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C O N S P E C T U S

Polycyclic aromatic hydrocarbons (PAHs)sorganic compounds

that consist of fused benzene ringssand their hydrogen-

deficient precursors have attracted extensive interest from com-

bustion scientists, organic chemists, astronomers, and planetary

scientists. On Earth, PAHs are toxic combustion products and a

source of air pollution. In the interstellar medium, research sug-

gests that PAHs play a role in unidentified infrared emission

bands, diffuse interstellar bands, and the synthesis of precur-

sor molecules to life. To build clean combustion devices and to

understand the astrochemical evolution of the interstellar

medium, it will be critical to understand the elementary reac-

tion mechanisms under single collision conditions by which these

molecules form in the gas phase.

Until recently, this work had been hampered by the diffi-

culty in preparing a large concentration of phenyl radicals, but the phenyl radical represents one of the most important rad-

ical species to trigger PAH formation in high-temperature environments. However, we have developed a method for producing

these radical species and have undertaken a systematic experimental investigation. In this Account, we report on the chem-

ical dynamics of the phenyl radical (C6H5) reactions with the unsaturated hydrocarbons acetylene (C2H2), ethylene (C2H4),

methylacetylene (CH3CCH), allene (H2CCCH2), propylene (CH3CHCH2), and benzene (C6H6) utilizing the crossed molecular beams

approach. For nonsymmetric reactants such as methylacetylene and propylene, steric effects and the larger cones of accep-

tance drive the addition of the phenyl radical to the nonsubstituted carbon atom of the hydrocarbon reactant. Reaction inter-

mediates decomposed via atomic hydrogen loss pathways. In the phenyl-propylene system, the longer lifetime of the reaction

intermediate yielded a more efficient energy randomization compared with the phenyl-methylacetylene system. There-

fore, two reaction channels were open: hydrogen losses from the vinyl and from the methyl groups. All fragmentation path-

ways involved tight exit transition states. In the range of collision energies investigated, the reactions are dictated by phenyl

radical addition-hydrogen atom elimination pathways. We did not observe ring closure processes with the benzene ring.

Our investigations present an important step toward a systematic investigation of phenyl radical reactions under single

collision conditions similar to those found in combustion flames and in high-temperature interstellar environments. Future

experiments at lower collision energies may enhance the lifetimes of the reaction intermediates, which could open up com-

peting ring closure channels to form bicyclic reaction products.

I. Introduction

During the last decades, polycyclic aromatic

hydrocarbons (PAHs) together with their hydro-

gen-deficient precursor molecules have received

considerable attention from the combustion che-

mistry,1,2 medical,3 astrophysics,4 and astrobi-

ology communities.5 PAHs, which are also con-

sidered to be building blocks in the formation of

carbonaceous nanoparticles (soot),6,7 are often

associated with incomplete combustion process-
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es.8 Here, soot is primarily composed of nanometer-sized

stacks of perturbed graphitic layers that are oriented con-

centrically in an onion-like fashion.9 These layers can be

characterized as fused benzene rings and are likely formed

via agglomeration of PAHs.10 Those species are emitted to

the atmosphere from natural and anthropogenic sources

with an average global emission rate of anthropogenic car-

bon from fossil fuel combustion as high as 2.4 × 1010 kg

per year.11 Once liberated into the ambient environment,

PAHs and soot in respirable size of 10-100 nm can be

transferred into the lungs by inhalation and are strongly

implicated in the degradation of human health,12 particu-

larly due to their high carcinogenic risk potential. PAHs and

carbonaceous nanoparticles are also serious water pollut-

ants of marine ecosystems and bioaccumulate in the fatty

tissue of living organisms.13 Together with leafy vegeta-

bles, where PAHs and soot deposit easily, they have been

further linked to soil contamination,14 food poisoning, liver

lesions, and tumor growth. Soot particles with diameters up

to 500 nm can be transported to high altitudes and influ-

ence the atmospheric chemistry.15 These particles act as

condensation nuclei for water ice, accelerate the degrada-

tion of ozone, change the Earth’s radiation budget, and

could lead ultimately to an increased rate of skin cancer on

Earth and possibly to a reduced harvest of crops.16

Whereas on Earth PAHs are considered severe pollutants

and airborne toxic chemicals, in the interstellar medium with

temperatures as low as 10 K, PAH-like species are crucial to

understanding the astrochemical and astrobiological evolu-

tion of carbon-rich environments like circumstellar envelopes

of carbon-rich stars, such as IRC+10216, and planetary neb-

ulae. PAH-like species account for up to 10% of the cosmic

carbon budget and have been linked to the unidentified infra-

red (UIR) emission bands observed in the range of 3-14 µm

(3300-700 cm-1).17 They have been further considered a

carrier of the diffuse interstellar bands (DIBs), discrete absorp-

tion features superimposed on the interstellar extinction curve

ranging from the blue part of the visible (400 nm) to the near-

infrared (1.2 µm). It should be noted that besides in the inter-

stellar medium, PAHs have also been found in comets18 and

meteorites19 and have been suggested to be involved in the

formation of precursor molecules relevant to life as we know

it.20 A quantitative understanding of the formation of PAHs

and their precursors is therefore essential to developing clean

combustion devices and to comprehending the astrochemi-

cal evolution of distinct interstellar environments.

But how are PAHs and their hydrogen-deficient precursor

molecules formed? Present-day reaction networks mimicking

PAH formation in combustion flames and in the interstellar

medium agree that the phenyl radical (C6H5) in its 2A1 elec-

tronic ground state presents the most important transient spe-

cies to trigger PAH formation. The phenyl radical itself has

been scavenged as a methylthioether in flames.21 Recently,

the phenyl radical was also assigned via its ionization poten-

tial in sooting hydrocarbon flames utilizing tunable vacuum

ultraviolet light from synchrotron sources.22 These reaction

networks concur that phenyl radical reactions with unsatur-

ated hydrocarbon molecules such as (substituted) acetylenes,

olefins, and aromatic molecules initiate PAH synthesis via an

addition of the radical center of the phenyl radical to the π

electronic system of the unsaturated coreactant forming dou-

blet radical intermediates. Theoretical investigations coupled

with kinetics studies of these reactions suggested that depend-

ing on the temperature and pressure conditions, the interme-

diates either decompose back to the reactants, fragment

predominantly via atomic hydrogen loss pathways, isomer-

ize prior to their decomposition, or are stabilized at higher

pressures if the lifetime of the intermediate is longer than the

time scale necessary to divert the internal energy of the com-

plexes via a third body collision.23 The kinetics studies, often

conducted utilizing cavity ring down spectroscopy, depict rate

constants at temperatures up to 1500 K ranging between

10-11 and 10-12 cm3 s-1.24 These studies show also activa-

tion energies ranging between 5 and 45 kJ mol-1 upon addi-

tion of the radical to olefins and alkynes.37 But despite

impressive kinetic data, the reaction products, identification of

which is crucial for a detailed chemical modeling of combus-

tion processes and PAH formation in the interstellar medium,

were rarely determined. Laboratory data on the reaction prod-

ucts formed in bimolecular collisions of phenyl radicals with

unsaturated hydrocarbons were lacking for a long time, pre-

dominantly due to the experimental difficulty in preparing a

large concentration of phenyl radicals.

Systematic laboratory studies to ascertain the reaction

products of phenyl radical reactions with unsaturated hydro-

carbons in the gas phase have started only recently with the

advance of intense supersonic phenyl radical sources as devel-

oped in our laboratory. The crossed molecular beam method

presents an efficient experimental technique to supply the

nature of the reaction products of phenyl radical reactions.

Both combustion and interstellar reaction networks have incor-

porated a series of bimolecular reactions between radicals,

atoms, and closed shell species. Since the chemical evolution

of each macroscopic environment can in principle be rational-

ized by a series of bimolecular collisions between the reac-

tant species, a detailed experimental knowledge of the
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elementary processes involved at a fundamental microscopic

level is therefore desirable to elucidate the primary reaction

products. In this context, laboratory experiments under sin-

gle collision conditions are imperative to identify the primary

reaction products of phenyl radical reactions. Here, in a binary

collision involving a phenyl radical and a generalized hydro-

carbon molecule (RH), which proceeds via complex formation

through a reaction intermediate (reaction 1), a single phenyl

radical reacts only with one hydrocarbon molecule. Conse-

quently, any collisional stabilization of the intermediate and

even consecutive reactions of the primary products can be

eliminated. It should be emphasized that only this require-

ment assures that the nascent reaction products are probed.

Note that in “real” denser environments, three-body collisions

may take place if the lifetime of the intermediate is longer

than the time between collisions. In this case, the reaction

intermediate may also be stabilized or undergoes a succes-

sive reaction to more complex hydrocarbon molecules.

C6H5 + RHf [C6H5RH] * f C6H5R + H (1)

In this Account, we review contemporary developments on

crossed molecular beam studies of the reactions of phenyl

radicals with the unsaturated hydrocarbons acetylene (C2H2),

ethylene (C2H4), methylacetylene (CH3CCH), allene (H2CCCH2),

propylene (CH3CHCH2), and benzene (C6H6). These hydrocar-

bons serve as simple prototype molecules with triple (acety-

lene) and double (ethylene) bonds, as well as monocyclic

(benzene) aromatic species. Methylacetylene and allene are

chosen as the simplest representatives to investigate how the

dynamics and kinetics change from one structural isomer to

the other. Methylacetylene and propylene have been selected

to see how the dynamics changes if a hydrogen atom in acet-

ylene and ethylene is replaced by a methyl group. Reactions

with (partially) deuterated reactants were also conducted to

elucidate to what extent potential atomic hydrogen loss path-

ways originate from the phenyl radical or from the closed shell

hydrocarbon reactants.

II. The Crossed Molecular Beam Approach

Since the macroscopic alteration of each environment, rang-

ing from high-temperature combustion flames and circums-

tellar envelopes of carbon stars (few 1000 K) to low

temperature hydrocarbon-rich atmospheres of planets and

their moons (70-120 K) and cold molecular clouds (10 K),

consists of multiple elementary reactions that are a series of

bimolecular encounters between atoms, radicals, and mole-

cules, a detailed understanding of the mechanisms involved

at the most fundamental, microscopic level is crucial. These

are experiments under single collision conditions in which par-

ticles of one supersonic beam (the phenyl radical reactant) are

made to “collide” only with particles of a second beam (the

closed shell hydrocarbon coreagent). During the last years,

various supersonic sources have been established in our lab-

oratory to generate reactive species via laser ablation [ground-

state carbon atoms (C(3Pj)),
25 dicarbon (C2)26 and tricarbon

molecules (C3),27 and ground-state boron (B(2Pj))
28 and sili-

con atoms (Si(3Pj))],
29 coupling laser ablation with reactive car-

rier gases [generation of cyano (CN(X2
Σ
+))30 and d1-ethynyl

(CCD(X2
Σ
+)) radical beams],31 photolytic sources [vinyl (C2H3,

X2A′)32 and propargyl (C3H3, X2B1)],33 and pyrolytic sources

[allyl (C3H5, X2A2)34 and phenyl (C6H5, X2A1)].35 The crossed

molecular beam technique represents the most versatile

approach in the elucidation of the energetics and dynamics of

elementary reactions, in particular of atom-radical and of

radical-molecule reactions.36-39 In contrast to bulk experi-

ments, where reactants are mixed, the advantage of this

approach is the capability to form the reactants in separate

supersonic beams. These features provide an unprecedented

approach to observe the consequences of a single collision

event, preventing secondary collisions and wall effects. In prin-

ciple, both reactant beams can be prepared in well-defined

quantum states before they cross at a specific collision energy

under single collision conditions. The products can be moni-

tored via spectroscopic detection schemes such as laser-in-

duced fluorescence (LIF)40 or Rydberg tagging,41 via ion

imaging probes,42,43 or via a quadrupole mass spectrometric

detector (QMS) with universal electron impact ionization or

photoionization coupled to a mass spectrometric device.

Here, the crossed molecular beam method with mass spec-

trometric detection presents the most versatile technique to

study these elementary reactions thus permitting the elucida-

tion of the chemical dynamics and, in the case of polyatomic

reactions, the primary products. Only recently, technological

improvements in the production of unstable species such as

the phenyl radical and vacuum technology have allowed the

study of elementary reactions of combustion and astrochemi-

cal importance. The experiments reported here were con-

ducted with the crossed molecular beams machine at the

University of Hawaii (Figure 1).44 The apparatus consists of

two source chambers at a crossing angle of 90°, a stainless

steel scattering chamber, and an ultrahigh-vacuum tight, rotat-

able, differentially pumped quadrupole mass spectrometric

(QMS) detector, which can be pumped down to vacuum in the

high 10-13 Torr range. In the primary source, a pulsed super-

sonic beam of phenyl radicals was generated by flash pyroly-
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sis of nitrosobenzene (C6H5NO) at seeding fractions of less

than 0.1% in helium carrier gas employing a modified Chen

source45 coupled to a piezoelectric pulsed valve. With use of

helium as a calibration gas, the temperature of the tube was

estimated to be around 1200-1500 K. At these experimen-

tal conditions, the decomposition of the nitrosobenzene mol-

ecule to form nitrogen monoxide and the phenyl radical is

quantitative; this means that in the supersonic beam, only

nitrogen monoxide, helium, and the phenyl radical exist. The

phenyl radical beam is passed through a skimmer into the

main chamber; a chopper wheel located after the skimmer

and prior to the collision center selects a slice of molecules

with well-defined velocity, which reach the interaction region.

The phenyl radical beam intersects pulsed hydrocarbon beams

released by a second pulsed valve under well-defined colli-

sion energies ranging from 80 to 185 kJ mol-1. It is impor-

tant to stress that the incorporation of pulsed beams allows

reactions with often expensive (partially) deuterated chemi-

cals to be carried out to extract additional information on the

reaction dynamics, such as the position of the hydrogen or

deuterium loss if multiple reaction pathways are involved.

To detect the product(s), our machine incorporates a triply

differentially pumped, universal quadrupole mass spectromet-

ric detector coupled to an electron impact ionizer. Here, any

reactively scattered species from the collision center after a

single collision event has taken place can be ionized in the

electron impact ionizer, and in principle, it is possible to deter-

mine the mass (and the gross formula) of all the products of

FIGURE 1. Top view of the crossed molecular beams machine depicting the primary source chamber (phenyl radical source), the secondary

source chamber (hydrocarbon source), and the triply differentially pumped detector with electron impact ionizer and quadrupole mass

spectrometer. Differentially pumped regions are indicated by I, II, and III.
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a bimolecular reaction by varying the mass-to-charge ratio,

m/z, in the mass filter. Since the detector is rotatable within

the plane defined by both beams, this detector makes it pos-

sible to map out the angular (LAB) and velocity distributions

of the scattered products. Measuring the time-of-flight (TOF) of

the products from the interaction region over a finite flight dis-

tance at different laboratory angles allows extraction of the

product translational energy and angular distributions in

the center-of-mass reference frame. This provides insight into

the nature of the chemical reaction (direct vs indirect), inter-

mediates involved, the reaction product(s), their branching

ratios, and in some cases the preferential rotational axis of the

fragmenting complex(es) and the disposal of excess energy

into the products’ internal degrees of freedom as a function of

scattering angle and collision energy. Despite the triply differ-

ential pumping setup of the detector chambers, molecules

desorbing from wall surfaces lying on a straight line to the

electron impact ionizer cannot be avoided. Their mean free

path is on the order of 103 m compared with maximum

dimensions of the detector chamber of about 1 m. To reduce

this background, a copper plate attached to a two-stage closed

cycle helium refrigerator is placed right before the collision

center and cooled to 4 K. In this way, the ionizer views a

cooled surface, which traps all species with the exception of

hydrogen and helium.

What information can we obtain from these measure-

ments? The observables contain some basic information.46

Every species can be ionized at the typical electron energy

used in the ionizer and, therefore, it is possible to determine

the mass and the gross formula of all the possible species pro-

duced from the reactions by simply selecting different m/z in

the quadrupole mass spectrometer. Even though some prob-

lems such as dissociative ionization and background noise

limit the method, the advantages with respect to spectroscopic

techniques are obvious, since the applicability of the latter

needs as a prerequisite the knowledge of the optical proper-

ties of the products. Another important aspect is that, by mea-

suring the product velocity distributions, one can immediately

derive the amount of the total energy available to the prod-

ucts and, therefore, the enthalpy of reaction of the reactive col-

lision. This is of great help when different structural isomers

with different enthalpies of formation can be produced. For a

more detailed physical interpretation of the reaction mecha-

nism, it is necessary to transform the laboratory (LAB) data into

the center-of-mass (CM) system using a forward-convolution

routine.47 This approach initially assumed an angular distri-

bution, T(θ), and a translational energy distribution, P(ET), in

the center-of-mass reference frame (CM). TOF spectra and the

laboratory angular distribution were then calculated from

these center-of-mass functions. The essential output of this

process is the generation of a product flux contour map, I(θ,u)

) P(u)T(θ). This function reports the flux of the reactively scat-

tered products (I) as a function of the center-of-mass scatter-

ing angle (θ) and product velocity (u) and is called the reactive

differential cross section. This map can be seen as the image of

the chemical reaction and contains all the information on the

scattering process.

III. Results and Discussion

Here, we review the results of our crossed molecular beam

experiments of phenyl radicals with acetylene (C2H2), ethyl-

ene (C2H4), methylacetylene (CH3CCH), allene (H2CCCH2), pro-

pylene (CH3CHCH2), and benzene (C6H6). Specific details and

the methodology of this approach are given for the reactions

of phenyl radicals with acetylene, ethylene, and benzene.

Hereafter, these findings are transferred to the methylacety-

lene, allene, and propylene reactants. This approach will help

us to elucidate generalized concepts on the chemical dynam-

ics and the underlying reaction mechanisms of the reactions

of phenyl radicals with unsaturated hydrocarbons in extreme

environments and their role in the formation of PAHs and their

hydrogen-deficient precursor molecules.

The Reactions of Phenyl Radicals with Acetylene

(C2H2), Ethylene (C2H4), and Benzene (C6D6). Reactive scat-

tering signal was detected at mass-to-charge ratios (m/z) of

m/z ) 102 (C8H6
+) [acetylene],33 m/z ) 104 (C8H8

+) [ethyl-

ene],48 and m/z ) 159 (C12H5D5
+) [benzene-d6]49 (Figure 2a).

For all three systems, ion counts were also detected at lower

mass to charge ratios. However, at all angles, the TOF spec-

tra monitored at lower m/z values are superimposable to the

TOFs taken at m/z ) 102, 104, and 159 in the acetylene, eth-

ylene, and benzene-d6 systems. These findings indicate that

the phenyl radical reacts with the unsaturated hydrocarbon

molecule under elimination of a hydrogen atom (acetylene/

ethylene) or a deuterium atom (benzene-d6) to form hydro-

carbon molecules of the gross formulas C8H6 [acetylene], C8H8

[ethylene], and C12H5D5 [benzene-d6]. Furthermore, signal at

lower m/z values originate from dissociative ionization of the

reaction products in the electron impact ionizer. Note that

these data alone do not allow us to elucidate the nature of the

product isomer formed. The corresponding laboratory angu-

lar distributions are shown in Figure 2b. It should be stressed

that in the case of the acetylene and ethylene reactions, the

hydrogen atom can be lost from either the phenyl radical or

the closed shell molecule. To pin down the position of the
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atomic hydrogen loss, we conducted the crossed beam reac-

tions of phenyl radicals with perdeuterated acetylene (C2D2)

and ethylene (C2D4). For instance, for the acetylene-d2 reac-

tant, the emission of a hydrogen atom from the phenyl group

should result in signal at m/z ) 104 (C8H4D2
+); on the other

hand, the release of atomic deuterium is expected to be mon-

itored at m/z ) 103 (C8H5D+). An analysis of the data taken

demonstrated unequivocally that only deuterium atom losses

are observed from acetylene-d2 and ethylene-d4. This strongly

indicates that under single collision conditions, the phenyl

FIGURE 2. (a) Time-of-flight (TOF) spectra of ion counts at mass-to-charge rations (m/z) of 102 (C8H6
+; A), 104 (C8H8

+; B), 116 (C9H8
+; C, D),

118 (C9H10
+; E), and 159 (C12H5D5

+; F) recorded in the reactions of phenyl radicals with acetylene (A; 99.0 kJ mol-1), ethylene (B; 83.6 kJ

mol-1), methylacetylene (C; 91.4 kJ mol-1), allene (D; 92.7 kJ mol-1), propylene (E; 130.2 kJ mol-1), and benzene-d6 (F; 185.0 kJ mol-1). The

collision energies are given in parentheses. (b) Laboratory angular distributions (LAB) of ion counts at mass-to-charge rations (m/z) of 102

(C8H6
+; A), 104 (C8H8

+; B), 116 (C9H8
+; C, D), 118 (C9H10

+; E), and 159 (C12H5D5
+; F), recorded in the reactions of phenyl radicals with

acetylene (A; 99.0 kJ mol-1), ethylene (B; 83.6 kJ mol-1), methylacetylene (C; 91.4 kJ mol-1), allene (D; 92.7 kJ mol-1), propylene (E; 130.2

kJ mol-1), and benzene-d6 (F; 185.0 kJ mol-1). The arrows indicate the corresponding center-of-mass angles. The circles represent the

experimental data and the solid lines the best fits with the center of mass functions shown in Figure 3.
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group stays intact during the reactions and that the phenyl

radical versus deuterium atom replacement pathways are the

dominating exit channels for the reactions with perdeuter-

ated acetylene, ethylene, and benzene. These ion counts of

the parent ions can be integrated for each system at differ-

ent angles to obtain the corresponding laboratory angular dis-

tributions. As evident from the data, the LAB distributions are

very narrow and show a slight asymmetry with a preferred

intensity in the forward direction (0°), that is, the direction of

the phenyl radical beam.

To collect meaningful information on the chemical dynam-

ics, we must have a detailed look at the derived center-of-

mass functions and flux contour maps, which are reported in

Figures 3 and 4, respectively. The best fit translational energy

distributions, P(ET) (Figure 3a), are illustrated by characteristic

maxima of the translational energy, ET,max, of 125-140 (acet-

ylene), 100-120 (ethylene), and 210-230 kJ mol-1 (ben-

zene-d6) reactions. Based on energy conservation, each high-

energy cutoff, that is, the maximum translational energy

assuming no energy channels into the internal degrees of

freedom, represents the sum of the collision energy plus the

reaction exoergicity. Therefore, if we subtract the collision

energies from these high-energy cutoffs, the phenyl versus

hydrogen/deuterium atom exchange pathways are found to

be exoergic by 45 ( 11 kJ mol-1 (acetylene), 25 ( 12 kJ

mol-1 (ethylene), and 35 ( 15 kJ mol-1 (benzene-d6). These

reaction energies are important to elucidate the nature of the

structural isomer formed. We can compare the experimen-

tally determined reaction energies with those obtained from

electronic structure calculations or those extracted from the

NIST database.50 This analysis leads us to the conclusion that

in the reactions of phenyl radicals with acetylene, ethylene,

and benzene-d6, the nascent reaction products are pheny-

lacetylene (C6H5CCH), styrene (C6H5C2H3), and diphenyl-d5

(C6H5C6D5), respectively. Another important piece of informa-

tion that can be derived from the translational energy distri-

butions originates from the distribution maxima of the P(ET)s.

Here, all distributions were found to peak away from zero

translational energy at a range of 15-40 kJ mol-1. These

findings might indicate the existence of exit barriers when the

hydrogen or deuterium atoms are emitted. In other words, the

corresponding reversed reactions of hydrogen or deuterium

additions to the closed shell hydrocarbon molecule are

expected to have entrance barriers of this order of magni-

tude.51

Having analyzed the translational energy distributions, we

are turning our attention now to the corresponding center-of-

mass angular distributions, T(θ)s (Figure 3b) and the angular

part of the flux contour plots (Figure 4). For all three systems,

best fits could be derived with center-of-mass angular distri-

butions showing intensity over the complete angular range

from 0° to 180°. This finding strongly indicates that the reac-

tions of the phenyl radicals with acetylene, ethylene, and ben-

zene-d6 follow indirect scattering dynamics. This means that

the reactions involve the formation of C2H2C6H5, C2H4C6H5,

and C6D6C6H5 reaction intermediates. Since we are conduct-

ing the reactions under single collision conditions, the absence

of wall effects and third body stabilization of these interme-

FIGURE 3. Corresponding center-of-mass translational energy distributions (a) and angular distributions (3) extracted from the laboratory

data as presented in Figure 2. The solid lines are the best fits, and the hatched areas the acceptable fits within the error limits of the

experiments.
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diates dictates that all intermediates are unstable and, hence,

fragment due to the high internal energy content (rovibra-

tional excitation of the intermediates). It is important to high-

light that the T(θ)s are not symmetric with respect to 90° but

show a higher flux in the forward (with respect to the phenyl

radical beam) direction compared with the backward direc-

tion (closed shell hydrocarbon reactant). These findings

strongly indicate that the lifetime of each reaction intermedi-

ate is shorter than their rotation periods (osculating complex

behavior).52

How do our experimental results compare with recent elec-

tronic structure calculations on these systems? The relevant

parts of the potential energy surfaces (PESs) are compiled in

Figure 5. Here, the experimental findings correlate very well

with the ab initio calculations. As also suggested by the exper-

imental results, the phenyl radical with its unpaired electron

located in a A1 symmetric σ-like orbital adds via small

entrance barriers to the π cloud of acetylene, ethylene, and

benzene to form doublet radical intermediates C2H2C6H5,33

C2H4C6H5,46 and C6D6C6H5,47 respectively. It is important to

note that crossed molecular beam experiments can predict the

existence of these intermediates based on the shape of the

center-of-mass angular distributions; however, the experi-

ments could not pin down the energetics of these collision

complexes. Here, the electronic structure calculations sug-

gested that all three collision complexes rise in potential

energy wells located about 100-170 kJ mol-1 below the

energy of the separated reactants. These radical intermedi-

ates fragment via atomic hydrogen (acetylene, ethylene) and

deuterium (benzene-d6) pathways to form closed shell hydro-

carbons phenylacetylene (C6H5CCH), styrene (C6H5C2H3), and

diphenyl-d5 (C6H5C6D5). The experimentally derived reaction

energies of -45 ( 11 kJ mol-1 (acetylene), -25 ( 12 kJ

mol-1 (ethylene), and -35 ( 15 kJ mol-1 (benzene-d6) agree

FIGURE 4. Center-of-mass velocity contour flux map for the reaction of phenyl radicals (left, 0°) with six hydrocarbon molecules: acetylene

(A), ethylene (B), methylacetylene (C), allene (D), propylene (E), and benzene-d6 (F) (right, 180°) to form phenylacetylene (A), styrene (B), 1-

phenylmethylacetylene (C), phenylallene (D), 1- and 3-phenylpropylene (E), and diphenyl (F). The colors connect data points with an identical

flux and range from red (highest flux) to yellow (lowest flux). The units of axis are given in m s-1 (see legend).
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FIGURE 5. Schematic potential energy surfaces for the reactions of phenyl radicals with acetylene (A), ethylene (B), methylacetylene (C),

allene (D), propylene (E), and benzene-d6 (F) to form phenylacetylene (A), styrene (B), 1-phenylmethylacetylene (C), phenylallene (D), 1- and

3-phenylpropylene (E), and diphenyl (F).
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nicely with those obtained from electronic structures calcula-

tions: -41 ( 8 kJ mol-1, -21 ( 3 kJ mol-1, and -22 ( 8

kJ mol-1, respectively. In addition, the computed exit barri-

ers are confirmed by our experiments and the off-zero peak-

ing of the center-of-mass translational energy distributions.

The Reactions of Phenyl Radicals with Methylacety-

lene (CH3CCH), Allene (C3H4), and Propylene (CH3CHCH2).

The reactions of phenyl radicals with methylacetylene and

propylene depict important similarities compared with the

nonsubstituted acetylene and ethylene reactants but also strik-

ing differences. First of all, the experiments verified explicitly

that in reactions of phenyl radicals with perdeuterated methy-

lacetylene,53 propylene,54 and allene,51 only a deuterium

atom was emitted; no evidence of an atomic hydrogen loss

was monitored. This underlined the conclusions extracted

from the acetylene, ethylene, and benzene systems that the

phenyl group is conserved during the reactions under single

collision conditions, at least in the range of collision energies

investigated here. However, the methylacetylene and propy-

lene reactants are more complex than the nonsubstituted

counterparts and depict nonequivalent hydrogen atoms at the

acetylenic and methyl group (methylacetylene) and at the

vinyl and methyl group (propylene). Therefore, even the detec-

tion of scattering signal at m/z ) 116 (C9H8
+; methylacety-

lene and allene reactants) and m/z ) 118 (C9H10
+; propylene

reactant) makes it difficult to elucidate whether the hydro-

gen atoms are lost from the methyl group, the acetylenic/vi-

nyl units, or both positions. In these cases, it is very useful to

conduct experiments with partially deuterated reactants

methylacetylene-d3 (CD3CCH) and (propylene-d3)s (CD3C2H3,

CH3C2D3). Here, the experiments proved explicitly that in the

case of the methylacetylene-d3 reaction, only a hydrogen

atom loss (from the acetylenic group) was observed; however,

in the case of both propylene-d3 reactants, the crossed beam

studied depicted explicitly hydrogen atom losses from the

methyl group (CH3C2D3) and from the vinyl group (CD3C2H3).

Based on the center-of-mass functions and the electronic struc-

ture calculations, the following reaction dynamics could be

extracted. In case of the phenyl-methylacetylene system, the

phenyl radical once again attacks the carbon-carbon triple

bond (similar to the acetylene reactant); however, the steric

effect and larger cone of acceptance (the methyl group screens

the â carbon atom and makes it less accessible to addition)

direct the addition process of the radical center of the phenyl

radical to the R carbon atom of methylacetylene (the carbon

atom holding the acetylenic hydrogen atom). This again leads

to indirect scattering dynamics as evident from the center-of-

mass angular distribution and also from the bound doublet

C6H5HCCCH3 intermediate found in the electronic structure

calculations. Based on the observed hydrogen loss in the reac-

tion with methylacetylene-d3 and the energetics of the reac-

tion, this intermediate loses a hydrogen atom from the

acetylenic group to form a 1-phenylmethylacetylene mole-

cule (C6H5CCCH3) via a small exit barrier. The presence of an

exit barrier is also evident from the shape of the center-of-

mass translational energy distribution, that is, a peaking of the

latter away from zero translational energy. However, a com-

parison of the phenyl-acetylene and phenyl-methyl-

acetylene system shows a striking difference. An inspection of

the pertinent center-of-mass angular distributions extracted

from both reactions (Figure 3b) shows a less forward-pro-

nounced distribution in the phenyl-methylacetylene system.

This suggest that at comparable collision energies as investi-

gated here the lifetime of the C6H5HCCCH3 intermediate is

longer compared with the C6H5HCCH collision complex

formed in the reaction of phenyl radicals with acetylene. On

the other hand, the experiments with methylacetylene-d3 sug-

gested that the lifetime of the C6H5HCCCH3 radical is still too

low to allow energy randomization to occur so that a deute-

rium atom could be ejected from the methyl-d3 group. Note

that the chemical dynamics of the phenyl-allene system are

similar to those of the methylacetylene isomer. Here, the

phenyl radical adds to the terminal carbon atom holding the

CH2 group. The resulting intermediate also ejects atomic

hydrogen via a tight exit transition state leading to a pheny-

lallene reaction product (C6H5HCCCH2).

Finally, it is interesting to compare the chemical dynamics

of the phenyl-propylene system with those of the nonsubsti-

tuted reactant (ethylene) but also with the dynamics extracted

from the phenyl-methylacetylene system. Similar to the

methylacetylene reactant, the phenyl radical adds with its rad-

ical center to the nonsubstituted (R carbon) site of the propy-

lene reactant yielding a doublet C6H5CH2CH(CH3) radical

intermediate. The experiments with both (propylene-d3)s indi-

cated two competing decomposition pathways: a hydrogen

atom loss from the methyl group (25%) and also from the

vinyl group (75%) leading to at least two distinct isomers via

atomic hydrogen atom emission, 3-phenylpropene [H2CCH-

CH2C6H5] and cis/trans-1-phenylpropene [CH3CHCHC6H5].

Compared with the methylacetylene reaction, the explicit iden-

tification of two isomers suggest that the energy randomiza-

tion is more complete in the phenyl-propylene system (most

probably due to the enhanced number of internal degrees of

freedom of the reaction intermediate formed) to allow energy

flow from the initially activated bond over the carbon skele-

ton of the hydrocarbon reactant to the carbon-hydrogen
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bond of the methyl group. It is important to highlight that the

center-of-mass angular distributions of the phenyl-ethylene

system showed explicitly enhanced forward scattering com-

pared with the phenyl-propylene system; this translates into

a longer lifetime of the C6H5CH2CH(CH3) intermediate com-

pared with the C6H5CH2CH2 collision complex; again, this

enhanced lifetime is most likely caused by the increased num-

ber of internal degrees of freedom in the C6H5CH2CH(CH3)

complex compared with the C6H5CH2CH2 intermediate.

IV. Conclusions and Summary

The dynamics of the phenyl radical (C6H5) reactions with

unsaturated hydrocarbons acetylene (C2H2), ethylene (C2H4),

methylacetylene (CH3CCH), allene (H2CCCH2), propylene

(CH3CHCH2), and benzene (C6H6) as reported in this Account

exposed the reaction intermediates, nascent products of the

reactions, exit barriers, and underlying mechanisms. The

phenyl radical reactions presented here showed common fea-

tures. First, the phenyl radical was found to add with its

unpaired electron located in its 2A1 orbital to the π electron

density of the unsaturated hydrocarbon reactants via indirect

scattering dynamics to form reaction intermediates on the

doublet potential energy surfaces. In the case of nonsymmet-

ric reactants like methylacetylene and propylene, steric effects

and the larger cones of acceptance direct the addition of the

phenyl radical to the nonsubstituted carbon atom of the

hydrocarbon reactant (R carbon atom). All addition processes

have entrance barriers of up to 15 kJ mol-1. Based on this

piece of information alone, we must conclude that phenyl rad-

ical reactions with unsaturated, closed shell hydrocarbon mol-

ecules are closed in the cold regions of the interstellar

medium such as in cold molecular clouds where averaged

translational temperatures of 10 K reside. Likewise, the low

temperatures in the hydrocarbon-rich atmospheres of plan-

ets and their satellites such as Titan effectively obstruct these

phenyl radical reactions to be efficient in synthesizing precur-

sor molecules to PAHs under low-temperature conditions. Sec-

ond, as evident from the center-of-mass angular distributions

obtained from the reactions with acetylene, ethylene, methy-

lacetylene, and allene, the crossed beam studies depicted

nicely that at similar collision energies, the lifetimes of the

reaction intermediates increased as the number of internal

degrees of freedom of the collision complexes increased.

Third, the reaction intermediates were found to decompose

via atomic hydrogen loss. In the case of the phenyl-

propylene system, the enhanced lifetime of the reaction inter-

mediate allowed a more efficient energy randomization as

compared with the phenyl-methylacetylene system; as a con-

sequence, two reaction channels were open: hydrogen losses

from the vinyl and from the methyl groups. It should be

stressed that reactions of phenyl radicals with perdeuterated

reactants verified explicitly that the phenyl group remained

intact; only deuterium atom ejection pathways were moni-

tored, but no atomic hydrogen loss was found to be impor-

tant. Fourth, all fragmentation channels were found to involve

tight exit transition states of about 10-25 kJ mol-1. This

means that in the reverse reactions of a hydrogen atom with

the corresponding closed shell hydrocarbon molecules, an

entrance barrier of this order of magnitude is also expected.

Fifth, at least in the range of collision energies investigated in

the present experiments, the reactions are dictated by phenyl

radical addition-hydrogen atom elimination pathways; no

ring closure processes with the benzene ring were found to

proceed to completion. However, reactions at lower collision

energies, which will be investigated in the near future, will cer-

tainly lead to enhanced lifetimes of the reaction intermedi-

ates. This could also result in competing ring closure channels,

which in turn should lead to observable deuterium atom elim-

ination products in case of reactions of phenyl radicals with

perdeuterated hydrocarbon reactants. Sixth, besides the closed

shell reaction products, we have identified various radical

intermediates. These structures could be stabilized or undergo

subsequent reactions in high-density combustion flames if the

lifetime of the reaction intermediates is longer than the time

between collisions.

In summary, we have presented reaction mechanisms and

information on the chemical dynamics of reactions of phenyl

radicals with unsaturated hydrocarbon molecules. These inves-

tigations present an important step toward a systematic inves-

tigation of phenyl radical reactions under single collision

conditions and help to unravel the underlying organic chem-

istry to form polycyclic aromatic hydrocarbon molecules and

their precursors in high-temperature combustion flames and

in circumstellar envelopes of carbon stars, as well as plane-

tary nebulae. A combination of the rate constants obtained

from kinetic studies with the nascent reaction products should

expose the role of this reaction class to form PAHs and related

compounds in combustion systems and high-temperature

extraterrestrial environments. In the coming years, future

experiments under single collision conditions should be also

conducted at lower collision energies; this may enhance the

lifetime of the collision complexes and could also lead to com-

peting ring-closure processes finally yielding bicyclic PAH-like

structures. Likewise, reactions of phenyl radicals with com-

plex hydrocarbons such as C4H6 isomers 1,3-butadiene are
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expected to yield unprecedented information of the role of

this reaction class in the stepwise build-up of naphthalene

molecules and their acyclic isomers in combustion systems

and in the hotter regions of the interstellar medium.
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