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The kinetics and H atom channel yield at both 298 and 195 K have been determined for reactions of CN
radicals with GH, (1.00+ 0.21, 0.97+ 0.20), GH,4 (0.96+ 0.032, 1.04+ 0.042), GHs (pressure dependent),
is0-C4Hs (pressure dependent), atrdns2-C4Hg (0.039+ 0.019, 0.02%4- 0.047) where the first figure in

each bracket is the H atom yield at 298 K and the second is that at 195 K. The kinetics of all reactions were
studied by monitoring both CN decay and H atom growth by laser-induced fluorescence at 357.7 and 121.6
nm, respectively. The results are in good agreement with previous studies where available. The rate coefficients
for the reaction of CN witlrans-2-butene andso-butene have been measured at 298 and 195 K for the first
time, and the rate coefficients are as followspgk = (2.93 & 0.23) x 1071 cm?® molecule® s, kigsk =

(3.584 0.43) x 10%° cm?® molecule® s7* andkyggk = (3.17 £ 0.10) x 1071° cm® molecule s, kygsx =

(4.32+ 0.35) x 107°cm® molecule® s7%, respectively, where the errors represent a combination of statistical
uncertainty (2) and an estimate of possible systematic errors. A potential energy surface for theGgh

reaction has been constructed using G3X//UB3LYP electronic structure calculations identifying a number of
reaction channels leading to either H, £ldr HCN elimination following the formation of initial addition
complexes. Results from the potential energy surface calculations have been used to run master equation
calculations with the ratio of primary:secondary addition, the average amount of downward energy transferred
in a collision[AE4[] and the difference in barrier heights between H atom elimination and an H atom 1, 2
migration as variable parameters. Excellent agreement is obtained with the experim8ri€ai28om yields

with the following parameter values: secondary addition complex formation equal to @®4,]= 145

cm1, and the barrier height for H atom elimination set 5 kJ Thdbwer than the barrier for migration.
Finally, very low temperature master equation simulations using the best fit parameters have been carried
out in an increased precision environment utilizing qudduble and doubledouble arithmetic to predict

H and CH yields for the CN+ C3H; reaction at temperatures and pressures relevant to Titan. The H
and CH yields predicted by the master equation have been parametrized in a simple equation for use in

modeling.

1. Introduction trometry. With a predominantly nitrogen~@0—99%) and
) methane €1.7—-4.4% with increasing concentration in the
The atmospheres of the planets Saturn, Jupiter, Uranus, a”C{roposphere?)based atmosphet@jt has been proposed that the

Neptune, together with their satellites, particularly Titan, have following primary processes lead to the formation of CN radicals
been investigated by both space missions and experimentalyng glkenes:

ground-based studiés? An interest in Titan, the largest moon

of Saturn, lies in the possible similarities of its atmospheric
composition to that of the early Earth atmosphetditan has
gained special attention as it has been found to have trace
amounts of many nitrile compounds, which are thought to be
key intermediates in the formation of biologically relevant
molecules’ Unlike Earth, the temperature on Titan’s surface is
around 94 K, preventing the existence of liquid water and so
“freezing” chemical evolutiofi. Recently, the Cassini orbiter
observed the upper atmosphere of Titan for over a year before,
in January 2005, the Huygens probe descended through Titan's
atmosphere, rotating through 36@maging the cloud layers and
measuring the size and abundance of haze particles and
atmospheric composition via gas chromatograpimass spec-

N, + hv (A < 80 nm)— N -+ N(°D)
CH,+hv— CH; +H
ICH, + H,
13CH, 4+ 2H
N+ CH,— HCN + H

HCN + hy—H + CN
CH, + CH; — C,H, + H

The formation of the very stable CN bond represents a

T Part of the special issue “M. C. Lin Festschrift”.

net sink of atmospheric nitrogen, with the ultimate sink of
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The reaction of unsaturated hydrocarbons with CN continues connected to a heating element, which warmed the windows,
to be studied with reference to the production of nitrile species thereby preventing condensation and consequent attenuation of

in the atmosphere of Titan, for example,

CN+ C,H,—~HCN +H

the signal.

The total pressure in the cell was controlled with a needle
valve between the cell and the vacuum pump and measured
using a Baratron pressure gauge (MKS;1@00 Torr). In the

The unsaturated hydrocarbon multiple bond is retained in the jnetics experiments, the flow rates of ICN and helium were
nitrile compound product, allowing continuing photochemistry pe|q constant while the concentration of the hydrocarbon species
to produce a range of more complex species, precursors ofyas varied typically by a factor of 10 for total pressures of 10
species necessary for life, or components of the aerosol hazesng Torr. Total gas flow rates were of the order of 5 SLM at
To further our understanding of the processes occurring and to.1 g Torr, sufficient to ensure the complete replenishment of

model the observations of the Cassikluygens mission,

gas in the reaction zone between photolysis pulses.

detailed kinetic data and yields to product channels are required. CN radicals were generated from the unfocussed 248 nm

In this work, the H atom production of CN reactions witbH3,
C2Ha, CgHg, is0-C4Hsg, andtrans-2-C4Hg has been studied, with

photolysis (Lambda Physik LPX 108,180 mJ/pulse, beam area
~ 1 cn?, and 5 Hz) of ICN!! Photolysis of ICN at this

the possible reaction channels shown by the generic SChemq/\/atvelength was determined by analysis of the resulting spectrum

below.

«CN + unsaturated <g—== [CN-hydrocarbon]* — Nitrile compound + H

hydrocarbon

M S Non H producing channels

Stabilised CN-hydrocarbon
complex

Earlier work in this laborato} indicated that at room
temperature the reaction of CN withid; and GH,4 gives 100%
H atom production. However, with the larger alkenes, the
potential for direct abstraction (to form HCN and a resonantly
stabilized allylic radical), non-H-producing channels (e.g.,
methyl elimination), or collisional stabilization increases.

Following a brief description in section 2 of the experimental
methodology, section 3 outlines the use of LIF from H atoms
to determine the H atom channel yields for reactions of CN

with selected unsaturated hydrocarbons. Section 4 presents th
results of both the kinetic and the H atom channel yield study.

using the LIFBASE progrart, to generate CN predominantly

in the lowest vibrational level(= 0). CN radical decay was
monitored via laser-induced fluorescence pumping theXB
electronic state, (1,0) vibrational transitiop ®tational line at
357.7 nm using an excimer-pumped dye laser (Quegi2RQ0/
Lambda Physik FL3002 with DMQ dye) and observing the
fluorescence at > 385 nm using a Perspex filter. The delay
between the photolysis and the probe pulse was varied randomly
and included negative delays to give a pretrigger baseline. The
reaction cell optics had one baffled vertical axis with the
photomultiplier tube (PMT, Thorn EMI model 9414A) mounted
directly above the reaction zone and at right angles to the
excitation laser to minimize the amount of scattered laser light
that the photomultiplier tube detected, ensuring that the signal
observed was predominantly due to the CN LIF signal. Output
{rom the PMT was collected via a boxcar integrator, digitized,
and stored for subsequent analysis on a PC.

The pressure-dependent H atom channels discovered for both H atoms were monitored by vacuum ultraviolet (VUV) LIF

CN + C3zHg and CN+ iso-C4Hg are investigated in section 5,
where a potential energy surface (PES) for the €NC3Hg

using the Lymarw transition (121.6 nm), achieved in this study
by frequency tripling 364.110 nm radiation produced by the

system together with master equation calculations illustrate the S2Me tunable excimer-pumped dl%enlaser system, in a krypton
nature of the observed H atom yield pressure dependence. Théind argon mixture (Kr:Ar= 1:2.5):>*The 364.110 nm light

reaction of CN with CHwas also studied to confirm the absence

was focused by a lens (focal length 300 mm) into a glass

of a significant H atom channel and hence also that of its cell attached directly to the reaction cell. The glass tripling cell

coproduct CHCN, acetonitrile. The CECN channel has been

optimally contained~800 Torr of the Kr:Ar mixture, depending

included in some photochemical models as the main source ofon the exact ratios of the Kr/Ar when the mix was prepared.

CH3CN production in the atmosphere of Titdrand has been
reported as the product in some experimental studies offCN
CH4_7,13,14

2. Experimental Section

All experiments were carried out in a slow-flow, stainless

steel, six way cross, laser flash photolysis, laser-induced

fluorescence systeft.Gases, ICN (Fluka;-0.05% mix in He,
BOC CP grade, 99.999%), the various hydrocarbogld, CAir
Products Ltd., 99.9%), CHBOC gases, 99%), £, (Aldrich,
99%), GHs (Air Products Ltd., 99%),trans2-C4Hg (Air
Products Ltd., 99%), aniso-C4Hg (Air Products Ltd., 99%),
were all further purified by freeze pump thaw cycles in liquid
nitrogen before being diluted and storecc& 5% in He (BOC,

The Lymane. radiation generated was then coupled into the
cell through an MgEFwindow. The relative VUV pulse to pulse
energy output was monitored by a solar blind PMT (Thorn EMI)
mounted at the window directly opposite where the tripled light
entered the cell, and the probe light was reflected using a quartz
flat at 45 through a VUV interference filter (Acton Research)
cutting out pick-up of UV light. The H atom fluorescence was
detected perpendicularly to both laser axes by a second solar
blind PMT (Electron Tube). Mg) was flowed in front of the
solar blind PMT to create an inert nitrogen atmosphere when
carrying out all H atom detection experiments as any oxygen
present in front of the PMT would absorb the H LIF signal.

3. Methodology

CP grade) bath gas in glass bulbs. The diluted reagent and ICN Although a highly sensitive technique, LIF does not yield
were flowed through calibrated mass flow controllers and, via absolute concentrations. Absolute calibration of the LIF signal

a mixing manifold, into the cell. The experiments were

is problematic for radical species; therefore, we use a calibration

conducted at 298 and 195 K, with low temperatures achieved reaction to determine H atom product yields. The H atom

by surrounding the cell in a slurry of solid G@nd propan-2-

channel yields ¢) were determined by comparison of the

ol (Fluka). Temperatures were measured just above and belowmaximum H atom signal generated from the test reactigg) (
the observation region with a thermocouple. While conducting with the corresponding signal obtained under exactly the same
these low temperature experiments, the windows of the cell wereexperimental photolysis conditions from the calibration reaction
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Figure 1. Plot showingkyn, values over the temperature range 300 )

500 K with extrapolation to 195 K. Figure 2. k' vs [CH7] at total pressure= 20 Torr and 298 K. The

solid line represents the linear fit to extract the bimolecular rate

(I after making any necessary allowances for quenching or coefficient. In the inset are typical time profiles of CN and H in the

; ot _ reaction of CN+ C;H; at 60 Torr, total pressure, and 298 K whdre
absorption of Lymare radiation by the substrate gases (con- _ CN fluorescence anM = H atom fluorescence. The solid line in

centrationsCeesy Cres)- the CN decay curve is a nonlinear least-squares fit, which in the H
atom growth curve represents the biexponential fit, yieldihgrhe
liest” Crest error bars on the bimolecular plot represent the statistical uncertainties
= lor* Crot (E1) (20) in the experimental data.

4. Experimental Results and Discussion

4.1. Kinetics.All of the data were recorded by the LabVIEW
(version 6.1 National Instruments Ltd.) program on a PC and
analyzed using Origin version 7.0 (OriginLab Corp.). The inset
in Figure 2 is an example of corresponding CN decay and H
atom growth traces, which were recorded under pseudo-first-
CN+H,— HCN+H (R1) order conditions where [H} [Csz],.[CzHA,], [C3Hg], [is0-C4Hg],
[trans2-C4;Hg] >> [CN]o, ensuring that CN removal was
governed by first-order kinetics.

The decay of CN radicals was measured as a function of time,
and a nonlinear least-squares fit was applied to the data using
the following expression:

In this study, the technique employed by Choi et'akas used

to determine the H atom channel yields at both 298 and 195 K.
Initially, the reaction of CN radicals with hydrog€rwas used

as the calibration reaction. This reaction is well-characterized,
leading to only the production of HCN- H.18-20

When determining the value for the H atom channel yield,
using reaction R1 as the 100% H atom reference, a quenching
factor needs to be considered to allow for the quenching of the
H atom LIF signal by H and its attenuation by absorption of
Lyman-o radiation by H. The quenching coefficients and _ Kt
fluorescence lifetime of H @) have been determinekl,{,29s« If,CN(t) - If,CN(O)e
= 1.30+ 0.04 x 10° cm® molecule’ s* ! and kgpy195x =
1.19+ 0.26 x 107° cm?® molecule® s71). The 195 K value
was obtained from previous experimentally determined values
as shown in Figure 1, using = 1.6 x 1079s2!

The quenching coefficient for Hkq,1,) and the fluorescence
lifetime (zr) were applied to the observed fluorescence signal
(I+ob9 using the following equation:

(E3)

wherek' is the pseudo first-order rate constant for CN removal.
The corresponding bimolecular rate coefficient was obtained
from a plot ofk’ vs [reagent] as shown in Figure 2. Th&xis
intercept values, corresponding to CN decay when there was
no reactive species added, were typically less than 180 s
indicating that greater than 99% of the CN reacted with the
target substrate.
qu The rzw signal obtained from therl1—| atomI growth was

— ik corrected twice to minimize error in the results. First, any
ltcorrected :1 * (L) x [HZ]} X robs (E2) residual H atom signal present when there was no hydrocarbon
flowing into the cell was subtracted from the experimental H
Quenching by H limits the range of conditions that can be atom growth; this typically accounted for less than 5% of the
accurately studied. By confirming that the H atom production total signal. Second, the signal was corrected for any temporal
from reactions of CN with both £, and GH4 was unity (in power dependence of the probe laser and attenuation by
agreement with previous studiéd)over a wide range of  absorption, by monitoring the relative pulse to pulse energy.
pressures, at both 298 and 195 K, it was then possible to utilize The H atom time profiles (Figure 2) are biexponential in nature
these reactions as calibration systems, facilitating studies of with the growth in H atom fluorescence signal being determined
reactions with low H atom yields. The absorption of the by the bimolecular reaction and the decay by diffusional loss
Lyman-< probe light by substrate was addressed in these of H atoms from the system.
experiments by real-time monitoring and subsequent normaliza-
tion of any variation in the Lymaue signal. The addition of a L= a[CN]Ok' (e—kt _ e—kdm) (E4)
second PMT to the cell, which was able to monitor the VUV fH Ky — K
pulse to pulse energy, together with the LabVIEW program,
allowed each signal point to be normalized relative to the VUV The kinetics of reactions of CN- C,H», C;H4, and GHg have
power. previously been studied over a wide range of temperatures as
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TABLE 1: Rate Constants for CN Reactions with GH,, C,H4, and C3Hg

cmmolecule!s™?

reactant T (K) k (cm®molecule? s™) 10 kagg 10%k; g5 ref

C:H> 25-298 2.72x 10710(T/298 K)~0-52 g=167-2(Jmot Hy/RT 2.56 3.05x 10710 46

187-740 2.47x 10710(T/298 K) 055 g~41.8(Imot H/RT 2.43 3.13x 1070 47

296-698 2.91x 10710(T/298 K) 058 2.90 3.64x 10710 48

294-706 3.49x 10711 g/723.40mot1)/RT 2.34 6.43x 10710 49

298 kogs2.31+ 0.091x 10710 231 50

259-396 4.98+ 1.64x 107 51

195, 298 2.34:0.12 2.50+ 0.13 this work (monitoring CN)

195, 298 2.2#0.18 2.43+ 0.30 this work (monitoring H)
C2H4 298 k2932.51i 0199>< 10_10 2.51x 10‘10 52

25—-295 2.67x 10710(T/298 K)~0-69 g=250.8(Jmot iy/RT 2.41x 10710 3.06x 10710 46

95-698 2.51x 10710(T/298 K) 0-24 251x 1070 2.78x 10710 48

294-696 4.72x 10711 gh221.84-167.2Jmot)/RT 2.59x 10710 6.38x 10710 49

294 Ko942.71+4 0.108x 10710 50

259-396 4,98+ 0.0847x 10711 51

195, 298 291 0.18 3.66+ 0.26 this work (monitoring CN)

195, 298 3.2H-0.62 3.49+ 0.91 this work (monitoring H)
CsHs 160—-298 1.73x 10710 g836(mof)RT 2.43x 1070 2.90x 1070 46

297-673 1.32x 10710 g2006.4¢-794Imof 1yRT 2.97x 10710 4.55%x 10710 53

294-698 3.4x 10710 (T/298 K) 019 3.40x 1070 3.69x 10710 48

294 K2042.314 0.299x 10710 50

195, 298 3.18:0.21 3.25£0.20 this work (monitoring CN)

298 2.74+0.18 this work (monitoring H)
trans-2-butene 195, 298 2.980.20 3.58+ 0.23 this work (monitoring CN)
iso-butene 195, 298 3.1%0.17 4.32+0.26 this work (monitoring CN)

298 3.304+0.47 this work (monitoring H)

summarized in Table 1. These reactions are fast, with similar  The variance of the rate coefficients measured as a function
negative temperature dependencies, suggesting that they proceeaf pressure is a more realistic assessment of the overall error in
via a common mechanism. Table 1 also shows the results fromthe rate coefficients rather than the regression statistics for one
this work, which are in good agreement with the literature bimolecular plot as reported in Table 1. Typical percentage
values. Within error, the same bimolecular rate coefficient is errors (&) from the pressure dependence measurements are of
obtained whether monitoring CN decay or H atom production. the order of 5-8%, and these are the errors reported.

The reaction of CN with botlrans-2-C4Hg andiso-C4Hg has The rate coefficients for the reaction of CN with methane
not been studied previously; however, the CN kinetic data are were also measured by monitoring CN decay at 298 and 195
of the same order of magnitude and exhibit the same negativeK. The resulting valueskyes = (8.45 £+ 0.10) x 10713 cm?

temperature dependence as for €NC,H,, CoHy, and GHg as
summarized in Table 1.

A major objective of this work was to investigate whether
new reaction channels become available fga@d G species.

molecule! s and kigs = (1.44 & 0.05) x 10713 cm?
molecule® s1, are in good agreement with recent literature
determinations (e.gksoo= 8.58 x 1013 cm?® molecule ! s71,23
kogo = 1.37 x 1073 cm® molecule? s71).24

CN is a pseudo-halogen; therefore, one might expect there to 4.2. H Atom Yield Studies. Table 2 summarizes the H

be analogies with the corresponding Cl atom reactions. Pilgrim
and Taatjes studied the reaction of Cl withHg over the
temperature range of 29800 K and a pressure range of 30
Torr using a laser photolysis/infrared long-path absorption
techniqué? and found the direct H atom abstraction channel to
HCI and GHs to have a weak positive temperature dependence.

atom channel yields obtained when studying CN reactions with
CoHj,, CoHy, CH,, CsHe, iSO-C4H8, and trans-2-C4Hg at both
298 and 195 K, where the errors represent a combination of
statistical uncertainty (8 and an estimate of possible systematic
errors. It was found that two of these reactionsH{&and GHy,)

led to 100% H atom production, two did not exhibit any

This suggests that the direct H atom abstraction channel to HCNsignificant H atom production (CHandtrans-2-C4Hg), and two

and an allylic type radical would be expected to have a positive

(CsHe and iso-C4Hg) showed pressure-dependent H atom

temperature dependence. However, the observed negative temproduction.

perature dependence of the GNpropene reaction shows that
a channel with a positive activation energy can only be a minor
contributor to the overall reaction. The similarity of the

4.2.1. CN+ CoHy, CoHa For the reaction of CN with
acetylene, there is only one open channel to H atom production,
but the possibility of stabilization of the addition complex

temperature dependence of all of the CN reactions suggests thaformed when CN adds to the system also exists (rea-

they proceed via the same initial complex-forming step.
The bimolecular rate coefficients obtained by monitoring CN
decay for the reactions of CN with,H,, C;H,4, andiso-C4Hg

were studied as a function of pressure, to see if these reactions
exhibited any form of pressure dependence due to stabilization
of the unstable CN-unsaturated hydrocarbon adduct. The reac-

tion with G,H, was studied over the range of 2800 Torr at
298 and 195 K, gH,4 over the range of 25300 Torr at 298
and 195 K, andso-C4Hg over the range of 5100 Torr at 298
K. Figure 3 shows the results, which indicate that for these

compounds under all conditions studied, there is no pressure

dependence in the bimolecular rate constant.

ction R2).

CN + HC=CH

f
[ CN

H—C-ZC:H i| T H—C=C—CN +H

(2a) H,=-90kJ mol"'
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. . . Figure 4. H atom yield as a function of total Hpressure at both 295
Figure 3. Pressure dependence of the bimolecular rate coefficient for and 195 K for reactions of CN- C,H, and CN+ CoH, wherem =
the reaction of CN+ selected unsaturated hydrocarbons at 298 and ¢y + C,H, at 295 K,00 = C,H, at 295 K,® = C,H, at 195 K, and

195 K wherell = CN + CgHg at 298 K andd = CN + C2H4 at o= Csz at 195 K.

298 K.
TABLE 2: Summary of H Atom Yield Studies 1.04+ 0.04 as.shown in Figure 4. The !ow temperature yields
- for these reactions have not been studied previously. Over the
H atom channel yields experimental range, 260 Torr and 295295 K, there is no
reagent 298K 195K collisional stabilization of the unstable CN adduct, and for the
CoHa 1.004+0.21 0.97+0.20 C.H4 reaction, the channel to produce HCN C,Hs is not
CoH, 0.96+0.03 1.04+ 0.04 active, with all reacting CNt+ C,H,/C,H,4 forming H atoms.
CH, upper limit 0.040 upper limit 0.053 Reaction R3 has been modeled by Vereecken éf atho
Catle E:j;iieo(,joespzei]%e.gtzz ke ﬂ:ﬁssgf 4dgeip%“g§;“ developed the original ab initio surface used by Balucani et al.
o molecule® o moleculet and then modeled the pressure and temperature depe_ndence of
trans2-C;Hs  0.039+ 0.019 0.029+ 0.047 the product yields via RRKM/master equation calculations. In
is0-C4Hs pressure dependent pressure dependent agreement with the current work, they calculated that at 300
Kso/ksa= 0.182+ 0.018  ksd'ksa= 0.24+ 0.25 K, channel 3a will be dominant at low pressures, with the
cm® molecule* cm® molecule* stabilization channel only becoming significant (10%) at ap-

proximately 400 Torr. At 195 K, stabilization is predicted to
be significant at slightly lower pressures but still above those
measured in this study.

4.2.2. CN+ C3Hg, iso-CuHs. For the reaction of CN with
propene, there are several possible product channels as shown

For ethene, there is also the possibility that the vinyl radical
and HCN could be formed. This may proceed via an addition
elimination type mechanism (as shown, reaction R3) or via a
direct abstraction channel.

CN+ H,C=CH, by the schematic associglted V\_/ith reqqtion R4. Therg are two
“ y ppsmb!e sites for CN addition Wllth addition at the terminal,CH
. ho=c  +H (3a) H = -90kJ mol"" site being more favorable, as this would generate a more stable
H y’ = en secondary radical. From either of these two addition sites, the
H,C—C—H methyl group or H atom could be lost to regenerate the double
N N (3b) H,=-53 kJ mol ™" bond, or there could be collisional stabilization of the excited
e HzCzC{H + HCN addition complex (4d). There is a hydrogen atom abstraction
channel or addition/elimination process to form the allyl radical
H and HCN. This channel is comparatively more thermodynami-
HZC~—C:—CN cally favorable than the equivalent channel for reaction R3
H because of the enhanced stability of the allyl radical (reaction
R4).
The room temperature results are in good agreement with )
those from the previous studies by Choi et’alvhere the ON+H,C=C—CH,€ cN  H B
channel yield (2a) was determined to g, = 1.08 + 0.13 =d +H G0 H=-9TKmol
and that of reaction 3a wag, = 1.04+ 0.11 over the pressure “ / o \CHS
range of 15-55 Torr at 298 K. The results are consistent with g
earlier investigations by Balucani et &.where the dynamics H H H H
of these reactions were studied using a crossed molecular beam | CN— ¢ | :C=C: + HCo (4a) Hr=-130kJ mol"’
apparatus with angularly resolved mass spectrometric observa- H CHa CN H
tion of products. The only products detected wegtll€ and \ H H
CsH3N (for reactions of CNH- CoH» and GHa, respectively). M ‘d c=c +HCN (4b) H=-149 kJ mol™’
These were rationalized to be HCN and GH3sCN, implying Hzc’. H
coupled H atom production, which would be consistent with H H
the 100% yield of H atom observed by Choi et'fln the CN—C—C:

present study, the room temperature and low temperature H CH,

fractional channel yield for H atom production for both reactions

R2 and R3 have been determinedoas sgsk = 1.00 + 0.21, Similar reaction products to reaction R4 are available from
02,105k = 0.97 £ 0.20, 034,205k = 0.96 £+ 0.03, andoiza 195k = the reaction of CN withso-butene (reaction R5). In comparison



6684 J. Phys. Chem. A, Vol. 111, No. 29, 2007 Gannon et al.

1 Kia | Kap | [Kug
==1+—+—+|—|M E
0.60 a k4c k4c (k4c [ ] ( 5)
0.454 The value for the intercept should be unity, if only channels
5 4/5c and 4/5d (H atom production and collisional stabilization
0.30 of the energized CN adduct) are occurring. The observed
intercept is significantly greater than unity, indicating that, even
0.154 - at zero pressure (and hence with no collisional stabilization),
o é . H atom elimination is not the sole reaction taking place.
0.00- e B & o o The linear fit of the GHg data gives a value of 2.24 for the
' s 20 100 150 200 intercept (lower and upper 95% confidence limits of 1.23 and

3.26, respectively), indicative of other active channels at zero
pressure and a ratio &f/k, + ky + k. rate coefficients of 0.082
+ 0.022 cm moleculeX. From theiso-C4sHg data, a value of
1.77 is determined for the intercept (lower and upper 95%

Total CH, Pressure (Torr)

Figure 5. Pressure dependence of the H atom yields for reactions CN
+ CsHs (W) and CN+ iso-C4Hg (O) at 298 K.

TABLE 3: Pressure Dependence in H Atom Yield for confidence limits of 1.31 and 2.23, respectively), again char-
Reactions of CN+ C3Hg and CN + iso-C4Hg at 298 K acteristic of another active channel. A value of 0.138.018
o cm® molecule! is obtained for the gradient of the Sterdolmer

plot for reaction R4 at 298 K. The gradient for reaction R5

tOta(ITporﬁfsure ON-+ CaHe N is(i)-NCj—Hg N (CN + iso-butene) is sensibly larger than that for propene (0.182

vs 0.082 crd molecule’); assuming a statistical distribution

g 8-3;2 8-8‘5"3 8-3;2 8-182 of energy, dissociation of the larger CN/isobutene addition
‘ ’ : : complex should be slower, giving more opportunity for stabi-
10 0.277 0.037 0.291 0.112 S .
15 0.192 0.041 0.240 0.056 lization to occur. The 195 K data support the 298 K data in
20 0.141 0.028 0.242 0.070 showing pressure dependence and, as expected, an increase in
40 0.110 0.022 0.185 0.079 the ratio of the rate constants for stabilization and H atom
gg 8822 8-8%411 812(15 88?2 production, although, because of the difficulties in obtaining
100 0017 0.004 0116 0056 strong signals at Iovy pressures and low temperatures, the results
120 0.012 0.005 0.025 0.005 have Iarge uncertainties.
150 0.005 0.005 0.008 0.005 4.2.3. CNH trans-2-GHs. For the reaction of CN witltrans
200 0.003 0.006 0.002 0.007 2-C4Hg (reaction R6) over the pressure range studied1(@

. ) ) Torr) at 298 K, the H atom production was 0.0%90.019. No
to propene, addition to form the primary adduct, with the ,reqqyre dependence was exhibited by the reaction. At 195 K,

potential to eliminate methyl radicals, will be less favorable iha reaction was studied over the pressure range 6f180
because of the decreased stability of primary radicals and sterict e and the yield was determined to be 0.029.047. Again

hindrance by the methyl groups, which hinder formation of the ), hressure dependence and a very low yield for this reaction

primary radical. As will be demonstrated in the following  ere opserved, indicating that the reaction does not produce
section, H atom migration and methyl radical elimination in 5.y H atoms within the limits of experimental error. A lack of
reaction R4 may possibly compete with direct H atom elimina-  tharmodynamic data precludes comment on the relative stability
tion, such that this possibility cannot be ruled out for reaction  the available product channels, but the results indicate that
RS (no thermodynamic data available). the reaction of CN withtrans2-C4sHg + CN results in either

HC — CN loss of a CH group instead ba H atom or HCN formation
c=d +H addition or abstraction. Addition to either of the identical carbon
He  H e H y H3C/ H atoms on the double bond will lead to an intermediate that can
oN+ e=c ~ | emc=cn either lose H or CHl It is most likely that the reaction will be
H3C/ Y HQC/ H dominated by the loss of the more stable group. Loss of HCN
may also be a viable channel, as this would generate a
wle \K HC: M resonance-stabilized allylic radical product.
J C=C_ + HCN he N
H,C H 3 ;
HC ~ CON Cc=C, "
C—CH 27 H  ooH it
HC  CH, .
) _ HC ~— H HC ~ ON b MG H
The H atom yields of CNt CsHg and CN+ iso-C4Hg were CN+  C=C T LrCH| T c=c  + HC
both studied over a He pressure range 6220 Torr at 298 K. H CH, H  CH, H CN
As shown in Figure 5, both reactions exhibited pressure c H
dependence for the H atom channel yiadd,with oo ~ 0.5 at M Jd \ H /C-z
low pressures, and decreasing with increasing pressure so that c=¢ +HCN
no H atom fluorescence was observable-aR0 Torr (Table 3). H,C, CN H,C
A linear Sterr-Volmer plot was obtained by plotting—* vs :C-—Ci—H
total pressure as shown in Figure 6 and eq E5 for the example H CH,
of CN reacting with propene, with the gradient of the straight
line yielding the ratio of complex dissociation to H atorkg) 4.2.4. CN+ CHg4. The H atom production for reaction R7

to quenching Kaq). was investigated to clarify that this reaction does not lead to
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Total C,H, Pressure (Torr)

Figure 6. (H atom yield)? vs total pressure yielding the quenching
coefficients for the reactions of CNr C3Hs (#) andiso-C4Hs (¢) at
298 K shown with 95% confidence limits.

significant formation of H atoms and acetonitrile and can
therefore be disregarded as a possible channel for formation of
these products in Titan atmospheric modef.

CH,+ CN—HCN+ CH; AH =-79kImol* (R7a)
CH,+ CN—CH,CN+H AH,=-68kImol'' (R7b)

As expected, given that channel 7b will have a significant
activation barrier, there appeared to be no H atom production
from reaction R7, and when analyzed, only an upper limit could
be assigned to the H atom production channel of 0.04 at 298 K
and 0.05 at 195 K. The experiments were repeated several times
and many of the values lie at zero with no assignable production
due to the reaction. It should be noted that, as for reaction R6,
in no case was it possible to observe a growth in H atom
production that matched the kinetics of CN removal, and the
magnitude of the upper limits may be attributed to background
noise/PMT overload, which are comparable to the systematic
errors (5-7%) of the experiment.

5. Theoretical Studies
5.1. PES Calculation.Electronic structure calculations and
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ficiency 2728 however, DFT relative energies have not been
shown to be sufficiently reliable for the purpose of kinetics
modeling?®where accuracy that is within a few kJ/mol is often
necessary.

The G3X method was utilized to accurately calculate the
energies of the relevant stationary points for the PESs considered
in this work. G3X has been shown to give accurate energies
for those molecules featured in the G3/99 tes€8ht.the G3X
method, electron correlation is treated by Mgller Plesset
perturbation theory and quadratic configuration interaction.
Details of the calculations and tabulated values of rotational
constants, frequencies, and energies of the intermediates and
transition states can be found in the Supporting Information.

No previous PES calculations have been carried out for the
CN + propene system but have been performed on similar
systemg$:30.31The stationary points are shown in Figure 7, and
the accompanying data for the DFT and G3X energies can be
found in the Supporting Information. All calculations were
carried out using Gaussian &3while optimized geometries
and normal mode displacement vectors were viewed using
GaussView 3.097

Terminal addition (one-addition) of CN forms Intl, the
1-cyanopropyl radical, while two-addition forms Intal. Intl
reacts by: (i) isomerizationfH shift) via TS1a to form an
energized NCCHCKCH; radical (Int2a), which can be stabilized
or can eliminate Chl via TS2a(i) to form the products of
reaction 4a. Int2a can also eliminate H via TS2a(ii) to form
2-cyanopropene; (i) isomerization via TS1b to form Int2b, with
subsequent elimination of HCN to form the products of reaction
4b; and (iii) elimination of H via TS1c to form the products of
reaction R4c.

An important feature of the surface, which is discussed in
greater detailed below, is the close energy separation between
TSlaand TS1lc. PES calculations for similar systems involving
CN adding to an unsaturated bond, such as-€8,H,, CN +
C,H4, and CN+ CH3CCH, also show similar energies for the
transition states involving the [1,2] H shift and the H elimina-
tion.26:32Two-addition of CN to propene, to form the energized
radical CHCH(CN)CH; (Intal), leads directly to Ckelimina-
tion via TSal and H elimination via TSa2. TSal lies 25 kJthol
below TSa2.

subsequent master equation simulations were undertaken to The master equation calculations described below did not

investigate the pressure dependence of the H atom yields
observed in the experiments conducted on the-€Nropene
system and to gain some insights into the identity of the non-H
atom-producing channels.

The master equation calculations require determination of the
relevant minima and first-order saddle points on the PES.
Geometry optimizations were performed using density functional
theory (DFT) with the hybrid B3LYP functional (in its spin-
unrestricted form for radicals and in its spin-restricted form for
closed shell species) and the 6-313(3df,2p) basis set.
Frequency calculations were carried out on all optimized

include the direct hydrogen abstraction channel by CN from
propene. By analogy with experiments performed by Pilgrim
and Taatje® on the direct abstraction of a propene H atom by
Cl, a positive temperature dependence for the abstraction channel
was observed, such that we might conclude that direct abstrac-
tion is not taking place to any significant extent in reactions
R4—R6 given the relative magnitude and temperature depen-
dence of the rate constants. However, Sreedharadelagated
saddle points and geometries along the reaction coordinate for
H abstraction by CN in methane, ethane, and propane at the
UHF/6-31G** level. Higher level PUMP2(full)/6-31G** energy

stationary point geometries, and the eigenvalues of the calculatedcalculations were then performed on these reaction coordinate

Hessian were examined to verify the character of the stationary
point. All first-order saddle points contained exactly one
imaginary eigenvalue, corresponding to the reaction coordinate.
In addition to examining the displacement vector corresponding
to the imaginary frequency of the Hessian, internal reaction
coordinate (IRC) calculations were carried out on all first-order
saddle points to verify connection with the relevant wells.
B3LYP/6-311-G(3df,2p) geometry optimizations have been

geometries, and the authors concluded that abstraction from a
primary C—H bond has a small activation barrier, while
abstraction from a secondary or tertiary-8 bonds has no
activation barrier. This suggests that direct abstraction could
be a feasible process for reactions-H6 where the weaker
allylic C—H bond is broken.

The PES for a direct abstraction in reaction R4 from the
methyl group to form HCN#+ allyl was therefore investigated.

shown to achieve accurate geometries, zero-point energies, and first-order saddle point corresponding to abstraction of H from

frequencies as well as featuring a high computational ef-

the methyl group in propene was located at the UHF/6+334



6686 J. Phys. Chem. A, Vol. 111, No. 29, 2007 Gannon et al.

(d,p) level of theory; however, spin contamination was signifi- [AEqCwas found to be temperature-dependent. Having obtained
cant such that the geometry was reoptimized at the ROHF/6- the solution eigenpairs, the analysis described by Klippenstein
311+G(d,p) level. Larger basis sets were unable to locate the and Miller?® was used to calculate the rate coefficiday, (the
saddle point. Then, an IRC calculation was carried out on thesephenomenological rate coefficient for the reactants forming the
reaction coordinate geometries at the UMP2/6-8G{d,p) level. stabilized adduct) ankk, (the phenomenological rate coefficient
The results indicate this process to be barrierless, and thefor the reactants going to bimolecular products). The experi-
reaction rate is probably determined by dynamical constraints. mentally observed total rate of loss of reactarks, was
The possible role and identification of a direct abstraction obtained as the sum of thks and kgp. In the one well
process are discussed below. simulations, the amount of product formation vs stabilization
5.2. Master Equation Calculations.Master equation cal-  was taken aggy/(kri + krp). All calculations were carried out
culations were used to model the experimental H atom yields on a Beowulf cluster, which runs the RedHat Linux 2.4.21

on the PES shown in Figure 7. The energy-grained masteroperating system, has 20 nodes, 2 GB memory per node, and
equation has been previously describ&#.Briefly, the popula- two 32-bit Intel Xeon processors per node.

tion of rovibrational energy levels in different isomers on the | temperature energy-grained master equation simulations
PES is lumped into energy grains, and the population in €ach gre notoriously problematic for numerical reash& since
grain is described by a set of coupled differential equations that i, ratio of the smallest eigenvalue to the largest eigenvalue
account for collisional energy transfer within each isomer as pioinad from diagonalization of the collision matrix often

Wellﬁa§ |stor?er|tzhatlon.an(|j dI|SSOCIatIC:.n. Mlﬁr(icanonlclal raterz] exceeds machine precision. Frankcombe and Sfnitmon-
coetlicients for the unimolecular reéactions that occur in €ach gy ateq that carrying out master equation algorithms in a

energy graink(E), were calculated from the PES data pertaining high precision environment facilitates low temperature simula-

to the reagents and transition states via eq E6 tions. The numerical problems that arise are particularly
pronounced for systems that have a deep well, such as the
_ WE) (E6) system under investigation here. To address these numerical
hp(E) issues, we implemented thetG double-double and quad
double arithmetic package designed by Hida et°dalrhe
whereW(E) is the sum of rovibrational states at the optimized 298, 195, and 160 K results in this paper were carried out
first-order saddle point geometry angE) is the density of  ysing double-double arithmetic, which allows for 32 digits of
rovibrational states of the reactant. To relate the ME calculation precision on our machine, and the 90 K results were carried

directly to experimental rate coefficients, the microcanonical out using quaedouble arithmetic, which allows for 64 digits
rate constants for dissociation from the initial radical adducts of precision on our machine. At temperatures lower than
to regenerate the reactants were calculated using inverse Laplacgoo K, long double precision, which is available in standard C
transformation (ILT)¥® These rate constants were also used, by and G+, gave unreliable results. The unreliability of these
detailed balance, to calculate the energy-resolved rates ofcgiculations was confirmed by examining (i) the time-dependent

K(E)

formation of the initial adducts. . . profiles of CN, any intermediates on the surface, and any
Rates qf collisional energy transfer were estimated using an products; (i) the rate coefficients obtained from the eigenpair
exponential down model, expressed as analysis described above; and (i) the eigenvalue spectrum
) obtained from diagonalization of the collision matrix. In this
PE—FE)= C(E’)ex;(—ﬁ (E7) system, the doubtedouble results are essentially identical to
[AE4 the quad-double results down te-140 K. Below 140 K, the

double-double results diverge from the quadouble results.
whereE' > E, C(E') is a normalization constant, anfiE4Clis The quad-double results appear to give unreliable species
the average energy transferred per collision in a downward profiles and rate coefficients below80 K, depending on the
direction. In this work[AE4Ovas left as an adjustable parameter size of the collision matrix. For the 298 and 195 K simulations,
in a x? surface-fitting routine, to be discussed later. The the collision matrix was cast as 400 discrete 125 €grains
probability distribution for energizing collisions is related to and 500 discrete 90 crh grains, respectively. For the 160
that of downward transitions via detailed balance. The form of and 90 K simulations, it was cast as 600 discrete 70'@rains
the master equation used in this work is and 700 discrete 50 crh grains, respectively. Changing
the grain size was necessary for two reasons: (i) A convergent
solution to the master equation requires that the grain size
is smaller thanfAEqOsuch that grain size must reflect the
form of the [AE4jOtemperature dependence and (ii) the expo-
where|wLis a vector containing the concatenated populations nential down model calculates the probability of activating
of the grains for each isomer aMl is the matrix that describes ~ collisions, and the size of the collision matrix must be
collisional energy transfer, isomerization, and dissociation. The adjusted such that the tiny probabilities for these col-
problem specification is completed by adding a final element lisions at low temperatures and smaller valuesid£ [ido not
to |wto describe the CN reactant in excess propene andexceed the smallest value that the machine can hold (on our
modifying M with a bimolecular source term to describe the machine, limits are from 1.% 1073%to 1.7 x 10°%9) The form
fractional rates of population of the entrance well by the of the [AEjOtemperature dependence is discussed below. The
reactants. With the addition of a pseudo-first-order source term time required to carry out a single calculation with double
to eq E6, the master equation (E8) may be treated as andouble arithmetic is a factor of 3 longer than the time required
eigenvalue problem whereM is diagonalized, and the eigen- to carry out a calculation in standard+G long double
pair solutions are obtained. In this work, the size of the energy arithmetic, and a quaedouble arithmetic calculation was
grains depended on the temperature, because a convergerdapproximately a factor of 16 slower than a long double
solution requires the grain size to be smaller thaiy[] and calculation.

dwt]_

G = MWD (E8)
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Figure 7. G3X/UB3LYP/6-311-G (3df,2p) PES for the CN- propene reaction at 0 K.

To calculate partitioning between the products obtained by
the Klippenstein Miller analysis described above, the equation
that describes the phenomenological rate of product formation,

dpP(t)

T (E9)

= Z K(E) ne(t)

whereng(t) is the time-dependent population of the energy grains
in the relevant well, was numerically integrated over time to
give the equation

Pt) = . Z k(E) ng(t) dt (E10)

Using this equation, product fractions were integrated over 120
time points from 1.2x 107! s to 10 s. The values ofR{t)/dt
are essentially zero at these limiting short and long times, and
this time domain adequately accounts for product formation.
The product fractions may be obtained uskag kgp, andkrr
eq E10, normalized to consider all available product channels.

corresponding alkenes. This simplification was based on the
following observations.

(i) While there are three H-producing channels from Intl [via
TS1c, TSa2, and TS2a(ii)], the only significant channel is that
via TS1lc. The channel via TSa2 competes unfavorably with
the much lower energy TSal at all significant reaction energies,
as shown by the microcanonical rate constants in Figure 8.
Reaction from Int2a via TS2a(ii) is much slower than £H
elimination via TS2a(i).

(i) With these simplifications, Int2a is either collisionally
stabilized or dissociates to form Giia TS2a(i). The relative
importance of these channels was investigated by running a two
well ME, which incorporated Intl, and Int2a with collisional
relaxation in both wells, redissociation from Intl to regenerate
CN, and reaction via TS1a, TS1c, Int2a, TS2a(i), and TS2a(ii).
These two well simulations, run at a range of pressures and
temperatures, showed that collisional stabilization into Int2a was
insignificant over the experimental pressure range 200
Torr). At 200 Torr and 90 K, the rate of formation of Int2a
by collisional relaxation was less than 0.1% of the rate of loss
of the reactants. In addition, the yields of €ahd H returned

The procedure used to determine the best fit parameters for thefrom the two well ME simulations were within 1% of the

master equation analysis is discussed below.
The process of fitting the ME parameters to the experimental
data requires many implementations of the ME, and computa-

yields obtained from a one well simulation that does not consider
stabilization of Int2a, and simply considers that reaction via
TSla generates only GHand its coproduct, because the

tional efficiency is essential. Accordingly, the reaction system microcanonical rate constants for reaction via TSa(i) are
was simplified as much as possible, and the process was thermuch larger than the collision frequency and the rate constant
checked a posteriori, using the best fit parameters, but with a for reverse isomerization to regenerate Intl. Thus, condensing
more compete reaction model. The ME analysis for fitting to the two well system into a one well system, which gives nearly
the experimental data was run as two separate one well systems2 factor of 4 saving in computational time, has insignificant
including only stabilization into Int1 and Intal. Reaction from effects on product yields over the pressures and temperatures
Int1 included redissociation to Ci¥ propene, and isomerization ~modeled.

or dissociation via TS1a, TS1b, and TS1c were assumed to give (iii) Figure 9 shows that the microcanonical rate constants

the products specified in reactions R4z respectively. Reaction
from Intal included redissociation to CNpropene and reaction
via TSal and TSa2 to give GHand H, respectively, with the

for reaction via TS1b are significantly smaller than those from
the competing reaction channels from Int1 at significant energies
and may be neglected. Although HCN formation (reaction R4b)
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technique, assuming that the densities of states and the energies

11009 of the two adducts are the sole determinant of the relative rates
. and hence of the fractionation of the overall rate into the adduct
107 channels, gives 51% of the reaction forming Intl and the other
10 49% forming Intal over the temperature range 0f-905 K.
10° However, this calculation neglects steric considerations, which
10° we expect will play a role here, with the rate of forming Intal
10° (a primary radical) being less than that for Intl (a secondary
10° radical), because of the interaction between the CN radical and
107 the methyl group in the former case. In the similar reaction of
10’ OH + propene, structure activity relations indicate that 87% of
wr———e - the reaction forms the secondary radical adduct and 13% forms
0 100 200 300 400 500 600 the primary radical adduct at 300%R.
Energy / kJ mol” In the present case, it was assumed that the canonical rate
Figure 8. Microcanonical rate constants for channels out of Intl (the ~coefficients, kyim and ksec for formation of Intal and Intl,
secondary radical adduct) where k(E) to reactants:- - —, k(E) via respectively, have the sanfedependence, mirroring that of
TS1b; ---,k(E) via TS1a; and-, k(E) via TS1c. the overall rate coefficienk>(T), so thatAjnar + Apn = A=
3.18 x 10710 cm® molecule! s71. This procedure allows ILT
10" calculations to be performed separately for the two isomers,
10" with the variable parametefyni/Antar determined from the fits
10° of the ME to the experimental data.
10° ) 5.3. Fits to Experimental Data.The ME was used to model
10 the experimental hydrogen yieldg, and to fit the following
10° , model parameters: (i) the ratio of thefactorsAnu/Antas, (i)
10° [AEJL) and (iii) the energy difference between the threshold
10* | energies of TS1la and TS14&Erg, where
10°
10° AE; = E(TS1a)— E(TS1c) (E12)
10'
10°4

where andE(TS1a) andE(TS1c) are, respectively, the threshold
energies of TS1a and TS1c with respect to Intl. For the G3/99
test set of 376 reaction energies, G3X theory has been shown
to give a mean absolute deviation from experiment-@f kJ
mol~1.43 Uncertainties in the calculated energies of first-order
saddle points are more difficult to quantify, and we adopt this
is the most thermodynamically favorable channel, it is not a value of 4 kJ mot! as limits for varying AEre. For the
significant channel in this system except possibly via direct calculations performed hereim\Erg was varied about an
abstraction. adjustable mearf(TS1a)— E(TS1c)/2. The values ofAE40

(iv) There is no reactive coupling between coupling between and Aj/Anar Were also left as adjustable parameters. Having
Intl and Intal, which can be treated using independent MEs. defined these four adjustable parameters, an unweigpted
The manner in which each is populated is described by the surface overAEre and [AEqCwas generated at each value of
bimolecular source term included in eq 8. AntaAna and E(TS1a) — E(TS1c)/2 to derive information

As noted above, the microcanonical rate constants for regarding the combination of parameters that gave the best fits
dissociation of the initial adducts to regenerate CN, and henceto experimental data. For the CM propene experimental
the energy-resolved rates of formation of these adducts, weresystem at a particular temperature over a range of presfjres,
calculated via an ILT, in which the microcanonical rate constants the following equation was used to defig&
are linked tck(T) for the association reactiéf4%41The method
assumes that the reactants conform to a Boltzmann energy X2= Z (aexp— O‘ME)Z (E12)
distribution (which is a good approximation at the pressures i
and timescales of the experiments) and that the reaction follows
pseudo-first-order kinetics. Addition of CN to alkenes and wherea e represents the pressure-dependent experimental H
alkynes has been shown, by both theory and experiment, to beatom yield at 298 K and is the predicted pressure-dependent
barrierles$>26:30and CN+ propene shows similar behavior, H atom yield at a particular temperature from the ME, as defined
with a weak negative temperature dependence. Thus, the mosin eq E12. In computing the? fits, 1680 simulations were
appropriate form i&k*(T) = A(T/300)", which can be equated performed for each of the 12 pressures at whickias measured
to the experimentally measured rate coefficient. Reaction via at 298 K, for a total of 20160 run®Erg was varied in 1 kJ
TSla and TSic is much faster than either redissociation to mol=! steps from—8.0 kJ mof! < AEre < 5.0 kJ mot?, [AE4O
regenerate reactants (Figure 8), or collisional stabilization, so was varied in 12.5 cmt steps where 125 cm < [AE4<175
that the reaction is at the high pressure limit. Using the data in cm™1, E(TS1a)— E(TS1c)/2 was varied from 145 to 152 kJ/
Table 1 gives the best fit valueA = 3.18 x 10710 cm? mol in 0.5 kJ/mol steps, and the ratio Afu/Antai had values
molecule! s™t andn = —0.05. As discussed below, the relative  of 70:30%, 80:20%, and 90:10%. Figure 10 shows a plgt°of
yields of H and CH obtained from the ME are not sensitive to  vs [AEsCand AEre for the values oE(TS1a)— E(TS1c)/2 and
the values forA andn implemented in the ILT routine. Ainti/Anta, Which give the overall lowest surface minimum. The

It remains to determine the relative rates of formation of the best fit parameters are as followSBAE4(= 145 cnv?!, AErg =
initial adducts Intl and Intal. A calculation utilizing the ILT ~ —5 kJ/mol, (TS1lg + TSlag)/2 = 149 kJ/mol, andA jnu™:

0 100 200 300 400 500 600
Energy / kJ mol’
Figure 9. Microcanonical rate constants for channels out of Intal (the

primary radical adduct) where where-is k(E) to reactants; ---k(E)
via TSa2; and- - —, k(E) via TSal.
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Figure 11. Master equation fit at thg? minimum in Figure 12 as
compared with experimentally measured &NCsHg H atom yields at
298 K over the pressure range-R00 Torr. The dashed line shows the
pressure-dependent Ghfields predicted in the ME with the best fit
parameter set obtained in Figure 12. Ke#; experimental H atom
yield; —, ME-fitted H yield; ---, ME-predicted Chlyield; ---, ME-
predicted Intl yield; and- - —, ME-predicted Intal yield, which is
insignificant as compared to the Intl yield.

50

Arintar® = 80:20%. This ratio of formation of primary and
secondary adduct radicals is similar to that derived from
structure-activity relations for OH+ propene. The value of
(TSlae + TSlag)/2 has only a small impact on the global
minimum 2, but its value is correlated with the best fit values
for [AEq0and AErg, an increase leading to a decrease in the
magnitude of AErg and an increase INAE4L] For example,
increasing (TSl + TS1lag)/2 from 148 to 149 kJ/mol gives
a y? minimum that is~10% worse with an optimurtbAEg4of
~153 cnt! and aAEre of ~ —5.5 kJ/mol. The resulting best
fit plot from the ME of a vs pressure is shown in Figure 11,
together with the yields of CHand of the adducts.

The following conclusions can be drawn from the modeling
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Figure 12. ME-derived radical yields at 195 K. The one-dimensional
o? best fit attained whebfAE4= 95.0 cnt. Key: —, ME H yield; —,
ME CHjs yield; ¢, experimental H yield; ---, ME Intl yield; and-,
ME Intal yield.
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Figure 13. Master equation predictions of H atom yields for conditions
on Titan's stratosphere, 160 K (a), and troposphere, 90 K (b). Each
plot gives methyl and H yields using a linear model faxEq(]
temperature dependence, whég[l= 145(1/298). Plot a key:---,

ME CHjzyield; —, ME H yield. The yields of Intl and Intal are trivial.
Plot b key: —, ME CH; yield; --+, ME CHg yield; —, ME H yield; and

— - —, ME Intal yield.

study and the fits to the experimental data. (i) The zero pressurethis channel is~0.016, and the contribution to the net &yield

methyl radical yield is 0.51. Forty percent of this yield derives from this channel varies from 0.184 at zero pressure to 0.174
from formation of the primary addition complex Intal, and 60% at 200 Torr.

is from 1,2 H atom migration via Intl. Over the pressure range  (ii) Over this pressure range, any reactants that do not go to
from 0 to 200 Torr, the calculations suggest that of the 20% of products are essentially stabilized into Intl, since the amount
CN + propene reacting via Intat;8% forms Pal+ H at all of Intal that is stabilized is trivial. At 200 Torr, no more than
pressures, and at 200 Tor¥5% is collisionally stabilized. The  1.5% of the total reactants is stabilized into Intal.

remainder (92% at O pressure and 87% at 200 Torr) goes to P1 (iii) The H atom yield is very sensitive to the barrier heights
+ CHs. Thus, the net pressure-independent H atom yield from for H atom elimination and H atom migration from the
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Figure 14. (a) Parametrized ME results for H yields from 1 to 100 Torr anet300K. (EqC= 145(1/298), and the data have been fitted with the
expression Tl = [0.737(0.995)|P + 1.624(1.001). Key: 4, 90 K ME simulations;a, 160 K ME simulationsfd, 250 K ME simulationsa, 300

K ME simulations; and>, 200 K ME simulations. (b) Parametrized ME

results forGkelds from 5 to 100 Torr and 96300 K in N, bath gas.

(Eq(0= 145(T/298), and the data have been fitted with the expressian=1[0.188(0.997)]P + 2.067. Key: 4, 90 K ME simulations;a, 160 K
ME simulations;0, 250 K ME simulationsa, 300 K ME simulations; an®, 200 K ME simulations.

secondary addition complex Intl. Our calculations suggest thatlimits) in the relative barrier heights for H elimination and H

the barrier to H atom migration is’5 kJ/mol lower than the
barrier to H atom elimination. The structure and frequencies
for TS1a indicate that H atom migration occurs via a relatively

migration out of Intl. The calculations support but cannot
confirm the absence of a direct channel; this could be investi-
gated in future experiments as direct abstraction should lead to

loose transition state, so that this reaction competes effectivelyhighly vibrationally excited HCN, which should be readily

with H atom elimination via TS1c except at high energies (see
Figure 8).

(iv) The ratio of microcanonical rate coefficients for H and
CHjs elimination from Int2a explains the lack of H production
in the CN + trans2-butene reaction (reaction R6). In this
reaction, wherever the CN initially adds, there will always be
the potential for either Cklor H elimination with the former
channel being significantly more facile.

(v) The good agreement between experiment and model,

observable, if occurring.

(vi) The magnitude of AE4in this study is comparable to
other studies in He bath gas. For example, in a recent ME study
on the acetylene- OH system in He bath gas carried out in
our lab#* the optimum fit to 37 different pressure- and
temperature-dependent association rate constants gauve,a
=149 cmr at 298 K, which is very close to the value obtained
here of 145 cm! at 298 K.

5.4. Extrapolation to Conditions Relevant to Titan. The

which ignores direct abstraction, suggests that abstraction is notparameters that gave the best fit in Figures 10 and 11 were used

occurring to any significant extent. Although our calculations

to model the experimental data at 195 K. A one-dimensional

indicate that direct abstraction should be a barrierless process? fit was then computed with respect to these data points,
(and hence consistent with the observed negative temperaturevarying LAE4from 37.5 to 150 cm! in steps of 12.5 cmt. A

dependence fdi), significant direct abstraction would require

[AEq0of ~100 cnt! gave the best fit to the six pressure-

that more of the complex forming channel leads to H atom dependent 195 K data points shown in Figure 12. The quality
production either by more formation of the secondary complex and range of this data set are not as good as those for 298 K
or by a significant change (i.e., outside of the G3X uncertainty because of experimental complications at these lower temper-
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TABLE 4: ME Results for CH 3 and H Yields from 0 to 5 and Intal were obtained using only data above 5 Torr; the values
Torr and from 90 to 300 K in N Bath Gas with [Eq[= for the yields at 5 Torr and below are given in Table 4.
145(T/298)
pressure temp  MEH ME CH;, Int1 Intal nelusion
(Tor)  (K)  yield  vyield  yield  yield 6. Conclusions
05 90 0.48 0.52 0 0 (i) Rate coefficients have been determined for the first time
0.5 160 0.49 0.51 0 0 for CN + trans-2-C4Hg [kaogk = (2.93 & 0.23) x 10710 cm?
0.5 200 0.49 0.51 0 0 molecule! 571, kygsk = (3.584+ 0.43) x 1019 cnm® molecule't
0.5 250 0.50 0.50 0 0 —1 ; — 10
s 1] and for CN + iso-C4Hg [kogsxk = (3.17 + 0.10) x 10~
0.5 300 0.50 0.49 0 0 A 10
1.0 160 0.47 0.51 0.015 0 molecule! s71], where the errors represent a combination of
1.0 200 0.48 0.51 0.011 0 statistical uncertainty from the bimolecular plots and an estimate
1.0 250 0.49 0.51 0.010 0 of possible systematic errors based on the standard deviation
%-8 388 8-;‘3 8-2? 8-8;’7 8 of repeated determinations at different pressures. Rate coef-
50 160 0.42 0.48 0.10 0 ficients for CN reactions with Cld C;H,, C;Ha, and GHg as
20 200 0.44 0.49 0.08 0 measured by CN removal, or where possible H atom growth,
2.0 250 0.45 0.49 0.06 0 are in good agreement with previous work.
g-g 388 8-;‘; 8-?‘1'3 8-32 80009 (i) The H atom yields were measured by VUV LIF,
‘ : ‘ ‘ ‘ calibrating the signals against the unity H atom yield for €N
5.0 160 0.29 0.39 0.31 0.0008 -
50 200 0.32 0.41 0.27 0.0007 H2: Thg y!elds at bpth 298 and 195 K have been shown to be
5.0 250 0.35 0.42 0.24 0.0006 unity within the limits of error for CN+ C,H, and GHyg, less
5.0 300 0.38 0.43 0.20 0.0006 than 5% for CN+ CH; and trans2-C4Hg, and pressure-

] dependent for CN+ C3Hg andiso-C4Hg. The intercept on the
atures. However, the best flt value a”OWS the temperature Stern-Volmer p|ots (reciproca| y|e|d VS pressure) for the
dependence dﬂ&Ed[tO be eSt|mated, faCl“tatlng calculation of pressure_dependent Systems lies at a value greater than one,

product yields for the conditions on Titan. A linear dependence indicating that there are other active channels for both of these
of [AEsTon T, [AEsO= 149(1/298 K) cn1'l, similar to that latter reactions.

obtained in previous work for a He bath ¢d$>gives a value

iii) To determine the other channel yields, a PES for the
of 95 cnt! at 195 K, close to the best fit value of 100 T (i) y

; is th ; i the Ti h h CN + propene reaction was calculated and a master equation
Nitrogen |sbt edomlln(?nt gasintl eleta.n aLmC;ISP erTfl: sot f‘tanalysis was performed. The product yields are particularly
[AEsUmust be rescaled to account for its higher collisional gonditive to the energy gap between the transition state for the
energy transfer efficiency. The scaling factor was therefore 12 ghift and that for the H elimination, following addition of
increased from 145 to 250 crh based on recent measurements CN to form the secondary radical adduct NCHICHs; these
) w4 ;

over Fhls temperature range for OH,CZHZ: The master channels are a common feature in similar systems. Three
equation was then used to model radical yields at the temper-gjgnificant reaction pathways were identified for the GN
atures and pressures on Titan’s atmosphere. Figure 13a,b Showﬁropene reaction: (i) direct abstraction of a hydrogen by CN,
ME r.esults for ,H a:[om yields at the temperatures and press.,ureslwhich appears from the calculations to be a barrierless process;
predicted on Titan’s troposphere and stratosphere, respectlvely(ii) addition of CN to propene to give the secondary radical:

1 0. 00 1 H . 0, . ) X ) 4
the ratioArinu™:Avinial® Was maintained at 80:20%. For both of 54 iy addition of CN to propene to give the primary radical,

these simulations, there is essentially no pressure stabilization, hich is ~10 kJ mot? less stable than the primary radical
in Intal over the pressure ranges investigated so that the,yq,ct.

remaining product channel is that leading to Int1 by collisional
stabilization. In the low pressure regime relevant to Titan's
stratosphere, Intl and Intla yields are essentially zero.

In addition to the results presented above, the ME was used
to model the pressure dependence from 0 to 200 Torr at 90,
160, 250, and 300 K in a nitrogen bath gas. The results are
shown in Figure 14a,b. The ME-predicted H yields, have
been fitted to the expressionol# [0.737(0.995)]P + 1.624-

(iv) The best fit parameters from the master equation analysis
are an 80% yield for the secondary radical addis&yO=
145cn?, and the threshold energies of TSla and TSlc with
respect to Intl changed from their respective values of 150.0
and 147.1 kJ moft to 146.5 and 151.5 kJ mid, which is within
the G3X uncertainty limits. The direct abstraction channel was
not included in the analysis. The quality of the fits suggests
(1.001y, and the CH yields, 8, have been fitted to the Lhat.this changel mla)é be insignificant with respect to addition,
expression = [0.188(0.997%|P + 2.067. At pressures below utitcannot be ruled out. ) o
~2 Torr, a linear SteraVolmer plot does not accurately (V) At298 K, the H atom yield from the ME analysis is 0.49,
describe the H yield ME data points, which show curvature that I @greement with the value obtained by extrapolation of the
gives yields deviating up to 10% from the linear plots shown. Stern—-Volmer plot. The ME analysis also provides estimates
At pressures below:5 Torr, a linear SteraVolmer plot does ~ ©f the CH yield, which are greater than the H yields at any
not accurately describe the curvature in thes@ld ME data ~ 9iven temperature and pressure.
points, giving CH yields that deviate up to 15% from the linear ~ (vi) The channel yields were determined using master
plot shown. We have not parametrized the ME data in the region €quation calculations under conditions relevant to Titan’s
of curvature; however, the data for H and £¥elds at very troposphere and stratosphere using the parameter set determined
low pressures are presented in the Table 4. The ME-predictedfrom fits to experimental data at 295 and 195 K, with a scaling

Intl yields, 0, have been fitted to the expressién= 0.8 x of [AE4Jto account for the increased rate of stabilization by
[0.0921(1/300)°8%4P)/(1 + [0.0921(/300)°8%4P]) and Intal N,. H atom and CH production are significant and pressure-
yields,y, have been fitted to the expressipr= 0.2 x [0.0131- dependent, and appropriate parametrizations are given.

(T/300)°419P)/(1 + [0.0131{/300)%44P]). For the same (vii) A brute force method has been developed for carrying

reasons as for the H and GHhields, the expressions for Intl  out very low temperature master equation simulations in an



6692 J. Phys. Chem. A, Vol. 111, No. 29, 2007 Gannon et al.
(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
. Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Acknowledgment. We are grateful to EPSRC for funding Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
through Grant GR/T28560/01 and a studentship for K.L.G. We Isf_"da, M.; Nakajlma, T.; Honda, Y. Kitao, O.; .Nakal, H.,; Kl_ene, M.; Li,
acknowledge the support of Universities UK and the University % Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

.. . Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
of Leeds for an ORS and additional funding for D.G. and thank cammi, R.: pomeﬁ)i’ C.: Ochterski, J. W.; Ayala, p)_l Y.: Morokuma, K.;

Prof. Joseph Peeters, Dr. Luc Vereecken, and Dr. Louis Stief Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

i i i S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
for a range of useful discussions. Also, thanks to Dr. David D' Raghavachari. K.. Foresman. J. B.: Ortiz, 3. V.. Cui, Q.. Baboul, A.

increased precision environment. It utilizes doutdeuble and
quad-double arithmetic.

Waller for assistance in implementing the increased precision 5" cjifford. S.: Ciosiowski. J.: Stefanov. B. B.: Liu. G.: Liashenko, A.:

libraries.

Supporting Information Available: Tables of rovibrational

information and energies of the minima and first-order saddle
point geometries. This material is available free of charge via

the Internet at http://pubs.acs.org.

References and Notes

(1) Chase, M. W. JJ. Phys. Chem. Ref. Date998 9, 1.

(2) Lebreton, J. PEur. Space Agency ButtSpace Eur2005

(3) Vervack, R. J., Jr.; Sandel, B. R.; Strobel, Dldarus 2004 170,
91.

(4) Moses, J. 1J. Geophys. Re2005 110

(5) Raulin, F.Space Sci. Re 2005 116, 471.

(6) Laufer, A. H.; Gardner, E. P.; Kwok, T. L.; Yung, Y. llcarus
1983 56, 560.

(7) Gupta, S.; Ochiai, E.; Ponnamperuma,Nature (London)1981
293 725.

(8) Lebreton, J. PEur. Space Agency ButtSpace Eur2004 10.

(9) Porco, C. CNature2005 434, 159.

(10) Lorenz, R. D.; Dooley, J. M.; West, J. D.; Fujii, ®lanet. Space
Sci.2002 51, 113.

(11) Choi, N.; Blitz, M. A.; McKee, K.; Pilling, M. J.; Seakins, P. W.
Chem. Phys. Let2004 384, 68.

(12) Toublanc, D.; Parisot, J. P.; Brillet, J.; Gautier, D.; Raulin, F.;
McKay, C. P.Icarus 1995 113 2.

(13) Haggart, C.; Winkler, C. ACan. J. Chem1959 37, 1791.

(14) Haggart, C.; Winkler, C. ACan. J. Chem196Q 38, 329.

(15) Luque, J.; Crosley, D. RSRI Int. Rep1999 MP99-009

(16) Hilbig, R.; Wallenstein, RIEEE J. Quantum Electrorl981 QE-
17, 1566.

(17) Mahon, R.; Mcllrath, T. J.; Myerscough, V. P.; Koopman, D. W.
IEEE J. Quantum Electrorl979 QE-15 444.

(18) Gruebele, M.; Bigwood, Rint. Rev. Phys. Chem1998 17, 91.

(19) Sims, I. R. S.; lan, W. MChem. Phys. Lettl988 149 565.

(20) Sun, Q. Y. D. L.; Wang, N. S.; Bowman, J. M.; Lin, M. Q.
Chem. Phys199Q 93, 4730.

(21) Blitz, M. A. C. N.; Kovacs, T.; Seakins, P. W.; Pilling, M.Broc.
Combust. Inst2005 30, 927.

(22) Pilgrim, J. S.; Taatjes, C. Al. Phys. Chem. A997 101, 5776.

(23) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F., Jr.; Kerr,
J. A,; Rossi, M. J.; Troe, dl. Phys. Chem. Ref. Da200Q 29, 167.

(24) Yang, D. L.; Yu, T.; Lin, M. C.Chem. Phys1993 177, 271.

(25) Balucani, NJ. Chem. Phys200Q 113 8643.

(26) Vereecken, L.; Groof, D.; PeetersPhys. Chem. Chem. Phy03
5, 5070.

Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Ldussian
03, revision B.03; Gaussian, Inc.: Wallingford, CT, 2004.

(28) Klippenstein, S. J.; Miller, J. Al. Phys. Chem. 2002 106, 9267.

(29) Senosiain, J. P.; Klippenstein, S. J.; Miller, JJAPhys. Chem. A
2005 109, 6045.

(30) Balucani, N. A. O.; Huang, L. C. L.; Lee, Y. T.; Kaiser, R. |;
Osamura, Y.; Bettinger, H. FAstrophys. J200Q 545 892.

(31) Huang, L. C. L. A. O.; Chang, A. H. H.; Balucani, N.; Lin, S. H.;
Lee, Y. T.; Kaiser, R. 1J. Chem. Phys200Q 113 8656.

(32) Huang, L. C. L. A. O.; Chang, A. H. H.; Balucani, N.; Lin, S. H.;
Lee, Y. T.; Kaiser, R. 1.J. Chem. Phys200Q 113 8656.

(33) Sreedhara Rao, V.; Chandra, A. ®hem. Phys1995 192, 247.

(34) Blitz, M. A.; Hughes, K. J.; Pilling, M. 3J. Phys. Chem. 2003
107, 1971.

(35) Miller, J. A. K.; Stephen, JJ. Phys. Chem. 2006 110, 10528.

(36) Davies, J. W.; Green, N. J. B.; Pilling, M. Ghem. Phys. Lett.
1986 126, 373.

(37) Frankcombe, T. J.; Smith, S. Comput. Phys. Commu2001,
141, 39.

(38) Frankcombe, T. J.; Smith, S. €Earaday Discuss2002 159.

(39) Hida, Y. L.; Xiaoye S.; Bailey, D. HArithmetic200Q 15.

(40) Robertson, S. H.; Pilling, M. J.; Baulch, D. L.; Green, N. JJB.
Phys. Chem1995 99, 13452.

(41) McKee, K.; Blitz, M. A.; Hughes, K. J.; Pilling, M. J.; Qian, H.-
B.; Taylor, A.; Seakins, P. WJ. Phys. Chem. 2003 107, 5710.

(42) Kwok, E. S. C.; Atkinson, RAtmos. Emiron. 1995 29, 1685.

(43) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Pople, JJ.A.
Chem. Phys2001, 114, 108.

(44) McKee, K. W. B.; Mark A.; Cleary, P. A.; Glowacki, D. R.; Pilling,
M. J.; Seakins, P. W.; Wang, lJ. Phys. Chem. 2007 111, 4043.

(45) Blitz, M. A.; Hughes, K. J.; Pilling, M. J.; Robertson, S. HPhys.
Chem. A2006 110, 2996.

(46) Sims, I. R. Q. J.-L.; Travers, D.; Rowe, B. R.; Herbert, L. B.;
Karthauser, J.; Smith, I. W. MChem. Phys. Lettl993 211, 461.

(47) Yang, D. L.; Yu, T.; Wang, N. S,; Lin, M. CChem. Phys1992
160, 317.

(48) Herbert, L.; Smith, I. W. M.; Spencer-Smith, R. bt. J. Chem.
Kinet. 1992 24, 791.

(49) Lichtin, D. A.; Lin, M. C.J. Chem. Phys1986 104, 325.

(50) Lichtin, D. A;; Lin, M. C.J. Chem. Phys1985 96, 473.

(51) Schacke, H.; Wagner, H. G.; Wolfrum, Ber. Bunsenges. Phys.
Chem.1977, 81

(52) North, S. W.; Fei, R.; Sears, T. J.; Hall, G.1&t. J. Chem. Kinet.
1997, 29, 127.

(53) Butterfield, M. T.; Yu, T.; Lin, M. C.Chem. Phys1993 169,
129.



