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The rate constant and product branching for the self reaction of C2H3 has been measured using the discharge-
flow kinetic technique coupled to mass spectrometric detection atT ) 298 K and 1 Torr nominal pressure
(He). C2H3 is produced by the reaction of F with C2H4, which also forms C2H3F + H. In addition to the
C2H3 self reaction, C2H3 also decays by reaction with H and by wall loss processes. The result obtained by
parameter fitting the C2H3 decay curves wask(C2H3 + C2H3) ) (1.41( 0.60)× 10-10 cm3 molecule-1 s-1,
wherek is defined by d[C2H3]/dt ) 2k[C2H3]2. Results from the product studies showed that the recombination
product 1,3-butadiene was not observed at 1 Torr and that the ratio [C2H2] product formed/[C2H3]0 was 0.65
( 0.14 for the combined C2H3 + C2H3 and C2H3 + H reactions. Both observations are consistent with C2H2

+ C2H4 being the exclusive C2H3 + C2H3 products, since the maximum yield of C2H2 from the combined
C2H3 + C2H3 and C2H3 + H reactions is 0.59. The experimental observations thatk1 is independent of
pressure and that no 1,3-butadiene (product of C2H3 combination) is observed at 1 Torr pressure requires a
mechanism in which the chemically activated 1,3-butadiene undergoes a unimolecular reaction. It is postulated
that the 1,3-butadiene first isomerizes to cyclobutene, which then unimolecularly decomposes to C2H2 and
C2H4. Although the former reaction is well documented, the latter reaction has not been previously reported.
RRKM calculations predict a pressure dependence similar to what is experimentally observed.

Introduction

Vinyl radical reactions at low temperatures have importance
in the hydrocarbon photochemistry that occurs in atmospheres
of the outer planets1,2 and satellites3,4 as well as in dense
interstellar clouds.5 Reactions of the vinyl radical are significant
in such systems, since they can serve both to interconvert C2

hydrocarbon species and to generate the higher-order organics
(C3, C4, etc.) that eventually form stratospheric hazes.1 At high
temperatures, vinyl radical reactions occur in hydrocarbon
pyrolysis and combustion processes.6 The reaction kinetics data
base of the vinyl radical is limited owing to difficulties in cleanly
generating and monitoring C2H3. Vinyl reaction rate constants
have been estimated usingab initio,7 RRK(M),8 and other
theoretical methods.9 At T ) 298 K, absolute or relative rate
constants have been determined for the reactions of vinyl with
Cl2,10O2,11-13aCH3,14O,15HCl,13C2H5,16N,17HCN18, H,14,15,19,20

and H2.21

The C2H3 self reaction has the potential to be important in
both the relatively low temperatures of planetary atmospheres
and the elevated temperatures of combustion processes. Fur-
thermore, the vinyl self reaction is a likely side reaction in
laboratory studies of the C2H3 photochemical system and a more
definitive knowledge of the rate constant and the product
branching ratios would assist interpretation of experiments
designed to study other vinyl reactions important in atmospheric
and combustion chemistry. There have been three direct
measurements14,22,23 of the rate constant for the C2H3 self
reaction at 298 K reported in the literature and one recent

measurement at 623 K.24 However, the reported 298 K rate
constant values differ by more than a factor of 20. Also, there
have been numerous measurements25-30 reported on the com-
bination/disproportionation ratio of vinyl radicals in the gas
phase.

There is an even larger uncertainty in the ratiok1a/k1b with
reported values varying from 1 to 50.26-30 The majority of the
earlier studies did not have a clean and well-defined radical
source, and this resulted in secondary chemistry affecting the
kinetic analysis.
All of the three previous flash photolysis studies14,22,23had

uncertainties in the initial radical concentration owing to
uncertainties in the vinyl quantum yield from the photolytic
precursor divinyl ether23 (C2H3OC2H3) or divinyl mercury14,22

(C2H3HgC2H3). MacFadden and Currie23 monitored the decay
of C2H3 via time-of-flight mass spectrometry and determined
the initial C2H3 concentration from the measured decrease in
C2H3OC2H3 concentration, assuming unit quantum yield for
C2H3 formation. This early first direct study of reaction 1 was
performed at low pressures (65-200 mTorr). Fahr and Laufer22
used vacuum-UV flash photolysis kinetic absorption spectros-
copy to monitor the decay of the reactant radical C2H3. In a
later study by Fahret al.14 a rate constant value was obtained
by observing the temporal buildup of the product molecule C4H6

(1,3-butadiene) using UV laser photolysis kinetic absorption
spectroscopy. In both cases, gas chromatographic analysis of
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C2H3 + C2H3 + M f C4H6 + M ∆HR )

-420 kJ mol-1 (1a)

C2H3 + C2H3 f C2H2 + C2H4 ∆HR )

-250 kJ mol-1 (1b)
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final products was used to better estimate the initial C2H3

concentration. In the latest study by Fahret al.25 methyl vinyl
ketone was the photolytic source used to determine the
combination/disproportionation ratio for the vinyl self reaction.
The recent flash photolysis studies14,22were performed at high
pressure (100 and 400 Torr He).
In this present work we have determinedk1 and the product

branching ratios at low pressure andT ) 298 K. The
measurements were undertaken using the discharge-flow kinetic
technique coupled to mass spectrometric detection of the vinyl
radical at a nominal pressure of 1 Torr (He). Initial radical
concentrations were determined by direct titration. A RRKM
unimolecular decomposition calculation is applied to the excited
C4H6 adduct in order to determine mechanistic pathways.

Experimental Section

Discharge Flow Reactor. All experiments were performed
in a Pyrex flow tube,∼60 cm long and 28 mm in diameter, the
inner surface of the tube being lined with Teflon. The flow
tube was used at ambient temperatures. The flow tube was
coupledVia a two-stage stainless steel collision-free sampling
system to a quadrupole mass spectrometer (Extrel, Inc.) that
was operated at low electron energies (typically<20 eV) in
order to minimize fragmentation. For example, a nominal
ionization energy of 11.5 eV was employed to monitor the C2H3

radical, thereby minimizing formation of C2H3
+ Via dissociative

ionization of C2H4.31 The expected stable end products C2H2

and C4H6 were also monitored at∼11.5 eV. Ions were detected
by an off axis channeltron multiplier (Galileo Electro Optics
Corp.). Molecular reactants were admittedVia a Pyrex movable
injector, the position of which could be changed between 2 and
40 cm from the sampling point. This system has been described
in detail previously.32,33

Helium carrier gas was flowed at 725 cm3 min-1 (STP) into
the reaction vessel. The linear flow velocity ranged from 2460
to 2530 cm s-1 at nominal pressures in the region of 1 Torr
(133.32 Pa). In the calculation of the linear flow velocity, the
plug flow assumption was made. The flow velocity is calculated
from the gas constant, temperature, cross-sectional area of the
flow tube, total gas flow, and total pressure. Gas flows were
measured and controlled by electronic flow meters (MKS). A
side arm, at the upstream end of the flow tube, contained a
microwave discharge (<70W, 2450 MHz) for the production
of atomic species.
Production of C2H3. Fluorine atoms were produced at the

upstream end of the flow reactor by passing molecular F2 (ca.
5% diluted in helium) or CF4 (ca.1% diluted in helium) through
a microwave discharge; up to 70% of the F2 and 37% of the
CF4 were dissociated in the discharge. The discharge region
consisted of a 3/8 in. ceramic tube mounted inside the discharge
arm. When CF4 was used, a recombination volume34was placed
downstream from the microwave discharge to allow CFx to
recombine.35 The volume was 10 cm in length, 7 cm diameter
Pyrex glass, giving a residence time ofca. 60 ms. At the tip
of the sliding injector C2H3 was producedVia the reaction

the branching ratio (Γ) having been determined by Slagle and
Gutman.37 Formation of C2H3 was essentially complete within
2-3 cm of the injector tip.

Titration of F . Absolute F atom concentrations were
determined by the fast titration reaction

The F atom concentration was determined by measuring the
decrease in the Cl2+ signal (m/z) 70) when the discharge was
initiated. The absolute F concentration is given by [F])
[Cl2]disch off - [Cl2]disch on. As discussed previously for N atom
studies,39 a number of precautions were taken in order to avoid
systematic errors in this type of measurement. Resultant [C2H3]0
was calculated as 0.35[F]0. Vinyl radical concentrations were
in the region of (0.4-2.9)× 1012molecule cm-3 for thek1 rate
determination decays and (0.9-2.9)× 1011 molecule cm-3 for
the first-order loss decays.
Production of CH3. Recent experiments have shown that

methyl radical, CH3, is concurrently present in the flow tube
during the production and decay of C2H3. The CH3 is gener-
ated on a considerably longer time scale than the C2H3 as
the CH3 signal continues to rise att > 10 ms. Some CH3
generation can be expected to occur through the two reaction
sequences:

Experiments consisted of monitoring the net CH3 signal (m/z
) 15) at 11.5 eV as a function of time with both the F2 source
on and C2H4 flowing through the injector. No CH3 was
observed in the absence of C2H4 (with the F atom source on)
or in the absence of F (with C2H4 present). The well-known F
+ CH4 reaction was used to obtain the CH3 signal calibration
under conditions where [CH3]0 is equal to [F]0. For these CH3
generation experiments, absolute concentrations of F atoms were
determined by the fast titration reaction with CH4.41

To investigate the net CH3 signal specifically resulting from
reactions 4 and 5, an experiment using an H atom source was
performed. The well-known F+ H2 reaction42 was used to
generate H at the rear of the flow tube, and C2H4 was added
via the movable injector. The initial H present was determined
by titration with NO2.41 The [CH3] temporal profile obtained
was similar to the [CH3] profiles obtained without H2 present
(i.e., in the production of C2H3 and H via F+ C2H4) but was
∼50% lower in net signal for the same [H]0. The CH3 temporal
profile showed an abrupt initial [CH3] rise (t < 1.5 ms) and
then a slow rise on a time scale typical of production from
reactions 4 and 5.
Further experiments were performed to determine if the CH3

present was dependent upon the presence of C2H3. An
experiment performed with excess O2 present ([O2]0/[C2H3]0 )
84) to scavenge C2H3 showed a CH3 net signal temporal profile
similar to those obtained without O2. It is doubtful that the
presence of CH3 is associated with a C2H3 reaction or a product
of a C2H3 reaction. Furthermore, because the time scale for
CH3 generation is much longer than that for C2H3 generation,
it is very unlikely that the CH3 generated results from a
mechanism that consumes F on this same time scale.

F+ C2H4f C2H3 + HF Γ ) 0.35 (2a)

f C2H3F+ H Γ ) 0.65 (2b)

k2(T) 298 K)) 2.7× 10-10 cm3 molecule-1 s-1 (ref 36)

F+ Cl2 f Cl + ClF (3)

k3(T) 298 K)) 1.6× 10-10 cm3 molecule-1 s-1 (ref 38)

H + C2H4 + M f C2H5 + M (4)

H + C2H5 f 2 CH3 (5)

k4(T) 298 K)) 6.8×
10-14 cm3 molecule-1 s-1 at 1 Torr He pressure (ref 40)

k5(T) 298 K)) 6.0× 10-11 cm3 molecule-1 s-1 (ref 6)
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Three separate experiments were performed to characterize
the CH3 generation process at a range of conditions similar to
those of the vinyl decay experiments: 3.0× 1012 < [F]0 < 8.5
× 1011 molecule cm-3; [C2H4]0 ) 1.3× 1014 molecule cm-3;
T ) 298 K andP ) 1 Torr He. The net CH3 signal was
observed to rise at a decreasing rate until it leveled off att >
16 ms. This asymptotic CH3 signal level was proportional to
[F]0. Most importantly, att ) 16 ms, the [CH3] level was
observed to equal 20-25% of [F]0, which is a 20-fold excess
over the [CH3] level predicted by numerical modeling (FAC-
SIMILE program43) using the reaction sequence 4 and 5 as the
sole CH3 source but is within a factor of 2 of that observed in
the H+ C2H4 experiments designed to measure the effect of
the reaction sequence 4 and 5. In addition to reactions 4 and
5, the reaction scheme (Table 1) included C2H3 generation and
loss reactions, H generation and loss reactions, and the following
CH3 loss reactions:

A series of independent experiments based on the fast F+ CH4

reaction as a CH3 source determinedk8(T) 298 K,P) 1 Torr
He) ) 3 s-1.
The [CH3] temporal profiles were simulated to an excellent

degree by including a generic zeroth-order CH3 generation
mechanism instead of reaction 5. The CH3 source rate was

determined as a fitted parameter to each of the observed [CH3]
temporal profiles using the FACSIMILE program.43 The
important reactions used and their respective rate constants are
listed in the lower half of Table 1. For association reactions,
the rate constants have been calculated atP ) 1 Torr He. The
initial values of [F], [C2H4], and undissociated [F2] were needed
as input data. The results showed that the methyl source rate
was proportional to [F]0. Thus, it was parameterized as a
function of [F]0.
Materials. Helium (99.999%, Air Products) was dried by

passage through a trap held atT ) 77 K before entering the
flow system. F2 (99.9%, Cryogenic Rare Gases, 5% in He),
CH4 (99.9995%, MG Industries), and Cl2 (99.9%, Matheson,
3.5% in He) were used as provided without further purification.
C2H2(99.6%, Matheson), C2H4(99.999%, Matheson), CF4(99%,
Matheson), and C4H6 (1,3-butadiene) (99.8%, Matheson Re-
search Grade) were degassed using repeated freeze-pump-
thaw cycles at liquid nitrogen temperature.

Results
A. Kinetics. Because the vinyl source generated H ([H]0

) 1.86[C2H3]0) within 1 ms, rate coefficients for the vinyl self
reaction could not be measured under purely second-order
conditions. The initial net C2H3 signal decay profile is expected
to be dominated by

C2H3 + C2H3 f products (1)

C2H3 + H f products (10)

k10(T) 298 K)) 1.1× 10-10 cm3 molecule-1s-1 (ref 19)

Hence,k1 was measured under mixed first- and second-order
conditions by monitoring the decay of C2H3 as a function of
contact time. Fortuitously, CH3 (generated as a secondary
product from the C2H3 source) appears on a longer time scale
after most of the C2H3 net signal has decayed. This reduces
the consumption of C2H3 by CH3, even though the reaction of
C2H3 with CH3 is fast:

Nonetheless, CH3 chemistry was included in the kinetic analysis.
A typical C2H3 temporal profile observed atm/z ) 27 is

shown in Figure 1. Nonexponential decays were observed

TABLE 1: Chemical System and Rate Constants Used in
the Numerical Models

no. reaction k(298 K)a ref

Primary Reactions
1a C2H3+C2H3+ M fC4H6+ M e10-12c,d this study
1b C2H3 + C2H3 f C2H4 + C2H2 1.4× 10-10 this study
2a F+ C2H4 f C2H3 + HF 9.4× 10-11 36
2b F+ C2H4 f C2H3F+ H 1.8× 10-10 36
10a C2H3 + H + M f C2H4 + M 3.6× 10-11 c 19
10b C2H3 + H f C2H2+ H2 7.4× 10-11 19
12 C2H3 f first-order decay see Table 2 this study

Secondary Reactions
4 H+ C2H4 + M f C2H5 + M 6.8× 10-14c 40
11a C2H3 + CH3 f C3H6 1.1× 10-10 14, 25
11b C2H3 + CH3 f C2H2 + H2 3.6× 10-11 14, 25
6 CH3 + CH3 + M f C2H6 + M 6.0× 10-11c 44
7 CH3 + H + M f CH4 + M 2.0× 10-12c 45
8 CH3 f first-order decay 3b this study
9 Hf first-order decay 20b 46

0-order sourcef CH3 38.1× [F]0e this study
15 H+ F2 f HF+ F 2.5× 10-12 47
16 CH3 + F2 f CH3F+ F 1.0× 10-12 48

aRate constant units are in cm3 molecule-1 s-1 except where noted.
bUnits in s-1. c Values atP) 1 Torr He.dUpper limit fork1a. A value
of zero was used for modeling purposes.eSource rate in units of
molecule cm-3 s-1.

CH3 + CH3 + M f C2H6 + M (6)

CH3 + H + M f CH4 + M (7)

CH3 f decay by first-order processes
including wall reactions (8)

H f decay by first-order processes
including wall reactions (9)

k6(T) 298 K,P) 1 Torr He)) 6.0×
10-11 cm3 molecule-1 s-1 (ref 44)

k7(T) 298 K,P) 1 Torr He)) 2.0×
10-12 cm3 molecule-1 s-1 (ref 45)

k9(T) 298 K,P) 1 Torr He)) 20 s-1 (ref 46)

Figure 1. Plot of [C2H3] (open circles)Vs reaction time. [F]0 ) 5.28
× 1012 molecules cm-3; [C2H4]0 ) 1.57× 1014 molecules cm-3. Solid
line is the FACSIMILE numerical fit using the reaction scheme given
in Table 1 withk1b ) 1.38× 10-10 cm3 molecule-1 s-1.

C2H3 + CH3 f products (11)

k11(T) 298 K)) 1.5×
10-10 cm3 molecule-1 s-1 (refs 14, 25)
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except under conditions where [F]0 and hence [C2H3]0 were low,
i.e., [C2H3]0 < 3.0 × 1011 molecule cm-3. The initial fast
component of the decay became faster when [F]0 was increased
but was independent of variations in [C2H4]0, and of the F atom
precursors [F2]0 or [CF4]0, as long as [F]0 was constant. On
the basis of the above observations, we conclude that the
mechanism for C2H3 decay is as follows:

A substantial fraction (∼42%) of the observed initial C2H3

radical decay is due to the fast reaction 10, since [H]0 ) 1.86-
[C2H3]0. Reaction 11 contributes very little to the initial C2H3

decay rate.
Possible contributions from secondary reactions reforming

C2H3,

are negligible (<1%) under the conditions of both the CH3 rise
and C2H3 decay experiments. Results from experiments using
CF4 as the F atom precursor were identical to those that used
F2. This indicates that consumption of C2H3 by reaction with
the residual undissociated F2

is negligible. However, F is regenerated from the residual F2

on a slow but non-negligible time scale by

Therefore, reactions 15 and 16 were included in the program
when modeling experiments that used F2 as the F atom
precursor.
Finally, k1 was determined by a one-parameter fitting of the

net C2H3 signal decays to a numerical simulation (FACSIMILE
program)43 of the reaction system. The mechanism consisted
of reactions given in Table 1. Many of the reactions given in
Table 1 are of minor consequence tok1 determination, especially
the CH3 reactions. Neglect of the CH3 reaction changes the
derived value fork1 by less than 2%.

The first-order C2H3 loss rate,k12, and the mass spectrometer
signal calibration were determined in separate experiments using
low [F]0. The slope of the observed first-order decay equals
k10[H] + k12, while the intercept att ) 0 yields [C2H3]0 and
hence the C2H3 signal calibration. These first-order C2H3 decay
experiments were performed either just before or just after the
mixed C2H3 decay experiments. The daily average value of
k12 (66-140 s-1) was used for the program input; the mean
experimental value measured under the present conditions was
89 s-1. This value is comparable to the C2H3 wall loss rates of
80 and 96 s-1 measured in our previous vinyl kinetic studies.18,19

The other input parameter was the initial atomic fluorine
concentration, [F]0, which was determined in the separate
aforementioned atomic F titration experiments. Finally, the
mixed decay experiments were performed and simulated under
the following conditions:T ) 292-298 K, P ) 1.00-1.05
Torr, [F]0 ) (1.1-8.2)× 1012molecule cm-3, [C2H4]0 ) (0.5-
1.6)× 1014 molecule cm-3, and [C2H3]0 ) (0.4-2.9)× 1012

molecule cm-3.
Table 2 summarizes the experimental conditions, the mea-

suredk12 values, and modeling results for the 13 independent
kinetic experiments performed. The values ofk1 obtained in
the simulations are given with their 95% confidence levels. The
resulting mean value fork1(298 K) with 1σ statistical uncertainty
is k1 ) (1.41( 0.48)× 10-10 cm3 molecule-1 s-1. To allow
for systematic errors, mostly in [C2H3]0 and k10, we add an
additional(10% uncertainty to obtain the rate constant

wherek1 is defined by d[C2H3]/dt ) 2k1[C2H3]2.
B. Products. In order to determine the product branching

ratios, measurements were made on the absolute yields of the
expected products, both acetylene (m/z ) 26) and E-1,3-
butadiene (m/z) 54). Because ethylene was used as a precursor
for vinyl production, it was present in concentrations too large
to accurately obtain a product yield measurement. Experiments
were also performed to detect C3H3 (m/z) 39) and C4H5 (m/z
) 53), which could result from two possible exothermic
channels:6,24,49

C2H3 + C2H3 + M f C4H6 + M (1a)

C2H3 + C2H3 f C2H2 + C2H4 (1b)

C2H3 + H + M f C2H4 + M Γ ) 0.33 (ref 19) (10a)

C2H3 + H f C2H2 + H2 Γ ) 0.67 (ref 19) (10b)

C2H3 + CH3 f C3H6 Γ ) 0.76 (ref 25) (11a)

C2H3 + CH3 f C2H2 + CH4 Γ ) 0.24 (ref 25) (11b)

C2H3 f decay by first-order processes including
radial and axial diffusion and wall reactions (12)

H + C2H2 + M f C2H3 + M (13)

k13(T) 298 K,P) 1 Torr He)) 8.8×
10-15 cm3 molecule-1 s-1 (ref 45)

C2H3 + F2 f products (14)

H + F2f HF+ F (15)

CH3 + F2 f F+ CH3F (16)

k15(T) 298 K,P) 1 Torr He)) 2.5×
10-12 cm3 molecule-1 s-1 (ref 47)

k16(T) 298 K,P) 1 Torr He)) 1.0×
10-12 cm3 molecule-1 s-1 (ref 48)

TABLE 2: Summary of Rate Data for the C2H3 Self
Reaction atT ) 298 Kc

atomic F
precursor

[F]0/1012

molecule
cm-3

[C2H3]0/1011

molecule
cm-3

k12
s-1

k1a

10-10 cm3molecule-1

s-1

F2 2.60 9.1 100 2.40< 2.48< 2.55
F2 7.16 25.1 140 1.20< 1.26< 1.33
F2 8.18 28.6 92 1.09< 1.17< 1.26
F2 5.17 18.1 92 0.91< 1.04< 1.20
F2 7.43 26.0 92 0.88< 0.98< 1.08
F2 5.28 18.5 94 1.15< 1.20< 1.25
F2 8.14 28.5 94 1.53< 1.62< 1.71
F2 5.28 18.5 73 1.30< 1.38< 1.45
F2 6.72 23.5 73 0.92< 0.99< 1.05
F2 5.49 19.2 76 1.60< 1.73< 1.86
F2 2.96 10.4 76 1.64< 1.74< 1.84
CF4 1.10 3.8 66 0.71< 0.79< 0.88
CF4 2.24 7.8 66 1.89< 1.97< 2.05

〈1.41( 0.48〉b

a 95% confidence levels on either side of central value.bMean value
of k1. Statistical error only at 1 standard deviation.c [C2H4]0 ) (0.5-
1.6)× 1014 molecules cm-3. Nominal pressure) 1 Torr (He).

k1(T) 298 K)) (1.41( 0.60)× 10-10 cm3 molecule-1 s-1

C2H3 + C2H3f C4H5 + H ∆HR ) -18 kJ mol-1 (1c)

f C3H3 + CH3 ∆HR ) -44 kJ mol-1 (1d)
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Typical conditions used were similar to those in the kinetic
decay experiments. Initial vinyl concentrations were [C2H3]0
) (1.3-2.1)× 1012molecule cm-3, and this ensured completion
of all vinyl reactions within 10 ms as well as formation of
detectable levels of products. Both F2 and CF4 were used as F
atom precursors. The product yields were determined by
monitoring product signals as a function of distance (reaction
time). The product profiles consisted of an increasing signal
that leveled off, indicating that the C2H3 self reaction had gone
to completion.
At ionization energy of 11.5 eV, C4H6 was not detected as a

product of reaction 1, since the netm/z ) 54 signal was not
statistically above the background signal. Calibration of the
mass spectrometer with a reference mixture of 1,3-butadiene
showed that it was detectable at a concentration of 1.0× 109

molecule cm-3 at S/N) 1. An ionization energy of 11.5 eV is
above the ionization energy for all C4H6 isomers including the
following: 1,3-butadiene (CH2dCHsCHdCH2), IE) 9.08 eV;
1,2-butadiene (CH2dCdCHsCH3), IE) 9.03 eV; cyclobutene,
IE ) 9.43 eV; 1-butyne (CHtCsCH2sCH3), IE ) 10.19 eV;
2-butyne (CH3sCtCsCH3), IE ) 9.59 eV.50 Thus, a con-
servative upper limit for the fractional product branching ratio
Γ1a would bee0.01.
Neither C4H5 nor C3H3 was detected as products of reaction

1. Experiments using 11.5 eV ionization energy showed that
the respectivem/z ) 53 andm/z ) 39 signals were not
statistically above the background signal. Further evidence for
the absence of propargyl radical, C3H3, was obtained by trying
to detect 1,3-cyclopentadiene, C5H6, at m/z ) 66. C5H6 has
been observed24 as a major product in flow tubes containing
high concentrations of vinyl radical atT ) 623 K. It results
from

At ionization energy of 12.0 eV, C5H6 (IE ) 8.56 eV, ref 50)
was not detected as a product of reaction 17, since the netm/z
) 66 signal was not statistically above the background signal.
Thus, the only product detected was acetylene.
As shown in Figure 2, a simultaneous decay of net vinyl

signal to background and a rise of net acetylene signal was
observed. The magnitude of the acetylene product signal was
calibrated using a range of appropriate known concentrations
of the reference acetylene under flow conditions similar to those
in the product experiments. Acetylene is also a product of the
H + C2H3 reaction. Therefore, numerical modeling (with the
same program, reaction set, and kinetic parameters as described

above in the Kinetics section) was used to predict the total
acetylene produced within the flow tube. Even assuming the
maximum 100% disproportionation for vinyl self reaction (with
k1b ) 1.41× 10-10 cm3 molecule-1 s-1), the experimentally
measured [C2H2] was on the average about 10% greater than
the modeled [C2H2]. The modeling results further showed that
the C2H3 self reaction and the C2H3 + H reaction contributed
in equal amounts to the C2H2 generation. Table 3 summarizes
the results of seven separate experiments at different values of
initial vinyl radical concentration [C2H3]0 and using different
sources of atomic fluorine (microwave discharge of F2/He and
CF4/He mixtures). The average value of the observed ratio
[C2H2] formed from the vinyl reactions att ≈ 4-6 ms (all C2H3

reacted) to the initial vinyl radical concentration [C2H3]0 is 0.65
( 0.14, where the quoted error is statistical at 1 standard
deviation. Assuming the maximum C2H2 yield of 0.50 from
the disproportionation reaction 2C2H3 f C2H2 + C2H4 and a
C2H2 product yield of 0.6719 from the C2H3 + H reaction, the
expected [C2H2]/[C2H3]0 ratio is the average of these yields or
0.59. The agreement between observed and modeled values
for [C2H2]/[C2H3]0 within experimental uncertainty strongly
suggests that C2H2 and C2H4 are the exclusive products of
reaction 1. This is of course also consistent with our lack of
observation of the combination product 1,3-butadiene.
One possible explanation for the observed [C2H2] being

slightly higher than the model prediction is that acetylene is
generated in a vibrationally excited state and therefore has a
higher ionization cross section than thermalized C2H2.24,51

Vibrationally excited C2H2 would have a lower ionization energy
than that for thermalized C2H2. However, ionization threshold
experiments resulted in the same ionization energy for both
reaction-generated C2H2 and reagent C2H2. Even if vibrationally
excited C2H2 were initially formed in the flow tube, it would
be expected to be collisionally relaxed before being sampled
by the mass spectrometer.

Discussion

The three measuredk1 values atT ) 298 K are summarized
in Table 4. The results of the relative rate studies based on
complex analysis have been neglected. Besides our direct,
modeledk1 determination, the list includes two direct but not
absolute measurements14,22 and one direct absolute measure-
ment.23 Our k1 value overlaps with the totalk1 rate in both of
the high-pressure studies. At lower pressures, MacFadden and
Currie23 observed mainly a disproportionation channel, but their
reportedk1 value is considerably lower than the other results in
Table 4. Their lower value could be due to their lower pressure
or to uncertainties in the reaction cell temperature after the flash
as well as uncertainties in the determination of the initial vinyl
radical concentration.

Figure 2. Plot of net C2H2 signal (solid diamonds) and net C2H3 signal
(solid squares)Vs reaction time. [F]0 ) 4.24× 1012 molecules cm-3;
[C2H4]0 ) 1.53× 1014 molecules cm-3.

TABLE 3: Ratio of [C 2H2] Formed from the Combined
C2H3 + C2H3 and C2H3 + H Reactions to the Initial Vinyl
Radical Concentration [C2H3]0b

atomic F
precursor [C2H3]0 [C2H2]∞ [C2H2]∞/[C2H3]0

CF4 2.08× 1012 1.42× 1012 0.68
CF4 1.27× 1012 7.07× 1011 0.49
F2 1.48× 1012 9.45× 1011 0.55
F2 1.30× 1012 7.39× 1011 0.51
F2 1.48× 1012 1.15× 1012 0.70
F2 1.75× 1012 1.36× 1012 0.78
F2 1.27× 1012 1.07× 1012 0.84

〈0.65( 0.14〉a

aMean value. Statistical error only at 1 standard deviation. Modeled
value with equal contribution from C2H3 + C2H3 and C2H3 + H
reactions is 0.59.b [C2H4]0 ) (1.2-1.5) × 1014 molecules cm-3.
Nominal pressure) 1 Torr (He).

C2H3 + C3H3f C5H6 ∆HR ) -476 kJ mol-1 (17)
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The measurements ofk1 summarized in Table 4 have been
made over a wide range of pressures: 0.14-0.2 Torr in ref 23,
1.0 Torr He in our study, 100 Torr He in ref 14, and 400 Torr
He in ref 22. For our low-pressure experiments, the rate
constant value,k1 ) (1.41( 0.60)× 10-10 cm3 molecule-1

s-1, approximates the rigid sphere collisional rate of 1.0× 10-10

cm3molecule-1 s-1. This suggests a near zero activation energy
for the reaction. The higher pressure studies14,22reveal that the
combination channel is the dominant pathway under these
conditions. Considering our data and the recent studies of Fahr
and colleagues,14,22,25we conclude that although the vinyl self
reaction total rate constant can be considered pressure inde-
pendent, the product branching ratio cannot.
A. Mechanistic Considerations. The pressure dependencies

of the apparent decay of C2H3, ktot, and the ratio of products,R
) [C2H2]/[C4H6], provide important information on the mech-
anism for the overall branching. As before,ktot is defined as

A mechanism must be found to fit the observations thatktot is
independent of pressure andR is pressure dependent. The
presentation of four mechanisms and their steady state solutions
follow.
The simplest mechanism, corresponding to two elementary

processes,

givesktot ) k1a + k1b andR ) [C2H2]/[C4H6] ) k1b/k1a. This
mechanism does not fit the experimental observations, since
all these quantities are independent of pressure.
Pressure dependence can easily be introduced, since the

combination of two C2H3 radicals produces a highly vibra-
tionally excited (chemically activated) 1,3-butadiene that can
either be collisionally stabilized (ω is the collision frequency,
which is linearly dependent upon pressure) or undergo unimo-
lecular reaction. For simplicity, in this section, we assume that
the chemically activated 1,3-butadiene is formed with aδ
function energy distribution at the average thermal energy and
that collisions are strong, i.e., a single collision removes
sufficient energy so that unimolecular reaction is quenched.
Thus, reaction 1a shown above, which was considered to be a
single step, would be replaced by the series of reactions

For this mechanism (designated as “A”)ktot ) k1b + k1a{1 -

k′/(k′ + ω)} andR) (k1b/k1a)(1 + k′/ω). For the case thatω
. k′, i.e., the high-pressure limit, these equations reduce to those
for the simplistic mechanism:ktot ) k1a + k1b andR) k1b/k1a.
As shown below, the pressures (1 Torr) 1.5× 107 collisions/
s) in the present experiments correspond to the high-pressure
limit, since k′ ≈ 103 s-1 (see next section for calculation).
However, in the low-pressure limit (ω < k′), there is no
stabilization of 1,3-butadiene. Only the reverse of the combina-
tion reaction,k1a occurs, soktot ) k1b andR f ∞, i.e., only
disproportionation (k1b) is observed. Thus, this mechanism does
provide a pressure independence forktot as is experimentally
observed but does not exhibit a pressure dependence forR in
the pressure regime of the experiments. However, there is a
pressure dependence forRat lower pressure, i.e., in the pressure
range of 10-3 to 10-4 Torr.
An improvement on this mechanism (henceforth designated

as B) would be to add a unimolecular step that directly produces
C2H2 so that reaction 1a is replaced by the sequence of reac-
tions

For this mechanism,ktot ) k1b + k1a{1 - k′/(k′ + k + ω)} and
R) {k1b/k1a+ k/(k′ + k + ω)}/{ω/(k′ + k + ω)}. Since there
are now two sources for C2H2 (reactions 1b and Bk), it is
convenient to define a new quantity:F ) [C2H2(1b)/[C2H2-
(tot)] where [C2H2(tot)] ) [C2H2(1b)]+ [C2H2(1a)]. Although
F cannot be experimentally determined, it is useful for
determining the importance of the effective branching between
reactions B1a and 1b. As calculated in the next section,k. k′
so that in the low-pressure limitktot ) k1a + k1b. In the high-
pressure limitktot is the same as in mechanism “A”, i.e.,k1a +
k1b. Rhas the same high-pressure limit (k1b/k1a) as in mechanism
“A”, while in the low-pressure limitRf ∞. The limiting values
for F in the high- and low-pressure limits are 1 andk1b/(k1a +
k1b), respectively. For the present experiments, withk . k′,
ktot will not be pressure dependent whileRwill be; the pressure
dependence will occur whenω ≈ k. Although this mechanism
provides the right pressure dependence, it has one major
deficiency: there have not been any reports of the unimolecular
decomposition of 1,3-butadiene to directly produce C2H2 and
C2H4; only the decomposition producing vinyl radicals has been
reported.52

Mechanism “C” provides a more feasible precursor for C2H2

and C2H4. In this mechanism cyclobutene (c-C4H6) is formed
by the isomerization (k18) of chemically activated 1,3-butadiene.
The cyclobutene can (i) isomerize (k19) to 1,3-butadiene,53 (ii)
be collisionally stabilized (ω), or (iii) decompose (k) to C2H2

and C2H4. Although the decomposition of cyclobutene has not
been observed, the decomposition of cyclobutane to ethylene
has been and Arrhenius parameters reported.54 Both reactions
are symmetry forbidden.55 The critical energy for the decom-
position of cyclobutane is∼60 kcal/mol.54 Since the isomer-
ization of cyclobutene has a critical energy of∼32 kcal/mol,54
it is not expected that the decomposition to C2H2 would be
competitive for systems involving thermal activation. However,
in externally activated systems where the energy is in excess
of both critical energies, both processes are possible. The
importance of these two processes will be determined by their
respective excess energies and frequencies for the activated

TABLE 4: Comparison of the Rate Constants Measured or
Estimated for the C2H3 Self Reaction atT ) 298 K

pressure
He (Torr) k1a techniqueb ref

1.0 14.1( 6.0 DF-MS this work
100 14.4( 3.5 LP-UVA 14
400 10.0( 2.5 LP-UVA 22
0.14-0.20c 0.53( 0.05 FP-MS 23

aRate coefficients given in units of 10-11 cm3 molecule-1 s-1. bDF-
MS, discharge flow mass spectrometry; LP-UVA, laser photolysis UV
absorption; FP-MS, flash photolysis mass spectrometry.c Pressure of
mixture 25-75% divinyl ether in Ne.

ktot ) -(d[C2H3]/dt)/(2[C2H3]
2)

2C2H3 f C4H6 k1a (1a)

2C2H3 f C2H2 + C2H4 k1b (1b)

2C2H3 f C4H6* k1a (A1a)

C4H6* f C4H6 ω (Aω)

C4H6* f 2C2H3 k′ (Ak′)

2C2H3 f C4H6* k1a (B1a)

C4H6* f C4H6 ω (Bω)

C4H6* f 2C2H3 k′ (Bk′)

C4H6* f C2H2 + C2H4 k (Bk)
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complexes. The following steps make up mechanism “C”:

The expressions forktot, R,andF for this mechanism are given
by

whereD ) k′k19 + k′k + k18k + ω(k′ + k18 + k19 + k) + ω2.
The limiting pressure dependencies correlate with what is
experimentally observed, and the transition pressure from the
limiting high- and low-pressure limits is in the regions where
there is no experimental data. At low pressure there is no
stabilization, so the 1,3-butadiene and cyclobutene concentra-
tions are zero,Rf ∞, andF ) k1b/(k1a+ k1b). At high pressure
only 1,3-butadiene from the (1a) channel is observed, soR )
k1b/k1a andF ) 1. In the transition region both 1,3-butadiene
and cyclobutene are present. Whenk19 > k andω ≈ k19, then
the ratio of 1,3-butadiene to cyclobutene is∼k19/k18, i.e., a
pseudo equilibrium is established. The values ofk18 and k19
produce [C4H6]/[c-C4H6] ≈ 102. ktot is independent of pressure
over the experimental pressure range, while bothR andF will
be pressure dependent. As contrasted withR, F has a well-
defined value for the high- and low-pressure limits. This
mechanism indicates that cyclobutene should be observed in
the 1-100 Torr range, i.e., whenω ≈ k. This mechanism can
be discarded if no cyclobutene is experimentally observed in
the intermediate pressure region.
B. Details of Calculated Quantities. The feasibility of

mechanism “C” can be tested by performing calculations with
a reasonable set of kinetic parameters and assumptions. Four
sets of quantities must first be determined before the observables
(ktot, [C2H2], [C4H6], andR) can be calculated: (1) branching
ratio k1b/k1a, (2) collision frequency, (3) energy distribution
function for 1,3-butadiene, and (4) the energy dependent
microscopic unimolecular rate coefficients (k′, k, k18, andk19).
For the present calculations we will use the value ofk1b/k1a )
0.2 as supported by the high-pressure experiments14,22 listed in
Table 4. By use of a collision diameter of 3.4 Å, the collision
frequency of helium with the C4H6 species at 25°C is 1.5×
107p (collisions/s)56 wherep is the pressure in Torr. Although
helium is a weak collision partner, the use of an effective
collision frequency,57 ωeff, has been successfully used to
calculate the pressure dependence. In this caseωeff is replaced
by âω; for heliumâ ≈ 0.2.57 Alternatively, an energy transfer
probability model could be used in the master equation
formulation56 so that the observed quantities could be calculated.
For the present objectives this was not necessary.

C. 1,3-Butadiene Energy Distribution. Owing to thermal
energy of the vinyl radicals, the 1,3-butadiene also has an energy
distribution,f(E), that is different from the Boltzmann distribu-
tion at ambient temperature. The energy distribution for an
association reaction, as determined by detailed balance,58 is
given by

f(E) dE) k′(E)B(E) dE/∫k′(E)B(E) dE
whereB(E), the Boltzmann distribution, is given byB(E) )
N(E) e-E/RTdE/∫N(E) e-E/RTdE and N(E) is the density of
rotational-vibrational energy states for the reactant. The nor-
malization off(E) requires integration fromEmin, the minimum
excitation energy, to infinity. The energy dependent rate coeffi-
cient for the decomposition of 1,3-butadiene to vinyl radicals
is given byk′(E). Calculation of this quantity is given below.
D. Microscopic Rate Coefficients. The unimolecular rate

coefficients,k′(E), k(E), k18(E), andk19(E), can be calculated
from the Marcus expression56,59 for k(E):

∑P(ε) is the sum of rotational-vibrational states for the
transition state,N(E) was defined earlier, andc is a constant
that depends on the adiabatic partition functions, symmetry
numbers, and reaction path degeneracy. We have setc ) 1,
since for the reactions considered here,c ≈ 1. The energetics
and vibrational frequencies for the reactant and transition state
are necessary to calculateN(E) and∑P(ε). Heats of reaction
and reported Arrhenius parameters (values for the activation
energies andA factors) were used for the calculations that
follow. Previously published frequencies60-62 or modifications
of them were used so that the model would reproduce reported
ArrheniusA factors within a factor of 2 for the specific or
analogous reactions. Previously established equations were used
to calculateEa andA.54 No attempt was made to refine the
parameters used in these calculations, since only semiquanti-
tative behavior was sought. A tabulation of these quantities
and the rate coefficients at an energy equal to the average energy
of reacting 1,3-butadiene is given in Table 5.
An energy level diagram defining the respective energies is

presented in Figure 3. The chemically activated 1,3-butadiene
is formed with approximately 100 kcal/mol of internal energy,
which is available for reaction. Thus, the minimum energy for
the decomposition of 1,3-butadiene is 100 kcal/mol. The iso-
merization of 1,3-butadiene to cyclobutene is endoergic by∼10
kcal/mol; sinceEa for the isomerization of cyclobutene is∼32
kcal/mol, the isomerization of 1,2-butadiene is∼42 kcal/mol.
The A factor for the isomerization of 1,3-butadiene to cyclo-
butene can be calculated from∆S0 for the isomerization reaction.
E. Calculated Quantities. Values forktot, R, andF were

calculated from the following equations:

whereD(E) ) k′(E)k19(E) + k′(E)k(E) + k18(E)k(E) + ω[k′(E)
+ k18(E) + k19(E) + k(E)] + ω2.
The results of calculations for the various mechanisms are

shown in Figures 4 and 5. Since Bk is not known, we have set

2C2H3 f C4H6* k1a (C1a)

C4H6* f C4H6 ω (Cω)

C4H6* f 2C2H3 k′ (Ck′)

C4H6* f c-C4H6* k1818 (Ck)

c-C4H6* f C4H6* k1919 (Ck)

c-C4H6* f c-C4H6 ω′ (Cω′)

c-C4H6* f C2H2 + C2H4 k (Ck)

ktot ) k1b + k1a(1- k′(k19+ k+ ω)/D)

R) {k1b/k1a+ k18k/D}/{(k19+ k+ ω)ω/D}

F ) 1/(1+ (k1a/k1b)k18k/D)

k(E) ) c(1/h)∑P(ε)/N(E)

ktot ) ∫{k1b + k1a(1- k′(E)(k19(E)+ k(E) +

ω)/D(E))}f(E) dE

R) ∫{k1b/k1a+ k18(E)k(E)/D(E)}f(E) dE/∫{(k19(E)+

k(E) + ω)ω/D(E)}f(E) dE

F ) 1/∫{(1+ (k1a/k1b)k18(E)k(E)/D(E))}f(E) dE
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it equal to Ck for these comparisons. Figure 4 illustrates that
the falloff of ktot with decreasing helium pressure starts at a
helium pressure of∼5× 10-2 Torr for mechanism “A”, much
lower than what is observed for “B”. The dependence ofR for
“B” and “C” on the helium pressure is also shown in Figure 4.
R rises at a higher pressure for “B” than it does for “C”. It
starts rising at a helium pressure of∼1 × 105 Torr for “B”,
while for “C” it starts at about 1000 Torr. The pressure at which

the increase starts is governed by the parameters used for Bk
or Ck. The transition pressures forF are similar for mechanisms
“B” and “C”.
The pressure dependence for the stable products (C2H2, C4H6,

andc-C4H6) in mechanism “C” is shown in Figure 5. At low
pressure C2H2 is the dominant product; C2H2 is produced both
by disproportionation (1b)and the decomposition of the
chemically active C4H6 species formed by the combination (1a)
reaction. As the pressure increases, energy is removed from
the C4H6 species so that decomposition is quenched, i.e., C2H2

decreases. Before the chemically activated 1,3-butadiene is
totally quenched, there is a pseudoequilibrium between 1,3-
butadiene and cyclobutene; [C4H6]/[c-C4H6] ≈ 102. With a
further increase in pressure the isomerization is quenched and
only C4H6 is formed and [C2H2]/[C4H6] ) k1b /k1a.

Summary and Conclusions
The discharge-flow technique coupled with mass spectro-

metric detection has been used to study the self reaction of C2H3

at 298 K with a helium bath gas pressure of∼1 Torr. C2H3

was produced by the reaction of F with C2H4. The formation
reaction also produced H, which can react with C2H3 and C2H4

to produce C2H2 and CH3, respectively. Contributions from
these reactions were adequately modeled. The time profiles
for C2H3, C2H2, and CH3 were experimentally determined and
modeled with the FACSIMILE program; 1,3-butadiene and other
C3, C4, and C5 products were not observed. The importance of

TABLE 5: Reported Kinetic Parameter Values and Values Used in the Calculations

reported values values from assumed models used in calculations

reaction A (s-1) Ea(kcal/mol) A (s-1) Ea(kcal/mol) Eoa (kcal/mol) k(〈E〉)b (s-1)

Ck18 2.0× 1012c 42.2 2.0× 1012d 41.5 42 5.9× 108
Ck19 2.5× 1013e 32.5 1.6× 1013 f 32.3 32 5.3× 1010
Ck′ 2.0× 1017g 94 1.3× 1017h 102.2 100 9.1× 102
Ck 4.0× 1015 i 62.5 3.0 x1015 j 61.0 60 1.4× 1010

a E0 is the energy required to excite reactant in its zero-point state to the transition state in its zero-point state.b For comparative purposesk(〈E〉)
is set such that〈E〉 is the average energy of 1,3-butadiene formed by reaction 1a,∼104 kcal/mol above the zero-point energy of 1,3-butadiene.
cCalculated from the equationsA18 ) A19 e∆S/RT andEa(18) ) Ea(19) + ∆E0 for C4H6 f c-C4H6. ∆H0

298 K ) 9.7 kcal/mol and∆S0298 K ) -3.6
cal/K‚mol for unimolecular reactions∆E0 ) ∆H0. Values taken from ref 54.d Vibrational frequencies for 1,3-butadiene taken from ref 61 and those
for the transition state taken from ref 60.eTaken from ref 54.f Vibrational frequencies for cyclobutene and the transition state taken from ref 60.
g Estimated from theA factor cited in ref 54 for the decomposition of butane to give two ethyl radicals.h Vibrational frequencies for 1,3-butadiene
taken from ref 60 and the transition state frequencies estimated by using frequencies for vinyl as reported in ref 62.i Assumed to be the same
Arrhenius parameters as for the decomposition of cyclobutane as cited in ref 54.j Vibrational frequencies for cyclobutene taken from ref 60 and
the transition frequencies determined by reducing C-C stretches and bending modes to give anA factor comparable to that cited in ref 54 for the
decomposition of cyclobutane.

Figure 3. Potential energy profile for mechanism “C” as described in
text.

Figure 4. Plots of (I)ktot/k1b (k1b ) 2× 10-11 cm3 molecule-1 s-1) Vs
helium pressure for mechanisms “A”, “B”, and “C”, (II)R ([C2H2]/
[C4H6]) Vs helium pressure for mechanisms “A”, “B”, and “C”, and
(III) F ([C2H2(1b)/{[C2H2(1b)] + [C2H2(1a)]]) Vs helium pressure for
mechanism “B” and “C”. Note that this is the measured helium pressure,
not the effective pressure.

Figure 5. Plots of [C2H2]/k1b[C2H3]2, [C4H6]/k1b[C2H3]2, and [c-C4H6]/
k1b[C2H3]2 Vshelium pressure for mechanism “C”. Note that this is the
measured helium pressure, not the effective pressure.
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secondary reactions was assessed; CH3 is generated on a longer
time scale than C2H3. The rate coefficient for the combination
of C2H3 was determined to be (1.41( 0.60) × 10-10 cm3

molecule-1 s-1 in the 1 Torr region. This value is close to the
gas kinetic collision rate. Earlier studies at higher pressures
(>100 Torr) report a similar rate coefficient, but both 1,3-
butadiene and C2H2 were observed.
Various mechanisms involving unimolecular isomerizations

and/or decompositions have been tested using steady state
RRKM calculations. The observed pressure independence for
k1 () k1a + k1b) and the pressure dependence for [C2H2]/[1,3-
butadiene] suggests a mechanism where the chemically activated
1,3-butadiene unimolecularly reversibly isomerizes to cy-
clobutene. At low pressures the chemically activated cy-
clobutene can undergo a symmetry forbidden retro 2+ 2
addition to produce C2H2 and C2H4. Thus, each C2H3 combina-
tion will produce a C2H2. At high pressures the chemically
activated 1,3-butadiene is collisionally stabilized and [C2H2]/
[1,3-butadiene] reaches a limiting value; no cyclobutene is
produced at high pressure. Although this particular symmetry
forbidden reaction has not been reported, it should have
energetics similar to that of the decomposition of cyclobutane
to give C2H4. The observed pressure dependence was repro-
duced by steady state RRKM calculations using vibrational
frequency models and energetics reported for similar reactions.
The cyclobutene decomposition is not expected to be observed
in thermal systems, since the barrier is approximately 30 kcal/
mol higher than for the isomerization to 1,3-butadiene. This
contrasts with chemical activation systems in which energies
are in excess of the critical energy for reaction; in thermal
(collisional activation) systems the observed rate coefficient is
dramatically reduced by the small Boltzmann factor for large
critical energies. Future studies in which the pressure depen-
dence in the transition region, 5-100 Torr, is determined will
provide information on the validity of the proposed mechanism.
The proposed mechanism predicts that at low pressure there is
neither 1,3-butadiene nor cyclobutene, while at high pressures
cyclobutene will not be observed. Thus, monitoring the pressure
dependence of both 1,3-butadiene and cyclobutene will provide
information on the proposed mechanism. The possibility of a
concerted decomposition of 1,3-butadiene (mechanism “B”) to
directly give C2H2 and C2H4 will also be evaluated.
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