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The kinetics of the reaction of hydrogen atoms with propynelthiCwas experimentally studied in a shock

tube at temperatures ranging from 1200 to 1400 K and pressures between 1.3 and 4.0 bar with Ar as the bath
gas. The hydrogen atoms (initial mole fraction €50 ppm) were produced by pyrolysis obHzl and
monitored by atomic resonance absorption spectrometry under pseudo-first-order conditions with respect to
propyne (initial mole fraction 520 ppm). From the hydrogen atom time profiles, overall rate coefficients

= —([pCsH4][H]) ~* x d[H]/dt for the reaction H+ pCsH, — products & H) were deduced; the following
temperature dependence was obtainkg;, = 1.2 x 10710 exp(—2270 K/T) cm® s with an estimated
uncertainty ot:20%. A pressure dependence was not observed. The results are analyzed in terms of statistical
rate theory with molecular and transition state data from quantum chemical calculations. Geometries were
optimized using density functional theory at the B3LYPALG(d) level, and single-point energies were
computed at the QCISD(T)/cc-pVTZ level of theory. It is confirmed that the reaction proceeds via an addition
elimination mechanism to yield &8, + CHsz and via a parallel direct abstraction to givgHz + Ha.
Furthermore, it is shown that a hydrogen atom catalyzed isomerization channel to allgig (8iCt pCsH,

— aGH, + H, is also important. Kinetic parameters to describe the channel branching of these reactions are
deduced.

1. Introduction Reaction 1 can furthermore provide a source for propargyl

The formation of aromatic hydrocarbons from aliphatic radicals via the direct abstraction channel

precursors under combustion conditions has become an CH,CCH+ H < CH,CCH+ H, (3,-3)
important topic of research. Two major reaction routes

to the first aromatic ring are discussed, one involving ang also catalyze the mutual isomerization of propyne and allene

C; and one involving € building units!™® In this con- via

text, the multichannel reaction of propyne with hydrogen

atoms CH,CCH+ H < CH,CCH, + H (4,-4)
CH;CCH + H — products (1)  areaction, which again proceeds in two consecutive steps:

is important, because it can interconnect these two reaction CH,CCH+ H < CH,CCH, (4a,—4a)

routes via the channel
and

CH,CCH+ H < CH, + CH; 2-2) CH,CCH, = CH,CCH,+H  (4b,—4b)

which actually consists of two consecutive steps: Wherever appropriate in the text, we will abbreviate propyne
by pGH, and allene by agH,.

The first kinetic study of reaction 1, to our knowledge, was
performed by Brown and ThrushThese authors carried out
and experiments in a discharge-flow reactor at room temperature
and at pressures between 1 and 3 mbar. Hydrogen atoms were

CH,CCH + H < CH,CHCH (2a,—2a)

CH,CHCH<= CH, + CH, (2b,~2b) detected by electron spin resonance (ESR), and an overall rate
coefficient,
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of reaction 1. Besides the detection of hydrogen atoms by ESR,complex mechanisms, we performed a shock-tube study of
stable products were determined by gas chromatography andeaction 1 with a direct time-resolved detection of hydrogen
mass spectrometry. For the temperature dependence of the ratatoms. The H atoms were formed in an excess of propyne by
coefficientsk, and ks, at pressures between 1.3 and 24 mbar the fast thermal decomposition of.l@sl via the reaction
and temperatures between 195 and 503 K, the following sequence

Arrhenius expressions were obtaindd:= (9.6 & 2.0) x 10712

exp[—(13 £ 1) kI moFYRT] cm3 st andksa = (1.1 £ 0.2) x C,Hil — CH; +1 (6)

1071 exp[—(8.8 £ 0.9) kJ molY/RT] cm3 s71; that is, the

terminal addition, eq 4a, is faster than reaction 2 induced by CH;—CH,+H @)

the non-terminal addition, eq 2a. In a further investigation of

the temperature dependence £ 215-460 K, P = 7-800 and detected by atomic resonance absorption spectrometry

mbar), Whytock et al.used flash photolysis for the production (ARAS).

of hydrogen atoms in propyne/argon mixtures and time-resolved  The data are analyzed in terms of a small reaction mechanism
resonance fluorescence for their detection. High-pressure limit- consisting of 4 elementary steps with rate coefficients from the
ing values fork,, were determined, and their temperature RRKM and transition state theory. To get a consistent set of
dependence was represented in the fegii = (6.0 + 1.2) x molecular and transition state data, we performed quantum
107 exp[—(10.3 £ 0.4) kJ molY/RT] cm® s™*. In these  chemical calculations at the B3LYP/6-31G(d) level (geometries
experiments, the high-pressure limit is reached at pressures ofynd harmonic frequencies) and at the QCISD(T)/cc-pVTZ level
about 400 mbar folr = 460 K and at pressures of100 mbar  of theory (single-point energies). Our results will be compared
for T =300 K. with the results from G¥ and G37 calculations.

Despite its importance in hydrocarbon combustion and
pyrolysis, there are only very few kinetic studies of reaction 1 2. Experimental Section
at temperatures above 1000 K. The rate data in this temperature
range were either computed from statistical rate theory or
deduced from pyrolysis experiments by complex modeling. In
a shock-tube study of propyne and allene decomposifion (
1200-1570 K,P = 1.7-2.6 bar), Hidaka et df were able to
fit their results in terms of a 34-step mechanism with a rate
coefficientk, = 2.2 x 1071° (T/K)25 exp[—4.2 kJ molY/RT]
cm® sl which gives absolute values d& in reasonable
agreement with the results of ref 8 mentioned above and an
early estimation of Warnatz et &ladopted by Wu and Ker¥.
From GH, profiles in a premixed ethareoxygene flame, Ancia
et al’® deduced a rate coefficient of 7:6 1012 cm?® s for
the GH4 + H reaction at 1660 K and pressures between 20
and 100 mbar. Since mass-spectrometric detection was used

the authors were not able to distinguish between propyne andiodiole (0.5-2.0 ppm). The concentration ratio between ethyl

allene. ] ) iodide and propyne was varied between 1:10 and 1:20. Because
Apart from a global assessmefia first theoretical study of  f the low concentrations of propyne and ethyl iodide, the test
parts of the underlying &5 potential energy surface was  gas mixture could be treated as an ideal gas, and the post-shock
performed by Diau et df These authors calculated rate congitions were calculated from the initial temperature, pressure,
cc_)efficients for the competing steps of theHz + CHz reaction and the shock wave velocity by applying one-dimensional
with the Rice-RamspergerKasset-Marcus (RRKM) theory  conservation equations (see, e.g., ref 20). The shock wave
based on molecular and transition state data predicted by theye|ocity was measured with four pressure transducers (Kistler,
BAC-MP4 method. Kinetic parameters for reaction 1, however, 603B), which were placed 40 cm apart from each other with
were not deduced. More recently, in a combined experimental the |ast one being locates10 cm from the end plate of the
and theoretical study, Davis et'&lcomputed temperature- and  shock tube.
pressure-dependent rate coefficients for reactions on theg C The hydrogen atom concentration was monitored by ARAS
poten_tial energy surface (including reaction sequences 2 andg; ipe Lymar line (121.6 nm). The vacuum ultraviolet (VUV)
4) using the RRKM theory. In their work, the molecular and yadjation is produced in a microwave-discharge lamp consisting
transition state data were obtained from the density functional o 5 quartz tube with a mounted resonator. The resonator is
theory (DFT, B3-PW91/6-311G(d,p)), and the energy barriers connected to a microwave generator (Muegge), which operates
were obtained from calculations at the G2//B3LYP/6-31G(d) 4t 2.45 GHz with a typical output power of 100 W. A mixture
level. The results were employed to simulate concentration of ~19 H, in helium is flown through the quartz tube at a
time profiles from propyne pyrolysis experiments in a flow constant pressure of7 mbar. The VUV light is transmitted
reactor. Another detailed theoretical analysis of reaction 1 was yjg MgF, windows through the shock tube to a VUV mono-
performed by Wang et &f.In this work, multichannel RRKM  chromator (Acton Research Corp., Spectra Pro VM-504) and
and transition state calculations were performed on the basis ofgetected with a solar-blind photomultiplier (Hamamatsu R12509).
results from quantum chemical computations at the G3/B3LYP/ The signal from the photomultiplier is sampled by a digital
6-31G(d) level of theory. The kinetic data of the last two storage oscilloscope (Tektronix TDS 540A) and further pro-
studied®*7are complex and will be discussed together with our cessed in a personal computer. Because of the poorly character-
own results in section 4. ized emission profile of the microwave-discharge lamp, one
Since all of the experimental kinetic data for reaction 1 at cannot use the Beetambert law to convert absorbances to
temperatures above 500 K have been obtained from fitting to concentrations. Instead, one has to do calibration experiments

The experiments were performed in a stainless steel shock
tube behind reflected shock waves at temperatures between 1200
and 1400 K and pressures between 1.3 and 4.0 bar with Ar as
the bath gas. Since the experimental setup was described
previously819we will only give a brief summary here.

The high-pressure section of the shock tube is 3.05 m long
with an inner diameter of 9.85 cm. It is separated by an
aluminum foil from the low-pressure section, which is 4.20 m
long and has an inner diameter of 10 cm. The shock waves
were initiated by pressure bursting of the aluminum foil, where
different foils with thicknesses between 40 and 100 were
used depending on the desired temperature and pressure.
Hydrogen served as the driver gas, and the driven gas was argon
tontaining a small fraction of propyne{20 ppm) and ethyl
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Figure 1. Potential energy diagram for thesils reactions calculated at the QCISD(T)/cc-pVTZ//B3LYP/6-31G(d) level of theory (including
zero-point energy).

with a well-characterized H atom source under similar conditions TABLE 1: Arrhenius Parameters for the High-Pressure

. . Limiting Values of the Rate Coefficients Calculated from the
(T andP) as in the experiments. We have chosen a procedureTransition State Theory (T = 10001500 K):

based on MO/H, mixturegt-22and refer for details to a recent

publication from our laborator? With the setup just described, reaction logh”® Ea” (kJ mol™)
we were able to quantitatively detect hydrogen atoms in 2a —9.28 33.3
concentrations between>3 10! and 6 x 10 cm3, _gg %ggg %SE?
Prior to each experiment, the shock tube was evacuated to —2b 2954 59.1
pressures below 5< 1076 mbar, and the cleanliness was 3P -9.25 52.3
regularly tested by performing shots with neat argon at 4a —8.46 25.7
temperatures above 2000 K. If H atoms were detected in these _i’g iigf gg'g
control experiments, cleaning was accomplished by carrying out —4b ~8.93 24.1

shots with Q to remove possible contaminations from the shock- a ynits: cn#, molecule, sP Direct abstraction, pressure independent;
tube walls. This was repeated until no more background H atoms, = k.=,
could be detected. The test gas and the calibration mixture were

prepared in two different 100 distainless steel mixing vessels stable cis isomer was used in all of our kinetic calculations.
which were evacuated to pressures below®l@bar before ' The trans isomer was found to lie 2.0 kJ midhigher in energy,

mixture preparation. Prior to use, the mixtures were allowed to ?gdlthki eneTrlgettl:)c maﬁ;}m“m petween the twlo con:o;r?erﬁ_rl‘les
homogenize for at least 20 h, . mot! above the cis isomer (see also re ). The

- . treatment of this cistrans isomerization as a hindered rotation
The purity of the gases and chemicals used were propyne . ; .
(AIdrichF; >g8%, ethsl iodide (Fluka)>99.5% (propynepangy would probably slightly increase the density of states okCH

L ; : CHCH but would not influence the branching between reaction
ethyl iodide were degassed several times before usingjorH . S . . ;
calibration (Messer Griesheimm)99.999%, H as driver gas (Air 2a and reaction 2b, which is mainly determined by the properties

T - f the respective transition states.
Liquide) >99.8%, argon (Air Liquide)>99.9999%, and pD 0 . .
(Messer Griesheim) 99%. From the results of these quantum chemical calculations, rate

coefficients for the direct bimolecular abstraction reaction, eq
3, and high-pressure limiting values of the rate coefficients for
the complex-forming bimolecular steps, eqgs 2a, 4ab, and

To analyze our experimental results in terms of statistical —4p and the unimolecular dissociation steps, e@s, 2b,—4a,
rate theory, we performed quantum chemical calculations for and 4b were calculated using the canonical transition state
the stable species and the transition states on $Heg @btential theory?30.31
energy surface using the Gaussian 03 program pacRage.
Rotational constants and harmonic frequencies were obtained ® ksT Qg EO(i)
from DFT24 employing the Becke3—Lee-Yang—Parr func- k(M= Ox exp— kaT (8)
tionaP® with the Gaussian split valence basis set 6-31&{d). '
For the optimized geometries, single-point energies were Here,kg is Boltzmann’s constantyis Planck’s constant, ant
computed at the QCISD(T)/cc-pVTZ level of theory. Here, isthe temperature. The symb@ss andQgi denote the partition
QCISD(T) stands for quadratic configuration interaction with functions of the transition state and the reactant(s), respectively,
single and double excitations including triples correctigrand for the stepi; Eo is the corresponding threshold energy. The
cc-pVTZ denotes Dunning’s correlation consistent basig8et. results are compiled in Table 1.
The calculated potential energy profile is shown in Figure 1.  The reaction sequence initiated by the{CI&H + H reaction
Rotational constants and harmonic wavenumbers (scaled by ais in general a chemical activation systém3* However, as is
factor of 0.97%° are compiled in Table IS of Supporting shown below, the thermal lifetimes of the intermediates;CH
Information. In the case of G¥€HCH, the energetically more  CHCH and CHCCH; at our conditions are clearly below the

3. Calculations
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TABLE 2: Unimolecular Rate Coefficients k(T,P) Calculated from Eqs 9-11

CHsCHCH CHCCH;

T(K) P (bar) k-2a(s™) ke (s79) kao/k-2a K-sa(s™) kao (57 Ka/k-4a

1200 13 5.44¢ 10° 1.38x 10P 254 4.50x 10° 4.51x 10° 0.100
4.0 2.02x 104 3.48x 10° 173 1.04x 10P 1.09x 10° 0.105

1300 13 8.68¢ 10° 2.20x 10P 253 8.32x 10° 8.36x 10* 0.100
4.0 3.21x 10* 5.54 % 10° 173 1.96x 10° 2.06x 10° 0.105

1400 13 1.22¢ 10° 3.10x 10° 253 1.32x 10° 1.32x 10° 0.100
4.0 4.93x 10° 8.34x 10P 169 3.34x 10° 3.52x 10P 0.105

time scale of the experiment. Therefore, the chemical activation of our master equation can be found in ref 44. Temperature-

system is in its final steady state in the sense of ref 35, that is,and pressure-dependent unimolecular rate coefficients and

the stabilization reservoir is filled up. Consequently, thermal branching ratios calculated in this way are collected in

rate coefficients;(T,P) can be used in a good approximation Table 2.

for the characterization of the unimolecular decomposition steps

of these intermediate radicals (see the early discussion of this4. Results and Discussion

topic in ref 35-37 and recent aspects reviewed in ref 38).
The thermal lifetimesg; = [k_ia(T,P) + kin(T,P)] L with i =

2 for CH3CHCH andi = 4 for CH;CCH,, were computed from

the lowest eigenvalue of the matrik of the respective two-

channel master equatig,3*

Experiment. A typical concentration time profile of the
hydrogen atoms under pseudo-first-order conditions with respect
to propyne is shown in Figure 2. There is a fast increase caused
by the decomposition of ethyl iodide followed by the decrease
due to reaction 1. The signal does not decay exactly to zero,
which is caused by background absorption probably from
propyne. This is demonstrated by the red profile in Figure 2,
which shows the absorption in an experiment under identical
conditions but without ethyl iodide in the mixture. We note that
in the temperature range of our investigation, no detectable
amounts of hydrogen atoms from propyne decomposition are
formed on the time scale of our experiment. A modeling has
shown that only at the highest temperatures, above 1400 K, H

c]atom concentrations near the detection limit occur at reaction

[w(l —P) + K_, + K, IN°=JIN°=0 (9)

Here,w denotes the Lennarelones collision frequency,
is the unit matrix,P is the matrix of the collisional transition
probabilities PEy, Ej), andK —i; andKj, are diagonal matrices
containing the specific rate coefficientsii(Ej)) and kin(E),
respectively. The vectdyS represents the steady-state popula-
tion n(E;; T,P) of the reacting intermediate at a given temper-
ature and pressure. The specific rate coefficients were obtaine

234,39 times clearly above 1 ms.
from the RRKM theory: The rate coefficient&, were obtained from first-order plots
Wig(E — Egg) after the subtraction of the background absorption. By varying
kB )=———1 (10) the propyne concentration, the pseudo-first-order condition and
hoi(E) the absence of interfering bimolecular side reactions were

confirmed. The rate coefficients obtained in this way are
displayed in Figure 3 and compiled with the detailed reaction
conditions in Table IIS of Supporting Information. A weak
positive temperature dependence was found, which can be
expressed in the form

whereWrsi(E) denotes the sum of states of the transition state
for reactioni and pi(E) is the density of states of the
corresponding intermediate. The one-channel thermal rate
coefficients then follow by averagirg(E) over the steady-state
distribution n®;

K(TP) = [ KEETP) dE (11) ko = 1.2x 10 exp(-2270 KM cm®s ™ (12)

In our calculations, the isomerization reactions via the high- ~ No discernible pressure dependence was observed within our
lying, tight transition states T$, TS2, and T$3 (see Figure exp_erlmental uncertainty, and the maximum error Kgrwas
1) are neglected because they are much slower than theestimated to bet20%.
dissociation step¥:17

For the transition probabilities, a stepladder model obeying
detailed balancing was usét®3 The step size (corresponding
to the average energy transferred per down collision) and the
Lennard-Jones parameters were adopted from our study of the
allyl radical decompositio#? AEs. = 320 cn1?, o(Ar) = 3.47
A, €(Ar) = 114 K, o(C3Hs) = 4.85 A, ande(CsHs) = 260 K.
All densities and sums of states were determined by direct
counting proceduré% 42 in the rigid rotor/harmonic oscillator
approximation for a total angular momentum quantum number
J =50, which is the averagé&for the intermediate radicals at
T = 1300 K. We adopted this value also for all other
temperatures, because the influence of varyirmgsmall because
of the tight transition states in our systé&#3Equation 9 is set
up wit_h a bin_size of 10 cmt. The Iowgst eigenvalue and th(-;- 1360 mbar, [pGHo = 9.6 x 108 cmr3, and [GHsl]o = 8.7 x 1012
associated eigenvector were determined by standard routineg,-s: packground absorption from propyne (red line) formally ex-

for tridiagonal matrice$? Energy zero is the rovibrational  pressed in terms of an equivalent H concentration (see text); pseudo-
ground state of the corresponding radical. More technical detailsfirst-order plot and linear fit (inset).

[H]/10% cm®
o = N W AR O =~ O O

0 500 1000 1500 2000
t/ps

Figure 2. Concentration time profile (black line) at= 1230 K,P =
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Figure 3. Temperature dependence of the experimental overall rate
coefficients and linear fit resulting in eq 12.
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Figure 4. Comparison of the rate coefficients. Squatesfrom our
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experiments; lines, calculated or estimated values; solid lines (top to

bottom), kit (~kz + ks) from ref 17,k; + ks from this work, k, + ks
from ref 16,k + ks from ref 12k, + ks from ref 10; dotted lineks
from ref 17; dashed lings from this work.

Calculations. The results of our quantum chemical computa-
tions performed at the QCISD(T)/cc-pVTZ// B3LYP/6-31G(d)
level of theory are in very close accord with the results of the
other two quantum chemical studies published (G2//B3LYP/6-
31G(dy® and G3//B3LYP/6-31G(d}). The differences of the
relative energies do not exceed 6 kJ mand are often much
less. A comparison with the very few experimental values

Bentz et al.

of the temperature and only moderately pressure-dependent. In
each case, the forward reaction, eq 2b, towarg &HC;H is
strongly favored.

Reaction 4a has the lowest energy barrier and is the fastest
among all three pgHs + H channels. The intermediate GH
CCH, radical formed has a thermal lifetime of = [k_4a +
ke 2~ 1 x 107®s at 1300 K and 1.3 bar. The branching ratio
Kan/k-44is about 0.1, virtually independent of temperature and
pressure in the parameter range of this work (cf. Table 2); that
is, back dissociation is favored here. As the overall reaction 4
conserves the number of hydrogen atoms, its rate coefficient is
not accessible in our experiments.

In view of the high excess of propyne in our experiments, it
is reasonable to neglect the allene {d¢) + H reactions,
because at any time [pH4] > [aC3H4]. Neglecting, further-
more, the CH + C,H; reaction (comparatively high threshold
energy) and assuming steady-state conditions fors{({H{CH]
and [CHCCHy], one obtains the following approximate rate

laws:
dH] _ o Kb
5 {k3 TR k_zj [PCHAH]  (13)
diCHJ . Ka
=K PCHIH a9
diaGH, . kw
dt - k4q(4b + k74alpch4][H] (15)
From egs 5 and 13, it follows
_ o Ko
Koy = ks + K (16)

* 0 PRt K g

and, becausky, > k-, (see Table 2)ko, ~ ks + kog°. That is,
reactions 2 and 3 almost exclusively govern the hydrogen atom
time profile, and back dissociation of GEHCH to pGH,4 +
H, eq—2a, can be neglected(%). This is in line with other
works15:17:45

A comparison of our experimental results fiey, with the
calculated rate coefficients and earlier recommendations is made
in Figure 4. The general agreement is satisfactory. The branching

available was made in ref 17 and is not repeated here; it alsoratio ky/ks from our calculations decreases fropt at 1200 K

shows a very good agreement.
Data Analysis. As already mentioned, the experimentally

to ~3 at 1400 K. Similar ratios+8 at 1200 K and-6 at 1400
K) were obtained in the calculations of Wang et/athough

obtained rate coefficiett, could not be assigned to one specific their absolute rate coefficients are slightly higher than our values.
reaction channel, because there is no information in the observedThe results of the computations from ref 16 are in very good
hydrogen atom profile about the channel branching. Therefore, agreement with our calculations. We note that here the agree-
we will rely on our theoretical results for the discussion of the ment ink; is nearly perfect (deviatior5 %) and that the
reaction mechanism. As already mentioned above, we will difference to be seen in Figure 4 (second and third line from

neglect isomerization reactions via the high-lying, tight transition
states T8, T2, and T$3.

top) is mainly due to slightly different results fde. The
evaluation from Hidaka et &P.and the Arrhenius expressions

We first note that the direct abstraction reaction, eq 3, has aused in ref 12 give values somewhat below our experimental

barrier, which is~16 kJ mot?* higher than the barrier of reaction
2a and~26 kJ moi! higher than the barrier of reaction 4a.
The intermediate CBCHCH formed in reaction 2a either can
react back to pgH, + H or further decompose via transition
state 2b forming Ckland GHo. The transition state 2b is located
~14 kJ mot?! below TS2a. The thermal lifetime of the GH
CHCH radical is, for example, at 1300 K and 1.3 bar=
[Ke2a + ko] ~ 5 x 107 s and stays well below the time

results. Furthermore, the data from ref 12 exhibit a too weak
temperature dependence. This is mainly due to the temperature
dependence of,, which was adopted from an early work of
Warnatz et al! These authors probably extrapolated low-
temperature values fdg (the only values available at that time)

to temperatures above 1000 K. The low-temperature values,
however, are governed by the terminal addition, eq 4a, which
has a lower activation energy than the non-terminal addition,

scale of our experiments over the temperature and pressure rangeq 2a, prevailing at higher temperatures. Nonetheless, the
considered in this work (cf. Table 2). Inspection of Table 2 also absolute magnitude of the rate coefficients is in good agreement
shows that the branching ratieyk—»a is virtually independent with the more recent calculated data and our experimental
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TABLE 3: Kinetic Data for the Model Used in Our
Simulation (T = 1200-1400 K, P = 1—4 Bar)?

eq reaction loA Ea(kJ mol?) ref
6+7 CHsl —CHs+1+H 10.3 132.2 47
2 pGHs + H—CH, + CH; —9.28 33.3 this work
3 pGHs+H—CsHs+H, —9.25 52.3 this work
4 pGHs +H—aGH,s+H —9.50 25.7 this work

aUnits: cn¥, molecule, sP Increased by 0.5, see text.

64
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Figure 5. Measured (black line) and simulated (red curve) concentra-
tion—time profile (T = 1190 K, P = 1330 mbar, [pGHi]o = 9.8 x

108 cm3, [C,Hsl] o = 8.8 x 102 cm3); the signal lies below zero for

t < 0 since pGH4 background was subtracted (see discussion at the
beginning of section 4 and Figure 2).

results. We also note that there is an inconsistency inAthe

J. Phys. Chem. A, Vol. 111, No. 19, 2003817

note thatks+7 = ks had to be increased by a factor of3 as
compared to ref 47 to match the initial slope of the hydrogen
atom profiles. With these data, we were able to reproduce all
of our H atom time profiles within the experimental uncertainty.
A typical plot is shown in Figure 5.

Itis also interesting to note that our calculated rate coefficients
for reaction -2, GH, + CHz — CH3;CCH + H, agree
reasonably well with the corresponding experimental data. In a
recent study, Kislitsyn et &P used laser photolysis/photoion-
ization mass spectrometry to determhe in the temperature
range from 750 to 1000 K at comparatively low pressures
between 5 and 35 mbar. The temperature dependence of the
rate coefficient is expressed in the fok(T) = (6.3 + 2.9)

x 10718 exp[—(5011+ 422) K/T] cm? s~1, which gives a value

of k-2(1000 K)= (4.2+ 5.1/-2.7) x 10 % cm®s ™. The low-
pressure limit ok_, can be estimated from_0 ~ k_o,°K_»°/
kop?,*5 and with our data from Table 1, it follows_,°(1000 K)

= 3.6 x 10715 cm? s~L This is well within the error margin of
the experimental result from ref 45. To compare the data at the
upper end of our temperature range, we rely on a work of Hidaka
et al® These authors studied the pyrolysis of methane in a shock
tube T = 1400-2200 K, P = 2.3—3.7 bar) and derived a
temperature dependence of the fokap(T) = 1.03 x 1011
exp(—8555 KIT) cm?® s from complex modeling; this yields
ka(1400 K) = 2.3 x 1074 cm?® s™1. Using again the above
approximation for the low-pressure limit, we obtain from our
datak_,%(1400 K)= 4.1 x 1074 cm® s 1in reasonable accord.
We emphasize that this discussion is only to show the general
consistency of our calculated data. It is not our intention to

factor of reaction 3 between ref 12 and the cited reference from gjycidate the Chl4- C,H, reaction in detail. For this, the reader

Kiefer et al*® In Introduction, we mentioned that Ancia et'al.
deduced a valuk(C3H, + H — products)~ 7.5 x 10712 cm?
s 1for T = 1660 K and pressures below 100 mbar from flame
profiles. Compared to our transition state calculations, which
give for these conditionk, + ks ~ (5.0 + 1.4) x 107 cm?
s™1, this value appears too low.

An interesting mechanistic implication is revealed by a

is referred, for example, to ref 15, 16, and 45 and the literature
cited therein.
5. Summary

The kinetics of the pgH, + H reaction was experimentally
studied over an extended temperature and pressure range. On

numerical comparison of eqs 14 and 15. From the values the basis of the quantum chemical calculations and statistical

contained in Tables 1 and 2, one obtays= ksa® x Kap/(Kap +

K-_4q) ~ kaa® x 0.09 (independent of temperature and pressure),

which means thaks and k. ~ kp2° are in the same order of
magnitude. The higher relative fraction of back dissociation
(~90%) in the reaction sequence 4dp is compensated by
the higher capture rate coefficienk,s*. As a result, the
H-catalyzed propyneallene isomerization channel, eq 4, is
approximately as fast as the reaction to formsCHC;H,, eq

rate theory, the temperature dependence as well as the missing
pressure dependence of the rate coefficient was rationalized and
found to be in accord with a complex-forming mechanism
leading to CH + C;H,. A parallel direct abstraction channel

to give GHs + H, contributes to less than 10% under our
conditions. Furthermore, a hydrogen atom catalyzed propyne
allene isomerization was shown to be important with a rate
comparable to that of the GH+ CyH, product channel.

2, and cannot be neglected in modeling calculations. The rate Thermochemical and kinetic parameters were computed, and

coefficient for this channel was first estimated by Kiefer etal.
to 4.2 x 107 cm® s1 with no significant temperature
dependence. Davis et af.jn their RRKM analysis, obtained a
value of 3.1x 1071 cm?® s71 at 1300 K and pressures near 1

bar, and from our calculations, under the same conditions, we

obtain 2.9x 107! cm?® s71. Generally, the deviations between

readily applicable parametrizations of the rate coefficients for
kinetic modeling were given. Our experimental and theoretical
results are in line with the results of earlier theoretical works.
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model the experimental H atom time profiles. The data are
collected in Table 3 together with the Arrhenius parameters for

the H-producing reaction sequence, egs 6 and 7, where in our

temperature range, reaction 6 is the rate-determining*$téfe
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