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a b s t r a c t

Product detection studies of CN reactions with ethene and propene are conducted at room temperature
(4 Torr, 533.3 Pa) using multiplexed time-resolved mass spectrometry with tunable synchrotron photoion-
ization. Photoionization efficiency curves, i.e., the ion signal as a function of photon energy, are used to
determine the products and distinguish isomers. Both reactions proceed predominantly via CN addition
to the � orbital of the olefin. For CN + ethene, cyanoethene (C2H3CN) is detected as the sole product in
eywords:
roduct detection
N radical
lkenes
ynchrotron
itan

agreement with recent studies on this reaction. Multiple products are identified for the CN + propene reac-
tion with 75(±15)% of the detected products in the form of cyanoethene from a CH3 elimination channel
and 25(±15)% forming different isomers of C4H5N via H elimination. The C4H5N comprises 57(±15)%
1-cyanopropene, 43(±15)% 2-cyanopropene and <15% 3-cyanopropene. No evidence of direct H abstrac-
tion or indirect HCN formation is detected for either reaction. The results have relevance to the molecular
weight growth chemistry on Saturn’s largest moon Titan, where the formation of small unsaturated nitriles
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. Introduction

The CN radical is present in diverse chemical environments
ncluding flames [1], comets [2], extraterrestrial atmospheres (in
articular Saturn’s largest moon, Titan) and interstellar molec-
lar clouds [3]. Above the haze in the Titanian atmosphere
N can be generated from the photolysis of HCN. The subse-
uent CN reactions with olefins, including ethene and propene,
an lead to unsaturated nitriles. Nitrile-forming reactions are
ey components in the molecular weight growth chemistry
f haze formation [4–6]. Rate coefficients for CN reactions
ith small olefins have been determined over a wide range

f temperatures in numerous kinetic studies [7–10]. At low
emperatures (<300 K) these reactions generally proceed via bar-
ierless entrance channels with rate constants typically on the
rder of 10−10 cm3 molecule−1 s−1. Experimental product detec-

ion studies on the other hand are more scarce. In crossed beam
xperiments, Balucani et al. have investigated a range of CN reac-
ions with unsaturated hydrocarbons [11,12], including ethene.
he CN + ethene reaction was observed to produce cyanoethene

∗ Corresponding author. Tel.: +1 510 643 5467; fax: +1 510 643 1376.
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the early chemical stages of haze formation.
© 2008 Elsevier B.V. All rights reserved.

C2H3CN) via H elimination. The formation of HCN + C2H3 from
ither direct H abstraction or indirect HCN elimination could not
e probed in the Balucani et al. study. A subsequent computational
ice–Ramsperger–Kassel–Marcus (RRKM) study of CN + ethene
y Vereecken et al. [13] reported C2H3CN + H as the dominant
roduct channel (>90%) at pressures below 104 Pa at 300 K. The
CN + C2H3 product channel was found to contribute less than 5%
nder these conditions and stabilization of radical intermediate
dduct complexes are only significant at pressures greater than
06 Pa.

In a recent study, Gannon et al. reported H atom product yields
or CN reactions with ethene and propene by monitoring the
roduction of H atoms using Lyman-� laser-induced atomic flu-
rescence [14]. At 298 K, close to unity H atom product yield was
easured for CN + ethene but in the case of CN + propene, a yield

f 0.478 (±0.045) at 2 Torr was reported. A RRKM-master equation
nalysis on the CN + propene potential energy surface was fitted to
he experimental data in order to predict product branching frac-
ions, including the H, CH3 and HCN elimination channels. Indirect

CN elimination and direct H abstraction were not found to be

ignificant pathways. Since this study was only capable of detect-
ng H atoms there was no direct experimental verification of the
ranching fractions to other possible products or isomers. More
omprehensive product detection experiments, where all major

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:srl@berkeley.edu
dx.doi.org/10.1016/j.ijms.2008.07.033
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background corrected by averaging the signal 20 ms prior to the
photolysis laser pulse and subtracting this from the post-laser sig-
nal for the same m/z channel. All data obtained as a function of
photon energy are normalized for changes in the ALS photon flux.
Fig. 1. Nitrile produ

roducts are detected in quantifiable amounts, are desirable in
rder to identify all the significant product pathways.

In this paper we investigate the CN reactions with ethene
nd propene using tunable vacuum ultraviolet (VUV) synchrotron
hotoionization coupled with time-resolved multiplexed mass
pectrometry. This technique enables the detection of all the major
roduct channels simultaneously and the identification of specific
roduct isomers. Fig. 1 depicts the structures of the C4H5N product

somers and cyanoethene (C2H3CN) relevant to this undertaking.
he following reaction channels are considered in this study (ther-
ochemical data from Refs. [15,16]):

CN(X2˙+) + C2H4 → C2H3 + HCN (−53 kJ/mol)
→ C2H3CN + H (−96 kJ/mol)

CN(X2˙+) + C3H6 → trans-1-cyanopropene + H (−140 kJ/mol)
→ cis-1-cyanopropene + H (−134 kJ/mol)
→ 2-cyanopropene + H (−107 kJ/mol)
→ 3-cyanopropene + H (−157 kJ/mol)
→ C2H3CN + CH3 (−136 kJ/mol)
→ C3H5 + HCN (−149 kJ/mol)

For CN + ethene we show that the one product channel produc-
ng cyanoethene (C2H3CN) is dominant. In the case of CN + propene

ultiple product masses are detected, corresponding to H and
H3 elimination. Analysis of photoionization efficiency (PIE) curves,
here the ion signal for a product is plotted as a function of pho-

on energy, reveals 1-cyanopropene and 2-cyanopropene as the
roducts of the H elimination channel and cyanoethene as the sole
oproduct formed with CH3 elimination. With approximations for
he photoionization cross-section, estimates of product branch-
ng ratios to all the major product channels are obtained. These
esults have interesting implications for Titan, since the formation
f nitriles, particularly cyanoethene (C2H3CN), are implicated in the
arly stages of haze formation.

. Experimental methods

.1. Instrumentation

The apparatus used in this work is essentially the same as
escribed in several previous studies [17–19]. The experimental
onfiguration, depicted schematically in Fig. 2, comprises a slow-
ow reaction tube interfaced to a multiplexed photoionization
ass spectrometer. This configuration is inspired by the design of

lagle and Gutman [20]. The flow reactor is a 600 mm long quartz
ube with a 10.5 mm inner diameter. Calibrated mass flow con-
rollers deliver the radical precursor (ICN vapor, 1.86 × 1013 cm−3),
he reactant (propene, 3.9 × 1013 cm−3 or ethene, 6.5 × 1014 cm−3)
nd He buffer gas (1.3 × 1017 cm−3). The room temperature gas
ixture migrates through the flow tube towards a vacuum pump

ia a feedback-regulated throttle valve that maintains the 4 Torr

533.3 Pa) gas pressure used in all the experiments reported here.
low rates are typically around 4 m/s and are sufficient to replenish
he gas in time for the next laser photolysis pulse.

The radical-neutral chemistry in the gas flow is initiated by
n unfocussed, 20 ns pulse of 248 nm laser radiation from a KrF
evant in this study.

xcimer laser that generates CN radicals (∼2 × 1012 cm−3) from ICN
hotolysis uniformly down the gas column at a 4 Hz repetition rate.
ypical laser fluences are 20 mJ/cm2. Photolysis of ICN at 248 nm
ives rise to CN radicals primarily in the vibrational ground state
14,21], and any rotational excitation will be quickly equilibrated
y collisions. A 650 �m pinhole, located 350 mm downstream from
he flow tube entrance, allows a small quantity of gas to escape into
surrounding chamber pumped by a 3200 L s−1 turbo pump. This
early effusive gas beam, containing reactants, reaction products
nd He bath gas, is skimmed by a 1.5 mm diameter skimmer as it
nters the differentially pumped ionization region. At this point the
as beam is intersected by synchrotron undulator radiation that has
een dispersed by a 3 m monochromator at the Chemical Dynamics
eamline of the Advanced Light Source (ALS). A gas cell containing
r at 30 Torr (4 kPa) is positioned after the synchrotron undulator

o absorb higher-order undulator harmonics. The quasi-continous
UV synchrotron radiation ionizes molecular species that arrive

n the ionization region. These ions are subsequently accelerated,
ocussed and dispersed by a double-focussing magnetic sector mass
pectrometer (Mattauch–Herzog configuration) [22], and the ions
mpact upon a position-sensitive microchannel plate detector with

delay-line anode [23]. With this configuration each ion is dis-
inguished by its mass-to-charge ratio and tagged with a time of
rrival relative to the pulsing of the excimer laser. The experiment
s repeated for 400 laser pulses at each synchrotron photon energy,
ypically achieving signal-to-noise levels >100. In this paper, where
mphasis is not so much on kinetics but on product detection, the
ata are binned at 500 �s time intervals unless stated otherwise.

By scanning the photon energy of the synchrotron radiation,
ime resolved mass spectra are recorded over a desired range of
hotonionization energies, resulting in a three-dimensional data
atrix consisting of ion intensity as a function of ion mass-to-

harge (m/z), photoionization energy and reaction time. The photon
nergy resolution used in this study was 40 meV and was cali-
rated by measurement of the atomic resonances of Xe and the
harp autoionization resonances of oxygen. The ion signals are
Fig. 2. Schematic diagram of the experiment.
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.2. Computational methods

The overall shape and onset of the PIE curves are simulated
ithin the Franck–Condon (FC) approximation, using calculated
olecular geometries and force constants. Electronic structure cal-

ulations of the neutral product species and their cations are carried
ut using the Gaussian03 package [24] The composite method
BS-QB3 [25,26] is utilized to obtain optimized bond distances, har-
onic vibrational frequencies, and force constants together with

eliable energetics [26]. All the vibrational frequencies are real,
ndicating that the optimized geometries represent minima in the
otential energy surface. The simulated FC PIE curves are obtained
y computation and integration of the photoelectron spectra at a
emperature of 300 K, using the PESCAL program [27,28] within
he Franck–Condon approximation including Duschinsky rotation
29]. The fits are shifted (typically <20 meV), well within the energy
esolution of the measurement, to match the onsets of the experi-
entally determined PIE curves.

. Results and discussion

.1. CN + ethene

The CN + ethene mass spectrum acquired at 11.05 eV photon
nergy is shown in Fig. 3a. One product peak is observed at
/z = 53, consistent with the C3H3N + H product channel. The

emporal evolution of the m/z = 53 ion signal (Fig. 3b) reveals
hat the ion count rises abruptly after the photolysis laser pulse
0 ms) and remains essentially constant over the duration of the

easurement, suggesting that the detected product is an unre-
ctive, closed-shell species. Considering the ethene concentration
6.5 × 1014 cm−3) and the known rate coefficient for the CN + ethene
eaction (2.5 × 10−10 cm3 molecule−1 s−1 at 298 K [21]) the timscale

f the reaction is on the order of 10 �s. This fast kinetics results in
n instantaneous rise of the signal within the experimental tem-
oral resolution. Identification of this C3H3N species is achieved by

ntegrating the ion signal from 0 ms to 80 ms as a function of photon

ig. 3. (a) Mass spectrum of the CN + ethene reaction (11.05 eV), (b) time profile of
he m/z = 53 peak (the photolysis laser is pulsed at 0 ms) and (c) photoionization
fficiency plot of the ion signal m/z = 53 as a function of synchrotron photon energy
circles) and integrated PE spectrum from Ref. [30] (line).
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nergy. The result is a PIE curve shown in Fig. 3c. The likely isomer
t this mass is cyanoethene (CH2CHCN) [11,13], which has an adia-
atic ionization energy (AIE) of 10.91 eV [30] in agreement with the

on signal onset present in Fig. 3c. Our calculated AIE of 10.90 eV for
yanoethene matches very well with the experimental value. Path-
ays to other C3H3N isomers are energetically unfavorable [11,13].

he He(I) photoelectron (PE) spectrum of cyanoethene has been
reviously recorded [30]. The PE spectrum integrated over energy

s shown along with the measured PIE curve in Fig. 3c. There is good
greement with both the signal onset and the ion signal trend ver-
us photon energy, confirming cyanoethene as the major reaction
roduct.

A CN + ethene mass spectrum was also acquired at 10.1 eV (not
hown), below the AIE of ethene (10.51 eV [31]) but well above the
nown AIE of the vinyl radical C2H3 (8.25 eV [32]), to check for the
2H3+HCN product channel. Only a few ion counts were detectable
t m/z = 27 (C2H3) after a significant integration period, suggesting
hat this product channel is very weak (<2% using a 11 Mb1 cross-
ection at 10.1 eV [33]). Indeed, close to unity H atom product yields
ave been measured for the CN + ethene reaction [14,21] and RRKM
alculations predict the HCN + C2H3 channel to contribute <5% at
hese conditions [13]. Direct detection of HCN in the current exper-
mental configuration is difficult due to the high ionization energy
f HCN (>13.6 eV), which is substantially higher than the AIEs of
he reactants and major products. At these high-photon energies
issociative ionization of the major product species can produce
CN, rendering it difficult to distinguish HCN generated from reac-

ion channels. It is a possibility that vinyl radicals are produced but
eact rapidly before reaching the detector. The likely co-reactants
n high concentration are ethene and ICN. The vinyl + ethene reac-
ion is slow (6.0 × 1016 cm3 molecule−1 s−1 at 298 K [34]). No data
re available for the ICN + vinyl reaction but radical reactions with
CN tend to be relatively slow. The energy resolved mass spectra do
ot contain any products that would indicate reactions of the vinyl
adical are occurring.

The likely reaction pathway for CN + ethene starts with CN addi-
ion on the �-orbital of ethene forming the CH2CH2CN radical. From
he CH2CH2CN radical intermediate there are two competing path-
ays, direct H elimination to CH2CHCN and a 1,2 H-shift forming
H3CHCN. The CH3CHCN intermediate subsequently decomposes
o also form CH2CHCN + H. Computational RRKM studies predict
hat, of the CH2CHCN formed, 60% originates from the CH3CHCN
ntermediate and 40% directly from the CH2CH2CN intermediate
11,13]. Given that both pathways form CH2CHCN + H, the present
tudy draws no conclusions regarding these competing mecha-
isms.

An interesting possibility for CN reactions is the formation
f iso-cyano adducts (–NC). For CN + ethene Vereecken et al. in
onstructing a potential energy surface and performing a RRKM
nalysis, find that the rate of formation of the CH2CH2CN interme-
iate, which is the more exoergic addition channel, dominates over
H2CH2NC. Furthermore, the transition state to the CH2CHNC + H
roduct channel from the –NC intermediate is an unfavorable
12 kJ/mol relative to the reactants [13]. Our CBS-QB3 calculations
redict that the AIE of isocyanoethylene (CH2CHNC) is 10.56 eV,
ell below the measured ion signal onset. Balucani et al. conclude

hat C2H3NC was not observed in their crossed beam studies [11].

ig. 3c shows good agreement between the measured PIE and the
iterature curve for cyanoethene (–CN adduct) and, together with
he calculated AIE of isocyanoethene, our results are in accord with
hese previous studies that concluded the –NC adduct complex

1 1 Mb (megabarn) = 10−18 cm2.
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ig. 4. Time resolved mass spectrum of the CN + propene reaction integrated from
.6 eV to 11.5 eV. The photolysis laser occurs at 0 ms (dashed line).

oes not contribute to any product species. The formation of HNC
ia direct abstraction is also unlikely due to a calculated 56 kJ/mol
arrier [13].

.2. CN + propene

Fig. 4 shows a time-resolved mass spectrum of the CN + propene
eaction that has been integrated over a range of photon energies
9.6–11.5 eV). Two product masses are apparent at m/z = 53 and
/z = 67, which appear immediately after the photolysis laser is
ulsed and remain constant over the 80 ms measurement. Again,
his sharp rise time is consistent with the literature rate coeffi-
ient for the CN + propene reaction (2.4 × 10−10 cm3 molecule−1 s−1

t 298 K [8]). The detected masses correspond to reaction prod-
cts of the form C3H3N (53 amu) from CH3 elimination and C4H5N
67 amu) from H elimination. To identify the products present in
ig. 4, PIE curves were measured by recording the ion signal as
function of the photon energy. The PIE curve for m/z = 53 is

hown in Fig. 5. At this mass there is only one plausible product,
yanoethene resulting from CN addition onto propene and subse-
uent CH3 elimination. As before, the He(I) photoelectron spectrum
f cyanoethene [30] has been integrated over energy and shown
n Fig. 5. There is very good agreement between the recorded PIE

urve and the integrated PE spectrum of cyanoethene. A slight dif-
erence is noted in the slopes of the cyanoethene PIE curves from
he CN + ethene and CN + propene experiments and is attributed to
xperimental variations. The reproducible feature at 11.1 eV in both
urves is possibly due to an auto-ionizing resonance.

ig. 5. Photoionization efficiency curve of m/z = 53 product signal from the
N + propene reaction (circles) and the integrated PE spectrum of cyanoethene taken
rom Ref. [30] (line).
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he CN + propene reaction and the fitted contribution of 1-cyanopropene (line)
nd (b) the remainder m/z = 67 product signal after the fitted contribution of 1-
yanopropene has been subtracted and the fitted contribution of 2-cyanopropene
line).

Fig. 6a is a PIE curve for m/z = 67 that reveals a sharp onset
f signal at 10.22 eV. At this mass, resulting from H atom elim-
nation, the likely products of the molecular formula C4H5N are
-cyanopropene, 2-cyanopropene and 3-cyanopropene (shown in
ig. 1). Both 2-cyanopropene and 3-cyanopropene have been inves-
igated by threshold photoelectron photoion coincidence [35] and
onventional photoelectron [30,36] spectroscopies and thus their
IEs are known. The AIE of 2-cyanopropene is 10.34 eV. The AIE
f 3-cyanopropene appears to be at 10.18 eV but is comparatively
eak in reported photoelectron spectra, with the strongest transi-

ion within the first vibronic band appearing at 10.60 eV. [35,36].
hese Franck-Condon factors result in a rather slow-rising onset
n the 3-cyanopropene PIE curve, at odds with the sharp rise in
ig. 6a. The third plausible product, 1-cyanopropene, to our knowl-
dge does not have a reported PIE or PE spectrum but a vertical
onization potential of 10.23 ± 0.05 eV has been reported in a photo-
lectron study [37]. The PIE curve of 1-cyanopropene was simulated
ased on the calculated ionization energy and Franck–Condon fac-
ors. Since 1-cyanopropene has trans and cis conformations, PIE
urves for both stereoisomers were simulated and the adiabatic
onization energies were found to be 10.21 eV and 10.23 eV, respec-
ively, having similar Franck–Condon envelopes. At the resolution
f the experiment (40 meV) the two are essentially indistinguish-
ble and the cis conformation was used in the analysis. We rule
ut the presence of 1-isocyanopropene based on its calculated AIE
f 10.03 eV. A good fit exists between the data points of the signal
nset ∼10.20 eV and the onset of the simulated PIE curve for 1-

yanopropene (shown in Fig. 6a). The second step in the PIE curve
t ∼10.35 eV corresponds well to the known AIE of 2-cyanopropene
10.34 eV) suggesting that these two isomers contribute to the PIE
urve. To determine the relative contributions of these three iso-
ers, photoionization cross-section values are required. However,



l of Ma

t
t
a
o
1
w
a
r
t
f
c
t
s
c
a
U
b
o
R
t
A
i
1
f

g
p
c
d
r
g
a
f
w
i
C
t
s
m
s
a
o
1
a
9
n

l
t
t
C
0
t
t
o
c
t
4
f
f
a
o
s
w
n
n
[
l
i
(
a

t
0
i
t
d
c
e
t
a
t
r
t

c
a
(
(

A.J. Trevitt et al. / International Journa

hese data are not available in the literature so approximations for
he photoionization cross-sections were made by implementing
semi-emperical method reported by Bobeldijk et al. [38] based

n summing the contributions of atom pairs. Using this method,
-cyanopropene, 2-cyanopropene and 3-cyanopropene have, to
ithin 20%, a photoionization cross-section of 20 Mb at 11.8 eV, and

ll PIE curves were normalized to this value. A least squares fitting
outine was executed to determine the weighted contributions of
he three isomers between 10.10 eV and 11.06 eV. The best fit was
ound to correspond to 57(±15)% 1-cyanopropene and 43(±15)% 2-
yanopropene where the errors are reported as 2� incorporating
he uncertainties in both the fit and the photoionization cross-
ections. Fig. 6b shows the experimental PIE data after the fitted
ontribution for 1-cyanopropene has been subtracted and is plotted
long with the fitted portion of the simulated 2-cyanoproprene PIE.
p to 11.06 eV, all the experimental data points are well reproduced
y the fitted combination of these two isomers. The contribution
f the 3-cyanopropene PIE (from the PE spectrum extracted from
ef. [30]) was zero in the best fit. Within the limits of certainty,
he 3-cyanopropene isomer contributes <15% to the C4H5N PIE.
t higher photon energies (>11.06 eV) the depletion in the exper-

mental ion signal is probably due to dissociative ionization from
-cyanopropene since the appearance energies of fragment ions
rom 2-cyanopropene are >11.65 eV [35].

Fig. 7 is a mass spectrum of the CN + propene reaction inte-
rated from 0 ms to 80 ms, summed over 2000 photolysis laser
ulses, at 11.04 eV photoionization energy. The two product peaks
orresponding to C2H3CN (m/z = 53) and C4H5N (m/z = 67) are evi-
ent. The feature at m/z = 42 represents a small residual signal from
eactant propene that was not completely removed by the back-
round subtraction method. The peaks corresponding to C2H3CN
nd C4H5N have an integrated peak area ratio of 1.00:0.70 in
avor of C2H3CN (m/z = 53). No pressure dependence for this ratio
as observed over the pressure interval of 1–6 Torr. Photoion-

zation cross-section estimates at 11.04 eV, for C2H3CN and the
4H5N isomers, were determined by first approximating the pho-
oionization cross-sections at 11.8 eV, using the aforementioned
emi-emperical method of Bobeldijk et al. [38], and then nor-
alizing the simulated PIE curves to this value. For the C4H5N

pecies, the photoionization cross-section value at 11.04 eV is
pproximately the same as 11.8 eV, that is 20 ± 4 Mb. In the case
f cyanoethene a cross-section of 14 ± 3 Mb is approximated at

1.8 eV and, based on the simulated PIE curve, the cross-section
t 11.04 eV is expected to be ∼60% of this value, which equates to
± 3 Mb. None of the species under consideration have transitions
ear 11.8 eV in photoelectron spectra [30,35,37] nor in the simu-

Fig. 7. Mass spectrum of the CN + propene reaction at 11.04 eV.
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ated Franck–Condon envelopes that would add further uncertainty
o the photoionization cross-section approximations. Correcting for
he respective photoionization cross-sections provides a ratio of
2H3CN to C4H5N product formation of 0.75 ± 0.15 (CH3 loss) to
.25 ± 0.15 (H loss), with the stated errors incorporating the uncer-
ainties in the photoionization cross-section approximations and
he measurement. Altogether, in this study of the detected products
f the CN + propene reaction the branching fractions are 75(±15)%
yanoethene + CH3, and 25(±15)% to the C4H5N + H channel with
he C4H5N signal found to comprise 57(±15)% 1-cyanopropene,
3(±15)% 2-cyanopropene and <15% 3-cyanopropene. We checked
or the presence of a signal at m/z = 41 (allyl radical, C3H5), produced
rom direct H abstraction by CN or a HCN elimination mechanism by
cquiring a mass spectrum at 9.68 eV photon energy, below the AIE
f propene (9.73 eV [39]) but above the AIE of allyl (8.13 eV [40]). No
ignal at m/z = 41 was detected. Reactive collisions, involving allyl
ith propene or ICN, are expected to be relatively slow and should
ot inhibit allyl detection. We assign an upper limit to this chan-
el of 2% considering an allyl photoionization cross-section of 6 Mb
41]. Using the Vereecken et al. [13] CN + ethene as a guide, the stabi-
ization of radical intermediate species in the CN + propene reaction
s not expected to be significant at the pressures used in this study
<10 Torr). Nor do we observe any mass spectrometric evidence for
ny radical intermediates.

From measured H atom yields for the CN + propene reac-
ion, Gannon et al. [14] report H atom branching fractions of
.392 ± 0.050 at 5 Torr and 0.478 ± 0.045 and 2 Torr. Interpolat-

ng linearly to 4 Torr yields 0.420 ± 0.050. This branching fraction
o H + C4H5N is significantly greater than the branching fraction
erived in the present work of 0.25 ± 0.15 by measuring both the
o-product signals from both the H elimination (C4H4N) and CH3
limination (C2H3CN) channels. Another point of difference relates
o the pressure dependence of the H atom yield. As mentioned
bove, we find that in measuring both product channels simul-
aneously the ratio of the C2H3CN and C4H5N signals at 11.04 eV
emained constant over 1–6 Torr (within 5% with no systematic
rend).

The potential energy surface of the CN + propene reaction
onstructed by Gannon et al. [14] reveals that two intermedi-
tes are likely after barrierless CN addition: a primary radical
CH3CH(CN)CH2) and a 10 kJ/mol lower energy secondary radical
CH3CHCH2CN). They report that the primary radical intermediate
lmost entirely leads to the formation of cyanoethene + CH3 (92%)
ith the remainder forming 2-cyanopropene + H. In the case of the

econdary radical intermediate the significant exit channels are a
,2 H shift yielding cyanoethene + CH3 and the direct H elimina-
ion forming 1-cyanopropene. The competing exit channels from
he secondary radical intermediate, H elimination and the 1,2 H
hift, are shown to proceed via transition state barriers calculated
o differ by only 3 kJ/mol. Within this framework, the H atom yield
redominantly depends first on the relative populations of the pri-
ary and secondary radical intermediates and then, in turn, the

ompetition between the H elimination (forming 1-cyanopropene)
nd CH3 elimination from the secondary radical. By fitting exper-
mental H atom yield data to a RRKM-master equation analysis,
annon et al. find 80% secondary radical intermediate formation
nd 20% for the primary radical intermediate and product yields
f 0.51 cyanoethene + CH3, 0.47 1-cyanopropene + H and 0.02 2-
yanopropene + H. Assessing these predictions in comparison to the
ndings of the current study, both 2-cyanopropene + H and cya-

oethene + CH3 are in greater yield in our experiments. This result
uggests that the 20% yield assigned to the primary radical inter-
ediate from the RRKM-master equation fit may be too low. There
ay also exist other significant pathways not considered in the

RKM master-equation analysis that feed the 2-cyanopropene and
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yanoethene exit channels. The small energy difference (3 kJ/mol)
alculated between the transition states for the competing H
limination and 1,2 H shift pathways from the secondary radi-
al intermediate might also be a point of uncertainty that could
trongly influence predicted branching ratios. We note that the
ighest level electronic structure calculations for transition state
nergies in molecules of this size typically have uncertainties of at
east ±4 kJ/mol.

The results of this product detection study have implications for
he chemistry of Titan’s atmosphere. In the upper Titanian atmo-
phere, it is proposed that the nitrile contribution to haze formation
s largely due to [6]:

N + C2H3CN → polymer (1)

The CN reactions with ethene and propene are kinetically rapid
t temperatures applicable to Titan’s atmosphere (∼100 K) [8] and,
s shown in the current study, both reactions yield large frac-
ions of C2H3CN (cyanoethene). It therefore seems plausible that
oth these reactions are important in the early stages of molecular
eight growth chemistry leading to haze formation particularly in

he upper atmosphere where significant quantities of C2H3CN have
een detected by the ion neutral mass spectrometer (INMS) on the
assini spacecraft [42].

. Conclusion

Using synchrotron radiation coupled with time-resolved mul-
iplexed mass spectrometry, we have investigated the reaction
f CN with ethene and propene. Both reactions proceed via CN
ddition to the olefin. For ethene, the only product detected
as cyanoethene (CH2CHCN) consistent with CN addition and
elimination. In the case of the CN + propene reaction, the fol-

owing products were detected and assigned branching fractions:
yanoethene (CH2CHCN) 75(±0.15)% and 25(±0.15)% C4H5N. The
4H5N signal is found to comprise of 57(±15)% 1-cyanopropene,
3(±15)% 2-cyanopropene and <15% 3-cyanopropene. No evidence
or direct H abstraction or HCN elimination was detected in either
he CN + ethene or propene reactions.
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