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The pyrolysis of acetylene was investigated behind the reflected shock waves in a single-pulse shock tube
over the temperature range from 1000 to 1670 K. The major products were 1-buten-3-yne, 1,3-butadiyne, and
hydrogen. The main primary C, product, however, changes from 1-buten-3-yne to 1,3-butadiyne with the

increase of temperature.
of acetylene.
second-order rate constant is expressed as follows:

At the lower temperatures the formation of 1-buten-3-yne dominates the pyrolysis
The rate of 1-buten-3-yne formation is second order with respect to acetylene concentration, and its

k(cm3 mol—1 s~1) = 1(Q14-39+0.28exp (( —46400+1400)/RT)
The isotopic distribution of 1-buten-3-yne in the pyrolysis of the equimolar C,H, and C,D, mixture, proved that
the pyrolysis proceeds via a free-radical mechanism. A free-radical chain mechanism initiated by the bimolecular

reaction of acetylene, 2C,H,—»CH;+H, was proposed.

The thermal decomposition of acetylene has been
studied over a wide temperature range by various
methods. At low and intermediate temperatures,
static!=® and flow?-1® systems were employed and the
reaction rate of acetylene consumption, reaction order,
products distribution, wall effects, and the effects of a
variety of additives, for example, reaction products and
radical scavengers such as nitrogen oxide, were exten-
sively investigated.

There is substantial agreement on some aspects of the
pyrolysis at low and intermediate temperatures. At the
initial stage of the reaction, an induction period is
observed and succeeded by a homogeneous reaction.
The latter is second order with respect to acetylene with
a low activation energy of 40—50 kcal*/mol. The re-
action leads to the formation of high molecular weight
compounds and is inhibited markedly by nitric oxide.
The polymer produced at the early stage is solely 1-
buten-3-yne(vinylacetylene), and benzene is an impor-
tant secondary product. Palmer and Dormish®) have
shown that there is a transition as regards the primary
C, product at about 1500 K, where 1,3-butadiyne (di-
acetylene) becomes predominant.

In high temperature region shock tube technique
was used exclusively, because it is excellent to realize
high temperature without worry about wall effects.
The experimetal results obtained from the shock tube
studies,’?~28) however, are somewhat confusing with
regard to the reaction order and the main C, product,
butenyne or butadiyne. These discrepancies may be
ascribed to the difficulties to analyze the reaction prod-
ucts and to determine the reaction order by shock
tube technique. It seems desirable to study the pyro-
lysis over a fairly wide temperature range, the lower
of which overlaps the flow tube investigations.

The mechanism of the pyrolysis has not been well
established. Many investigators favored a bimolecular
reaction of acetylene to give an excited molecule of
acetylene or butenyne in the triplet state or biradical.
Recently several attempts have been made to interpret
the pyrolysis of unsaturated hydrocarbons in terms of
free-radical chain mechanisms initiated by the bimolec-
ular reactions of unsaturated hydrocarbons,?®3% and

* cal,,=4.184].

have attracted the attention of many investigators. In
the shock tube experiments above 1700 K, Gay and
coworkers,?) and Bopp and Kern?®) detected C,H;
radical by use of a time of flight mass spectrometer.
In the present experiment, a wide temperature range
from 1000 to 1670 K was covered. Complete analysis

- of the reaction products was performed as far as possible.

Particular attention has been paid to determine the
order of the reaction and the major products as a func-
tion of temperature. In the temperature range studied,
it is difficult to find radicals in a direct manner,'? but
the deuterium content of the main primary product in
the pyrolysis of the equimolar C,H, and C,D, mixture,
may be expected to provide information for testing the
mechanisms.

Experimental

Apparatus and Procedure. The pyrolysis was studied
in a 4-cm i.d. single-pulse shock tube. The driven section
was 277 cm long, the main portion of which was made of
terex glass tubing. The driver section was steel tubing and
its length was variable, but it was fixed at 157 cm in the present
runs. A 80-1 dump tank was connected to the driven section
near the diaphragm. The driver section was seperated from
the driven section by a “Lumirror” (polyethylene tereph-
thalate) film of 0.05 mm thickness. The details of the shock
tube was described by Tsuda and Kuratani,3) but a slight
modification was made.

Before each test run, the shock tube was evacuated to below
1x10-* Torr by an oil diffusion pump. The ultimate vac-
uum was 8% 10-® Torr, and the leak plus outgassing rate
was approximately 6x 10-5 Torr/min.

In order to measure the incident shock velocity, the outputs
of the three pressure gauges(barium titanate-lead zirconate)
spaced at 23.1 cm intervals were fed into a home-built electron-
ic counter(Hop Step Jump Counter),?» having the accuracy
of 0.1 us. Reflected shock parameters were calculated from
the incident shock velocity extrapolated to the end-plate,
considering the attenuation of the shock wave. Ideal shock
wave theory was used. The thermodynamical data were
taken from the JANAF tables.?® The pressure profiles at the
downstream end were recorded on an oscilloscope, from
which the reaction times were determined with the accuracy
of +59%. Helium was used as the driver gas throughout
the experiment. The shocks were fired within five minutes
after the two section were filled with the desired gases.
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Materials. The three kinds of mixtures, with the
ratios of C,H,/Ar equal to 5/95 and 10/90; and with the ratio
of C,H,/C,D,/Ar equal to 5/5/90, were prepared in a glass
vessel of 5-1 volume, and were allowed to stand at least one
day before use.

Acetylene, from Matheson Company, was bubbled through
concentrated sulfuric acid, passed through a sodalime tower
and then collected in a liquid nitrogen trap. The condensate
was purified by bulb-to-bulb vacuum distillation. Acety-
lene-d,(999% D atom guaranteed) was obtained from Merck
Sharp and Dohme of Canada. For the purification, it was
condensed in a liquid nitrogen trap, and subjected to a brief
pumping period. Argon(nominal purity of 99.9995%,),
from Nippon Sanso Co., was used without further purifica-
tion and served as the diluent.

Butenyne and butadiyne were prepared from 1,3-dichloro-2-
butene and 1,4-dichloro-2-butyne, respectively.34:3%) They
were purified by distillation through a low temperature columnr.
The purified gases were quickly diluted with a large amourt
of argon as the stabilizer, and stored. Gas chromatograph-
ic analysis showed that the butenyne and butadiyne con-
tained allene, propyne, and butadiene as the impurities.
The purity of the butenyne and butadiyne was found 82.0
and 91.49%, respectively.

Research Grade CH,, C,H,, C,H,, allene, propyne, and
1,3-butadiene were obtained from Takachiho Shoji Co., and
used as received. The reference gases for the gas chromato-
graphic calibration were prepared barometrically with mer-
cury and oil manometers. Argon was used as the diluent
gas.

Analytical. As soon as the shock was fired, the test
gas around the end-plate was quickly extracted into an evac-
uated bulb of 60-ml volume with the aid of a solenoid valve
operated by compressed air. The hydrocarbons in the
products were analyzed on Yanaco G-80 and Shimadzu
GC-3AF gas chromatographs using flame ionization detec-
tors. CH,, C,H,, C,Hg were analyzed at 50 °C on a 3 mm x
2m column packed with 80—100 mesh Porapak N. The
higher molecular weight hydrocarbons were analyzed at
130 °C. The hydrogen was detected at a room tempera-
ture by a thermal conductivity cell, on a 4-m column packed
with 40—50 mesh molecular sieve 5A with argon as the car-
rier gas. The concentration of each product was determined
from the peak area relative to that of the reference gas.

The shock heated samples of the equimolar mixture of G,H,
and C,D, in argon were analyzed by a Hitachi model RM-50
mass spectrometer to determine the isotopic distributions of
acetylene and butenyne. The ionization potential was
kept at 50 eV. The pattern coefficient of acetylene-d; was
taken equal to the arithmetical mean of those acetylene-d,
and acetylene-d,. The fragmentation patterns of butenyne
isomers were calculated statistically from that of butenyne-
d, assuming the same fragmentation.

Results

The two mixtures with the ratios of C,H,/Ar equal
to 5/95 and 10/90 were pyrolyzed over the temperature
range from 1000 to 1670 K. The shock heated samples
were analyzed by gas chromatography. Complete anal-
ysis was carried out for the hydrocarbons having carbon
number from 1 to 4.

Major Products. Under the experimental con-
ditions employed, the major products of the pyrolysis
were butenyne, butadiyne, and hydrogen. Butenyne and
butadiyne were identified by both gas chromatography
and mass spectrometry. The analytical results are shown
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Fig. 1. Major products distribution as a function of
temperature. (C,H,/Ar=>5/95).
O: Butenyne, @; butadiyne, A; hydrogen.

inFig. 1. Asshown in Fig. 1, at the lower temperatures

the yield of butenyne increases with temperature. And

it attains to its maximum at about 1500 K, and then
with the increase of temperature, it becomes to decrease.

The yields of butadiyne and hydrogen increase lin-
early with increasing temperature in the temperature
range studied. At the lower temperatures approxi-
mately equal amounts of butadiyne and hydrogen
are produced, while at the higher temperatures above

1500 K the yield of hydrogen evidently goes beyond

that of batadiyne. It is thus confirmed that at the

lower temperatures butenyne is the main primary
product, on the other hand, butadiyne and hydrogen
become predominant at the higher temperatures.
Minor Products. CH,, C,H,, allene, and propyne
were found as the minor products. They are shown in

Fig. 2 in the case of the mixture of CyH,/Ar=10/90.

On the gas chromatograph a low and broad peak with

a very long retention time (about 3 h) was observed,

and identified as benzene. But the quantitative analysis

was not carried out. In addition, trace amounts(less
than 1 ppm) of C,Hg and 1,3-butadiene were detected.

It is noteworthy that the hydrocarbons containing odd

number of carbon atoms such as CH, and C;H, were

observed.

[ 3N ‘
ot ]

Yield(ppm/ms)

10%k/7
Fig. 2. Minor products distribution as a function of
temperature. (C,H,/Ar=10/90)
O; Ehtylene, A; allene, A; propyne,
@; methane.
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Fig. 3. Dependence of the rate of butenyne formation
on acetylene concentration.
0; C,H,/Ar=5/95, @; C,H,/Ar=10/90.

Formation Rate of Butenyne. - The two kinds ot
mixtures stated above also served to determine an em-
pirical reaction rate formula of butenyne formation. The
total densities behind the reflected shock waves were
(2.35%0.11) X 10~% mol/cm?® throughout all runs. And
the reaction times were limited within 1 ms to maintain
the low conversions of acetylene. Since we are con-
cerned with the early stage of the pyrolysis, where the
yields of butadiyne and hydrogen are negligible com-
pared with that of butenyne, only the data obtained
below 1350 K are collected. The dependence of the
rate of butenyne production on the acetylene concentra-
tion is shown in Fig. 3. The empirical power rate
equation such as, d[C,H,]/dt=Aexp(—E/RT)[C,H,]",
was assumed. Applying the method of least squares to
A, E, and n; ‘

d[CH,]/de = k,[CH,]?3520-15 (1)
where
ky = 1018-1%1.05 exp ((—48000=£1500)/RT) (2)

was obtained in cm3 mol-1s-! units. The errors denote
the standard deviation of the least squares method.
In the literatures of the shock tube studies, first1%:2¢ 126)
or second20-23:2%) order rate with respect to acetylene
was reported And in the context of the first or second
order reaction, the second-order reaction is supported
from the present analysis. Therefore, when we take
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Fig. 4. Arrhenius plot of the second-order rate coh-
stants.
O; C,.H,/Ar=>5/95, -@; C,H,/Ar=10/90.
the view of the second-order reactlon, the _experimental
data will be fitted by the following rate constant:

k3(cm?® mol—? s‘l)
| = 10M:39%0.38 exp ((—46400- 1400)/RT) 3)

The Arrhenius plot of the second-order rate constant
is shown'in Fig. 4.

Isotopic Distribution. The equimolar mixture of
C;H, and C,H, in argon was shock heated below 1350
K, and the isotopic distributions of butenyne and acet-
ylene were determined by mass spectrometry. In the
temperature range up to 1350 K, the interference due
to butadiyne on the mass spectra of butenyne isomers
could be neglected, for the amount of butadiyne formed
was negligibly small compared with ithat of butenyne.
The results of the mass spectral analyses are given.in
Table 1. Evidently, considerable amounts of butenyne
isomers containing odd number of hydrogen and deute-
rium atoms, C,H;D and GHD,, are produced. This
finding may be useful for testing the proposed miecha-
nisms, which will ‘be discussed in the following section.

Discussion

Comparison of the Second-order Rate. An exact
analysis showed that at the early stage of the pyrolysis,
butenyne is'the main primary product and the second-
order rate with respect to acetylene is preferred for the
formation of butenyne. It is noticed that the second-
order rate constants for the consumption of acetylene

TaBLE 1. ISOTOPIC D STRIBUTION OF BUTENYNE
T. 2 . 7°)
2 CH,» CH,D C,H,D, C,HD, C,D, C,HD» -
' [
1069 0.159 0.155 0.262 0.280 0.143 0.005 790
1180 0.161 0.167 0.304 0.261° 0.107 0.011 860
1185 0.171 0.169 0.303 0.248 0.108 0.012 760
1201 0.152 0.176 0.306 0.256 0.110 0.013 700
1285 0.147 0.190 0.320 0.237 0.106 0.024 870
1325 0.148 0.189 0.324 0.249 0.090 0.075 880

a) T; is the temperature behind the reflected shock wave.:
are taken equal to 1.000, respectively.

b) The total amounts of butenyne and acetylene
c) T is the dwell time.
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obtained by many investigators, covering the tempera-
ture range 620—2450 K, appatently lie on a single Ar-
rhenius expression:25)

ky(em?® mol~1 5-1) = 103-% exp (—41600/RT) 4)
At the early stage of the pyrolysis, the relatlonshlp of
2d[C H,)/dt=—d[C,H,]/dt holds well, since butenyne
is the only reaction product and the other minor
products may be neglected. In the temperature
range 1000—1350 K the.absolute values.of 2k; agree
well with those of &,.

8

loglk /cm3mol's")

4 A 1 (] 1
5 6 7 8 9 10
10%k/T
Fig. 5. Comparison of the second-order rate constant
of butenyne formation with the literatures.

Q; Skinner and Sokoloski, @; Towell and Martin,
——; this work.

The second-order rate constants for butenyne for-
mation were obtained by only two groups; by Towell
and Martin in a flow tube study!¥) and by Skinner and
Sokoloski in a shock tube experlment 209): A comparison
with the literatures is made in Fig. 5. The absolute
values, of the, present rate constant are ahout a factor
of 0.3 lower than those obtained by them in the tem-
perature range 1000—1350 K. But when the activation
energy. is compared, the present rate constant is in good
agreement . with that of Towell and Martin’s rather
than with that of Skinner and Sokoloski’s. The rate
constant derived by Towell and Martin is expressed as:

kg(cm3 mol-*s-1) = 105 exp (—45000/RT) (5)

As shown in Fig. 1, the concentration of butenyne
has a maximum value Consequenly, in the neigh-
borhood of the temperature where the yield of butenyne
shows its maximum, the increase of butenyne concentra-
tion slows down with increasing temperature. It seems
probable that under the conditions employed by Skinner
and Sokoloski, the apparent lower activation energy
may be obtained by the reason mentioned above.

As far as the second-order rate is concerned, the
absolute values are fairly well consistent among many
investigators, although there are significant dissents as
to the main primary product of the pyrolysis.

The reaction products observed in the present anal-
ysis, are in good accordance with those detected in
static and flow systems, for example, Cullis and
Franklin®) reported butenyne, butadiyne, CH,, C,H,,
C,H,, H,, propyne, and benzene as the reaction prod-
ucts.. Further, the nature and sequence of the for-
mation of their products as a function of time have
strong resemblance to those in the present shock tube

Pyrolysis of Acetylene
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experiment as a function of temperature. This may
suggest that the same or similar mechanism is operative
in the temperature range up to 1350 K, where the for-
mation of butenyne is predominant.

Mechanism of Butenyne Formation. The strong
inhibition by nitric oxide observed especially at low
temperatures?3:% cannot be accounted for by a simple
bimolecular reaction of acetylene. The excited-state
molecule mechanisms were proposed to be compatible
with the low activation energy and the inhibition by
radical scavengers. The following molecular chain
mechanism involving excited-state molecules was pre-
sented as the most probable one to explain the fairly
high frequency factor ;%15

C,H, + CH, — C,H,* + C,H,
C,H,* + C.H, — C,H*
CH,* + GH, — G,H, + CyH,*

where, C,H,* and C,H,* were supposed to be the
excited molecules in the triplet state or biradicals.

In the pyrolysis of the equimolar mixture of C,H, and
C,D,, C,H;D and C,HD; would be formed by the
reaction of C,HD molecule with C,H, and C;D, mole-
cules, respectively. C,HD molecule may result from
the H-D exchange reaction between C,H, and C,D,
molecules.

As can be seen from Table 1, the yields of C,;H;D and
C,HD; are too large to be accounted for by the above
mechanism, because the yield of C,HD in the present
experiment is less than 109, of the initial acetylene
concentration.

The appearance of C,H;D and CHD; in significant
duantities in the ‘C,H,— (3.2D2 system may suggest that
the pyrolysis of acetylene proceeds via a free-radical
mechanism. The acitivation energy of 46.4 kcal/mol
is too low to allow the'initiation process of unimolecular
scission of bonds, C=C and C-H, in acetylene molecule.
We have tried to interpret our data in terms of a free-
radical chain mechanism initiated by a bimolecular
reaction of acetylene. This attempt is basically an
extention of that proposed by 'Back.?® And in ‘this
study each reaction participated in the pyrolysis was
examined in’ detail from the thermochemical point of
view.

The heats of formation for the relevant C, molecules
and radicals 'used in the following calculation are the
same as those evaluated by Cowperwaite and Bauer,??)
and the heat of formation of 59.6 kcal/mol, the smallest
value in the literatures, is adopted for C,Hj radical.3®)
The other values are taken from the JANAF tables.
The standard heats of the reactions, AH°(kcal/mol),
are given at 298 K.

The most probable free-radical chain mechanism is
represented as follows:

initiation

chain propagation

2C,H, —» CH, + H AH°= 46.2 (6)
H + C,H, — C,H, AH°=—46.7 ' (7)
GH, + C,H, > CH, + H AH°= 13.6 (8)

C,H, + GH, — CgH»
C,H, + C,F, — C,H, + C,H,

AH°~—22.0 (9)
AH°~—11.0 (10)

Ethynylvinyl(C,H;) radical has two isomers, 1-ethynyl-
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vinyl and 2-ethynylvinyl radicals. The heat of for-
mation of the former radical is about 20 kcal/mol lower
than that of the latter.#® In our mechanism C,Hj is
supposed to be l-ethynylvinyl radical, since it is more
advantageous than 2-ethynylvinyl radical in the view
of the enthalpy change of Reaction 6.

In the above mechanism Reactions 8 and 10 are
regarded as elementary reactions. In reality, however,
the formation of C,H, proceeds via relevant hot radical,
for example, C,H;* in the case of Reaction 8. And when
the energy present in the hot radical C,H * is low
enough, the hot radical may be stabilized by the col-
lision with the third body to the C,Hj radical. Thus
Reaction 8 should be divided into the following two
reactios;

C.H, + C,H, — C,H, AH°=—-33.4 (1)
CH, » GH, + H AH°= 47.0 (12)

Reactions 11 and 12 show that C,H, is formed by addi-
tion and subsequent decomposition reactions of the
radicals. For simplicity the reactions of both types will
be referred to addition-decomposition reactions here-
after.

The chain propagation processes to form butenyne
are composed of addition reaction to acetylene and
subsequent addition-decomposition reaction. Both rad-
icals, C;H; and H, generated by the initiation step
can lead to the production of butenyne .

When the equimolar mixture of C,H, and C,D, in
argon is pyrolyzed, appreciable amounts of C;H;D and
C4HD; among the butenyne isomers will be produced
by the above mechanism. This prediction is consistent
with the observed isotopic distribution of butenyne sum-
marized in Table 1.

The isotopic distribution for the above mechanism
was calculated in the case where H atom and C,H,
radical are predominant. If equal collision probabil-
ity for C,H, and C,D, is assumed and the kinetic
isotope effect is neglected, H and D atoms are produced
by Reaction 6 in equal amounts, and the amounts of
vinyl radical isomers, C,H,, C,H,D, C,HD,, and C,D,
formed by Reaction 7 are also equal. And then C,H,D
radical, for instance, will react with C,D, in the follow-
ing process:

" HDC-CH + DC=CD — HDC-CHCD-CD
— HDC-CHC=CD(C,H,D,) + D
(13)

By the similar reactions to Reaction 13, the equal
amounts of H and D atoms will be generated again.
The above estimation produces the ratios among the
butenyne isomers, C,H,/C,H,D/C,H,D,/C,HD,/C,D,=
1/2/2/2]1. The agreement between the calculated and
the observed values seems considerably good. The
similar isotopic distribution of butenyne may be obatined
when the chain propagation step of Reactions 9 and 10
is dominant.

In order to estimate the rate constant of the initia-
tion step of Reaction 6, the enthalpy and entropy of
C H; radical were calculated from the spectroscopic
data of butenyne!!) following the evaluation method

Hiroo Ocura
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presented by O’Neal and Benson.t® At 1300 K the
enthalpy and entropy changes of Reaction 6 are 47.4
kcal/mol and 1.16 cal K-2mol,~! respectively. The
reverse rate constant of Reaction 6 is uncertain, but
may be assumed to be the same as that of recombination
reaction of atom with radical estimated by Benson
and O’Neal:%3

k_g(cm?® mol-1s-1) = 1033 (14)
Then combining Eq. 14 with the equilibrium con-
stant at 1300 K, the approximate forward reaction rate
constant is given by:

kg(cm?® mol—1s~1) = 10'3-55 exp (—47400/RT) (15)

An alternative initiation step was proposed by Back:3)

9C,H, — G,H + C,H, AH® = 65.2 (16)
And the estimated rate constant was given by:

kyg(cm3 mol-1 s~1) = 10%-7 exp (—70000/RT) (17)

The frequency factor of k4 seems abnormally high,)
and kg is above ten times faster than £,4 in the tempera-
ture range 1000—1350 K. Therefore, it may be con-
cluded that Reaction 16 is not likely to occur as the
initiation step for the formation of butenyne. Reaction
16, however, may be more important at higher tem-
peratures than Reaction 6 in the view of the entropy
change.28)

In the above mechanism the termination occurs via
the recombination or disproportionation reaction of the
radicals involved. For the rate constants of the termina-
tion, the recombination rate constant of alkyl radical
with radical® may be used as an alternative one;

ki(cm® mol-1s-1) = 1012-3 (18)

where, £, is rate constant of the termination reaction.

Under the present shock tube experiment the reac-
tion times are extremely short. This provides a serious
problem in applying the steady-state assumption to the
system stated above. As to the formation of butenyne,
however, Silcocks,? and Cullis and Franklin'® observed
no appreciable induction period at lower temperatures.
Accordingly the assumption of steady-state of the rad-
icals may apply to some extent. Imposing the steady-
state of the radicals on the above mechanism, the
second-order rate of butenyne formation is expressed as;

d[C,H,]/dt(mol cm3 57%) = Kaq(ke/2k)/2[CH,]?  (19)

where, £,, is the rate constant of Reaction 8 or 10.
By the comparison with the observed second-order rate
constant kj, k4 in Eq. 19 is derived as follows:

kza(cm® mol-1s-1) = 10'3-% exp (—22600/RT) (20)

When compared with the rate constant £,/2:

kaq(cm® mol-1s-1) = 10-%exp (—17900/RT) (21)

The addition and addition-decomposition reactions
may compete with each other. And the addition of
the radicals to acetylene may proceed successively at
the lower temperatures, since the addition reaction to
acetylene has, in general, lower activation energy than
that of the addition-decomposition reaction. Con-
sequently butenyne may be produced by the subsequent
addition-decomposition reaction. In the case of the
competition between Reactions 8 and 11, butenyne
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may be formed by the reaction of C,H; radical with
acetylene:
CH; + CGH, - CH, + CH,

AH°= 13.3 (22)

Generally the bond dissociation energy of C—C is lower
than that of C-H bond in the larger radicals, and low
molecular weight molecules may be formed by the C-C
bond scission rather than the C—H bond fission at the
lower temperatures. In some experiments at the lower
temperatures benzene is reported as the main primary
product.1:13)  This might be interpreted in the similar
way: ‘

CeH; + CH, — CH, (23)

C:H, + C,H, — CgHg¢(benzene) + C,H, (24)

As mentioned above, the chain propagation steps
consist of addition and addition-decomposition reac-
tions, and both of which may be expected to show
similar kinetic behavior regardless of different radicals
involved. An Arrhenius plot linear within the error
limits involved in the measurement of acetylene py-
rolysis?®) is therefore consistent with our mechanism.
Palmer and Dormish® pointed out that the Arrhenius
plot of the data in the literatures shows a discontinuity
in the neighborhood of 1000 K, and suggested a change
of the mechanism of the pyrolysis. But on the basis
of the similarities that exist between frequency factors
and activation energies of homologous reactions, it seems
more likely that from the kinetic data obtained at low
temperatures where the formation of butenyne domi-
nates, we can predict no change of the chain propaga-
tion step in the mechanism.

Furthermore, the chain propagation steps initiated
by H atom and C,H, radical, respectively, will show
quite similar kinetic behavior. Thus in the present
stage we could not determine the relative importance
of H atom and C,H, radical in the above mechanism.
Further study as regards the relative importance of the
two radicals, C;H; and H, is in progress. '

Formation of Butadiyne and Hydrogen. At the higher
temperatures the formation of butadiyne and hydrogen
becomes important, which may be interpreted in terms
of a free-radical chain mechanism in the same way.
The abstraction reaction of H atom from acetylene
becomes faster than the addition of H atom to acetylene
with increasing temperature. The following chain pro-
pagation may dominate:28:34)

H + CGH, - H, + GH
CH + C,H, » CH, + H

AH°= 7.7 (25)
AH°= —4.8 (26)
The alternative scheme of Reaction 26 is as follows:
HC=C. + HC=CH — HC=CCH-CH
AH°=—44.8 (27)
HC=CCH-CH — HC=C-CzCH + H
AH°= 40.0 (28)
As shown in Reaction 27, the stabilized C,H; radical
is 2-ethynylvinyl radical, which is different from that
produced by Reaction 6.
At the higher temperatures covered in the present

experiment the amount of hydrogen is greater than that
of butadiyne. This implies that another path to yield

Pyrolysis of Acetylene

" ylene to form CH, molecule.

1049

hydrogen is operative, since by the above chain propaga-
tion nearly equal amounts of hydrogen and butadiyne
may be formed. One of the possible paths is the
decomposition of butenyne by the following reactions:

H + C,H, — H, + C,H, AH° = —24.9 (29)
CH + CH, —» GH, + C,H, AH° = —32.6 (30)

In the present experiment the sum of carbon atom
over the whole products was less than that of hydrogen
atom. There must have been some undetected hydro-
carbons present, containing on the average less than one
atom of hydrogen per atom of carbon. Thus CgH, and
CgH,25:26) appear possible hydrocarbons undetected in
the present analysis. As the pyrolysis continues the
following reactions may be expected to occur;

H+ CH, - CH + H, (31)

CH + GH, — GH, + H (32)
and succeeded by:

H + CGH, — GH + H, (33)

CH 4+ CH, — GH, + H (34)

The formation of carbon soot becomes very impor-
tant with increasing temperature at high temperatures.
But this problem is beyond our discussion. Under the
experimental conditions studied, however, the formation
of soot was insignificant.

As shown in Fig. 1, the activation energies of buta-
diyne and hydrogen formation are higher than that of
butenyne. Assuming the second-order rates for buta-
diyne and hydrogen production, the activation en-
ergies of 69.5 and 77.6 kcal/mol were obtained, respec-
tively. If the formation of butadiyne and hydrogen
were the predominant reaction consuming acetylene,
the low activation energy of 41.6 kcal/mol of k, would
be difficult to be accounted for. Therefore, the second-
ary reactions which consume acetylene, with lower
activation energies than those of the main reactions,
or which reproduce acetylene might contribute to lower-
ing the apparent activation energy of the over-all acet-
ylene consumption reaction.

Secondary Products. As the minor products the
hydrocarbons containing odd number of carbon atoms,
CH, and CzH,, were produced. The formation of
these products may be easily accounted for by the re-
action of the radical involved in the mechanism stated
above. For example, CH; radical may be formed by
the isomerization and decomposition of CgH, radical as
follows ;3¢

CH, + C,H, — H,C-CH-CH-CH-CH-CH (35)
and then 1,5 hydrogen shift }nay occur:

- H,G-CH-CH-CH-C=CH (36)

The terminal methyl group may split off to CHj radical.
CH, radical will abstract a hydrogen atom from acet-
C,H; radical may be
generated in the similar way, which will ultimately
lead to the formation of allene and propyne. Benzene
may also be produced from CzH, radical:*®

CgH, — Cg;Hg(benzene) + H (37)
The formation of benzene provides an evidence that the
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chain of carbon atoms has extended to six within the
reaction times in’ the present experiment. And the
participation of Cg radicals may be justified. Con-
siderable amount of ethylene was obtained in the persent

analysis. There are two possible paths to yield eth-
ylene:
C.H, + GH, > CH, + C,H AH°= 12.7 (38)
9C,H; — C,H, + C,H, AH°=—52.5 (39)

The trace amounts of ethane and 1,3-butadiene may
result from the recombination reactions of two CH, and
C,H, radicals, respectively. The ratio of dispropor-
tionation reaction rate constant to that of recombination
is uncertain, but it is more likely that ethylene is formed
mainly by the reaction of C,H; radical with acetylene.

The author would like to thank Professor Kenji
Kuratam The University of Tokyo, for his valuable
discussions and suggestions throughout this investiga-
tion.
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