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The rate constant and product branching for the self reactiontdf kas been measured using the discharge
flow kinetic technique coupled to mass spectrometric detectioh=at298 K and 1 Torr nominal pressure
(He). GHj; is produced by the reaction of F withyld,, which also forms gHsF + H. In addition to the

C.H; self reaction, GHs also decays by reaction with H and by wall loss processes. The result obtained by
parameter fitting the §Hs decay curves wak(C,Hs + C,Hs) = (1.414 0.60) x 1071° cm?® molecule® s74,
wherek is defined by d[GH3)/dt = 2k[C,H3]?. Results from the product studies showed that the recombination
product 1,3-butadiene was not observed at 1 Torr and that the ratib][@roduct formed/[GH3]o was 0.65

4 0.14 for the combined £; + C,H; and GH3 + H reactions. Both observations are consistent wigH.C

+ C;H4 being the exclusive £1; + C,H3 products, since the maximum yield otk from the combined

C.Hs + C;Hs and GH3 + H reactions is 0.59. The experimental observations khas independent of
pressure and that no 1,3-butadiene (product #f;&ombination) is observed at 1 Torr pressure requires a
mechanism in which the chemically activated 1,3-butadiene undergoes a unimolecular reaction. It is postulat
that the 1,3-butadiene first isomerizes to cyclobutene, which then unimolecularly decomposkls am€

C,Ha. Although the former reaction is well documented, the latter reaction has not been previously reportec
RRKM calculations predict a pressure dependence similar to what is experimentally observed.

Introduction measurement at 623 ¥. However, the reported 298 K rate
constant values differ by more than a factor of 20. Also, there
have been numerous measurem&n#8 reported on the com-
bination/disproportionation ratio of vinyl radicals in the gas
phase.

Vinyl radical reactions at low temperatures have importance
in the hydrocarbon photochemistry that occurs in atmospheres
of the outer planetg and satellite3* as well as in dense
interstellar cloud$. Reactions of the vinyl radical are significant
in such systems, since they can serve both to interconvert C . _
hydrocarbon species and to generate the higher-order organics 2Hy T CHa + M= CH + M AHR =
(Cs, C4, etc.) that eventually form stratospheric hazet high —420 kI mol* (1a)
temperatures, vinyl radical reactions occur in hydrocarbon
pyrolysis and combustion proces§e3he reaction kinetics data CoHz + CoHy = CH, + CH, AHg =
base of the vinyl radical is limited owing to difficulties in cleanly —250 kJ mol* (1b)
generating and monitoring,83. Vinyl reaction rate constants
have been estimated usirap initio,” RRK(M),® and other There is an even larger uncertainty in the raftigks, with
theoretical method. At T = 298 K, absolute or relative rate  reported values varying from 1 to 36:3° The majority of the
constants have been determined for the reactions of vinyl with earlier studies did not have a clean and well-defined radical
Cl,,10 0,, 117183 CH,,14 O 15 HCI, 18 C;H5, 16 N, 17 HCN18, H,14.15,19.20 source, and this resulted in secondary chemistry affecting the
and H.21 kinetic analysis.

The GHs self reaction has the potential to be important in Al of the three previous flash photolysis studi®®23had
both the relatively low temperatures of planetary atmospheresuncertainties in the initial radical concentration owing to
and the elevated temperatures of combustion processes. Furuncertainties in the vinyl quantum yield from the photolytic
thermore, the vinyl self reaction is a likely side reaction in precursor divinyl ethéf (C;H30C;H3) or divinyl mercury#22
laboratory studies of the 83 photochemical system and a more  (CoH3sHgC;H3). MacFadden and Curdémonitored the decay
definitive knowledge of the rate constant and the product of C;Hs via time-of-flight mass spectrometry and determined
branching ratios would assist interpretation of experiments the initial GHs concentration from the measured decrease in
designed to study other vinyl reactions important in atmospheric C;H30OC,H3 concentration, assuming unit quantum yield for
and combustion chemistry. There have been three direct C;H; formation. This early first direct study of reaction 1 was
measurement$2223 of the rate constant for the .83 self performed at low pressures (6200 mTorr). Fahr and Laufé&
reaction at 298 K reported in the literature and one recent used vacuum-UV flash photolysis kinetic absorption spectros-
copy to monitor the decay of the reactant radicaH¢ In a
*To whom correspondence should be addressed. E-mail: later study by Fahet all4 a rate constant value was obtained

ullis@lepvax.nasa.gov. E-mail: dwight-tardy@uiowa.edu. i ;
TNAS/NRC Research Associate. E-mail: ysrpt@lepvax.gsfc.nasa.gov. by obserwr_lg the temporal buildup of the pr.Odu.Ct mOIecu’HeC.
* E-mail: ulwap@lepvax.gsfc.nasa.gov. (1,3-butadiene) using UV laser photolysis kinetic absorption
€ Abstract published ilAdvance ACS Abstractguly 1, 1996. spectroscopy. In both cases, gas chromatographic analysis of

S0022-3654(96)00825-8 CCC: $12.00 © 1996 American Chemical Society



Vinyl Self Reaction

final products was used to better estimate the initigH{
concentration. In the latest study by Fatral 2> methyl vinyl
ketone was the photolytic source used to determine the
combination/disproportionation ratio for the vinyl self reaction.
The recent flash photolysis studié3?were performed at high
pressure (100 and 400 Torr He).

In this present work we have determinledand the product
branching ratios at low pressure anid = 298 K. The
measurements were undertaken using the dischéige 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
C4Hg 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
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Titration of F. Absolute F atom concentrations were
determined by the fast titration reaction

F+Cl,—CI+CIF ©)

(ref 38)

glst

ko(T= 298 K)= 1.6 x 10 *°cm® molecul
The F atom concentration was determined by measuring the
decrease in the €t signal W'z = 70) when the discharge was
initiated. The absolute F concentration is given by [F]
[Clo)disch off — [Cl2]gischon As discussed previously for N atom
studies®® a number of precautions were taken in order to avoid
systematic errors in this type of measurement. Resultahis]¢
was calculated as 0.35fF] Vinyl radical concentrations were
in the region of (0.4-2.9) x 102 molecule cm? for thek; rate
determination decays and (6-2.9) x 10'* molecule cm? for
the first-order loss decays.

Production of CH3. Recent experiments have shown that

methyl radical, CH, is concurrently present in the flow tube

tube was used at ambient temperatures. The flow tube wasduring the production and decay ofi. The CH is gener-

coupledvia a two-stage stainless steel collision-free sampling

ated on a considerably longer time scale than thel;Cas

system to a quadrupole mass spectrometer (Extrel, Inc.) thatth® Chb signal continues to rise @ > 10 ms. Some Ck

was operated at low electron energies (typicatl20 eV) in
order to minimize fragmentation. For example, a nominal
ionization energy of 11.5 eV was employed to monitor thel£
radical, thereby minimizing formation of 83" via dissociative
ionization of GH4.3! The expected stable end productsHg
and GHe were also monitored at11.5 eV. lons were detected
by an off axis channeltron multiplier (Galileo Electro Optics
Corp.). Molecular reactants were admittéd 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?2:33

Helium carrier gas was flowed at 725 gémin=1 (STP) into
the reaction vessel. The linear flow velocity ranged from 2460
to 2530 cm s! 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 th
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 C;Hs. Fluorine atoms were produced at the
upstream end of the flow reactor by passing molecuja(ck.
5% diluted in helium) or Ck(ca. 1% diluted in helium) through
a microwave discharge; up to 70% of the &d 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 CEkwas used, a recombination volutheas placed
downstream from the microwave discharge to allowy @
recombine®® The volume was 10 cm in length, 7 cm diameter
Pyrex glass, giving a residence timea#. 60 ms. At the tip
of the sliding injector GH3; was producedia the reaction

F+CH,—~ CH;+HF I'=0.35 (2a)

—CH;F+H TI'=0.65 (2b)
ky(T=298 K)= 2.7 x 10 ®cm® molecule* s™* (ref 36)
the branching ratioI{) having been determined by Slagle and

Gutman3’ Formation of GH3 was essentially complete within
2—3 cm of the injector tip.

e

generation can be expected to occur through the two reaction
sequences:

H+ CH, +M—CHg+ M (4)

H+ C,Hs— 2 CH, ()

k,(T= 298 K) = 6.8 x
10 *cm® molecule™ s ' at 1 Torr He pressure (ref 40)

ks(T=298 K) = 6.0 x 10 ** cm® molecule* s™* (ref 6)

Experiments consisted of monitoring the net £3tgnal (wz
=15) at 11.5 eV as a function of time with both thgdeurce

on and GHs flowing through the injector. No Ciwas
observed in the absence ofHL (with the F atom source on)

or in the absence of F (with#l4 present). The well-known F

+ CHjy reaction was used to obtain the gslgnal calibration
under conditions where [CGib is equal to [F}. For these Chl
generation experiments, absolute concentrations of F atoms were
determined by the fast titration reaction with ¢+

To investigate the net Gbignal specifically resulting from
reactions 4 and 5, an experiment using an H atom source was
performed. The well-known R H; reactiorf? was used to
generate H at the rear of the flow tube, angHgCwas added
via the movable injector. The initial H present was determined
by titration with NG,.4 The [CHs] temporal profile obtained
was similar to the [CH] profiles obtained without Klpresent
(i.e., in the production of ¢4z and H via F+ CyH,4) but was
~50% lower in net signal for the same [H] The CH temporal
profile showed an abrupt initial [C4firise ¢ < 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 thg CH
present was dependent upon the presence £#13.C An
experiment performed with excess fresent ([Q]o/[C2H3]o =
84) to scavenge i3 showed a Chkinet signal temporal profile
similar to those obtained without;O It is doubtful that the
presence of Chlis associated with a3 reaction or a product
of a GHjs reaction. Furthermore, because the time scale for
CHs generation is much longer than that fosHG generation,
it is very unlikely that the CH generated results from a
mechanism that consumes F on this same time scale.
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TABLE 1. Chemical System and Rate Constants Used in
the Numerical Models

no. reaction k(298 Ky ref
Primary Reactions

la GH3z+ CoHz;+ M —C4Hg+ M <10 t2cd this study

1b C2H3 + CzHg e C2H4 + Csz 1.4x 10710 this study

2a F+ C,Hs— CHz + HF 9.4x 10t 36

2b F+ CHs— CoHsF + H 1.8x 100 36

10a GHz;+H+M—CHs+M 3.6 x 101 19

10b GHz;+H—CH+H; 7.4x 104 19

12 GHs — first-order decay see Table 2 this study

Secondary Reactions

4 H+ CHs+M—CHs + M 6.8 x 10714 40

1la GHs;+ CH;— C3He 1.1x 1070 14,25

11b  GH3;+ CH;— CH, + H; 3.6x 107" 14,25

6 CH;+CH;+M —CHg+M  6.0x 10°1c 44

7 CH+H+M—CHs+M 2.0x 107%%¢ 45

8 CH; — first-order decay ] this study

9 H — first-order decay 20 46
0-order source~ CHjs 38.1x [F]e® this study

15 H+F—HF+F 25x 1012 47

16 CH+F,—CHsF+ F 1.0x 1012 48

aRate constant units are in émolecule* s~* except where noted.
b Units in s, ¢ Values atP = 1 Torr He.4 Upper limit for k;» A value
of zero was used for modeling purposéSource rate in units of
molecule cm?® s™%.
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Figure 1. Plot of [GH3] (open circles)us reaction time. [R] = 5.28

x 102 molecules cm?; [CoH4lo = 1.57 x 10 molecules cm?®. Solid
line is the FACSIMILE numerical fit using the reaction scheme given
in Table 1 withky, = 1.38 x 107%° c® molecule’® s

determined as a fitted parameter to each of the observeg [CH
temporal profiles using the FACSIMILE prograth. 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 calculatdd at1 Torr He. The

Three separate experiments were performed to characterize,itial values of [F], [GH4], and undissociated fFwere needed

the CH; generation process at a range of conditions similar to
those of the vinyl decay experiments: 30102 < [F]o < 8.5

x 10" molecule cm3; [CoHglo = 1.3 x 10" molecule cm3;

T =298 K andP = 1 Torr He. The net Cklsignal was
observed to rise at a decreasing rate until it leveled off-at

16 ms. This asymptotic C#kignal level was proportional to
[Flo- Most importantly, att = 16 ms, the [CH] level was
observed to equal 225% of [F, which is a 20-fold excess
over the [CH] level predicted by numerical modeling (FAC-

SIMILE progrant?) using the reaction sequence 4 and 5 as the

sole CH source but is within a factor of 2 of that observed in

as input data. The results showed that the methyl source rate
was proportional to [k} Thus, it was parameterized as a
function of [F.

Materials. Helium (99.999%, Air Products) was dried by
passage through a trap heldTat= 77 K before entering the
flow system. F (99.9%, Cryogenic Rare Gases, 5% in He),
CHj (99.9995%, MG Industries), and £(99.9%, Matheson,
3.5% in He) were used as provided without further purification.
C,H2(99.6%, Matheson), ££14(99.999%, Matheson), GEP9%,
Matheson), and §He (1,3-butadiene) (99.8%, Matheson Re-
search Grade) were degassed using repeated frpenep—

the H+ C;H4 experiments designed to measure the effect of .., cycles at liquid nitrogen temperature.

the reaction sequence 4 and 5. In addition to reactions 4 and

5, the reaction scheme (Table 1) includegHggeneration and

Results

loss reactions, H generation and loss reactions, and the following A, Kinetics. Because the vinyl source generated H ¢[H]

CHjs loss reactions:

CH, + CH;+ M — C,Hg + M (6)

CH;+H+M—CH,+ M @)

CH; — decay by first-order processes
including wall reactions (8)

H — decay by first-order processes
including wall reactions (9)
ke(T= 298 K,P= 1 Torr He)= 6.0 x
10 ™ cm® molecule* s (ref 44)

k,(T= 298 K, P= 1 Torr He)= 2.0 x
10 2 cm® molecule* s * (ref 45)

ko(T= 298 K,P=1 Torr He)= 20 s * (ref 46)

A series of independent experiments based on the fasCH,
reaction as a Ckisource determinekh(T = 298 K,P =1 Torr
He)=3sL

The [CHg] temporal profiles were simulated to an excellent
degree by including a generic zeroth-order LCéeneration
mechanism instead of reaction 5. The L£$burce rate was

= 1.86[GHj3]o) within 1 ms, rate coefficients for the vinyl self
reaction could not be measured under purely second-order
conditions. The initial net &3 signal decay profile is expected

to be dominated by

C,H; + C,H; — products @)

(10)

ko(T= 298 K)= 1.1 x 10 *°cm® molecule ’s * (ref 19)

Hence,k; was measured under mixed first- and second-order
conditions by monitoring the decay of,l8; as a function of
contact time. Fortuitously, CH(generated as a secondary
product from the @Hs source) appears on a longer time scale
after most of the @Hs net signal has decayed. This reduces
the consumption of &3 by CHs, even though the reaction of
C,Hz with CHs is fast:

C,H; + H— products

C,H; + CH; — products (11)

k,,(T=298 K)=1.5x
10 *°cm® molecule* s * (refs 14, 25)
Nonetheless, Ckthemistry was included in the kinetic analysis.

A typical C;H; temporal profile observed atVz = 27 is
shown in Figure 1. Nonexponential decays were observed
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except under conditions where §fend hence [gH3]o were low,

i.e., [GHzlo < 3.0 x 10 molecule cm?®. The initial fast
component of the decay became faster wheg\fls increased

but was independent of variations inJd]o, and of the F atom
precursors [EHo or [CF4]o, as long as [k was constant. On
the basis of the above observations, we conclude that the
mechanism for gHs decay is as follows:

C,H; + CHy + M — CHg + M (1a)

C,H; + C,Hy— C,H, + CH, (1b)
CH;+H+M—CH,+M T'=0.33(ref19) (10a)
CH;+H—CH,+H, T'=0.67(ref19) (10b)
C,H;+ CH,— C;H, T'=0.76 (ref25)  (11a)
C,H;+ CH,— C,H, + CH, I'=0.24 (ref 25) (11b)

C,H,; — decay by first-order processes including
radial and axial diffusion and wall reactions (12)

A substantial fraction £42%) of the observed initial £i3
radical decay is due to the fast reaction 10, since fH]L.86-
[CoH3lo. Reaction 11 contributes very little to the initiapids
decay rate.

Possible contributions from secondary reactions reforming
CoHs,

H+ CH, + M — CH,+ M (13)

kis(T= 298 K,P=1 Torr He)= 8.8 x
10 ®cm® molecule™ s™* (ref 45)

are negligible €1%) under the conditions of both the gHse

and GHg3 decay experiments. Results from experiments using
CF4 as the F atom precursor were identical to those that used
F,. This indicates that consumption oblds by reaction with

the residual undissociated F

C,H; + F, — products (14)
is negligible. However, F is regenerated from the residual F
on a slow but non-negligible time scale by

H+F—~HF+F (15)

CH,+ F,— F+ CHF (16)

k,(T= 298 K,P= 1 Torr He)= 2.5 x
10 *?*cm® molecule * s * (ref 47)

kio(T= 298 K,P=1 Torr He)= 1.0 x
10 2 cm® molecule* s * (ref 48)

Therefore, reactions 15 and 16 were included in the program
when modeling experiments that used & the F atom
precursor.

Finally, k; was determined by a one-parameter fitting of the
net GHj3 signal decays to a numerical simulation (FACSIMILE
program}? of the reaction system. The mechanism consisted
of reactions given in Table 1. Many of the reactions given in
Table 1 are of minor consequencekialetermination, especially
the CH; reactions. Neglect of the GHeaction changes the
derived value fok; by less than 2%.
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TABLE 2: Summary of Rate Data for the C,H; Self
Reaction at T = 298 K¢

[Flo/10%2  [CaH3]o/10M k2
atomic F molecule  molecule ki  107°cmPmolecule?
precursor  cm cm3 st st

F, 2.60 9.1 100 2.46< 2.48< 255
F 7.16 25.1 140 1.26-1.26<1.33
F 8.18 28.6 92 1.0%1.17<1.26
F 5.17 18.1 92 0.9k1.04<1.20
F 7.43 26.0 92 0.880.98<1.08
F 5.28 18.5 94 1.151.20<1.25
F 8.14 28.5 94 153%1.62<1.71
F 5.28 18.5 73 1.36<1.38<1.45
F 6.72 235 73 0.9%0.99<1.05
F 5.49 19.2 76 1.66<1.73<1.86
F 2.96 10.4 76 1.641.74<1.84
CF, 1.10 3.8 66 0.7k 0.79<0.88
CFy 2.24 7.8 66 1.8% 1.97<2.05

1.41+ 0.481

295% confidence levels on either side of central vahidean value
of k;. Statistical error only at 1 standard deviatiéfiC,Ha4]o = (0.5~
1.6) x 10" molecules cm®. Nominal pressure= 1 Torr (He).

The first-order GH3 loss ratek;,, and the mass spectrometer
signal calibration were determined in separate experiments using
low [F]o. The slope of the observed first-order decay equals
kio[H] + kiz, while the intercept at = 0 yields [GH3]o and
hence the gHs signal calibration. These first-ordepld; decay
experiments were performed either just before or just after the
mixed GHs decay experiments. The daily average value of
ki» (66—140 s1) was used for the program input; the mean
experimental value measured under the present conditions was
89 s'1. This value is comparable to thelds wall loss rates of
80 and 96 s! measured in our previous vinyl kinetic studiéd?

The other input parameter was the initial atomic fluorine
concentration, [k} 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, [Flo = (1.1-8.2) x 102 molecule cm?, [CoHg)o = (0.5—

1.6) x 10" molecule cm?3, and [GH3]o = (0.4—2.9) x 102
molecule cn3.

Table 2 summarizes the experimental conditions, the mea-
suredk;, values, and modeling results for the 13 independent
kinetic experiments performed. The valueskgfobtained in
the simulations are given with their 95% confidence levels. The
resulting mean value fd (298 K) with 1o statistical uncertainty
is kg = (1.414+ 0.48) x 1071% cm® molecule! s71. To allow
for systematic errors, mostly in pEs]o and kyp, we add an
additional£10% uncertainty to obtain the rate constant

k (T= 298 K) = (1.41+ 0.60) x 10 *°cm® molecule*s™*

wherek; is defined by d[GHz)/dt = 2k;[C,H3)2

B. Products. In order to determine the product branching
ratios, measurements were made on the absolute yields of the
expected products, both acetylens/d = 26) and E-1,3-
butadienerfyz= 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 detecgts (mVz = 39) and GHs (m/z
= 53), which could result from two possible exothermic
channel$;24.49

CH;+CH;—CH;+H AHRp=-18kJ mol'*  (1c)

— CH; + CH; AHg = —44kImol* (ad)
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Figure 2. Plot of net GH. signal (solid diamonds) and nettds signal
(solid squares)s reaction time. [R] = 4.24 x 10'2 molecules cm3;
[CaH4lo = 1.53 x 10 molecules cmd.

6.0

Typical conditions used were similar to those in the kinetic
decay experiments. Initial vinyl concentrations wereHg}o
= (1.3—2.1) x 10*2molecule cm?3, and this ensured completion
of all vinyl reactions within 10 ms as well as formation of
detectable levels of products. Both &d CkR 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,83; self reaction had gone
to completion.

At ionization energy of 11.5 eV, s was not detected as a
product of reaction 1, since the nefz = 54 signal was not

Thorn et al.

TABLE 3: Ratio of [C ;H;] Formed from the Combined
C;H3; + C,H3z and C;H; + H Reactions to the Initial Vinyl
Radical Concentration [CoH3]o?

atomic F
precursor [QH3]0 [Csz]w [Csz]w/[CzHg]o
CK 2.08x 10 1.42x 10% 0.68
CK 1.27 x 10% 7.07x 101 0.49
F, 1.48x 10% 9.45x 101 0.55
F, 1.30x 10% 7.39x 101 0.51
F, 1.48x 10% 1.15x 10% 0.70
F, 1.75x 10% 1.36x 10% 0.78
F, 1.27x 10% 1.07x 10% 0.84
[0.654+ 0.143

@ Mean value. Statistical error only at 1 standard deviation. Modeled
value with equal contribution from £; + C,H; and GH; + H
reactions is 0.5%®[C,H4o = (1.2-1.5) x 10" molecules cm?.
Nominal pressure= 1 Torr (He).

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
kip = 1.41 x 10719 cm?® molecule’® s71), the experimentally
measured [gH;] was on the average about 10% greater than
the modeled [gH;]. The modeling results further showed that
the GH3 self reaction and the £ + H reaction contributed

in equal amounts to thes8, generation. Table 3 summarizes
the results of seven separate experiments at different values of
initial vinyl radical concentration [@H3]o and using different
sources of atomic fluorine (microwave discharge gHe and
CFy/He mixtures). The average value of the observed ratio
[C2H] formed from the vinyl reactions at~ 4—6 ms (all GH3
reacted) to the initial vinyl radical concentrationf&]o is 0.65

+ 0.14, where the quoted error is statistical at 1 standard

statistically above the background signal. Calibration of the ayiation. Assuming the maximum.i;, yield of 0.50 from
mass spectrometer with a reference mixture of 1,3-butadieneyq disproportionation reaction 28; — CoH, + C,Hq and a

showed that it was detectable at a concentration ofx1 10°
molecule cm® at S/N= 1. An ionization energy of 11.5 eV is
above the ionization energy for albBs isomers including the
following: 1,3-butadiene (Ch+=CH—CH=CH,), IE=9.08 eV;
1,2-butadiene (Ch#=C=CH—CHy), IE = 9.03 eV, cyclobutene,
IE = 9.43 eV; 1-butyne (CEEC—CH,—CHj), IE = 10.19 eV,
2-butyne (CH—C=C—CHjy), IE = 9.59 eV Thus, a con-
servative upper limit for the fractional product branching ratio
I'1a would be<0.01.

Neither GHs nor GH3 was detected as products of reaction
1. Experiments using 11.5 eV ionization energy showed that
the respectivem/z = 53 and mz = 39 signals were not

C,H; product yield of 0.6¥ from the GHs + H reaction, the
expected [GH)/[C2H3]o ratio is the average of these yields or
0.59. The agreement between observed and modeled values
for [CoH2J/[CoH3)e within experimental uncertainty strongly
suggests that £, and GH,4 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 observedHg 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 thermalizegH£2451
Vibrationally excited GH, would have a lower ionization energy

statistically above the background signal. Further evidence for than that for thermalized £El,. However, ionization threshold

the absence of propargyl radicakH, was obtained by trying
to detect 1,3-cyclopentadienesis, at Mz = 66. GHg has
been observed as a major product in flow tubes containing
high concentrations of vinyl radical 8t = 623 K. It results
from

CH;+ CH;— CHy AHg=—476 kJ mol* (17)

At ionization energy of 12.0 eV, s (IE = 8.56 eV, ref 50)
was not detected as a product of reaction 17, since thenzet
= 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

experiments resulted in the same ionization energy for both
reaction-generated,d, and reagent §,. Even if vibrationally
excited GH» 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 measurdd values afl = 298 K are summarized
in Table 4. The results of the relative rate studies based on
complex analysis have been neglected. Besides our direct,
modeledk; determination, the list includes two direct but not
absolute measuremeft82 and one direct absolute measure-
ment23 Ourk; value overlaps with the totdh rate in both of

signal to background and a rise of net acetylene signal wasthe high-pressure studies. At lower pressures, MacFadden and
observed. The magnitude of the acetylene product signal wasCurrie?® observed mainly a disproportionation channel, but their
calibrated using a range of appropriate known concentrationsreportedk; value is considerably lower than the other results in
of the reference acetylene under flow conditions similar to those Table 4. Their lower value could be due to their lower pressure
in the product experiments. Acetylene is also a product of the or to uncertainties in the reaction cell temperature after the flash
H + C;Hs reaction. Therefore, numerical modeling (with the as well as uncertainties in the determination of the initial vinyl
same program, reaction set, and kinetic parameters as describethdical concentration.
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TABLE 4: Comparison of the Rate Constants Measured or K/I(K + w)} andR = (kikia)(1 + k'/w). For the case thab
Estimated for the C;Hs Self Reaction atT = 298 K > K, i.e., the high-pressure limit, these equations reduce to those
pressure for the simplistic mechanismkie: = kia + kip andR = kip/kia
He (Torr) ke2 techniqué ref As shown below, the pressures (1 Terrl.5 x 107 collisions/
1.0 14.1+ 6.0 DE-MS this work s) in the present experiments correspond to the high-pressure
100 14.4+ 3.5 LP-UVA 14 limit, since kK ~ 10° s™! (see next section for calculation).
400 10.0£2.5 LP-UVA 22 However, in the low-pressure limitw{ < k'), there is no
0.14-0.20 0.53+0.05 FP-MS 23 stabilization of 1,3-butadiene. Only the reverse of the combina-
aRate coefficients given in units of 18 cn® moleculel st b DF- tion reaction,kia 0Ccurs, sokot = Kip and R — o, i.e., only

MS, discharge flow mass spectrometry; LP-UVA, laser photolysis UV disproportionationkyy) is observed. Thus, this mechanism does
absorption; FP-MS, flash photolysis mass spectrométyessure of provide a pressure independence Kgr as is experimentally
mixture 25-75% divinyl ether in Ne. observed but does not exhibit a pressure dependende ifor

the pressure regime of the experiments. However, there is a
pressure dependence &t lower pressure, i.e., in the pressure
range of 10% to 10 Torr.

An improvement on this mechanism (henceforth designated
as B) would be to add a unimolecular step that directly produces
C;H; so that reaction la is replaced by the sequence of reac-
tions

The measurements & summarized in Table 4 have been
made over a wide range of pressures: 6.:Q4 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 valuek; = (1.41 £ 0.60) x 1071° cm? molecule’?
s™1, approximates the rigid sphere collisional rate of £.00~1°
cm? molecule’ s™1. This suggests a near zero activation energy

for the reaction. The higher pressure stuHiésreveal that the 2CH, — CH ki, (Bla)

comt_)l_natlon chapnel_ is the dominant pathway un_der these

and colloagueti=* e conclude (hat ahough the vinyl sell Cife" — Gt @ (Bo)

escon o et Gorstnt can be Gonsiderd presaue e s 20 K @
A. Mechanistic Considerations The pressure dependencies CHe* — CH,+ CH, K (BK)

of the apparent decay of,83, ki, and the ratio of product®
= [C2H2)/[C4He], provide important information on the mech- For this mechanisiko = ki + kid 1 — K/(K + k + )} and

anism for the overall branching. As befolgs is defined as R= {kufkia+ KI(K + k + @)} { /(K + k + w)}. Since there
= a .
_ 2 are now two sources for &, (reactions 1b and BKk), it is
Kot = ~(d[CoHgl/dt)/(2[C,H]) convenient to define a new quantitfg = [CzH2(1b)/[CH2-
. . . A (tot)] where [GHa(tot)] = [CoH2(1b)] + [CoH2(1a)]. Although
A mechanism must be found to fit the observations Hais F cannot be experimentally determined, it is useful for

mdependgnt of pressure a_rRi IS préssure dependent. Thg determining the importance of the effective branching between
presentation of four mechanisms and their steady state solutions . ; : :
reactions Bla and 1b. As calculated in the next seckion K

follow. . e .
The simplest mechanism, corresponding to two elementary ;?etst]sitr?Iitr:?kltzvzls%eeszgﬁe“?g; m'él(ilh;nl(ilsbfn Ilthfklgﬁ
Processes, kip. Rhas the same high-pressure linkify(ki) as in mechanism

2CH, — C,Hg ki, (1a) “A”, while in the low-pressure limiR— o. The limiting values
for F in the high- and low-pressure limits are 1 aad/(kia +
2CH,— CH,+ CH, ki, (1b) ki), respectively. For the present experiments, vitk k',

kiot Will Nnot be pressure dependent whiRawill be; the pressure

giveskiot = kia + kip andR = [CoH,)/[C4aHe] = Kip/kia This dependence will occur when ~ k. Although this mechanism
mechanism does not fit the experimental observations, sinceProvides the right pressure dependence, it has one major
all these quantities are independent of pressure. deficiency: there have not been any reports of the unimolecular

Pressure dependence can easily be introduced, since thélecomposition of 1,3-butadiene to directly producgi£and
combination of two GH5 radicals produces a highly vibra-  CoHa; only the decomposition producing vinyl radicals has been
tionally excited (chemically activated) 1,3-butadiene that can reported”.zl ) .
either be collisionally stabilized( is the collision frequency, Mechanism “C” provides a more feasible precursor faHg
which is linearly dependent upon pressure) or undergo unimo- @nd GHa. In this mechanism cyclobutene-C4He) is formed
lecular reaction. For simplicity, in this section, we assume that by the isomerizationkgs) of chemically activated 1,3-butadiene.
the chemically activated 1,3-butadiene is formed wit®a  The cyclobutene can (i) isomerizie ) to 1,3-butadiené? (ii)
function energy distribution at the average thermal energy and Pe collisionally stabilizedc), or (iii) decomposek) to C;H
that collisions are strong, i.e., a single collision removes and GHa. Although the decomposition of cyclobutene has not
sufficient energy so that unimolecular reaction is quenched. been observed, the decomposition of cyclobutane to ethylene
Thus, reaction 1a shown above, which was considered to be ahas been and Arrhenius parameters repciteBoth reactions

single step, would be replaced by the series of reactions are symmetry forbiddeff. The critical energy for the decom-
position of cyclobutane is-60 kcal/mol** Since the isomer-
2CH;— CH* ki, (Ala) ization of cyclobutene has a critical energy-e82 kcal/mol$*
it is not expected that the decomposition teHg would be
CHg —CHg (Aw) competitive for systems involving thermal activation. However,
in externally activated systems where the energy is in excess
C,Hg* —2CH; K (AKk" of both critical energies, both processes are possible. The

importance of these two processes will be determined by their
For this mechanism (designated as “A): = kip + kil — respective excess energies and frequencies for the activated
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complexes. The following steps make up mechanism “C”: C. 1,3-Butadiene Energy Distribution Owing to thermal
energy of the vinyl radicals, the 1,3-butadiene also has an energy
2CGH; —~ CHg* Ky, (Cla)  distribution,f(E), that is different from the Boltzmann distribu-
tion at ambient temperature. The energy distribution for an
CHg" —CHg o (Cw) association reaction, as determined by detailed balhise,
given by
CHs* —2CH; K (CK)
f(E) dE = K'(E)B(E) dE/fk’(E)B(E) de
CHe* — c-CHg*  kygyg (CKk) where B(E), the Boltzmann distribution, is given b§(E) =
N(E) e ERTdE//N(E) e ¥RTdE and N(E) is the density of
c-CHg* = CHs*  Kigig (CK) rotationat-vibrational energy states for the reactant. The nor-
malization off(E) requires integration fror&mi,, the minimum
c-C,Hg* — c-CHg o' (Co") excitation energy, to infinity. The energy dependent rate coeffi-
cient for the decomposition of 1,3-butadiene to vinyl radicals
c-C,Hg* — C,H, + CH, k (Ck) is given byk'(E). Calculation of this quantity is given below.

D. Microscopic Rate Coefficients The unimolecular rate
The expressions fde, R, andF for this mechanism are given ~ Coefficients,K'(E), k(E), kig(E), andkig(E), can be calculated

by from the Marcus expressi®i®® for k(E):
Kot = kip + Kyl = K (ki k + )/D) K(E) = o)y P(/N(E)
R = {k,/k;,+ K, /D}{ (k;o+ k + w)/D} YP(e) is the sum of rotationalvibrational states for the
2 transition stateN(E) was defined earlier, and is a constant
E=1/(1+ (k. /k.)k.kID that depends on the adiabatic partition functions, symmetry
I (kfkupkygk/D) numbers, and reaction path degeneracy. We have setl,
whereD = Kkig + Kk + kigk + o(K + kig + Kig + K) + 02 since for the reactions considered herey 1. The energetics

and vibrational frequencies for the reactant and transition state
are necessary to calculaiE) and Y P(¢). Heats of reaction
and reported Arrhenius parameters (values for the activation

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 energies an_dA factors)_ were used for tehze calcu_la_\tlops that
stabilization, so the 1,3-butadiene and cyclobutene concentra-fonow' Previously published frequencfés® or modifications
tions are zeroR— oo, andF = kuy/(kia+ ki). At high pressure of them were used so that the model would reproduce reported
only 1 3-buta£jiene ’from the (1a) channel is observedR so Arrhenius A factors within a factor of 2 for the specific or
Kyy/k 'andF = 1. In the transition region both 1 3-but,adiene analogous reactions. Previously established equations were used
alnd 1cayclobutene. are present. WHeg > k andw ~ Kie. then to calculateE; and A%* No attempt was made to refine the
the ratio of 1.3-butadiene to. cyclobutene g gk lgi,e a parameters used in these calculations, since only semiquanti-
pseudo equilifarium is established. The valuémlg?’ar;d.lng tative behavior was sought. A tabulation of these quantities
produce [GHel/[c-CaHe] ~ 102 kit is independent of pressure and the rate coefﬂmeryts atan energy equal to the average energy
over the experimental pressure range, while bd#mdF will of reacting 1,3-buta¢ene IS given in Taple 5. . L
An energy level diagram defining the respective energies is

be pressure dependent. As contrasted WMt has a well- ) . ) A
defiFr)led value ch))r the high- and low-pressure limits. This presented in Figure 3. The chemically activated 1,3-butadiene

mechanism indicates that cyclobutene should be observed iniS formed with approximately 100 kcal/mol of internal energy,
the 1-100 Torr range, i.e., whem ~ k. This mechanism can which is available for reaction. Thus, the minimum energy for

be discarded if no cyclobutene is experimentally observed in ks fjec_omposmon of 1_,3-butad|ene IS 100. kcal/mol. _The IS0-
the intermediate pressure region. merization of 1,3-butadiene to cyclobutene is endoergic b9

B. Details of Calculated Quantities The feasibility of kcal/mol; sincek, for the isomerization of cyclobutene 1832

mechanism “C” can be tested by performing calculations with kcal/mol, the Isomerization .Of 1_,2-butad|enef\|d_2 keal/mol.

a reasonable set of kinetic parameters and assumptions. Fousghe A factor for the |some£§)t|on of _1,3-but_ad|_ene to c_yclo-
sets of quantities must first be determined before the observable utene can be calculateo! fr for the isomerization reaction.
(Kow [CoHa], [CaHg], and R) can be calculated: (1) branching E. Calculated Quantltlgs Valueg forl.<¢ot, R, and F were
ratio kip'kis (2) collision frequency, (3) energy distribution calculated from the following equations:

function for 1,3-butadiene, and (4) the energy dependent

microscopic unimolecular rate coefficients, (k, kis, andk;g). Kot = f{ Kip + Ki(1 — K(E)(kyo(E)+ K(E) +

For the present calculations we will use the valukgfkia = w)ID(E))}(E) dE
0.2 as supported by the high-pressure experiméfitlisted in

Table 4. By use of a collision diameter of 3.4 A, the collision , _
frequency of helium with the §Hs species at 25C is 1.5 x R f{ kifksa + ki EIK(EVD(E(E) dE/f{ (kig(B)+

10°p (collisions/s} wherep is the pressure in Torr. Although k(E) + w)w/D(E)} f(E) dE
helium is a weak collision partner, the use of an effective
collision frequency/ wer, has been successfully used to F=1/f{(1+(kla{klb)klg(E)k(E)/D(E))}f(E) dE

calculate the pressure dependence. In this eggés replaced

by fw; for heliumf ~ 0.257 Alternatively, an energy transfer ~ whereD(E) = K (E)kio(E) + K (E)K(E) + kis(E)K(E) + w[K (E)
probability model could be used in the master equation + kig(E) + kio(E) + k(E)] + w2

formulatiorf® so that the observed quantities could be calculated.  The results of calculations for the various mechanisms are
For the present objectives this was not necessary. shown in Figures 4 and 5. Since Bk is not known, we have set
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TABLE 5: Reported Kinetic Parameter Values and Values Used

J. Phys. Chem., Vol. 100, No. 32, 19963601

in the Calculations

reported values

values from assumed models used in calculations

reaction A(sY Ea(kcal/mol) A(sY Ea(kcal/mol) 2 (kcal/mol) K((EQP (s
Ckas 2.0 x 10t2¢ 42.2 2.0x 1012d 41.5 42 5.9x 10°
Ckio 2.5x 10te 325 1.6x 108f 32.3 32 5.3x 10%
CK 2.0x 10479 94 1.3x 1047 102.2 100 9.1x 10
Ck 4.0x 105 62.5 3.0 x16° 61.0 60 1.4x 109

a gy is the energy required to excite reactant in its zero-point state to the transition state in its zero-poihEstatemparative purpose¢$ED)
is set such thatE[lis the average energy of 1,3-butadiene formed by reaction-184 kcal/mol above the zero-point energy of 1,3-butadiene.
¢ Calculated from the equatioss = Ajo €*5RT and E4(18) = E4(19) + AEP for C4Hs — c-C4Hs. AH %95« = 9.7 kcal/mol andAS,gs K = —3.6
cal/K-mol for unimolecular reactionAE® = AHC. Values taken from ref 54! Vibrational frequencies for 1,3-butadiene taken from ref 61 and those

for the transition state taken from ref 60Taken from ref 54f Vibrational

frequencies for cyclobutene and the transition state taken from ref 60.

9 Estimated from thé\ factor cited in ref 54 for the decomposition of butane to give two ethyl radiealgrational frequencies for 1,3-butadiene
taken from ref 60 and the transition state frequencies estimated by using frequencies for vinyl as reported inAsfused to be the same
Arrhenius parameters as for the decomposition of cyclobutane as cited in rfefibdational frequencies for cyclobutene taken from ref 60 and
the transition frequencies determined by reducing3Cstretches and bending modes to giveAaiactor comparable to that cited in ref 54 for the

decomposition of cyclobutane.
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Figure 3. Potential energy profile for mechanism “C” as described in
text.
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Figure 4. Plots of () kiot'kib (kib = 2 x 107t cm? molecule! s7%) vs
helium pressure for mechanisms “A”, “B”, and “C”, (IR ([CoH2)/
[C4Hg]) ws helium pressure for mechanisms “A”, “B”, and “C”, and
(1) F ([CaH2(1b)K [CoH2(1b)] + [CoHz(1a)]]) vs helium pressure for
mechanism “B” and “C”. Note that this is the measured helium pressure,
not the effective pressure.

it equal to Ck for these comparisons. Figure 4 illustrates that
the falloff of kit with decreasing helium pressure starts at a
helium pressure of-5 x 1072 Torr for mechanism “A”, much
lower than what is observed for “B”. The dependenc&d&dr

“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 oflL x 10° Torr for “B”,
while for “C” it starts at about 1000 Torr. The pressure at which
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Figure 5. Plots of [Csz]/klb[Csz]z, [C4He]/k1b[C2H3]2, and E:—C4He]/
kiy[C2H3]? vs helium pressure for mechanism “C”. Note that this is the
measured helium pressure, not the effective pressure.

the increase starts is governed by the parameters used for Bk
or Ck. The transition pressures féiare similar for mechanisms
“B” and “C".

The pressure dependence for the stable produeks;(C4He,
andc-C4Hg) in mechanism “C” is shown in Figure 5. At low
pressure gH; is the dominant product; 41, is produced both
by disproportionation (1b)and the decomposition of the
chemically active GHg species formed by the combination (1a)
reaction. As the pressure increases, energy is removed from
the GHg species so that decomposition is quenched, i#4,C
decreases. Before the chemically activated 1,3-butadiene is
totally quenched, there is a pseudoequilibrium between 1,3-
butadiene and cyclobutene; 4ds)/[c-CsHe] ~ 102 With a
further increase in pressure the isomerization is quenched and
only C4Hg is formed and [GH2]/[C4He] = kip /Kia

Summary and Conclusions

The dischargeflow technique coupled with mass spectro-
metric detection has been used to study the self reactionttf C
at 298 K with a helium bath gas pressure~ef Torr. GHs
was produced by the reaction of F withHG. The formation
reaction also produced H, which can react wittiHgand GH,4
to produce GH, and CH, respectively. Contributions from
these reactions were adequately modeled. The time profiles
for C;H3, CH,, and CH were experimentally determined and
modeled with the FACSIMILE program; 1,3-butadiene and other
Cs, Cy4, and G products were not observed. The importance of
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secondary reactions was assessed; i§lgenerated on a longer
time scale than &4;. The rate coefficient for the combination
of C;H3; was determined to be (1.4% 0.60) x 1071° cm?®
molecule’! st 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 £, were observed.

Various mechanisms involving unimolecular isomerizations

and/or decompositions have been tested using steady staté"

RRKM calculations. The observed pressure independence for
ki (= kia + kip) and the pressure dependence fosHE}/[1,3-
butadiene] suggests a mechanism where the chemically activate
1,3-butadiene unimolecularly reversibly isomerizes to cy-
clobutene. At low pressures the chemically activated cy-
clobutene can undergo a symmetry forbidden retre- 2
addition to produce &1, and GH,4. Thus, each gH; combina-

tion will produce a GH,. At high pressures the chemically
activated 1,3-butadiene is collisionally stabilized andHg}/
[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 GH4. The observed pressure dependence was repro-
duced by steady state RRKM calculations using vibrational
frequency models and energetics reported for similar reactions.
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The cyclobutene decomposition is not expected to be observed, . (34) Clyne. M. A. A.; MacRobert, Alnt. J. Chem. Kinet1981, 13,

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;8.00 Torr, is determined will
provide information on the validity of the proposed mechanism.
The proposed mechanism predicts that at low pressure there i

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 GH, and GH, will also be evaluated.
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