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Crossed beam reaction of cyano radicals with hydrocarbon molecules. I.
Chemical dynamics of cyanobenzene  (CgHsCN; X1A;) and perdeutero
cyanobenzene (CgDsCN; X1A,) formation from reaction of CN (X232 %)
with benzene C ¢Hg(X*A1,), and dg-benzene CgDg(X1A,)
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The chemical reaction dynamics to form cyanobenzengi:CN(XA;), and perdeutero
cyanobenzene DsCN(X *A;) via the neutral-neutral reaction of the cyano radical KR ),

with benzene gHg(X 1Alg) and perdeutero benzengg(X 1Alg), were investigated in crossed
molecular beam experiments at collision energies between 19.5 and 34.4 RJ Tiw laboratory
angular distributions and time-of-flight spectra of the products were recorded at mass to charge
ratios m/e=103-98 and 108-98, respectively. Forward-convolution fitting of our experimental
data together with electronic structure calculations (B3LYP3&1+G**) indicate that the
reaction is without entrance barrier and governed by an initial attack of the CN radical on the carbon
side to the aromaticr electron density of the benzene molecule to formCa symmetric
CsHsCN(CzDsCN) complex. At all collision energies, the center-of-mass angular distributions are
forward—backward symmetric and peak at2. This shape documents that the decomposing
intermediate has a lifetime longer than its rotational period. The H/D atom is emitted almost
perpendicular to th€gH;CN plane, giving preferentially sideways scattering. This experimental
finding can be rationalized in light of the electronic structure calculations depictihgGCangle

of 101.2° in the exit transition state. The latter is found to be tight and located about 32.8KJ mol
above the products. Our experimentally determined reaction exothermicity of 80—95 Kisniol

good agreement with the theoretically calculated one of 94.6 kJinWkither the GHsCN adduct

nor the stable iso cyanobenzene isomg4DIC were found to contribute to the scattering signal.
The experimental identification of cyanobenzene gives a strong background for the title reaction to
be included with more confidence in reaction networks modeling the chemistry in dark, molecular
clouds, outflow of dying carbon stars, hot molecular cores, as well as the atmosphere of hydrocarbon
rich planets and satellites such as Saturn’s moon Titan. This reaction might further present a
barrierless route to the formation of heteropolycyclic aromatic hydrocarbons via cyanobenzene in
these extraterrestrial environments as well as hydrocarbon rich flame$99@ American Institute

of Physics[S0021-960609)00940-X

I. INTRODUCTION standing their reaction mechanisms requires an intimate
knowledge of the involved elementary processes at the most
The chemical reaction dynamics of free radical reactiongyndamental microscopic level. The crossed molecular beam
are of great relevance in a wide variety of chemical processegchniqué represents a versatile tool to unravel these chemi-
such as combustion, plasmas, atmospheric procésaes, ca| reaction dynamics, triply differential cross sections, per-
well as in the chemistry of extraterrestrial environments suchant intermediatesif any), and reaction products. These
as molecular clouds and the outflow of carbon staisder- experiments are conducted under well-characterized primary
and secondary beam conditions with narrow velocity distri-
dvisiting scientist, Permanent address: Dipartimento di Chimica, Uni\}ersitabutions, well-defined interaction angle, and consequently
di Perugia, 06123 Perugia, Italy. . .. . . .
BAlso at: Department of Physics, Technical University Chemnitz-ZWickau,Wel_l_deflned collision energy. MOSt |mpo.rt.ant, thegg investi-
09107 Chemnitz, Germany. gations are performed under single collision conditions pre-
9Author to whom correspondence should be addressed. Electronic maib|uding subsequent collisions that could modify the nature of
kaiser@po.iams.sinica.edu.tw . .
@p the primary products or their energy content.

9Author to whom correspondence should be addressed. Electronic mai ) )
bettingr@paul.chem.uga.edu In order to perform a crossed beam experiment on radi-
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cal reactions, because of the low efficiency of the scatteringadical reaction, that with molecular hydrog&Bxperiments
event, one stringent requirement is the generation of a radicaind quasiclassical trajectory calculations indicate that the re-
beam of sufficiently high concentration to guarantee a detec@ction dynamics are governed by a direct abstraction mecha-
able quantity of final products and a reasonable signal-tonism at low collision energies. This system may be regarded
noise ratio. Different methods have been used to generafs @ prototype for CN reactions because of its simplicity;
radicals, such as photolysis, pyrolysis, plasma source anlaoweyer, the reaction mephanism vyith unsatur.allted hydrocar-
chemical reactions, or other collision induced processed?Ons iS expected to be different, with the addition of CN to

Nevertheless, the reaction dynamics have been elucidated S 7 System being dominant. Here, recent studies of one of
far only for a few simple tetratomic systems, namely thethe simplest CN reaction with unsaturated hydrocarbons, that

: . f CN with acetylene, ¢H,, documented the existence of a
reaction of cyano CNX 23 %) with D,,* and Q,% hydroxyl ~ © 2
OH(X 2IT) with H,,® and CO7 and methylidene CHY 2IT) CN versus H exchange channel to form cyano acetylene

: . . . CNY
with D,.% Among polyatomic systems, the reactive scattering

. : _ The present paper is the first in a series of a systematic
NG

_Of pyrolytically generate_d met_hyl radicals, GBX “A;), with and detailed investigations on the chemical reaction dynam-

iodoalkane$ has been investigated. Most recently, crosse

) . A : Ges of CN(X 23 ™) radical reactions with unsaturated and aro-
beam experiments of thelophenyl radicaHg(X “A1), with  atic hydrocarbons. All experiments were performed under
methylacetylene CECCH,™ as well as the atom—radical re- gjngle collision conditions employing the crossed molecular
actions involving atomic carbon &;) and propargyl, peam techniqu¥ These studies were supplemented by elec-
CyH3(X?Bo), ' and vinyl GH4(X?A’),*? have been re- tronic structure calculations. The paper is laid out as follows:
ported. Secs. Il and Ill describe the experimental setup, data process-
Among these free radical reactions, those of cyano radiing, and the electronic structure calculations. Section IV fo-
cals CNX 2 ) are known to play a significant role in the cus as on the laboratory angular distributions, time-of-flight
chemistry of numerous interesting extraterrestrial environdata, and the derived center-of-mass functions together with
ments such as interstellar cloutfscomets, and planetary the flux contour maps. Section V discusses the involved po-
atmospheres of the saturnian satellite TitAiReactions of tential energy surfaces as obtained from our theoretical in-
cyano radicals are also of relevance in the combustion chenyestigations and compares the experimental findings with the
istry of nitrogen-containing fuels. From a fundamental pointtheoretical results. Crossed beam experiments of the related
of view the reactions of CN radicals are intriguing as well: F+CgHg System are discussed in detail as well. Finally, as-
the carbon—nitrogen triple bond is very strong and the radicafophysical implications and solar system applications are
has a large electronic affinity. Because of that it has ofterdiven in the remaining sections.
been called a pseudo- or superhalogen and in most reactions
the carbon—nitrogen bond remains intact. However CN is a
diatomic radical and this may Imply a different chemical Il. EXPERIMENT AND DATA PROCESSING
behavior than fluorine or chlorine. For instance, an obvious
difference is that CN can be internally excited and that may  The 35 in. crossed molecular beam machine used here
or may not influence its chemical properties. consists of two source chambers fixed at a 90° crossing angle
The reactions of CN with simple unsaturated hydrocar{10™“—10"°> mbar during the experimentsa stainless steel
bons are specifically interesting in astrochemistry and, bescattering chamber (10 mbap, and a rotatable, triply dif-
cause of that, numerous studies of CN reactions with unsaterentially pumped quadrupole mass spectrometric detector
urated molecules have been performed by exploiting thé10 “*mbaj. The scattering chamber is evacuated by two
most modern conventional kinetic techniques. For instance2000/ s'! magnetically levitated, oil free turbomolecular

- -1
recent laboratory measurements at temperatures as low as R§MPS, backed by an oil free 50@™" scroll pump. The
K show that the rate constants of CN reactions with acetyPrimary and secondary beam sources are placed in separate,

lene and ethylene increases as the temperature decreas?égg/vétfle sidef clfllall”nbirst de?cg purlnpetlj by 200?3 ?hnd
reaching a maximum of 810 °cm®s ! at 30 K, pointing /S~ Mmagnetically levitated urbomolecular pumps. bo

to a very high reactivity of these systems also in extrem umps are backed by a roots blower and mechanical pump.

) 5 . . apidly responding gate valves located between the exhaust
environments?® The reaction rate constant for the reaction of ines of each turbomolecular and roughing pump are inter-

CN jﬁ,dlcalsflw'th benzene was measured. to be ?'#ocked via a convectron gauge close to the inlet flange of the
x10 %cm’s™!, but the authors interpreted this result in

i X backing pump. These valves are shut automatically in the
light of a hydrogen atom abstraction to form HCN and a.;4e of power failure or pump breakdown.

phenyl radical® However, these studies can monitor only ~— p pulsed supersonic cyano CKMES ") radical beam is
the decay kinetics of the CN radical, and hence reactiogenerated in the primary sourae situ via laser ablation of
products could not be determined explicitly. This shortcom-graphite at 266 nm®2?°Neat nitrogen is used as a carrier and
ing clearly reveals that systematic experiments are necessafyactant gas and released by a Proch—Trickl pulsed valve
to probe the detailed chemical dynamics and reaction prod-1.0 mm nozzle diametgwhich is driven at-600 V with 60
uct(s) of the title reaction under single collision conditions. Hz, 80 us pulses, and 4 atm backing pressth&he Spectra
Hitherto, the reaction mechanism has been elucidated expeiithysics GCR 270—30 Nd-YAG laser operates at 30 Hz; 30
mentally and theoretically, so far, only for the simplest CNmJ per pulse are focused onto a rotating graphite rod to a
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TABLE |. Experimental beam conditions and Errors: most probable ve- interaction region to 0.94° in each direction. The ionizer con-

locity v, , speed ratidS, most probable collision energy with the benzene sists of a thoriated iridium fiIamle?tspot welded to a gold

moleculesE,,, and center-of-mass anglég,, . . . . . .
plated stainless steel cylindrical can, a meshed wire grid, and

Experiment v, (ms™) S E oo (k3 molY) Ocm an extractor lens held at800 V. The electron energy, i.e.,
CNIGH, 1720010 1602 4404 52805 the' pptentlal difference between theT can and the grid, was
CN/CH,  1590:10 4803 30.6-0.2 55.8:0.5 optimized to 200 e\/, whereas the ion energy was held at
CN/C:Dg 1185+10 6.0:0.2 195-05 63.9-04 +80 eV. Extracted ions are focused by an electric lens lo-
Ne/CgHe 780+10  12.3:0.2 - - cated after the extractor plate and pass the quadrupole mass
Ne/GDs 750x10  12.2:0.2 - - filter and are accelerated towards a stainless steel target

maintained at-25 kV. The ion hits the surface and initiates
an electron cascade which is accelerated by the same poten-
tial until they reach an organic scintillator whose photon cas-
cade is detected by a photomultiplier tu@MT) mounted
spot of 0.3—0.5 mm diameter. Higher laser powers are foun@utside the ultrahigh vacuum detector and held between
to form vibrationally excited CN radicaf®. The laser beam 1500 and 1700 V. Each PMT pulse is amplified and passes a
port is differentially pumped by an oil free pumping station discriminator to eliminate low-level noise. After conversion
and completely isolated from the second source region t§0m NIM-to TTL standard the signal is fed into the multi-
avoid reaction of CN radicals with background reactant mol-channel scaler | and lidwell time of each channel between
ecules. After the pulsed CN beam passes the skimmer of 1®and 10.0us).

mm diameter, a four-slot chopper wheel mounted 40 mm  Despite the detector differential pumping setup de-
after the ablation zone selects a 3.6 segment of the pulse. Scfibed above, molecules desorbing from wall surfaces lying
This segment and the second, pulsed supersonic benzefB @ straight line to the electron impact ionizetraight-
CgHs or perdeutero benzeneyD; seeded in neon carrier gas through moleculesgannot be avoided since the mean free
cross at 90° with divergencies of 3.0° and 4.3° under a wellPath of these species is on the order of #0compared to _
defined collision energy in the interaction regi6fable ). ~ Maximum detector dimensions of about 1 m. To reduce this
The second pulsed valve has a nozzle diameter of 0.75 mi@ckground contribution, right before the collision center a
and is operated at500 V with 60 Hz, 80us pulses, and COPPer plate attached to a two stage_closed cyclg helium
620—630 Torr backing pressure. Self-attenuation of both suefrigerator and cooled down to 4.5 K is placed. Since the
personic beams due to nozzle—skimmer interferéiogas  COPPer shield is located between the two skimmers and the
minimized by optimizing the nozzle—skimmer distance in theSCattering region, the ionizer “views” a cooled surface
primary and secondary source to 18 and 16 mm, resped?hich traps all the species with the exception ofand He.
tively. To avoid any reaction of CN radicals with benzene _The velocity distribution of the products was recorded
clusters present in the slower part of the secondary beart'Sing the time-of-flight(TOF) method. Information on the
extreme care has to be given to choose the correct time del hemical dynamics of the reaction was gained by fitting the
between both pulsed valves. In our experiments, the secongor SPectra and the product angular-distribution in the labo-
pulsed valve opens about 15-26 prior to the primary ratory frame(LAB) using a forward-convolution routinfé.

pulsed valve to allow the fast part of the benzene beam ta’his trial and error procedure initially assumes an angular
cross with the CN pulse distribution T(#) and a translational energy distribution

Reactively scattered species are monitored betweeﬁ(ET) in the center-of-masiCM) reference frame. Labora-

10.0° and 72.0° using a differentially pumped quadrupoletory TOF spectra andthe laboratory angular distributions

mass spectrometé? rotatable in the plane of the beams with l’;’gﬁ;gg&;ﬁgg%ﬁfggggﬁ Z\)ngr;?/:r;?i%gag\(;g??r:g]ggggratus
respect to the interaction region. Differentially pumped re- ; N
P g y bump I,and beam functions. Best TOF afidAB) angular distribu-

gions | and Il reduce the gas load from the main chamber,, hieved by iterativel fini diustabled
whereas region Il contains the Brink-type electron impact lons were achieved by iteratively refining adjustalfies)

ionizer?* surrounded by a liquid nitrogen cold shield, the ?”d PgET) p;(ajram(falters. The ultimate r(])_ut;lzome 'S thhe gde_fr;era-
guadrupole mass filter, and the Daly-type scintillation par—t'on_ ot a pro UCt_ ux contour m;’;xp whic repqrtst e diter-
ticle detector® Each region is pumped by a magnetically ential Cross section(6,u)~P(u)*T(6), as the '”te’.‘s"y’ as
levitated turbomolecular pump (400s™Y); all three pumps a function of anglef and product CM velocity. This map
are backed by a fourth 400s ! turbc;molecular pump serves as an image of the reaction and contains all the infor-
whose exhaust is connected to an oil free pumping statioﬁ1atlon of the scattering process.
which consists of a molecular drag and a membrane pump.

. . . X _11 . _
This pumping scheme gives about 120 “~Torr in re Il ELECTRONIC STRUCTURE AND

gion !II. A slide valve with an O—rllng is u;ed to separate theR|CE—RAMSPERGER—KASSEL—MARCUS (RRKM)
reaction chamber from the first differentially pumped deteC'CALCULATIONS

tor region: during on-axis operation a small detector aperture

of 0.23 mm is applied, whereas off-beam-axis reactive scat- The theoretical investigation was performed at the hy-
tering experiments require a larger, 3.8 M8 mm rectan-  brid Hartree—Fock/density functional level of theory using
gular aperture. Two 5.8 mm5.8 mm rectangles constrain Becke'$® three-parameter hybrid functional together with
the viewing angle of the ionizer nested 34.3 cm from thethe correlation functional of Leet al?® as implemented in
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GAUSsIAN 94% The 6-311 G** basis set was employed for 1.5%10° ———T—TT—T—T—T T
geometry optimization on the computation of harmonic vi-
brational frequencies at stationary points. The spin unre-
stricted formalism was employed for all open-shell species.
The vibrational frequencies and the zero point vibrational
energies(ZPVES9 are unscaled. All data reported were ob-
tained at the B3LYP/6-31£ G** +ZPVE level of theory.
According to the quasiequilibrium theory of RRKM
theory?! the rate constark(E) at a collision energf for a
unimolecular reactiod* —A* — P can be expressed as

o WHE-E*) J:C J;
e L1 | L1 | [} l. [ |
k(E) h p(E) ' D 0.0 0 15 30 45 60 75 90

Lab Angle (deg)
where o is the symmetry factorW?*(E—E*) denotes the
total number of states of the transition stéetivated com- Ven
plex) A* with the barrierE?*, p(E) represents the density of
states of the energized reactant molectife andP is the
product or products. The harmonic oscillator and rigid rotor
approximation were assumed for the species involved
throughout the rate constant calculations. The saddle point 200 ms™"
method was applied to evalugtéE) and W(E). A simple i
schemée”? where an inverted parabola was used for the bar- V CeDs
rier along the reactiqn coordina_te, was also employed to inz, -, | .\ ovion diagram for the reaction ORRS )
corporate the tunneling corrections to the RRKM rate CON=1 C(Dy(X *A;;)— CeDCN(X *A,) + D(2Sy,) at a collision energy of 19.5

stantk,. kJ mol™*. The circle stands for the maximum center-of-mass recoil velocity
of the GDsCN product assuming all the available energy is released as
translational energy. Upper: Laboratory angular distribution of the
Ce¢DsCN(X *A,) product. Circles and error bars indicate experimental data,
and the solid line indicates the calculated distribution.

1.0

0.5

Integrated Counts

=z

LI B
FI T |

IV. RESULTS

A. Reactive scattering signal

We observed reactive scattering signals at mass t?anges with the limiting Newton circles of the;dsCN and

charge ratiosm/e=103-98, i.e., GH:CN* to CN', and . o i
108-103 in case of perdeutero benzene at all three collisiolrtlS deuterated counterpart, it is apparent that the thermody

energies of 19.5, 30.6, and 34.4 kJ mpITOF spectra taken hamically more stable f;CN s predominantly formed.

at selected angles depicting identical patterns and could be ',j[he larger Newton circle of the deuterated reaction is simply
; 9 picting identical p . foased on the different kinematics due to the different mass
with the same CM functions, indicating that the signal at

: - ) . . combinations of the products, i.e., masses 2 and 108 versus
lower m/e ratios originates in cracking of the parent in the

) L masses 1 and 103. This translates into a better resolution of
electron impact ionizer. Therefore, all TOF spectra were re;

. the TOF spectra of the reaction CXIS")
cordeq at the most intense fragmemég= 102 (CGHGTL.CN + CgDg(X *A;4) and more pronounced shoulders in those
experiment and 107 (@Dg+CN experiment In addition, spectra at anggles between 59.0° and 69.0°
no radiative association channels tgHg+CN (m/e=104) ' o
or the deuterated counterpart were detected. Due to the high
background level atn/e=27 we were unable to detect a C. Center-of-mass translational energy distribution
possible HCN or HNC reaction product from an H abstrac-P(E7)

tion reaction. All data could be fitted assuming that one single reaction

channel is responsible for the observed distributions. The
best-fit CM functions are presented in Figs. 7—12. All func-
tions shown are within the upper and lower experimental
error limits of the LAB data. The best fR(E;) energy tails
Figures 1-3 show the most probable Newton diagram®xtend up to an energy maximuiiy,,, of 90—110 kJ mol*
of the reaction CNK 23 ") +CeDe(X *Ag)  (Fig. 7), 110-112 kI mal* (Fig. 8, and 110-118 kJ mot
—CgDCN(X *A;) + D(%S,)) and CNX23")  (Fig. 9. The fits of the laboratory data do not change if the
+CeHg(X *A1g) = CeHsCN(X *A1) + H(?S,,) together with  P(E;) are extended or shortened by 15 kJ fitollf we ac-
the laboratory product angular distributions and the calcueount for the collision energies, we found a reaction exother-
lated curves using the CM best fit functions. TOF spectra arenicity of about 70-90, 80—81, and 75-84 kJ mplusing
shown in Figs. 4—6. All LAB distributions peak very close to the three different sets of data. Since the energetics to form
the cm angles of 63.9°, 55.8°, and 52.8°, and are very nathe GHsCN and GHsNC isomer are well separated with
row. The reactive scattering products are spread to less thaeaction exothermicities of 94.6 and 4.9 kJ mohs based on
40° in the scattering plane. If we compare these scatteringur calculations, we can usg,,, to identify the product

B. Laboratory angular distributions (LAB) and TOF
spectra
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FIG. 2. Lower: Newton diagram for the reaction OKES™) FIG. 3. Lower: Newton diagram for the reaction ON{S™)

+ CeHg(X "A1g) — CeHsCN(X "A;) + H(®S;,) at a collision energy of 30.6  +CgHg(X *Ay4) — CeHsCN(X *A) +H(?Sy),) at a collision energy of 34.4

kJ mol %, The circle stands for the maximum center-of-mass recoil velocitykJ mol™*. The circle stands for the maximum center-of-mass recoil velocity

of the GHsCN product assuming all the available energy is released af the GHsCN product assuming all the available energy is released as
translational energy. Upper: Laboratory angular distribution of thetranslational energy. Upper: Laboratory angular distribution of the

CeHsCN(X *A,) product. Circles and error bars indicate experimental data,CqHsCN(X *A;) product. Circles and error bars indicate experimental data,
and the solid line indicates the calculated distribution. and the solid line the calculated distribution.

isomer. It is obvious that at least the more stabjgicN  though the _Iifetéme of the complex might be less than a ro-
isomer is formed as already suggested by the LAB distributational per_|od'5. Instead of sharp peaking of thE(¢) as
tions. Based on these data alone, we cannot determine t§80Wn in Figs. 7-9, the peak can be replaced by a flat pla-
contribution of GHNC yet. Further, allP(E;)s peak be- teau extending from 165° to 205° as well without a signifi-
tween 25 and 38 kJ mot almost invariant from the collision
energy. This indicates that the exit transition state from the
intermediate to the reaction products is likely to be tight and
hence involves a repulsive bond rupture. Last, we can calcu-
late the fraction of total available energy channeling into
translational energy of the products. If we assume the less
stable GHsNC isomer does not contribute to the reactive
scattering signal, we find fractions of 30%—35% for all col-
lision energies.

D. Center-of-mass angular distributions
contour maps /(6,u)

At all collision energies, theT(#) and I(6,u) are
forward—backward symmetric. This suggests that the reac-
tion follows indirect scattering dynamics via complex forma-
tion. Further, the 0°-~180° symmetry documents either a life-
time of the decomposing complex longer than its rotational
period or a “symmetric exit transition state.” In the latter ‘ 2elaen O
case, the rotation interconverts leaving hydrogen atoms in 400 600 800 400 - 600 800
the decomposing complex via a proper rotation axis, and the Time Of Flight, t (us)

compl_ex fragment with _equal prObabi_"ty 'l?land_'n'—.é’. This FIG. 4. Time-of-flight data of distinct laboratory angles as indicated in Fig.
behavior would result in a symmetric flux distribution al- 1. The dots indicate the experimental data, the solid lines the calculated fit.

T(0) and flux

Number density (arb. units)
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FIG. 5. Time-of-flight data of distinct laboratory angles as indicated in Fig. 0.2 F __
2. The dots indicate the experimental data, the solid lines the calculated fit. E | | | | | 1
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. . FIG. 7. Center-of-mass angular flux distributidlower) and translational
cant change in the fit of our laboratory data. All6)s peak energy flux distribution (upped for the reaction of CNK23 %)

at 7/2 with intensity ratiod (0°)/1(90°)=0.73—-0.86, 0.50— 4 cDg(x 1A14)—CeDCN(X 1A;) + D(2S,,,) at a collision energy of 19.5
0.56, and 0.61-0.73 from the lowest to highest collision enkJ mol ™.

ergy. This finding documents geometrical constraints of the

direction of the H/D atom emission in the decomposing

CeHeCN/CsD6CN intermediatedsee Sec. Y. As the colli-  jhto more internal excitation of the cyanobenzene and there-
sion energy rises, these constraints become less pronouncgfle tne departing H will have precessional motions more

in the GHg/CN: if we consider the reversed reaction, i.e., aNpronounced. We like to stress that an isotropic distribution

addition of an H atom to the cyanobenzene molecule, highegoyid not fit to our experimental data. Likewise we tried a
collision energies allow a wider range of impact parameters

to react. Alternatively, an increase of the energy available to
the decomposing complex and the transition state translates

—
N

O RO

O_\
®» O

)

P(E

© o o o
o N b~

50 I 100 150 .
Translational Energy (kdmol™")

)

[T T T
I I

0

(

S © o = =
> o @ o N

O [rrrrrrr

Number density (arb. units)
T

©
N

T IR T S R TR N

30 60 Q0 120 150 180
Time Of Flight.  (us) Center of Mass Angle (deg)
FIG. 8. Center-of-mass angular flux distributidlower) and translational
FIG. 6. Time-of-flight data of distinct laboratory angles as indicated in Fig.energy flux distribution (uppe) for the reaction of CNK?23*)

3. The dots indicate the experimental data, and the solid lines indicate the- CgHg(X 1Alg)HCGHSCN(X 'A;)+H(?S,),) at a collision energy of 30.6
calculated fit. kJ mol L.

o
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12— 7 —T—r—7 T reactions of the cyclohexadienyl radicals producing the
1ok B C,HsN isomers cyanobenzerie-94.6 kJmol?Y) or iso cy-
- ] anobenzend—4.9 kJmol'1), respectively. The calculated
R 0.8 2 E exothermicity to the cyanobenzene isomer lies near an ex-
Hosf 3 perimentally reported value of 84:8kJ mol %34 The bar-
o oak ] riers for these homolytic bond cleavage processes via tight
Tt E transition states are very similar, 103.6 and 107.3 kJ ol
0.2 F . with respect tol and 2, respectively. However, a2 is sig-
ool o+ v 1 S — ] nificantly higher in energy thaf (87.6 kJ mol'%), the tran-
0 90 100 190 sition state to form the iso cyanobenzene isomer is located
Translational Energy (kJmol™) 29.5 kJmol! above the reactants. The geometries of both
1.2 ] exit transition states are characterized by nearly planar
1ok 3 cyano- or iso-cyanobenzene moieties with almost perpen-
Tk ] dicularly (97.2° and 101.2°, respectivelgriented hydrogen
08| ] atoms[r(CH)=178.9 and 176.8 pm, respectivg¢ly
@ 0.6 E . The ring closure reactions @fand3 to yield the bicyclic
= - ] radicals(see Figs. 16 and },7provide possible alternatives
041 E to the hydrogen dissociation channels. However, the ring
0.2 F = closure reactions are both thermodynamically significantly
S R T AP R less favorable than the hydrogen dissociation. Whereas the
o 30 60 90 120 150 180 cyclization product of2, c-C¢HeNC, is more stable than
Center of Mass Angle (deg) separated benzene and CN, the cyclization produc8,of

FIG. 9. Center-of lar flux distributidiowed and translational c-CsHsCN, lies 162.7 kImol' above the reactants. Al-
. 9. enter-of-mass angular fiux distrioutigower) an ranslational . . .
energy flux distribution (upped for the reaction of CNKZS) though the sequence as shown in Fig. 18 provides a route to

+ CoHo(X Y1) — CeHsCN(X 1A;) + H(2Sy) at a collision energy of 34.4 an eight membered monocyclicidsN isomer, this pathway

kJ mol™%. to an antiaromatic 8r system is predicted to be endothermic
by 318.0 kJmol! and hence well above our highest colli-
sion energy.

two-channel fit assuming the;BsNC isomer or the gHsCN Rather than attacking the electron density, the abstrac-

adduct might be involved in the reaction. We derived uppetion of a hydrogen atom by the cyano radical might be an-

limits of less than 2% of their contributions. ticipated as an additional, different mode of reaction. The

overall reactions to yield phenyl radical plus HCN or HNC
are exothermic by 74.3 and 15.7 kJmbl respectively.
Whereas the hydrogen abstraction via the cyano carbon atom
A. Ab initio C;HgN potential energy surface is therefore thermodynamically less favorable than the
1addition—elimination reaction, the abstraction is more exo-
thermic than the substitution in the case of an NC attack.

V. DISCUSSION

In order to account for the experimental observation o
the GHsN product isomd(s), we investigated computation-
ally the attack of the CN radical on theelectron density of
the benzene molecule via;8¢N intermediates(see Figs. B. Reaction pathway
13-18 and Table JI The computed Mulliken spin densities
indicate that the unpaired electron of the cyano radical
mainly localized on the carbon atom, making this the more  The high-energy cutoffs of ouP(Eq)s are in line with
reactive site in radical reactions. Indeed, the formation of thehe formation of the cyanobenzene isomer in i, elec-

CN addition product 1-cyano-cyclohexadieny],is signifi-  tronic ground state. The experimental data suggest an exo-
cantly more exothermi¢—165.4 kJ mol?) than the NC ad- thermicity of about 77—93 kJ mot, whereas the electronic
dition (—77.8 kImol?) to the 1-isocyano-cyclohexadienyl structure calculations predict 94.6 kJ mbl The formation
radical, 2. Most important, we find a marked difference in of the less stable iso cyanobenzene isomer is exothermic by
the mechanisms yielding and 2. Both pathways involve no only 4.9 kJmol?, and hence it can be excluded as a major
entrance barrier, but whereéads formed from benzene and contributor. A closer look at the pertinent potential energy
the cyano radical without a long-range complex, the reactiorsurface supports these conclusions. The only reaction path-
yielding 2 is more complex. The approach of CN via the N way to form iso cyanobenzene must proceed via the transi-
atom first results in the formation of a weakly bounr€l7.2  tion state connecting the products and the 1-isocyano-
kJ mol'1) complex3. The NC moiety is separated by 254.0 cyclohexadienyl radica. But this transition state is located
pm from the closest benzene carbon atom and is oriente?9.5 kdmol! (CgHg/CN) and 34.5 kImol' (C¢Dg/CN)
almost perpendiculafl04.69 to the benzene ring plane. A above the reactants. In the perdeutero case, the system can-
transition state, which is only slightly higher in energy tf&an not overcome this barrier since the collision energy of 19.0
(—13.5 kImolY) connects the long-range compl@xo 2. kdmol ! is too low; hence this transition state blocks the

The dissociation of hydrogen atoms from the tetrahedraformation of the iso cyanobenzene molecule in ogD§CN
carbons inl and2 are the thermodynamically most favorable experiments. Since the experimental data at all three colli-

il Energetical constraints
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FIG. 10. Center-of-mass velocity con-
-200.004 r ’ tour flux map distribution for the reac-
tion of CN(X23™)+CeDg(X *Asq)

— CgDsCN(X A;) +D(?S,)) at a col-
lision energy of 19.5 kJ mof. Units
are given in msk.
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sion energies could be fit with basically the salR{&) only  for 2 of 3 ns is about three orders of magnitude larger than
extended for the additional collision energy, it is very likely typical rotational periods of long-lived decomposing species
that the less stable iso cyanobenzene isomer does not cawhich have lifetimes around 1-4 ps; hence a long-lived com-

tribute to our reactive scattering signal. plex behavior results in forward—backward symmetric
center-of-mass angular distributions as observed experimen-
2. RRKM calculations tally. An alternative explanation of a symmetric exit transi-

The calculated RRKM rate constants as compiled intion state which might be responsiblg fgr the forward—
Table Ill also support our conclusions. First, it is obviousbf”mkwarOI c.enter-of—mass angular d|'str|but|on' can be
that the 1-cyano-cyclohexadienyl addut, cannot be de- dismissed, since _the fragmentingHGCN mte_rmedl_ate be-
tected in our experiments. Here, the lifetime ofs calcu-  10Ngs 1o theCs point group and has no rotation axis.
lated to be about 4—10 ns under our experimental conditions. )

The adduct moves with a center-of-mass velocity betweers- 1€ actual reaction pathway

853 and 1000 ms" at our lowest and highest collision en- Based on these considerations, the following chemical
ergy, respectively. Accounting for the flight length from the reaction dynamics are likely. The CM@S *) radical attacks
interaction region to the ionizer, the adduct would need 34Q@he = electron density in th&,4 highest occupied molecular
and 400us to reach the ionizer. Therefore the lifetime of the orbital of the GHg(X 1Alg) molecule to form a carbon—
adductl is five orders of magnitude too low to survive the carbon o bond and a 1-cyano-cyclohexadienyl radical
flight path to the ionizer. Furthermore, the RRKM lifetime (X 2A") (1) without entrance barrier. Radicél) belongs to
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150.00+ . r

100.00+

50.00+
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+100.007 FIG. 11. Center-of-mass velocity con-

tour flux map distribution for the reac-
tion of CN(X2S™)+CgHg(X *As4)
-150.00- L — CgHCN(X *A;) + H(%S,),) at a col-

‘ ! Y . ‘ I l lision energy c1f130.6 kJ mot. Units
15000 -100.00  -50.00 0.00 50.00 10000  150.00 are given in ms=.

the Cg4 point group and is bound by a calculated 165.4backward symmetry, i.e., the angular distribution is symmet-
kJ mol ! with respect to the reactants and resembles a proric with respect tod=90°.3° While the symmetry is an es-

late asymmetric top. The heavy atoms are rotating nearly isential requirement, the shape of thé9) is determined by
plane, perpendicular to the total angular momentum vektor the disposal of the total angular momentdnand a variety
around theC axis. The long lived reactive intermediat®) of shapes are indeed possible. In crossed beam experiments,
undergoes C—H bond rupture through a tight exit transitiorthe reactant molecules undergo a supersonic expansion and a
state located 34.9 kJ mdl above the products, but well be- substantial rotational cooling occurs; therefore, the total an-
low the reactants, to form a hydrogen atom and @ gular momentum is mainly given by the initial orbital angu-
symmetric cyanobenzene isomegHgCN(X 1A;). As docu-  lar momentumL. The products can be rotationally excited,
mented by the sideways peaking of the center-of-mass anglrowever, so that Eq2) holds

lar distribution and electronic structure calculations, this H
atom is emitted almost perpendicular to the heavy atoms

wh|ch°almost form a gHsCN plane with an angle of about i, he rotational angular momenta of the produétsand
101.2° nearly paraliel td as documented; based on thesey,q iyitia| and final orbital angular momerttaandL . In Eq.
fmgimgs, th.e @HsCN product mainly rotates around tii (2) we made use of the fact that the nuclear momenta are
axis (see Fig. 13 much smaller tharl andL’. Since the unpaired electron
occupies ar molecular orbital in the cyano radical and a 1
atomic orbital in the H atom, the angular momentum of the
electronj, is zero. The final recoil velocity vectoar’ is in a

It is well established that when a long-lived complex is plane perpendicular tb’ and therefore, when the rotational
formed during a reactiorT;(6) is characterized by forward— excitation of products is significang, is not in a plane per-

J~L~L'+j’ ©

C. Exit transition state and comparison with the
F/C¢Dg system
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pendicular toJ. Whenj' is not zero, the probability distribu- total angular momentum. This behavior strongly resembles
tion for the scattering anglé, which is the center-of-mass what is observed for the similar reactiontEgDg— CgDsF
angle between the initial relative velocityandv’, depends +D in a crossed beam study by Lee and co-workers at a
on the values of, M, andM’, whereM and M’ are the collision energy of 10.7 kJ mot.*® Remarkably, the experi-
projections ofJ on the initial and final relative velocity, re- mentally determined (#) has been recently reproduced by
spectively. For instance, if the complex dissociates preferenmeans of the microcanonical transition state theory devel-
tially with low M’ values, the final velocityw' is almost oped by Grice and co-workef4This theory offers a bridge
perpendicular td and therefores’ andv are almost parallel; between the shape of angular distributions of reactive scat-
in this case, the product intensity will be mainly confined totering arising from a persistent collision complex and the
the poles#=0° and 6=180°, similarly to the case of no structure of the decomposing transition state. The model is
product rotational excitation. On the contrary, when the col-valid in the limiting case of a direction of dissociation par-
lision complex dissociates mainly with higil’ values, the allel to one of the principal rotational axes of the transition
final relative velocity will be almost parallel thand perpen- state, but it is able to give a general description also for small
dicular tov and the products will be preferentially scattereddeviations. The effect of the transition state geometry is pre-
at #=90°. Usually, a distribution oM’ values is possible; dicted to be stringent in the case of hydrogen displacement
in some cases, however, the geometry of the decomposingactions when they involve a potential energy barrier in the
complex may imply a most probabM’ value. exit channel. This requirement is satisfied in the case of our
In the present case, thE(#) curves derived at three title reactions since our electronic structure calculations
different collision energies exhibit a symmetric shape and ahowed that an exit barrier is present. Equally relevant is the
peaking atd=90° suggesting that the(B) atom is ejected calculated geometry of the decomposing transition state
more favorably in a direction close to the direction of thewhere the angle formed between the leaving H atom and the
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heavy atoms which define nearly the;HGCN plane is  erties. Since the CN radical is isolobal to the F atom, the title
101.2°. In the case of FCsDg— CsDsF+D, Smith and Grice reaction is expected to show chemical dynamics similar to
showed that by assuming a geometry of the transition statthose of the F-C¢Dg—CgDsF+D reaction. In the case of the
such that the analogous angle is 90° and therefore implying @enter-of-mass angular distributions this is clearly the case.
bond dissociation along the axis, the experimental angular In the analogous F reaction, the(E;) peaks at 30
distribution by Shobatakeet al. is perfectly reproduced kJmol ™. The position of the flux distribution maximum is
within the model. The structure of the transition state was novery similar to those of the CINCgH¢/CgDg reactions, i.e.,
known and the substantial coincidence of the model predic28—35 kJmol*. This suggest similar dynamics in the exit
tion with the experimental results offered an insight into thechannel of both reactions to the H/D atom loss and the re-
geometry of the transition state. In conclusion, we can sayersed reactions, i.e., the addition of a H/D atom to the
that in our case the calculated geometry of the transition stat€gHsX (X=F, CN) molecule via an entrance barrier of the
can well account for the observed sideways scattering propsame order of magnitude. However, the fraction of energy

FIG. 14. Bond distances in Angstrom and bond angles in degrees for reactants, intermediates, transition states, and products leading tonttoé formatio
cyanobenzene.
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177.6 1174 1.179

FIG. 15. Bond distances in Angstrom and bond angles in degrees for intermediates, transition states, and products leading to the formationl®fiso cyan
zene.

released as translation depicts a marked difference in the twiavolved in the synthesis of nitriles and/or iso nitriles in
reactions. Whereas 45% of the available energy channetdiese extraterrestrial environmehtsamong them unsatur-
into translational of the gDsF+D products, our title reaction ated cyanopolyines HEC),—CN (n=1-5), GN, and GN
gives only 30%-35%. This is likely based on the lowerto name a few. However, these experiments monitored the
bending modes of the decomposing intermediate and thgecay kinetics of the CN radical, and therefore the products
transition state in the title reaction as compared to theBC  ¢ouid not be determined experimentally.

system. Further, the additional atom increases the vibrational Tpe present experiments clearly show that the reaction

degrees of freedom by 3. This could result in an enhanceg penzene with the cyano radicals only forms cyanobenzene

internal energy compared to therEeDg reaction. and not the iso cyanobenzene isomer. Although benzene has
never been observed in the interstellar medium, chemical
VI. IMPLICATIONS FOR INTERSTELLAR CHEMISTRY models of interstellar clouds and carbon rich outflows predict

The CN radical is ubiquitous in interstellar clouds like fractional abundances of about T0relative to H. The cru-
the Taurus Molecular Cloud 1 Orion Molecular Cloud, andcial observational drawback is the lack of a permanent ben-
the outflow of old, dying carbon stars such as IRTD1263¢  zene dipole moment which is essential for a radio astronomi-
Based on bulk experiments on the reactions of cyano radicaal observation in the gas phase. Our findings suggest that
with unsaturated hydrocarbons as described in Sec. I, it hagince the title reaction is barrierless and exothermic, prospec-
been postulated that rapid neutral—neutral reactions might kieve radio astronomical searches should focus on the

FIG. 16. Bond distances in Angstrom and bond angles in degrees for the cyclization ofHf@NCintermediate.
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FIG. 17. Bond distances in Angstrom and bond angles in degrees for the cyclization qfHféCCintermediate.

CgHsCN isomer in those areas where CN radicals have beeRaturn’s moon Titafi? Titan's atmospheric composition is
clearly identified and where chemical reaction models predominated by N and CH, together with the minor compo-
dict cyanobenzene formation. So cyanobenzene could act &nts GHg, CsHg, CH,, HCN, HGN, CH,CCH, and
a tracer molecule for benzene in the interstellar medium. CoN,.*"*Titan's cyano chemistry is thought to be initiated

In addition, the reaction of CN radicals with benzeneby photolysis of HCN and €N, by solar radiation to gener-
could be a crucial step in the synthesis of heteroatom polyate reactive CN radicals in thedE. ™ electronic ground state.
cyclic aromatic hydrocarbongAHs). Here, all postulated These radicals could react with benzene in Titan's atmo-
pathways to PAH formation in the gas phase of interstellasphere. Although cyanobenzene has not been observed yet,
environments involve either benzene or the phenyl radicaihe unsaturated nitriles cyano acetylene HCCCN, acryloni-
CeHs.% The crucial and limiting step in these reaction net-trile C;H;CN, and cyanopropyne GECCN have been ob-
works, however, is the collision of £ radicals with ben- served unambiguously. Therefore, our results offer a chal-
zene. A detailed model investigation shows that this reactiotenging mission for the NASA-ESA Cassini-Huygens
is only feasible in a very narrow temperature window be-spacecraft to Titaf’ The Huygens mission will carry an IR
tween 1200 and 1300 K. The title reaction, however, is exomapping spectrometer as well as a quadrupole mass spec-
thermic and holds no entrance barrier. ThereforgHddCN  trometer capable of identifying these isomers in Titan's
molecules could be formed even at temperatures as low as #gmosphere’
K. We would like to stress that the CN radical does not
destroy the aromatic skeleton as atomic carbor?PQ( VIIl. CONCLUSIONS

does™® _ .
The crossed molecular beam experiments together with

electronic structure calculations and RRKM studies show
that the radical-neutral reaction of the cyano radical

Besides interstellar chemistry, the chemical dynamics oEN(X 22 ") with benzene gHg(X lAlg) is initially domi-
CN(X 23 ") radical reactions with unsaturated hydrocarbonsnated by long-range dispersion forces. The reaction is barri-
are of fundamental relevance to the atmospheric chemistry iarless and is governed by an initial attack of the CN radical

VII. IMPLICATIONS FOR SOLAR SYSTEM CHEMISTRY

FIG. 18. Bond distances in Angstrom and bond angles
in degrees for involved intermediates in the rearrange-
ment of the GHgCN intermediate td\-cyclooctyne-2.
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TABLE IlI. Electronic states, dipole momenjs (D), and rotational con- ‘} C~7J
stantsA, B, andC (GHz) of various molecules at the B3LYP/6-31G**
level of theory. C;
Species Electronic state A B C
CeHs A, 0 5704 5704  2.852 H
CN %34 1.4 00 57.533  57.533 ;
HCN 129 3.1 0.0 44.763 44.763 ! H H
HNC 129 3.1 0.0 45.418 45.418 VN
CeHs 2A, 0.9 6.295 5.619 2.969 !
CeHsCN 2p 42 4529 1621  1.304 N=cC H » A
CeHsCN A, 47 5672 1.549 1.216
CgHge*NC A 4.2 3.518 1.400 1.272
CgHgNC 2p’ 4.1 4.566 1.697 1.352 H H
CgHsNC A, 41 5679 1.637 1.270
c-CgHgNC 2 48 3.753 2.243 1.787
c-CgHgCN 2A" 4.1 3.765 2.116 1.708

B

. . . FIG. 19. Schematic representation of the decomposigigg€N complex,
with the carbon atom to the aromatic electron density of rotation axesA, B, and C, together with the total angular momentum

the benzene molecule to formG symmetric GHgCN col-  vectord.
lision complex. At all collision energies, the center-of-mass
angular distributions are forward—backward symmetric and
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