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Mechanistic Studies of the Pyrolysis of 1,3-Butadiene, 1,3-Butadiene-1,1,44-
1,2-Butadiene, and 2-Butyne by Supersonic Jet/Photoionization Mass Spectrometry

Steven D. Chambreau!, Jessy Lemieux, Liming Wangt and Jingsong Zhang*$
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The thermal decomposition of 1,3-butadiene, 1,3-butadiene-1,d44,4;2-butadiene, and 2-butyne at
temperatures up to 1520 K was carried out by flash pyrolysis e2@us time scale. The reaction products

were isolated by supersonic expansion and detected by single-plotof {8 nm) vacuum-ultraviolet time-
of-flight mass spectrometry (VUV-TOFMS). Direct detection of £&hd GH3, as well as gH,, C4Hy4, and

C4Hs products, provides insight into the initial steps involved in the complex pyrolysis of th¢tes@ecies
below T = 1500 K. The similar pyrolysis product distributions for thgHg isomers on such a short time

scale support the previously proposed mechanism of facile isomerization of these species. Isomerization of
1,3-butadiene to 1,2-butadiene and subsequer@ Gond fission of 1,2-butadiene to produce £itd GH3
(propargyl) are most likely the primary initial radical production channel in the 1,3-butadiene pyrolysis.

Introduction kcal/mol CH3 + ==
. . . . 130 - .
To understand the mechanisms involved in soot formation _1_315_
in combustion, much work has been done on the thermal 2°| —_— J:'+H
decomposition pathways of small hydrocarbons. Although the 110 17.0 —_—ls =
thermal decomposition of 1,3-butadiene (1,346) has been 100 050 j +H

studied extensively;” the details of the mechanism have
continued to be a subject of debate. Of particular interest is the % [~
initiation of 1,3-butadiene pyrolysis. On the basis of entropic so -
arguments, Keifer et al. proposed that the primary initiation step | -7 I:l+ i
was the cleavage of the-@C bond to form two vinyl radical3*
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However, the mechanism based on this initiation step did not N
accurately account for ethylene production. Skinner et al. and o
later Rao et al. suggested initiation by unimolecular decomposi- 20~
tion to ethylene and acetylefé. 10 -
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Figure 1. Relative energies of the species involved in the 1,3-butadiene

. . ._pyrolysis, taken from refs 1 and 28 (the values were determined from
Admittedly, some of the assumptions made were somewhat in Egatsyof formation at 298 K). (

disagreement with the known kinetic dat&. Reaction 2 is

f:urrently belie\ged. tq proceed throggh the:* shprt-lived vinylidene, 1,2-Butadiene (or 2-butyne) then decomposed tg @it GHs
:CCH, — CoH,.” Similar to the fast isomerization between allene jicais that initiated subsequent radical chain processes:
and propyné,Kern et al? and, more recently, Hidaka et &9
presented an alternative mechanism in which 1,3-butadiene first } .

isomerized to 1,2-butadiene (1,24%) and 2-butyne (2-GHs), 1,2-GHg — CH, + C5H, ©)

forming terminal single €C ¢ bonds: ) o
The isomerization of 1,3-4Hs to 1,2-GHe and 2-GHg was

1,3-CHg — 1,2-CH, (3) shown to be much faster than its decomposition at high
temperature$.The introduction of this initiation mechanism to
1,3-GHg— 2-CHg 4 the previous reaction scheme resolved many of the differences
between previous models and experimental data.
*Cc;)”esponding author. Fax-1-951-827-4713. E-maill: jingsong.zhang@ In most of the previous studies, the thermal decomposition
ucr'f'%r:'sent address: Department of Chemistry, Wayne State University, mechanisms of 1,3-butadiene were examined mainly by end
Detroit, Ml 48202. products analysis. In this work, the extent to which each of the
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and time-of-flight mass spectrometry (TOFMS). The complica-
tion from subsequent chemical reactions is minimized. Quantum

chemistry calculations of the energy barriers and transition state l me=>4
geometries for the isomerization reactions are carried out, and W T=1520
possible mechanisms are discussed and compared to current S\ 121425

: T=1280
literature. : N T=1045
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Experimental Section

The pyrolysis experiments were conducted on an apparatus
that was previously describé#:13 1,3-Butadiene was obtained
from Matheson (99.8%), 1,3-butadiene-1,1,d,498%) was
from Cambridge Isotope Laboratories, and 1,2-butadiene (99%) N n T=1280 K
and 2-butyne (99%) were from Aldrich. 1,3-Butadiene and its T=1045 K
ds species were diluted te-1% in helium and used without
any further purification. 1,2-Butadiene and 2-butyne were p— : p— P —————————— . st
introduced by bubbling He through the liquid or over the solid 10 15 20 25 30 35 40 45 50 55 60 65
at reduced temperatures to control the vapor pressure. Bath m/e
temperatures for 1,2-butadiene and 2-butyne wet®5 and  Figure 2. TOF mass spectra of flash pyrolysis of 1,3-butadiene (1%
226 K, respectively. The concentrations for 1,2-butadiene andin He) with the nozzle temperatures between 300 and 1520 K using
2-butyne were<1%. The stagnation pressure of the gas mixtures 10.48 eV photoionization. The mass spectra in the inset are in full scale
was 130 kPa. The flash pyrolysis source was based on the desigr@nd are offset in both mass and baseline for clarity.
of Chen and co-workers. Flash pyrolysis was achieved by

Intensity (arb. un

J T=300 K

expanding the gas mixtures through a heated SiC nozzle

(Carborundum, heated length 10 mm, 2 mm o.d., 1 mm i.d.). L | m/e=38 s
The nozzle was heated resistively with the electrical current N 1225
being controlled by a Variac transformer. The nozzle temper- o ~J ] T=1280
ature was monitored by a type C (Omega) thermocouple ‘E L T=1045
attached to the outside of the nozzle that had previously been = — e )

(arb

calibrated to the internal temperature of the nozzle. With a near
sonic velocity of the sample within the nozzle, the residence 3.
time in the heater has been estimated to be approximately 20°Z =
us*15 After leaving the nozzle, products were cooled and .
isolated by supersonic expansion into vacuum where they . N
proceeded to the photoionization region.

The parent molecules and products were ionized by 118 nm

Inte:

- s
(10.48 eV) photons produced by frequency tripling the 355 nm SRA—— .L T A A aa
output of a Nd:YAG laser in a Xe cel~20 Torr) and were 10 15 20 25 30 35 40 45 50 55 60 65 70
subsequently detected by a linear time-of-flight mass spectro- m/e

meter (R. M. Jordan C#). The 118 nm radiation was focused Figure 3. Mass spectra of flash pyrolysis of 1,3-butadiene-1,1¢4,4-
by a MgF; lens through a small aperture into the photoionization (1% in He) with the nozzle temperatures between 300 and 1520 K
zone, while the fundamental 355 nm beam diverged in this using 10.48 eV photoionization. The mass spectra in the inset are in
region. This divergence and the aperture minimized multiphoton full scale and are offset in both mass and baseline for clarity.

ionization (MPI) and the amount of scattered 355 radiation ] 0 ) )
within the ionization region, which will be discussed below. &t the Gaussian 3X (G3X) lev&t-2 To compare with the avai-

The TOF spectra were collected using a digital oscilloscope 'able experimental values, the relative energies of species were
(Tektronix TDS3032) and averaged over 512 laser shots; theyiSted on the basis of the enthalpies of formatiar0aK (see

were then converted to mass spectra using the appropriateFigureSG_a”d 7), calculated fro_m the G3X atomization_en_ergies.
Jacobian transformation. Al transition states were confirmed by following the intrinsic

The approaches in this experiment present several advanteaction coordinates (IRCs) to the desired isomers. It was found
tages: (1) a short reaction time to examine the initial steps of that the IRCs from different levels of theory were very close;
the thermal decomposition; (2) supersonic cooling, quenching Nowever, the saddle point along IRC may shift position when
the reaction and minimizing recombination of products and € level of theory changes. The “true” transition states were
intermediates; and (3) minimal ion fragmentation by the use of therefore located as the maximum from a high level of theory
the 10.48 eV “soft” photoionization source that imparts sufficient 2/0ng the IRC from a relatively low-level theory. In the present
energy to ionize many closed-shell and free radical species. TheStudy, the transition states were located at QCISD(T)/6-31G(d)
supersonic cooling further reduces photoionization fragmentation Vel along the IRC at B3LYP/6-38G(2df,p) level, IRC-
by minimizing the internal energy of the parent molecules and Max'((@J.)QCISD(T)/6-.316(d)//(.U)B3LYP/6-3iG(2df,p))?ZAII
the pyrolysis products. ab initio and_ density func_tlonal theor_y calculations were

The energetics for decompositions and isomerizations of the Performed using the Gaussian 98/03 suite of progtam.

C4He species were calculated using quantum chemistry methods
The geometries were optimized using hybrid density functional
method B3LYP with 6-3%+G(2df,p) basis sefs,!® and the 1,3-Butadiene.The mass spectra of 1,3-butadiene are taken
vibrational frequencies were calculated at the same level of at 300 K and at pyrolysis temperatures of 1045, 1280, 1425,
theory for characterizing the nature of structures and computingand 1520 K (Figure 2). At 300 K, a large 1,3-butadiene parent
zero-point energy corrections. Accurate energies were obtainedpeak is observed at'e = 54. Also present are very small peaks

‘Results
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are too high for these species to be produced by photoionization

| me=54 | o0 fragmentation at 10.48 eV. These minor peaks are the result of
~) T=1425 a small amount of EI. Smaller peaks are observed/at= 29,

S~ T=1280 30, 40, and 42. These satellites of the 31 and 41 peaks can be
] s attributed to either rearrangement and subsequent fragmentation

L T of the 1,3-butadiene-1,1,4¢- cation generated by El, or

L possibly to impurities within the sample.

N .

T=1520K Upon the pyrolysis of 1,3-butadiene-1,1,4l4-the me =
29—31 and 46-42 peaks maintain approximately the same size
at 1045 and 1280 K. At 1280 K, additional peaks appeanat

. . ~ A T=1280K = 54 and 56. At 1425 K, a peak appearside = 17, which
corresponds to the deuterated methyl radicabl€Drhem/e =

17 peak also has a small satellitenale = 18. Peaks atve =

. . T=300K 28—31,mle = 40—42, andm/e = 55 begin to grow at 1425 K.
T T T AR AL AR At 1520 K, there are large increases in tée = 17 and its

10 15 20 25 30 35 40 45 50 55 60 65 satellites atm/e = 15, 16, and 18, as well as/e = 41 peaks

m/e and its satellites, while the peaks mte = 28—32 increase
Figure 4. Mass spectra of flash pyrolysis of 1,2-butadierel % in slightly in size, as dawe = 54—6.

He) at the nozzle temperatures from 300 to 1520 K. The mass spectra 1,2-Butadiene. The pyrolysis of 1,2-butadiene (see Figure

in the inset are in full scale and offset in both mass and baseline. 4) yields results similar to those of 1,3-butadiene (Figure 2).
Small, constant peaks ate = 28 andm/e = 39, attributed to
s a small amount of El, are observed at aI_I temperatures. A CH
m | 1520 peak atm/e = 15 appears at 1280 K and increases at 1425 and
N T=1425 1520 K. A peak appears at/e = 39 at 1280 K, which also
~J T=1280 increases as the temperature is raised to 1520 K. At 1520 K, a
e H L. small peak appears ate = 40. Also observed at 1520 K are
L% small me = 52 (GH4) and 53 (GHs) peaks due to loss of
hydrogen by the parent.
2-Butyne. The pyrolysis of 2-butyne is also carried out with
L A To1520K mass spectra being taken at 300, 1045, 1280, 1425, and 1520 K
-

T=1425K

Intensity (arb. units)

T=1045 K

Intensity (arb. units)

Y S (Figure 5). At 300 K, the peaks present are the large parent
j%’[@mgo]{ peak atm/e = 54 and a small peak atVe = 28, the latter re-

T=1045K sulting from ionization fragmentation due to El. Anle = 39
] " T=300 K peak at 1280 K and am/e = 15 peak at 1425 K appear due to
CsH3 and CH production, respectively, and whose intensities
10 15 20 25 30 35 40 45 50 55 60 65 increase at 1520 K. Small peaksrate = 52 and 53 corres-
m/e ponding to GH4 and GHs appear at 1520 K. Am/e = 40
Figure 5. Mass spectra of flash pyrolysis of 2-butynel® in He) at peak also appears at 1425 K and grows at 1520 K. A smiall

the nozzle temperatures from 300 to 1520 K. The mass spectra in the= 27 peak appears at 1280 K and increases slightly at 1520 K.
inset are in full scale and offset in both mass and baseline.

Discussion
at me = 28 and 39 that correspond to.H; and GHg,

respectively. The appearance energiesf,€ and GHz™ from Electron Impact and Multiphoton lonization. One limita-
1,3-butadiene are 12.55 and 11.30 eV, respectifdlyys these  tion of this apparatus is the occurrence of a small amount of
species could not have been generated by the 10.48 eVelectron-impact ionization (EI) resulting from photoelectrons
photoionization source and are attributed to a small amount of produced by scattered light within the photoionization region.
electron impact ionization (El, see the Discussion section for Efforts were made to eliminate this effect, such as minimizing
details). the 355 nm laser spot size with a telescope, and masking the
For heater temperatures between 300 and 1280 K, with the photoionization region from the diverging 355 nm beam with
exception of then/e = 54 parent peak decreasing between 300 an aperture. The attempts to eliminate all EI contributions
and 1045 K, all peak intensities remain relatively constant. At resulted in the loss of the photoionization signal as well. A
1425 K, a distincim/e = 15 methyl radical peak appears, and compromise was made to minimize the EI contribution while
anm/e = 39 peak, corresponding to theld; radical, begins to retaining sufficient photoionization signal. From the El frag-
grow. At 1520 K, bothm/e = 15 andm/e = 39 increase mentation pattern of 1,3-butadiene of Dannactien/e = 39
significantly. In additionyn/e = 52—3 peaks appear at 1425 K, has a 90% relative abundance as compared to the parent peak
andm/e = 52 grows significantly at 1520 K. Very small peaks for El with an electron energy of 75 eV. Based on this

at me = 27 andnve = 40, corresponding to £z and GH,, information and the intensity of theve = 39 peak at room

are noticeable at 1520 K. temperature (Figure 2), El contributions to the overall mass
1,3-Butadiene-1,1,4,44. At 300 K, the mass peaks observed spectra in our experiment were estimated to<tE% of the

in 1,3-butadiene-1,1,4,d; are the large parent peak mte = overall signal. Fragmentation from El should, in general, remain

58, and smaller peaks ate = 31, 41, and 57 (Figure 3). The  constant at all pyrolysis temperatures due to efficient supersonic
m/e = 31 peak corresponds to partially deuterated versions of cooling of the pyrolysis products, which has been observed in
ethylene, GD3H. The m/e = 41 peak corresponds tosQ;H a previous experiment.

radical that is analogous to thel; fragment found in the 1,3- The possibility of multiphoton ionization (MPI) occurring has
butadiene room-temperature spectrum. The appearance energiealso been considered. In the design of the 118 nm source, due
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Figure 6. Energetics of H-shift isomerization of thelds species via the methyl vinyl carbene intermediate in the butadiene pyrolysis. Enthalpies
of formation of the stable species and transition state energies are calculated at the G3XKJe¢elral are used to determine the energetics. The
CCCH; + CHjs energy (298 K) is from ref 28.

keal/mol ~0.35 eV) to allow photoionization by the 118-nm VUV radia-
120 tion at 10.48 eV, and a significant photoionization signal is re-
1o corded. However, the 8, after the supersonic expansion through
100 the nozzle in the flash pyrolysis experiments yielded only a very
o0k small photoionization signal, and this small ion signal remained
wol a constant at all pyrolysis temperatures, again indicating efficient

supersonic cooling and minimum photoionization fragmentation.
Therefore, only the growth of mass peaks at elevated temper-
atures is considered indicative of the pyrolysis products.

Isomerization and C—C Bond Cleavage.The similarity of

70~

60~

501

40 65.5 the pyrolysis mass spectra for each of thel§isomers strongly
30 suggests isomerization processes to a common species, followed
ol by decomposition. The prevalence of the £2td GH3 species

B in the 1,3-GHg mass spectra at elevated temperatures indicates
10 HZC/\/CHZ that the parent 1,3+ must isomerize so that a methyl group
ol

is terminal and that hydrogen migration occurs, possibly via
Figure 7. Energetics of isomerization of the,&s species via the — mytiple steps, before €C bond cleavage. The likely species
1-methylcyclopropene intermediate. Enthalpies of formation of the to dissociate to form Ciand GH3 from a simple bond cleavage
stable species are calculated at the G3X levdl K and are used to -

determine the energetics. Activation energies are experimental results? € 1,2-butadiene (1'_245‘_3)’ l-buty_ne (1-GHe), and 2-butyne
of Hopf (atT > 483 K) from ref 31. (2-C4He). Based on kinetic modeling, 1286 has been deter-

to the difference in the indices of refraction of the Mdéns mined to.be unimpgrtant In the butadielnztﬁa pyrplysis pecause of
at 118 and 355 nm wavelengths, the 118 nm light is focused in /'S SIOW isomerization rate to 1,38, which would be
the photoionization region, while the 355 nm light diverges here, €XPected due to the complex, multistep mechanism of its
minimizing multi-355 nm photon ionization. Indeed, without ~formation from 1,3-GHe.
Xe, the tripling medium for VUV generation, no ion signals Quantum mechanical calculations of energies and geometries
were observed for the butadiene pyrolysis at all temperatures,of the GHg species and their transition states of isomerization,
indicating negligible MPI (and El) by the 355-nm fundamental and heats of formation of CHand GHs, are performed to
UV radiation alone. MPI with 118+ 355 nm photons (14.0  provide additional insight to help identify the lowest energy
eV) is also unlikely as indicated by the negligible fragmentation pathways involved in the butadiene pyrolysis (Figures 6 and
of the room-temperature mass spectrum of 1,3-butadiene (Figure7). Based on the energetics, the energy threshold fos €H
2). Photoionization fragmentation of 1,3#@ at 14.0 eV would ~ HCCCH, (propargyl) production from 1,2+Els is about 42 kcal/
result in the formation ofr/e = 28, 39, and 53 peaks, with mol lower than that for Cki+ CCCH; (propenyl) production
appearance energies (EA) of 12.6, 11.3, and 11.4 eV, respecfrom 2-GHg, due to resonance stabilization of the propargyl
tively,2425and withm/e = 39 being the predominant fragment radical (Figures 1 and 6). Recent 193 nm photodissociation/
ion peak (comparable to the parent ion in peak intensity). The photoionization experiments of 1,34 and 1,2-GHs by
absence of a fragmentatiome = 39 peak in the room-  Robinson et al. confirm unambiguously that HCCCi$
temperature spectrum of 1,345 indicates the predominance produced and not CCGH7-28 It is interesting to note that,
of single 118-nm photon ionization, with negligible MPI and although the energies of the 193-nm photodissociation are
El contributions to the spectra. substantially higher than the thermal energies of pyrolysis, the
When GH, (IP = 10.51 eV) is leaked into the vacuum cham- lower energy HCCCHlis nonetheless formed in the photodis-
ber at room temperature, it has sufficient internal energy (up to sociation of 1,3-GHg and 1,2-GHg, presumably by internal
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Figure 8. Mechanism for isomerization from 1,3,8s-1,1,4,4€, to
2-C4He-1,1,4,44, via the 1-methylcyclopropene intermediate. Note that
the symmetric geometry of the alkylvinylidene intermediate prohibits
H—D scrambling in this route.

CD,H—==—CD,H

conversion to the ground state, followed by unimolecular
dissociation. Therefore, in the pyrolysis experiments of thteC
species, it is likely that 1,3-{Es and 2-GHg isomerize to 1,2-
C4Hg first and then decompose into the €H HCCCH; (prop-
argyl) products, the lowest-energy gElimination channel.
The isomerization from 1,3+Els to 1,2-GHe could occur
by a C2-C1 1,2-H shift to a methyl vinyl carbene intermedi-
ate-29-3%ith a calculated barrier of 74.8 kcal/mol (in this study),
followed by a C3-C2 1,2-H migration to form 1,2-{Hs, with
a barrier for the reverse reaction of 63.5 kcal/mol (Figure 6).
Our theoretical values of these two barrier heights are in

agreement with the experimental values of 74.2 and 63.3 kcal/

mol estimated by Hidaka et @10 and they are also a good

match to the recent G2M theoretical values of 73.9 and 62.8

kcal/mol, respectively, by Lee et &l.Another pathway for
isomerization from 1,3-gHg to 1,2-CHg is the C3-C1 1,3-H
shift to directly form 1,2-GHs (Figure 6). However, the

calculated energy barrier is about 6 kcal/mol higher than that

of the stepwise C2C1 and C3-C2 1,2-H migration pathway;
thus this channel is less likely to contribute to the 1 84§to
1,2-GHe isomerization, except at higher temperatures. After
isomerization from 1,3-gHs to 1,2-GHg, 1,2-GHg readily
decomposes to GHand HCCCH.

The isomerization from 1,34Els to 2-GHg also requires
multiple H shifts to occur. One possible pathway involves the
formation of methyl vinyl carbene by the €Z1 1,2-H shift,
followed by a C3-C4 1,2-H shift, which has a barrier of 85.8
kcal/mol with respect to 1,3+Els (calculated in this study,
Figure 6) and is consistent with the 86.1 kcal/moH&34 1,2-H
shift barrier height estimated by Hidakalhere is a lower
energy pathway involving the formation of 1-methylcyclopro-
pene via the methyl vinyl carbene, followed by an H shift and
ring opening to form dimethylvinylidene, and subsequent methyl
migration to form 2-GHg (Figures 7 and 8):3%-33 The overall
barrier of 1,3-GHg to 1-methylcyclopropene is determined by
the isomerization barrier of 1,3,8¢ to methyl vinyl carbene,

as the methyl vinyl carbene can readily isomerize to 1-meth-

ylcyclopropene via a lower barrié?.3334 By combining the

appropriate experimental activation energies of 1-methylcyclo-

propene isomerization by Hopf et&land the G3X theoretical
heats of formationt0 K (this study), the overall energy barrier
for this first step (1,3-GHs to 1-methylcyclopropene via the

Chambreau et al.

ring opening to form dimethylvinylidene, and subsequent methyl
migration to form 2-GHe (Figure 8). The overall barrier of the
second step is estimated to be 68.8 kcal/mol (relative to 1,3-
C4Hg) in this study (based on Hopf et al.’s activation energy),
which is consistent with the barrier height of70 kcal/mol
(relative to 1,3-GHe) by Hidaka et al and 68.4 kcal/mol by
Lee et af® Note that the overall barrier for the lower energy
isomerization pathway from 1,328 to 2-C4He via 1-methyl-
cyclopropene is 73.2 kcal/mol relative to 1,3Hg or 65.5 kcal/
mol relative to 2-GHs (Figure 7), and this value is in agreement
with the experimental activation energy of 65.0 kcal/mol for
the reverse reaction 2,8 — 1,3-GHg via the methyl
migration34 The isomerization of 1,2-{Fs to 1-methylcyclo-
propene is also via the methyl vinyl carbene intermediate, similar
to that of 1,3-GHg to 1-methylcyclopropen&, 3334 and the
overall barrier is determined by the 1,2+ to methyl vinyl
carbene isomerization, which is calculated to be 75.2 kcal/mol
(relative to 1,3-GHe) in this study (Figure 6) and is estimated
to be 74.8 kcal/mol (based on Hopf et al.’s activation energy,
Figure 7). Note that in Figure 7 the isomerization of 1,34¢

to 1,2-GHg is controlled by the methyl vinyl carbene intermedi-
ate and is essentially the same as the stepwised@l12and C3-

C2 1,2-H isomerization pathway from 1,3#d to 1,2-CHg in
Figure 6. Thermal corrections &t= 500 K increase the heats
of formation of all species in Figure 7 by-80 kcal/mol, and
the energy barriers increase to 67.0, 69.6, and 75.6 kcal/mol
for the 2-GHe to 1,3-CHs, 1-methylcyclopropene to 248,

and 1-methylcyclopropene to 1,24 routes, respectively.
While these thermal corrections do shift the energy barriers
slightly higher, the overall mechanistic implications remain the
same. Finally, as the energy threshold for &fH HCCCH,
(propargyl) is~42 kcal/mol lower than that for CfH CCCHg
(propenyl) (Figure 6), it is likely that 2-{Hs undergoes
isomerization to 1,2-gHg via 1-methylcyclopropene (Figure 7),
and then decomposes to gt HCCCH,.

The pyrolysis mass spectra of 1,3H-1,1,4,4d, could
provide additional insights into the decomposition mechanisms
of the CHgs species. If the 2-@Hs-d; species formed by
pyrolysis of 1,3-GHe-1,1,4,44, through the 1-methylcyclopro-
pene route decomposes to yield the deuterated equivalents of
CHs and GHjs radicals, the products would be exclusively £D
and GD,;H due to the symmetry of the dimethylvinylidene
intermediate (Figure 8). The occurrence of B scrambling in
1,3-CGHe-1,1,4,44, pyrolysis indicates that the formation of the
corresponding Ckland GH3 species does not occur exclusively
via the 1-methylcyclopropene intermediate route upon decom-
position of 2-GHe. In fact, the formation of Chl+ CCCH;
(propenyl) is unlikely due to the high energies involved, as stated
previously. Instead, the formation of 1,2-butadiene by successive
H shifts and C-C bond cleavage to form the corresponding
CHs; and HCCCH (propargyl) species is the likely source of
H—D scrambling (Figure 9). By comparing the peak heights of
masses 1618 in the spectra in Figure 3 (corrected for known
impurities and'3C contributions), the branching ratios for the
various pathways in Figure 9 can be estimated. The branching
ratios for CDH:CD,H:CD3 formation are 0:0.88:0.12 at 1425
K, and 0.06:0.79:0.15 at 1520 K. The predominance oD
is due to requiring only two, lower energy barrier 1,2-H shifts

methyl vinyl carbene) is estimated at 73.2 kcal/mol with respect (C2—C1 and C3-C2) to form 1,2-GHs, while formation of

to 1,3-GHg or 65.5 kcal/mol relative to 2-Hs (Figures 7 and
8),31.32which matches the isomerization barrier of 1,34¢to
the methyl vinyl carbene, found to be 74.8 kcal/mol theoretically

in this study (Figure 6). The second step is the isomerization

of 1-methylcyclopropene to 2485 that involves an H shift and

CDH; and CDy requires three H(D) shifts (Figure 9), one
possibly involving the higher energy barrier 1,3-H shift (see
Figure 6).

The important features of the 1,3-butadiene pyrolysis in
Figure 2, as well as those of 1,2-butadiene and 2-butyne, are
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Figure 9. Possible routes for HD scrambling in the isomerization of 1,34ds-1,1,4,4€, to 1,2-GHe-ds, with subsequent €C bond cleavage.

the absence or very minor amount ofHz (m/e = 27 peak) dissociation channels of 1,3,8¢ are shown in Figure 1: (i) H
detected and the prevalence of theg@Gdd GH3 products. The + n-C4Hs (H,CHCHCH), with a dissociation energy of 111.6
near absence of 3 indicates that either it is not formed in  kcal/mol calculated in this study; and (i) H- i-C4Hs
significant amounts under our experimental conditions, it (H,CHCCH), with a dissociation energy of 98.0 kcal/mol by
decomposes quickly to form 8, + H, or it has a small  the experiment,99.4 kcal/mol calculated in this study, and 98.8
photoionization cross-section at 118 nm. Our prior experiment kcal/mol by a recent calculatiol.The H-atom loss channel of
on nitroethylene pyrolysis and an early experiment by Chen 1,2-CGHg to form H + H,CCCCH; requires 85.1 kcal/mol by
and co-workers show that,H; radical can be readily detected the theory?® and that to formi-C4Hs requires 85.9 kcal/mol
by 118-nm photoionization TOFM®.The recent determination  estimated by the experiméfiand 86.9 kcal/mol by the theof).

of the absolute photoionization cross section of vinyl at 118 The H-atom elimination channel of 2;8¢ to form H +
nm gives a value of 12.5 Mba#,versus 9.0 Mbarn for  H,ccCCH requires 87.3 kcal/mol estimated by the experi-
propargyl, the latter of which is easily detected by our ment! and 88.6 kcal/mol by the theof§.The energies for H
photoionization technique. The absence or minor presence ofg|imination via G-H bond breaking from the various.Bs
the GHj radical product channel is most likely due to its higher isomers are at least 5 kcal/mol larger than those of their
energetics than that of the Gland GH5 channel (Figure 1).  jsomerization to 1,2-@Hs followed by decomposition to CH
Indeed, in the conjugated system of 1,44, the C2-C3bond 5 GHj, and thus the H loss channels by direct & bond

in 1,3-CiHe (with a shorter C2-C3 bond length of 1.456 A) is cleavage should only compete with methyl loss channel (reaction
stronger than a typical €C ¢ bond (with typical bond lengths 5) at high temperatures.

of 1.54 and 1.35 A for single and double-C bonds); thus _ .

isomerization to 1,2-¢Hs and subsequent decomposition of its . Jhe app(_eﬁrar:ce offthe/e; 52 peak alt_ h'.gh Fempeﬂ:‘itures
single C-C o bond are energetically more favorable than the Indicates either loss of two H atoms or e_|m|nat|on of om
cleavage of the G2C3 bond in 1,3-GHs (Figures 1 and 6). the parent GHg molecules. The ¢Hs species produced in the

It is difficult to evaluate in this experiment the significance Primary H loss processes mentioned above should not have
of the ethylene and acetylene production channel, which was €nough intemal energy to undergo secondary H elimination. How-
proposed by Rao et land thought to be important by Tsahg. €€ if they suffer more collisions in the hot nozzle, they could
These species have ionization energies of 10.51 and 11.40 ev/urther decompose to H CaH,. For example, HCCHCCH
respectively. Acetylene cannot be ionized by the 118-nm could decompose into the Ht vinylacetylene products, via a
photoionization source, but some hot ethylene molecules maybarrier of ~45 and 43 kcal/mol endoergicity’® However, as
be ionized. Slight increases in the ethylene peaks at 1520 K in the rates of the primary direct H loss from thgHg species are
1,3-CHs (Figure 2) indicate this molecular decomposition Vvery small (due to the large €H bond energies), the
channel may also be present, but its significance cannot becontributions from this sequential H loss oft are limited.
quantified by our method due to the limited photoionization Molecular K elimination of the GHe species leads to thermo-
energy and the effective supersonic cooling gfig¢mentioned ~ dynamically stable products such as vinylacetylene and bu-
previously. tatriene (Figure 1). The activation energy of élimination from

C4Hs and C4H, Production. The growth of the small peaks ~ 1,3-GiHs was estimated to be 94.7 kcal/nioA recent theoreti-
at m'e = 52 and 53 in the high-temperature pyrolysis of 1,3- cal calculation indicates that the energy barrier for-C3 H,
butadiene, 1,2-butadiene, and 2-butyne indicates H loss reac-elimination from 1,3-GHe to form butatriene is 114.4 kcal/mol
tions, either by direct €H bond cleavage, Helimination, or and the barrier for 1,1-felimination from 1,2-GHg to form
by H-abstraction reactions with the free radicals produced upon vinylacetylene is 89.6 kcal/méf.In addition, 1,3-GHe could
decomposition of the butadiene. The possible-HC bond undergo 1,1-H elimination with a 96.0 kcal/mol barrier and a
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86.1 kcal/mol endoergicity to form vinylvinylidene (which  Alfred P. Sloan Foundation. We thank Prof. Tom Morton for
presumably will isomerize to vinylacetylen®). useful discussions.

Although the experimental conditions are designed to mini-
mize reactive collisions following decomposition, the possibility

_ ; ; (1) Hidaka, Y.; Higashihara, T.; Ninomiya, N.; Masaoka, H.; Nakamura,
of H-abstraction reactions cannot be ruled out. For example, T.: Kawano, Hint. J. Chem. Kinet1996 28, 137.
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