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ABSTRACT The reaction of the cyano radical with 1-pentene has been studied in
crossed molecular beams experiments at a range of collision energies from 5 to
9 kcal/mol. In these studies, the pentenyl radical product is probed using single-
photon ionization at 157 nm, and the product flux contourmap is obtained directly
using DC slice imaging. The results clearly demonstrate the presence of the
hydrogen abstraction channel in this reaction, which has largely been neglected
in studies of analogous systems. The reaction likely gives rise to the resonantly
stabilized C5H9 radical. The yield of this channel is estimated by comparison to the
reaction of the cyano radical with n-pentane. The results have implications for
hydrocarbon growth and nitrile incorporation in formation of haze particles on
Saturn's moon, Titan.

SECTION Dynamics, Clusters, Excited States

T he cyano radical (CN(X2Σþ)) is an extremely reactive
species that can abstract hydrogen from saturated
hydrocarbons without a barrier and add to π bonds

of unsaturated hydrocarbons to form strongly bound inter-
mediates also without a barrier. Thesemay then be stabilized
by collision or decay through a variety of pathways, predomi-
nantly via atomic hydrogen or alkyl radical elimination,
forming nitriles. Owing to its ability to react without barriers
and its relative abundance in the atmosphere of Titan, the
cyano radical plays a key role in the low-temperature chem-
istry on Titan, including hydrocarbon growth processes and
nitrogen incorporation into the haze particles that are a
dominant feature of its atmosphere.1-3

Cyano radical reactions with unsaturated hydrocarbons
have been examined in a variety of kinetics studies, including
someusing supersonic flows at temperatures down to 20K.4-6

The reaction rates are found to be extremely fast and show a
negative temperature dependence, with rates of 2.5( 0.2�
10-10 cm3molecule-1 s-1 reported for the reaction of cyano
with ethylene at 298 K.7 Two recent kinetics studies are
particularly noteworthy in that products were detected for
reactionwith propene. The Seakins group8 at Leeds detected
H atom elimination following CN addition and determined
absolute yields for this channel; then, they compared these
to a master equation calculation using a model potential
surface. Trevitt et al.9 also studied the CNþ propene reaction
in a flow reactor using tunable synchrotron radiation to
obtain isomer-specific detection of products. They detected
H and CH3 elimination and identified distinct product iso-
mers but saw no evidence for formation of the allyl radical
when the ionization energy was tuned above the threshold
for detection of allyl but below that for ionization of other
products. In addition to these kinetic studies, a number of

crossed-beam studies for cyano radical plus unsaturated
hydrocarbons have been reported, notably from the Kaiser
laboratory.10,11 Also, Huang et al.12 used ab initio theory at
the CBS-CCSD(T) level to examine the possible product
channels for crossed beam results at a detailed level for this
reaction. They found slight barriers to H abstraction but
acknowledged that these may disappear at higher levels of
theory. Gannon et al.8 used an IRC search at the UMP2/6-
311þG(d,p) level and concluded there was no barrier. In any
case, the traditional crossed-beam approach has little sensi-
tivity to the abstraction reaction, owing to unfavorable
kinematics and background at the product masses; there-
fore, this pathway has often been omitted in the analysis.

We have been using crossed-beam slice imaging13-15 with
single-photon ionization at 157 nm as a sensitive and direct
probe of crossed-beam reactive scattering for a variety of
reactions.16-18 We earlier reported cyano radical reaction
with n-alkanes19 and have recently embarked on systematic
studies of chlorine atoms with alkanes20 and alkenes.21

In the present study, we investigate the reaction between
the cyano radical and 1-pentene at four collision energies
from 5 to 9 kcal/mol. The sliced images of the C5H9 radical,
corrected for thedensity-to-fluxeffects,20 are shown inFigure 1
with the most probable Newton diagrams superimposed. As
discussed in the Experimental Section, the photochemistry
background interferes in the vicinity of the pentene beam, so
that portion of the image is suppressed. From these images,
we extract the center-of-mass translational energy and angu-
lar distributions shown in Figure 2. The translational energy
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distributions are given separately for the sideways (60-120�)
and backwards (120-180�) portions of the scattering distri-
butions. Neglecting the undetected forward-scattered part of
the distribution, the angular distributions are isotropic at all

collision energies studied. The translational energy distribu-
tions peak near zero, despite very large exoergicity for some of
the HCN-forming channels, as shown in Figure 3. This figure
gives 0 K reaction enthalpies for H abstraction by CN based on
CBS-QB322,23 calculations of the bond dissociation energies
given in ref 21. The average translational energy release is
given in Figure 2, but the fraction of available energy is not
shown because, as shown in Figure 3, this depends very
strongly on the particular H atom that is abstracted. It is, in
any case, likely that the products are highly vibrationally
excited, in particular, the HCN product, as has been seen in
CN þ alkane reactions.24

The present results unambiguously show the occurrence
of hydrogen abstraction in the CN þ 1-pentene reaction.
The isotropic angular distributions and relatively low kinetic
energy release are consistent with complex formation, as is
the similarity between the sideways- and backwards-scattered
translational energy distributions. This is the generally
assumed entrance path for these reactions given the very
high reaction rates, negative temperature dependence, and
relatively stable addition complex. We have roughly esti-
mated the yield of the product radical in this reaction relative
to that of the C5H11 radical in reaction of CN with n-pentane.
On the basis of total integrated image intensities for a com-
parable acquisition time, we find the yields to be roughly the
same, within experimental uncertainties of at least (25%,
owing to possible differences in beam intensities, ionization
cross sections, and so forth. The room-temperature rate
for the reaction of CN with n-pentane is 1.6 � 10-10 cm3

molecule-1 s-1.25 This reaction only gives rise to H abstrac-
tion. We do not find a literature rate determination for CNþ
1-pentene, but Gannon et al. give the rate for 2-butene at
room temperature as 2.93�10-10 cm3molecule-1 s-1, and
we suspect that for 1-pentene will be similar. At 5 kcal/mol,
much above room temperature, the pentane rate will likely
increase, and the pentene rate will likely decrease. By using
the room-temperature rates to estimate the branching for
HCN production, we will thus find a lower bound. On this
basis, we estimate the branching to H abstraction in reac-
tion of CN with 1-pentene to be 1.6/2.93, or about 50%.
Although there are many approximations and uncertainties
in this determination, we conclude that HCN production is
probably not a minor channel.

A key question is whether this may occur in smaller
systems such as propene or propyne that possess similar
strongly exoergic channels giving rise to the resonantly
stabilized allyl and propargyl radicals, respectively. Gannon
et al. examined this question indirectly in the kinetic study of
CNþ propenementioned previously. They calculated barriers
for isomerization of the addition complex and its dissociation
givingH or CH3. The surface included a barrierless abstraction
channel forming HCN and the allyl radical, the most exoergic
reaction pathway, but this was not included in the master
equation modeling, owing to the difficulty of treating the
barrierless process. They found that methyl loss branching
slightly exceeds H loss under all conditions. They obtained
satisfactory agreement with the experimental results for H
atom yield and concluded that the calculations “support but
cannot confirm the absence of a direct channel”. Trevitt and

Figure 1. DC sliced images of pentenyl radical product from
reactions of CN(X2Σþ) with 1-pentene at different collision ener-
gies and superimposed Newton diagrams. (A) 5.1, (B) 6.0, (C) 7.3,
and (D) 9.2 kcal/mol.
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co-workers also studied the CNþ propene reaction with direct
vacuum ultraviolet probe of the products using a time-resolved
multiplexed mass spectrometer coupled to a flow reactor at

5 Torr.Most relevant to our resultswas their failure to detect the
allyl radical, despite attempts to probe this species directly at
a photoionization energy of 9.68 eV. This energy was chosen,

Figure 2. Left side: Center-of-mass translational energydistributions at the sideways (60-120�) andbackwards (120-180�) regions and the
average translational energy release at each region. Right side: Center-of-mass angular distributions at indicated collision energies.
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just below the ionization onset for propene, to eliminate inter-
ference frompropene itself. Theyconcluded that thebranching
must be less than2%.Theobvious explanation for the absence
of the H abstraction channel in the propene study despitewhat
we see in pentene is that these are two different systems with
different dynamics and reaction pathways. Given the similar
energetics for these two systems, the present results suggest
that it may be worthwhile to attempt more theoretical and
experimental investigations to unravel the origin of this distinct
behavior.

This similarities between the cyano radical plus alkene
reactions and those for chlorine atoms with alkenes, which
we have studied in some detail recently,21 warrant some
discussion. The angular distribution that we observe here
is consistent, over the detected angular range, with our
results for the analogous chlorine plus alkene reactions. In
the latter reactions, however, we saw a sharp forward-
scattered peak that rose with collision energy, accounting
for 3% of the scattered flux at 4 kcal/mol and 11% at 7 kcal/
mol. Furthermore, for the Cl reaction, this collision-energy-
dependent forward-scattered flux has a distinct transla-
tional energy distribution. As it strongly resembles the
translational energy distribution for the forward scattering
in Clþ alkane reactions, we associated it with abstraction of
the alkyl H atoms in pentene and hexene, rather than the
allylic H atoms. Unfortunately, we are blind to this portion
of the angular distribution in the CN þ pentene experi-
ments; therefore, we cannot determine whether a similar
direct component is present. On the other hand, this
feature in the Cl reactions only became significant at high
collision energy; therefore, it is unlikely to be relevant
to Titan.

Nitrogen chemistry on Titan is an area of active investiga-
tion with a number of puzzling aspects. The HCN vertical
distribution is not well-reproduced by photochemical models,
and an extra sink term has been incorporated in several
of them to account for this.26 A significant additional source
of HCN would increase this discrepancy. There is also un-
certainty about the contribution of nitrogen-containing radi-
cals in the lower stratosphere produced by cosmic rays.27

The branching in the subject reactions between nitrogen
incorporation and chain lengthening versus HCN produc-
tion along with resonantly stabilized radicals can have a
significant impact on models, and further investigation is
clearly warranted.

EXPERIMENTAL SECTION

In the crossed-beamDC slice imaging approach,15,20,28 we
cross a beam of photolytically prepared radicals with a beam
of the target reactant in a vacuum chamber and detect the
radical products by single-photon ionization using a compact
157 nm excimer laser. Owing to the limited photon energy of
the probe (7.9 eV), our detection is largely confined to C4 and
larger radical products. We directly image the relevant “slice”
of the detected product, which is then readily converted into
the velocity-flux contour map that embodies the reaction
dynamics. Cyano radicals are prepared by 193 nm photolysis
of cyanogen (Apogee Technology, 98.5%),7,29 after which it is
entrained in the helium carrier gas. The target reactant,
1-pentene (Sigma-Aldrich, 98%) is seeded in various carrier
gases (He, H2) chosen to give the collision energy of interest.
As we have seen in some cases in the past, 157 nmphotolysis
of the 1-pentene also gives the product radical, which is then
also detected. This gives an interfering signal centered at the
pentene beam velocity that, for these reactions, precludes
determination of the reactive scattering within 60� of the
beam direction.
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