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1,2,4,5-Hexatetraene (1245HT) is, according to theory, a key intermediate to benzene from propargyl radicals
in a variety of flames; however, it has only been experimentally observed once in previous studies of the
CsHs + C3H3 reaction. To determine if it is indeed an intermediate to benzene formation, 1245HT was
synthesized, via a Grignard reaction, and pyrolysized in a single-pulse shock tube at two nominal pressures
of 22 and 40 bar over a temperature range from 540 to 1180 K. At temperatsr@90 K, 1245HT converts
efficiently to 3,4-dimethylenecyclobutene (34DMCB) with a rate constarktsf10916 x exp(—23.4 kcal/

RT), which is in good agreement with the one calculated by Miller and Klippenstein. At higher temperatures,
various GHg isomers were generated, which is consistent with theory and earlier experimental studies. Thus,
the current work strongly supports the theory that 1245HT plays a bridging role in forming benzene from
propargyl radicals. RRKM modeling of the current data set has also been carried out with the-Miller
Klippenstein potential. It was found that the theory gives reasonably good predictions of the experimental
observations of 1245HT, 1,5-hexadiyne (15HD), and 34DMCB in the current study and in our earlier studies
of 15HD pyrolysis and propargyl recombination; however, there is considerable discrepancy between experiment
and theory for the isomerization route of 1,2-hexadien-5-yne (12HD5®2}ethynyl-1,3-butadiene (2E13BD)

— fulvene.

Introduction 15HD, 1245HT, 12HDS5Y, 13HD5Y, and benzene as the
products of R1 at 623 and 673 K and 3 mbar and 6 mlahr

and Nayak detected 15HD and two unidentifiegHg species
(one of the species thought to be 12HD5Y) as products of R1
at 298 K and 50 torf.Scherer et al. used a Poraplot-Q column
in the GC (gas chromatography)/MS analysis of a residual gas
. sample of their shock tube experiments and observed eight C
CaHg + CaHy = CeHs (R1) species, with two of them identified as benzene and 13HD.

— CgHs +H (R1b) the laser photolysis/MS study by Schafir and co-worKers,
15HD, fulvene, benzene, and two unidentifiegHg isomers
were observed at 5601000 K and 2-8 mbar. Howe and Fahr
identified 15HD, 12HD5Y, 34DMCB, fulvene, and benzene as

The molecular growth of small aromatic species is purported
to produce soot particles, therefore, the formation of the first
aromatic ring, benzene or phenyl, is of particular interest. The
recombination of propargyl radicals, R1,

is widely thought to be a primary route to benzene and phenyl
formation in a variety of aliphatic flames. Thus, a full
understanding of R1 is vital in constructing accurate detailed Products at 20 and 700 Torr from 295 to 623 Klore recently,
aromatic mechanismis3 our high-pressure single-pulse shock tube study of 15HD
The recombination of propargyl radicals forms three linear PYrolysis coupled with GC-mi-FTIR (gas chromatography-
CeHs compounds: head-to-head forms 1,5-hexadiyne (15HD), matrix isolation-FTIR spectroscopy) analyses led to the observa-

head-to-tail forms 1,2-hexadien-5-yne (12HD5Y), and tail-to- tion and identification of eight s productsi®** In our
tail forms 1,2,4,5-hexatetraene (1245HT) (where the head is theSUPSequent study of propargyl recombination, a small amount
CH;, end and the tail is the CH end of propargyl). At suitable of 1245HT was also detected, and the initial branching ratios

temperatures, these three linear species then isomerize to variou8f R1 were experimentally determinétiin addition, several
secondary @Hs isomers: trans-1,3-hexadiene-5-ynetrans experimental studies have obte_uned the overall recombination
13HD5Y), cis-13HD5Y, 3,4-dimethylenecyclobutene (34DMCB), rate constant of R1 over a wider temperature and pressure
2-ethynyl-1,3-butadiene (2E13BD), fulvene, benzene, and the ranget®’
phenyl radicalt Beginning with the pioneering work of In terms of kinetic modeling of reaction R1, Miller and
Alkemade and Homann in 198%nd particularly in the past  Klippensteirt calculated a potential energy surface diagram for
few years, considerable progress has been made in understandingpe recombination of propargyl radicals; the reaction pathways
the mechanistic routes of F1l7 In a flow reactor/mass  for the recombination of propargyl radicals forming benzene
spectrometry (MS) study, Alkemade and Homann detected and phenyH- H are illustrated in Figure 1. As clearly shown in
Figure 1, 1245HT is one of the primary products of propargyl

:COFFESponding author. E-mail: kenbrez@uic.edu. recombination, and there are two routes to benzene formation.
mon(t.‘,ullteen(;Sasdgd.ress. Gamma Technologies Inc., 601 Oakmont Ln, West- In addition tQ th.e fulvene _route, benzen_e is formed dis

# Current address: Chemistry Division, Argonne National Laboratory, 13HDSY, which is formed via 1245HT. With the phenomeno-
Argonne, IL 60439. logical rate coefficients obtained by RRKM master equation
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calculations, the Miller and Klippenstein potential is able to 0001 0_602 * 0_603 * 0'604 T 0.005
accurately predict the product yields of 15HD pyrolysis in an Time /s
atmospheric flow reactor study at 25850 °C by Stein and Figure 2. Typical low-temperature shock profiles at (a) 22 bar, 699
co-workerst® Kislov et al.1® also calculated a ¢Els potential; K, and (b) 40 bar, 557 K.

however, it was not validated against available experimental
data. In addition, there is an alternative approach proposed byendwall of the driven section that has experienced the conditions
Tang et al.?° in modeling the GHs + C3Hs reaction by  behind the reflected shock wave.
optimizing the rate coefficients against detailed experimental  The techniques for measurement of the shock tube end wall
CeHs isomer concentration profiles. reaction pressuré®s, the reaction temperaturgs, the residence
Even though the theoretical work of Miller and Klippenstein time, and the sampling time, are similar to our previous
hypothesizes that 1245HT is a significant part of the propargyl work.112 Briefly, pressures behind the reflected shock wave
recombination mechanism, there is only one experimental study,and reaction times were obtained from the pressure profiles
conducted by Alkemade and Homahim which 1245HT was measured by a piezoelectric pressure transducer (model no. PCB
identified as a major product. Thus, there is a discrepancy 113A23) mounted axially in the end wall of the driven section.
between experimental observations of propargyl recombination The reaction time of each experiment was measured from the
and the theoretical predictions for propargyl recombination. The arrival of the incident shock wave at the end wall of the driven
present work studied the pyrolysis of 1245HT to determine if section to the observed pressure at the end wall falling to 80%
the isomerizations of 1245HT are consistent with the theoretical of its maximum. The reaction temperatures were calculated from
work of Miller and Klippenstein. RRKM analysis was also the incident shock velocity, and errors in the temperature due
utilized to further evaluate the energetics of the Miller and to deviations from ideal gas behavior were expected to be small.

Klippenstein potential. Shock velocities were calculated from the time taken for the
incident shock wave to travel between piezoelectric pressure
Experimental Section transducers mounted along the side wall of the driven section

near the end of the shock tube. In the current work, the UIC

1. High-Pressure Single-Pulse Shock Tub&he pyrolysis HPST was modified to generate very low shock velocities in
experiments were performed in a high-pressure single-pulseorder to investigate the low-temperature decomposition of
shock tube. Since the shock tube has already been described i1245HT while maintaining a decent “plateau” shock profile.
detail in refs 21 and 22, it is only described briefly in this paper. This was achieved by reducing the driver section diameter to
The shock tube operates routinely at temperatures up to 20001.0 in. i.d. from its usual value of 2.0 in. through the use of a
K and pressures up to 1000 atm with reaction times of a few reducer sleeve in the driver section. The use of a narrow bore
milliseconds. The major sections of the high-pressure single- driver (1.0 in. i.d.) would probably lead to a greater attenuation
pulse shock tube are the driver section (60 in. long, 1 in. bore of the shock waves, as compared to the 2.0 in. i.d; however,
reduced from the normal 2 in. for this work), the driven section this is accounted for by the way the shock velocities are
(101 in. long 1inch bore), the high-pressure storage tanks, themeasured and hence incorporated into the calculatidi ahd
dump tank, the diaphragm section, and the sampling rig. In eachPs. In the current study, aluminum diaphragms of 0.025/0.010
experiment, a shock wave is initiated by increasing the pressurein. (thickness/score depth) and 0.025/0.005 in. were employed,
in the driver section to rupture the diaphragm. Samples are thengenerating nominal end wall pressures of 22 and 40 bar,
withdrawn into the sample rig from the volume close to the respectively. These diaphragms generate nominal 25- and 50-
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bar end wall reaction pressures, respectively, in the unmodified 12HD5Y

shock tube configuration. As expected, the shock waves

produced by the same sets of diaphragms are slightly weaker

than in previous studies because the driver gas volume is reduced

by the reduction in the driver section diameter. Two typical

low-temperature shock profiles at nominal 22 and 40 bar are

displayed in Figure 2a and b, respectively. 1245HT
2. Synthesis of 1,2,4,5-Hexatetraene (1245HTRecause

1245HT was not available commercially, 1245HT was synthe- 34DMCB

sized by a method developed by Hopf and co-workér& The

synthesis is essentially a Grignard reaction, which is a two-

part process. The first part is the formation of the Grignard 15HD C.H.Br

reagent, R2, and the second part is the reaction of the Grignard ‘/3 3

reagent with an electrophile to form a new carbearbon bond, A

R3. In the first part of the synthesis, allenyl-magnesium bromide, 32 34 36 38 40 42 44 46 48 50 52 54

which is the Grignard reagent, is formed by reaction of Figure 3. Total ion chromatograph (TIC) of the Grignard synthesis.

magnesium turnings (Sigma Aldrick,99.5%) and propargyl

bromide (TCl America,>97%). In the second part of the

synthesis, allenyl-magnesium bromide reacts with propargyl

bromide in the presence of copper(l) chloride (Sigma Aldrich,

>09.995%) as a catalyst to form 1245HT in addition to H H
12HD5Y, 34DMCB, and 15HD. Because the Grignard reagent H™N\__~Z H
reacts readily with water, oxygen, and carbon dioxide, diethyl 34DMCB

ether (Fluka,>99.8%) was used as the solvent due to its H H

volatility, and the synthesis was carried out in an inert

atmosphere of nitrogen. The details of the synthesis are given
in refs 25, 26. The synthesis product was then purified to discard I uw
a large amount of diethyl ether, first by normal distillation under
atmospheric nitrogen and then by a vacuum distillation. " oM "
124507\ /
Mg /
HC == CCHBr ————— CH, = c CHMgBr  (R2) J “ H H
er, 5— 10 M
- CuCl 2000 1800 1600 1400 1200 1000 800
CH, == C== CHMgBr * HC == CCHBr Ether, 209G Figure 4. Comparison of the FTIR spectra of 1245HT and 34DMCB.
CH—CH (Note the differences of these two compounds at 850 and 1958)cm
/ . . . .
c c (R3) mixture was prepared a day in advance of the experiments in
4 \\ order to allow the reagent gases to mix by diffusion. The reagent
H,C CH, mixture contained about 58.17 ppm of diethyl ether, 2.71 ppm

of 15HD, 13.32 ppm of 34DMCB, 40.51 ppm of 12HD5Y, and

The results of the synthesis were confirmed by gas chroma-25.21 ppm of 1245HT in a bath gas of argon (BOC, 99.999%
tography-matrix isolation-FTIR spectroscopy-mass spectrometry purity). The reagent mixture also contained about 200 ppm of
(GC-mi-FTIR-MS), which allows simultaneous collection of neon (AGA, 99.99% purity) to correct for dilution effects if
FTIR and MS data. The total ion chromatogram (TIC) of the the driver gas-diluted the postshock sample. Even though the
synthesis product sample is shown in Figure 3. In addition to reagent mixture consisted of diethyl ether antigspecies other
1245HT, a large amount of 12HD5Y and small quantities of than 1245HT, the study of the pyrolysis of 1245HT was not
15HD and 34DMCB were also present in the product solution. altered or affected. As mentioned later in the Discussion section,
The exact concentrations of each species varied from synthesighe decomposition of diethyl ether is insignificant in the
to synthesis, but a typical composition is 29% 1245HT, 4% temperature range in which the isomerization of 1245HT occurs,
15HD, 17% 34 BMCB, and 50% 12HD5Y. The FTIR spectrum and our earlier work on 15HD isomerization indicates that no
of 1245HT was identified based on the molecular structure and radical species will be formed from the othegHg isomers at
the expected results of the synthesis. This spectrum is nearlythe reaction conditions of the current work.
identical to the spectrum of 34MDCB with the exception of 4. Analytical Techniques. The routine analysis of the
peaks at 850 and 1950 cin the 1245HT spectrum, as shown  preshock and postshock samples was done by an Agilent 6890
in Figure 4. In addition to the FTIR data, the retention times of series GC equipped with a flame ionization detector (FID) and
34DMCB and 1245HT on the GC column are very different, athermal conductivity detector (TCD). There were two columns
and the elution order of all the¢Bg species is the same as in in the GC, an HP-1MS column (30 m 320 um x 3 um),
the earlier work on 15HD isomerization. The reader is referred which was connected to the FID, and an HP-PLOT Molsieve
to our earlier publicatiol for the FTIR spectra and elution ~ 5A column (30 mx 320um x 25um), which was connected

characteristics of the othergBs compounds. to the TCD. The purpose of the TCD was to determine the
Several methods have been attempted to isolate a purer formconcentration of neon, and the purpose of the FID was to
of 1245HT; however, they have not proved successful. determine the concentration of the stable hydrocarbons. The

3. Preparation of Reagent Mixture. The reagent mixture  samples were injected into the GC by injecting the gas sample
was prepared manometrically in a 50-L tank. The reagent into two Valco gas sampling valves via a pressure reduction
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Figure 5. Isomeric product distributions at 22 bar. Figure 6. Isomeric product distributions at 40 bar.

vessel. The sample loops, which were connected to the two gas The species concentration profiles with respect to temperature
sampling valves, were filled simultaneously, and the sample at postshock pressures of 22 a_nd 40 bar are _sho_wn in Figures
entered the head of both columns simultaneously after the GC's> @nd 6, respectively. The species concentration is represented
valves were moved to the on position. In the initial stages of by the concentration of the SPECIES 1N the postshoc_k s_ample
the experiments, an Agilent 6890 series GC coupled with an €lative to the sum of the concentrations of thgespecies in
Agilent 5973 mass selective detector (MSD) was used to the postshock sample: _Flgure 7 |IIustr§1te§ the pressure effects
determine the molecular formulas of the species in the samplesC? 1245HT decomposition. As shown in Figure 7, the concen-

and the identities of certain species in the samples. This G ration of 1245HT is nearly identical for the 22- and 40-bar
contained an HP-1 column (30 & 320 «m x 3 um), which experiments. All of the other species behaved similarly, indicat-
was connected to the MSD. ’ ing all the chemistry is within the high-pressure limit in these

experiments.

The initial reactants in the present work are 1245HT, 15HD,
12HD5Y, and 34DMCB. At about 600 K, 1245HT begins to

More than 60 experiments spanning a temperature range ofdecay and 34DMCB begins to increase as 15HD remains
540-1180 K were carried out in order to map out the product constant. 12HD5Y starts to decay at about 650 K and then
distributions of the pyrolysis of 1245HT and 15HD5Y at two remains constant between 715 and 900 K. 15HD starts to decay
nominal pressures of 22 and 40 bar. The relative percentagesat about 780 K and is completely consumed by about 1000 K.
of the GHe species in the reactant mixtures were 29% 1245HT, Between 600 and 800 K, the 1245HT and 34DMCB appear to
4% 15HD, 17% 34DMCB, and 50% 12HD5Y. mirror each other. However, at around 800 K, the 1245HT is

Results
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Figure 7. Effect of reaction pressure on the decomposition of 1245HT. Figure 8. Shock tube pyrolysis of diethyl ether.

almost completely consumed and the 34DMCB concentration performed in order to determine if diethyl ether is stable at the
continues to increase at a slow rate to a maximum at aroundreaction conditions of the decomposition of 1245HT. The decay
900 K. In the 806-900 K interval, the 34DMCB and 12HD5Y  of diethyl ether has two competing channels of CH,O +
profiles almost mirror each other. In the same interval, the 15HD C,Hs and GHsOH + C,H4.2” Previously, Hohlein and Freeman
is also converted to 34DMCB; however, the initial concentration investigated the radiation-sensitized pyrolysis of diethyl ether
of 15HD in these experiments is too low to account for the over 300-400 °C and observed the products ethaneHg,
magnitude of the increase in 34DMCB. ethanol (GHsOH), acetaldehyde (CG}€HO), methane (CH),
On the basis of our earlier wofk;'?it is safe to assume that,  CO, ethylene (gH), andn-CsH10.28 However, during the course
at temperatures less than 1100 K, thgHgisomers simply  of their work, the reactant experienced a temperature cycle of
isomerize between the different forms. If 34DMCB is formed 30 min of heating and 30 min at the reaction temperature, and
only from 1245HT and 15HD, then for temperature800 K, in the current work, the residence time of the shock tube is only
1.0—2.0 ms. Because of the short reaction times of the current
[34DMCB];5 = [15HD], + [1245HT], + [34DMCB], study, diethyl ether most likely does not decay in the shock
tube at the temperatures at which 1245HT starts to isomerize
(~600 K). As verification, in the present study, a reagent mixture
consisting of approximately 115 ppm of diethyl ether and 200

where subscript 0 refers to initial conditions and subscript max
refers to the maximum concentration. For the experiments shown

in Figures 5 and 6, the abo"‘? ex]loressionhis unrt])alanced, ‘_Nithppm of neon (to correct for any dilution effects) in a bath gas
about 0.1 more 34DMCB being formed than the expression o 5.4 was prepared. The experiments were carried out at a

predicts. This amount corresponds to the change in [12HD5Y] o mina| reaction pressure of 22 bar, reaction temperatures

in the temperature range 65600 K. Thus it would appear that, between 613 and 1254 K, and reaction times between 1.5 and
in this range, there is an isomerization between 12HD5Y and 5 3 s The conversion of diethyl ether with respect to

34DMCB with possibly a slow back reaction as well. temperature is shown in Figure 8. Because there was no overall

Abovg 900 K, 34D_MCB decays and fulvene starts t(_) form rate coefficient available in the literature, the current diethyl
along with benzenegis-13HDSY, andtrans 13HDSY, which ether experiments were used to obtain, based on a first-order
appear at about 925 K. At about 900 K, 12HDSY enters a Steep yjnatics assumption, an overall rate coefficient for the decom-
decay and 2E13BD begins to form. The profileest13HDSY  qition of diethyl ether, R4. The derived rate coefficientis
andtrans13HD5Y are almost identical, except that the relative _ 101091 exp(—43.34 kcal/RT), with a correlation coefficient
yield of the cis isomer is slightly greater than the relative yield ¢ 5 91 The deduced activation energy is considerable lower
of the trans structure. At about 1180 &{s-13HD5Y andtrans than the previous work by Seres and Huhn, where a rate
13HD5Y are almost completely consumed. Above 1100 K, all expression of 185-1%exp(~82.47 kcal/RT) for the dissociation

of the remaining species except benzene are decaying. reaction GHs—O—C,Hs — CHsCH,O + C,Hs at 697-761 K

'nhthﬁ c:irrerr]\t work, the Icarbon Ealance was m?nitored for and 0.04-0.22 bar were derived from fitting to a complex
each shock. The carbon balances show considerable scatter ovefo .hanism. The prediction of the current expression is about

the Whole temperature range that ca}nnot bg attributed to theone to two orders higher in the temperature range-90M0
formation of heavy, nonvolatile species during the course of o+ 55 and 40 bar.
the reaction, and no wall deposits were observed in the shock
tube. Currently, the source of the scatter is not clear, although C,H;—O—C,H;— Products (R4)
it is potentially due to the GC rigs, the shock tube, and mixture
tanks being unheated, which was necessary to prevent degrada-
tion of the reagent mixture, particularly 1245HT.

The experimental data sets, including reaction conditions and
product distributions, are available in the Supporting Informa-
tion.

In the present work, the temperature region of most interest
lies below 800 K, where the isomerization of 1245HT is
complete, and clearly, at these temperatures, the effects from
any decomposition of diethyl ether will be negligible. Addition-
ally, no evidence has been found for the formation of products
either from the decomposition of diethyl ether or from the
reaction of ethyl radicals with s species at the reaction

1. Decomposition of Diethyl Ether (GHs—O—CzHs). conditions of this study.
Because diethyl ether was one of the components of the reagent 2. Product Analysis. Previous studies of thesB3 + C3H3
mixture, shock tube studies of diethyl ether decomposition were reaction distinguished three possible initial pathways forming

Discussion
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15HD, 1245HT, and 12HD5Y through various head/tail com- 4 — T T T T T
binations. When reaction conditions are favorable, the initially N
formed GHgs complexes can dissociate into H atoms and phenyl 3r T

radicals, but not at the low temperatures of our experiments. 2

At our conditions, the preferred fate of the recombination i / Kiipoonstein (2003) |
H H AT : [ : Present stud!

products is either stabilization by collisions with the bath gas i v N ]

or thermal isomerization into various other isomerigHg N /

species, with benzene as the ultimate product. 12HD5Y can form

benzene via 2E13BD and then fulvene, as shown in Figure 1. N

15HD first isomerizes to 1245HT by a Cope rearrangement and Ar N §

then shares the same routes as 1245HT forming benzene. Unlike N

12HD5Y, which apparently has only one benzene formation 2r Hopf(1o71) ]

route, 15HD and 1245HT have an alterative route forming ben- . , , . . T—=a

zene via 13HD5Y without passing through fulvene, as proposed 0.0012 0.0014 0.0016 0.0018 0.0020 0.0022 0.0024

by Miller and Klippenstein. This alternative route was confirmed 1T IK!

and was postulated to be the dominant route forming benzenerigure 9. Comparison of the Arrhenius plots for the isomerization of

at low temperature in our previous study of 15HD pyrolydis.  1245HT. The solid line is the least-squares fit using the current 1245HT

In the current work, the relative yields of isomerigHg pyrolysis data. Closed symbols: 22 bar data; open symbols: 40 bar

products were found to be strongly temperature dependent, asdata'

anticipated, with 15HD, 12HD5Y, 34DMCB, 2E13BD, fulvene,
and benzene as the major products eisdandtrans-13HD5Y and also further theoretical study.

as the minor products, which is consistent with our previous 3 Rate Coefficient of the Decomposition of 1,2,4,5-

shock tube St‘;dy of 15HD pyrolysisand direct propargyl  pexatetraene (1245HT)The results of the present work were
recombinatiort? At aboutT = 600 K, 1245HT starts to decay  sed to evaluate a reaction rate coefficient for the decomposi-
as 34DMCB increases, confirming that 1245HT forms 34DMCB  {jon of 1245HT to 34DMCB, R5, assuming that 34DMCB is

because 15HD does not contribute to the formation of 34DMCB e sole product. This fitted rate coefficient kef = 100-16 x

in this low temperature range. 1245HT is almost completely exp(-23.4 kcal/RT) is the first experimental Arrhenius rate
consumed at 720 K. This explains the results of our previous coefficient expression for the decomposition of 1245HT. Figure
studies that 1245HT was not observed in the 15HD pyrolysis 9 shows our measurements at 22 and 40 bar and the plot of a
study in the temperature range between 780 and 1360 K andfitted Arrhenius expression from the measurements. Also, the
only a trace amount of 1245HT was detected in the propargyl predicted rate coefficients by Miller and Klippenstein are shown
recombination study between 720 and 750 K. After the in this figure. In addition, the rate constant of a previous
consumption of 1245HT and 15HD, 34DMCB starts to decay, experimental study of 1245HT isomerization (128073 s?)
returning to 1245HT to form fulvene arms-13HD5Y, which by Hopf?? at 424 K and pressures of 35 and 60 Torr is shown
are the two routes to benzene formation. Benzene begins to formin this figure. As Figure 9 illustrates, the rate coefficient of the
ascis-13HD5Y begins to form. Aftecis-13HD5Y is consumed, present work is in good agreement with the previous calculated
benzene continues to form, while fulvene begins to decay. and measured rate coefficients of R5.

Therefore, benzene is formed in parallel to fulvene at lower

temperatures and sequentially to fulvene at higher temperatures. 1245HT— 34DMCB (R5)
Eventually, all of the species isomerize to form benzene, the ) )
sole remaining species at high temperatures. In this regard, the 4- RRKM Analysis. The most advanced, so far, potential
present work supports the theoretical work of Miller and ©€nergy surface for thefls + CsHs recombination reaction is

Klippenstein in which 1245HT is an essential bridging inter- the one proposed by Miller and Klippenstein, which was
mediate in the gHs + CsHs reaction. calculated by a combination of QCISD(T) and density functional

. . o . . (B3LYP) methods" Their theoretical predictions have been
A point of interest and peculiarity is the concentration profile

; . qualitatively validated since all of the predictedHg species
of 12HDSY at low temperatures. 12HDSY is one of the direct from their surface have been identified in various experiments.

recombination products of propargyl radicals and was previously By using their electronic calculation results, RRKM-based
detected only in Alkemade and Homann’s work and Fahr's \oqier equation (ME) analysis shows the theory is able to
work. However, these experiments did not observe 2E13BD, accyrately predict the product yields of 15HD pyrolysis in a
which is difficult to understand because, according to the Miller o, reactor by Stein and co-worketéIn the current work,

and Klippenstein potential, 12HDSY can only be destroyed via Troe's modified strong collision (MSC) RRKM analysis was
2E13BD. In the current work, 12HDSY is constant at temper- yilized to further test in a quantitative way the potential against
atures below 650 K and then starts to decay. It continues to shock tube measurements from the present study of 1245HT
decay until about 720 K and then remains constant until about pyrolysis and from our earlier studies of 15HD pyrolysis and
920 K. Then, it starts to decay again and form 2E13BD. In our propargyl recombination.

earlier study of propargyl recombination in the temperature  The measured distributions of the species in the five early
range of 726-1350 K12the concentration profile of the initially ~ wells, namely 1245HT, 15HD, 34DMCB, 12HD5Y, and
formed 12HD5Y was found to be stable until 920 K. The profile  2E13BD, served as modeling targets. The current study adopted
of 12HD5Y in the earlier study is nearly identical to the profile  two separate truncated kinetic models of Miller and Klippenstein
of 12HDS5Y in the present work. A plausible explanation of the for RRKM modeling. The current study used one of the models
behavior of 12HDS5Y in the low-temperature regime is the (referred to as model A) to simulate 15HD and 1245HT, which
isomerization of 12HD5Y to 34DMCB, a route that has not yet is shown in Table 1, and used the other model (referred to as
been included in current theory. This assumption requires further model B) to simulate 12HD5Y, which is shown in Table 2. In

Log(k)

experimental study using pure 12HD5Y as the parent molecule
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TABLE 1: Truncated Kinetic Model A used for RRKM 1245HT pyrolysis at 22 bar
Analysis of the Thermal Isomerization Initialized from 15HD —
and 1245HT? 06 L N
, - ; , ad My
reaction no. reaction barrier height/kcal I ada A,
1 15HD— 1245HT 37.4 08 A
2 1245HT— 15HD 40.9 I A .
3 1245HT— 34DMCB 29.6 041 . T
4 34DMCB— 1245HT 43.2 - - A 1
5 1245HT— A 39.1 < 03 A . -
6 A — 1245HT 19.1 = b .
7 1245HT— cis-13HD5Y 41.7 02| wad” . i
8 cis-13HD5Y — 1245HT 53.9 | &
9 A — fulvene 715 01l o
10 fulvene— A 9.0 ) R
11 cis-3HD5Y — trans-13HD5Y 49.1 A
12 trans-13HD5Y — cis-13HD5Y 49.1 00 = ]

1 L 1 n 1 2 1 L 1 n 1
aNote: Critical | taken f fa A 600 700 800 900 1000 1100
ote: ritical energy values were taken from rer 4, IS an Temperature T5 IK

intermediate as in Figure 2Barrier height 35.4 kcal by electronic

calculations and 36.4 kcal used for kinetic analysis in refBarrier Figure 10. RRKM-ODE modeling of 1245HT pyrolysis at 22 bar.
height 29.6 kcal by electronic calculations and 30.3 kcal used or kinetic Initial reagent compositions were 29% 1245HT, 4% 15HD, 17%
analysis in ref 4. 34DMCB, and 50% 12HDS5Y. Model A in Table 1 was used. Symbols
represent the current experimental data and lines represent model
TABLE 2: Truncated Kinetic Model B used for RRKM predictions;® and solid line, 1245HTO and dashed line, 15HDs
Analysis of the Thermal Isomerization Initialized from and dotted line, 34DMCB.
12HD5Y?
reaction no. reaction barrier height/kcal L ! : : : ' : !
1 12HD5Y — 2E13BD 30.0 09 I
2 2E13BD— 12HD5Y 46.6 0.8} .
3 2E13BD— fulvene 55.6 corl
4 fulvene— 2E13BD 86.7 S .
2Note: Critical energy values were taken from ref 4. :E 0'5
]
both models, the reactions considered are only the initial thermal 2 04r .
isomerizations from the chemically activategHg adducts 0.3 .
formed by the self-recombination ot8; radicals. The neglect 02t _
of the dissociation reactions involving H-elimination should not gL )
cause significant errors under our temperatures. To avoid the u.o

complexity of including all intermediate ¢8ls compounds, 300 900 000 1100 1200
benzene was excluded from both models. Nevertheless, these Temperature T_ /K

two truncat_ed models SI’_\OUId be a.ble to g_ive reaspna_ble Figure 11. RRKM-ODE modeling of 15HD pyrolysis at 50 bar. The
representations of the Miller and Klippenstein potential in same kinetic model was used as in Figure 10. Symbols represent
predicting the species formed in the early wells at moderate experimental data obtained from 1,5-hexadiyne pyrolysis (ref 11) and
temperatures. In the RRKM-ME analysis by Miller and lines represent model predictions. The initial concentrations was
Klippenstein? the 15HD— 1245HT and 1245HF~ 34DMCB ~ [15HD]o = 1.0; M and solid line, 15HDE and dashed line, 34DMCB.
barrier heights were increased by 1.0 and 0.71 kcal/mol o o )
respectively over those calculated, to achieve good agreement© €valuate the collision efficiencyi.. In eq 1,[AE[4; is the
with experimental observations. In the present work, we found fotal average energy transferred per collision and can be
it desirable to increase the 15HB 1245HT barrier height by ~ calculated from the downward average energy transferred per
2.0 kcal/mol over those by theory. No further adjustments were collision, [AE[down which was assumed to be 1000 cirfor
made. all complexes and TS$ is the energy dependence factor of
The RRKM treatment of these two truncated kinetic models the vibrational density of states and is calculated from
is as follows. All pressure-dependent rate constants were

extracted by performing Troe’s modified strong collision (MSC) f ” p(E) exp(~E/kgT) dE

RRKM calculationg%32 A RRKM progran®® previously = Eo 2)
developed only for single-well single-channel systems was kg Tp(Eo) exp(—Ey/ksT)

extended for an arbitrary system with multiple wells and multiple

channels. The RRKM parameters;,(Ia, g, andlc) for all To avoid possible errors induced in the procedure of fitting

individual activated complex and transitional states (TS) were the RRKM calculated rate constant to an Arrhenius expression,
all taken from the supplementary file of ref 4 by Miller and the current RRKM program was linked directly to an ODE
Klippenstein, without any alteration. An important consideration integrator DASAC3* Consequently, the RRKM calculation was

is the collisional efficiency of the argon diluents, which is a performed at each temperature and pressure of interest, and the
very weak collider for intermolecular energy transfer. We have results of the RRKM calculation were used directly without

used Troe’s equation of extracting the traditional Arrhenius parameters. The predicted
product yields were then plotted with the experimental measure-
Be —[AEQ, ments.
Q) Figures 16-12 depict the RRKM-ODE modeling results of

2
1-8; Fek T the 1245HT and 15HD entry channels by use of model A. Itis
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Figure 12. RRKM-ODE modeling of the gHs + CsHs reaction at 25 Figure 13. RRKM-ODE modeling of 1245HT pyrolysis at 22 bar.
bar. The same kinetic model was used as in Figure 10. Symbols njtia| reagent compositions were 29% 1245HT, 4% 15HD, 17%
represent experimental data obtained froghl4Lpyrolysis (ref 12) and 34DMCB, and 50% 12HD5Y. Model B in Table 1 was used. Symbols
lines represent model predictions. The initial concentrations were represent the current experimental data and lines represent model

[15HD]o = 0.44 and [1245HT] = 0.18; M and solid line, 15SHDO predictions;® and solid line, 122HD5YO and dashed line, 2E13BD.
and dashed line, 34DMCB.

1.0 : T v T T T T T T T T T
found that the result of the current RRKM-ODE modeling is 0.0k il
predominately affected by the critical energy and the lowest 08l 25 bar i
vibrational frequencies. At our experimental pressures of 22 and g C.H,l pyrolysis

40 bar, most isomerization reactions are expected to be close
to their high-pressure limits, and the simulation result does not 0.6 i
show much sensitivity to the variation of downward transfer
energy. The simulated product yields of 1245HT, 15HD, and L g At
34DMCB in the 1245HT pyrolysis at 22 bar are shown in Figure ' T S

Yield

10. Figure 11 presents the predicted and measured 15HD and = Al =23
34DMCB mole fractions for the 15HD pyrolysis at 50 bar, for i i 2= NI
which the simulation was conducted by using [151B] 1.0. 0.1}/ i “od o
Figure 12 compares the model A predictions and the experi- 0.0 Leemoxe

700 800 900 1000 1100 1200 1300

mental observations of 15HD and 34DMCB in the recombina-
tion of propargyl radicals, for which the simulation was
conducted by using the experimentally determined entry branch-Fg”?#:ggg“ﬁ;%%g rr‘;‘]ggee'li"\,%g tS:e%_'Z : %"":3' rﬁ?g“{’g aézr?]bols
Ing ratios as |n|t|?2] concentratlons, with .[15HCD1.: 0544 and represent experimental data obtained froﬂ%ljtpyrolys?s (ref 12) a)r/1d
[1245HT} = 0.18'2Except in th_e 12_45HT Isome_rlzatlon, Whe_re lines represent model predictions. The initial concentrations was
the peak 34DMCB concentration is underpredicted, the Miller [12HD5Y], = 0.38; ® and solid line, 12HD5YO and dashed line,
and Klippenstein potential gives fairly good predictions 2E13BD.
of 1245HT, 15HD, and 34DMCB in all three experimental
studies. 1245HT is predicted to be completely destroyed, with 2E13BD is significantly reduced or an additional route is added
34DMCB as the dominant product, even with the presence of in current potential to form 12HD5Y at 86000 K.
15HD, which is consistent with experimental observation. The
underprediction of the 34DMCB is on the same order that the cqnclusions
experimental [34DMCBJ«is greater than [15HQH- [1245HT)
+ [34DMCB]p. The pyrolysis of 1245HT was studied at two nominal
The discrepancy between theory and experiment, however,pressures, 22 and 40 bar, and at a temperature range of 540
becomes pronounced, as shown in Figures 13 and 14 in1180 K in a single-pulse high-pressure shock tube. The analysis
simulating the 12HD5Y channel, by use of model B. The theory of the products demonstrated that the isomerizations of 1245HT
is able to simulate the lower temperature 12HD5Y rearrange- are consistent with the theoretical work of Miller and Klippen-
ment to 2E13BD in the current data set but fails at higher stein“ and the experimental work of Tranter et'dland Tang
temperatures, as shown in Figure 13. This is also shown in et al.}2which was the first and foremost objective of this work.
Figure 14, where the model indicates a quite efficient decay of The current work further supports the notion that 1245HT is a
12HD5Y, clearly because of the low barrier height of 30.0 kcal significant part in the propargyl recombination mechanism. In
for 12HD5Y — 2E13BD. The predicted 12HD5Y is consumed addition, an experimental Arrhenius rate coefficient expression
almost completely at 820 K, but at this point, the observed for the decomposition of 1245HT to 34DMCB was derived for
isomerization is still barely starting. In thesld; + CsH3 the first time. This rate coefficient is in excellent agreement
potential calculated by Miller and Klippenstein, 2E13BD is the with the previous theoretical rate coefficient of Miller and
sole isomerization product, via a five-member-ring transitional Klippenstein and the single-temperature rate constant from the
state. The considerable gap between theory and experiment irexperimental work of Hopf. By using Troe’'s MSC/RRKM
the depletion route of 12HD5Y~ 2E13BD— fulvene suggests  analysis, it was found that the current theory is generally capable
the necessity of reevaluation of theHs potential. To fit the of predicting the experimental observations in the current study
experimental data, either the barrier height of 12HD5Y to and in our earlier work of 15HD pyrolysis and propargyl

Temperature T, /K
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recombination. However, the theory is not able to give a  (10) Anderson, K. B.; Tranter, R. S.; Tang, W.; Brezinsky, K.; Harding,

reasonable description of the depletion of the 12HD5Y channel. - (Bilj)' Tprgﬁércr;zen; f?roaon“ 1\%‘. i‘:}%?;rson K B Brezinsky JKPhvs
The current work strongly indicates that, at low temperatures, cnem. A2004 108 3406. 9. . Y-S

there is an apprant isomerization between 12HD5Y and (12) Tang, W.; Tranter, R. S.; Brezinsky, K. Phys. Chem. &R005
34DMCB that predominantly removes 12HD5Y, and these data 109, 6056.

: (13) Morter, C. L.; Farhat, S. K.; Adamson, J. D.; Glass, G. P.; Curl, R.
suggest that a further refinement of the PES may be needed.F_ 3. Phys. Chem1994 98, 7029.

(14) Atkinson, D. B.; Hudgens, J. W. Phys. Chem. A999 103 4242.
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