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Shock Tube Study of Thermal Rearrangement of 1,5-Hexadiyne over Wide Temperature
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The pyrolysis of 1,5-hexadiyne has been studied in a high-pressure single pulse shock tube to investigate the
mechanisms involved in the production of benzene from propargyl radicals. Analysis of the reaction products
by gas chromatography and matrix isolation Fourier transform infrared spectroscopy has positively identified

six linear GHg species and two cyclic dEls species. Of these specieis-1,3-hexadien-5-yne artdans-1,3-

hexadiene-5-yne have been unambiguously identified for the first time and provide vital information concerning
a low-temperature route to benzene that does not involve the formation of fulvene; however, the data also
provide support for two high-temperature paths from propargyl radicals to benzene via fulvene. Thus

experimental evidence has been gained that supports two different routes to benzene formation. The mechanisms

and rate coefficients that have been obtained in this work are discussed.

Introduction SCHEME 1: Chemical Reaction Pathways Involving
Stable Species for the Thermal Isomerizations of

Understanding the key routes to benzene formation in sooting 1,5-Hexadiyné

flamed-6 is important because it is via growth from small
aromatic species that the production of soot is thought to occur.
The recombination of propargyl radicals, reaction 1, is purported

to be a primary route to benzene formation. / l \ 12HD5Y

Propargyl Propargyl

x
2:—--»0 o = T = =
34DMCB I
The experimentét!! and theoreticadf~1° studies that have l

been made on propargyl recombination show that reaction 1 is -\ -«—> v -«—> P
a gross simplification of a complex series of simultaneous and  4,,s-13HD5Y cis-13HD5Y Fulvene 2E138D
consecutive reactions that are predominantly isomerizations of
CeHs species. Initially, two propargyl radicals can recombine \ /
to form three stable linear¢Bls species, as shown below. Benzene
2HC=CCH,— aThe length of the arrow does not indicate the significance of the

_ _ . path. Abbreviations: 15HD, 1,5-hexadiyne; 1245HT, 1,2,4,5-hexa-
HC=CCH,CH,C=CH (1,5-hexadiyne, 15HD) (2)  tetraene; 12HD5Y, 1,2-hexadiene-5-yne; 34DMCB, 3,4-dimethylene-
cyclobutene; 13HD5Y, 1,3-hexadiene-5-yne; 2E13BD, 2-ethynyl-1,3-
2HC=CCH,— butadiene.
H,C=C=CHCH=C=CH, (1,2,4,5-hexatetraene, 1245HT) ) ) ]
3) theoretical studies suggest that at very high temperatures one
of the metastable intermediates involved in benzene formation
2HC=CCH, — _(;,_?]n dec_ompto?ﬁ to phe_nyI_H Wilth(zju_t fitrﬁt forming benztgnéq. "
o _ . e major stable species involved in the various reaction paths
H,C=C=CHCH,C=CH (1,2-hexadiene-5-yne, 12HD5Y) ., propargyl radicals to benzene are summarized in Scheme
(4) 1, which is based on the extant theoretical and experimental

. . . . . ies of I inati he rel lysis of
These species then isomerize to ultimately form benzene, whlchitl;(_j;]iiaodisrnoepargy recombination and the related pyrolysis o

at high enough temperatures and long enough reaction times h . I L ‘ | binati
can decompose to a phenyl radical and an H-atom. Additionally, e experimental investigations of propargyl recombination
have employed a variety of techniques and sources for producing
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bination product and only a few percent of 15HD, reaction 1, and benzene are formed simultaneously, i.e., fulvene is not an
at 623-673 K and 2-4 Torr, and are the only group to have intermediate to benzene, or more than one route to benzene
directly observed and identified 1245HT, reaction 3, as a exists. The only experimental study of fulvene to benzene
recombination product of propargyl radicals. In addition to the isomerizatiof? indicates that, under the conditions of the prior
primary products, Alkemade and Homann observed 1,3-hexa-15HD experiments, fulvene to benzene conversion is too slow
diene-5-yne (13HD5Y) and benzene as secondary products.to be significant. This idea is also supported by a theoretical
Benzene appeared to be formed consecutively from a linearstudy of fulvene isomerizatio#?. Conversely, most theoretical
C¢Hs species, and Alkemade and Homann did not observe studies of propargyl recombination suggest that benzene is
fulvene, which is often postulated as a stable intermediate formed sequentially from fulvene. A very recent theoretical
between linear gHg's and benzene, Scheme 1. Fahr and Nayak papet® may have solved this problem and includes routes to
found 15HD to account for 60% of their initial products at room benzene that treat fulvene as an intermediate to benzene and a
temperature and 50 Torr with 25% 12HD5Y and 15% of an route to benzene that bypasses fulvene entirely.

unidentified linear GHg species, which by comparison with Hence there would appear to be some disagreement between
Alkemade and Homann may be 1245HT. It is clear that Fahr experimental and theoretical studies over the paths from
and Nayak observed a primary product distribution different propargyl to benzene and it is the intent of this work to address
from that of Alkemade and Homann. This may be explained the disagreement by using the very clean, well characterized
by Alkemade and Homann's suggestion that under their reaction environment of the high-pressure shock tube coupled
experimental conditions the 15HD is chemically activated when with sensitive analytical techniques capable of unambiguously
formed and isomerizes to 1245HT and 12HD5Y. Shock tube identifying GsHg isomers to investigate 1,5-hexadiyne pyrolysis.
ARAS studies by Scherer et ®l.on propargyl recombination
were supplemented by GEMS analysis of post shock gas

samples that indicated the presence of fivgiglisomers of The high-pressure shock tube is operated as a single pulse

which they were only able to positively identify benzene. %hock tube with tailored driven and driver section lengths to

Scherer et al. noted that as the benzene concentration increase roduce optimal quenching of the reactive aases at the end of
with increasing reaction temperature the other species concenP P q 9 9

trations diminished. Recently, Shafir et’alsed a flow system the reaction period. .The shock tube and the sampllng f[ephnlques
used in these studies have been described in detail in recent
at temperatures from 500 to 1000 K to study propargy!

recombination and observed 15HD as the sole linear recombina-publicationgtF32 and only a brief description will be given here.
tion product. They also observed two otheHgspecies, which Shock waves are generated by spontaneously bursting pre-

were not identified, and benzene, which became the only producttslfgr;%gﬁpgéa%rzj t%it\geegr.tmhgn?;'\;?; aggo(:::]\/: dn'r??tfgosrt]:btlg
at 900 K. In addition, small quantities of fulvene were seen. ube, xpern p : ’

. . ) isothermal zone behind the reflected shock wave where the
The potentlal_ener_gy surche for reaction 1 is complex and temperature and pressure dkgand Ps, respectively. In this
has been described in a series of papers, with two of the work experiments were performed at nomiRalvalues of 25,
most recent_treatmerjtsg being by Dean and Carstéhsexl 50, 300, and 500 bar. The 300 and 500 bar experiments utilized
Miller and Klippensteirt® The main reaction paths from these rescored diaphragms made of soft brass that were 0.032 in./
publications are summarized in Scheme 1, and the reader isg 910 in. (thickness/score depth) and 0.050 in./0.016 in.
referred to ref 19 for a detailed energy level diagram. Note that egpectively. For the lower pressure experiments aluminum
in the majority of these studies the route to benzene from any gignhragms were used, 0.025 in./0.010 in. for 25 bar and 0.025
of the three propargyl recombination products involves the i, /0.005 in. for 50 bar. The appropriate diaphragms were

sequential formation of fulvene and then benzene. In a very getermined on the basis of prior experience and experiment.

Experimental Section

recent paper, Miller and Klippenstéhhave suggested an

additional route to benzene that does not involve fulvene but

occurs via cyclization ofcis-1,3-hexadiene-5-yne, which is
formed from 1245HT. Alkemade and Homann found 1,3-
hexadiene-5-yne in their experimental work on propargyl

Pressures behind the reflected shock wave and reaction times
were obtained from the pressure profiles measured by a
piezoelectric pressure transducer mounted axially in the end wall
of the driven section. The reaction time was calculated on the
basis of the method of Hidaka et &l.j.e., the time between

recombination. However, they did not specify if they had he arrival of the incident shock arfek falling to 80% of the
observed the cis or trans form and it is likely that they had not (o,ction pressure. In this work the reaction times were-1.3
separated 1,3-hexadiene-5-yne into the cis and trans iSOmers,s for 300 and 500 bar and £6.9 ms for 25 and 50 bar.
chromatographically. Reaction temperatures ranged from 780 to 1400 K. For the
The theoretical studies all indicate that a Variety of stable 300 and 500 bar experiments real gas effects are S|gn|:ﬁ|égnt
species, shown in Scheme 1, should be observed duringand the temperatures were determined by using chemical
propargyl recombination, with benzene being the ultimate thermometers! with the lower temperatures being determined
product except at high temperatures where benzene alsoby extrapolation of the temperature calibration curves. The
decomposes. The earlier experimental work indicates that 1,5-reaction temperatures in the 25 and 50 bar experiments were
hexadiyne should be the dominant primary product from calculated from the incident shock velocity, and for these
propargyl recombination and this species provides a convenientexperiments errors in the temperature due to deviations from
entry point for experimentally examining the isomerization ideal gas behavior are expected to be sifaihock velocities,
chemistry of the propargyl recombination products, particularly required for determining temperatures both from chemical
if a technique is used that employs sensitive analytical tech- thermometers and by calculation, for all experiments were
niques that can discriminateskds isomers. obtained by the time taken for the incident shock wave to travel
The earlier experimental studf€s?” on 1,5-hexadiyne ther-  between piezoelectric pressure transducers mounted along the
molysis and theoretical work on propargyl recombination raise side wall of the driven section near the end of the shock tube.
an interesting problem concerning the formation of fulvene and  For each experiment a sample of the reagent gas was taken
benzene. The experimental work tends to indicate that fulvene prior to firing the shock tube, preshock sample, and a sample
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of the gas near the end wall of the driven section of the shock (o]
tube was collected shortly after the arrival of the expansion wave
generated from bursting the diaphragm, postshock sample. The
timing for collecting the postshock sample was determined
empirically3° Both the preshock and postshock samples are
collected in electropolished stainless steel vessels stored in an
oven at 50°C prior to and after sampling. Samples could be
stored for a couple of days with no discernible change in
composition. Over the course of a couple of weeks a slow
isomerization of fulvene to 3,4,-dimethylenecyclobutene was
observed in a sample stored at B0.

Reagents.The reagent mixtures were prepared manometri-
cally in 50 L high-pressure vessels that were maintained at 45
°C and allowed to stand overnight before use. The mixtures
contained 46-55 ppm 1,5-hexadiyne>(99.9%, see below), 200
ppm xenon (AGA, 99.99%) with the balance argon (BOC, 11,00 1200 13.00 14.00
99.999%). The argon was passed over Oxisorb (Messer-Figure 1. Total ion chromatogram from GEmi-FTIR—MS analysis
Griesheim) to remove traces of,@rior to admission to the  of a post shock sample from 1,5-hexadiyne pyrolysis: (A) 2-ethynyl-
mixing vessel, and xenon was used as supplied. Xenon is used!.3-butadiene; (B) 1,5-hexadiyne; (C) 3,4-dimethylenecyclobutene; (D)
as an internal standard for the analytical work and to account fulvéne: (E)cis-1,3-hexadiene-5-yne; (Rjans1,3-hexadiene-5-yne;
for any dilution of the postshock sample by the driver gas, He. (G) benzene; (H) 1,2-hexadene-5-yne.

1,5-Hexadiyne was obtained from GFS Chemicals in 50% 25 bar
solution with pentane. Prior to use the 1,5-hexadiyne was L L — T ' '
purified by a two-step distillation process. In the first step a 090 o v
crude separation was effected by an atmospheric pressure 08} 0© v 4
distillation and the fraction that distilled over up to 70 was 07l o ¢ ° v |
collected. The distillate was almost pure pentane (bgGp6 c o o v
mp —130°C), and the residue in the distillation flask was about .2 0.6 . a v 1
98—-99% 1,5-hexadiyne (bp 868C, mp —6 °C) with the § 0.5 - g o & Ae v 1
remainder pentane, confirmed by G®IS. Next a low- E, 04| ° g v Aa .
temperature (approximately30 °C) vacuum distillation was § 03l 00 A A i
performed with the 9899% 1,5-hexadiyne to remove the ° ED A Oy A
remaining pentane. After this step a purity of better than 99.9% 0.2 o A A ]
was obtained for the 1,5-hexadiyne (confirmed by-&aID and 01+0 ZQ v e
GC—MS). The purified 1,5-hexadiyne could be stored refriger- 0.0 LA A28 BE¥H 0 n A0 nndin 0 o |

800 900 1000 1100 1200 1300 1400

ated for extended periods without noticeable degradation.
Temperature T_ /K

Analytical Techniques. A variety of analytical techniques _ _ ) ) )
have been used in the course of this work. The bulk of the Figure 2. Major species observed from 1,5-hexad|yne pyrolysis at 25
analyses were performed using our standard two-column; GC gﬁ;e&bg::gﬂggﬁ]e;e ;:32 flﬂ\?g:])é, (g)) bléf]'zlen);ad'yne' @) 34
TCD and GC-FID method with GG-MS being used to confirm ' ' '

molecular formulas and where possible species identities. In FTIR—MS work a 60 m ZB-5 capillary column was used, which
this technique gas samples are introduced via a sample/pressurﬁnder the analytical conditions performs very similarlgl to the

redltjﬁtlon ng t%névo;/glzosggs s_??pllng V?IV?S (GSVs)tkr]nounlted HP-1MS column, i.e., baseline separation achieved, same
on f.ﬁ S('jame it ( I )-d ne s?mp € 100ps c(;n etvivesnumber of peaks observed and elution order is the same. The
are fied simultaneously, and injections aré made onto tWo oo mi.Frir—-Ms portion of this work, including details of

columns maintained in the same oven. An-+HRolseive 5A the technique, has been reported in a separate publication where
column (30 m, 0.32 mm, _lﬂm) IS conne(_:ted to a TCD and the FTIR and MS spectra are available along with the results
used to detect xenon, which acts as an mtern_al standard. Theof density functional theory calculations that were used as aids
second column, HP-1MS (30 m, 0.032 mmyr8), is connected .__in assigning structural identiti€8.A significant aspect of the

to an FID and was L.’sed to detect _stable hydrocarb_on SPECIESETIR work was that both the cis and trans isomers of
In this work all species were baseline resolved and in samples

f . h h . b 1,3-hexadiene-5-yne, 1,2-hexadiene-5-yne, and 2-ethynyl-1,3,-
rom experiments where the reaction temperature Was abovey, i, jiene were positively identified. Previously, Alkemade and
920 K, up to eight species were observed. Of these, 1,5-

hexadi d b itively identified by th Homanr had observed what was probably a mixturecet
hexadiyne and benzene were positively identified by the andtrans-1,3-hexadiene-5-yne but had not separated it into the
injection of authentic standards. G®MS analyses, using the

S 4 distinct isomers. A sample total ion chromatogram is shown in
HP1-MS column, indicated that all the observed species had Figure 1.
the formula GHe and due to a lack of authentic standards for
the analytes it was not possible to make unambiguous identifica-
tions based solely on the mass spectra. Consequently, a nove
technique, GEmatrix isolation-FTIR-MS (GC—mi-FTIR— The species concentration profiles with respect to temperature
MS),35 which was available at Argonne National Laboratories are shown for the 25, 50, 300, and 500 bar experiments in
was used to obtain simultaneous mass and FTIR spectra forFigures 2-9, note concentrations are shown as mole fractions
species eluting from the GC column. The FTIR spectra allow relative to initial 15HD concentration. Figure 10 shows that over
unambiguous assignment of species identities. In the-@E the variation in pressure of a factor of 20 in these experiments

Il?esults
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Figure 3. Minor species observed from 1,5-hexadiyne pyrolysis at 25
bar ([1,5-hexadiyng]= 42 ppm): (@) cis-1,3-hexadiene-5-yneQ)
trans-1,3-hexadiene-5-ynea( 2-ethynyl-1,3-butadiene.
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Figure 4. Major species observed from 1,5-hexadiyne pyrolysis at 50
bar ([1,5-hexadiyng] = 42 ppm): (@) 1,5-hexadiyne; @) 3,4-
dimethylenecyclobutenea( fulvene; ) benzene.
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Figure 5. Minor species observed from 1,5-hexadiyne pyrolysis at 50
bar ([1,5-hexadiyng]= 42 ppm): () cis-1,3-hexadiene-5-yne)
trans-1,3-hexadiene-5-ynep( 2-ethynyl-1,3-butadiene.
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Figure 6. Major species observed from 1,5-hexadiyne pyrolysis at 300
bar. Closed symbols: [1,5-hexadiyne] 40 ppm. Open symbols: [1,5-
hexadiyne] = 46 ppm. Key: M, O) 1,5-hexadiyne; @, O) 3,4-
dimethylenecyclobutenea( 2) fulvene; (v, v) benzene.
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Figure 7. Minor species observed from 1,5-hexadiyne pyrolysis at
300 bar ([1,5-hexadiynefr 46 ppm): () cis-1,3-hexadiene-5-yne;
(O) trans-1,3-hexadiene-5-ynea( 2-ethynyl-1,3-butadiene.
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Figure 8. Major species observed from 1,5-hexadiyne pyrolysis at 500
bar. Closed symbols: [1,5-hexadiype] 55 ppm. Open symbols: [1,5-
hexadiyne] = 48 ppm. Key: M, O) 1,5-hexadiyne; @, O) 3,4-

there are no significant differences for each experimental range gimethylenecyclobutenea( ») fulvene; (v, v) benzene.

in the 15HD profiles and similar results are obtained for all the

other species observed.

amounts of fulvene are formed. When the reaction temperature

At temperatures below about 900 K, 1,5-hexadiyne is reaches 1000 K, approximately 50% of the 34DMCB has been

guantitatively converted

to 3,4,-dimethylenecyclobutene consumed, significant concentrations of fulvene are present and

(34DMCB) and no other species are observed. Around 950 K traces of benzenejs-1,3-hexadiene-5-ynecis-13HD5Y) and
the concentration of 34DMCB reaches a maximum and small trans-1,3-hexadiene-5-yndrans-13HD5Y) are formed. About
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Figure 9. Minor species observed from 1,5-hexadiyne pyrolysis at Figure 11. Carbon balance at 50 bar ([1,5-hexadiyve] 42 ppm):
500 bar ([1,5-hexadiyngl= 48 ppm): () cis-1,3-hexadiene-5-yne;  (O) postshock; ©) preshock.
(O) trans-1,3-hexadiene-5-ynea( 2-ethynyl-1,3-butadiene.
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Figure 10. Effect of reaction pressure on 1,5-hexadiyne consump- Figure 12. Carbon balance at 300 bar. Closed symbols: [1,5-
tion: (@) 25 bar; O) 50 bar; () 300 bar; §) 500 bar. hexadiynej = 40 ppm. Open symbols: [1,5-hexadiyne} 46 ppm.

(m, O) postshock; @, O) preshock.

50 K after ciss and trans13HD5Y appear, 2-ethynyl-1,3-
butadiene (2E13BD) is formed. The two rotamers of 13HD5Y

are formed in almost equal proportions with about-20% ments. Consequently, there should be no low activation barrier

more of the cis form than the trans form and the maximum Process such as radical recombination reactions that can occur
mole fraction of the cis form is around 0.07 at 1100 K. Both during the quenching of the reactive gases by the rarefaction
the cis and trans rotamers are completely consumed by 1200VaVes |n.the shock tube and the reaction tlmgs can be obtained
K. The mole fraction of 2E13BD builds slowly from 1000 K with confidence by the normal method mentioned above.
to a maximum of 0.02 at 1200 K and is completely consumed  The experimental datasets are available in the Supporting
by 1350 K. The benzene concentration increases steadily fromInformation.
its appearance at 1000 K to a maximum at 1400 K where it is
the only stable species present. Discussion

A very small peak in the chromatographic analysis that
corresponded to 1,2-hexadiene-5-yne was observed and in the Thermal Rearrangement Rate Coefficients1,5-Hexadiyne
samples analyzed by G@ni-FTIR—MS gave good quality to 3,4-Dimethylenecyclobuterigecause 3,4-dimethylenecyclo-
FTIR spectra; see ref 35 for details. However, due to the low butene is the only significant product from the thermal rear-
concentration, ng/L level, it was not possible to accurately rangement of 1,5-hexadiyne at relatively low temperatures from
quantify this peak. 1,2,4,5-Hexatetraene was not observed at780 to 950 K, it is possible to determine the rate coefficients of
all in the kinetic or FTIR analyses. reaction 5 at different reaction pressures if it is assumed that

Carbon balances have been calculated for every experimenlthe hexatetraene intermediate rapldly CyCIiZeS to the CyClObUtene,
and are presented for the 50 and 300 bar experiments in Figuregepresented big in Scheme 2. The mechanism of this process
11 and 12. It is quite clear that the carbon balances at 50 andis discussed below.
300 bar are good although there may be a small deficit at the From the experimental data,s at different reaction pressures
very highest temperatures of this work and similar carbon were calculated by least-squares fit, as shown in Figure 13. The
balances are observed for the 25 and 500 bar experiments. Théndividual rate expressions for each pressure range and the
good carbon balances indicate that all species are beingliterature expressions fég are presented in Table 1. Also shown
recovered. The lack of species with formulas other thaiHsC in Figure 13 is the computational result of Melius et al. for
clearly indicates that no fragmentation and hence no chain k, 4 which predicts rate coefficients that are about 3 orders of
processes are occurring under the conditions of these experi-magnitude larger than the experimental values. Miller and
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SCHEME 2: 1,5-Hexadiyne Conversion to 4— T " . . T . T
3,4-Dimethylenecyclobutene and Fulverfe N
K i Miller and ]
e e o2 e e e e > 2L Klippenstein, (2003)
- — ——
= —_— K v 1L Present study
r---zZ-Z3 32
i N = L -
: : K, % 0 28 V.\A\_"\iA
y! 37 R
2 161
3 12 .
08
4 .
aDashed lines represent overall processes for which rate coefficients o00% | S0, 0T L L
have been extracted. See text for details. 0.0009 0.0010 0.0011 0.0012 0.0013
1T K"
4 ' ' y | ' ' ' Figure 14. Arrhenius plots for reaction 3,4-dimethylenecyclobutene
3L — fulvene. In the figure symbols represent experimental data, and lines
represent linear fits to the data. Key: solid line @d25 bar; dashed
2F b line and®, 50 bar; dotted line and, 300 bar; dasheddotted line and
1L ] v, 500 bar. Data from Miller and Klippenstetf Melius et al.}* and
Stein et aP®> See Table 2 for detailed rate parameter values.
=z o -
S TABLE 2: Rate Coefficients for Conversion of
9 1} e 3,4-Dimethylenecyclobutene to Fulverfe
26
2p ;'v':i"s‘fe’:‘:';gg). pressure/bar  temperature/K léy(  Elkcal source
3l i 25 780-950 13.03 50.22 p.w.
18 Stein, et al. (1990) 50 780-950 12.38 47.12 p.w.
-4 |- 580t ooomz oo0izo  ooorzs ' T 300 780-950 14.43 54.83 p.w.
0.0010  0.0012  0.0014 0.0016  0.0018  0.0020 ?00013 Egg?gg 382 gggg SSW
UT IK? b 1363  49.26 14
Figure 13. Arrhenius plots for reaction 1,5-hexadiyne 3,4- c 13.07 50.08 19

dimethylenecyclobutene. In the inset symbols represent experimental
data and lines represent linear fits to the data. Key: solid linelnd

25 bar; dashed line ar@, 50 bar; dotted line and, 300 bar; dashesd
dotted line andv, 500 bar. Data from Miller and KlippenstelfiMelius

et al.1* Stein et al25 and Huntsman and Wristet$See Table 1 for

a See text for discussion of reaction patfiheoretical computation.
¢ Theoretical computatioA andE were obtained by extrapolation from
Figure 8 in ref 19.

Dimethylenecyclobutene to keine.At temperatures above

detailed rate parameter values.

TABLE 1: Rate Coefficients for Conversion of
1,5-Hexadiyne to 3,4-Dimethylenecyclobuterie

about 950 K in the current work all the 1,5-hexadiyne has been
consumed, 3,4-dimethylenecyclobutene reaches a maximum, and
fulvene begins to appear. By assuming at temperatures above
950 K that the reaction system can be modeled by the formation

pressure/bar  temperature/K  169( Elkcal  source of 3,4-dimethylenecyclobutene being reversible to 1,2,4,5
25 780-950 10.82 33.36 p.w. hexatetraene and the 1245HT isomerizing to fulvene, Scheme
50 780-950 10.98  33.57 p-w. 2, one can obtaif, in Scheme 2. Obviously such a process is
288 ;ggggg igig ggéé p-W. a simplification of the sequence of elementary reactions

. . p.w. . 2171 . .

1.013 523-723 11.7 35.50 25 involved217in converting 3,4-dimethylenecyclobutene to ful-
1.013 473-563 11.4 34.40 21 vene; it assumes that all intermediate species are highly reactive
b 12.28 28.22 14 and that additional channels are negligible. Using such a scheme,
c 12.28 36.61 19 rate coefficientsk,, have been obtained and are shown in Figure

14 where they are compared with values from Stein étahd
theoretical calculations by Miller and Klippenstéfand Melius

et al}* The current work has yielded rate coefficients, Table 2,
that are in good agreement with the low-temperature values from
Klippensteit® modified the barrier heights for 1,5-hexadiyne Stein et al. and the extrapolated values from Miller and
going to 1,2,4,5-hexatetraene and 1,2,4,5-hexatetraene to 3,4Klippenstein that have been estimated from Figure 8 of ref 19.
dimethylenecyclobutene by 1.0 kcal/mol and 0.71 kcal/mol, Once again Melius et al. overpredict the measured rate co-
respectively, and obtain good fits to the Stein efahnd efficients over the whole temperature range, this time by a factor
Huntsman and Wristet$data. An Arrhenius expression for  of 3—4. It should be noted that in the present work the
reaction 5 has been estimated from Figure 6 in ref 19, and thetemperature range where 3,4-dimethylenecyclobutene and ful-
rate coefficients have been extrapolated to the high temperaturessene are the only products is limited; however, the other species,
of the current work. The extrapolated expression overpredicts cis- andtrans-1,3 hexadien-5-yne, that could be formed from
the current data by about a factor of 3 to 4 but maintains good thermolysis of 3,4-dimethylenecyclobutene are only ever present
agreement with the Stein et al. data at low temperatures. Figurein very low concentrations and the formation of these species
13 also shows a small, essentially negligible, increase in the instead of fulvene should lead to only minor errors in the
rate coefficients from the current work as the pressure increasesdeduced rate coefficients.

from 25 to 500 bar. For a 20-fold increase in pressike, Mechanism of Formation of 3,4-Dimethylenecyclobutene.
increases by about a factor of 1.5. The thermal rearrangement of 1,5-hexadiyne has been studied

a See text for discussion of reaction patiheoretical computation.
¢ Theoretical computatior andE were obtained by extrapolation from
Figure 6 in ref 19.
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by Huntsman and Wristet&in a static system (216232 °C) 50 bar

and a flow system (256550 °C). In both sets of experiments W————————— T
they observed 3,4-dimethylenecyclobutene as the sole product.

Huntsman and Wristers have suggested that 3,4-dimethylene- 251 (] i

cyclobutene is formed from 1,5-hexadiyne by a two-step process

o
(see Scheme 2) involving a Cope rearrangement to 1,2,4,5- "E 20| i
hexatetraene followed by rapid cyclization of 1245HT to 3,4- o

dimethylenecyclobutene. A direct route from 15HD to 34DMCB S

has also been suggested by Huntsman and Writetswever, % 15+ .
on the basis of the large negative entropy of activation observed L -

(—9.4 e.u. at 300°C) and consideration of the Woodward 2 0l 4
Hoffmann rules, Jones et & ,Huntsman and Wristers, and g

otherg®-22 concur that 3,4-dimethylenecyclobutene is formed é 5

via a Cope rearrangement of 1,5-hexadiyne followed by a rapid f
cyclization of 1,2,4,5-hexatetraene. =

Henry and Bergmah also report that at 250C they observed
only 3,4-dimethylenecyclobutene in the thermolysis of 1,5-
hexadiyne; however, at 62T in a vacuum flow tube they
observed a mixture of 3,4-dimethylenecyclobutene, fulvene, and Figure 15. Benzene:fulvene ratios observed in 1,5-hexadiyne pyrolysis
benzene. In atmospheric flow reactor studies of 1,5-hexadiyneat 50 bar postshock pressure. Similar trends were found for the 25,
pyrolysis Stein et a5 observed 3,4-dimethylenecyclobutene as 300, and 500 bar experiments.
the only product for temperatures less than 46@&nd residence
times of approximately 30 s. However, in very low-pressure
pyrolysis (VLPP) studies on the same system, Stein ef°al.
found that benzene and fulvene were formed along with 3,4- In Fiqures 2. 4. 6. and 8 it is quite clear. from our work. that
dimethylenecyclobutene at temperatures from Z5@ around fuIveneg be ins' t(’) t;e formed a? around émo K which }s
700°C. In the current work 34DMCB is the only product formed Y . .
from 15HD and at 950 K about 90% of the initial 15HD has about the same temperature that 34DMCB reaches its maximum

been converted to 34DMCB, with 10% 15HD remaining in the concentrgtlon. Benz_ene first appears at ?9“’050 K. The .
post shock gases, Figures 2, 4, 6, and 8. It may be expecte enzene:fulvene ratios for the 50 bar experiments are shown in
that 1,2,4 5-hexat,etraene sh’oul,d i:)e obsérved in the produc igure 15 and it is obvious that there is a dramatic steady
anal s'is" However in the current and previous studies of 1 5- ncrease in this ratio from the onset of benzene formation up to
hexgdiyrlle pyrolysis 1245HT has not bF:aen found. Hisas '~ 1400 K where benzene is the sole product; similar trends were
studied the thermal isomerization of 1245HT to 34DMCB and observed for the 25, 300, and 500 bar experiments.

subsequent analysis by Huntsman showed the isomerization ta Th's large change n the benzene:fulvene ratio appears to
be considerably faster than the formation of 1245HT from Indicate that benzene is formed from fulvene and seems to be

15HD 2L Thus the lack of 1,2,4,5-hexatetraene in the present in direct contrast to the Iovyer temperature stuqlles of Stein et.
o : - . al. who observed only relatively small changes in the benzene:
studies is not a surprise as 1245HT is most likely converted

. . : . fulvene ratio for large extents of consumption of the initial
effectively mstan}aneously Into 3.4DMCB' The only EXpen- 1 shp. However, Stein et al.’s data extend only to temperatures
mental observation of 1245HT in propargyl recombination that are slightly higher than the maximum in their fulvene
studies was made by Alkemade and HonTamhnere it is formed ghtly hig

as a primary recombination product of two propargyl radicals concentration whereas in the current work the reaction was
and accounts for 719% of the total products. followed to a temperature where benzene was the only product.

) ) ] ) Over the extended temperature range of the current work the
The theoretical papers by Miller and Klippenstein and fy|yene maximum is found to occur between 1090 and 1110 K
others?™*9 permit 15HD to isomerize to 1245HT and then to  4nq at the fulvene maximum the benzene:fulvene ratio is about
34DMCB, which is consistent with the experimental work 2.1 tg 2.6:1, which is very similar to the values observed by
described above. In the latest publication on propargyl recom- siein et al. At their highest reaction temperatures, beyond the
bination by Miller and Klippensteiti they have simulated the  temperature of the fulvene maximum, Stein et al. noticed a slight
experimental data from Stein et &.and the results of their  gecrease in the fulvene concentration with a corresponding
calculations give good agreement with the observed 3,4-increase in the benzene concentration that corresponds to the
dimethylenecyclobutene concentrations. Thus, the present workirend in the current work and again appears to support the
is consistent with previous observations; it can be concluded ¢ontention that benzene is formed form fulvene. However, in
that the mechanism for the formation of 3,4-dimethylene- stein et al.'s work, due to the small changes involved, they could
cyclobutene from 1,5-hexadiyne involves the formation of not conclusively state that fulvene was being converted to
1,2,4,5-hexatetraene, which isomerizes quickly on the time scalepenzene.
of all extant experiments to 3,4-dimethlylenecyclobutene. A direct experimental investigation of the fulvene to benzene
Mechanism of Formation of Fulvene and BenzeneThe isomerization by Gaynor et 8. has generated an Arrhenius
formation of fulvene and benzene in propargyl recombination rate expression that permits simulations of the present data using
and 1,5-hexadiyne experiments are complex processes and thera simple model, Table 3, to determine if fulvene to benzene
has been some debate as to whether fulvene is formed beforésomerization is possible, Figures 16 and 17. The simulations
benzene and then isomerizes to benzene or if fulvene andindicate that fulvene to benzene isomerization does take place
benzene are formed simultaneously. Prior experimental evidenceat our conditions but should not be significant until ap-
favors simultaneous formation and theoretical studies favor the proximately 1200 K. Because our experiments indicate that
consecutive route. Our experimental work combined with the significant amounts of benzene are observed at temperatures

OL wm e e semmn u B -
900 1000 1100 1200 1300 1400
Temperature T, /K

results of other investigators, suggests, as discussed in the
following paragraphs, that in fact both processes are occurring
and the dominant route is dependent on temperature.
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25 bar from a path not involving fulvene. Further support for the
1.0 T T T T T simultaneous, parallel formation of fulvene and benzene in
15HD pyrolysis can be gained from the experimental work by
Henry and Bergmann on 3,4-dimethylenecyclobutene pyrolysis
at 890 K24in which they observe a higher benzene:fulvene ratio
than found by Coller et & in the direct pyrolysis of 15HD at
the same temperature. Alkemade and Honidnterpret the
relatively large difference in benzene:fulvene ratios from
pyrolysis of 34DMCB and 15HD to indicate an additional path
to benzene not involving fulvene that is accessible in the 15HD
experiments. Thus it would appear that fulvene can be converted
to benzene at high temperatures but that there is also the
possibility of the existence of a lower temperature path directly

Mole fraction

to benzene.
] The possibility of a low-temperature benzene route that does
800 900 1000 1100 1200 1300 1400 not involve fulvene was addressed in part by a recent reexami-
Temperature T_ /K nation of the propargyl recombination potential energy surface,

Figure 16. Simulation of 25 bar experimental data using the three- PES, .by '\f”:e(; ?ndflgippen?tggll_?fhwhcr)] havehSImuItahtetdﬂ:hg
step model. Detailed rate parameter values are shown in Table 3. expernmental data or stein et‘al.lhey have shown that their

Symbols represent experimental data, and lines represent simulationmodel, which includes a nonfulvene route to benzenecisa
results. Key: solid line anM, 1,5-hexadiyne; dashed line a®d 3,4- 1,3-hexadiene-5-yne and some small modifications to barrier
dimethylenecyclobutene. heights, fits the experimental work of Stein et al. well. Miller
25 bar and K_Iip_penst_ein also shoyv that not including this route as in
the original Miller and Melius modét4 overpredicts fulvene
and underpredicts benzene and 3,4-dimethylenecyclobutene. The
new model of Miller and Klippenstein based on their calculated
e PES predicts that the nonfulvene path to benzene should include
the formation ofcis-1,3-hexadiene-5-yne artdans-1,3-hexa-
diene-5-yne; see Scheme 1. In our current work we were able
to quantitatively measure the formation @&-1,3-hexadiene-
5-yne andrans-1,3-hexadiene-5-yne, confirming the theoretical
predictions of Miller and Klippenstein. It is clear from our
experimental measurements shown in Figures 3, 5, 7, and 9
that these species are observed, albeit at low concentrations
. (maximum mole fractions are 0.07 cis and 0.06 trans), in a
relatively narrow temperature range between about 950 and 1180
- K and that there is a slight excess of the cis to trans isomer.
0.0 so0 900 1000 1100 1'2'00 1300 1400 The low concentrations of cis and tran; 13_HD5Y_gt tempera_ltures
below 1180 K, where benzene formation is significant, indicate
Temperature T, /K thatcis-13HD5Y, as postulated by Miller and Klippenstein, is
Figure 17. Simulation of 25 bar experimental data using the three- €fficiently converted to benzene. By 1180 K benzene accounts
step model. Detailed rate parameter values are shown in Table 3.for 40% of the species in the current work even though fulvene
Symbols represent experimental data, and lines represent simulationto benzene isomerization should be insignificant at these
results. Key: solid line an®, fulvene; dashed line an®, benzene.  temperatures. Supplemental confirmation of the postulated path
TABLE 3: Simple Model Used to Simulate 25 Bar involving cis-13HDY in Scheme 1 is found in the results of

1.0 — T

0.8 -

0.6 -

04+

Mole fraction

0.2+

Experimental Data. 15HD = 1,5-hexadiyne, 34DMCB= Hopf and Musé® who have studied the thermolysis of bais-
3,4-dimethylenecyclobutene andtrans-13HD5Y and found that both isomers and benzene
reaction logd) E/kcal source are generated regardless of which isomer is used as the starting
15HD=> 34DMCB 10.82 33.36 p.w. material.
34DMCB=> Fulvene 13.03 50.22 p.w. Thus it appears from the current work that benzene and
Fulvene=> Benzene 13.49 68.2 28 fulvene are formed simultaneously at temperatures below around

1180 K with benzene being predominantly formed by the

as low as 1050 K either there is another route to benzene or the/SOMerization ofcis-1,3-hexadiyne-5-yne, which is in accord

rate coefficients generated by Gaynor may be suspect. This lattetVith the recent theoretical prediction by Miller and Klippen-
point was addressed by Madden ef&ivho have used ab initio steinl® At higher temperatures the isomerization of fulvene to
calculations to investigate fulvene to benzene isomerization. P€nZene, indicated by the growth of benzene as the fulvene

They concluded that the activation energy obtained by Gaynor concentration decreases, should be important, and if it is
et al. may be too low and if this is the case the onset of fulvene @ssumed that this becomes so at the fulvene maximum, i.e., 1100

to benzene conversion should not occur until even higher K. then some adjustment to the fulvene to benzene rate
temperatures than the ones observed in our experiment. Con£€Xpression of Gaynor et al. may be warranted.

sequently, both Gaynor et al.’s rate coefficient and an even more  Finally, fulvene can also be formed from 2-ethynyl-1,3-
refined one from Madden et al. suggest that the lower temper- butadiene, Scheme 1, which has been observed in these
ature formation of benzene observed in our work may result experiments in small quantities. The exact importance of this
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route to the total fulvene concentration will have to be Eight stable @Hs isomers have been positively identified in
determined from detailed modeling. this work, including the important observation for the first time

Mechanism of Formation of 2-Ethynyl-1,3-butadiene. of cis-1,3-hexadiene-5-yne arichns-1,3-hexadiene-5-yne. These
2-ethynyl-1,3-butadiene appears between 1150 and 1300 K withtwo species and their appearance temperatures conclusively
a maximum mole fraction of 0.02 in these experiments. This demonstrate the existence of a low-temperature route to benzene
species can only be formed from 1,2-hexadiene-5-yne, a speciedhat does not require the formation and subsequent isomerization
that is inaccessible on the Miller and Klippenstein PES when of fulvene. Thus, for the lower temperatures in this work, fulvene
starting with 1,5-hexadiyne without first dissociating 15HD to and benzene are formed simultaneously by separate reaction
propargyl radicals. In the low-concentration kinetic work, 1,2- paths. Recent theoretical analyses of the likely reaction paths
hexadiene-5-yne was observed but the concentrations were togppear to be completely consistent with this observation.
low to measure quantitatively. In the higher concentration Furthermore, 1,2-hexadiene-5-yne and its isomerization product
samples prepared for G@ni-FTIR—MS analysis a small but ~ 2-ethynyl-1,3-butadiene were observed at reaction temperatures
well formed peak was observed whose spectrum confirmed thatthat are probably too low for dissociation of 1,5-hexadiyne back
the species was 1,2-hexadiene-5-yne, and comparison betweetp two propargyl radicals. On the current potential energy
the FTIR analyses and the GMS, GC—FID analyses indicates ~ surfaces the only route to 12HD5Y from 15HD is via dissocia-
that trace amounts of 1,2-hexadiene-5-yne are present in thetion and recombination, and the most recent work indicates that
kinetic samples. A second potential route to 2-ethynyl-1,3- the PES may need to be modified to include a direct route
butadiene not involving dissociation of 15HD is from the between 15HD and 12HD5Y. Last, a high-temperature fulvene
isomerization of benzene through fulvene, and this has beento benzene route, predicted by the PES, is confirmed by our
observed by Nakashima et #l.in very vibrationally hot experimental evidence.
benzene. However, in the present thermally excited work it is
very unlikely that the temperatures are high enough to drive Acknowledgment. We thank Dr L. B. Harding of Argonne
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