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The thermal isomerization and decomposition of 2-C4H6 behind reflected shock waves with 1100 < T5 < 1600 
K and 1.6 X 10-5 C ps < 2.1 X l e s  mol/cm3 were studied by UV kinetic absorption spectroscopy, IR laser 
kinetic absorption spectroscopy, and gas-chromatographic analysis of reaction products. The major products 
of the pyrolysis were 1 ,Zbutadiene, 1,3-butadiene, CH4, CZHZ, CZ%, C2H6, allene, propyne, C4H2, vinylacetylene, 
and benzene. 1,3-Butadiene and 1,2-butadiene were produced before the appearance of any other decomposition 
products. This fact means that the very fast isomerizations of 2-butyne take place before the decomposition. 
The present data were successfully modeled with a 80 reaction mechanism which included the isomerizations 
among 1- and 2-butynes and 1,2- and 1,3-butadienes and the decompositions of these C4H6 isomers. From the 
modeling, the following rate constants of the isomerizations were obtained: 2-butyne = 1,3-butadiene (k = (3.0 
X lOI3) exp(-65.0 kcal/RT) s-l), and 2-butyne = 1,2-butadiene (k = (3.0 X lOI3)  exp(47.0 kcal/RZ') s-I), 
where the activation energies, 65 and 67 kcal/mol, were estimated from literature data. We discussed the 
possible route of the isomerizations of 2-butyne to 1,3- and 1,2-butadienes. 

Introduction 

There are many C4H6 isomers such as 1,3-butadiene (1,3- 
C4H6), 1,Zbutadiene ( 1,2-C4H6), l-butyne (l-C4H6), 2-butyne 
(2-C4H6), l-methyl-l-cyclopropene, 3-methyl-l-cyclopropene, 
cyclobutene, and so on. Among these isomers, the pyrolysis of 
1,3-C4& in shock waves has extensively been studied.I4 Kern 
et aL5 have studied the thermal decomposition of l,2-C4H6 in 
shock waves by monitoring reaction products using time-of-flight 
mass spectrometry. Pyrolysis of other isomers at high temper- 
atures, however, has scarcely been studied. 

Among the C4H6 isomers, the pyrolytic isomerizations of cyclic 
compounds such as 1 -methyl- 1 -cyclopropene,6 cyclobutene? and 
bicyclo[ 1.1 .0]butane*y9 to aliphatic isomers have been studied in 
static reactors. In their study of l-methyl-l-cyclopropene 
pyrolysis over the temperature range 483-523 K, Hopf et aL6 
observed the parallel isomerizations of 1 -methyl- 1 -cyclopropene 

They proposed that these isomers arose via 1,2-H shifts in a 
diradical-like intermediate (see Scheme I). The isomerizations 
of aliphatic C4H6 isomers, however, have not yet been observed, 
except for that of 1 ,2-C4H6. In their study of 1 ,2-C4H6 pyrolysis 
in shock waves, Kern et al.s found that, in order to model 
successfully the C4H6 profiles, it was necessary to include the 
isomerization of l,2-C4H6 to 1,3-C4H6. 

In this study, we performed a shock tube experiment on the 
pyrolysis of 2-C4H6 using single-pulse, time-resolved IR laser 
absorption and time-resolved UV absorption methods. We found 
that 2-C4H6 rapidly isomerizes to 1 ,2-C4H6 and 1,3-C4H6 before 
the decomposition of 2-C4H6 takes place. We will discuss the 
mechanism of 2-C4H6 isomerization based on the previous study 
by Hopf et ala6 

Experimental Section 

The test gas compositions used here were 0.4% 2-C4H6 in Ar 
(UV absorption experiment) and 2.5% 2-C4H6 in Ar (IR laser 
absorption and single-pulse experiments). All experiments were 
done in reflected shock waves over the temperature range 1100- 
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1600 K. Initial sample pressure was kept at 50 Torr, giving 
reflected shock densities in the range of 1.6 X l t 5  to 2.1 X 10-5 
mol/cmg. 

Three shock tubes of 4.1-cm i.d. were used in this experiment. 
Details of the apparatus and procedures have been described in 
previous papers.1G12 The first is a standard-type shock tube 
connected to a laser absorption apparatus. The transmitted 
intensities of a 3.39-pm He-Ne laser beam through a 4.1-cm 
path length in the shock tube and through an interference filter 
(A- = 3.39 pm, half-width = 0.072 pm) were observed with a 
Judson J10D-M204 InSbdetector. Thedecadic molar extinction 
coefficients of 2-C4H6 at 3.39 pm were computed from the 
absorbance values at the shock front by assuming that the 
absorption obeys the Beer-Lambert law. Other hydrocarbons, 
which would be produced by the pyrolysis of 2-CdH6, also absorb 
at 3.39 pm. The following mixtures were shock heated (more 
than 20 runs for each mixture) using the same experimental setup 
as that used in the present study: 1% 1-C4H6-99% Ar, 6% 1,3- 

5% C4H4-95% Ar, 5% C3H6-95% Ar, 4% AC3H4-96% Ar, 4% 
PCsH4-96% Ar, 2% CzH6-98% Ar and 5% CzH6-95% Ar, 6% 
CzH4-94% Ar, 6% CzHz-94% Ar, and 5% CH4-95% Ar. Initial 
sample pressure of these experiments was kept at 50 Torr. From 
the absorbance values at the shock front, the decadic molar 
extinction coefficients of these species were computed by assuming 
that the absorption of each species obeys the Beer-Lambert law. 
Between 1200 and 1600 K, the decadic molar extinction 
coefficien.ts can be approximated as 

e(2-C4H6) = (4.995 X lo4) - 21.5T cm'/mol 

c(1-C4H6) = (4.40 X lo4) - 14Tcm2/mol 

e(l,3-C4H6) = (2.35 X lo3) + 4.375Tcm2/mol 

41,2-C4H6) = (2.866 X lo4) - 8.786T cm2/mol 

c(C4H4) = (-4.924 X 10') + 1.818Tcm2/mol 

e(C3H6) = (1.064 X lo') - 36T cm'/mol 

€(AC3H4) = (2.20 X lo3) + 0.44T cm'/mol 

c4&-94% Ar, 1% 1,2-C4H6-99% Ar and 6% 1,2-C4&-94% Ar, 
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e(PC3H4) = (1.07 X lo4) - 7.75 T cm2/mol 

t(C2H6) = (5.43 x io4) - 1 7 . ~ ~ c m ~ / m o l  

t(C2H4) = 3.375Tcm2/mol 

t(C2H2) = (-1.44 X lo3) + 1.025Tcm2/mol 

e(CH4) = (3.844 X lo4) - 18.7Tcm2/mol 

e(CH4) = (1.33 X lo4) - 2.2Tcm2/mol 

(T  < 1500 K) 

( T >  1500 K) 
The second is a standard-type shock tube connected to a UV 

absorption apparatus. The transmitted intensity at 230 nm of a 
Hamamatsu-L544 D2 lamp through a 4.1-cm path in the shock 
tube and through a Rico-MC-20 grating monochromator (half- 
width = 2.5 nm) was monitored by a Hamamatsu R-306 
photomultiplier. The 230-nm light is mainly absorbed by 1,3- 
C4H.5. In order to obtain the decadic molar extinction coefficients 

C&6-99.8% Ar (10 runs), mixtures were shock heated using the 
same experimental setup as that used in the present study. From 
the absorbance values at the shock front, the decadic molar 
extinction coefficients were computed. Other unsaturated hy- 
drocarbons which would be produced by the pyrolysis of 2-C4H6 
have possibility to absorb the 230 nm light. Then, the following 
mixtures were shock heated using the same experimental setup 
as that used in the present study: 2.5% 2-C4H6-97.5% Ar (7 
runs); 0.4% 1,2-C4H6-99.6% Ar (10 runs) and 1% 1,2-C4H6- 
99% Ar (5 runs); 0.75% C4H4-99.25% Ar (1 1 runs); 1% C4H2- 

99% Ar (10 runs); 0.5% ACsH4-99.5% Ar (10 runs) and 1% 
AC3H4-99% Ar (9 runs); 2% PC3H4-98% Ar (10 runs) and 4% 
PC3H4-96% Ar (5 runs); 6% C2H4-94% Ar (20 runs); and 6% 
C2&-94% Ar (9 runs). Initial sample pressure of all the runs 
was 50 Torr. As before, from the shock front absorbance values, 
the decadic molar extinction coefficients were computed by 
assuming that the absorption of each species obeys the Beer- 
Lambert law. The decadic molar extinction coefficients could 
be approximated between 1200 and 1600 K as 

Of 1,3-C4H6, 0.1% 1,3-C4&-99.9% Ar (7 runs), and 0.2% 1,3- 

99% Ar (17 runs); 0.4% C6&-99.6% Ar (7 runs) and 1% C&- 

10g(€(l,3-C&)/Cm2 mol-') = 6.74 

l0g(€(l,2-C4H6)/Cm2 mol-') = 5.43 

l0g(€(2-C&)/Cm2 mol-') = 4.85 

log(t(C4H4)/cm2 mol-') = 6.279 

log(~(C,H,)/cm~ mol-') = 5.778 

log(f(C6H6)/cm2 mol-') = (1.2 x 10") T + 3.84 

log(e(AC3H4)/cm2 mol-') = (2.83 X 104)T + 4.93 

log(t(PC3H4)/cm2 mol-') = (8.0 X 104)T + 3.64 

log(e(C2H4)/cm2mol-') = (1.433 X 10-3)T+ 2.11 

log(e(C2H2)/cm2 mol-') = (4.0 X 104)T + 2.86 
The third is a magic-hole-type shock tube. Within 20 s after 

shock heating, the reacted gas mixtures were extracted into a 
preevacuated vessel (50 cm3) through a valve at l-cm upstream 
from the end plate and analyzed on three serially connected gas 
chromatographs with thermal conductivity detectors. An iden- 
tification and a quantification of each product were done using 
the following two mixtures: one is the standard gas sample 
(0.482%CH4,0.514%C2H6,0.514%C2H4,0.464%C2H2,0.482% 
C3H8, 0.476% C3H6, 0.482% PC3H4, 0.477% AC3H4, 0.471% 
CO, and 0.538% C02 diluted with Ar) prepared by Seitetsu 
Kagaku Co., Ltd., and the other is the mixture of 0.2% C4H2, 
0.2% C4H4, 0.2% 2-C4H6, 0.2% l-C4H6, 0.2% 1,2-C4H6, 0.2% 

1,3-C4H6, and 0.2% C6H6 diluted with Ar, which was prepared 
by us manometrically. These mixtures were repeatedly measured 
on the gas chromatographs, and overall accuracies in the gas 
chromatographic results were confirmed to be within *5%. 
Pressure signals at 1 cm upstream from the end plate were recorded 
to check the constancy of pressure and to determine an effective 
heating time. The effective heating time was defined as the time 
elapsed between the reflected shock front and 80% point of the 
shock front pressure. The validity of this assumption has already 
beenconfirmed.1O Theeffective heating times were2010ps (1 100 
K), 1920ps(1200K), 1820ps (1300K), 1730ps (1400K),and 
1630 ps (1500 K). 

Results 
The products of the pyrolysis of 2-C4H6 were 1,3-C4H6, 1,2- 

C4H6,1-C4H6, CH4, C2H2, C2H4, C2H6, allene (ACsHd), propyne 
(PC3H4), vinylacetylene (C4H4), C4H2, and benzene (c6H6). The 
yields of these products and remaining reactant were plotted 
against temperature in Figure 1. From this figure, it is apparent 
that at low temperatures (up to 1200 K) 1,3-C4H6 and 1,2-C4H6 
are the only products. At around 1200 K, CH4, propyne, C4H4, 
and l-C4H6 begin to appear. C2H4 and C2H2 are not formed 
until 1250 K. These results suggest that 2-C4H6 rapidly isomerizes 
before the decomposition takes place. 

Figure 2 shows a typical absorption profile at 230 nm. In 
Figure 3 are shown log(If/Z,) values at 230 nm against reaction 
time for three runs, where If is the transmitted intensity with no 
absorption and I, is the transmitted intensity at time t from the 
shock front. Slight absorption observed just behind the shock 
front is due to 2-C4H6. The extinction coefficient of 1,3-C4H6 
is largest. Below 1400 K, almost all absorption at 230 nm is due 
to 1,3-C&. It can be seen in Figure 3 that 1,3-C4H6 is rapidly 
produced from the beginning of the reaction. 

In order to parametrize the progress of early stage reaction 
from the IR absorption profiles at 3.39 pm, we measured Am, 
Aim, and -4200 according to the equation A, = log(If/I,)/log(If/ 
IO), where I f  is the transmitted intensity with no absorption, and 
IO and I, are the transmitted intensities at the shock front and 
time t, respectively. These data are plotted against temperature 
in Figure 4. 

Modeling Calculations 
We observed a mixture Of  C4H6 isomers in the product mixture 

as is seen in Figure 1. This fact means that the isomerizations 
of 2-C4H6 occur simultaneously with the decomposition. Four 
isomerization reactions 

2-C4H6 = 1,3-C4H6 M 0 2 9 8  = -8.5 kcal/mol (1) 

2-C4H6 = 1 ,2-C4H6 w 0 2 9 8  = 4.0 kcal/mol (2) 

l,2-C4H6 = 1,3-C4H, N O 2 9 8  = -12.5 kcal/mol (3) 

1-C,H6 = l,2-C4H6 A H 0 2 9 8  = -0.7 kcal/mol (4) 

were necessary in order to interpret the experimental yields of 
theC4Hs isomers. The possibility of reaction 3 has been suggested 
by Kern et al.s Other isomerization reactions have not yet been 
reported. Rate constants for reactions 1 and 2 were optimized 
in this study to be 

k ,  = (3.0 X 

k,  = (3.0 X 

exp(45000 cal/RT) s-' 

exp(47000 cal/RT) s-' 

The k3 and k4 values were optimized in separate experimental 
and modeling studies of 1,2-C4H613 and 1-c4H,~ '~ pyrolysis to be 

k,  = (2.5 X 10") exp(43000 cal/RT) s-' 

k, = (2.5 X exp(-65000 cal/RT) s-' 

The activation energies of reactions 1-3, 65, 67, and 63 kcal/ 
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Figure 1. Comparison of experimental (symbols) with computed (lines) product distribution for the 2.5% 2-Cfic97.51 Ar mixture: -, computed 
with the Table I mechanism; - - -, computer using only reactions 1-4. 

Figure 2. Typical absorption profile at 230 nm: full intensity If = 2.99 
V, signal voltage = 0.5 V/div, sweep time = 100 ps/div. Conditions: 
0.4% 2-c4H6-99.6% Ar; P1 = 50 Torr; Ts = 1352 K. 

mol, were assumed to be nearly equal to the highest barriers of 
the reactions (see Figure 5).  Reaction 4 would proceed in the 
same manner as the isomerization of propyne to allene proposed 
by Honjyou et al.15 An activation energy of 65 kcal/mol was 
assumed. 

Because the decomposition of 2-C4H6 is accompanied by the 
isomerizations, we have to take the decomposition reactions of 
the four C4H6 isomers into account. Initially, c-c single bond 
fissions and C-H bond fissions were considered for all the isomers. 
From modeling calculations, however, the following two C-C 
single bond fissions were found to be dominant: 

l,2-c4H6 = C,H, + CH, m 2 9 8  = 77.8 kcal/mol (6) 

1-C4H6 = C,H, + CH, m 2 9 8  = 77.1 kcal/mol (7) 

Rate constants for reactions 6 and 7 were optimized in separate 
experiments13J4 as 

k6 = (2.0 x 10") eXP(-75000 ml/RT) S-' 

k7 = (3.0 X 10") exp(-75800 cal/RT) s-' 

The activation energy of reaction 6,75 kcal/mol, was assumed 
to be slightly lower than the heat of reaction. The activation 

energy of reaction 7,75.8 kcal/mol, was adopted from the high- 
pressure-limit rate constant expression proposed by Dean,16 k7,- 
= (5.0 X 1015) exp(-75800 cal/RT) s-1. Other C-C single bond 
fissions and C-H bond fissions 

2-C4H6 = 2-c4H5 + H w 2 9 8  = 89.6 kcal/mol ( 5 )  

k, = (5.0 X 10") exp(-87300 cal/RT) s-' (ref 16) 

2-C4H6 = CH," + CH, w 2 9 8  = 123.0 kcal/mol 
(al) 

k,, = (1.00 X exp(-l20000 cal/RT) s-' (assumed) 

1,3-C& = C2H3 C2H3 W 2 9 ,  = 117.1 kcal/mol 
(a21 

ka2 = 7.22 X 10" cm3 mol-' s-' (ref 17) 

l-C4H6 = l-IC4H, + H 

k,, = (7.0 X 

w 2 9 8  = 86.6 kcal/mol 

exp(-86OOO cal/RT) s-' (assumed) 
043) 

1,2-C4H,j = 1,2-c4H, + H w 2 9 8  = 85.5 kcal/mol 
(a41 

ka4 = (6.3 X exp(-85900 cal/RT) s-' (ref 16) 

1,3-c& = 1,3-IC,H, + H w 2 9 8  = 98.0 kcal/mol 
(a51 

k,, = (7.0 X exp(-95OOO cal/RT) s-' (assumed) 

had negligible effect on the computed results, as long as we used 
the rate constants given above. For the decomposition of 1,3- 
C4H6, the possibility of a molecular elimination reaction 

has been suggested.3~4 We included this reaction in our mech- 
anism. The rateconstant used for this reaction was that optimized 
in our experimental and modeling study18 of l,3-C4H6 pyrolysis, 
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Figure 3, Comparison of experimental (0) with computed (lines) UV 
absorption profiles at 230 nm for the 0.4% 2-C4H6 mixture: (A) P1 = 
50 Torr, T5 = 1280 K, (B) P1 = 50 Torr, T5 = 1352 K, (C) PZ = 50 Torr, 
T5 = 1378 K, (-) computed with the Table I mecahnism, (---) 
computed using only reactions 1 4 ,  (- - -) absorption due to 2-c&, 
1,3-C&, and C4H4. 
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Figure 4. Comparison of experimental (0) with computed (-) laser 
absorption data, A,, for the 2.5% 2-c4H6-97.5% Ar mixture at 50, 100, 
and 200~s. Initial sample pressure, PI, is 50 Torr. Broken lines represent 
absorption due to 2-C4& and 1,3-c4& 

ks = (1.0 X 1014) exp(-75000 cal/RT) s-1. This value is about 
half of that derived by Kiefer et exp 
(-82500 cal/RT) s-l. 

As secondary reactions, the following reactions were found to 
be important: H atom addition to C4H6 isomers and subsequent 
decomposition of the adducts (reactions 1&14), H atom ab- 
straction from C4H6 isomers by H, CH3, and C2H3 (reactions 
15-30), and subsequent decomposition of the C4H5 isomers 
(reactions 35-42). Rate constants for these secondary reactions 
were assumed, when rate constant expressions were not available. 
We also added reactions which describe the formation and 
consumption of the products such as CH4, C2H2, C2H4, C2H6r 
allene, propyne, C4H2, C4H4, and benzene. 

ks = (2.6 X 

- TS-3 
I C  - 

60 I 

-2OL 

Figure 5. Energy diagram for the isomerizations of 2-c& (1) to 1,3- 
c4& (2) and 1,2-C4& (3). Energies in parenthcaes are the activation 
energies proposed by Hopf et ale6 for the isomerizations of l-methyl-l- 
cyclopropene (4) to 2-C4H6, 1,3-C4Hsl and 1,2-c4H6. 

In Table I are shown the final mechanism and the rate constants 
used to interpret the present data. Reverse reactions were 
automatically included in a computer program through equi- 
librium constants computed from polynomial fits to standard 
thermochemical data. Thermochemical data of C4H6 isomers 
and C4H5 isomers used in this study are presented in Table 11. 
The thermochemical data of C4H5 isomers were estimated by 
using group additivity methods.28 For other species we used 
the same thermochemical data as those used in previous 
papers.I"l2 The heat of formation of GHo reported so far ranges 
from 63 to 77 kcal/mol. We used the value of pHof,29% = 71.7 
kcal/mol, which is determined experimentally by Ervin et al.30 
and theoretically by Wu and Carter.31 Solid lines in Figures 1, 
3, and 4 are the results computed using the rate constant set listed 
in Table I. As are seen in these figures, the present experimental 
data are satisfactorily modeled by the mechanism and the rate 
constant set listed in Table I. In Figures 1 and 3 are also shown 
by broken lines the results computed using only reactions 1-4. 
Under 1250 K, the yields of 1,3'c4& and 1,2-C4& and remaining 
2-CaH6 can well be explained by reactions 1-4. The UV 
absorption profiles are also reproduced by reactions 1-4. These 
facts imply that 2-C4H6 is mainly consumed by the isomerizations. 

Discussion 

Mechanism of 2-C&Isomerization. It is apparent, from both 
the experimental results and the modeling calculations, that 
2-CdH6 rapidly isomerizes to l,2-C4H6 and 1,3-C4H6. These 
isomerizations can well be explained by the mechanism proposed 
by Hopf et a1.6 for the isomerizations of 1-methyl-1-cyclopropene 
to 2-C4H6, 1,3-C&, and 1 ,2-C4H6 (Scheme I). Their mechanism 
of 1 -methyl- 1 -cyclopropene isomerization is as follows: the first 
step is the ring opening to produce diradical (INT in Scheme I), 
and the second step is 1,2-H shifts (TS-1, TS-2, and TS-3 in 
Scheme I) to produce stable C4H6 isomers. According to their 
mechanism, the isomerization of 2-C4H6 would proceed as 
follows: the first step is 1,2-H shift to produce diradical 
intermediate (INT) via TS-1, and the second step is another 
1,2-H shift to produce 1,3-C4H6 and 1 ,2-C4H6 via TS-2 and TS- 
3. Figure 5 shows an energy diagram for the isomerizations of 
2-C4H6. The energies given in parentheses, 38.7,42.2, and 43.8 
kcal/mol, are the activation energies proposed by Hopf et al. for 
the isomerizations of I-methyl-1-cyclopropene to 2-C4Hs, 1,3- 
C4H6, and 1,2-C4H6. Because their experiments were performed 
in the high-pressure limit (at least within 2%), these activation 
energies will be close to the energy barriers of these isomerizations. 
From these energy barriers and the differences of the standard 
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TABLE I. Reaction Mechanism and Rate Constant Expression. 
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eq 
no. reaction 

~~ 

eq 
A n E. ref no. reaction A n  

1 2-C4H6 = I93-C4H6 3.00E+13 0.0 65.0 this work 37 1,3-NC,Hs = CzH, + CzHz 5.00E+ 13 0.0 
2 2 - c a s  = 1 . 2 - c ~ ~ ~  3.00E+13 0.0 67.0 this work 38 H + CIHI I.J-NCIH~ 4.00E+13 0.0 . _  

2.50E+13 0.0 63.0 13 3.00E+13 0.0 
2.50E+13 0.0 65.0 14 40 1-IC4Hs = C4H4 + H 3.00E+13 0.0 
5.00E+14 0.0 84.0 16 41 I-NCdHs = C4H4 + H 3.00E+13 0.0 
2.00E+15 0.0 75.0 13 42 I-NCdHs = CzH + CzH4 2.00E+14 0.0 
3.00E+15 0.0 75.8 14 43 C4H4 CzHz + C2Hz 3.40E+13 0.0 
1.00E+14 0.0 75.0 18 44 C4H4 + H = ICdH, + Hz 1.00E+07 2.0 
2.00E+13 0.0 75.0 18 45 C4H4 + H = NC4H, + Hz 5.00E+06 2.0 
2.60E+05 2.5 1.0 =2ks8(assumed) 46 C4H4 + H = C Z H ~  + CzHz 1.00E+13 0.0 
2.00E+13 0.0 5.0 18 47 IGH, + M = C4H2 + H + M 3.20E+15 0.0 
6.00E+12 0.0 2.1 =(3/4)kss(assumed) 48 NC4H3 + M = C4Hz + H + M 6.30E+15 0.0 
1.30E+05 2.5 1.0 =kss(assumed) 49 NCdH, = CzHz + CzH 3.20E+14 0.0 
6.50E+04 2.5 1.0 =(1/2)ks8(assumed) 50 CZHZ + CzH = C4Hz + H 9.03E+13 0.0 
1.30E+14 0.0 9.4 =ku(assumed) 51 C4H + Hz = C4HZ + H 2.00E+13 0.0 
5.00E+15 0.0 22.8 =k67(assumed) 52 CjH6 = C& + CHI 8.00E+14 0.0 
2.50E+15 0.0 22.8 =(1/2)ks~(assumed) 53 C& = CH4 + CzHz 3.50E+12 0.0 
6.50E+13 0.0 9.4 =(1/2)ku(assumd) 54 C3H6 + H = ClHs + H2 1.80E+13 0.0 
6.50E+13 0.0 9.4 =(1/2)ku(assumed) 55 AC3H4 + H = ClHs 8.00E+12 0.0 
6.50E+13 0.0 9.4 =(1/2)k~(assumed) 56 P C I H ~  + M = C,H, + H + M 4.70E+18 0.0 
2.00E+14 0.0 19.5 =4k63(adjusted) 57 PCsH, + CH3 = CtH,+ CH4 2.00E+12 0.0 
4.00E+14 0.0 22.8 =(1/12.5)k.57 58 PC,H4 + H = CzHz + CH, 1.30E+05 2.5 

(assumed) 59 AC,H4 PC3H4 2.50E+12 0.0 
2.00E+14 0.0 22.8 =(1/25)k67 60 ACIH~ + M = C,H, + H + M 2.00E+18 0.0 

(assumed) 61 CzH6 = CH, + CH, 7.00E+14 0.0 
1.00E+14 0.0 19.5 =2k6g(aSSUmed) 62 CzH6 + CzH3 = CzHs + CzH4 1.50E+13 0.0 

63 CzH6 + CHj CzHj + CH4 5.00E+13 0.0 
1.00E+14 0.0 19.5 =2ksl(assumed) 64 CZH6 + H = CzHs + HZ 1.30E+14 0.0 
1.00E+14 0.0 19.5 =2k6,(assumed) 65 CH3 + CHI = CZHJ + H 2.80E+13 0.0 
1.50E+13 0.0 10.0 =k62(assumed) 66 CzHs = CZH4 + H 1.20E+12 0.0 
5.00E+14 0.0 22.8 =(l/lO)k67 67 CzH4 + H = CzH3 + H2 5.00E+15 0.0 

(assumed) 68 CzH, + M CzH2 + H + M 7.90E+14 0.0 
7.50E+12 0.0 10.0 =(1/2)k62(assumed) 69 CZH + HZ = CZHZ + H 1.08E+13 0.0 

70 CH4+H=CH,+Hz  7.20E+14 0.0 
1.50E+13 0.0 10.0 =k6z(assumed) 71 1,3-NC,Hs + CZHZ = 1.00E+13 0.0 

39 1,2-C4H5 1 C4H4 + H 

l-NC4Hs + C2H4 CsH6 + H 
31 2-C4H6 + C,H, = 2-C4Hs + AC,H4 1.00E+13 0.0 19.5 =(1/5)k6,(assumed) 72 NC4Hs + CzHz = C6Hs 1.00E+13 0.0 
32 1,3-C& + CiHi 1.00E+13 0.0 22.5 5 73 CzH + C4Hz CsHz + H 4.00E+13 0.0 

1,3-NC,Hs + ACjH4 74 C4H + C2Hz CsHz + H 4.00E+13 0.0 
33 1 , 2 4 2 , ~ ~  + C,H, = 5.00E+12 0.0 19.5 =(l/lO)k6, 75 CpH, + C,Hj CsH6 3.00E+12 0.0 

1.2-CiHs + AGHi  (assumed) 76 CaHa + CaHa = CrHs + H 6.00E+13 0.0 

E. ref 
43.9 1/2 of ref 16 

45.0 assumed 
45.0 assumed 
45.0 assumed 
57.0 assumed 

3.0 12 

77.1 12 
6.0 12 
6.0 12 
3.6 12 

45.0 12 
45.0 12 
57.2 16 
0.0 19 
0.0 12 

88.0 20 
70.0 20 

1.5 20 
2.1 20 

80.0 10 
7.7 10 
1.0 10 

59.0 10 
80.0 10 
80.0 21 
10.0 21 
19.5 21 
9.4 21 

13.6 22 
35.0 21 
22.8 23 
31.5 24 
2.2 19 

15.1 21 
0.0 12 

0.0 12 
0.0 12 
0.0 12 
0.0 13. 14 

10.0 assumed 
34 1-CiHr + &Ha = . i .00~+13 0.0 19.5 =(i/5)k6,(absumed) 77 C;H; = C;H; + H- - 5.00E+15 0.0 107.9 25 

78 C6H6 + H C ~ H J  + Hz 2.51E+14 0.0 16.0 26 
3.00E+13 0.0 45.0 assumed 79 CsHs+C2H2=CiHs+H 1.00E+13 0.0 0.0 12 

36 1,3-IC;Hs C4H4 + H 5.00E+13 0.0 44.0 assumed 80 CsH3 + CaH3 = CizHio 3.00E+12 0.0 0.0 27 

Rate constants are given in the form, k = APexp(-E,/RT). Theunitsarecm, mol, kcal, s, and K. Species identification: IC4H3, CH=C<=CH2 
radical; NC4H3, C H e - C H A H  radical; C6Hs, phenyl radical; CsHs, phenyl acetylene; C12Hl0, biphenyl; structures of C4H5 isomers are shown 
in Table 11. 

TABLE II: Thermochemical Parameters of C f i  Isomers and C a s  Isomers 

C," 
name structure w f . 2 9 8  S O 2 9 8  298 K 500 K 800 K 1000 K 1500 K 

2-c4Hs0 C H a - m - C H a  34.75 67.66 18.63 26.36 35.13 39.20 45.71 
1-C4Hsa CHzC-CH2-CH3 39.48 69.50 19.46 27.63 35.95 39.82 46.22 
1 ,2-C4Hs0 C H d = C H - C H ,  38.79 69.98 19.15 27.39 36.02 40.01 46.20 
1,3-C,H2 CH&H-CH=CH2 26.27 66.62 19.11 28.51 36.83 40.51 46.34 
2-C4Hsb 72.3 (74.3) 71.2 18.7 25.8 33.0 36.4 41.6 

C y  - C EC- CH3 

CH~=C=C-CHI 

74.0 (75.9) 71.2 18.9 26.1 33.3 36.6 41.7 

l-NC,Hsb CH=C-CH~-~H~ 85.6 72.8 18.1 25.6 32.8 36.2 41.6 
1 ,3-NC4HsC eH=CH-CH=CH2 82.6 (86.5) 69.1 18.6 23.8 31.6 36.7 41.8 

1,3-IC4Hsb 72.2 (74.1) 69.9 18.5 26.5 34.3 37.8 42.9 
CH, =&ai =CH, 

rt 
1 ,2-C4H+ \ CH,=C=CH-&I,/ 

0 Handbook of Chemistry, 3rd ed.; Ed. b the Chemical Society of Japan: Maruzen: Tokyo, 1984; Chapter 9. Estimated using group additivity 
methods.28 We used the values of AHof,298[&-(H)2(Ct)] = 27.3 kcal/mol and Wfp8[.C-(H)(C)(Ct)] = 29.6 kcal/mol, which were derived from 
the propargyl resonance energy of 8.6 k c a l / m ~ l . ~ ~  Weissman, M.; Benson, S. W. Int. J .  Chem. Kinet. 1984,16,307. Units are kcal/mol for the heats 
of formation and cal K-I mol-] for the entropies and heat capacities. The heats of formation given in parentheses are the BAC-MP4 results by Miller 
and Melius (Miller, J. A.; Melius, C. F. Combust. Flume 1992, 91, 21). 
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heats of formation of the C4H6 isomers, we estimated the barriers 
of 2-C4H6 isomerizations to 1,3-C4H6 and l,2-C4H6 to be 65.7 
kcal/mol (TS-2) and 67.3 kcal/mol (TS-3), respectively. We 
tentatively adopted 65 and 67 kcal/mol as the activation energies 
(Eal and E,,) of reactions 1 and 2. Although these activation 
energies can well explain our experimental results, computed 
results are not so sensitive to the choice of E,, and E,,. Variations 
of E,, and E,, by 5 kcal/mol impair the fits only slightly, as long 
as the absolute values of kl and k2 remain the same at 1300 K. 
However, variations of E,, and E,, by 10 kcal/mol make the fits 
worse, especially when EaI and E,, were enlarged. 

Figure 6 shows the sensitivity for the UV absorption profile 
at 1378 K. The UV absorption profile is very sensitive to the kl 
value. The change of kl value by a factor of 2 causes serious 
disagreement between the experimental and the modeling profiles. 
The proposed kl value is reliable within a factor of 2 at least 
below 1400 K. 

We did not include the following isomerizations 

in our mechanism. The inclusion of reaction a6 with the rate 
constant ka6 = k2 predicts much more formation of l-C4H6 (3.0% 
at 1200 K and 4.5% at 1300 K) than that observed. The inclusion 
of reaction a7 with the rate constant ka7 = k4 predicted much 
more formation of 1,3-c& in the pyrolysis of l-C& than that 
0b~erved.l~ These isomerizations require more complicated H 
shifts (for example, simultaneous 1,3-H shifts of two H atoms) 
than those of reactions 1-4 and would be hard to occur. The 
experimental results can well be explained without reactions a6 
and a7. However, if any, the maximum values which could 
account for the experimental data were ka6 = (l/lO)kz and ka7 
= (1/10)k4. 

There are other possible routes of the isomerizations of 2-C4H6 
to 1,3-C4H6 and 1,2-C4H6. They are the following reactions: 

H 
I 

H 
I 

H H  H 
1 1 . 1  

H--C-C==C--C-H +H H--C--C=C--C-H e 
I 

H 
I 

H 
I 

H 
I 

H 
H H  

k 
k,, = (2.6 X 10s)p5.5 exp(-1000 cal/RT) s-' 

(=klO, assumed) 

H H  

H- L L  - -C=C-H+H (a9) 
I I  

H H  

k,, = (6.0 X 10l2) exp(-2100 cal/RT) s-' 

(=k12, assumed) 

ka10 = (2.0 x 10'~)  exp(-5000 cal/RT) s-l 
(=kll ,  assumed) 

When these reactions were added to the Table I mechanism, the 
computed yields of 1 ,3-C4Hb and 1 ,2-C4H6 and the remaining 
2-C4H6 were slightly affected. The computed UV absorption 
profiles were also affected slightly by these reactions. When we 
eliminated reactions 1-4 and added reactions a8-al0, experi- 
mental data could not be reproduced at all. These facts mean 
that 2-C4H6 mainly isomerizes through reactions 1-4 and the 
isomerizations through reactions a8-al0 are not so important, at 
least at the initial stage of the reaction. In order to avoid 
complexity, we did not include reactions a8-a 10 in our mechanism. 
The proposed rate constants kl and k2 would, therefore, contain 
some contributions of reactions a8-al0. 

General Features of the Reaction. In Figure 7 are shown the 
pR valuesg2 (logarithms of absolute values of net reaction rates 
in molecules ~ m - ~  s-1 units) for the formation and the consumption 
of the C4Hs isomers. As is seen in this figure, most of the C4H6 
isomers are consumed through three channels: (i) direct uni- 
molecular decomposition of the C4H6 isomers (reactions 6-8); 
(ii) H atom addition to C4H6 isomers and subsequent decom- 
position of the adducts (reactions 10 and 11); (iii) abstraction of 
H atom from the C4H6 isomers by H, CH3, and C2H3 and 
subsequent decomposition of the C4H5 isomers. Thus, the 
decomposition follows mainly a free-radical mechanism with the 
major chain carriers of CH3 and H. The major initiation is 
reaction 6. The CH3 radical is produced by reactions 6 and 10. 
The other major chain carrier, H atom, is mainly produced by 
reactions 35 and 68.  

We can find out the route of the formation of major products 
from the pR values such as shown in Figure 7: CH4 is mainly 
produced by reactions 21 and 22; C2H2 by reactions 8, 37, and 
68;  C2H4 by reactions 8, 11, and 27; propyne by reaction 10; 
vinylacetylene (C4H4) by reaction 35. Reaction 35 is not a single 
reaction, because H atom elimination from 2-C4H5 is expected 
to produce 1,2,3-butatriene ('CH2C=CCH3 e CH2=C=CCH3 - CH2=C=C=CH2 + H). We were, however, unable to find 
1,2,3-butatriene. 1,2,3-Butatriene would rapidly isomerize to 
vinylacetylene. The other possible route of vinylacetylene 
formation from 2-CdHs is the isomerization of 2-CdHs to other 
C4H5 isomers and subsequent H atom elimination from the 
isomers. 
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t i m e / p  
Figure 6. Sensitivity for the UV absorption profile at 230 nm. Conditions 
are the same as those of C in Figure 3. Broken line is computed with 
the Table I mechanism and rate constants. Solid lints are computed by 
multiplying the rate constants of Table I by 2 and 0.5 for kl and by 5 
for others. 

d- 20,o  
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Figure 7. Reaction rate (pR) profiles a t  1300 K for the 2.5% 2-C4H6- 
97.5% Ar mixture. Reactions which produce or consume C4H6 isomers 
are shown. 

Conclusions 

We found that 2-C4H6 rapidly isomerizes to 1,3-C4H6 and 
1 ,2-C4H6 above 1 100 K. We proposed the rate constants of these 
isomerizations and discussed the mechanismof the isomerizations. 
The proposed rate constants, kl  and kz, are applicable only at the 
total density of around 1.8 X 10-5 mol/cm3, because our 
experiments are limited in the density range of 1.6 X 10-5 to 2.1 
X 10-5 mol/cm3. Theoretical studies will be needed to confirm 
the isomerization mechanism presented here. 

The decomposition of 2-C4H6 is very complex, because of its 
very fast isomerization to 1,3-C4H6 and l,2-C4H6. In order to 
understand the mechanism of 2-C4H6 decomposition, more 
experimental data for the decomposition of all the C4Hs isomers 
are needed. 
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