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ABSTRACT

The association of CH3* with the three. molecules C2N2, CHCHCN and
HCCCN has been examined using ion cyclotron resonance (iCR) and selected
ion flow tube (SIFT) techniques at room temperature. In each reaction, the
mean lifetime of the complex (CHzsN=C-R*)* formed in the association, has
a major influence on the outcome of reaction and the product channels that

are observed using ICR and SIFT. Termolecular rate coefficients are
reported for the association of CH3z++ CaN 2 for the bath gases M = He, Ar, N2

and CoN2. k3 = 8.2. x 10-24cmbs-1 (M =CN2). In each system the
association product channel occurs in competition with other exothermic
bimolecular channels. The complex lifetimes in all three systems are
expected to be in the range of 30 to 70 us. Very rapid ion-molecule
association reactions have been observed in severa systems of

hydrocarbons and nitriles and the implications for Titan ion chemistry are

discussed briefly.



INTRODUCTION

The unique blend of atmospheric species discovered on Titan during
the Voyager 2 fly-byl:2 has stimulated interest both in the way in which
the observed chemical species are formed and also in the range of
molecules and ions that can be anticipated. One of the most efficient ways
of synthesizing molecules is via the process of ion-molecule association i n
which an ion and a neutral molecule combine to form a covalently bound
molecular ion of mass equal to the sum of the masses of the reactant ion

and neutral molecule.

Jon-molecule association (Reactions (1 a)-(1c)) followed by dissociative
recombination has been invoked as a mechanism for synthesizing some of
the molecules that have been observed in interstellar clouds. Under the
conditions of very low temperatures and pressures that exist in the
interstellar medium, stabilization of the association complex is achieved b vy
photon emission (Reaction (1 b)).3Inthe laboratory at higher pressures,
however, the complex generally undergoes collisional stabilization

(Reaction (1 ¢)) before it can emit a photon.4

At+ B === (AB{) (la)
(ABH)* —— AB+ * hv (1b)
(ABHY*+M —— AB++ M (1¢)

One ion that is thought to associate with many different neutrals i n
inter stellar clouds is CHs+ 5 as it is relatively unreactive with H2. In earlier

studies of CH3* association reactions with the nitriles HCN,67 CIKCN 4 an d



HC3N,8 we found the association channel to be remarkably efficient even
when it competes with exothermic bimolecular channels. Termolecular
rate coefficients as large as 1.9 x10-22¢m¢ s-1 were found for example, i n
the association between CH3* and CH3CN4. Termolecular rate coefficients of
this magnitude enable three body processes to compete effectively with
bimolecular reactions at pressures as low as 2 x 10-3 Torr. Of course such
pressures are not relevant to interstellar clouds but they are to planetary
ionospheres. This is true for the lower extents of most gas enveloped

planets and moons.

We continue in this work, our studies of the factors that influence the
rates Of ion-molecule association processes. We present here the
association behaviour of CHzt with cyanogen (C2N2), acrylonitrile
(CH2CHCN) and cyanoacetylene (HC3N).

EXPERIMENTAL

The pressure dependent measurements (<10-3 ‘]’err) were all made
using the JPL lon Cyclotron Resonance (I CR) spectrometer operating at a
1.5 T magnetic field.® The ICR instrument was used in two different
operational modes. In the trapped mode, ions were trapped for different
periods of time in a known pressure of reactant gas before being released
to drift through the cell and enter the detection region. In the drift m ode
of operation the ions drift through the cell immediately after their
formation, in a higher pressure of reactant gas than in the trapped mode.
The rate of reaction is found from the rate of disappearance of the reactant

ion in the trapped mode and from the ratio of the reactant ion to product



ion signals in the drift mode. The branching ratios for CHs*reacting with
CHCIHICN and HC3N were also obtained with the tandem ICR instrument

acquired recently.”

The higher pressure measurements (0.3 Toir) were made using the
Canterbury Selected lon Flow Tube (SIFT).10

Reagent species (except for HC3N) were obtained from commercial
sources and further purified by freeze-pump-thaw  cycles. All
measurements were made at room temperature 298 + 5 K. HC3N was
prepared by the action of methyl propriolate and NHj3 followed b v
dehydration with P2Os as described previously. !l

RESULTS

CHiat + C2N2

The product channels observed by the ICR and SIFT techniques are
different in this reaction and this situation often occurs when termolecular
association competes with exothermic bimolecular channels. In the ICKR,
two channels are observed (CH2CN'+ HCN production and the association

channel product CH3eNCCN+) with a combined rate coefficient k = 9 x 10-11
cm3g-lata pressure of 3 x 10-5 Torr of CoN2.

CHzt + CoNy  —  CHyCN++HCN (2a)

—  CH3eNCCN* (2b)



The branching ratio at this pressure was about 4:1 infavour of CHoCN*t +
HCN. In the SIFT instrument, only the association product was observed
and the pseudo bimolecular rate coefficient was 1.7 x10-2 cm3 s-! a a
helium pressure of 0.3 Torr. The association rate coefficient in the SIFT
approximates the collision rate of ke = 1.9 x 10-9cm3s-1 and is expected to

be effectively invariant with pressure in the SIFT.

In the ICR however, the branching ratio changes with increasing
pressure in favor of the association channel CII30N(X3N*:By measuring the -
dependence of the rate coefficient with pressure in the 1CR instrument, the
termolecular rate coefficient for formation of CH3zeNCCN* via collisional
stabilization was found. The rate coefficient at each pressure was derived
from the relative height of the mass peak at m/z = 15 Dalton (CH3t) to
those of the products at m/z = 40 Dalton (CH2CN*) and m/z = 67 Dalton
(CH3eNCCN+) at a measured drift time and CpNy partial pressure.  The

reactions occurring in this system may be written:

CH3t + CNp :::: (CH3eNCCN*)* (3
(CH3eNCCNH* —% 5 CH3eNCCN* + hv (4)
(CH3eNCCN*)*  —%=2 5 CHCN* + HCN (5)

(CH3eNCCNY* + M B, CJ336NCON* + M (6)
If the observed bimolecular rate coefficient for the reaction is k?bs, then it
has been shown that kgbs may be expressed in terms of the rate

coefficient parameters for reactions (3) through (6) as:*

k9P okl +- Kz + BRIMD/(K 1+ K, + K2 + Pk[M]) 7



The coefficient B is a number between O and 1 that gives a measure of the
efficiency of stabilization of the (CH3eNCCN+)* complex by the bath gas. A
model based on equations (3) through (6) was used to fit the experimental
data and the comparison of the model calculations with experiment is
shown in Figure 1 for M = C2N2. The value of kf chosen, ks = 1.7 x 10°cm’
s-1, was that measured in the SIFT experiment and Bkcoll was held at the
collision-limiting rate coefficient (Bkcoll = 1.2 x 10-2 cm3s-1). The results
of this procedure gave the following values for the rate coefficients: kg =
2.0 x 109 cm3 s'1, k.1= 276,000 s-!; k.2 = 13,000 s-! and k3 = 8.2 x 10™*
cmOs1 for M = CaoN2, where k3 is defined in Reaction (8).

CHa+ + CNp + M —X25H3eNCCN+ + M 8)

The mean lifetime with respect to unimolecular dissociation of the
(CH3eNCCN*)* complex is T*B -4 ps.

We also list in Table 1 the relative efficiencies of stabilization and
teniolecular rate coefficients for the bath gasesle, Ar, N2 and CaN2. The
termolecular rate coefficients for the different bath gases were found from

a least squares minimization between the model calculation of reactions (3)
through (6) and the experimental data. The rate coefficients kg, k.j, and

Bks for C2N2 were fixed at the values obtained for M = CaN2 and the least

squares minimization was carried out allowing fandk; to vary.

CH3* + CH2CHCN

In the ICR instrument, the main product ion of the reaction was at m / z
= 42 Daltons (CH3CNH*) with minor product ions at m/z = 27, 41 and 54



Daltons. The product channels assigned to these ions on the basis of their

energetic are:

0.80

CHz* + CHRCHCN  —="=—5 CH3CNI I+ + C7H2 (-232) (9a)
0.10 +
000, CoHat 4 CHACN (-91) (9b)
005, 41 15+-+ HCN (-196) (9¢)
0.05 ~
092 L CLCr ICNEY -+ CHY (+30) (9d)

Branching ratios and exothermicities (k) mol-1) are also listed. In reaction
(9a) we have designated CH3CNH* as the ion product but it could equally
be an isomer such as CH3NCH*. The channe (9d) appears to b e
endothermic by 30 kJmol'l according to the listed heats of formation. 12
There is however, sufficient uncertainty in the listed values to allow the
(9d) channel to be only slightly endothermic which is more consistent with
our observation of this channel. No association product was observed in

the ICR even at bath gas pressures approaching 5 x 10-4 Tom.

A comparison of these results with those of an earlier SIFT study
shows a quite different product distribution from the reaction. The SIFT
study 13 found the major product of the reaction to be the association
adduct ion CH3eNCCHCI I* with two other channels, c¢-C3Hs* + CHoNH and
HpC3N* + CHy. In view of the apparent discrepancy, we re-examined this
reaction in the SIFT, taking special care to eliminate all traces of CHa*
contamination from the CHs* reactant ion swarm. We found only two

products of reaction in the re-evaluation:



CHz++CHCHCN 932, CH3ONH* + CoHp (10a)

_063 , cHzeNCCHCH, (10b)

The wajor channel, as before, was association, but the only other channel
of significance was CH3CNH* + CoHa. The 1 ate coefficient measured in t h e
SIFT' was k = 5.5 x 10-9cm3s-1. This is the same as the collision rate

coefficient within the errors of our measurement.

CH3t+ + HC3N

Two product channels of the reaction were found in the ICR: the major
channel was CizH3*++ HCN but small signals corresponding to the association
channel CHzeNC3zH* were detected at pressures approaching 5 x 10-4 Torr
of HC3N.

CHz*+ HON —2923 5 i3+ + HON (11a)

=005, cHyeNGHY ~ (11b)

An unusua feature of the ICR study of this reaction was the difference i n
rate coefficient measured using the trapped and drift modes of operation.
In the trapped mode, k = 1.5 x 10-9 cm3 s-1 where k was found from the
rate of disappearance of CHs*. In the drift mode, k = 7 x 10-10 ¢m3 5-1
where k was derived from the relative ratio of the CHst ion signal tot h e
product ion signals. We have not identified the process responsible for the
decrease in rate coefficient in the drift mode.It is possible that some
radiative stabilization of the complex in the trapped mode occurred

forming alower energy complex that subsequently reacted with HC3N. The




product of the reaction may be a product ion aready present in the cell. | t

is not clear from our analysis why this decrease occured. Similar behaviour

was observed in the CH3+ + HCN system.”

Two studies of this reaction have been reported using the SIFT

technique and both investigations reported the same product channels as
observed in the ICR; viz. C3H3* + HCN and association. At 0.3 Torr of

helium, channel (11 @ was 40% of the total reaction and channel (11 b) 60%
with a rate coefficient k = 4.4x10-9 cm3 s-1.8,14 This is very close to the

collision rate coefficient that is calculated to be 5.5 x 109 cm3 s-.

A summary of al the results is given in Table 2.

DISCUSSION

The contrast in results between the low pressure and high pressure
techniques is very informative and can be rationalized in terms of how

long the (CH3sNC-R+)* complex lives.
CHz*+-NC-R ~ -—— (CH3sNCR%)* (12)

In the CH3¥/NCCN system, the low pressure measurements found the
CHCN* + HCN product channel in addition to association whereas the SIFT
measurements revealed the association product only, which was produced
in the SIFT at a rate close to the collision rate for the reaction. At flow
tube pressures (0.3 Torr), there are sufficient collisions of the complex
with the helium bath gas to collisionally deactivate (CH3eNCCN+)* before

any other exit channel from the C3H3N2* surface is found. In the ICR

10



experiment, the much lower ambient pressures alow unimolecular
dissociation of (CH3sNCCN%)* to take place before collisional stabilization
can occur. The smaller rate coefficient in the ICR measurement (k =9 x
10-11em3s-1 g 3x10-5 |'err) indicates that unimolecular dissociation
back to reactants is much faster than dissociation to CHCN* + HCN (k_,>>
k,). As the bath gas pressure increases, the number of complexes
stabilized by collision also increases and this is seen by the increase in k

with increasing pressure.

The measured termolecular rate coefficient for complex formation

allows an estimate of the mean complex lifetime according to the model
presented in reactions (3) through (6) as T*B ~4pus. An absolute value for

T cannot be deduced from the pressure dependence of k alone, without
knowledge of the collision stabilization efficiency, . One piece of
information we learn from the SIFT experiment where all complexes are

stabilized at 0.3 Torr of helium, is that the mean complex lifetime is much
greater than the time between collisions, vizz T(CH3eNCC N+)*>> 0.25 ys. This

is consistent with the observation that T*f -4 ps, and since B< 1, then T 2>
4 ns. From past studies we have found that B -0.08' ' (M = HC3N) and 0.09°

(M = CH3CN) and we expect that it will be about the same for CH3+¥/C2N2. 1 f
so, then T(CH3eNCCN+)* - 60 ps.

in the CH3¥/CHCHCN system, no association product was observed i n
the ICR experiment, even at bath gas pressures as high as 1x 10-4 Torr.

The absence of association and the large rate coefficient in the ICR (k = 5.4
x 10-9 cm3 s-1 = keon) supports the conclusion that the exit channel from

the (CH3eNCCHCH>*)* complex is found so quickly after formation, that t h e

complex lifetime is too short for collisional stabilization to be competiti ve

11



with unimolecular dissociation to products at the pressures in the ICR
instrument. While the two collision complexes, (CH3eNCCNH)* and
(CH3eNCCHCH2*)*, have about the same lifetimes, their outcomes are quite
different in the ICR cell. In the case of (CH3zeNCCN*)*, the lifetime is
determined by the rapid return to reactants (k, > k,). In the
(CH3eNCCHCHY* case, the lifetime is defined by the rapid rate towards
products CH3CNH* i- CoH3 (k, < k_,). However, as collisional stabilization is
the major outcome of reaction in the SIKFT, then T(CH3eNCCHCH? +)* is |onger
than the time between collisions, i.e. T(CH3eNCCHCH3* )* >>0.25 ps.

The CH3*/HC3N system is in between the behaviour exhibited in the
previous two cases. The major product channel in the ICR is C3H3t + HCN,
whereas the major channel in the SIFT is association occurring in
competition with the CsHz* + HCN product channel. This system therefore
lies somewhere between the previous two cases (k. - 2k_,). While the two
collision complexes, (CH3eNC3H*)* and (Cl13eNCCHICI 12*)*, have again about
the same lifetimes their outcomes are slightly different. In the case of
(CH3eNC3H%)*, the lifetime is defined by a slower return to reactants.

Actually the forward and reverse rates are about the same within a factor
of two. The mean complex lifetime, T(CH3»NCCCHH)* is again clearly 1 arger

than the time between collisions in the SIKT (0.25 ps).

The latter two systems can be analyzed in a similar manner to the

analysis on the CH3*/NCCN system. Equations similar to Equations (3)
through (7) can be defined for the CHz*/CHCHCN and CIHi3+/1IC3N s y stems.
While we were not able to measure the termolecular association directly in

the ICR for these two systems, the non-observation sets a lower limit 0 n
the overall k3. UJsing the known k2°™ value, the values k, k., k., and T*B

12



are estimated from the fit of the kinetics crossover. ‘I’he formulas used i n
this calculation are given in the Appendix. The solutions are presented i n
Table 3 along with the values from the CH3z*/CH3CN and CH3*/HCN systems.
One surprise is that in all three present systems, the tau*beta products are
very nearly the same in magnitude. The overall estimate for k3 for
CH3*/HC3N is expected to be about 3.8 X 10-23 cm6 s- | which is very fast

for a termolecular process.

There is one ambiguous point left, i.e. arc the dissociative products
observed in the SIFT due to bimolecular processes, or are they due to
termolecular  processes that have a collision-induced dissociative
component? The only complexes that are known to dissociate in the flow
tube are very weakly bound complexes: i.e. bound by less than a few tens
of kJ. The collision complexes in the systems that we are discussing here
are believed to have relative] y deep potential wells of at least 100kJ. Can
the model and the values of the parameters that we have deduced support
the observation of products other than the association adduct in the SIFT

experiments?

From the experimental data, the SIFT measured rate gives k and the
ICR rate gives the ratio of t_,/t,. Four decades of pressure are required to
span the transition from bimolecular kinetics onl y, at low pressures, to the
region when every complex formed is stabilized by collision. The cross
over between these two regimes, bimolecular kinetics and termolecular
kinetics occurs in a specific place in each system (see Figure in Appendix).

This crossover defines the total lifetime of the collision complex.

In the CH3*/CH2CHCN system, the reverse rate coefficient, k_, is much

less than the k_, values in the other two systems. Nevertheless it is not

13



possible to make the k_, value in this system sufficiently large to account
for the extent of dissociative product formation that is observed in the
SIFT experiment. It would require a larger value of k_, in the SIFT than
was found in the ICR experiments. The value of the rate coefficient
predicted for k_, can account for about 5% of the SIFT products but n o
more. Alternatively, if the termolecul ar rate coefficient is reduced tokz = 3
x10?°cm %s!, then the reaction has not entered the ‘pressure-saturated’
regime in the SIFT and larger amounts of dissociative products can b e
expected.

For the CH3*/HC3N the system, the bimolecular process could
contribute up to 40% of the total products observed in the SIFT, but only if
the unimolecular life time 1> 1 ms. However, a lifetime this large is also
inconsistent with the fact that we were unable to make a direct
experimental determinate on of the lifetime in the ICR. With the current
parameters deduced for this system we can account for no more than 5% of

the observed SIFT dissociative products.

We have assumed in these three systems that k, =k, Under these
conditions in the SIFT, all three reactions should have entered the
pressure-saturated regime and therefore the extent of dissociative

channels should be minimal. It isn't and this raises the question of why?

As mentioned earlier, dissociative product channels might arise from
the association adduct through collisional-break up of the adduct ion, This
outcome is unexpected because of the assumed stability of the association
complex in these systems. Alternatively it is possible that two independent
channels with two different types of complexes may occur such that one
complex can be stabilized by collision, but the other which has a very

14



much shorter lifetime, cannot be collisionally stabilized at the SIFT

experimental pressures. Other association systems have been described
before as having two complex behavior: e.g. i-C3H7+/C2l1sNH21S and CaNat/

C2N216 with this behavior.

We cannot decide which mechanism is responsible for the occurrence
of dissociative channels in the SIFT experiments in the CH3+*/CHpCHCN an d

CH3+/HC3N the systems from these measurements.

Direct measurement of association complex lifetime

We have recently developed a technique for measuring the mean
lifetime of ion-molecule association complexes. !7 The technique requires
the presence of a bimolecular product channel competing with association.

‘I’he three association reactions in this study meet that requirement.

At + B === (AB%)* (13)
(ABY)*  —— C++D (14)
(ABH*+M —— AB++M (15)

The basis of the technique is to monitor the bimolecular product ion (C¥)
while employing double resonance ejection of the precursor (AB+)* ion. A
distribution of lifetimes is found from the, shape of the double resonance

gection curve versus the time of ejection.l” In our instrument, the
shortest ejection times corresponding to the largest V rf amplitudes, are -

70 ps. This means complexes with lifetimes shorter than -70 ps will show

no double resonance behaviour as thcy ae lost from the cell b vy

15



unimolecular decomposition, before they can respond to ejection from their

power absorption.

All three systems investigated were examined using this technique.
No significant double resonance response was observed in any of the three
systems which is consistent with the earlier observation that T*B
(CH3eNC-R*)* >4 us. In these systems it is expected that p -0.1, thus we also
expect then that the lifetimes are between 30 and 70 ps. If we make this
assumption then k3 (CH3*/H C3N) is estimated to be about 3.8 x 10-23 cm6 s-
1, and k3 (CH3*/ CH2CHCN) is estimated to be between 1 and 5 x 10-24 cm®6
s-I. These differences in the k3 values estimated reflect more than just
differences in the lifetimes of the collision complexes. They also include the
effect of changes in dipole moments of the neutrals and the resultant

effect this has on the collision rate (or kf).
CONCLUSIONS

The question of the relative efficiency of ion-molecule association
reactions to competing bimolecular channels is an important one that has
application to interstellar synthesis and planetary atmospheres. The
crucial parameter controlling the relative efficiency of the association
mechanism is the complex lifetime, which is in turn, influenced by the
presence of fast exit channels from the energy surface of the complex. | n
this study, all three ion-molecule systems examined demonstrated
association as the major outcome of a reaction event in the SIFT. Thus at a
flow tube pressure of 0.3 Torr, the time between collisions is sufficiently

short for collisional stabilization to be the principal stabilizing mechanism

16



and is faster than any of the competing unimolecular processes as the rate

coefficient approaches the collision-limiting value.

What we have not addressed in the present study is the more
fundamental question of why the lifetimes of the three (CH3sNC-R*)*
complexes should or should not differ. The existence of exothermic
reactions, the binding energy of the complex and the number of degrees of
freedom are the chief factors that influence the lifetime. Some attempts
have been made to assess these factors as they influence radiative
association.18.19 None of the structures of the association adducts in this

study are known, and therefore the binding energies for the complexes are

not known. A comparison of the measured termolecular rate for CHzt +
C2N2 with other R-CN systems that we have studied4.6.7 suggests a binding
energy of at least 150 kJ mol-! for the CH3sNCCN* complex, Weakly bound

complexes do not exhibit fast termolecular association in the ICR. The

CH3e. NCCN* is thus a covalently bonded molecular ion.

Finally we assess the relevance of association processes to the
atmosphere of Titan. A substantial partial pressure of CH4 has been

detected in the atmosphere of Titan. 1.2 Model calculations predict a peak
ion production for CH3* at an altitude of 1100 km20.21 for which the

principal loss process is reaction with CHA4.
CH3t + CHy -—---] CpHst+H2 (16)

It is apparent however from this and other studies that rapid termolecular
lon-molecule  association reactions  occur. The directly measured

association reaction in this study is CHiz++ C2Nz which requires an ambient

neutral density of 6 x 1014 molecules cm-3 before it is competitive with

17



fast bimolecular reactions. Some association reactions of CHsz* are much
faster than this. For example the CHs* + CH3CN association with a
termolecular association rate coefficient of 1.9 x 10-22 cm6s-1,4 is
competitive with fast bimolecular reactions at a neutral density around 8 x
10 12 molecules cm-3. These densities are achieved in the lower ionosphere
of Titan. The relatively large mixing ratio of CHgin Titan’s atmosphere,
means that termolecular reactions of CHs* do not constitute significant loss
processes for ionospheric CH3* ions. However, the same is not necessarily
true of ions which are unreactive with CH4 such as C3Hs* and H2CN*Y. What
is also not clear is the effect of temperature. The systems studied here are
room temperature investigations, yet they show association competing
efficiently with fast exothermic channels. For association via collisional
stabilization to be competitive with an exothermic bimolecular reaction,
there must be a barrier in the exothermic exit channel which lengthens t h e
lifetime of the complex. Few systems have been as closely investigated as
the CH3+/CH3CN system.4,22 Extensive calculations of the C3HgN* energy
surface for the association of CHz* and CHiCN showed a barrier height to
the exothermic channel only about 15 kJmol-1 below the entrance energy
to the surface but 85kl mol -1 above the exothermic products. As the
temperature decreases towards the temperature of Titan’'s atmosphere, the
existence of this barrier will favour further the association process over
the exothermic channel. We therefore conclude that ion-molecule
association processes are an important class of reactions that should b e
included in models of Titan up to lower ionospheric altitudes. What is

needed, however, is a much more extensive data base of such reactions.
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Table 1. Termolecular rate coefficients (k;b’ ) measured for the
association reaction CH3z++ CyN2 + M —— CH3teNCCN+ + M

with the bath gas M. Collision efficiencies B m are relative to

BCoN,-
E——— e
M ka y BM/BC2N2
He 0.8 0.20
Ar 1.3 0.33
N2 2.4 0.50
C2Ny 8.2 1,0

aln units of 1024 cmb s-|.
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Table 3
Solutions from Crossover Fitting

K" k,® K [ Ken™ | Bk, ® Ixk, " Bree | Ko Ky *@ %
(ICR) | (SIFT) 1x10* Torr | ofk,
CH,CN 1.8 4.0 55 |55 |- 23,000 | 13. | 19.0
CN, 009 |17 20 |2194 | 276,000 13,000|35 |0.82
HC,N 15 4.4 52 |5.33 | 248,000 | 100,000 (29 |38 0.12 |1 %
CH,CHCN b.4 55 56 |5.62 10,000 | 274,000 |35 |0.1-05 |0.016 4%
]
HCN 02 ] 20 1.68 | 4.5 532,000 116 |1.1 |

:un_its are (xI 0°) cm%-’
units are s-

€ units are usec

“units are (xI 0%) cm® s-|
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Appendix

The following set of chemical equations can be Represented as a set
of partial differential equations. This is a parallel set of equations to

Equations (3) through (6) in the text.

K,
At+ B === (AB%)’ (1)
K.,
(AB+)* ¥ AB+ + hv (2)
(ABH* —k2,cr4 D (3)
(ABH* + M Bkt (4)
—= AB* 4 M

The set of partial differential actuations was solved for the concentration of

the chemical species in the equations. The reaction rate coefficient for the

loss of A'is k,(A*), the formation reaction rate coefficient for C'is given b y
k,(C*), and the formation reaction rate coefficient for AB* is given by
k,(AB*). The equations in k., k_,k,, and Bk.,[M]are given below.

kZ(A+) = kr (k-2+ Bkcou[M])/( k-1 + 1'C-2+ Bkcou[M])
k,(C*) = k.k_/( k, + k,+ Bk_,[M)) = k,(ICR)

k,(AB*) = k Bk . [MV/(k , + k+ Bk, ,[IM]) = k,(SIFT)@ 0.3 Torr of He
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This solution is used below to show the estimated crossover position for
the system CH;*/CH,CHCN.

6E-09

C e lar
(0] —Bin
‘-g = 5E-09
g 9
e 6 409
- % CH2CHCN
b /

O 3E-09
T o A
O 2E-09
o 2
c ©
O o 1E-09
o
Q
» 0E+00 +—mO—4—rmm + ! + S

1E-08 1e-06 1 E-04 1t.02 1E400 lE+02 1E404
Pressure of Neutral, Torr

The expected position of the crossover between bimolecular and termolecular kinetics
for the system CH,'/CH,CHCN. The effective bimolecular reaction rate coefficient is
plotted against the pressure of both the parent gas and helium as a buffer. The data
point (open circles) are from Table 2. The data points at 0.30 Torr represent the rate
coefficients for the two channels observed in the SIFT when M = He,
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¥ig. 1. The variation in rate coefficient k(;bs /(cm3s-1) against pressure of
CaN2/(Torr) for the reaction of CH3* with CoN2. The points are

experimental and the curve is the computer-generated line of best

fit based on the model presented in equations (3) through (6).
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