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Temperature-dependent rate coefficients and branching ratios for the reactioriswiftAa variety of volatile

organic hydrocarbons are reported. Reactionstifasid CQ* were undertaken to calibrate a newly constructed
variable-temperature flowing afterglow (VTFA) complemented with a selected ion flow tube (SIFT). In addition,
the first determinations of rate coefficients for the reaction of with several organic hydrocarbons (toluene,
pyridine, furan, thiophene, cyclohexene, cyclooctene, cyclohexane, and tetrahydrofuran) have been measured
between 298 and 423 K with a VT-SIFT. Analogous to the Ar C¢He reaction, these reactions proceed by
nondissociative and dissociative charge transfer, and very little temperature dependence is observed for the
rate coefficients. At 298 K and 0.5 Torr, the rate coefficients are similar{(1.8 ) x 10-° cm?¥/s] for all of

the Ar' reactions with the organic hydrocarbons, except for pyridine 210° cm?/s). These values are in
reasonable agreement with rate coefficients predicted from average dipole orientation (ADO) theory. The
degree of fragmentation appears to be loosely correlated to the difference in ionization potential between Ar
and that of the neutral compounds as well as the degree of unsaturation of the hydrocarbon.

I. Introduction (SIFT)8 The greatest challenge to its implementation was how
. . to efficiently introduce the ions from the low-pressure, mass-
_The study of gas-phase iemolecule reactions has made  gglection region (typically 16 Torr) into the high-pressure
S|gn|f|car_1t contributions to many areas of ch(_em|stry, including yeaction region (typically 0.5 Torr). This problem was first
combustion, plasma, and ionospheric chemistrpne of the  sojved by the use of an injector flange that introduced the helium
most commonly observed processes in gas-phase ion chemistrarrier gas through an inlet at the point of ion injection in such
is charge transfer, in which a single electron is transferred from 5 manner that the pressure was reduced in the ion injection
the neutral reagent to the reactant cation. Charge-transferregion? The NOAA laborator§® demonstrated the benefit of a
reactions have been studied by a variety of methods, including yentyri inlet over the initial hole-pattern design, and the venturi
ion beam techniqués and mass spectrometric techniqiés.  gesign was exploited successfully by DePuy, Bierbaum, and
The flowing afterglow (FA) technique, introduced by Fer- co-workers!! Since then, the widely recognized advantages of
guson, Fehsenfeld, and Schmeltekopf in 1963, is now anthe SIFT have led to the adoption of the technique in several
established method for studying the reaction kinetics of-ion  |aboratoried! 18 and several detailed descriptions of the SIFT
molecule reaction$Initially, the FA contributed tremendously  technique have been reportetf:20 Recently, Fishman and
in the determination of quantitative rate coefficients for+on  Grabowski have reported a flexible hole-pattern design and
molecule reactions of ionospheric and atmospheric interest. demonstrated its utility for some positive ion reactiéhs.
Although the FA method is very useful in the study of fon The most common design for current FA-SIFT instruments
molecule reactions under well-characterized conditions andis z Jinear geometryt and as a result, the mass-selection
temperatures, the technique is limited by the ability to generate chamber is on-axis with the ion source. One of the greatest
the desired ion synthetically without the presence of any other |imijtations for quadrupole resolution is the presence of back-
ions. Furthermore, the ions are generated in a plasma that Wi”ground gas in the quadrupole chamber. This effect can be
contain positive ions, negative ions, and electrons, and theseminimized if the ion beam can be separated from the carrier
species may complicate the observed chemistry. As a result,gas introduced in the flowing afterglow source. A novel de&ign
there may be ambiguity in the identification of primary products for our FA-SIFT was chosen in an effort to reduce the effect
from a specific reactant as well as the partial inability t0 that the neutral gas load would have on the sensitivity of the
diStinguiSh between the desired reaction and other Competitivese|ecti0n quadrupo|e_ In the design presented here, an electro-
processes. static quadrupole deflector (QD) is introduced into the ion path
Smith and Adams realized that some of these problems couldimmediately before the mass-selection quadrupole. The QD
be resolved if the desired ion could be mass selected (“purified”) thereby filters the ions away from the neutrals which have passed
from an ion plasma generated in a remote source, and theirthrough the initial skimmer (nose cone orifice).

efforts led to the deVelOpment of the selected ion flow tube The QD has |Ong been used as a focusing device' but was
first described in theory and applied in practice to merge
* Corresponding author. Fax: 614-292-1685. E-mail: hadad.1@osu.edu. oppositely charged ion beams by ZenfarSince then, the
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Figure 1. General diagram of our variable-temperature flowing afterglow selected ion flow tube (VTFA-SIFT) with a neutral flow reactor.

guadrupole deflector has also been used to obtain the coaxialfor the reaction of Ar with a variety of aromatic hydrocarbons
overlap of an ion and a laser bedf?*to merge oppositely  are then reported through the temperature range of-298
charged clustered ion bearfsand as a means to extract ions K.
from different ion source® The Zeman QD employed shims
and cylindrical electrodes to approximate the hyperbolic field Il. Experimental Methods
of the theoretical quadrupole defl_ectqr. The deflector quadrupole Flowing Afterglow (FA). The FA method has been well
designed for our SIFT chamber is similar to that of Posey and ye.qyineq in the literatuf®,and only a brief description follows.
co.-workgr.s% It was patterned after a simple design W'.thOUt A general diagram of the entire apparatus is presented in Figure
shims originally descerlbed by Farand further characterized 140 One unique feature of our instrument is that the VTFA is
by Mahaffy and Laf complemented with a variable-temperature neutral flow reac-
Recently, the role of charge transfer and ionization in tg/41.42 3nd a SIET. lons in the FA are generated via electron
hydrocarbon combustion has been expléfeAlthough many jonization (El) and traverse the length1 m) of a stainless
of the reactions that typically occur in combustion processes stee| flow tube via a constant flow (typically 100 m/s) of a
occur via neutratneutral reactions, ionmolecule reactions are  helium buffer gas.
usually more facile as a result of the attractive potential of the  The helium bath gas (Praxair,99.995%) was purified by
ion. Recent results indicate that the inclusion of ionic mecha- passing it through a copper coil, filled Wit A molecular sieves,
nisms in combustion kinetic models increases the rate of ywhich was immersed in a liquid nitrogen bath. The helium was
combustior?® To this end, Viggiano and co-workers have preequilibrated to the desired temperature by flowing the gas
studied a variety of iormolecule reactions with several through a 40 ft copper coil submerged in a constant-temperature
aliphati¢®3' and a few aromatic hydrocarboffs?? bath, prior to entering the FA at the El source. The effective
With our current interest in combustion systetnis$? we have temperature range of the VTFA is #533 K.
also begun to study the chemistry of ions derived from A blunt nose-cone skimmer (0.5 mm orifice) samples a small
atmospheric constituents with a variety of organic substrates amount of the gas flow, which passes through two differentially
of relevance to fuels. As a preliminary step, in this paper, we pumped chambers (Edwards 6 in. diffusion pumps) via a set of
report the nondissociative and dissociative charge-transferelectrostatic lenses and a 5/8 in. quadrupole (Extrel). Product
reactions of Ar with a series of organic hydrocarbons (benzene, ions are detected by an electron multiplier (DeTech) in pulse-
toluene, pyridine, furan, thiophene, cyclohexene, cyclooctene, counting mode. The detection system has unit mass resolution.
cyclohexane, and tetrahydrofuran). We present a brief summary To determine reaction kinetics, seven (fixed) inlets in@e5
of the design of the newly constructed VTFA-SIFT instrument m reaction zone are available for the addition of neutral reagents
that was used to study these reactions. Several well-establishedo the ion flow. Most of the neutral reagents were purified by
ion—molecule reactions involving atmospheric ions and VOCs triplicate freeze-pump—thaw cycles. Rate coefficient studies
were studied to demonstrate the working capability of our were completed at a variety of temperatures and pressures, as
instrument. The first rate coefficients and product distributions noted below. The reaction rates were obtained under pseudo-
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Figure 2. Detailed schematic diagram of the SIFT portion of the instrument which depicts the electrostatic quadrupole deflector (QD) which is
used to bend the ions 9nto the mass-selection quadrupole.

first-order conditions with the neutral reagent in large excess. quadrupole deflector (QD), was chosen in an effort to reduce
Primary product distributions, which are presented in the the effect that the neutral gas load would have on the sensitivity
following tables, were obtained by extrapolating the normalized of the mass selection quadrupole.
ion yields to the zero flow rate limit of the neutral reagent lons in the FA source are generated by a precursor gas that
(except where noted below). Due to the extrapolation procedure,is introduced via movable inlets into the flowing helium bath
the product yields should be considered to have an absolutegas which then passes over an El filament. A 400 cfm Roots
accuracy of10%23 blower (Stokes) exhausts most of the gas load introduced into
Selected lon Flow Tube (SIFT).A schematic diagram of  the ion source region. A small portion of the gas flow is sampled
the SIFT chamber and its FA ion source is shown in Figure 2. into the low-pressure SIFT chamber through a blunt molybde-
A novel design for our FA-SIFF! which incorporates a  num orifice (3 mm). The SIFT chamber is pumped by a 10 in.
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TABLE 1: Variable Temperature Rate Coefficients (k) and Branching Ratios (%) for Calibration Reactions Obtained with the
FA Technique?

reaction 298 K 323K 348 K 373K 398 K 423K lit. rate (298%)
Nyt + Op— k=1.18+0.38 k=0.77+0.16 k=0.88+0.16 k=0.74+0.23 k=0.63+0.20 k=0.59+0.18 k=0.50+ 0.08
0"+ Na
No* + CO— k=10.0+5.2 k=8.0+16
CO" + N,
CO + 0 — k=1.14+043 k=1124+0.31 k=0.96+0.22 k=1.26+0.44 k=1.06+0.30 k=0.59+0.13 k=0.55+0.08
0" + CO,
No* + CHs— k=123+58 k=65+05 k=6.1+08 k=87+14 k=86+12 k=97+17 k=114+17
CHz"™ + Ho + Na 9 14 12 17 16 18
CHs™ + H+ N, 77 81 83 80 81 79
CHs™ + N; 14 5 5 3 3 3
N2+ + CHOH — k=141+29 k=1524+03 k=16.2+06 k=172+02 k=17.6+0.1 k=17.9+1.6 k=14+ 4
CHg" + OH + N 53 63 63 63 63 61
CH,OH* + H + N; 38 34 34 35 35 36
CHZOH* + N, 9 3 3 2 2 3
Nyt + CS— k=10.2+ 3.8 k=12+2
CSt+ N, 45
St+ CS+ N, 55
N2+ + CHsCN — k=16.8+ 1.3 k=21+6
CHg" + CN + N, 5
CH,CN* + H + N 43
CHsCN™ + N 52

aThe rate coefficients are in units of 79 cm®/s.? Anicich, V. G. J. Phys. Chem. Ref. Dafi894 22, 1469.

diffusion pump (Edwards) that is backed by a 37 cfm rotary temperature, and a comparison of our values with the literature
vane mechanical pump (Stokes). A typical pressure in the SIFT is presented in Table 1.
vacuum chamber is X 1076 Torr when the helium carrier gas Non-Dissociatie Charge-Transfer Reaction$he charge-
is flowing in the source flow tube only. transfer reaction of N + O, — N, + O," is important in
Sampled ions are then focused by six electrostatic lensesatmospheric chemistry and has been well studfetf The rate
within the SIFT chamber. An electrostatic quadrupole deflec- coefficient for this reaction at 298 K has been determined many
tor?2:23.2627(QD) is introduced into the ion path immediately times, and reported values range from (05®.08) to 2.0x
before the mass-selection quadrupole in order to bend the ions10-1° cm®s 4447 Our value of (1.2+ 0.4) x 10710 cm¥/s falls
90° into the SIFT chamber and away from the neutrals in the within this range but is higher than the accepted vilag(0.50
plasma. Use of two Faraday cups mounted on the exit lenses+ 0.08) x 10-° cm¥s. Our measurement of a faster rate is
of the QD suggests that the ions are bent wi0% efficiency. likely due to the presence of electrons in the FA plasma causing
lons that are bent 9y the QD are then focused into the ion some loss of parentN ion signal due to electron recombina-
selection 5/8 in. quadrupole (Extrel), which is differentially tion. We have also studied thesN+ O, — N, + O," reaction
pumped ly a 6 in. diffusion pump (Edwards) and backed by in the temperature range of 29823 K (Table 1), and have
the same 37 cfm mechanical pump used for the 10 in. diffusion determined a temperature dependenc&(of7+%4). Dunkin et
pump. al. *® reported a temperature dependenc@©f-%) from 300 to
Mass-selected ions are then focused by 3 electrostatic lense$00 K, while McFarland et & reported a temperature
into a venturi injector, which injects ions from the low-pressure dependence df~ 0802 for temperatures: 3560 K. A negative
mass selection chamber into the high-pressure reaction flowtemperature dependence is observed in the range of temperatures
tube. The design of our venturi injector is very similar to that studied. The trend is similar to the prior experiments mentioned
of Van Doren et al'! and is composed of inner and outer annuli above; however, the magnitude of the dependence differs. This
with a 2 mmcentral aperture. Typically, about 40% of the difference is likely due to electron recombination which occurs
helium flow enters through the inner annulus. As a result of in the flow tube.
back-streaming, the pressure in the mass-selection chamber is The charge-transfer reaction of @0+ O, has also been

~1 x 1075 Torr with ~ 0.7 Torr in the reaction flow tube. studied!*5051The rate coefficient at 298 K, 1.14 10~ cm?/
s, is slightly higher than the accepted value (0:5%01° cm?/
Ill. Experimental Calibration s). A small negative temperature dependence is observed from

298 to 423 K; however, the uncertainty in the temperature

The absolute rate coefficients reported here are accurate todependence is large. Miller et al. have reported a negative
within 25%. Unless otherwise noted, at least triplicate measure- temperature dependence over a wider temperature range (90
ments were taken for all reactions studied; the errors are one450 K).
standard deviation of the measurements reported to demon- Dissociatve Charge-Transfer ReactioriBhe reactions of b
strate the precision of the measurements. In the discussion andyith CS,, CH;OH, CHCN, and CH proceed by dissociative
tables, we report the average rate coefficient of these multiple charge transfer (Table 1). In these cases, some fragmentation
measurements, and the reported error represents one standasgfter charge transfer occurs and leads to the formation*of S
deviation. and CS$' (from carbon disulfide), CHCN, CH,CN", and

A. FA Calibration Reactions. We have investigated the  CH3;CN* (from acetonitrile), CH", CH,OH", and CHOH*
reactions of a few positive ions with a variety of neutral reagents (from methanol), and C#t and CH* (from methane). In Table
for which rate coefficients have been studfedit room 1, the branching ratios are presented as relative yields of the
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particular product ion (corresponding to the reaction channel
indicated), normalized for the sum of all of the observed product
ions. Our measured rate coefficient for thegtNeaction with
CS; is in excellent agreement with the literature. Although our
measured rate for the reaction of™Nwith CH3;CN is slower
than the reported value, there is a large uncertainty in the
literature valuet

The rate coefficient at 298 K obtained for the reaction of
N, with CHzOH, (14.14 2.9) x 10719 cm?/s, is in excellent
agreement with previously published results, f14) x 10710
cm?/s** The reaction rate coefficient forN with CH;OH was
found to have a slightly positive temperature dependence of
TO.7 £ 0.1) jn the range of 298 to 423 K. In agreement with
previously published dat#,the primary ionic product observed
at all temperatures is G, and the minor ionic products are
CH,OH* and CHOH.

Similarly, our FA measurement of the;N+ CH,4 reaction
rate coefficient, (12.3k 5.8) x 10710 cm¥s, is also in good
agreement with the accepted value, (1#41.7) x 10710
cmé/s, although the uncertainty in our measurement is rather
large. We also found that the reaction of'Nvith methane has
a positive temperature dependence T6F7405 between the
temperatures of 323 and 423 K. The major ionic product
observed in the reaction of ;N with CH, is CHs* at all
temperatures, which is in agreement with previous stufies.
However, we also observe GHas a minor product<{14%)
in these experiments.

B. SIFT Calibration Reactions. Several reactions of atmo-
spheric positive ions with neutrals were also studied using the
FA-SIFT to ensure that no systematic errors are present in our
instrument which includes a quadrupole deflector prior to the
mass selection region. The most significant advantage of using
a SIFT to study positive ion reactions is the absence of any
negative ions and electrons in the reaction flow tube where the
reaction kinetics are monitored.

However, one of the concerns in performing experiments with
a SIFT is that during the injection of ions from the low-pressure
mass selection chamber into the higher pressure reaction flow,
tube, the ions may not be thermalizZ€d! Several experiments
have been performed with "Oreactions with N in order to
quantify the thermalization of the ions upon injection into the
high-pressure FA. It has been well established that the ground
state of O reacts with N to generate only N® while
electronically excited O yields Nb* as well>? For our SIFT
experiments of mass-selected” @Qvith N, only NO™ was
observed. Thus, the injection of ions from our SIFT into the
reaction flow tube proceeds in a sufficiently gentle manner.

Non-Dissociatie Charge-Transfer Reactionshe rate coef-
ficient for the room-temperature reaction of™Nwith O, was
reexamined using the FA-SIFT. Whereas our FA measurement
was approximately a factor of 2 larger than the accepted value
of (0.504 0.08) x 10719 cm?/s* our FA-SIFT measurement
is in much better agreement (0.26 0.06) x 10710 cm?/s,
consistent with electron recombination affecting the FA meas-
urement. In addition, our SIFT rate coefficient is in better
agreement with a previous SIFT value of 0.511071° cm?/
s53 We also explored the pressure dependence of ge-N
O, reaction in our SIFT, and the reaction rate is independent of
pressure in the 0.5 to 0.7 Torr range.

The nondissociative charge-transfer reaction gf With CO,
was also reexamined using the FA-SIFT. Similar to the M
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Figure 3. (a) A sample mass spectrum of “purified” Aas obtained
with the SIFT. A small amount of D" is present due to the presence
of water in the helium flow of the reaction flow tube. (b) The mass
spectrum that results from the reaction oftAwith cyclohexane. (c)
Semilogarithmic plot of integrated peak area for As reaction distance
(cm) to determine the bimolecular rate coefficient with cyclohexane.

provided a more precise measurement of the rate coefficient
than did the FA method.

Dissociatve Charge-Transfer Reaction&n improvement in
the rate coefficient measurement for the reaction of mass-
selected N" with CH,; was also noted in the absence of the FA
plasma. Furthermore, the (SIFT) product branching ratio
observed in the reaction of;Nwith CH, is in good agreement
with the literature** The primary ionic product is C#t, the
minor ionic product is CH". In contrast to the FA experiment,
no CH;™ is observed when this reaction is studied using a mass-
selected beam of N.

IV. Results

The reactions of Ar with a number of volatile organic
compounds (VOCs) have been studied using the VTFA and
SIFT in the temperature range of 29823 K. Rate coefficients
and branching ratios are presented for the reactions dfvih
benzene, toluene, pyridine, furan, thiophene, cyclohexene,

O reaction, a slower rate coefficient was also measured whencyclooctene, cyclohexane, and tetrahydrofuran (THF). These
using a mass-selected,Nion beam, and the agreement with compounds were chosen to represent some of the functional
the accepted value improved. Furthermore, the FA-SIFT method groups which may be present in fuels. A typical mass spectrum
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TABLE 2: Rate Coefficients and Branching Ratios (%) for but still within the systematic precision of the experiment. Again,
Calibrgtion Reactions Examined with the SIFT Technique at the FA and SIFT results are in good agreement.
298 K The product ions that appearratz of 78 and 79 are clearly
reaction P (Torr) raté lit. rate® CsHsN*' and GHsN*, respectively, and more fragmentation
Nz" 4+ O;—Oz" + N2 0.5 0.76+0.06  0.50+ 0.08 occurs at higher temperatures. Product ions also appeaizat
0.6 0.85+0.12 =50, 51, 52, and 53. At each of these masses, the igH§™C
0.7 0.81+0.04 are nominally isobaric with the #i,_,N* ions forn = 2—5.
Nt +CO,—~CO;"+N, 0.6 9.3+ 0.4 8.0+ 1.6 Thermochemical calculatioffssuggest that all of the considered
Nyt + CH,— 0.6 13.2+ 0.9 114+ 1.7 reaction pathways to form the observed product ions at these
CHyt +Ha+ N, 21 masses are exothermic. However, photoionization mass spec-
CHz" + H+ N 79 trometric experiments suggest thatz = 52 is GH4* formed
aThe rate coefficients are in units of 20 cn/s. ® Anicich, V. G. by loss of HCN from ionized pyridin€’ Further experiments
J. Phys. Chem. Ref. Datd994 22, 1469.©Only a single rate using isotopically labeled substrates are necessary to determine
measurement was taken. the identity of these products.

Furan and Thiophene.Since the FA and SIFT results were
of mass-selected Aris shown in Figure 3a, and the ionic  similar for benzene, toluene, and pyridine, experimental results
products of the AT + cyclohexane reaction (Figure 3b) are for Ar+ with furan and the other VOCs were only obtained with
shown as an example of these dissociative charge-transferthe FA technique. The Ar+ furan reaction proceeds near the
reactions. A semilogarithmic kinetic plot (Figure 3c) is then collision limit, and no significant temperature dependence was

used to determine the bimolecular rate coefficient. observed. The primary ionic product igks™ from the loss of
Table 3 summarizes the results of SIFT measurements (298HCO (or H+ CO). The rate of reaction of Arwith thiophene
K and 0.5 Torr) and FA measurements (0.5 Tdrrs= 298— occurs near the ADO collision rate, and there is no appreciable

423 K) for these dissociative charge-transfer reactions. In temperature dependence. Nondissociative charge transfer only
addition, the calculated theoretical average dipole orientation accounts for-2% of the ionic products of the Ar+- thiophene
(ADO)> rates are presented. It is evident from a comparison reaction. Rich fragmentation chemistry is observed by the
of our experimental rate coefficients with the values predicted significant number of products, with the primary ionic products
by ADO theory that all of these charge-transfer reactions are being GHz", HCS", and GH,S".
very efficient. Cyclohexane, Cyclohexene, and Cycloocterighe reactions
In general, for the reactions studied here, very little change of Art with the GH1», CsH1o, and GH14 hydrocarbons proceed
in rate coefficient is observed as a function of temperature. at the collision rate and exhibit similar reaction pathways. For
Experiments performed at 423 K in the FA at 0.5 Torr showed each of these reactions and at all of the temperatures considered,
an increase in the bimolecular rate coefficient; however, this is CsHs" is the primary product ion observed. Thermochemical
likely due to nonlaminar helium flow. Experiments performed calculation8® show that the reaction channel to producgig
at 423 K and 1 Torr demonstrate that there is no significant is =40 kcal/mol more exothermic than the product channel that
temperature dependenteAnalogous data for SIFT measure- Yields the next major ionic productsBs*. Neither cyclohexane
ments of the reaction of Arwith benzene, toluene, and pyridine nor cyclooctene shows evidence of a nondissociative charge-
are presented in Table 4. These results indicate that within thetransfer pathway; although in all cases, formation of the radical
accuracy of the experiments, the rate coefficients and productcation is exothermic. Significant dissociative charge transfer
distributions are independent of both temperature and pressureoccurs in each of these reactions, yielding numerous products.
BenzeneThe Art + benzene reaction proceeds by dissocia- ~ Tetrahydrofuran. The Ar" + tetrahydrofuran reaction
tive charge transfer, and the dominant ionic products gr G proceeds by dissociative charge transfer. The primary ionic
CeHs™, CaHs™, and GH,* wheren = 2—5. The observed  product, GHs", is formed by charge transfer followed by loss
product distribution is very similar for both the FA and SIFT of CH3O (or CH,=0 + H). The fragment that appears ratz
studies. The rate coefficients measured with both FA and SIFT = 43 could either be g47" or C;H;O*. The reactions to yield
techniques are in good agreement with the recent study of Ar either ionic product are both exothermie133 and—215 kcal/
(and other ions) with benzene by Viggiano and co-worRérs. mol, respectively® thus, further experiments are needed to
Within the range and accuracy of our experiments, thée Ar characterize the exact nature of this product channel.
benzene reaction is independent of temperature and pressure.
This observation is c_on_sistent with the study of Viggiano and \;, piscussion
co-workerg? over a similar temperature range.

Toluene. The reaction of At with toluene occurs near to It is interesting to consider the effect that multiple bonds
the collision rate, and significant fragmentation occurs. The ithin a GH, ring has on the degree of fragmentation following
dominant product ion peak is;87", and there is a small yield  charge transfer with Ar. When considering the loss of neutral
of the toluene radical cation. Also, fragmentation occurs to a C H,, from Ar* reactions with benzene, toluene, cyclohexene,
greater extent at higher temperatures in the SIFT experiments,and cyclohexane, the loss ofld;, is the primary process in the
and GHs™ becomes a significant«30%) product ion at 423 reactions of cyclohexene and cyclohexane with .Aross of
K. There is a slight increase in the rate coefficient for Auith neutral GH, fragments is the primary channel for the reaction
toluene as a function of temperature in the small range examinedof benzene with Af; however, GH," ions are also present in
here. The kinetic data obtained using both FA (Table 3) and substantial quantities. In the reaction of toluene with AB;H,*
SIFT techniques (Table 4) are in good agreement. are the primary ionic products. It appears that the presence of

Pyridine. The reaction of At with pyridine occurs at or near  the ChH; substituent minimizes significant fragmentation of the
the ADO collision rate, and no temperature dependence is carbon skeleton in toluene following charge transfer with.Ar
observed. The rate coefficient obtained with the SIFT at 0.5 This effect might be accentuated with more or larger alkyl
Torr and 298 K is slightly higher than the ADO rate constant, substituents, and this will be explored in the future.
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TABLE 3: Rate Coefficients (k) and Branching Ratios (%) for Ar * Reactions with Various Organic Compounds as a Function
of Temperature?

SIFT (298 K) FA (298 K) FA (348 K) FA (423 K) FA (423 K)
reaction 0.5 Torr 0.5 Torr 0.5 Torr 1.0 Torr 0.5 Tor ADO ratéb
Art + CeHg— k=159+0.10 k=141+0.02 k=1954+0.21 k=170+0.17 k=2.84+0.38 1.46
C3H3+ + CsHz + Ar 22 30 40 46 22
C4H2+ + C2H2 + Ar 6 6 4 3 7
CsH3z™ + CoH, + H + Ar 8 4 12 10 19
CsHs™ + CoHa + Ar 40 39 27 25 21
CsHs™ + CH+ Ar 3 3 2 1 2
CsHs™ + CHs + Ar 2 2 2 2 4
CeHst + Hy + Ar 4 4 1 2 2
CeHs™ +H + Ar 11 6 5 4 7
CeHe" + Ar 4 6 7 7 15
Art + toluene— k=166+0.01 k=166+0.12 k=2344+0.34 k=216+0.29 k=2.84+0.48 1.63
CsHz™ + CsHs + Ar 14 7 23 29 11
C4H3+ + C3H5 + Ar 10 6 6 6 13
C4H5Jr + C3H3 + Ar 8 4 2 3 6
CsHs' + CoHz + Ar 8 12 17 13 21
C5H5Jr + C2H2 + Ar 7 3 3 2 3
CeHs+ + CHz + Ar 7
C7H5Jr + H, + Ar 4
CH7" +H+ Ar 35 59 37 38 31
C;Hg™ + Ar 7 9 12 10 15
Art + pyridine— k=2.29+0.18 k=1.92+0.10 k=2.23+0.09 k=1.78+0.16 2.13
CsHs™ + CoHoN + Ar 12 21 26 32
CsHy™ + CHN + Ar 7 2 5 6
or GN* + CoHs + Ar
C4H3™ + CHoN + Ar 4 9 18 8
or GHN™ + CoHs + Ar
CsHs" + CHN + Ar 56 53 36 40
or C3H2NJr + C2H3 + Ar
C4Hst + CN + Ar 10 7 6 6
or C3H3NJr + C2H2 + Ar
C5H4N+ +H+ Ar 9 5 3 6
CsHsN™ + Ar 2 4 5 3
Art + furan— k=1.10+0.03 k=1.41+0.11 k=1.284+0.05 1.55
C3Hot + CH,O + Ar 8 11 13
CsHsz™ + HCO+ Ar 86 83 83
CszOJr + CH, + Ar 4 4 3
C4H4O+ + Ar 2 2
Art + thiophene— k=150+0.05 k=127+0.09 k=1714+0.10 k=1.31+0.09 1.44
CsHz™ + CH.S + Ar 4 5 4 7
CsHsz™ + CS+H + Ar 18 24 46 43
CHS" + CgHs + Ar 44 38 30 29
CHgS” + CsH + Ar 3 3
C4H2+ + H28+ Ar 3 1
CsHsz™ + HS+ Ar 4 4 2 3
CsHsm + S+ Ar 4 1
C2HS+ + C2H3 + Ar 4 1 3 3
CoHoST + CoHo + Ar 12 16 12 12
C3HS" + CHs + Ar 2 3
C4H3ST + H + Ar 2 2
C4H4ST + Ar 2 2 3 2
Art+ cyclohexene~ k=1.40+0.05 k=1.2840.06 k=1.58+0.14 k=1.1840.04 k=2.08+0.19 1.44
CsHs™ + CsH7 + Ar 24 27 37 42 24
CsHs' + CgHs + Ar 41 32 42 40 34
Ce,HsJr + C3H4 +Ar 4 4 3 3 3
C4H5+ + C2H5 + Ar 6 9 6 5 9
CsHg™ + CoHs + Ar 7 17 8 8 16
CyH7t + CoHz + Ar 4 4 2 3 6
CsH7" + CHs + Ar 3 7 2 5
C6H10+ + Ar 1 3
Art + cycloooctene— k=1.44+001 k=137+0.08 k=181+0.13 k=1424+0.02 k=2.45+0.22 2.00
CsHz™ + CsHya + Ar 10 9 17 44 10
CsHst + CsHg + Ar 44 40 51 3 37
C3H5Jr + C5H3 + Ar 5 3 4 2 3
C3H7+ + C5H7 + Ar 6 3 6 3
CsHs™ + C4Hg + Ar 5 5 4 13 8
C4Hg" + C4Hg + Ar 13 18 12 6 16
C4H7Jr + C4H7 + Ar 5 7 3 8 10
CsH;t + CeH7 + Ar 11 14 7 10
C5H3Jr + C3H5 + Ar 3
CaH]_oJr + CHs + Ar 4
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TABLE 3. (Continued)

SIFT (298 K) FA (298 K) FA (348 K) FA (423 K) FA (423 K)
reaction 0.5 Torr 0.5 Torr 0.5 Torr 1.0 Torr 0.5 Tor ADO raté®

Art+ cyclohexane—~ k=151+0.11 k=1.004+£0.06 k=1.38+0.02 k=1.31+0.08 1.49

CaH3t + C3Hg + H + Ar 8 16 12 18

CsHs"™ + CsH7 + Ar 60 54 68 63

CgHGJr + C3H5 + Ar 8 9 10 10

C:«;H7Jr + C3H5 + Ar 8 4 2

C4H6+ + CoHeg + Ar 3 2 2

C4H7Jr + C2H5 + Ar 9 10 4 9

C4H8Jr + CHs + Ar 4 5 2
Art + tetrahydrofuran— k=1.75+0.09 k=1.194+0.19 k=1.70+0.04 k=1.354+0.07 2.07

CsHzt + CHs+ OH + Ar 11 7 17 22

C3Hs™ + CH3O + Ar 68 59 59 63

CsHg™ + CH,O + Ar 7 15 15 10

C.H3O" + CHsO + Ar 11 12 7 6

or GH;m + HCO+ Ar
C4HsO" + H 4+ Hy + Ar 1 3 1
CHO" +H + Ar 2 3 1

2 The rate coefficients are in units of cm?/s. ® The ADO rate coefficients are calculated using the experimental dipole moment and polarizability
(obtained fromThe Handbook of Chemistry and PhysiZdst ed.; CRC Press: Boca Raton, FL, 199Q) for all compounds, except furan and
cyclooctene (which are derived from B3LYP/6-31G* vibrational frequency analyses).

TABLE 4: Rate Coefficients (k) and Branching Ratios (%) for Ar * Reactions with Benzene, Toluene, and Pyridine Studied
with the SIFT Technique at 0.7 Torr and as a Function of Temperaturé

reaction 298 K (0.5 Torr) 298 K (0.7 Torr) 423 K (0.7 Torr)

Art + CeHg— k=1.59+0.10 k=1.47+0.03 k=1.61+0.17
CsHz" + CaHz+ Ar 22 16 20
C4H2+ + C2H2 + Ar 6 14 13
CsHs™ + CoHa, + H + Ar 8 12 22
C4Hst + CoHo+ Ar 40 25 20
C4H5Jr + C2H + Ar 3 5
CsHs* + CHs + Ar 2 6
C(;HaJr + Hy + Ar 4 3
CeHs™+ H + Ar 11 10
CsHs™ + Ar 4 6 3

Art + toluene— k=1.66+0.01 k=1.32+0.20 k=1.70+0.16
CsHz" + CsHs + Ar 14 16 45
C4H3+ + C3H5 + Ar 10 6 15
C4H5Jr + CsHs + Ar 8 5 5
C5H5+ + C2H3 + Ar 8 3 7
CsHeJr + C2H2 + Ar 7 3 2
CGH5+ + CH3 + Ar 7 0 4
CsHsCH™ + Hy + Ar 4 2 3
CeHsCH,* + H + Ar 35 59 17
CsHsCHs™ + Ar 7 6 2

Art + pyridine— k=12.41+0.22 k=12.01+0.14 k=2.07+0.24
C3H3"™ + CoHoN + Ar 11 12 9
C4H2Jr or C:«;NJr 7 9 26
CsHs" or GGHN* 4 8 15
C4Hzfr or C:«;HzN+ 56 52 36
C4H5Jr or (:3H3NJr 10 9 7
CsHuN*t+ H + Ar 9 8 4
CsHsN*t + Ar 2 3 3

aThe rate coefficients are in units of 10cm?/s.

Similar behavior is not observed when considering the prominent reaction pathway (44%) for Awith thiophene at
reaction products of furan and tetrahydrofuran. Loss of neutral 298 K is
CH,O, or the appearance of;@,", is the primary process
occurring when each of these ions undergo reaction with Ar  Ar™ + C,H,S— HCSs' + CzH, + Ar
For furan, loss of neutral HCO (or C® H) is dominant, but AH... = —66 kcal/mol (1)
for THF, loss of CHO (or CH=0 + H) is the major process. o
The reaction of At with thiophene exhibits a richer chemistry
than either furan or tetrahydrofuran. Interestingly, the primary

roduct channel in the thiophene reaction with"Ag the loss

(F))f C3H3 to yield HCS', and frFe)tgmentation pathways to generate A+ CH, O~ HCO" + CoHs + Ar

The corresponding reaction for Awith furan is

C,H, or CS are the next most favorable processes. Upon AH,,, = —43 kcal/mol (2)
comparison of the reaction pathways for thiophene and furan,
many of these reaction pathways for furan with*Aare but is not observed at all. Insteadiz™ and HCO (or CO+

exothermic but are not observed. For example, the most H) is observed as the dominant product channel, although this
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complemented with a SIFT, which utilizes a quadrupole
deflector. Calibration reactions of N and CQ* with small
volatile molecules suggest that accurate reaction rate coefficients
can be obtained using both the FA and FA-SIFT techniques.
The dissociative charge-transfer reactions of With a series
of volatile organic compounds (benzene, toluene, pyridine, furan,
thiophene, cyclohexene, cyclooctene, cyclohexane, and tetrahy-
drofuran) have been studied as a function of temperature. Very
little temperature dependence was observed for the rate coef-

ficients from 298 to 423 K. Significant fragmentation does occur
10 following charge transfer, and the degree of fragmentation
appears to be somewhat correlated to the difference in IP
5 between Ar and the neutral organic reactant. Some trends in
0 N ‘ . A B the product branching ratios are observed when plotted as a
130 140 150 160 function of AIP.
Future work will include studying similar reactions as a
function of temperature with other ionized constituents of air,
20 such as NO, O;", CO;*, O, and N. It will be interesting to

determine how product distributions change as a function of

. total energy. The IP of Aris quite high (363.4 kcal/mol), while
those of the aforementioned ions are 213.3, 278.1, 317.5, 314.1,
and 335.1 kcal/mol, respectively. It will be of further interest

- to determine how the chemistry changes witit Mhich has a

04 ‘ v % similar 1P (359.3 kcal/mol) as Ar.
130 140 150 160
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