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Crossed beam reaction of cyano radicals with hydrocarbon molecules. lll.
Chemical dynamics of vinylcyanide  (C,H3;CN; X *A’) formation
from reaction of CN (X 2X*) with ethylene, C ,Hs(X *A,)
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(Received 12 April 2000; accepted 29 June 2000

The neutral-neutral reaction of the cyano radical, ERE "), with ethylene, GH,(X lAg), has

been performed in a crossed molecular beams setup at two collision energies of 15.3 and 21.0
kJmol ! to investigate the chemical reaction dynamics to form vinylcyanidg);CN(X *A")

under single collision conditions. Time-of-flight spectra and the laboratory angular distributions of
the GH3N products have been recorded at mass-to-charge ratieS®3Forward-convolution
fitting of the data combined witlab initio calculations show that the reaction has no entrance
barrier, is indirectcomplex forming reaction dynamigsand initiated by addition of CN{ %3 ™) to

the 7 electron density of the olefin to give a long-lived gEH,CN intermediate. This collision
complex fragments through a tight exit transition state located 16 kJ'nablove the products via

H atom elimination to vinylcyanide. In a second microchannel,@H,CN undergoes a 1,2 H shift

to form a CHCHCN intermediate priorata H atom emission via a loose exit transition state located
only 3 kJmol'! above the separated products. The experimentally observed mild “sideways
scattering” at lower collision energy verifies the electronic structure calculations depicting a
hydrogen atom loss in both exit transition states almost parallel to the total angular momentum
vector J and nearly perpendicular to the,MizCN molecular plane. Since the reaction has no
entrance barrier, is exothermic, and all the involved transition states are located well below the
energy of the separated reactants, the assignment of the vinylcyanide reaction product soundly
implies that the title reaction can form vinylcyanide;HzCN, as observed in the atmosphere of
Saturn’s moon Titan and toward dark, molecular clouds holding temperatures as low as 10 K. In
strong agreement with our theoretical calculations, the formation of $hBNIC isomer was not
observed. ©2000 American Institute of Physids$S0021-9606)0)01036-9

I. INTRODUCTION lack of extensive investigation at the microscopic level is

mostly due to the difficulty of generating these unstable spe-

One of the fundamental goals of reaction dynamics is ies in large quantities for laboratory studies. Methods com-

obtain the description of a reactive system through the per-

. ) i .~ monly used to generate radicals include photolysis, pyroly-
tinent potential energy surface and its topology. An extenswesis, gas discharges, and situ chemical reactions. In our

Ilttte_ratluré IS ?ovvt.avanatblti repc_)rtlng expelnmelntal ?r?d lt)heo'laboratory we have recently developed a pulsed supersonic
lecular reaciions of atomic Species; conversely, reports o210 CN& 2 ") radical beam sourcethat can be eff
. . - SPECIES, ely, rep ciently coupled to a crossed molecular be@MB) appara-
the dynamics of reactions involving polyatomic radicals are, ; . . .
. ) . : : .~ “tus with mass spectrometric detection and that has permitted
still sparse and mainly related to simple diatomic radical . . .
reactions(for instance, OH-H,, OH+CO, CN+D,) 12 - us to undertake a systematic study of CN radical reaction
’ 2 ’ 2 dynamics'~’ The advantages of the CMB technique are well

merous kinetic investigations on free radical reactions hav nown? a molecular beam experiment provides a collision
been performed since they occur commonly in nature an o b P . .
ree environment, the reactant beams are well defined in

play a key part in a wide variety of macroscopic phenomena, . . . .
such as combustion, plasma, and atmospheric chemistry. TE gle and velocity, and an _exten_swe cooh_ng of the rad|ca_l
internal degrees of freedom is achieved during the supersonic
5 — S - ' expansion. Another advantage of the technique has been re-
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TABLE |. Experimental beam conditions and-Brrors: most probable ve- TABLE Il. RRKM rate constantgs %) for the title reaction at two collision
locity vy, speed ratioS, most probable collision energy of the CN beam energies of 15.3 and 21.0 kJ mal

Balucani et al.

with the ethylene moleculeg, and center-of-mass angleé8¢y, .

Collision energy,

Experiment  v,, ms* S E¢,kJmol? Ocu kJ mol* 15.3 21.0
CN/CH, 121010  5.6£0.2 15.3-0.3 38.7-0.6 Kint 1—ne-int 1 2.77x10° 6.97x10°
CN/CH, 152010  4.5+0.2 21.0-0.4 32.5-0.3 Kint 1—nc-int 1 6.87x 10 1.55x 10°
CoH, 900+10  8.0+0.2 Kint 1—int 2 1.58x 10° 1.96x10°
Kint 1int 2 6.57x10° 8.47x10°
Kint 1-int 3 6.89x 10° 7.67x10°
Kint 1-int 3 8.56x 10" 8.74x 101
hydrocarbons are of great interest because of their relevance Kint 1--int 4 2.45<10° 4.71x10*
in combustion chemistry, gas lasers, astrochemistry, and so-  Kint 1-int4 9.10x 10§° 1.37¢ 10i !
lar system chemistry, with the most interesting case being Kint 2-int 5 11310 1.65¢10
i i ' Kint 2-int 5 1.39x 10" 1.49x 10"
the atmospheric chemistry of Saturn’s moon Titdf Be- " 17 101 5 61x 10
. . . . . int 4—nc-int 1 . .
cause of tha_t, chemical klngtlcs pf CN reactions with the Kt 4 noint 1 L1710 1.99% 107
simplest olefins were extensively investigated down to tem- Knceint 2 nc.int 1 2.01X 10° 9.71x 10°
peratures as low as 25'Kdemonstrating that these reactions Knc-int 2 nc-int 1 8.49x 10* 3.82x10°
have no entrance barrier. We have recently reported CMB Kint 5 nc-int 2 2.95< 10 3.05< 10"
studies on the reactions of CKEZ ") with (a) acetylené, Eim 5nc-int 2 2-25‘5 ﬁ 2-g§ ig
C,H,, (b) methylacetylen&, CH;CCH, (c) benzené, CqHg, ne-int 1-nc-products oax e : e
nd (d) dimethylacetylené, CH;CCCH;; in all cases, the Kne-m 2--nc-producs 1851 29t
a ) y y ! 3 . ! ! kint 1—products 8.38X 108 1.12x 109
reactions were found to be dominated by a CN vs H ex- Kint 2. products 4.06X 10° 5.41% 10°

change channel to forif@) cyanoacetylene, HCCCNb) me-
thylcyanoacetylene, C{£CCN, and the cyanoallene isomer,
H,CCCH(CN), (c) cyanobenzene, &sCN, (d) 1-cyano-1-
methylallene, CNCKECCCH,. time-of-flight spectra(TOF) at different laboratory angles.
Here, we report our results on another interesting sysPata accumulation times range up h atevery angle. The
tem, namely the reaction of cyano radicals with ethylenelaboratory angular distributioiLAB) is obtained by inte-
Ethylene being present in the interstellar medium anddrating TOF spectra at different laboratory angles and taking
Titan*? the title reaction is a good candidate to explain theinto account the cyano radical beam intensity drift. Quanti-
formation of interstellar and p|anetary Viny|cyanide, tative information on the reaction dynamiCS is obtained by
C,H5CN, via a CN vs H exchange. We have also performednoving from the laboratory coordinate system to the center-
ab initio molecular orbital calculations of the reaction poten-0f-mass(CM) one and analyzing the product angufa¢s),
tial energy surface in order to provide a global picture of theand translational energf,(Ey), distributions into which the
energy diagram. RRKM calculations have also been carrie§M product flux can be factorized. The CM functions are
out to establish the main reaction pathway. Our results wilctually derived by a forward convolution fit of the product
be commented on in the contest of CN radical reactions wittiaboratory angular and TOF distributions; the experimental
other unsaturated hydrocarbons; similarities and discrepariesolution broadeningdue to the TOF disk and detector slit
cies with the Strong|y related reaction 2P0+C2H4 also Sizes, disk VeIOCity, ionizer Iength, and Spread in beam ve-

studied in cross beam experimenitwill be noted. locities and angular divergenges taken into account. The
final outcome is the generation of a velocity flux contour

mapl(64,u) in the center-of-mass frame, where the intensity
is shown as a function of scattering angleand product

The experiments were performed by using the” 35 speedu. This plot contains all the basic information of the
crossed molecular beam machine, which has been describegactive scattering process.

elsewrzlerér.4 Briefly, a pulsed supersonic cyano radical beam,
CN(X 22 ";v=0), in the vibrational ground state is gener-
atedin situ via laser ablation of graphite at 266 nm and lll. ELECTRONIC STRUCTURE AND RRKM

. . . . CALCULATIONS
subsequent reaction of the ablated species with neat nitrogen
gas which acts also as seeding dsSpectra Physics GCR The potential energy surfad®ES of the reaction be-
270-30 Nd-YAG laser operating at 30 Hz and 30 mJ pertween ethylene and the cyano radical has been examined in
pulse was used for graphite ablation. A chopper wheel loterms ofab initio molecular orbital methods. We have em-
cated after the ablation source and before the collision centgroyed the hybrid density functional B3LYP method, i.e.,
selects a 9us segment of the CN beam; cf. Table |; the Becke’s three-parameter nonlocal exchange functtBmath
pulsed beam is made to intersect a second, pulsed ethylertee correlation functional of Lee, Yang, and PHrand the
C,H,, beam at 90° in the interaction region. Reactively scat6-311G(,p) basis set® All computations have been carried
tered species are detected using a triply differentiallyout using thesaussiaN 98program packag® The structures
pumped detector consisting of a Brink-type electron-impactof the intermediates and transition states were confirmed
ionizer, quadrupole mass filter, and a Daly ion detettor. with the vibrational analysis; all relative energies shown in
Product velocity distributions were determined by measuringhis paper are the corrected values of the zero-point

Il. EXPERIMENT AND DATA ANALYSES
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vibrational energies. The coupled cluster CG¥Dcalcula- 1.510° T T T T T T
tions with the 6-311Gq4,p) basis set have also been per-
formed for some of the critical structures in order to refine
the energetic&’

According to the quasiequilibrium theory or RRKM
theory?! the rate constark(E) at a collision energf for a
unimolecular reactio* —A*— P can be expressed as

o WHE-FEY)
“BTh e

where o is the symmetry factorW?(E—E*) denotes the 0.0 \I:C
total number of states of the transition stéetivated com- o
plex) A* with the barrierE?, p(E) represents the density of
states of the energized reactant molecéife and P is the
product or products. The harmonic oscillator and rigid rotor Ven
approximation are assumed for the species involved through-
out the rate constant calculations. The saddle point method is
applied to evaluate(E) andW(E). The rate equations for
the reaction mechanism deducted from aifeeinitio potential
energy surface are subsequently solved to obtain the branch- 200 e
ing ratios. 4

’ v cH, —

1.0

0.5

Integrated Counts

D

LI B |
TR N

15 30 45 60 75 90
Lab Angle (deg)

IV. RESULTS FIG. 1. Lower: Newton diagram for the reaction ON{S™)

A. Reactive scattering signal + CoHy(X TAg) = CoHiCN(X TA") + H(?S,y») at a collision energy of 15.3
kJ molL. The circle delimits the maximum center-of-mass recoil velocity of

Reaction products were detected at mass-to-charge ratithe GHsCN product, assuming all the available energy is released as trans-
m/e, of 53, 52, 51, 50 corresponding to the i0n§l-GN+, lational energy. Upper: Laboratory angular distribution of théi{N prod-
C3H2N+, OsHN+, and QNJ’;. cf. Figs. 1-4. TOF spectra ::J;Itéu(l:;:glc(iezgtr;idbiircr)%r_ bars indicate experimental data; the solid line the
recorded at alln/e revealed identical patterns and could be
fit with the same center-of-mass functions. This unambigu-
ously indicates that the only detected product under our exfwith respect to the CN radical beam directi@md are quite
perimental conditions has a gross formulgHgN and that it  broad with scattered products extending for about 45°. In
partly fragments to gH,N*, C;HN™, and GN™ in the elec-  both experiments, time-of-flight spectra taken in the range of
tron impact ionizer. No adduct was observednae=54, angles close to the center-of-mass position angle show some
indicating that under single collision conditions the initially structure with weak shoulders.
formed adduct(see below fragments because of its high The limiting circles shown in Figs. 1 and 2 delimit the
energy content. Due to the high background signaiés maximum center-of-mass recoil speed of th#1¢CN prod-
=27, we were unable to detect reaction products from theict when assuming that all the available energy is released as
possible H abstraction reaction giving HCN or HNC andproduct translational energy. If we compare this limit with

vinyl radical, GHs. the experimentally determined scattering range of tkté;N

isomers, the substantial coincidence of the angular ranges
B. Laboratory angular distributions  (LAB) and TOF indicates that the thermodynamically most stable radical
spectra product, vinylcyanide, ¢H;CN, is mainly formed.

Because of the best signal-to-noise ratio, the complete ) o
set of final measurements were carried outmaé=50. We g Eenter—of—mass translational energy distribution,
have performed scattering experiments at two different col- (ED
lision energiesE,, of 15.3 and 21.0 kJ mol (see Table . Experimental data were fit using one center-of-mass an-
Figures 1 and 2 report the laboratory product angular distrigular distribution and a single center-of-mass translational
butions together with the most probable Newton diagram®nergy distribution; Figures 5 and 6 show the best-fit func-
(showing the kinematics of the processas collision ener-  tions within the error limits. AlIP(E;) peak at about 20—25
giesE.=15.3 and 21.0 kJ mol, respectively. Selected TOF kJmol L. This suggests that the exit transition state from the
spectra are shown in Figs. 3 and 4 for the low&b.3 decomposing intermediate to the products is likely to be tight
kdmol'1) and higher(21.0 kdmoTl?) collision energy. The and hence involves a repulsive bond rupture. Furthermore,
solid lines superimposed on the experimental results are ththe maximum translational energy of tRéE+)s is found to
calculated curves when using the CM best-fit functieee  be 100-110 kJ mol (Fig. 5 and 110—120 kJ mot (Fig.
below). Both laboratory angular distributions peak very close6). Extending or cutting both translational energy distribu-
to the CM position angle€38.7° and 32.5° for the lower and tions by 10—15 kJ mol* has no influence on the fit. If we
higher collision energy experiment, respectiyedfiow about account for the relative collision energies of 15.3 and 21.0
the same intensity in the backward and forward directiongJ mol !, the CN/H exchange reaction is found to be exo-
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1.5x10° T T T T CN + C,H, = C;H,N + H E =21.0 kd/mol
. L _
S1.0 —
(o] n p
o
- 5 ]
o L : @
Bt ] £
05| . e
= - 1 a
[ I 2
: rCN C\I:\A CoHy 4\|/: g
1 1 1 1 I 1 1 I LKt l 1 1 I 1 L D
0.0 o,
0 15 30 45 60 75 90 2 00 C
Lab Angle (deg) 5 N
4 -
Ven 300 -
1Borcf
ORSE™ | 5 1

200 400 600 800 200 400 600 800

Time of Flight, t (us)

FIG. 4. Time-of-flight data of selected laboratory angles as indicated in Fig.
2. The dots indicate the experimental data, the solid lines, the calculated fit.

200 ms™'

|_|
VCoH, Therefore, based on the energy cutoff of the product transla-

. _ tional distributions we can conclude that the thermodynami-
FIG. 2. Lower: L Newton diagram for the reaction CKI{S™) . . . . .
+ CoHy(X *Ag)— CH,CN(X *A’) + H(2Sy) at a collision energy of 21.0 cally_more sta_ble vmyl_cyamde isomer is mainly forme_d_from
kJ mol L. The circle delimits the maximum center-of-mass recoil velocity of the title reaction. Taking into account the exothermicity of
the GH5CN product, assuming all the available energy is released as trans-
lational energy. Upper: Laboratory angular distribution of th&l{ prod-
uct. Circles and error bars indicate experimental data, the solid line the 1.2
calculated distribution.

thermic by about 90—100 kJ mdl According to our elec- m
tronic structure calculationsee below, the thermochemis-

try of the channel leading to vinylcyanideK;CN, and

H(?S) is quite different from that of the channel leading to 0.2
isovinylcyanide, GH3NC, isomer and H{(S), with an exo- 0.0

thermicity of —95.0 kJmol? in contrast to+4.0 kJmol ™. 0 50 100
Translational Energy (kJmol™)

©c o o
o
N SR RARA REAER AR

150

CN + C,H, - CH,N + H E.=15.3 kJ/mol

22—
L L L L N L L T i :
600 - wofp 1
300 [ [ ]
I 08} -
J — 3 E
T O > | ]
= B -h-; L .
3 0.6 |- -
R 3 ]
s L — [ ]
2 %0 - 0.4} -
2 T [ :
ok [ i
?‘) 0.2 ]
£ 00 L ]
5 L i

2 0.0 L ) | ) L | L ) { ) L
300 0 45 90 135 180

Center of Mass Angle (deq)
° (b)
Time of Flight, t (us) FIG. 5. Center-of-mass angular flux distributidlower) and translational

energy flux distribution (uppe) for the reaction CNKZ3')
FIG. 3. Time-of-flight data of selected laboratory angles as indicated in Fig.+ CoH,(X 1AQ)HCZH3CN(X IA")+H(%Sy,) at a collision energy of 15.3
1. The dots indicate the experimental data; the solid lines, the calculated fikJ mol ..
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FIG. 6. Center-of-mass angular flux distributiélower) and translational

energy flux distribution (uppe) for the reaction CNKZ3™)

+CzH4(1X 'Ag)— CHCN(X *A") +H(®Sy,) at a collision energy of 21.0  F|G, 7. Center-of-mass velocity contour flux map distribution for the reac-

kJ mol™~. tion CN(X 25 ) + CoHy(X "Ag)— CHCN(X *A") + H(®Sy,) at a collision
energy of 15.3 kJ mot. Units are given in msh.

the GH;CN+H channel, the fraction of the total available
energy channeled into the translational degrees of freedom ¢fowever, a very minor sideways scattering preference could
the products is about 30%—35%. quite satisfactorily fit our experimental data as well. That can
be rationalized as follows. If we consider the reversed reac-
D. Center-of-mass angular distributions, ~ T(6), and tion, i.e., t_he addition of an H atom to the vinylcyanide mol-
flux contour maps, (8, u) ecule_, an increase of collision energy allows a wider range of
reactive impact parameters. In the same manner, an increase
At both collision energies, thd(6#) and I(6,u) are  of the energy available to the decomposing complex and the
forward—backward symmetric; cf. Figs. 5-8. This suggestsransition state implies more internal excitation and translates
that the reaction follows indirect scattering dynamics viainto a less defined direction of the departing H, turning into a
complex formation. The observed 0°-180° symmetry mayjat angular distribution.
imply either a lifetime of the decomposing complex longer
than its rotational period or a “symmetric exit transition
state.” In the latter case, the rotation interconverts leavingy. DISCUSSION
hydrpgen a'ltoms in the decomposing complgx via a prope/&. Ab initio C3;H,N potential energy surface
rotation axis, and the complex fragments with equal prob-
ability along a direction defined by or m-6; this behavior In the following section we report the results of the com-
would result in a symmetric flux distribution although the putational investigation of the interaction of the cyano radi-
lifetime of the complex might be less than a rotationalcal, CN(X 23 ") with the ethylene molecule, £,(X lAg).
period?2 At lower collision energy, a best fit of our data was With the radical center localized on tR&* orbital of the
achieved with ar(#) peaking slightly at 90° with an inten- carbon atom, CN can attack the orbital of the ethylene
sity ratio 1(0°)/1(90°)=0.9-0.95. The “sideways scatter- molecule without an entrance barrier leading to a deeply
ing” suggests geometrical constraints in the decomposingpound (232 kJ mol!) C, symmetric 1-cyanoethyl-2 radical
C,H,CN intermediate that define a specific orientation of theintermediate, CHCH,CN (int1) on the?A’ surface; cf. Figs.
H atom emission; cf. Sec. V. At higher collision energy, a9—-10. Our calculations show that after the initial attack, the
flat distribution was observedee Fig. 6; as a matter of fact, CH, group of the ethylene molecule rotates almost 90° dur-
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kJ mol ! above the energy of the separated reactants.

Here intl and nc-intl can either undergo both H atom
elimination or hydrogen atom migration. The hydrogen frag-
mentation pathways follow tight exit transition states located
16 kJmol'! (TS1h and 8 kIamolt (nc-TS1H above the
products in an exothermic reaction ef95 kJmol?® (the
formation of the GH;CN isomej and an endothermic reac-
tion of +4 kd mol? (the formation of the gH;NC isomey.
Both intermediates intl and nc-intl have an unpaired elec-
tron on the terminal carbon atom. Since the carbon—carbon
bond of the ethylene moiety becomes a single bond, the CH
moieties of intl and nc-intl are freely rotating and their en-
ergies do not depend on the twisting angles of the C—C bond
of an ethylene part. As the geometries of TS1b and nc-TS1b
ST R T S R SRR shown in Figs. 10 and 11, the structures of the transition

200 100 0100 200 states indicate that the hydrogen atom leaves almost perpen-

center-of-mass speed (m/s) dicular to the molecular plane of the product species, i.e.,
105.4° (GH4CN; dihedral angle H — —C—-C—H: 96.09
and 102.8° (GH3;NC). Alternatively, the 1,2-H atom shifts
in intl and nc-intl form intermediates int2 and nc-int2 that
are stabilized by 286 and 192 kJ mblwith respect to the
reactants. Int2 represents the global minimum of thel 8
potential energy surface. These H atom shifts from the cen-
tral carbon atom to the terminal carbon atom produce the
methyl group and the allylier conjugation. The structures of
int2 and nc-int2 indicate a double bond character between
the radical carbon and CN or NC group; cf. Figs. 10-11. A
cyclic intermediate int5 connects isomers int2 and nc-int2
via transition states TS5a and TS5b; Fig. 13. The fate of int2
and nc-int2 is governed by a final carbon—hydrogen bond
FIG. 8. Center-of-mass velocity contour flux map distribution for the reac-rupture via loose exit transition states TS2b and nc-TS2b.
tion CN(X 22 )+ CoHy(X 'Ag) — CHCN(X "A') + H(*Sy5) at a collision  The structures of the transition states indicate that the C—H
energy of 21.0 kymof. Units are given in m's. distances of the breaking bonds is more than 235 pm; fur-

thermore, their geometries are very close to the product
ing the nonbarrier pathway to intl. An alternative pathway isstructures, and the H atom is emitted almost perpendicular to
the N-side attack of the CN radical to ethylene, Figs. 9 andhe molecular plangl06.0°(dihedral angle H — —C-C-H:
11. Since this reaction involves the lone-pair electrons on th80.59 and 105.0°, respectively
nitrogen atom of the CN radical, we would expect that this In addition to these energetically favorable reaction
reaction is energetically unfavorable. The potential energypathways, the ¢,N potential energy surface comprises
surface, however, indicates attractiveness, and there is righ-energy isomers as well. We first examined the reactions
transition state for the formation of a bound139 kJ morl'%) of the tetracyclic isomer int4; cf. Figs. 14 and 15. The former
1-isocyanoethyl-2 radical, C/&H,NC (nc-intl). The fact ethylenic carbon—carbon in int4 can undergo carbon—carbon
that the N-side attack to ethylene is barrierless shows #&upture via a conrotatory ring opening to form a chain isomer
smooth electron delocalization of the unpaired electron fronint6 that is 96 kJ mol* more stable than int4. Alternatively,
the carbon atom of the CN radical to the terminal carbornint4 can rearrange to the tricyclic isomer int7. Although int6
atom of the GH, moiety during the reaction pathway. and int7 are energetically favorable compared to int4, the

Both intl and nc-intl can isomerize via TSla locatedinvolved isomerization barriers located 59 and 85 kJthol
only 11 kJmol?! below the energy of the separated reac-above the energy of the reactants cannot be passed, even at
tants, Fig. 12. A lower-energy isomerization pathway in-our maximum collision energy of 21.0 kJ mol Hence, both
volves a ring closure of intl via TS4a to a tetracycligHGN isomers cannot be formed in our experiments.
intermediate(—73 kJ mol'%), which, in turn, ring opens via We calculated further the energetics, structures, and vi-
TS4b to nc-intl. Besides the cyano—isocyano isomerizatiorrational modes of all tetracyclic and tricycliczl;N iso-

a ring closure in intl forms a tricyclic intermediate via TS3 mers that can be formally derived from the heavy atom skel-
that resides in a shallow potential energy well only bound byeton of int3, nc-int3, int4, and int5; cf. Figs. 15-17. In these
8 kJmol L. In strong analogy to intl, nc-intl can undergo figures, there is no energy minimum for the singlet spin state;
ring closure as well to form a tricyclic nc-int3 intermediate all singlet species shown are first-order transition states and
via nc-TS3. However, nc-int3 is even more weakly bo¢®d turn out to ring open to the most stablgHGCN or G,H;NC

kJ mol'!) than the corresponding int3 intermediate, and thestructures. Since all reactions are strongly endothermic, these
transition state to ring closure/ring opening is located 35somers are not relevant to our experiments, and we did not
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FIG. 9. Schematic representation of thgHGN potential energy surface.

made an attempt to optimize the exit transition states to th&on reaction takes place and produces HCN and vinyl radical

triplet species. Further, a carbon—hydrogen bond rupture i€,H;(X 2A’). This potential energy surface is also attractive

int3 forms a triplet tricyclic isomer is a strongly endothermic with the B3LYP calculation and the production of the HCN

reaction; Fig. 16. The C—H bond cleavage in nc-int3 givesand GHj radical is shown to be 82 kJmdi exothermic

no stable tricyclic isomer. without an energy barrier. When the CN radical approaches
In addition, we have tackled potentially involved car- the hydrogen atom of ethylene from the N side, we found a

bene reaction products. The notation of the carbene productsansition statéTS0b for the hydrogen abstraction forming

is as follows: H atom loss from intl, int2, nc-intl, and nc- HNC and GH, located 22 kJ mol* above the energy of the

int2 corresponds to prodl, prod2, nc-prodl, and nc-prod2reactants. The overall reaction is exothermic by 22 kJthol

the last digit 1 or 3 defines the singlet or triplet spin state.

Besides the C—H bond rupture in int2 to form a cyanoethyls. Reaction pathways

ene molecule, a hydrogen atom can be lost from the central ] ] ]

carbon atom of int2 as well; cf. Fig. 18. This C—H - Energetical considerations

bond scission produces a triplet methylene product The high-energy cutoff of botlP(Et)’s is consistent

CH3;—C—CN+H, which is 208 kJmal' higher in energy with the formation of the thermodynamically most stable

than the most stable product cyanoethylene. Due to the st&;H3N isomer, i.e., vinylcyanide in itSA’ electronic ground

bilization of its 7 conjugation on the sp-hybridized CCN state. Our data suggest a reaction exothermicity of about 90—

moiety, this carbene is quasilinear. The corresponding iso100 kJmol'?, whereas the electronic structure calculations

cyanide methylene species triplet GENC is even 110 reveal 95.0 kJmol'. These data are in excellent agreement

kJmol™* higher in energy. Both triplet carbenes that couldwith recent thermodynamical data showing 90.0 kJThéf

be formed via H atom loss from intl and nc-intl are ener-Since the formation of isocyanoethylene is endothermic by

getically not accessible in our experiments. These reaction$.0 kJmol'%, this isomer can be likely excluded as a major

are endothermic by 221 and 315 kJ mblrespectively. contributor. This conclusion gains further support from the
Finally, we have investigated also the interaction of theinvolved potential energy surface, cf. Figs. 9—1LHENC

CN radical with theo electron density of the ethylene mol- formation, indeed, must proceed via nc-int2 or nc-intl. If

ecule; cf. Fig. 19. If CNK 23 ") approaches the hydrogen nc-intl is formed, it is expected to react preferentially

atom of ethylene in the molecular plane, hydrogen abstrachrough the lowest-energy barrier pathway via int4 to intl or
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a direct isomerization to intl. Even if a minor amount of tected vinylcyanide isomer are intl and int2. A symmetric
nc-intl undergoes a hydrogen shift via nc-TS2a to nc-int2exit transition state is not involved because the decomposing
the latter does not evolve to the isocyanoethylene isomer, butermediatés) belonds) to theCg point group and shows no
follows the energetically more favorable pathway via int5 topropern-fold rotation axis.
int2. Therefore, none of the involved isocyano intermediates
is expected to decompose to theHgNC isomer. Likewise,
none of the carbene structures as shown in Fig. 18 is ener-
getically accessible under our experimental conditions. Here,
even the formation of thermodynamically most stable car-3. RRKM rate constants and branching ratios
bene, triplet 1-methyl-1-cyanocarbene, L€N, is too en-
dothermic(+113 kJmol*) considering our maximum colli- The branching ratios calculations employing the RRKM
sion energy of 21.0 kIJmol. Reaction energies to the rate constants indicate that the vinylcyanide molecule is the
remaining triplet carbenes are highly endothermic and ar@nly CsHsN isomer formed. Even if the CN radical reacts
calculated to be +225 kJmol! (1-methyl-1-iso- with the ethylene molecule to form the nc-intl intermediate,
cyanocarbene, CJENC), +221 kJmol! [CH,(CN)CH], a detailed investigation of the rate constants predicts a domi-
and +315 kdmol* [CHy(NC)CH]. Finally, none of the Nant isomerization to int4k=1.17x10"s™%) and intl k
high-energy tetracyclic(Fig. 15 and tricyclic (Fig. 16  =6-87<10"s™%); int4 isomerizes back to nc-intk¢ 1.75
C.H.N isomers is energetically accessible. Therefore, we<10'*s™%). Both an alternative unimolecular decomposition
conclude that vinylcyanide is very likely the onlyst@N  Of nc-intl to GH;NC+H or a rearrangement via nc-TS2a to
isomer as formed via a CN vs H atom exchange. nc-int2 have rate constanksess than about 810*s* and
hence can be neglected. An alternative isomerization of int2
to nc-int2 followed by decomposition to,B;NC can be
Based on our forward—backward symmetric flux contourruled out as well. The ratios of the rate constants shows that
map and the small fraction of 30%—35% of the total avail-the int2—int5 isomerization contributes less than 1%. Em-
able energy channeled into the translational degrees of fre@loying the stationary points intl, TS3, int3, TS2a, int2,
dom, we can establish that the reaction proceeds through arS5a, int5, TS5b, TS1b, nc-int2, TS2b, angHgCN+H, we
indirect mechanism via the formation a complex having acalculated the branching ratiofaH atom loss from intl via
lifetime longer than its rotation period. The only feasible TS1b to the products versus the reaction sequence
complexes that can decompose into the experimentally dentl—TS2a—int2—TS2b—products. About 40% of all ini-

2. Consideration on the angular distribution
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tially formed collision complexes intl decompose to electronic structure calculations depict that after the initial
C,H;CN+H, whereas the remaining 60% undergo a 1,2 Hattack, the CH group of the ethylene molecule rotates al-

shift to int2 prior to decomposition. most 90° during the barrierless pathway to the,CH,CN
complex. The CHCH,CN intermediate is bound by 232
4. The actual reaction pathway kJ mol™* with respect to the reactants and resembles a pro-

Our results indicate that the CKES, *) radical attacks |ate asymmetric top. The four heavy atoms are rotating
the 7 electron density in the highest occupied molecular or-nearly in plane perpendicular to the total angular momentum
bital of the GH,(X lAg) molecule without an entrance bar- vector J around theC axis. The fate of intl is twofold:
rier to form a carbon—carboa bond and aC4 symmetric ~ branching ratios show that 40% of all 1-cyanoethyl-2 radical
1-cyanoethyl-2 radical intermediate, @EH,CN (intl). The intermediates undergo C—H bond rupture via a tight exit

i N, FO
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FIG. 12. Important bond distances in angstroms and bond angles in degrees of intermediates and transition states involved in the intl—nczatidrisomer
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FIG. 13. Important bond distances in angstroms and bond angles in degrees of intermediates and transition states involved in the int2—nzait@risomer

transition state located 16 kJ mdlabove the productéct. bution is symmetric with respect t6=m/2.2* The exact
Sec. V C for a detailed discussiowhile the remaining 60% shape of thel(0) is determined by the disposal of the total

of intl undergoes a 1,2 H atom shift to GEHCN (int2)  angular momentund. In a typical crossed beam experiment,
prior to a H atom release and the formation of vinylcyanidethe reactant molecules undergo a supersonic expansion; a
excited to C-like rotations. As documented by the mild side-significant rotational cooling occurs, and the total angular
ways peaking in the CM angular distribution, the departingmomentum is predominantly given by the initial orbital an-

H atom is emitted almost parallel to the total angular mo-gular momenturrL. Since the products can be rotationally
mentum vectod. This is confirmed by the calculated geom- excited, Eq.(2) holds:

etry of exit transition states TS1b and TS2b, where the

angles of the departing H atom are about 106° with respectto  J~L~L"+j’, 2

CCN plane and 96° with respect to CCH. Because of the . ,
low-frequency bending and wagging modes of 236 303wherej’ is the rotational angular momentum of products and

386, and 432 ¢t (TS1h and 150, 209, 242, and 383 i L andL’ are the initial and final orbital angular momenta.
(TS2b, both transition states can result in a “sideways” The final recoil velocity vectory’, lies in a plane perpen-
peaking of the flux contour plot, i.e., the hydrogen atom isdicular toL’ and, therefore, when the rotational excitation of
emitted almost parallel to the total angular momentum vectoPrOdl_JCtS IS S'gn'f'cam?/,' IS not necessarily in a_P'a”e_ ber-
J. Although the geometry of the H atom emission is Verypend|cular toJ. Whenj' is not zero, the probability distri-

similar in both transition states, TS2b is much looser comPution for the scattering angi which is the center-of-mass

pared to TS1b, showing imaginary frequencies of 285 an@mgle between the initial relative velocityandv’, depends
741 cni’l, respectively. on the values ofl, M, andM’, whereM and M’ are the

projections ofJ on the initial and final relative velocity, re-
spectively. If the complex dissociates preferentially with low
M’ values, the final velocity’ is almost perpendicular td,
When a long-lived complex is formed during a reaction,and therefores’ andv are almost parallel; in this case, the
the resulting CM angular distributioT(6) is forward—  product intensity will be mainly confined to the poleg,
backward symmetric, i.e., the center-of-mass angular distri=0° and #=180°, similarly to the case of no product rota-

C. The exit transition states
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FIG. 14. Important bond distances in angstroms and bond angles in degrees of intermediates and transition states involved in the reaction of int4 to
high-energy GH3N isomers.
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+298 +300 mally, a distribution oM’ values is possible; in some cases,
H H\ however, the geometry of the decomposing complex may
losg\c__N 1080 o 1%y imply a most probablé/’ value.
1.551/ ga.00 /1.565 "ml 553 ,1,400 The best fitT(0) of the lower collision energy experi-
C\———C o8 CLC 080 ment shows a symmetric shape and a peaking=a90°,
T \”i_sf g \H suggesting that the H atom is ejected preferentially in a di-
proddd1 prod4d3 rection almost parallel to the total angular momentum vector.
+200 +241 This finding is similar to the case of reaction
F+C,H4(C,D,4) — C,HF(C,D5F)+H(D), studied in CMB
L9 \\\H Lol /H experiments by Lee and co-workers in a wide range of col-
N0 C—N" 1o lision energies? also in this case a preference for sideways
1404 20 ,1.413 1-406I 26.0° l 1464 scattering was observed. We can say that in the title reaction,
1074 @C,,'x.on l.O}C@C N the calculated geometry of both relevant transition states
H ‘H ’ TS1b and TS2b can well account for the observed sideways
PI‘OSG‘;EI pro:gge3 scattering properties. TS2b is very late, and hence the struc-
+ + ture of the olefine part is very close to the product, so that the
H H leaving H atom is in a position almost perpendicular to the
1120.,( 1.033 double bond of the vinylcyanide product.
/ \ usm(N P _ _
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Ht.080 1426° C 210kdmol! (X=F) and 232kJmol* (X=CN), respec-
\ AN tively. All heavy atoms of the initial collision complex rotate
1088 C— 1016 L051 1014 y-A y ( p
1544 990/ 1292,,H H““C\ /N almost in a plane roughly perpendicular to the total angular
150 1312° momentum vector). Whereas Leeet al!® interpreted the
CM angular distribution of the F/{E, system solely in terms
rod4 . 4 o :
p+g;ls gl pl:&%gg3 of a long-lived F—CH-CH, complex emitting a light H
atom almost parallel td, the CN/GH, system suggests two
H ;‘I microchannels. A recent investigation of the RAZ system
1.0211¥>“°~°° clau N7 Lo supports this finding: detailed electronic structure computa-
1.454/ \.409 1349/ s0e | tions combined with RRKM calculations show that the 1,2 H
I_‘I-f’f;‘ 0 cmf 1,089 shift in the initial CHLF—CH, collision complex to CHF-CHl
e mﬁz ? '”E—IH followed by C—H bond rupture in the methyl group does not
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sociates mainly with highi’ values, the final relative veloc-
ity will be almost parallel ta] and perpendicular te and the
products will be preferentially scattered &t=90°. Nor-

FIG. 17. Important bond distances in angstroms and bond angles in degrees
of high-energy GH3N isomers from int5.
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FIG. 18. Important bond distances in angstroms and bond angles in degre
of carbene reaction products.

significantly contribute to CKCHF formation?® In our title
reaction, the channel one is in strong analogy to thejC
reaction and proceeds through the initial S#CH,—CN col-

Balucani et al.

Despite the similarity in the angular distribution, the
P(E+)’s of the two systems show different characteristics.
Whereas about 50% of the total available energy channels
into translational energy of the ,8;F+H products, only
30%—35% go into the kinetic energy of thgkzCN+H spe-
cies. This enhanced fraction of internal energy is likely the
result of the lower bending modes of the decomposing inter-
mediates in the reaction of the cyano radical with the ethyl-
ene molecule and the transition states as compared to the
FICH, system. Further, the additional atom increases the
vibrational degrees of freedom by 3; this might result in an
enhanced internal energy compared to thedsH, reaction.
Finally, we would like to stress that the existence of a cyclic
intermediate int3 is the most significant difference in the
FIC,H, and CN/GH, systems. Although int3 cannot play an
active role in the chemistry of thes8;N potential energy
surface, the existence of int3 might increase the lifetime of
intl and hence the fraction of total available energy channel-
ing into the internal degrees of freedom in the ChHCre-
action compared to the F{8, system.

VI. IMPLICATIONS TO INTERSTELLAR AND SOLAR
SYSTEM CHEMISTRY

Our crossed beam approach combined with electronic
structure calculations is the first explicit verification that
C,HsCN can be formed via a neutral-neutral reaction be-
tween a cyano radical, CNX(*S "), and an ethylene mol-
ecule GH, (X 1Ag). Since the reaction has no entrance bar-
rier, is exothermic, and all involved transition states are
located well below the energy of the separated reactants,
¥inylcyanide can be even formed in very low-temperature
extraterrestrial environments such as cold molecular clouds
(10 K average translational temperatuamd the atmosphere
of Saturn’s moon Titan. In both interstellar and planetary
environments, the CN radical is ubiquitous, as found in the
Taurus Molecular Cloud {TMC-1), Orion Molecular Cloud
(OMC-1), and outflow of old, dying carbon stars such as

lision complex giving rise to a sideways peaking CM angularlRC-101262° and upon collision with ethylene, a vinylcya-

distribution. However, a second microchannel dominates th
reaction dynamics and involves a2 H shift from the initial
collision complex to CH-CH-CN followed by H atom
loss.
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aeide molecule can be formed as detected, for example, to-
ward Orion-KL?® and SgrB2N).?’ Based on our results, the
C,H3NC isomer is predicted not to be formed. This is in line
with astronomical observations since onlyHzCN was de-

FIG. 19. Important bond distances in angstroms and
bond angles in degrees of H atom abstraction channels

1,000 1-168C to HCN and HNC.
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