of-center model is often utilized as a simplified center-of-mass angle.

model. TOF spectra and the laboratory angular distribution were

then calculated from these center-of-mass functions. Because of acknowledgment. This work was supported by the US

the low signal counts, we had to accumulate up t0:8.20° TOF  pepartment of Energy, Basic Energy Sciences (DE-FGO2-
spectra to obtain a reasonable signal-to-noise ratio of the reactlverO3ER15411)_ We would also like to thank Ed Kawamura

(University of Hawaii, Department of Chemistry) for assistance.
(62) Levine, R. DMolecular Reaction Dynamic€ambridge University
Press: Cambridge, 2005. JO071006A
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