
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

Formation of 2- and 1-Methyl-1,4-

Dihydronaphthalene Isomers via the Crossed Beam 

Reactions of Phenyl Radicals (C6H5) with Isoprene 

(CH2C(CH3)CHCH2) and 1,3-Pentadiene 

(CH2CHCHCHCH3) 

 

 

Tao Yang, Lloyd Muzangwa, Dorian S. N. Parker, Ralf I. Kaiser* 

Department of Chemistry, University of Hawaii at Manoa, Honolulu, HI 96822  

 

Alexander M. Mebel* 

Department of Chemistry and Biochemistry, Florida International University, Miami, Florida 

 

 

 

 

 

 

 

  

Page 1 of 28 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



2 

 

Abstract 

Crossed molecular beam reactions were exploited to elucidate the chemical dynamics of the 

reactions of phenyl radicals with isoprene and with 1,3-pentadiene at a collision energy of 55 ± 4 

kJ mol
-1

. Both reactions were found to proceed via indirect scattering dynamics and involve the 

formation of a van-der-Waals complex in the entrance channel. The latter isomerized via the 

addition of the phenyl radical to the terminal C1/C4 carbon atoms through submerged barriers 

forming resonantly stabilized free radicals C11H13, which then underwent cis-trans isomerization 

followed by ring closure. The resulting bicyclic intermediates fragmented via unimolecular 

decomposition though the atomic hydrogen loss via tight exit transition states located 30 kJmol
-1

 

above the separated reactants in overall exoergic reactions forming 2- and 1-methyl-1,4-

dihydronaphthalene isomers. The hydrogen atoms are emitted almost perpendicularly to the 

plane of the decomposing complex and almost parallel to the total angular momentum vector 

(‘sideways scattering’) which is in strong analogy to the phenyl – 1,3-butadiene system studied 

earlier. RRKM calculations confirm that 2- and 1-methyl-1,4-dihydronaphthalene are the 

dominating reaction products formed at levels of 97 % and 80 % in the reactions of the phenyl 

radical with isoprene and 1,3-pentadiene, respectively. This barrier-less formation of methyl-

substituted, hydrogenated PAH molecules further supports our understanding of the formation of 

aromatic molecules in extreme environments holding temperatures as low as 10 K.   
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1. Introduction 

     During the past decades, the formation mechanisms of polycyclic aromatic hydrocarbons 

(PAHs) – organic molecules containing fused benzene rings – have received particular attention 

due to their toxicity
1
 and carcinogenic, 

2-4
 mutagenic,

4-5
 as well as teratogenic properties.

4
 In the  

late 1970s, the United States Environmental Protection Agency (USEPA) was engaged in classi-

fying and prioritizing chemicals according to their toxicity, and 16 of them have been identified 

as PAHs so far.
6
 On Earth, PAHs are mainly produced by an incomplete combustion of organic 

materials such as coal, biomass, and fossil fuel or naturally through the biosynthesis of plants, 

volcanic eruptions, and wood fires.
7
 PAHs heavier than 500-1000 amu are also regarded as key 

precursors to soot formation,
8-9

 with the soot production worldwide estimated be to about 10
7 

tons per year.
10

 Respiratory particulate matter (PM) is of particular importance since these 

atmospheric pollutants pose great risk to the human health and can be inhaled by breathing.
11-13

 

Further, PAHs are considered as air and marine pollutants as well,
14-16

 and can further contribute 

to global warming.
17

 Therefore, anthropogenic PAH and soot emission sources need to be 

controlled by the society; this requires an understanding of the fundamental mechanisms of how 

PAHs are formed under combustion-like conditions. Besides terrestrial sources, PAHs are also 

regarded as prominent organic molecules that are supposed to exist in the interstellar medium 

(ISM).
18

 Here, PAHs and their (partially) hydrogenated and alkyl-substituted counterparts are 

thought to account for the ‘unidentified’ infrared (UIR) bands and the diffuse interstellar 

absorption bands (DIBs).
19

 PAHs such as naphthalene, anthracene, and phenanthrene as detected 

in the Murchision meteorite point to an interstellar origin,
20

 possibly from circumstellar and/or 

interstellar sources,
21

 thus providing an elaborate record on the chemical evolution of the 

universe. 

 

     It is well known that small resonantly stabilized free radicals (RSFRs)
22-28

 as well as small 

aromatics like benzene (C6H6) and phenyl radicals (C6H5)
8-9

 play important roles in further PAH 

growth pathways. The simplest PAHs - indene and naphthalene - can be formed via reactions of 

single-ring aromatic hydrocarbons such as benzene (C6H6) and the phenyl radical (C6H5) with 

unsaturated hydrocarbons involving the hydrogen abstraction-acetylene addition (HACA) 

mechanism,
9, 29-30 

the self-reaction of cyclopentadiene (cyclopentadienyl),
31-33

 and/or the phenyl 

(benzene) addition-cyclization (PAC) with unsaturated hydrocarbons such as alkynes,
34
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olefins,
35-37

 and aromatic molecules.
37-40

 In a pyrolysis reactor, Britt et al. found that the 

pyrolysis of terpenes ((C5H8)n) in a high temperature (600-800 °C) environment resulted in the 

production of benzene (C6H6), toluene (C7H8), styrene (C8H8), indene (C9H8), naphthalene 

(C10H8), 2-methylnaphthalene (C11H10), and 1-methylnaphthalene (C11H10). Considering that 

isoprene (C5H8) presents a fundamental building block of terpenes, the isoprene molecule, which 

can be considered as a methyl-substituted 1,3-butadiene molecule, can be actively involved in 

the formation of PAHs.
41

 Exploiting the crossed molecular beams approach, our group has syste-

matically investigated the formation of PAHs via bimolecular reactions involving phenyl-type 

radicals with unsaturated hydrocarbons allene (C3H4),
42

 methylacetylene (C3H4),
42

 vinylacetylene 

(C4H4),
43

 and 1,3-butadiene (C4H6)
44

 at collision energies up to about 50 kJ mol
-1

 under single 

collision conditions leading to indene (C9H8), naphthalene (C10H8), and 1,4-dihydronaphthalene 

(C10H10) (Figure 1). Likewise, para-tolyl radicals (C6H4CH3) reacting with vinylacetylene and 

isoprene (C10H8) barrier-lessly lead to the formation of 2-methylnaphthalene (C11H10)
45

 and 

dimethyldihydronaphthalenes
46

 at a single collision event (Figure 1). Consequently, bimolecular 

reactions of phenyl-type radicals (phenyl, para-tolyl) with C4 and C5 hydrocarbons such as 

vinylacetylene and (methyl-substituted) 1,3-butadiene were found to form polycyclic aromatic 

hydrocarbons (PAHs) with naphthalene and 1,4-dihydronaphthalene cores in exoergic and 

entrance barrier-less reactions under single collision conditions. The reaction mechanism 

involves the initial formation of a van-der-Waals complex and addition of the phenyl-type 

radical to the C1 position of a vinyl-type group through a submerged barrier. Our investigations 

indicate that in the hydrocarbon reactant, the vinyl-type group must be in conjugation to a -

C≡CH or -HC=CH2 group to form a resonantly stabilized free radical (RSFR) intermediate, 

which eventually isomerizes to a cyclic intermediate followed by hydrogen loss and 

aromatization (PAH formation).  

 Having established that the reaction of phenyl radicals with 1,3-butadiene leads to the 

formation of 1,4-dihydronaphthalene isomers (Figure 1), we are probing now the outcome of the 

bimolecular reactions of the phenyl radical with isoprene (2-methyl-1,3-butadiene) and 1,3-

pentadiene (1-methyl-1,3-butadiene) to elucidate if these bimolecular reactions can synthesize 

methyl-substituted 1,4-dihydronaphthalene isomers, in which the methyl group is bound to 1,4-

dihydrogenated ring thus enabling us to control the outcome of a bimolecular reaction leading to 

distinct PAH isomers by replacing hydrogen atoms selectively by methyl groups. 

Page 4 of 28Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



5 

 

2. Experimental 
 

       The reactions of the phenyl radical (C6H5) with isoprene (CH2C(CH3)CHCH2) and 1,3-

pentadiene (CH2CHCHCHCH3) were conducted exploiting a crossed molecular beams machine 

under single collision conditions.
47-50

 Briefly, a pulsed supersonic beam of phenyl radicals 

seeded in helium (99.9999 %; Gaspro) at fractions of about 1 % was prepared by photo-

dissociation of chlorobenzene (C6H5Cl; 99.9 %; Sigma-Aldrich) in the primary source chamber. 

This gas mixture was formed by passing 1.8 atm helium gas through chlorobenzene stored in a 

stainless steel bubbler at 293 K. The gas mixture was then released by a Proch-Trickl pulsed 

valve operated at 120 Hz and –400 V and photodissociated by 193 nm light at 18 ± 2 mJ emitted 

from an Excimer laser operating at 60 Hz. A four-slot chopper wheel located after the skimmer 

selected a part of the phenyl beam at a well-defined peak velocity (vp) and speed ratio S (Table 1). 

This section of the radical beam was perpendicularly intersected in the interaction region of the 

scattering chamber by a pulsed molecular beam of the hydrocarbon reactant. These were 

isoprene (CH2CHCCH3CH2; 99%; TCI America) and 1,3-pentadiene (CH2CHCHCHCH3; 97%; 

TCI America) released at backing pressures of 450 Torr and 420 Torr, respectively, by a pulsed 

valve in the secondary source chamber at a repetition rate of 120 Hz and pulse duration of 80 µs. 

In our experiment, the chopper wheel generated the time zero trigger pulse; the primary and the 

secondary pulsed valve timings were triggered 1894 µs and 1859 µs after the time zero, while 

the excimer laser was fired 162 µs later than the primary pulsed valve.  

     The reactively scattered products were monitored using a triply differentially pumped 

quadrupole mass spectrometric detector in the time-of-flight (TOF) mode after electron-impact 

ionization of the neutral species with an electron energy of 80 eV.
51-53

 Time-of-flight spectra 

were recorded over the full angular range of the reaction in the plane defined by the primary and 

the secondary reactant beams. The TOF spectra were then integrated and normalized to obtain 

the product angular distribution in the laboratory frame (LAB). To extract information on the 

reaction dynamics, the experimental data are transformed into the center-of-mass frame utilizing 

a forward-convolution routine. This method initially assumes an angular flux distribution, T(θ), 

and the translational energy flux distribution, P(ET) in the center-of-mass system (CM). 

Laboratory TOF spectra and the laboratory angular distributions (LAB) are subsequently 

calculated from the T(θ) and P(ET) functions and compared to the experimental data, the 

functions are iteratively adjusted until the best fit between the two is achieved. In addition, we 
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obtained the product flux contour map I(�,u) = P(u)×T(�), which plot represents the differential 

cross section and generates a vivid ‘image’ of the studied reaction.
44

 Here, I(�,u) represents the 

flux of the reactive scattering products, � stands for the scattering angle with respect to the CM 

angle, and u stands for the product velocity in the CM frame. 

3. Theory 

The geometries and harmonic frequencies of all reaction intermediates, transition states and 

products on the C11H13 potential energy surfaces (PESs) involved in the reactions of phenyl with 

isoprene and cis-/trans-1,3-pentadiene were computed at the B3LYP level within the hybrid 

density functional theory with the 6-311G** basis set.
54-55

 The final single-point energies were 

refined using the B3LYP optimized structures at the G3(MP2,CC)//B3LYP/6-311G** theoretical 

level,
56

  which is expected to generate relative energies of various species within the accuracy of 

± 10 kJ mol
-1

. The GAUSSIAN 09
57

 and MOLPRO 2010
58

 program packages were employed for 

all density functional and ab initio calculations. Further, the Rice-Ramsperger-Kassel-Marcus 

(RRKM) calculations were performed to compute the rate constants k(E) (Table S1), considering 

the internal energy E as a sum of the collision energy and the energy of the chemical activation. 

The product statistical yields were computed by solving first-order kinetic equations for 

unimolecular reactions.
59-60

   
 

4. Experimental Results 

     In the bimolecular reactions of the phenyl radical (C6H5; 77 amu) with isoprene (C5H8; 68 

amu) and with 1,3-pentadiene (C5H8; 68 amu), signal was observed at the mass-to-charge ratios 

(m/z) of 145 (
13

C10H12
+
/C11H13

+
), 144 (C11H12

+
), 143(C11H11

+
), 130 (C10H10

+
) and 129 (C10H9

+
). 

After scaling, the time-of-flight (TOF) spectra at m/z = 145, 143, 130 and 129 were 

superimposable to those taken at m/z = 144. As a matter of fact, signal at m/z = 145 was found to 

originate from the naturally occurring 
13

C-substituted C11H12 with the latter formed via the 

phenyl versus atomic hydrogen exchange pathway. Since the TOF data in the range of 143 to 

129 are superimposable to signal taken at m/z = 144, we can conclude that signal at the lower 

mass-to-charge ratios originates from dissociative electron impact ionization of the parent 

molecules in the ionizer, and we proceed to collect angular resolved TOF spectra at m/z = 144 

(Figure 2). Further, the molecular hydrogen loss channel is closed and only the phenyl versus 
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atomic hydrogen exchange channels leading to C11H12 isomer(s) are open. The corresponding 

laboratory angular distributions shown in Figure 3 were scaled by the primary beam intensities 

and averaged over the number of the scans. Both distributions peak close to the center-of-mass 

angle of 21.9° and 21.6° and extend by about 20° within the scattering plane defined by the 

primary and secondary beams. The peaking of the laboratory angular distributions in vicinity to 

the corresponding center-of-mass angles and the nearly forward-backward symmetric profile 

propose indirect scattering dynamics via the formation of C11H13 collision complexes. 

Data at m/z = 144 (C11H12
+
) could be fit with a single channel accounting for reactive scat-

tering signal at 144 amu (C11H12) plus 1 amu (H) via reaction of the phenyl radical (C6H5; 77 

amu) with isoprene (C5H8; 68 amu) and with 1,3-pentadiene (C5H8; 68 amu), respectively. As a 

matter of fact, the resulting center-of-mass angular and translational energy distribution are very 

similar (Figure 4). In detail, the center-of-mass translational energy distributions, P(ET)s, depict  

maximum translational energy releases of 155 ± 24 kJ mol
-1

. A subtraction of the collision 

energy of 55 ± 4 kJ mol
-1 

from the maximum translational energy release, yields a reaction 

energy of 100 ± 28 kJ mol
-1 

for those products formed without internal excitation. Further, the 

P(ET)s peak distinctively away from zero translational energies at 25 to 40 kJ mol
-1

; this finding 

suggests the existence of an exit barrier of this order of magnitude and a tight exit transition state 

to product formation.
61

  Here, large exit barriers are often associated with repulsive carbon − 

hydrogen bond ruptures involving a significant electron rearrangement from the decomposing 

intermediate to the final products. Considering the concept of microscopic reversibility, in the 

reversed reaction of a hydrogen atom addition to a closed shell hydrocarbon, we would expect an 

entrance energy barrier.
61

  Finally, the average fraction of the available energy channeling into 

the translational degrees of freedom of the products is derived to be about 54 ± 8 %. Note that 

both center-of-mass angular distributions, T(θ)s, depict intensity over the full angular range indi-

cating an indirect complex formation reaction mechanism forming a bound C11H13 

intermediate(s).
61

 Best fits are achieved with distributions showing distribution maxima at 

around 90°. These forward-backward symmetric distributions indicate that the life time(s) of the 

decomposing complex(es) is (are) longer than their rotational period(s). Further, the pronounced 

maximum around 90° suggest that a hydrogen emission takes place almost parallel to the total 

angular momentum vector and nearly perpendicularly to the rotational plane of the decomposing 
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complex(es) (so called ‘sideway scattering’),
44

 which can also be reflected in the flux contour 

maps (Figure 5). 

 

5. Theoretical Results 

    Considering the reaction of the phenyl radical with isoprene (Figure 6a and 6b), the ab initio 

calculations identified 10 intermediates and 15 possible products. The reaction is initiated by the 

barrier-less formation of a van-der-Waals complex (i0), which is stabilized by 7 kJ mol
-1

 with 

respect to the reactants. From here, phenyl can either add to the π electron density or abstract a 

hydrogen atom from the isoprene molecule. Here, the chemically non-equivalency of the 

hydrogen atoms translate to four feasible abstraction channels from the C1, C3, C4, as well as 

CH3 group in overall exoergic reactions (- 1 to - 87 kJ mol
-1

) by passing transition states located 

12 to 37 kJ mol
-1

 above the separated reactants. Since the isoprene molecule has four non-

equivalent sp
2
 hybridized carbon atoms at the 1,3-butadiene moiety, four entrance channels to 

addition exist leading to four distinct intermediates (i1 - i4). Note that although all addition 

pathways have entrance barriers ranging between 1 and 20 kJ mol
-1

, the additions to the terminal 

C1 and C4 carbon atoms of the 1,3-butadiene moiety leading to resonantly stabilized free radical 

intermediates i1 and i4 are de facto barrier-less since these barriers to addition are actually lower 

than the energy of the separated reactants (submerged barrier). The formation of intermediates i2 

and i3 on the other hand exhibit entrance barriers of 8 and 13 kJ mol
-1

 above the separated 

reactants. What is the fate if the initial collision complexes? Intermediate i1 can follow a cis-

trans isomerization to i5 via a low barrier of 45 kJ mol
-1

, isomerizes to i2, rearranges to an exotic 

tricyclic intermediate i7 via a substantial barrier of 173 kJ mol
-1

, or decomposes to p1 through an 

atomic hydrogen emission via a rather loose transition state located only 13 kJ mol
-1

 above the 

separated products. Considering the barrier heights, the isomerization to i5 is expected to be 

favorable.  This intermediate either undergoes ring closure to i6 or decomposes via atomic 

hydrogen emission from the C1 carbon atom of the isoprene molecule to p2. On the other hand, 

intermediate i6 fragments via hydrogen atom emission to form p3 (2-methyl-1,4-

dihydronaphthalene) via an exit barrier of 30 kJ mol
-1

. What are the fates of i2 and i7? 

Intermediate i2 either decomposes to p6 (styrene) plus CH3CCH2 radical or p4 plus a hydrogen 

atom via exit barriers of 17 kJ mol
-1 

and 28 kJ mol
-1

, respectively. Intermediate i7 – although 

unlikely to be formed due to the significant barrier connecting i1 and i7, could fragment to the 
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tricyclic product p5 plus an atomic hydrogen via an exit barrier of 43 kJ mol
-1

. We are focusing 

now on the fate of the collision complexes i3 and i4. Intermediate i4 has four possible reaction 

paths: isomerization to i3, cis-trans isomerization to i8, isomerization to the tricyclic intermediate 

i10, or decomposition to p7 via atomic hydrogen emission with an exit barrier of 18 kJ mol
-1

. 

Note that intermediate i3 can lose a methyl group to form p9 or emits a vinyl group yielding p11 

via an exit barrier of 23 kJ mol
-1

. Intermediate i8 either isomerizes to the bicyclic intermediate i9, 

which eventually decomposes via an atomic hydrogen loss from the neighboring carbon atom 

with an overall exoergicity of 102 kJ mol
-1

 by overcoming an exit barrier of 30 kJ mol
-1

; 

alternatively, i4 decomposes to p8 plus an atomic hydrogen via an exit barrier of 11 kJ mol
-1

. 

Note that the tricyclic intermediate i10 can emit a hydrogen atom from the C4 carbon atom of the 

isoprene moiety and forms the tricyclic product p10 via an exit barrier of 41 kJ mol
-1

.  

 

     Having unraveled the reaction of phenyl with isoprene, we are shifting now to the related 

system of phenyl with 1,3-pentadiene. As an isomer of isoprene, 1,3-pentadiene also holds a pair 

of conjugated carbon-carbon double bonds, while methyl group substitution occurs at the C4 

carbon atom of 1,3-butadiene to cis-/trans-1,3-pentadiene rather than at C3 carbon atom for 

isoprene. Therefore, we project that the PES for the reaction of phenyl with cis-/trans-1,3-

pentadiene (Figure 7a and 7b) should hold strong similarities compared to the PES of the phenyl 

– isoprene system (Figure 6a and 6b). Here, the ab initio calculations propose 10 intermediates 

and 18 possible reaction products. Similar to the reaction of phenyl with isoprene, the initial long 

range interaction between the phenyl radical and 1,3-pentadiene results in the barrier-less 

formation of a van der Walls complex i0’, which resides 6 kJ mol
-1

 below the energy of the 

separated reactants. From here, the phenyl radical can abstract a hydrogen atom by overcoming 

barriers between 12 and 34 kJ mol
-1

. The reaction products formed are benzene plus 

CH3CHCHCHCH, CH3CCHCHCH2, CH3CHCCHCH2, CH3CCHCHCH2, and 

CH2CHCHCHCH2. Alternatively, the van-der-Waals complex can isomerize via addition of the 

phenyl radical with its radical center to the C1 to C4 carbon atoms of the 1,3-butadiene moiety 

leading to the initial collision complexes i1’to i4’. Similarly to the phenyl – isoprene system, the 

formation of i1’ and i4’ are de facto barrier-less and proceed via submerged barriers, while i2’ 

and i3’ are formed through entrance barriers of 11 kJ mol
-1 

and 9 kJ mol
-1

, respectively. 

Thereafter, i1’ can decompose to p1’ plus hydrogen via an exit barrier of 14 kJ mol
-1

 or 
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isomerize to i2’, i5’ or i7’ via barriers of 125 kJ mol
-1

, 53 kJ mol
-1

 and 187 kJ mol
-1

 respectively. 

Intermediate i2’ will then decompose to either styrene (p6’) plus CHCHCH3 or forms p4’ plus 

hydrogen. The tricyclic intermediate i7’ can eject atomic hydrogen from the C2 carbon atom of 

the phenyl moiety resulting in the formation of the tricyclic product p5’. Intermediate i5’ may 

isomerize to a bicyclic intermediate i6’ or decomposes to p2’ via an exit barrier of 10 kJ mol
-1

. 

After that, i6’ emits a hydrogen atom from the C2 carbon atom of the phenyl moiety to generate 

p3’ (1-methyl-1,4-dihydronaphthalene) via an exit barrier of 30 kJ mol
-1

 and an overall 

exoergicity of 94 kJ mol
-1

. Considering i3’, the latter can decompose to p9’ plus atomic 

hydrogen or to p11’ plus a vinyl group via exit barriers of 29 kJ mol
-1 

and 15 kJ mol
-1

, 

respectively. Intermediate i4’ can either decompose to p7’ plus hydrogen or p12’ plus a methyl 

group via exit barriers of 41 kJ mol
-1 

and 32 kJ mol
-1

, or isomerizes to the i3’, i8’, and i10’ via 

barriers of 130 kJ mol
-1

, 53 kJ mol
-1

 and 184 kJ mol
-1

 respectively. The tricyclic intermediate i10’ 

might form the triyclic product p10’ plus hydrogen by overcoming an exit barrier of 44 kJ mol
-1

. 

Intermediate i8’ will either decompose to p8’ plus hydrogen, p13’ plus a methyl group, or under-

goes ring-closure to i9’, which eventually decomposes to p3’ plus hydrogen via an exit barrier of 

32 kJ mol
-1

. 

 

6. Discussion 

 

    We are now combining our experimental and computational results in an attempt to untangle 

the underlying reaction dynamics. A comparison of the experimentally derived reaction energies 

for both systems of 100 ± 28 kJ mol
-1

 with the computed data (Figures 6 and 7) suggests at least 

the formation of p3 (phenyl – isoprene) and p3’ (phenyl – 1,3-butadiene) in reactions exoergic 

by 94 ± 5 kJ mol
-1

 and 102 ± 5 kJ mol
-1

, respectively. How are these products formed? For both 

the phenyl – isoprene and phenyl – 1,3-pentadiene systems, the reactions follow indirect scatte-

ring dynamics via the involvement of C11H13 complexes. Upon formation of the van-der-Waals 

complexes i0 and i0’, these complexes isomerized via de facto barrier-less addition of the phenyl 

radical with its radical center to the  C1 and C4 carbon atoms forming resonantly stabilized free 

radicals i1/i1’ and i4/i4’, respectively; all barriers to addition are below the energy of the 

separated reactants. The collision complexes undergo cis-trans isomerization (i5/i5’ and i8/i8’) 

with the latter isomerizing via ring closure yielding i6/i6’ and i9/i9’. These intermediates emit 

then a hydrogen atom from the ortho- position of the phenyl moiety through tight exit barriers 
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located 30 kJ mol
-1 

above the separated reactants. Note that the computed barrier heights agrees 

very well with the estimated ones based on the off-zero peaking of the center-of-mass 

translational energy distributions of 25 to 40 kJ mol
-1

. Further, it is important to highlight that the 

electronic structure calculations predict angles of the hydrogen emission from 93.9
o
 to 94.8

o
 

(Figure 8), which correlates nicely with the experimentally found ‘sideways scattering’. In other 

words, in the reversed reaction, the hydrogen atom adds perpendicularly to the molecular plane 

of the 2- and 1-methyl-1,4-dihydronaphthalene molecule. It is important to recall that at our 

collision energy, the phenyl radical can also add to the C2 and C3 carbon atoms of isoprene and 

1,3-pentadiene by passing the barriers to addition. The resulting complexes i2/i2’ and i3/i3’ can 

isomerize to i1/i1’ and i4/i4’, respectively. These conclusions also gain full support from our 

RRKM calculations depicting that 2- and 1-methyl-1,4-dihydronaphthalene are the dominating 

reaction products formed at levels of 97 % and 80 % in the reactions of the phenyl radical with 

isoprene and 1,3-pentadiene, respectively.  

 

     It is also appealing to compare the present results with those of the phenyl – 1,3-butadiene 

system studied earlier in our group.
44

 Here, the approach of the phenyl radical to 1,3-butadiene 

toward the terminal C1 atom is attractive until a van-der-Waals complex is formed, which is 

stabilized by 25 kJ mol
-1

 with respect to the separated reactants. As the carbon-carbon distance 

continues to decrease, the system proceeds via a submerged barrier located 3 kJ mol
-1

 above the 

complex, but 22 kJ mol
-1

 below the reactants. Hence, the overall reaction from phenyl plus 1,3-

butadiene to form a resonantly stabilized free radical (RSFR) intermediate C6H5H2CCHCHCH2 

is de facto barrier-less. This intermediate undergoes a cis-trans isomerization followed by ring 

closure to a bicyclic intermediate, which eventually ejects a hydrogen atom to form the 1,4-

dihydronaphthalene product via a tight exit transition state located 31 kJ mol
-1

 above the 

separated products. Also, the phenyl radical can attack through a barrier of 12 kJ mol
-1

 at the 

C2/C3 carbon atom of 1,3-butadiene; this intermediate can isomerize via phenyl group shift to 

C6H5H2CCHCHCH2. It is important to note that in this system, the ‘sideways scattering’ as 

verified by a pronounced maximum of the center-of-mass angular distribution at 90
°
 indicates 

geometrical constraints upon decomposition of the bicyclic intermediate, i.e. an emission of the 

hydrogen atom perpendicularly to the rotation plane of the fragmenting intermediate. Finally, the 

product branching ratios computed at collision energies lower than 55 kJ mol
-1 

reveals that 1,4-

dihydronaphthalene clearly dominates the isomer distribution up to about 90 %.  
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7. Conclusion 

 

     We investigated the crossed molecular reactions on the phenyl radical with isoprene and with 

1,3-pentadiene at a collision energy of 55 ± 4 kJ mol
-1

. Both reactions are dictated by the indirect 

scattering dynamics and involve the formation of a van-der-Waals complex in the entrance 

channel. The latter was found to isomerize via addition of the phenyl radical to the terminal 

C1/C4 carbon atoms through submerged barriers forming resonantly stabilized free radicals, 

which then undergo cis-trans isomerization followed by ring closure. These bicyclic 

intermediates undergo unimolecular decomposition via an atomic hydrogen loss through tight 

exit transition states in overall exoergic reactions forming 2- and 1-methyl-1,4-

dihydronaphthalene isomers. It is important to note that the hydrogen atoms are emitted almost 

perpendicularly to the plane of the decomposing complex and almost parallel to the total angular 

momentum vector (‘sideways scattering’) which is in strong analogy to the phenyl – 1,3-

butadiene system studied earlier. Electronic structures and RRKM calculations confirm that  2- 

and 1-methyl-1,4-dihydronaphthalene are the dominating reaction products formed at levels of 

97 % and 80 % in the reactions of the phenyl radical with isoprene and 1,3-pentadiene, 

respectively. The barrier-less formation of the methyl-substituted, hydrogenated PAH molecules 

further supports our understanding of the formation of aromatic molecules in extreme 

environments holding temperatures as low as 10 K.   

 

Supporting Information 

A table giving RRKM calculated energy-dependent rate constants (s
-1

) for unimolecular reaction 

steps in the reaction systems of phenyl with isoprene and 1,3-pentadiene at different collision 

energies. 
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Table 1. Primary and secondary beam peak velocities (vp), speed ratios (S), collision energies (Ec) 

and center-of-mass angles (�CM) for the reactions of phenyl with isoprene and 1,3-pentadiene. 

 

Beam vp (ms
-1

) S Ec (kJ mol
-1

) �CM 

Phenyl (C6H5) 1585 ± 18 9.3 ± 0.8   

Isoprene (C5H8) 721 ± 20 8.5 ± 0.6 56 ± 3 21.9 ± 0.5 

Phenyl (C6H5) 1583 ± 18 9.0 ± 0.9   

1,3-Pentadiene (C5H8) 711 ± 20 8.5 ± 0.7 54 ± 3 21.6 ± 0.5 
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Table 2. Calculated product branching ratios (%) in the reaction of phenyl radical (C6H5) with 

C5H8 isoprene (a) and 1,3-pentadiene (b). 

(a) Collision Energy, kJ mol
-1 

Products 0 10 20 30 40 50 55 60 

p1 0.00 0.00 0.01 0.02 0.05 0.10 0.13 0.17 

p2 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.04 

p3 99.70 99.68 99.42 98.98 98.40 97.69 97.29 96.86 

p4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p7 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

p8 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02 

p9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 

p10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CH2C(CH3)CCH2 0.01 0.01 0.01 0.02 0.04 0.06 0.08 0.10 

CH2CHC(CH3)CH 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

CH2C(CH3)CHCH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CH2C(CH2)CHCH2 0.29 0.31 0.56 0.97 1.50 2.11 2.44 2.79 

 

(b) Collision Energy, kJ mol
-1

 

Products 0 10 20 30 40 50 55 60 

p1’ 0.05 0.20 0.55 1.22 2.31 3.97 4.92 6.06 

p2’ 0.00 0.01 0.04 0.12 0.28 0.58 0.79 1.04 

p3’ 98.54 96.66 93.88 90.49 86.63 82.12 79.74 77.12 

p4’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p5’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p6’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p7’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p8’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p9’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p10’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p11’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p12’ 0.49 2.31 3.64 4.66 5.36 5.88 6.06 6.22 

p13’ 0.06 0.35 0.67 0.99 1.31 1.60 1.73 1.86 

CH3CHCHCCH2 0.08 0.03 0.03 0.04 0.07 0.11 0.14 0.16 

CH3CHCCHCH2 0.13 0.04 0.05 0.07 0.11 0.16 0.20 0.24 

CH3CCHCHCH2 0.15 0.05 0.06 0.08 0.13 0.20 0.25 0.30 

CH3CHCHCHCH 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 

CH2CHCHCHCH2 0.50 0.36 1.09 2.33 3.80 5.36 6.16 6.96 
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Figure 1. Crossed beam reactions of phenyl-type (phenyl, para-tolyl) radicals  with unsaturated 

C3 (allene, methylacetylene), C4 (vinylacetylene, 1,3-butadiene) and C5 (isoprene) hydrocar-

bons leading to the formation of (methyl-substituted) indene and naphthalene-like structures.  

  

  

Page 17 of 28 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



18 

 

 

 

Figure 2. Selected time-of-flight (TOF) spectra recorded at a mass-to-charge ratio (m/z) of 144 

(C11H12
+
) for the reactions of phenyl radicals with isoprene (top) and with 1,3-pentadiene 

(bottom). The circles present the data points, while the solid lines represent the fits obtained from 

the forward-convolution routine. 
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Figure 3. Laboratory angular distributions at a mass-to-charge ratio (m/z) of 144 (C11H12
+
) for the 

reactions of phenyl radicals with isoprene (top) and with 1,3-pentadiene (bottom). The circles 

present the data points, while the solid lines represent the fits obtained from the forward-

convolution routine. 
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Figure 4. Center-of-mass translational energy distributions P(ET)s (left) and angular distribution 

T(�)s (right) for the reactions of the phenyl radical with isoprene (top) and with 1,3-pentadiene 

(bottom) forming C11H12 product isomer(s) via atomic hydrogen emission. The hatched areas 

show the experimental error limits. 
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Figure 5. Flux contour maps for the reaction of phenyl radicals with isoprene (top) and with 1,3-

pentadiene (bottom), respectively.  
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Figure 6a. Potential energy surface for the reaction of the phenyl radical with isoprene via 

addition to the C1 and C2 carbon atoms. All energies are given in kJ mol
-1

.  

Page 22 of 28Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



23 

 

 

Figure 6b. Potential energy surface for the reaction of the phenyl radical with isoprene via 

addition to the C3 and C4 carbon atoms. All energies are given in kJ mol
-1

.  

Page 23 of 28 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



24 

 

 

Figure 7a. Potential energy surface for the reaction of the phenyl radical with 1,3-pentadiene via 

addition to the C1 and C2 carbon atoms. All energies are given in kJ mol
-1

.  
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Figure 7b. Potential energy surface for the reaction of the phenyl radical with 1,3-pentadiene via 

addition to the C3 and C4 carbon atoms. All energies are given in kJ mol
-1

.  
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Figure 8. Geometries of the decomposing complexes tsi6-p3, tsi9-p3, tsi6’-p3’ and tsi9’-p3’ leading to 

methyl-substituted 1,4-dihydronaphthalene isomers via the reactions of phenyl radicals with 

isoprene and 1,3-pentadiene. 
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Graphical Abstract 
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