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Rate constants and branching fractions are reported for the reactions 'ofX¢gr, O,", Xe*(?Ps), and
Kr*(?Ps,) with toluene, ethylbenzene, amepropylbenzene. lons with recombination energies ranging from
9.26 eV (NO) to 14.00 eV (Kr) are studied at 300 K in a variable temperatuselected ion flow tube
(VT-SIFT) yielding information regarding the role of electronic energy in these reactions. The reactions of
NO* and Q' have been studied between 300 and 500 K in the VT-SIFT and between 500 and 1400 K in a
high-temperature flowing afterglow (HTFA) apparatus to investigate the role of rovibrational energy. The
effect of translational energy in these reactions has been investigated with a guided-ion beam (GIB) apparatus
using a high-temperature octopole (HT8P) operating under single collision conditions. In the GIB-HT8P
experiments, the center-of-mass collision energy was varied from ca. 0.1 to 7 eV for reactions ahtlO
O.*, and the target gas temperature was varied between 300 and 800 K. All reactions are found to proceed
near the capture rate at all temperatures studied. The reactions proceed primarily by nondissociative and
dissociative charge transfer except for the reaction involving N@here the dissociation products observed

in the HTFA experiments at high temperature are attributed to thermal decomposition of the charge-transfer
product ions. Generally, electronic and vibrational energy are both very effective in promoting dissociation
while translational energy is found to be less effective.

I. Introduction impeded by a lack of kinetic data at relevant temperattires.
IHistoricaIIy, ionization and recombination processes at high
temperatures have been studied in flames and shock tubes dating
back many year¥13 However, the study of individual ion
molecule reactions under controlled conditions has been mainly
cycle (RBCC) engine being developed for Earth-to-orbit reusable &t OF néar room temperatutéThere have been only two studies
launch vehicles which integrates an air-augmented rocket, aouts!de our laboratories where rate constants and branching
ramijet, and a supersonic ramijet (scramjet) into a single systemfractions have been measured above 606-Rand such data

is a notable example.Airbreathing propulsion at RBCC ~ above 900 K is essentially nonexistent. High-temperature
velocities is subject to the stressing requirement that ignition Kinetics data are required because extrapolation of low-temper-
and combustion must take place on very rapid time scales sincedture data is often unreliabté.In order to circumvent these

combustors feature millisecond residence times commensurate?nd other problems, the Air Force Research Laboratory has
with combustion reaction time scalesy(& to 10 ms). Previous ~ developed two high-temperature apparatuses capable of studying
efforts have established the effectiveness of utilizing high- individual ion—molecule reactions: a high-temperature flowing
temperature plasma jets to cause ignition and rapid flame afterglow apparatd8 capable of measuring thermal ien
propagation in hydrocarberair mixtures®¢ Renewed interest molecule reaction rate constants and branching fractions up to
in the development of high-speed airbreathing propulsion 1800 K at a pressure of approximately 1 Torr; and a high-
technology has prompted a number of investigators to consider temperature guided-ion beam apparéteapable of measuring
adopting plasmas as ignition aids in scramjet combustors with ion—molecule reaction cross sections and branching fractions
positive result$10 up to 1100 K under single collision conditions.

On the other hand, computational studies attempting to assess Recently, numerous air plasma ion reactions with hydrocar-
the importance of ionic mechanisms in combustion have beenbons at high temperature have been investigated, and these data
are being compiled for use in computational modeling studies

Several researchers have pointed out that a fundamenta
understanding of detailed combustion chemistry is necessary
for the development of hydrocarbon fueled advanced air-
breathing propulsion systeris?® The rocket-based combined

! Part of the special issue "C. Bradley Moore Festschrift". regarding the effects of ionization in combustion. Reactions of

*Under contract to Institute of Scientific Research, Boston College, . heri | . KON+ + OF Nt
Newton, MA 02159. various _atm(_)sp gnc plasma ions (NON,*, O, » 07, N E

* Corresponding author. H30™) with aliphatic hydrocarbons have been studied previously

10.1021/jp001428n CCC: $19.00 © 2000 American Chemical Society
Published on Web 09/07/2000



lon—Alkylbenzene Charge-Transfer Reactions J. Phys. Chem. A, Vol. 104, No. 45, 20000337

as a function of temperature using flow tube meth&d% gies ranging from 9.26 eV (NQ to 14.00 eV (KF) have been
Incorporating these ionic mechanisms into detailed hydrocarbonmeasured at 300 K to study the role of electronic energy. Data
combustion kinetics models demonstrates that ionization speeddor the reactions of NOand G with these alkylbenzenes have
the rate of combustio??24In order to expand the database of been measured between 300 and 1400 K to investigate the role
ion chemistry available for the combustion kinetics and soot of rovibrational energy. In addition, the effect of translational
formation models, a study of atmospheric plasma ions reacting energy in these reactions has been investigated over center-of-
with aromatic hydrocarbons has been undertaRef. Most mass (CM) collision energies ranging from ca. 0.1 to 7 eV for
liquid hydrocarbon aviation and rocket fuels are mixtures of a reactions of NO and Q' between 300 and 800 K. The
large number of hydrocarbons that contain as much as observed reaction rate constants and product branching fractions
25 vol % aromatics of which alkylbenzenes figure predomi- are presented within the context of previous work and the
nately. Therefore, high-temperature rate constants and branchingmplications for detailed kinetic modeling applications are
fractions are being studied for the reactions of several ions with discussed.

various alkylbenzene reactants.

The construction of product ion breakdown diagrams has
proved to be a valuable method for characterizing charge-
transfer reactions involving aromatic reactaf3%.A breakdown
diagram for a particular reactant consists of plotting the parent
and various product ion branching fractions as a function of
total available energy. The average total eneiify, [ available
for reaction at temperatur€is defined as

[I. Experiment

The plasma chemistry of ionized air reacting with hydrocar-
bons is investigated using fast ion flow tube kinetics and guided-
ion beam instrumentation. The variable temperatsedected
ion flow tube (VT-SIFT) instrument can be used to measure
both reaction rate constants and branching fractions as a function
of temperature from 80 to 550 K. Measurements at higher
temperatures are conducted using a second fast flow tube
_ aromati aromati on instrument, the high-temperature flowing afterglow (HTFA). The

Eyptal— REgy 1 Eyand H [Erg T i T U, U HTFA provides data from 300 to 1800 K@% accuracy)
Q) enabling the study of ioAmolecule reactions at temperatures
relevant to plasma and combustion chemistry. Both instruments
In eq 1, RE,, is the recombination energy of the reactant ion operate at ca. 1 Torr of helium buffer pressure, and the kinetics
which for most ions is simply the ionization energy of the neutral are observed over ca—# ms reaction time. The translational
precursor. However, if the ground electronic state of the neutral energy dependence is investigated under single-collision condi-
precursor is repulsive, the recombination energy correspondstions using a guided-ion beam (GIB) apparatus. The GIB
to the vertical recombination energy to the repulsive region of apparatus is equipped with a high-temperature octopole (HT8P)
the neutral potential. The other terms appearing in eq 1 arecapable of studying reactions from 300 to 1100 #3@%6
defined as follows. The average translational enelifyand] is accuracy). A brief summary of each apparatus is given below.
3/,kgT in flow tube experiments and is the nominal CM collision The VT-SIFT instrumeni? consists of a remote, differentially-
energy in drift tube and guided-ion beam experiments. The pumped electron impact ion source which directs ions into a
average rotational energy of the aromatic reacllﬁﬁ;ﬁ,’ma“cm is guadrupole mass filter where the ionic species of interest is mass
3,ksT, the average aromatic reactant vibrational energy, selectgd. S_everal m(_eth_ods are emplqyed to eliminate_ electronic
[EOmale] is an ensemble average over a Boltzmann distribu- and vibrational excitation of the primary reactant ions. By
tion of vibrational energy levels for theN8— 6 modes, and  Introducing a flow of N into the tube upstreaT of the reaction
EHE:?]”DS the corresponding average reactant ion internal energy.zo_ne' V|brat|o_naII1y excited states of N@n(_j Q* are que_nched
The efficacy of certain types of energy in promoting a prior to reactior! Furthermore, only excited electronic states

dicul tion ch I b il luated b of NO* and Q" charge transfer with j so it is possible to
particular reaction channél can be readily evaluated by COmpary,qyitor the formation of i and then vary source conditions
ing the breakdown curves for different experiments. For

) inq th binati fthe Dri T2 until less than 2% of the NO and Q' primary ions are
Instance, varying the recombination energy of the primary ion, o |ectronically excited. The formation of the excited sparbit

as is done in this paper, yields information regarding the role g0 of X is reduced to<1% of the total Xé& by running
of electronic energy in these reactions as pointed out by \,.h a small amount of BD in the sourcé? The ground spir
Ausloos?® This statement follows from charge-transfer energy it sates of Kt ions are formed from the fragmentation of
resonance criteria where the charge-transfer probability can beKr2+ dimer ions upon injection into the flow tuf3e.
described as the product between the pure electronic coupling - The mass-selected ions are injected into a fast flow of helium
and the Franck Condon overlap between reactant and product carrier gas in a meter long stainless steel flow tube. The
wave functiong? The excellent agreement between breakdown apparatus is also equipped with a drift tube which allows the
curves for benzeriéand naphthalerfobtained using thermal  ansjational energy of the reactants to be varied up to ap-
charge-transfer mass spectrometry and photoexcitation confirms,oximately 0.5 eV collision energy. When operated in this drift
the important role of energy resonance in these aromatic mode, the apparatus is referred to as a selected ion flow drift
systems. Furthermore, aromatic molecules, such as the alkyl-yype (SIFDT). In both normal and drift modes, reactant
benzenes studied here, are capable of "storing” significant hydrocarbon vapor is introduced into the flow tube and allowed
amounts of rovibrational energy at high temperatures becauseg react over a known distance at a known flow velocity. A
these molecules contain a large number of low to moderate second mass spectrometer resolves the primary reactant and the
frequency vibrational modes. Thus, varying the temperature of secondary product ions which are then detected by an electron
the experiment increases the rovibrational energy available formultiplier. The decay in the primary reactant ion signal as a
reaction. The translational energy of iemolecule reactions  fynction of increasing hydrocarbon vapor flow rate yields the
is varied simply by accelerating the primary reactant ion in an reaction rate constant, and the product branching fractions are
electric field. obtained by scanning the second mass spectrometer over the
Reactions of toluene (Elg), ethylbenzene (§Hi0), and mass ranges of interest. The absolute uncertainties of the
n-propylbenzene (§H;,) with ions having recombination ener- measurements are 25% and relative uncertainties are 15%.
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The operation of the HTFA instrumé@#*is similar to the measured with a capacitance manometer, is maintained in the
VT-SIFT with the exception that there is no mass filter after 0.15-0.30 mTorr range where the effect of secondary collisions
the ion source. In the HTFA, ions are created by electron impact is minimized. To further ensure single-collision conditions, the
ionization and Penning ionization in a heated fast flow tube guiding rf field is briefly turned off every 1 ms in order to purge
where the operating conditions are optimized for a single ionic secondary ions that are trapped by the octopole rod surface
species. Electronically and vibrationally excited states of NO potential barriers. Thermal decomposition of target gas on the
and Q' are quenched prior to reaction by introducing a large rod surfaces increases these surface barriers preventing operation
flow of the source gas, NO and,(Orespectively, upstream of  of the high-temperature octopole at ion energies below 0.5 eV.
the reaction zone. Extensive fragmentation of the product The absolute error in the reported measuremermtS%, while
organic is one indication that excited-state ions are present inthe relative error ist15%.
the flow tube. Therefore, the product branching fractions are  In both the VT-SIFT and HTFA, the aromatic reactant enters
monitored as a function of source gas flow rate. The minimum the flow tube via a mass flow controller. In the case of
flow rate is taken to be the flow rate at which the presence of n-propylbenzene, a bubbler system is employed where helium
excited-state primary ions impacts the branching fractions. The carrier gas passes through a sample rgropylbenzene,
results presented here are taken with source gas flow rates inbecoming saturated with vapor. The flow ratenefiropylben-
excess of 10 times the minimum value. In the NG- zene is derived from the known vapor pressure at room
ethylbenzene ana-propylbenzene experiments, the product temperature along with the helium flow rate and the total
charge-transfer ions reacted with the large excess of NO via pressure in the bubbler. Adjusting the helium flow and the total
hydrogen transfer to produce HNO. The hydrogen transfer ratespressure varies the concentratiomegropylbenzene introduced
at 500 K are slow (ca. 13?) and decrease rapidly with into the reaction regioff In the GIB-HT8P apparatus, the target
temperature. To correct for the NO secondary chemistry, the aromatic reactant is introduced into the collision cell using a
branching fractions have been measured at several NO flow ratesrariable leak valve.
and extrapolated back to zero NO concentration. The accuracy Pure toluene (Aldrich, 98%), ethylbenzene (Aldrich, 99%),
of this correction was confirmed by the excellent agreement andn-propylbenzene (Aldrich, 98%) reagents are used after
between the 500 K corrected HTFA results obtained with a large several freezethaw cycles to remove trapped gases. The
excess of NO in the flow tube and SIFT data obtained with no Nitrogen and oxygen source gases used to cregte®4*, and
excess NO in the flow tube. The absolute uncertainties of the O ions are 99.999% pure (AGA). Other source gases employed
measurements are 25% and relative uncertainties are 15%. are nitric oxide (Matheson, 99.3%), krypton (AGA, 99.999%),

In the GIB instrumers with incorporated HT8P?36primary ?md xenon (Mathgson, 99.999%). The helium buffer gas used
ions are generated by electron impact ionization in a continuous 1 POt flow tubes is 99.997% pure (AGA) and is passed through

ion source that features magnetically confined electron beams.2 liquid nitrogen cooled sieve trap to remove any water vapor.
The primary ions are created in their ground electronic states|ll. Results

by operating the ion source with an electron energy less than |, Tapjes 1-7, the rate constants are listed in italics and are
that requlrgd to reach the f|rst+long-l|ved excngd state of the given in units of 10° cm? s1, the enthalpies of reaction,
molecular ions. For NOand G, electron energies 0f15.5 AHZ> are given in eV, assumed neutral products are given in
gnd<1§ e\_/ are u;ed, respectively. For Fhese energies, eIeCtronparentheses, and estimated enthalpies are given in braces. The
Impact ionization Is expected. to be subject to FrarCondon standard heats of formation used in the calculations are from
factors which have been derived from photoelectron spectros-

Theref NG and O* should h ibrational Lias et al®® Table 1 shows the rate constants and product
copy. Therefore, NO and Q™ should have vibrational states . ching fractions for the reactions of toluene, ethylbenzene,

up tov = 4 populated, with relative populations for= 0—4 and n-propylbenzene with NO, Xe,;*, O,*, Xe*(?Py), and
of appr_oxm?tely 1.0:2.2:1.9:1.1:0.5 and 1.0:2.0:2.1:1.0:0.2, Kr*(2P3,) measured at 300 and 500 K in the VT-SIFT (hereafter
respectively’ referred to as SIFT) apparatus. In the case of'N@d Q™,

The resulting ion beam is directed onto the main axis of the the SIFT results are compared to those of the GIB-HT8P
instrument by a 90dc quadrupole bender, after which the beam  (hereafter referred to as HT8P) at 300 K and to the HTFA at
is mass-selected using a Wien velocity filter. The primary ion 500 K. The HT8P results correspond to the lowest CM
beam is decelerated prior to being injected into the high- translational energies observed which are in the-0.8 eV
temperature octopole ion guide. The octopole guides the ionsrange. As noted in the Experiment section, the™Nsbd G+
through a heated scattering cell containing the target vapor, andproduced in the HT8P have average vibrational energies of 0.49
the resulting secondary ions and transmitted primary ions and 0.36 eV, respectively. Therefore, the HT8P experiments
continue to the end of the ion guide where they are extracted have more energy available for reaction than the flow tube
into a quadrupole mass filter for analysis. The target gas experiments conducted at the same temperature. The average
temperature is measured using three thermocouples attached teovibrational energy of the aromatic reactant and the recombina-
the heated scattering cell. The heated octopole rods that passion energy of the primary ion are also shown in Table 1. The
through the cell aid in ensuring a uniform target gas temperature.vibrational frequencies for toluene, ethylbenzene, and
The ions are detected using an off-axis channeltron. The ion propylbenzene have been calculated for all normal modes using
beam kinetic energy, with a typical distribution of 0.25 eV full the Gaussian 98 progrdfhat the HF/6-31G(d) level. The
width at half-maximum, is established by adjusting the octopole recombination energy for NQ O,*, Xet(2Ps1), and Krt(2Psp)
dc potential and is measured to withir0.05 eV by retarding is simply the ionization energy of the neutral precursor. The
potential and time-of-flight measurements. Monitoring the recombination energy of %& corresponds to the vertical
secondary and primary ion intensities as the ion beam energyrecombination energy to the repulsive region of the, Xe
is varied yields the reaction cross sections. Small differences potentiat42and is calculated using the method of Praxmarer
in extraction efficiency of the primary and secondary ions due et al*3
to differences in velocity are minimized by computer-controlled  Overall, the total reaction rate constants reported in Table 1
adjustment of the extraction lenses. The target gas density,are large and are approximately equal to the thermal energy
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TABLE 1: Reaction Rate Constants (10° cm?3 s71) and Product Branching Fractions for lon—Alkylbenzene Reactions from 300
to 500 K Measured with the High-Temperature Octopole (HT8P), Selected lon Flow Tube (SIFT), and High-Temperature

Flowing Afterglow (HTFA) 2

reaction AHZ® HT8P SIFT SIFT HTFA
(recombination energy) products eV 300K 300K 500 K 500 K
Toluene
av rovibrational energy (eV) 0.12 0.12 0.33 0.33
NO* + C/Hg— products 1.6[1.8] 1.9[1.8] 2.0[1.8]
(9.26 eV) GHg" + NO —0.44 1.00 1.00 1.00 1.00
Xeyt + CiHg— products 1.3[1.0]
(10.4 eV) GHg™ + 2Xe —1.58 1.00
Oz + C7Hg— products 1.7[1.8] 1.9[1.7] 1.6[1.7]
(12.07 eV) GHg" + O, -3.25 0.58 1.00 0.88 0.85
CH"+H+ 0O, —1.54 0.42 0.12 0.15
Xet+ C/Hg— products 1.3[1.2]
(12.13 eV) GHg ™+ Xe -3.31 0.87
CH/ + H+Xe —1.60 0.13
Krt + CsHg— products 1.3[1.3]
(14.00 eV) GHg" + Kr —5.18 0.08
CHy ™+ H+ Kr -3.47 0.92
Ethylbenzene
av rovibrational energy (eV) 0.14 0.14 0.40 0.40
NO* + CgHio— products 2.0[2.0] 1.7 [1.9] 1.6 [1.9]
(9.26 eV) GHiot + NO —0.50 0.96 1.0 0.97 0.96
CgHo™ + (HNO) —0.86{ 0.01
+ (H + NO) 1.30
C;H7" + (CH3NO) —1.04{ 0.04 0.03 0.03
+ (CHs + NO) 0.73
Xeyt + CgHio— products 141[1.1]
(10.4 eV) GHao™ + 2Xe —-1.64 0.91
C;H7"+ CHz + 2Xe —0.41 0.08
CeH6++ CoHs+2Xe —0.05 0.01
Oz;" + CgHyo— products 2.2[1.9] 2.2[1.9] 1.6[1.9]
(12.07 eV) GHio" + 02 —3.31 0.21 0.30 0.21 0.19
CgHo"+ H +0O; —-1.51 0.02 0.02
C;H7"+ CHs+ O; —2.08 0.76 0.67 0.75 0.76
CsHe™ + CHa+ O, —-1.72 0.03 0.03 0.02 0.03
Xet + CgHo— products 1.5[1.2]
(12.13 eV) GHio™ + Xe —-3.37 0.18
C/H;"+ CHz + Xe —2.14 0.79
CsHe™ + CoHa+ Xe —-1.78 0.03
Kr*+ CgHio— products 1.4[1.4]
(14.00 eV) GHio" + Kr —5.24 0.07
C/H;m+ CHz + Kr —4.01 0.86
CGH(;Jr + C2H4+ Kr —3.65 0.07
n-Propylbenzene
av rovibrational energy (eV) 0.17 0.17 0.48 0.48
NO* + CoHio— products 2.1[2.1] 2.1[2.0] 2.1[2.0]
(9.26 eV) GHi,"+ NO —0.55 0.98 1.00 1.00 1.00
C;H;"+ CHs+ NO 0.67 0.02
Xeyt + CoHiz— products 1.41[1.1]
(10.4 eV) GHit + 2Xe —1.69 0.95
C;H7" + CHs+ 2Xe —0.47 0.05
0O;" + CoHi— products 1.9[2.0] 2.2[2.0] 1.7[2.0]
(12.07 eV) GHi" + O, —3.36 0.18 0.12 0.11
CoHyi"+ H+ O, {-1.72 } 0.14 0.02
CgHo™ + CH3+ O; —2.03 0.05 0.02 0.03 0.03
C/Hg" + CHa+ O, —2.19 } 0.09 0.09 0.04
CiH7™ + CHs+ O, -2.14 0.75 0.66 0.71 0.76
CsHe" + CsHe + O —1.83 0.06 0.05 0.05 0.04
Xet+ CoHip— products 1.41[1.3]
(12.13 eV) GHi2™ + Xe —3.42 0.04
C3H9++ CHz+ Xe —2.09 0.05
C/Hg™ + CoHs + Xe —4.12 0.06
C7H7+ + C2H5+ Xe —2.20 0.81
CsHe™ + CsHs + Xe —1.89 0.04

@ The capture rate constaikt, is given in brackets next to the measured rate constants in italics. The enthalpies of reédﬁffnare given in

eV for the assumed neutral products listed. Neutral products in parentheses and enthalpies in braces are ®Somagghnds to 0.4, 0.2, and
0.2 eV CM caollision energy for toluene, ethylbenzene, armutopylbenzene, respectively.

capture rate constants given by the-&thesnavich equation
based on average dipole orientation the¥ryé appearing in
brackets in the tables. The rate constants forapear to be

supracollisional with rate constants approximately 30% above
the capture rate constants and are outside of the reported error
of the experiments. However, Xeis distinguished from the
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TABLE 2: Reaction Rate Constants (10° cm? s7) and Product Branching Fractions for the Reaction of NO™ with Toluene
from 650 to 1300 K Measured in the HTFA and the HT8P

reaction AHZR HT8P HTFA HTFA HTFA HTFA
(recombination energy) products eV 650 K 900 K 1050 K 1100 K 1300 K
av G/Hg rovibrational energy (eV) 0.55 1.03 1.35 1.47 1.95
NO* + C/Hg— products 1.5[1.8] 1.6[1.8] 1.6[1.8] 1.7[1.8]
(9.26 eV) GHg*+ NO —0.44 1.0 >0.99 0.93 0.80 0.28
C/H7" + (HNO) —0.90{
+ (H + NO) 127 <0.01 0.07 0.20 0.71
CeHs"™ + (CH2NO) 0.98 } 0.01
CsHs™ + (CH3NO) 0.07 .

aCorresponds to 0.36 eV CM collision energy and ca. 0.49 eV of NiDrational energy (see text).

TABLE 3: Reaction Rate Constants (10° cm?® s™) and Product Branching Fractions for the Reaction of Q" with Toluene
from 600 to 1200 K Measured in the HTFA and the HT8P

reaction AHZ® HTFA HT8P HTFA HTFA HTFA
(recombination energy) products eV 600 K 650 K 800 K 1000 K 1200 K
av GHgrovibrational energy (eV) 0.47 0.55 0.83 1.24 1.71
O, + C/Hg— products 2.0[1.7] 1.7[1.7] 1.9[1.7]
(12.07 eV) GHs" + O -3.25 0.76 0.44 0.56 0.38 0.22
CH7"+H+ 0O, —1.54 0.24 0.56 0.44 0.62 0.76
CiHet + Hao+ Oy —0.67 0.02

aCorresponds to 0.74 eV CM collision energy and ca. 0.36 eV gf\ibrational energy (see text).

other primary ions studied here in that the ground electronic tion is observed in the HT8P experiment and no fragmentation
state of Xe is repulsive. Such reactions are expected to be very is observed in the flow tube studies at 300 K. In previous time-
efficient due to favorable FranelCondon factors, perfect resolved photodissociation experiments of the toluene ion, the
energy resonance conditions, and the irreversibility of dissocia- appearance energies to form*Tand Bz from toluene are
tion. Supracollisional rate constants have also been observedbserved to be very similar, 10.94 and 11.01 eV, respectifely.
for O;" + Na where a large number of dissociativeelectronic These energies are lower than thg"@ecombination energy.
states are accessiie. Spanel and Smif also report only nondissociative charge-
The reactions of NO with the aromatic hydrocarbons listed  transfer products in their flow tube study of the'Qreaction
in Table 1 produce charge-transfer products almost exclusively. with toluene. There is an apparent shift in the flow tube
This observation is consistent with the fact that fragmentation dissociation threshold energy of at least 1 eV. Similar differences
is endothermic in these cases. Increasing the recombinationin flow tube dissociation thresholds have also been observed
energy of the primary reactant ion produces more fragmentationfor henzene and naphthale?es For benzene, the difference
as dissociative charge-transfer reaction channels become exop, threshold energies was attributed to the energized charge-
thermic. The largest fraction of dissociative channels for all yransfer complex being collisionally stabilized by interactions
aromatic reactants proceeds through paths resulting in theyith the He bufferS The threshold energy shift for naphthalene
production of the €H;" ion. This result is consistent with a5 mych larger and was attributed to a collisional stabilization
previous mass spectrometric studies involving alkylbenzenes gtqt and to a significant kinetic shift that results from the slow
where the GH;" ion is the most prominent fragment iéf!” > dissociation of the energized charge-transfer comflex.

) . e .
Two isomeric forms of the @7 ion can be formed in these Huang and Dunb&f have reported energy-dependent dis-

reactions, the six-membered ring benzylium {Bzation and o . . L
the seven-membered ring tropylium (Jrcation. Note that the sociation rates for the toluene cation, which allows the kinetic
: shift to be estimated. We anticipate a kinetic shift of ap-

enthalpies of reaction in Tables-¥ are calculated for the lower . . .
energy T isomer which is 0.48 eV more stable than'BThe proximately 0.6 eV in the flow tube experiments due to the

isomers are distinguishable by their reactivity toward the parent SIOW dissociation rate of the toluene cation. Because the kinetic
aromatic compoun®t53 In previous work relating to the shift on!y partially explayns the d|ffer.er1ce in thre.s.holtlj energies,
reactivity of these alkylbenzenes at 300 K, the percentage of W€ at_trlbute the remainder to collisional stablllzatlon_of_ the
C;H7" in the Bz' isomeric form was found to remain fairly energized charge-t.ransfer complex by the He buffer, similar to
constant for each alkylbenzene over the recombination energyWhat we have previously observed for benzene and naphthalene
range of the experiments, indicating that the isomerization of charge-transfer reactions in the flow twi€® The HT8P
Bzt to Trt and vice versa is not an important factérThe experiments show much more dissociation than the flow tube
average percentage 0f7|€7+ Corresponding to the Bzisomer experiments. The fact that the HT8P eXperimentS are conducted
was reported as follows: 55% for toluene; 67% for ethylben- at a higher CM collision energy and that theOprimary
zene; and 92% fan-propylbenzene. In the present experiments, reactantion is vibrationally excited certainly contributes to the
the large partial pressures of the parent compound required tohigher degree of fragmentation observed. However, the lower
distinguish the two isomers could not be attained in the HTFA, operating pressure may also contribute. The HT8P experiments
so the BZ to Trt branching fraction has not been determined. are conducted at pressures under“IDorr while the flow tube
Likewise, the HT8P experimental results do not distinguish measurements are taken at 0.5 to 1 Torr. Therefore, the
between BZ and Tr" isomers. collisional stabilization of the energized charge transfer complex
There is excellent agreement among the experimental resultsis not an issue in the HT8P experiments. Even in the absence
from the HT8P, SIFT, and HTFA in Table 1 with one exception. of stabilizing collisions, the fragmentation observed in the HT8P
That is, the reaction of £ with toluene where 40% fragmenta- is only 40%. The apparent incomplete dissociation may be
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TABLE 4: Reaction Rate Constants (10° cm? s71) and Product Branching Fractions for the Reaction of NO™ with
Ethylbenzene from 650 to 900 K Measured in the HTFA and the HT8P

reaction AHZ% HT8P HTFA HT8P HTFA HTFA
(recombination energy) products eV 650 K 650 K 800 K 800 K 900 K
av GHjorovibrational energy (eV) 0.67 0.67 1.00 1.00 1.25
NO* + CgHyo— products 1.5[1.9] 1.9[1.9] 20[L9]
(9.26 eV) GHi™+ NO —0.50 0.96 0.96 0.88 0.71 0.25
CgHg™ + (HNO) —0.86{
+ (H + NO) 1.30 0.01 0.02
CgHg" + Ho + NO 0.39 0.01
C/Hg" + (CH:NO) 0.41{ 0.01
+ (CH,+ NO) 381 :
+ —
G Egﬂi’j‘ro,\)lo) é'%{ 004 003 012 029 0.71

aCorresponds to 0.4 eV CM collision energy and ca. 0.49 eV of Nibrational energy (see text).

TABLE 5: Reaction Rate Constants (10° cm? s™1) and Product Branching Fractions for the Reaction of G+ with
Ethylbenzene from 600 to 1000 K Measured in the HTFA and the HT8P

reaction AHZE HTFA HT8F  HTFA  HTFA HTFA
(recombination energy) products eV 600 K 650 K 700 K 800 K 1000 K
av GgHyorovibrational energy (eV) 0.57 0.67 0.78 1.00 1.51
O;" + CgHio— products 2.0[1.9] 1.7[1.9]
(12.07 eV) GH1" + O —-3.31 0.16 0.15 0.14 0.08 0.02
CgHo"+ H+ O; —-1.51 0.02 0.02 0.02 0.03
CgHg™ + Ho 4+ 0> —2.42 0.01
C;H7"+ CHs+ O, —2.08 0.79 0.85 0.81 0.86 0.90
CeHs" + CoHa+ Oy -1.72 0.03 0.03 0.04 0.04
CeHsJr + (C2H5 + Oz) —1.04 <0.01

aCorresponds to 0.77 eV CM collision energy and ca. 0.36 eV gf\brational energy (see text).

associated with long dissociation lifetimes and shorter observa- NG' Xe, O X&' O'KF N,
tion times of approximately 20@2s in the HT8P experiment. I |

Tables 2-7 show the high-temperature results obtained in F@)  SIFDT | e SIFT
the HTFA and HT8P for reactions of NGand Q™ with toluene, 1.0[ >0 —— HTFA ]
ethylbenzene, and-propylbenzene. The reactions show a . —8- HT8P 300K ]

) . o c i -0 - HT8P 650 K 1

progression toward a greater extent of dissociative charge S 08 7
transfer (vs nondissociative) as the flow tube temperature 8 [ ]
increases. Rate constants have been measured at several = 0'6:' > .
temperatures over the ranges shown. In all cases, the rate T o4l +NO_
constants attain values approximately equal to the capture rate o O
constant. The thermal stability of the parent aromatic compound 0.2F 3
limited the maximum temperature reported. One indication of : ]
pyrolysis of the parent aromatic is the appearance of hydrogen- 0.0 it T m® ]
depleted ions not observed at lower temperatures in reactions 1 0-_'(i)')""""""""""' """" e SIFT ]
with ions that have large recombination energies, i.gt, Net, r —o— HTFA 1
and He', and produce a significant amount of fragmentation. o8k ]
For example, the appearance afHg", CoH;", CgHg™, C7Hs, _§ [ @,Q o
C7Hs", and GH4" is a good indication that the aromatic reactant g 06 e 2
has partially decomposed, because these ions are most likely ~ Q.‘@Nd
formed from the primary ions reacting with the hydrogen- T 04r Q‘ .
depleted pyrolysis products of the aromatic reactant. Less than ) [ @«. ]
2% of the total reactivity of toluene, ethylbenzene, and 02r % o® _e- HTEP 300K ]
n-propylbenzene can be attributed to these product channels up 0 03 P ( -G - HT8P 650 K 1
to temperatures of 1300, 1000, and 900 K, respectively. Thermal B DO R LA TR TR IR
decomposition data for these compounds under our experimental 10 12 14 16 18
conditions, i.e., 1 Torr of He pressure and millisecond residence <Total Energy> (eV)

times, is Ilmltgd, but.the present. results.and relatlye ste;blllty of Figure 1. Breakdown diagrams for the reactions of tolueneHg}
these aromat|c.Sp'eC|e.s are con5|st9qt with the avaylablé défta.  \ith various ions showing (a) Els" and (b) GH.* as a function of

In order to distinguish effects arising from adding energy to average total energy. SIFT data corresponds to 300 K data of Table 1.
the reactants through ion recombination energy (electronic), HTFA data for NO" and G* reactions are recorded at temperatures
temperature (rovibrational), and translational energy, breakdownabove 300 K and include the data of Tables 2 and 3. HT8P data for
diagrams for the aromatic charge transfer ant-C product ~ NO' and Q" reactions recorded at 300 and 650 K. @symbol marks
branching fractions were constructed using the product distribu- 2" & SIFDT resuit corresponding to 300 K and a CM coliision energy
. ; . of 0.52 eV.
tions shown in Tables-17. Breakdown diagrams for toluene,
ethylbenzene, and-propylbenzene have been constructed and of the parent and €17 product ions are shown as a function
are shown in Figures-13, respectively. The relative abundances of the average total reaction energy for each of the different



10342 J. Phys. Chem. A, Vol. 104, No. 45, 2000 Williams et al.

NC" X, O, X&' O' K" N}, NO' Xe, O, X&' O°  Nj
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& X ® C
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Figure 2. Breakdown diagrams for the reactions of ethylbenzene Figure 3. Breakdown diagrams for the reactionsrepropylbenzene
(CgH1o) with various ions showing (a) §Bl:¢" and (b) GH,* as a (CeHyz) with various ions showing (a) ¢l," and (b) GH-* as a

function of average total energy. SIFT data corresponds to 300 K data function of average total energy. SIFT data corresponds to 300 K data
of Table 1. HTFA data for NO and Q" reactions are recorded at  of Table 1. HTFA data for NO® and Q* reactions are recorded at
temperatures above 300 K and include the data of Tables 4 and 5. HT8Ptemperatures above 300 K and include the data of Tables 6 and 7. HT8P
data for NO" and Q" reactions recorded at 300 and 650 K. &n data for NO and Q* reactions recorded at 300 and 650 K.
symbol marks an @ SIFDT result corresponding to 300 K and a CM
collision energy of 0.54 eV. CgH17" ion produced in reactions of isooctane with N& The

most convincing evidence supporting thermal decomposition via
experiments. The lines are an interpolation through the data andcollisions with the buffer gas is the 300 K NCHT8P data
are meant to guide the eye. The minimum energy for each taken under single-collision conditions which do not exhibit
primary reactant ion studied corresponding to the 300 K SIFT significant fragmentation at total energies less than 12 eV.
data point is marked at the top of each figure. In Figure8,1 Furthermore, the SIFT data, taken at the same pressure as the
the data labeled SIFT correspond to measurements taken at 30BHTFA but at a lower temperature, do not result in any significant
K for each of the primary ions listed in Table 1 with the addition fragmentation below a total energy of 12 eV. Thgi€" product
of the O" and N SIFT data from our previous publicatidh. ion resulting from the thermal decomposition appears to be
The HTFA data are represented by two sets of open diamondsstable up to temperatures as high as 1300 K under our conditions
corresponding to reactions of NCand Q" at temperatures  as indicated by the lack of a falloff of the;87;" branching
above 300 K. Each HTFA data set originates at either the NO fraction in the HTFA data shown in Figure 1b.
or O;* minimum energy point noted on the top of the figures. Assuming that the fragmentation of the NGHTFA data
More temperatures have been studied in the HTFA experimentsbelow 12 eV is due to thermal decomposition, the remaining
than are reported in Tables-Z and these additional data are data plotted in Figure 1 suggest that rovibrational energy is

plotted in the figures. The HT8P data for N@r O," also nearly as effective as electronic energy in promoting fragmenta-
originate at their respective minimum energy markers shown tion and that both of these are much more effective than
on the top of the figures. translational energy. The equivalence of electronic and rovi-

The energy dependence of the branching fraction of the brational energy in promoting fragmentation follows from the
toluene charge-transfer productt€™) is shown in Figure 1a.  fact that the @" HTFA and SIFT breakdown curves nearly
For each set of data plotted in Figure 1a, the falloff in thEl£ overlap. Recall that at 300 K very little internal energy is
branching fraction is associated with a concomitant increase of available for reaction (Table 1), so that increasing the recom-
the GH" product branching fraction as seen in Figure 1b. The bination energy of the primary reactant ion, as in the SIFT
data shown in Figure 1 exhibit a sharp falloff of theHg" experiments, results in additional electronic energy being
branching fraction at an average total energy of approximately available for reaction. In the £ HTFA experiments, on the
12 eV with the NO HTFA data being the exception. The NO  other hand, the recombination energy is held constant and the
data fall off at approximately the thermodynamic threshold for rovibrational energy is increased as shown in Table 3. Therefore,
formation of GH;™ at 10.5 eV. This fragmentation at lower the nearly identical and rapid decrease in thelg branching
total energies can be explained by the thermal decompositionfraction with energy is indicative of the effectiveness of these
of the GHg" ion resulting from collisions with the helium buffer  types of energy in promoting dissociation. Because the" NO
gas, i.e., GHgt + M = C/H;* + H + M, at temperatures  data suggest that8g" dissociates at temperatures above 1050
greater than 1000 K. Similar behavior was observed for the iso- K, the last @t HTFA data point taken at 1200 K reflects some
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TABLE 6: Reaction Rate Constants (10° cm? s71) and Product Branching Fractions for the Reaction of NO™ with
n-Propylbenzene from 650 to 900 K Measured in the HTFA and the HT8P

reaction AHZS HT8P HTFA HT8P HTFA HTFA
(recombination energy) products eV 650 K 650 K 800 K 800 K 900 K
av GHizrovibrational energy (eV) 0.80 0.80 1.19 1.19 1.48
NO* + CoHio— products 2.3[2.0] 2.1[2.0] 2.1[2.0]
(9.26 eV) GH12" + NO —0.55 0.87 0.86 0.82 0.21 0.04
CoHair™ + (HNO) {-1.08 {
+(H+ NO) {1.09 0.06 0.04
CoHio" + Hz +NO 0.06 <0.01 0.01
CgHg* + (CH3NO) —0.99{
+ (CHs+NO) 0.78 001 0.03 0.07
C;Hg™ + CoHs+ NO 0.62 0.01 0.05 0.05
C;H7" + (C;Hs+ NO) 0.67 0.10 0.07 0.18 0.65 0.82
CsHs™ + CsHe+ NO 0.98 0.02 0.01 0.01

aCorresponds to 0.40 eV CM collision energy and ca. 0.49 eV of NiDrational energy (see text).

TABLE 7: Reaction Rate Constants (10° cm?® s71) and Product Branching Fractions for the Reaction of G+ with
n-Propylbenzene from 650 to 900 K Measured in the HTFA and the HT8P

reaction AH 2% HT8P HTFA HTFA HTFA
(recombination energy) products eV 650 K 650 K 800 K 900 K
av GHj,rovibrational energy (eV) 0.80 0.80 1.19 1.48
Oyt + CoHi— products 1.7 [2.0] 1.7 [2.0]
(12.07 eV) GHiz" + O2 —3.36 0.12 0.04
CoHut + H+ O, {-1.72 0.09 0.01 0.01
CoHigt + H2 + O -2.75
CoHo"+ Ha+ H+ O, {-0.71 0.01
CgHo™ + CHz+ O —2.03 0.04 0.03 0.03 0.04
CsHgt + CoHy + O, —-2.19 } 0.82 0.04 0.04 0.02
C;H7"+ (CoHs+ Oy) —2.14 : 0.76 0.84 0.89
CsHs™ + CsHe+ O —1.83 0.05 0.04 0.05 0.03

aCorresponds to 0.47 eV CM collision energy and ca. 0.36 eV gf\@brational energy (see text).

thermal decomposition effects as well. Careful inspection of methods, an & flow drift tube measurement (marked SIFDT)
Figure 1 and Table 1 reveals that, althougit @nd Xe" have was made at a collision energy of 0.52 eV and is shown in
nearly identical energetics, toluene reacting with"eoduces Figure 1. As can be seen in the figure, the SIFDT data point is
more fragmentation. A possible explanation is that the€utral in good agreement with the translational energy dependence
formed in the reaction is electronically and/or vibrationally measured with the HT8P.
excited, thus leaving less energy available for excitation of the  Parts a and b of Figure 2 show the breakdown curve for the
charge-transfer product ion. The first electronic state pisO ethylbenzene charge-transfer produgH¢ ") and the branching
the alAq state lying approximately 1 eV above the ground fraction for the GH;* fragment ion, respectively. Again, the
stateb! If the reaction predominately forms,@ *Ag) product, NO™ HTFA data fall off at approximately the thermodynamic
then the observed dissociation threshold could be shifted by asthreshold for formation of @4;" at 10.0 eV. As observed in
much as 1 eV to higher energy. Furthermore, any rovibrational the NO" + toluene system, the dissociation onset observed in
excitation would produce a shift to higher energy as well. The the SIFT and HT8P experiments occurs at higher energy than
present experiment deals with energies that are averaged ovethe thermodynamic threshold. Furthermore as shown in Table
Boltzmann distributions, and hence, the data points shown in 4, the GHio" branching fraction at 800 K for the HT8P
the figures represent a range of energies. Therefore, given theexperiment is significantly larger than for the HTFA experiments
limited energy resolution of the flow tube experiments, the despite the fact that the NQprimary ion in the HT8P data has
formation of internally excited @remains a possibility. an additional 0.49 eV of internal energy available for reaction.
Both the recombination energy and rovibrational energy are These differences further support the supposition that thermal
held constant in the HT8P experiments, and the CM collision decomposition of the §10" ion occurs in the higher pressure
energy is increased independently. As shown in Figure 1la, theHTFA experiment at temperatures above 700 K.
decrease in the#lg" branching fraction with increasing average The Ot HTFA and SIFT breakdown curves nearly overlap
total energy is substantially more gradual for the HT8P data in Figure 2, suggesting that rovibrational energy is almost as
than in the flow tube studies, indicating that translational energy effective as electronic energy in promoting fragmentation, and
is less effective than electronic and rovibrational energy in both of these are much more effective than translational energy.
promoting fragmentation. Note that translational energies well Note that the last three ©© HTFA data points taken at
in excess of the dissociation threshold do not produce 100% temperatures above 700 K may reflect some thermal decom-
fragmentation. In addition, the HT8P N@nd Q™ data at high position due to collisions with the helium buffer gas. As
average total energy level off at differentH™ branching observed with toluene, reactions with Xeroduce more
fractions, with the @™ primary ion at 650 K producing the most ~ fragmentation than with nearly isoenergetic™© and the
fragmentation. The data suggest that the maximum degree ofproduction of excited @is also a possibility here. The difference
fragmentation at high translational energy is related to the between the low translational energy HT8P data and the flow
amount of electronic and rovibrational energy available. To tube data is much reduced compared to toluene. This improved
confirm that the differences observed between the HT8P andagreement of the data suggests that the unimolecular dissociation
flow tube measurements are not artifacts of the different rate of the excited §H:0" charge-transfer product ions has
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increased compared to/Kg™ because effects arising from product is vibrationally excited through repulsive interactions.
kinetic shifts and collisional stabilization of the charge-transfer This mechanism becomes significant if the radius associated
product are not as pronounced. This conclusion is supportedwith the representative hard-sphere cross section of the collision
by isotopic studied® The dissociation products of deuterated system is comparable to the average interfragment distance at
toluene reactions are found to be statistically scrambled whereaswhich the electron hop occurs. (Sgar-resonant charge transfer
the fragment ions produced from deuterated ethylbenzene aregoverned by state-to-state charge-transfer probabilities where a
not, especially at high ion internal energies, indicating more transition occurs from predominantly vibrational coupling to
rapid dissociation for ethylbenzene ions. primarily radial coupling as the collision energy is raised from
The reduced efficiency of translational energy in promoting thermal energie& While the vibrationally coupled mechanism
dissociation is evidenced by the substantially more gradual is governed to a large degree by adiabatic transitions involving
decrease in the ethylbenzene charge-transfer branching fractiorgurve crossings along vibrational coordinates, the radially
with increasing translational energy compared with electronic coupled transitions encompass near-resonant Fra@okdon
and rovibrational energy. Again, the SIFDT data point at a CM active product states, where the width of the product state
collision energy of 0.54 eV is in good agreement with the distributions about resonance is governed by the nonadiabaticity
translational energy dependence exhibited by the HT8P data.of the interaction. The width and nonadiabaticity increase
As in the toluene reactions at high translational energies, the progressively with translational energy.
HT8P NO™ and Q" data level off at different gH;o" branching All of the reactions studied here proceed rapidly at ap-
fractions with the 650 K @ data producing the most proximately the thermal energy capture rate. The large reaction
fragmentation. These results further support the idea that therate constants observed in these reactions are consistent with a
maximum degree of fragmentation is related to the amount of complex formation mechanism. However, a predominance of
electronic and rovibrational energy available. Translational the complex formation mechanism (mechanism 1) would
energy appears to be more effective in promoting fragmentation express itself as an equivalence of electronic, rovibrational, and
in ethylbenzene reactions than for toluene. This statementtranslational energy in promoting dissociative charge transfer.
follows from the fact that the amount of fragmentation produced The flow drift tube (SIFDT) experiments shown in Figures 1
by adding translational energy is larger for ethylbenzene than and 2 where approximately 0.5 eV of energy was put into
for toluene. translation did not produce as much fragmentation as the same
Data for n-propylbenzene reactions are shown in Figure 3. @mount of energy put into electronic (SIFT) or rovibrational
As for the previous two alkylbenzenes, the NBITFA data (HTFA) energy. The HT8P data confirm this observation. This

falls off at the energetic threshold for formation oftG* at transational energy dependence suggests that complex formation
9.9 eV. This feature is similarly attributed to thermal decom- S most significant at thermal and lower CM collision energies.
position of then-propylbenzene charge-transfer produgHG") Therefore, the reduced efficiency of translational energy ob-

which begins at a temperature of approximately 625 K under served in these _reactio_ns suggests that nesr-resor_]ant charge
our conditions. Because theDand Xe" data produce so much  transfer (mechanism 3) involving long-range interactions with
fragmentation at 300 K, it is difficult to confirm the relative ~Minimal translational energy transfer plays a role at low
effectiveness of rovibrational and electronic energy in this franslational energies. _ ,
reaction. However, the few data points in this region are Although the present work does not include a systematic
consistent with the conclusion drawn regarding the toluene and Measurement of absolute charge-transferz cross sections at
ethylbenzene reactions that both forms of energy are equally hyperthermal energies, cross sections-@b A are estimated
effective in promoting fragmentation. The steep translational for the NO™ + n-propylbenzene system at translational energies
energy dependence and low asymptotic value of thid: € above 2 eV. This relatively small cross section compared with
branching fraction, compared to toluene and ethylbenzene,the size of the target molecule is an indication that hard-sphere
indicate that translational energy is the most effective in the tyPe collisions with repulsive interactions (mechanism 2) should
n-propylbenzene system for promoting fragmentation. Indeed, plays&gnlflcant rols at hyperthermal energies for th|s particular
the NO" HT8P translational energy data have nearly the same collision system. Evidence for mechanism 2 is seen in the HT8P
energy dependence as the electronic energy data representedO" + ethylbenzene and-propylbenzene systems where the
by the SIFT experiment. The similarity of the low translational fragmentation branching fractions reflect threshold behavior
energy HT8P and the flow tube data suggests that the unimo-Similar to the line-of-centers functions observed in collision-
lecular dissociation rate of the excitedHG," charge-transfer induced dissociation (CID) experlmer‘?fsln CID experiments,
product ions has increased compared ¢8iG" and GHg", i.e. the fragmentation cross section saturates at a value correspond-
kinetic and pressure (collisional stabilization of the charge- N to an effective hard-sphere cross section. This saturation
transfer product) shifts are the least apparent in the behavior resembles the flattening of the fragmentation branching

propylbenzene reactions. This conclusion is supported by thefraction at high translational energies. However, as n_oted in 'Fhe
dissociation rate energy dependence for tolé&aad propyl- Results section, the maximum degree of fragmentation at high

benzené&® For example, at a total energy of ca. 12.1 eV translational energy appears to be dependent on the initial energy
corresponding to reactions with,Q the dissociation lifetime available for reaction. For example, the amount of fragmentation

for C;Hgt is approximately 2Qus whereas the dissociation observed for reactions of O at high translational energies is
lifetime for CoH15* is 0.1 us. greater than that observed for NOwhich has a lower

recombination energy. Indeed even the higher temperatgire O
HT8P data appears to yield more fragmentation than the lower
internal energy 300 K data at high translational energies. These

The dynamics for gas-phase charge-transfer systecas differences could reflect differences in the hard-sphere cross
be categorized in three mechanisms: Cgmplex formation section. However, another possibility is that near-resonant charge
with efficient conversion of translational energy into internal transfer is occurring in addition to hard-sphere collisions at high
energy through energy randomization. (2) Low-impact param- translational energies resulting in an increase in fragmentation
eter, hard-sphere typeollisions in which the charge-transfer  with increasing internal energy available.

IV. Discussion
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Dissociation lifetimes in excess of the experimental time Tr™ branching ratio at high temperature could be estimated from
window of the beam experiment may substantially delay the the recombination energy dependence of the 300 K data based
observed onset of dissociation leading to a kinetic $Rift. on the close similarity of the electronic and rovibrational energy
Dissociation lifetimes{1 ms) associated with a tight transition dependence of the-8;" product branching fractions.
state have been reported for unimolecular decay of excited Translational energy constitutes a small amount of the total
toluene ion$? The observation of strong intramolecular benzene- energy available at a given temperature. However, if the reaction
to-alkyl charge-transfer transitions in photodissociation spec- conditions are highly nonequilibrium and a disproportionate
troscopic experiments of ethyl and-propylbenzene ions,  amount of the available energy is translational, as encountered
however, implies that the strong—x interactions induced by  in the GIB experiments, then the more complicated translational
the out-of-plane motion of the alkyl substituents result in a looser energy dependence needs to be considered. The data suggest
dissociation transition state, and hence an increased dissociatiorthat the maximum degree of fragmentation at high translational
rate, for these ion&°0.6286This increased dissociation rate is energy is related to the amount of electronic and rovibrational
consistent with the increase in apparent translational efficiency energy available. However, the relatively smooth translational
with the increasing size of the alkyl substituent. In addition, energy dependence, coupled with the plateau observed in the
the approximately 1 eV kinetic and pressure shifts in the branching fractions at high energy, should allow adequate
observed fragmentation thresholds for the SIFT and HTRA O  approximations to be made to satisfy a variety of modeling
toluene data (Figure 1) appear to be much less pronounced forapplications. The results for toluene, and to some extent
ethylbenzene data and even less forrtfpgopylbenzene results.  ethylbenzene and-propylbenzene, suggest that the extent of
Because kinetic and pressure shifts are dependent on the lifetimeobserved dissociation will depend on the lifetime of the reaction
of the charge-transfer transition state, the threshold behavior iscomplex, and therefore, on pressure. The present experiments
further evidence for an increased dissociation rate with increas-do not address this important issue. However, experiments are
ing size of the alkyl substituent. Future studies including absolute planned to study the alkylbenzene reactions over @D Torr
cross section measurements, a recoil velocity analysis of chargepressure range to provide the necessary information to fully
transfer and dissociative charge-transfer products, and an RRKMtransition these data for future detailed kinetic models.
analysis of unimolecular dissociation times of ethyl and pro-
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