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The reactions of atomic carbon, @(j), with benzene, gHg(X 1Alg), and with ¢-benzene,
CeDg(X 1Alg) were investigated at twelve collision energies between 8.8 and 52.5 k3 nwihg

the crossed molecular beams technique. Forward-convolution fitting of the data, high-level
electronic structure calculations, and Rice—Ramsperger—Kassel-MBRRR¥S/) investigations on

the singlet and triplet @45/C,Dg potential energy hyperface suggest that at low collision energies
the chemical reaction dynamics are indirect and dominated by large impact parameters. As the
collision energy increases, smaller impact parameters become more important, and the chemical
dynamics is increasingly direct. At all collision energies, the reaction proceeds on the triplet surface
via a barrierless addition of the carbon atom to form a bicyclic intermediate followed by
ring opening of the initial collision complex to a seven-membered ring intermediate
(cycloheptatrienylidene The latter decomposes without exit barrier to the thermodynamically less
stable 1,2-didehydrocycloheptatrienyl radicabHg(X ?B;)+H, and its deuterated Ds(X ?B;)

+ D counterpart. The formation of a;05 adduct is observed as a second channel. The barrierless
route for the destruction of benzene can help to model important pathways for the synthesis of
higher polycyclic aromatic hydrocarbon derivatives in the interstellar medium, in outflows of dying
carbon stars, in hydrocarbon-rich planetary atmospheres, as well as in oxygen-poor combustion
flames. ©2002 American Institute of Physic§DOI: 10.1063/1.1418744

I. INTRODUCTION soot particles are carcinogenic, these species represent sig-
nificant atmospheric pollutants and pose a considerable
Unraveling the elementary reactions of benzene, the veryealth hazarf. The very first detection of benzene outside
first “building block” of polycyclic aromatic hydrocarbons oyr solar system was announced only recehternicharo
(PAHs), is essential to understand the formation and fate of; 5. reported this discovery by tHefrared Space Observa-
complex PAHSs in various astrochemical and terrestrial enviv[Ory (ISO) towards the proto planetary nebula CRL 618, i.e.,
ronments. Particular attention has been devoted to circum%l-n object in the evolutionary stage between carbon-rich
asymptotic giant brancbAGB) stars and a planetary nebula.
All reaction networks which model the formation of

tellar envelopes of carbon stdrbydrocarbon-rich planetary
atmosphere$, combustion processésand environmental
science. Benzene has been detected in oxygen-poor metharﬂﬁz
ethane, ethylene, propane, and n-butane fldhasd has
been suggested to be the initial aromatic molecule involve
in the formation of PAHs and of sodtSince both PAHs and

ggree that the benzene molecule is one of the key reaction
intermediates in the synthetic sequences via multiple reaction
chains® Benzene may also be involved in the production of
fullerenes and carbon nanotubeslowever, the elementary

dAlso at Department of Physics, University Chemnitz, 09107 Chemnitz, . . .
Germany. Present address: Department of Chemistry, University of YorkreaCtlons of benzene itself are poorly understood. Studies of

York YO10 5DD, UK. Electronic mail: rik1@york.ac.uk the reactive collisions of gHg with the cyano radical,
YElectronic mail: Luc.Vereecken@chem.kuleuven.ac.be CN(X 22+) 10 and  with ground-state atomic oxygen
9Electronic mail: Holger.Bettinger@ruhr-uni-bochum.de 3 11 ’ . S
9Also at Institut fir Organische Chemie, Universit&rlangen-Nunberg, o( Pj) employing the crossed molecular beam technique

Henkestrasse 42, 91052 Erlangen, Germany. have been reported. Both processes were found to proceed
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TABLE |. Experimental beam conditions andr krrors: most probable velocity of the carbon beapiC), most probable velocity of the benzene beam
vp(b), speed ratio of the carbon be#(C), speed ratio of the benzene bead(b), most probable collision energk,. , and center-of-mass anglég -

Reaction vp(C), mst vp(b), ms™* S(C) S(b) E., kImol'! Ocwm,°

C+C¢Dg 1220+10 440+ 15 5.9 17.2 8.80.2 68.4:0.9
C+CgDg 1925+ 25 64010 7.8 12.8 21.40.6 66.7-0.6
C+C¢Dg 2350+ 63 770+ 10 8.1 12.7 32116 66.4-0.8
C+C¢Dg 2780+ 90 780+ 15 4.4 12.7 43.F2.7 63.0:1.2
C+C¢Dg 3067+ 8 770=10 5.7 12.7 52.50.3 60.4-0.4
C+CgHg 1280+ 30 420+ 10 4.5 14.0 9.40.9 64.9-0.6
C+CgHg 1745+ 40 482+ 10 8.7 12.5 17.60.8 60.8£1.0
C+CgHg 1950+ 20 635+5 7.7 12.3 21.81.1 64.7-0.4
C+CgHg 2180+ 30 64010 6.2 12.3 26.941.6 62.3:0.7
C+CgHg 2540+ 20 78010 4.2 12.8 36.21.5 63.4:0.5
C+CgHg 2700+40 780+ 10 54 12.8 41.11.1 62.0:0.7
C+CgHg 3012t 18 78010 6.4 12.8 50.30.7 59.3:0.5

via an initial attack of the benzene ring formingtGCN and  dicts branching ratios as well as the lifetime of the decom-
C¢HgO adducts, respectively. The addition of the cyano radi{0sing completes.
cal proceeds barrierless, whereas the oxygen atom reaction
involves a barrier of 16—-22 kJ mdi Boj[h initial complexes Il EXPERIMENT
undergo subsequent H-atom elimination to form cyanoben-
zene, GHsCN, and the phenoxy radical, 850, respec- All experiments were performed with the "36rossed
tively. Formation of a phenol adduct was identified as a mi-molecular beams machine described in detail edflier.
nor pathway and suggested to proceed via intersysterBriefly, a pulsed supersonic carbon beam was generated via
crossing(ISC) of the initial collision complex and hydrogen laser ablation of graphite at 266 nhThe 30 Hz, 35—45 mJ
migration. Therefore, both reactions conserve the benzeneutput of a Spectra Physics GCR-270-30 Nd: YAG laser was
ring and do not destroy the aromatieréelectron system. focused onto a rotating carbon rod, and the ablated species
Previous studies of the related reaction of atomic carbon withvere seeded into a pulse of neat helium gas at 4 atm backing
benzene were restricted to bulk experiments such as the rpressure. A four-slot chopper wheel mounted after the abla-
actions of suprathermalC recoil atoms with liquid benzene tion zone selected a 9.0s segment of the seeded carbon
at 293 K2 and arc-generated carbon atoms with solid benbeam. Table | compiles the experimental beam conditions
zene at 77 K2 It was suggested that'C adds to the and uncertainties. This carbon beam crossed a second pulsed
m—electron system followed by ring opening and reactionbeam of benzene at 90° in the interaction region of the scat-
with a second benzene molecule to a cycloheptatriene derivdering chamber. Benzene was either seeaen, argopor
tive. In addition,*'C was found to insert into a C—H bond to antiseededkrypton, xenon in the carrier gas. We were un-
give the phenylcarbene intermediate. The latter reacted withble to perform reactions with benzene seeded in helium, as
CgHg to give diphenylmethane. Contrary to these hot atonthe center-of-mass angle of this system is too close to the
experiments? Shevlin et al. suggested solely an insertion secondary beam and hence outside the reach of our detector.
process into a C—H bond of benzéeriedowever, these in- If we choose the very fast part of the benzene beam, the
vestigations were performed under bulk conditions, and neeaction of benzene and noble-gas-benzene-clusters can be
information about the nascent product distribution is avail-eliminated. Reactively scattered products were detected in
able. In addition, neither the electronic states of the reactinghe plane defined by the two beams using a rotatable detector
carbon atoms nor their kinetic energy is known:; hence, onlyconsisting of a Brink-type electron-impact ioniziuadru-
conjectures rather than detailed mechanistic conclusions apole mass filter, and a Daly ion detector at various laboratory
possible. Third, such reactive intermediates can undergo seangles. The velocity distribution of the products was re-
ondary reactions, which complicate assignment of the naeorded in time-of-flighttTOF) mode accumulating between
scent reaction products. 5 and 120 min at each angle. Information on the chemical
We now present a complete investigation of the elemenreaction dynamics was gained by fitting the TOF spectra and
tary reaction of atomic carbon, ?Rj), with benzene, the product angular distribution in the laboratory frame
CeHg(X 1A1g), and with perdeutero benzeng;Oig(X 1Alg), (LAB) using a forward-convolution routin€.This procedure
under single collision conditions utilizing the crossed beamassumes an angular flux distributidif#) and the transla-
approach. Compared to our more limited study of this importional energy flux distributioP(E) in the center-of-mass
tant reactiort* the present paper investigates the collisionsystem(CM), which are separable. Laboratory TOF spectra
energy-dependent triply differential cross sections and thand the laboratory angular distributions were then calculated
underlying dynamics at twelve collision energies. These exfrom theseT(6) andP(E) averaged over the apparatus and
perimental findings are discussed in the light of prevtdus beam functions. Best TOF and laboratory angular distribu-
and new electronic structure calculations and are comparetiibns were achieved by refining adjustafléd) and P(E+)
to a microvariational treatment of the reactions which pre-parameters.
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IIl. ELECTRONIC STRUCTURE CALCULATIONS where the rate constak{E) is optimized by minimizing the
Becke'?® th hvbrid H Fock f sum of states along the reaction path using a detailed
ecke's™ three-parameter hybrid Hartree—Fock fUnc- g3 vp pET/6-31GH) characterization of the energy profile

tlonall was fe mpl_oyetlj 'PLth'S j’tUdy n dcgnjungllgnzllletrf]l the and vibrational wave numbers as a function of the reaction
correlation functional of Lee, Yang, and P&B3LYP). e oordinate’® Due to numerical difficulties in the quantum-

f‘31Gk|b‘?‘S'S set (\;\'35 gseq for geomet.ry optllr”:nzlatmns sn hemical characterization of the vibrational modes of the en-
or analytic second-derivative computations. The atter Charyance channel to the initial addition product, we can only

acterized the stat|opary pomt_s as minima or saddle points O8stimate this transition state’s wave numbers based on the
the PES. The relative energies were corrected by unscaled s of our DET calculations. As a consequence, we are

harmﬁ”':’h zegoéfilgi*vfraponatl energ;tli;ZPd\/tE). Su?'se.- also unable at this time to calculate reliable absolute overall
quently, the ©- asis set was utilized 1o reoplimize 540 ¢4nstants. Due to the absence of an energy barrier in the

the geometries. All energies given in the text were Obtaine%itial association pathway, we expect a high rate constant
at the B3LYP/6-31%+G** +ZPVE(B3LYP/6-31Q3") level of k~10 ©cn s with a slight negative temperature depen-

tr;eory exce;l)t i TOtfed othervvjse. The balrr;]er for the CleaV""g‘f:ience, since the transition state tightens at higher energies
of an F, molecule from GH¢ isomer cyclohepta-1-yne-3,5- 5y pecause of increased redissociation rates leading to re-
diene was refined by QB3LYP/MP_2) theog;zl,.a modification generation of the reactants from theHg intermediates. The
of the GIMP2) approach of Curtiset al.™ introduced by initial energy distribution function of the £lg intermediates

Bau;chligher qnd Partridéé.ln addition, we emp'loyed 8 as formed in the gI-|6+C(3PJ-) reactions was obtained from
multiconfiguration self-consistent field wave function of the j.iailed balance considerations based on the RRKM formal-
complete active space tyf€ASSCH for the description of ism, assuming thermal energy distributions for the initial re-

cyclohepta-1,2,4,6-tetraene-1,3-diyl. The active space Cony.tanig. Energy transfer processes in molecular collisions,

sisted of ten electrons in ten molecular orbitals. These Werg, 4o for prediction at higher pressures, were modeled us-
x* H 1
the severw/7™ and the threer-allyl type in-plane MOs. The 0 1465 hiexponential modéf. The overall product distri-

standard density functional theofFT) integration grids bution as function of collision energy and pressure is then

and dcor? vergﬁ nLCﬁf IC ”t?‘“a of tmar\ussr N 98 Iprpgranrw] were | obtained by a master equation analysis based on a stochastic
used throughout. In the entrance channel, .e., the initia description of the reaction processes as implemented in our

approach Of t.he carbon atom to the benzene molecule, WSeneraI purposeRESAM-3 kinetics computer program suite,
located a minimum on the seam of cross{iMSX) between using a small energy grain size of 1 kJmbl Given the

the smgc;eé AFSAS)C;nd tr|]E)Iet 6 A )ThPESI u?'rr:g fa istate_— approximations needed for the entrance transition state, we
average wave function. The algorithm for Ocat'ngreport in the remainder of this section only on the effective

fchelMSX hgs_ b(re]en described by Bezﬁpml' and 'Sf product distribution and lifetime of the decomposing com-
implemented in the&sAUSSIAN program. The active space for .9 in which redissociation to both reactants has been
the MSX computation consisted of six electrons distribute actored out

over six molecular orbitals. The initial orbitals were selected Lo M-ME calculations for the reaction conditions as
fngI?/ 6r§igcted hOpgg'&hF?/lé i?;gif_FOCk Com?u:]at'o%und in the crossed-beam experiments would require the
.( itial dd )atdt € At th IVI-SX geometry of the q knowledge of the distribution of the collision energy over the
Initial addition product. At the geometry, we computed oo iional or vibrational degrees of freedom of the adduct

the norm of t_he sp|n—orb|_t coupling matr_|x element betweenformed, so that the energy-specific data, as described in the
the Iowest _smglet and trlpl_et state_s using the one-electro§RKM calculations, can be applied to the relevant popula-
approximation to the fuII_Bre|t—PauI| Hamiltonian. Two_elec- tion. Unfortunately, these initial distributions depend on the
tron gffects are approximately accounted for.bz% using ey, act reaction dynamics as a function of available energy,
effective nuclear charges suggested by Kosekl: impact parameters, and relative orientation of the molecules.
While some qualitative trends can be deduced, it is at present
not possible to quantify the required distributions. Due to the
IV. RRKM—MASTER EQUATION ANALYSIS lack of accurate nascent distributions for use as input data, it
Was decided to perform the calculations for thermal reaction

The collision energy and pressure-dependent produ i ; A
distributions of the reaggi/on of l:?enzene witr? atomic Earboncondltlons, for which the distributions can be calculated, and

were obtained by an RRKM-master equatiG®RKM-ME) vv_hich appl)_/ to most realistic reaction conditions excluding
analysis. This was based on the tripleHg potential energy direct reactions.

surface published earlier by Bettinget al® For reasons

explained below, we used the experimental value for the/ EXPERIMENTAL RESULTS

energy of the dissociation Ilimit to form the 1,2- A. Reactive scattering signal

didehydrocycloheptatrienyl radical rather than the theoretical
value. The methodology used for the RRKM-ME analysis  Reactive scattering signals were observed at mass to
has been discussed in detail beféfeBriefly, the energy- charge ratiosn/e=89-84(C;H. to C;; benzene systems
specific rate constantg(E) for each of the unimolecular and 94-84(C,D. to C;; perdeutero benzene experiménts
reaction steps in the system are calculated by standamt collision energies between 8.8 and 52.5 kJTholTOF
RRKM theory?® the barrierless reaction to 1,2- spectra taken at lowem/e data for selected angles depict
didehydrocycloheptatrienyl is treated microvariationally,identical patterns and could be fit with the same center-of-
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FIG. 1. Lower: Newton diagram for the reaction 3(F)Q)-s—CGHe(X Axg)
—C,Hs+H(%S,,,) at a collision energy of 17.0 kJ mdl. The circle stands V CeHs

for the maximum center-of-mass recoil velocity of the 1,2-

didehydrocycloheptatrienyl product assuming all the available energy is re- . . . 1

leased as translational energy. Upper: Laboratory angular distribution of thE I% ﬁ L:vggr. Newton "c_ilggram for th?‘ ?’rge;cﬂgn EG)TJL Ce"_'e(lx Alg)d

C;Hs product. Circles and error bars indicate experimental data, the solicr 7Hs+H( 1’?) at a collision energy of 36. _KkJmol the circle stands
or the maximum center-of-mass recoil velocity of the 1,2-

line the best fit distribution. ; . ; . -
didehydrocycloheptatrienyl product assuming all the available energy is re-
leased as translational energy. Upper: Laboratory angular distribution of the
C;Hs product. Circles and error bars indicate experimental data, the solid

mass functions. This suggests that the signal at laway  'In® the best fit distribution.

ratios originates from cracking of the parent ion in the elec-
tron impact ionizer, and that only the carbon versus
deuterium/hydrogen exchange channel exists. Hence, TOF
spectra were taken at the most intense fragmens=89  its we could superimpose two channels to fit our data, but the
[C(®P;)+CeHg experiments and m/e=94 [C(®P;)+C¢Ds  contribution of the adduct is actually very sméii1 %), and
experiment§ selected data for a low, a medium, and theno change in the fit with or without the adduct pathway to
highest collision energies of the mj)/CeHe system are m/e=94 was noticedsee also Sec. VIII B
shown in Figs. 1-6; all remaining data are compiled in the
Electronic Physics Auxiliary Publication Servid&€PAPS
database of the American Institute of Physits.

In addition, we investigated the formation oflg and o
C,Dg adducts by recording TOF spectranate=90 and 96, B. Laboratory angular distributions ~ (LAB) and TOF
respectively, at selected collision energies of 21.6 and 21 3pectra
kJ mol L. Averaging over a total data accumulation time of The most probable Newton diagrams of the reaction
up to 24 h at each angle, the only signal we identified aC(3PJ-)+C6H6(X lAlg)—>C7H5+H(281,2) together with the
m/e=90 resulted from™*C*?CgHZ which, is present to an laboratory product anguldtAB) distributions and TOFs are
extent of 7.7% compared t6C,H. in the beam; no adduct shown in Figs. 1-6 at selected collision energies. All LAB
could be identified within this background limit. However, distributions are very narrow25°-309 and peak close to the
the experiment performed with perdeuterated benzene veréenter-of-mass angles for collision energies less than 25
fied the formation of the ¢Dg adduct since a signal at/e  kJ mol L. As the collision energies increase, the maxima shift
=96 was detecte¢Figs. 7 and 8 the contribution of back- slightly in the backward directions toward the benzene beam.
ground signal of*C,'CsDs to °C,Dg is marginal. We Assuming a delta function of the relative collision energy
would like to stress thain/e=96 should fragment tan/e  and no angular spread of the supersonic beams, we expect a
=94 in the detector, and that time/e= 94 data accumulated single peak at the LAB distribution for the;05 adduct(Fig.
at this specific collision energ{21.4 kJmol?) should be fit 7). However, due to the velocity broadening and angular di-
with two reaction channels, i.e., the formation of an adductvergence of both beams, the actual data show a very narrow
and the atomic deuterium loss pathway. Within our error lim-angular distribution over 10° within the scattering plane.
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FIG. 3. Lower: Newton diagram for the reaction 3@§)+CGH6(X 'Arg)
—C7Hs+H(?Sy) at a collision energy of 50.3 kJ mdi. The circle stands  FIG. 4. Time-of-flight data of distinct laboratory angles as indicated in Fig.
for the maximum center-of-mass recoil velocity of the 1,2- 1 for collision energy 17.0 kJ mot. The dots indicate the experimental
didehydrocycloheptatrienyl product assuming all the available energy is reeata, the solid lines the calculated, best fit curve.
leased as translational energy. Upper: Laboratory angular distribution of the
C;Hs product. Circles and error bars indicate experimental data, the solid
line the best fit distribution.

[C(3P;) + CeDg(X A1) —C:Ds+D(?Sy)]  and  15.6
+4.8kImol ™t [C(®P;) + CeHg(X *A1g) — CiHs+H(*Sy) 1.

C. Center-of-mass translational energy
distributions, P(E})

Our data atm/e=94 (C,D.) and 89 (GH.) were fitted
assuming that one single reaction channel is responsible for At lower collision energies, thel(6) are forward—
the observed LAB distributions and TOF spectra. The best-fibackward symmetric. This suggests that the chemical reac-
center-of-mass functions are presented in Figs. 9—11 fation dynamics are indirect and proceed through complex for-
selected collision energies; all remaining data are compilednation. The 0°-180° symmetry underlines further that the
in the EPAPS databasé.A thorough error analysis was lifetime of the decomposing complex is longer than its rota-
performed, and all functions shown are within the uppertional period. Alternatively, the fragmenting intermediate is
and lower experimental error limits of the LAB data. The symmetric. Here, &, rotation axis might interconvert leav-
P(E;) for all twelve collision energies exhibit a similar ing hydrogen atoms in the Hg/C,Dg complexes, and the
shape and peak at zero translational energy. The energymplex would then fragment with equal probabilitydmand
maximakE,,, of the distributions were found to increase as m—6. These characteristics would result in a symmetric flux
the collision energy rises, and the bestRitE;) show en-  distribution even if the lifetime of the complex might be less
ergy tails extending t¢21, 35, 51, 58, 70kJmol ! at the  than a rotational periotf. The flat distributions indicate, fur-
collision energie$8.8, 21.4, 32.1, 43.7, 52.5I mol L of the  ther, that the initial(L) and final (') orbital angular mo-
C¢Dg reaction as well as t@26, 45, 45, 47, 47, 59, 72 menta are poorly correlated, as a significant amount of total
kdmol ! at (9.4, 17.0, 21.8, 26.9, 36.7, 41.1, 5pK¥mol't  angular momentund must channel into the rotational exci-
for the GHg reaction. This high-energy cutoff represents thetation J' of the reaction product This is the effect of the
sum of the reaction exothermicity plus the relative collisionlight mass of the leaving H and D atoms and hence their
energy. Therefore, if we subtract the relative collision energyineffectiveness to carry away a significant amount of final
for each data set and average the results, the reactiomsbital angular momentum. As the collision energy increases,
are found to be exothermic by 123B.7kIJmol! the shape of thd(¢) changes dramatically, showing an in-

D. Center-of-mass angular distributions, T(0)
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2 for collision energy 36.7 kJ mot. The dots indicate the experimental 3 for collision energy 50.3 kJ mot. The dots indicate the experimental
data, the solid lines the calculated, best-fit curve. data, the solid lines the calculated, best-fit curve.

creased backward peaking with rising collision energy. Interour experiments and the RRKM investigations and refer the
estingly, the onset of this asymmetry differs for the benzengeader to Ref. 15 for more details concerning the PES.
and perdeutero benzene systems and starts at about 32-Baefly, the electrophilic carbon atom attacks benzene with-
kdmol ! (C¢Dg) and 27-37 kI mot* (CgHg), respectively. —out a barrier and interacts with theelectron system to form
This trend is visualized in Fig. 12 and suggests that at th& *A” Cg symmetric minimum1T; this is bound by 62
same collision energy, the decomposingdgcomplex might ~ kJmol™* with respect to the separated reactafftg. 13.
hold a longer lifetime than . Alternatively, these find- The initial collision complex is only metastabl&T ring
ings could account for two microchannels, i.e., an isotropicoPens via a low barrier of only 4 kJ mol via TS1 to triplet
one (long-lived complex at all collision energies and an ad- cycloheptatrienyliden@T, which resides in a deep potential
ditional backward-scattered contribution at higher collisionenergy well of 294 kJ maf'. The latter might undergo ISC to
energies. These options will be discussed in the followinghe singlet surface to giveS which is connected tdS via
sections in the light of reactive impact parametemse Sec. an isomerization throughi'S5. Alternatively, the added car-
VIIIC). We would like to stress that the enhanced backwardon atom inlT can formally insert into the adjacent C—H
peaking is neither a relic of the velocity spread of the beamsingle bond vial S2 to form triplet phenylcarben8T, which
nor the collision-energy-dependent variation of the relative'epresents the lowest minimum on this part of the triplet
cross section. Further, a thorough error analysis was pefsHg PES (—342 kJmol™). The barrier of this process is
formed, and all functions shown are within the upper andsignificantly higher(>40 kJmol'*) compared to the ring
lower experimental error limits of the data. opening of1T to 2T. A hydrogen shift from1T to 4T is
unimportant due to its high barrier of 44 kJ mblwith re-
spect to reactants. Finall T could undergo intersystem
VI. AB INITIO RESULTS crossing(ISC) to the singlet surface yieldingS. Both 2T
and 3T can isomerize to the bicyclic triplet intermediat@
with barriers(TS3 and TS4) well below the energy of the
The pertinent part of the {El potential energy surface reactantsTS3is 7.6 kJ mol! lower in energy than the one
has been studied previously by Bettingeral!® at the found previously and differs by the orientation of the migrat-
B3LYP/6-3114+-G** +ZPVE(B3LYP/6-31G) level of ing H atom with respect to the plane of the three membered
theory and is displayed in Fig. 13. To facilitate the discus-ring being formed. A[1,2]-H shift to 5T is an alternative
sion, we focus here on the computational results supportingeaction pathway of4T. Since this hydrogen migration

A. The H-atom loss channel
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Ve FIG. 9. Center-of-mass angular flux distributidlower) and translational
6’6 energy flux distribution(uppey for the reaction of 09(Pj)+CeH6(X 1Alg)
—C;Hs+H(?S,),) at a collision energy of 17.0 kJmdl. The two lines

FIG. 7. Lower: Newton diagram for the reaction 3@g)+CGD6(X lAlg) correspond to the upper and lower error limits.

—C;Ds at a collision energy of 21.4 kJ mdl. Upper: Laboratory angular
distribution of the GDg adduct. Circles and error bars indicate experimental

data, the solid line the calculated, best-fit distribution. Center-of-mass func- -, . . . .
tions as obtained for GP;) + CeDg(X *A,5) — C;Ds+D(2S,) yielded a fit volves a decomposition ofiT via a tight exit transition

(dashed ling not superimposable with the experimental data. stateTS6 located 24 kJ mal* below the reactants tol. The
third reaction mechanism could involve a barrierless loss
of a hydrogen atom from the methylene group %F to

does not conserve orbital symmetry, the intrinsic barrier vigyield pl. The overall reactions t@l and p2 were found

TS7 s significant(+155 kJmolY), and the latter is located to be exothermic by 45 and 11 kJmd) respectively,

15 kI mol'* above the separated reactants. Thel{dnter-  at the B3LYP/6-31% G** + ZPVE(B3LYP/6-31G) level of

mediates can form two 5 products, the plana€,, sym-  theory, while at the GB3LYP/MP2) level of theory, forma-

metric benzocyclopropenyl radicak@B,) pl and the 1,2- tion of p2 was found to be exothermic by 7.9 kJmaf®
didehydrocycloheptatrienyl radical X¢B;) p2, via a Note that B3LYP and GB3LYP/MP2 underestimate the
carbon—hydrogen bond rupture. Fir8f, and2S can emit a  reaction exothermicity by 4 to 8 kJ mdiwith respect to the
hydrogen atom adjacent to the “inserted” carbon atom with-experimentally deduced reaction exothermicity, whereas the
out exit barriers to fornp2. A second reaction pathway in- “completelblassis set{CBS-Q schem&* overestimates it by

10 kamorl ~.

B. The H, loss channel

In the present paper, we investigate thgdg-H, path-
way as an alternative to H-atom loss. As both fragments have
an even number of electrons, the reaction for the singlet elec-

ST T T T T T T T
llllllllllll[llll'lllllllll

Number Density (arb. units)

tronic state is considered first, i.e., the elimination from
cycloheptatetraengS, cf. Fig. 14. No reaction pathway of
any vicinal 1,2-H elimination from2S could be located, and
06 o° o we thus investigate the energetics and transition state struc-
N °, 0% oo ® o q o ° tures of a[1,2]-H atom shift in2S and a successive geminal
ST X @ 0P 0,07, 200 1,1-H, loss pathway.
0 ) 500 ) 1000 1500 The[1,2]-H shift of an allenic H atom in singlet cyclo-
Time of Flight (us) heptatetraengS (C, symmetry proceeds over a rather high

. 1 . . .
FIG. 8. Time-of-flight data ofm/e=96 (CD{) taken at the laboratory barrier Of.299 kJmal .Vla TSB. Since singlet cyclohepta
angle of 67° as indicated in Fig. 7 for collision energy 21.4 kJthoThe  (€fraene Is Velry IQW In energy compared to th? reactants
dots indicate the experimental data, the solid lines the calculated fit. (—376 kI mol ™), this barrier can be surmounted without any
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FIG. 10. Center-of-mass angular flux distributidower) and translational
energy flux distributior(uppe for the reaction of C{P;) + CgHg(X A14)
—C/Hs+H(%Sy,) at a collision energy of 36.7 kI mdl. The two lines
correspond to the upper and lower error limits.

FIG. 11. Center-of-mass angular flux distributidower) and translational
energy flux distribution(uppe) for the reaction of C’(PJ-)+C6HG(X 'Asg)
—CHs+H(?S,) at a collision energy of 50.3 kdmdl. The two lines
correspond to the upper and lower error limits.

additional energy. Note that thel,2]-H shift in benzene
to give cyclohexa-1,3-diene-5-ylidene has a significantlyco=0.90, followed by g=-0.15 and §=0.10. Six elec-
higher barrier of 374 kJmol at the CCSDT)/  trons occupym orbitals, whereas four electrons occupy the
DZP//B3LYP/DZP+ZPVE level of theory”® The product of bonding and nonbondings-allyl type orbitals of the
the rearrangement is Cyc|ohepta_1_yne_3,5_diéﬁs), the C=C=C mOiety. We also inVeStigated the magnetic proper-
alkyne isomer of the allene. This cyclic alkyne is found toties of p3S by computing the nuclear independent chemical
haveC, symmetry and is 82 kJ mot higher in energy than Shift (NICS)®*" in the center of the seven-membered ring
the cyclic allene. Note that all current density functionals fail[NICS(0)=—8.6] and 1.0 A above the center of the ring
to give the relative stability of g, allene and methyl- [NICS(1)=—10.3] at the B3LYP/6-31G level of theory.
acetylene, correctl§f Experimentally, for example, methyl-
acetylene is more stable by 125 kJmbl but
B3LYP/6-311+G** favors allene by 6.7 kJ mot. However, e
since the energy difference between the cyclic allene and the T T - _ C/<‘35He
acetylene studied here is much larger than that of thié,C
isomers, we do not expect the energetic ordering of isomers
to change at higher levels of theory.

The barrier for H elimination from6S via TS9 is 311 &
kJ mol t; compared to the reactantsst;+C(°P), this pro- x
cess requires an additional energy#ef6 kJ mol ! [also 16 § ‘
kJ mol * using the GEB3LYP/MP2) approach The product =}
of the H, elimination, formally the carbene, cyclohepta-1,3-
diene-5-yne-7-ylidene, optimizes to a planar struct{@e,

symmetry cyclohepta-1,2,4,6-tetraene-1,3diyp3S). As
B3LYP may not perform very well for such an electron-rich | r | |
polydehydroannulene, we computed this isomer also using  ““o 5T T T a0 a0 8o

the multiconfigurational CASSCF method, where all con- Collision E~ergy (kdmol™")

figuration state function6€CSF3 obtained from the distribu- G 12, | _ 108(0°)/1(180°) of th . ar di
. : * _ . 12. Intensity ratio$(0° °) of thecenter-of-mass angular dis-
tion of ten electrons into the sever/ 7* and threeo-allyl fibutions for the reactions €P;)-+ CgHe(X *Agg)— CiHs+ H(Syy) (solid

type 0rbital§ were considered. The Hartree—Fpgk CShine) and CEP;)+ CeDg(X Ayg) — C;Ds+D(?Sy,) (dashed lingversus the
clearly dominates the CASSCF wave functi@oefficient  collision energy.
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-342.3

These values show that the six electrons can sustain a C. Ring fragmentation
diamagnetic ring current indicative of aromatic properties. Finally, we consider the thermodynamics of exothermic

. Although a detall_ed investigation of the;K, poten- reaction channels which involve the breaking of C—C bonds
tial energy surface is beyond the scope of this paper

. A nd therefore the fragmentation of the seven-membered ring.
we nonetheless studied the electrocyclic ring closure o

i n our earlier work we found that the fragmentation into
cyclohepta-1,2,3,4,6-tetraene-1-diyl to benzocyclopropeé clopentadienviidene® and acetvlene is exothermic b
nylidene (p4S). This reaction formally involves four elec- yclop ienyl B.) y IS ex Ic Dy

trons and is thus allowed in the Woodward—Hoffmann sensé—?6 kmol %% Here, we also study tﬂje. fragmentatlon_ to give
only if it proceeds conrotatori®3° We obtain a barrier 7 52t CoHa (ethylene. Seburget al.™ identified the linear
kJ mol L above the GHq+C(3P) reactants for the formation isomer as t'he lowest«E, radical at. the coupled-cl_uster_ level
of benzocyclopropenylidene. The latter is more stable thaf'c!uding singles, doubles, and triples perturbatively in con-
the cyclic cummulene by 63 kimdi at B3LYP/ junction with a correlation consistent triplequality b.aS|s
6-311+G** . set [CCSOT)/cc-pVTZ]. The ethynylcyclopropenylidene
On the triplet PES a reaction mechanism analogous #$OMer is, however, only about 8 kJmblless stable. We
that found on the singlet PES leads via hydrogen migratiodind that the formation of gH,+C;H, is exothermic by 75
to triplet cyclohepta-1-yne-3,5-diengT (Fig. 15. Note that kJ mol ! with respect to the reactants. Another possible out-
the energies of the transition stat&11and the intermediate come of a GHg fragmentation reaction is the generation of
are substantially higher than those of the corresponding sirgllene and diacetylene, HCCCCH, which is found to be exo-
glet species throughout. Due to its open-shell chara6ter, thermic by 170 kJ mol* with respect to the reactants.
preferentially eliminates an H atom to give the monocyclic It is clear that these molecules, formally accessible
C,Hs radical p2 rather than an Hmolecule. The reaction to through highly exothermic reactions, cannot be produced
the cyclohepta-1-yne-3,5-dienyl radical proceeds over a baffom the monocyclic ¢Hg isomers without going through
rier (TS12) of +28 kJmol * with respect to GHe+C(®P;).  energetically high-lying transition states. For example, con-
This reaction sequence is much less favorable than the C—bider the fragmentation oRT to cyclopentadienylidene
bond breaking i2T, which proceeds without a barrier. We (®B;) and acetylene. The cleavage of the ethenyl moiety
therefore did not investigate the ,Hloss from triplet from the cyclopentadienyl part needs to proceed over a bar-
cyclohepta-1-yne-3,5-diene, as such a process needs, if it eder 16 kJ mol ! above the separated reactants. Clearly, this
ists, to proceed through an electronically excited state, whiclprocess is more unfavorable than the simple C—H bond dis-
is expected to be even higher in energy than the H-atom lossociation of the GHg intermediate which proceeds without
reaction. barrier. We assume that the other exothermic ring frag-
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57

1 +15.
TS9,C, A [+15.9]

. \

+7.0

Energy (kJ mol™!) with respect to separated CgHg + C(3Pj)

FIG. 14. Schematic representation of molecular hydrogen loss pathways on the sifddebd@ential energy surface to,8, isomers. Important bond
distances are given in angstrom, bond angles in degrees. EngBJE¥P/6-311+ G** + ZPVE(B3LYP/6-31G), kJ mol 1] are presented with respect to
the separated éPj) and GHg reactants. Point groups and electronic wave functions are indicated as well. TB8LER/MP?2) data(where availablpare
given in brackets.

mentation channels have similar, if not less favorable, energgnergetically and geometrically closest fé\,—2T was
requirements, and thus play only a minor role—if any—infound to be the planarA, state. As both states belong to the
the GHg+C(*P;) reaction studied under the single-collision A, irreducible representation of th@,, point group, and as

conditions in a crossed molecular beams experiment. the spin—orbit operator transforms as a rotation, the spin—
orbit coupling between these states should be zero by
D. Intersystem crossing symmetry.

We consider two areas of the PES for intersystem cross-
ing from the triplet to the singlet PES. First, we were able t§/ll' RRKM RESULTS
locate a minimum on the seam of crossing betweert&fe The theoretically obtained1+H:p2+H product ratios
and!A’ surfaces in the entrance channel. This surface hopin the low-pressure limit are very sensitive to the energy of
ping is due to the fact that the carbon atom prefers a triplethe p1+H dissociation limit, and to the difference in energy
state for separated reactants, whereas the first stable tripleétweenTS6 and p1+H. Formation ofpl+H through the
C;Hg complex formed1T) is higher in energy thatS. The  reaction patdT—TS7—5T—pl+H (see Fig. 1B consti-
approximate spin—orbit coupling computation gives a normtutes less than 1% of thel formation; therefore this reaction
of the spin—orbit coupling matrix elementHS®), of 17  path viaTS7 can be neglected. Given the difficulties encoun-
cm L. The value of( H%9) is known to converge slowly with tered in the quantum-chemical calculation of fi+H dis-
the sizes of the Cl and of the basis sBtslence, we have not sociation limit!® we opted to use the experimental value of
attempted to improve upon the CASSB6)/6-31G" result, —15.6+-4.6kJmol?! relative to QH6+C(3PJ). Using this
as the very short lifetime of T given by the RRKM compu- value, we find thap2 is the most important product with a
tations (see below, indicates that the ISC probability is yield of 76% at average energies of 60.4—120.8 kJthol
small. decreasing somewhat to 60% at 1.3 kJmioMWe repeated
Cycloheptatrienyliden@T is another possible candidate our calculations using-20.1 kJ mol'* for the p2+H disso-
for intersystem crossing. We earlier speculated that the loweiation limit, equal to the lower limit of the experimental
est triplet state o2T might be®A,, whereas the singlet state value. We then find a nearly collision-energy independent
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TS12, Cy, °A

Energy (kJ mol™!) with respect to separated C¢Hg + C(3Pj)

FIG. 15. Schematic representation of molecular hydrogen loss pathways on the tridiep@ential energy surface to,8, isomers. Important bond
distances are given in angstrom, bond angles in degrees. EngRE¥P/6-311+ G** +ZPVE(B3LYP/6-31G), kJ mol '] are presented with respect to
the separated éPj) and GHg reactants. Point groups and electronic wave functions are indicated as well.

p2+H:pl+H ratio of about 82:18. At this point, it is inter- larger than 60.4 kJ mol, the lifetime of2T is less than 250
esting to note that using thg2+H dissociation limit of—8 1S, making ISC less probable. For lower energies, however,
kdmol ! as calculated using the @BLYP/MP2) method the lifetime of the GHg intermediates increases drastically,
would result inp2+H:pl+H ratios of 11:89 at a collision approachig 1 s before dissociation. Further studies of the
energy of 1.3 kJmol', 28:72 at 60.4 kI mol, and 65:35 at ~ surface-hopping rates are in order.
120.8 kI mol'. The product distribution obtained is not sen-
sitive to the estimated vibrational wave numbers for the eny||. DISCUSSION
trance transition state, nor to the characteristics of the o ) )
isomerization transition staté&S1, TS2, TS3, or TS4 Re- A ldentification of reaction product  (s)—energetic
dissociation of the chemically activated;Hg adducts to constraints
C6H6+C(3Pj) is insignificant at low collision energies, but Our experiments verify the existence of a carbon versus
does affect the overall reaction rate constant if the collisiorhydrogen(deuterium exchange pathway to form-,8; iso-
energy increases, given that up to 30% of th&lgnterme-  mer(s) and their deuterated countergart The high-energy
diates redissociate at an average collision energy of 120.8utoffs of our P(E;) suggest the formation of the 1,2-
kJmol L. didehydrocycloheptatrienyl radicgh?2, in its 2B, electronic

An interesting consideration is the lifetime of the chemi-ground state. The experimental data give reaction exother-
cally activated triplet GHg intermediates in low-pressure micities of 12.2=3.7 kI mol * [C(®P;) + CeDg(X 'Ay) reac-
conditions in view of a possible ISC from the triplet to the tion] and 15.6-4.8 kI mol'* [C(®P;) + CsHg(X 'Ayy) reac-
singlet GHg surface. Due to the low-lying transition state tion], whereas B3LYP/6-31£G** +ZPVE(B3LYP/6-31G")
TS1, the lifetime of 1T, about 10 *?s, is too short for sig- calculations yield 3 and 11 kJ mdi, respectively*° The
nificant intersystem crossing, leaving intermedi2ieas the  formation of the more stable benzocyclopropenyl radical
most likely candidate for ISC. Surface hopping in the gas(X ?B,), p1, is computed to be exothermic by 36 and 45
phase will be mainly due to vibrational coupling between thekJ mol * for the CEP;)/C¢Dg and CEP;)/CgHg Systems, re-
triplet and singlet states. For averaged collision energiespectively, and hence this isomer can be excluded as a major
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reaction product in the experiments. A detailed look at thethe inherent barrier lies>40 kJ mol't higher thanTS1. Fur-
pertinent potential energy surface supports these conclusionher, the lifetime oflT ranges around 10?s—too short for
Formation ofpl can only proceed vialT; an alternative an ISC tolS on the singlet manifold to occur. Indeed, our
route throughbT can be neglected since this process wouldexperimental data suggest that the reaction proceeds solely
pass througT'S7. SinceTS7 was found to be 39 kJmot  on the triplet surface; see the discussion below. Therefore,
higher in energy thaimS6, which leads topl+H, TS7is  we conclude that the ring openidd — 2T is the dominating
expected to play no important role in the chemical reactiordecay pathway. SinckT hasCg symmetry, the symmetry of
dynamics. This conclusion gains support from RRKM calcu-the correlatingA, electronic wave function &T is reduced
lations, as formation opl via TS7 and5T accounts for less  to 3A".

than 1% ofpl formation. Therefore, a hydrogen loss Vi&6 But what is the fate of thi® T complex? First, ISC t@S
located 24 kmol* below the separated products representss unlikely. The spin—orbit coupling matrix elements from
the only feasible reaction pathway pd. However, due to 2T to 2S (A, and'A,) vanish, making this process dipole
this relatively tight exit transition state, we expee(Er)  forbidden. If 2S existed, the molecular hydrogen loss chan-
distributions peaking well away from zero translational en-nel via2S— 6S— p3S+ H, should have been observed in the
ergy. This is clearly not found in our experiments, as theexperiments performed at higher collision energies. The exit
observed flux maxima at zero energy indicate a barrierlesgarrier of 16.5 kJ mol* could have been overcome at nomi-
carbon—hydrogen bond cleavage. These characteristics wefigl collision energies of 36.7, 41.1, and 50.3 kJmoh the
detected only for the decomposing complexs and 2S  C(3P;)/C4He system. Since TOFs and the laboratory angular
Besides the?2 isomer, our experiments demonstrate the for-distributions atm/e= 89 (C7H;) andm/e=88 (C;H,) are
mation of an adduct {Ds, which will be discussed in Sec. fit with identical CM functions, the Kelimination channel,

Vil C. and hence ISC is expected to play only a minor role—if
any—in the underlying chemical reaction dynamics. More-

B. Identification of reaction product  (s)—RRKM over, no K loss is anticipated on the triplet PES.

studies Rather than undergoing IS@QT decomposes predomi-

nantly without an exit barrier to the thermodynamically less

The theoretical predictions for the product distribution . . : . .
by RRKM—master equation analysis support the experimen§table GHs isomerp2. The CM functions verify this reaction

tally observed formation op2+H as the most important pgthway: first, the experinlentalgly determinedl reaction ener-
product channel. The formation of the energetically more‘fels5 gl;jézk‘]&?"zlk‘]éng; [féﬁ);?fﬁ(x Asg)] and”
favorablep1+ H product is estimated to be20%. The pre- ith the th rr][o "[ CPj) ‘ d6 6(| tg)i agretla WT‘:'
dicted branching ratio is sufficiently sensitive to the energyWI e theoretically computed values to fop2 plus

of the p2+ H dissociation limit to support the experimentally and_ D, respectivelySec. VI”_A)' Further, a”F_)(I_ET) distri-
observed reaction exoergicity ef15.6+ 4.8 kJ mol'* as op- butions peak at zero translational energy; this is expected for

posed to the quantum-chemical value-7.9 kimol  ob- & G/Hg complex fragmenting without an exit barrier. Since
tained by GZB3LYP/MP2). the involvement of the singlet surface and he@&can be

Based on these RRKM calculations, the possible forma-eXCIU(_jed' onIy2T_ and 5T can fragment WithO_Ut barrier to
tion of pl was investigated more closely. Might the error p2. Since formation o.f5T'|nvoIves the reaction sequence
limits of the P(E-), Figs. 9—11 and Ref. 31, account for a 2T—4T—5T and TS7 is higher thanTS6, 5T is not likely

second, less-prominent reaction pathway to the thermody!© Pe formed. The RRKM calculations support this conclu-
namically favorable isomep1? A second reaction channel Sion and indicate that théT—TS7— 5T reaction path con-

was included in the parameter file, and the branching ratiodIPUtes less than 1% to the productionpdf+H. Thus,2T is

of pl versusp2 were optimized. This channel resulted in clearly identified as the complex which decomposes into
P(E;) peaking around 20—40 kJ mdland reaction exother- P2+ H/D. _

micities from 40 to 60 kJ molt. Therefore, the maximum Besides the carbon versus hydrogde.utenun) replace-
contribution ofp1 is 10-15%, close to the RRKM result. Ment channels, we observed the formation of7@£adduct
However, this fit is superimposed based on our error limits; &t @ collision energy of 21.4 kJ mol (Sec. VA. This ad-
one-channel fit without any contribution pfl could also fit ~duct moves with a center-of-mass velocity of 800 .rﬁs
our data satisfactorily. Clearly, more investigations are necconsidering the flight length from the interaction region to

essary to quantify the contribution pfL explicitly. the ionizer, GDs would need about 43Qs to reach the
ionizer. For a collision energy of 21.4 kJ md) the RRKM

lifetimes for all possible distributions of this excess energy

over rotational and internal degrees of freedom are suffi-
Based on the considerations above, the following chemieiently long to allow a sizable fraction of the;0g interme-

cal reaction dynamics are likely. ERJ-) attacks the benzene diates to survive the flight to the ionizer, supporting the ex-

m—electron system without an entrance barrier to form armperimental detection of the Dg complex.

initial 1T collision complex with two long carbon—carbon Finally, we address distinct attack geometries of the car-

bonds(1.714 A. Complex1T hasC symmetry, @A” elec-  bon atom towards the benzene molecule; see Figs. 16 and 17.

tronic wave function, is bound by 62 kJ mdlwith respect  This helps to understand the impact-parameter-dependent ro-

to the reactants, and undergoes ring openingTtoAn alter-  tational excitation of the intermediates and the shape of the

native insertion process vigS2 to 3T is not significant, as center-of-mass angular distributions. First,3Bio can ap-

C. The actual reaction pathway
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proach the benzene ring edge-pRigs. 16a)—16(c)] or  Only the out-of-plandb) carbon atom attack leads to favor-
face-on[Figs. 16d)—16(f)]. The edge-on or face-on types of able orbital overlap and hence reaction. On the other hand,
approaches can lead, respectively, to preferential excitatiothe small impact parameters which follow edge-on trajecto-
of A [Fig. 16b)], C[Fig. 16c)], A [Fig. 16e)], and B[Fig.  ries could lead to reaction as orbital overlap is favorable, cf.
16(f)] rotations of the initialLT complex. Since such addi- Figs. 18e) and 1&f). The closer the C?PJ—) attack is to the
tions have no entrance barrier, the maximum impact paramcM of benzene, the more backward-scattered the CM distri-
eterb is expected to decrease as the collision energy ¥ises.bution should be. This was exactly the trend of an increas-
In the limit of b=0 A, atomic carbon attacks the benzeneingly backward-scattering distribution was found with rising
ring either in the m plane[Fig. 16a)] or in the my plane  collision energy(and, hence, with a decreasing maximum
[Fig. 16d)]. However, in-plane, edge-on trajectories@n, impact parameter These considerations suggest that the
symmetry(a) are likely to be nonreactive, as two benzenechemical dynamics is controlled by large impact parameters
hydrogen atoms inhibit such attacks sterically. Similar argu<{barrierless reactignat low collision energies, and that the
ments sugges€, trajectories(c) do not lead to reaction. reaction can proceed either via edgetbnor face-on(e)/(f)
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B earlier, the very low 4 kJ mof barrier involved in the ring
I = 4556695 GHz opening pr_ocessl__T—>2T results in an inherently fast rate
Ip = 3.654543 GHz constant with which ISC cannot compete.

Io =2.410698 GHz

IX. IMPLICATIONS FOR INTERSTELLAR CHEMISTRY
A AND COMBUSTION PROCESSES

Our combined experimental and theoretical investiga-
tions demonstrate explicitly that the reaction of atomic car-
bon with benzene proceeds without an entrance barrier and is
exothermic. Since all further transition states are well below

B %c = ggggg% ggz the energy of the separated reactants, this reaction may be of
B=2J. Z . . .
I = 1.924551 GHz fundamental importance in the transformation of benzene

even in the low-temperature environments of the interstellar
medium(ISM, 10 K). Hence, even in these coldest molecular
clouds, the six-membered benzene ring can be enlarged by
reaction with carbon atoms. In contrast, benzene is resistant
towards attack by atomic oxygen, as entrance barriers of
16.6—20.5 kdmal* (Ref. 11 inhibit this reaction in low-
temperature environments. Likewise, the reaction with
atomic nitrogen, N{S), also is expected to have an entrance
barrier and cannot happen in cold molecular clouds. This
underlines the special ability of atomic carbon to be incorpo-
rated into aromatic hydrocarbon molecules under expansion
of the cyclic structure. As benzene represents the common
“building block” of ubiquitous PAH-like species in the in-
terstellar environments, our results suggest that atomic car-

attacks of the benzene ring. Forward—backward symmetri€ON might react with these molecules as well. The situation
T(6) result. However, as the collision energy increases, th&an be more diverse, since more complex PAHs not only
maximum impact parameter is reduced, and reactive collicontain benzenoid units but also possess ethylenic-like
sions are suggested to proceed via smaller impact parametdi/e—=C) and butadiene-like £C-C=C moieties as found
closer to the CM of the benzene ring. These trajectories givé? Phenanthrene and anthracene. However, the more compli-
rise to an enhanced backward-scattered contribution, i.e., gted the astrophysically relevant molecular systems are, the
direct component of the reaction mechanism in which thenore difficult experimental investigations become. There-

C,Dg/C,Hg intermediates are short-livéd. fore, it is necessary to understand simple, prototype systems,
e.g., the reaction of carbon atoms with benzene, to be able to

develop versatile concepts first before attempting to unravel
the chemical reactivity of more complicated molecules.

The dynamics of the reaction of é‘RJ) with CgHg and Even with unimolecular lifetimes approaching seconds,
with C¢Dg was studied in a previous crossed-beam experithe collision frequency in the interstellar medium is still too
ment at two collision energies, 10.5 and 27.3 kJmgdtand  low for a significant energy loss in the chemically activated
also very recently by quantum-chemical and RRKM C;Hgintermediates by collisional energy transfer via a third-
theories*® Two major channels were detected experimen-body reaction. Formation of any stableHG adduct will
tally. The oxygen atom was found to attack the aromatic ringherefore never be important in the extremely low-pressure
to form an initial triplet biradial which subsequently decaysconditions of the ISM. Conversely, with regard to the reac-
by atomic hydrogen elimination to the phenoxy radical,tion of atomic carbon with benzene in soot growth and at-
CgHsO. At the higher collision energy a second channel wasnospheric combustion systems, the RRKM results suggest
observed, and the triplet biradial was suggested to decay vitat nearly all of the ¢Hg intermediates will be thermalized
nonradiative transition to th&, manifold of phenol. Al- collisionally, thus blocking dissociation tp1+H or p2
though both atomic carbon and oxygen ha®configura-  +H. Using 1 atm of air as the bath gas, the stabilization rates
tions, their reactivity with benzene is remarkably different.are sufficiently high to prevent significant isomerization be-
First, no ring opening was found in the tF(j)/Ct;DG system, tween2T and 3T; thus, 2T is the only product in atmo-
whereas a ring opening is the sole pathway for the isomerspheric combustion systems for reactions proceeding via a
ization of 1T to 2T. This finding can be attributed to topo- long-lived intermediate. However, the crossed-beam experi-
logically distinct PESs, as no bicyclic, oxygen-bearing com-ments demonstrated explicitly that two micromechanisms
plex was formed in the initial addition step. Second, an ISCexist, i.e., a complex-forming pathway at all collision ener-
to the singlet manifold is suggested to account for thddO  gies, and an additional direct contribution at higher collision
adduct formation, whereas the%E’Q)/Ce,DG system adductis energies. The latter cannot be accounted for in our RRKM
likely to be formed on the triplet surface. As pointed out models, as such statistical-kinetics investigations do not in-

FIG. 17. Principal rotational axes afT (top) and2T (bottom).

D. Comparison with the O (*P;)+C¢Hs reaction
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