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Gas-phase ion molecule reactions of the primary atmospheric cations Q O, N*, and N:+) with two

isomers of octanen-CgH,s and iso-GHis (2,2,4-trimethylpentane) have been studied using a variable
temperature selected ion flow tube instrument. Reaction rate constants and product branching fractions were
measured from 300 to 500 K. The reactions ¢f GDO", N*, and N* with n-CgH;5 and iso-GH1s proceed

at the collision rate via dissociative and/or nondissociative charge transfer. Thedld@ions occur primarily

by hydride transfer; the reaction rate for the straight-chain isomer is only one-fourth the collision rate, while
the reaction rate for the branched isomer is significantly enhanced. The reactieoctdne with each
atmospheric cation generates two to four major product ions and numerous minor species. The major ionic
products are alkyl cations,\82.+1", where the degree of fragmentation of the hydrocarbon chain is governed
largely by the reactant ion recombination energy. The largest ionic products obsefugtl;* andn-CgH;s",
thermally decompose at temperatures above 300 K. The reaction of isooctane with each atmospheric cation
generates fewer minor species than was observed im-theane reactions, and only one to three major
product ions are observed. The main ionic product of thg Ot, N, and Nt reactions is the alkyl cation

C4Hq", although several reactions also produce significant amounts of the related radical gition The

main ionic product of the NOreaction, GH;;", thermally decomposes into,8y" at temperatures above

300 K. Presumably, the specificity of the product ion formation in the igld:§xreactions is a consequence

of the neutral reactant structure. Except for thermal fragmentatiorgtdf,Cproduct ions at temperatures
above 300 K, there is little temperature dependence on the product ion branching fractions for the reported
reactions.

Introduction be used to enhance the rate of combustion or ignition. The
oxidation of hydrocarbons is a chain reaction process involving
free radicals; the most difficult step is thought to be chain
initiation, formation of the first radicals, because this involves
either thermal decomposition of, or reaction between, relatively
stable molecules. Once radical formation is initiated, the
remaining steps in the process proceed with little to no activation
energy. Over the years, it has been noted that small additions
(sometimes even negligible traces) of certain compounds can
have a dramatic effect on the rate of combusfioisome

The primary positive ions formed in the atmosphere, from a
variety of ionization processes, arg™\NO,™, N*, Ot, and NO'".
These ions are rapidly converted to,™Oand NO", which
undergo further reactions with B, eventually forming the
stable proton hydrates,s87(H20),.! Much is known about
the chemistry of the primary atmospheric cations with small
organic molecules, including small hydrocarbons such as
methane and ethar’e.These ior-molecule reactions are of

Interest betl:ausle Off thed Important ﬁOIe lth:%’ play in forming 5 qitives act as accelerants by facilitating the formation of the
organic molecules found in interstellar clouds. , first free radicals. Other additives have a retarding effect; they
To date, there has been little interest in the reactions of the react rapidly with the initial radicals yielding in return only
primary atmospheric cations with larger aliphatic hydrocarbons. \yeakly reactive radicals that are incapable of propagating the

The extensive use, among radiation chemists, of NO an@sO  cpain reaction. Because iemolecule reactions are typically
charge and radical sczive_ngers prompted siveral studies of thg gg times faster than conventional combustion reactions, i.e.,
reactions of NO and Q" with Cs—Cg alkanes'® SeveralNO  hqse petween neutral species, they may affect the rate of
reactions were also reported among a larger survey of hydride compustion or ignition by breaking chemical bonds, creating
transfer reactions involving Imgar, branched,. and cyclg:—C radicals, and speeding up the first and slowest step in the
Co alkfneéa M+ore_ recently, Smith et dl.examined reactions  compustion reaction. In this initial paper, we report the reaction
of NO™ and Q" with a number of hydrocarbons to determine  4te constants and product branching fractions, from 300 to 500
the potential usefulness of these ions as chemical ionizationk for the reactions of NO 0O,*, O, N*, and N* with two
agents for trace gas analysis of organic molecules found in airjsomers of octane:n-octane and isooctane (2,2,4-trimethyl
and human breath. pentane).

We have undertaken a more extensive study of the reactions
of primary atmospheric cations with the larger alkanes com- Experimental Section
monly found in fuels such as gasoline or kerosene in order to

explore the possibility that such iermolecule reactions could The measurements were made using the Air Force Research

Laboratory variable temperature-selected ion flow fidastru-

T Under contract to Aerodyne Research, Inc., Billerica, MA. ments of this type have been the subject of re.\A@mq only .
*To whom correspondence should be addressed. thosg aspects relevant to the present study will be discussed in
® Abstract published irAdvance ACS Abstractdjovember 15, 1997. detail.
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All reactant ions were produced in a moderate pressure ion TABLE 1: Total Rate Constants, from 300 to 500 K, for the

source (0.+1 Torr) by electron impact on a precursor com-

pound. The reactant ion species of interest was mass selecte({ﬁ
in a quadrupole mass filter and injected into the flow tube g

through a Venturi inlet. The reactant neutral was introduced
downstream through a finger inlet, 1/8 in. stainless steel tubing
which enters the flow tube perpendicular to the flow and
terminates at the radial center of the flow tube with an elbow

directing the added gas in the upstream direction. The reactant NO* + iso-GgHis— products

neutral gas reacted with the ions for a known reaction tirr2 (
ms) in a fast flow of He buffer gas~100 m s) which was
maintained at a total pressure-©0.45 Torr. A small fraction
of the gas in the tube flowed through a sampling orifice, and
the reactant and product ions in this flow were mass analyzed
in a second quadrupole mass filter and detected by a particle
multiplier. Rate constants were extracted from least-squares
fits of the logarithm of the reactant ion signal versus concentra-
tion of reactant neutral. The reaction time was determined from
previous time-of-fight measurements. The accuracy of the
measured overall rate constants 425%, and the relative
accuracy is+15%?

Product branching fractions were determined by recording
the product ion count rates as a function of the neutral reactant
flow rate. To account for the effects of secondary reactions

Reactions of Atmospheric Cations withn-Octane and
ooctane (2,2,4-Trimethylpentane). Rate Constants for
ost Isooctane Reactions Were Measured Only at 300 and
00 K. Reaction Efficiencies Are Given in Parentheses

total rate constant/(T8cm?s™t)

reaction 300K 400 K 500 K

NO™ + n-CgH1s— products 0.54 (28) 0.42(22) 0.42(22)
1.8 (95) 1.9(100) 1.9 (100)

o™ + n-CgHis— products 1.8 (95) 2.1(110) 2.1(110)
O,* + is0-GgH1g— products 1.8 (100) 2.3(128)
O" + n-CgH1s— products 2.3(92) 2.5(100) 2.9(116)
O* + iso-GgHig— products 2.4 (96) 2.8 (112)
N*+ n-CgHis— products 2.4 (92) 2.7 (104) 3.0(115)
N* + is0-GH1s— products 2.4 (92) 3.1(119)
N2t + n-CgH1s— products 2.0(100) 2.0(100) 2.1(105)
N2* + iso-GH1s— products 2.0 (100) 2.0 (100)

of N** was not determined although source conditions were
generally set to minimize production of excited electronic states.
Vibrationally excited states of & and NO™ were quenched
by introducing a small flow of Minto the tube upstream of the
reaction zoné! The percentage of vibrationally excited'Q
typically ~5%, was determined by monitoring the fast charge-
transfer reaction of @ (n > 0) with Xe.

between the product ions and the reactant neutral, the reportedResults and Discussion

branching fractions were determined by extrapolating the

measured branching percentages to a neutral reactant flow rat%
e

of zero. Branching measurements were made by operating th
mass spectrometer at both low- and high-resolution settings.
The high-resolution data were used to determine the branching
ratio between product ions of similar mass, and this ratio was
applied to the low-resolution data (taken to minimize mass

discrimination) wherein the species of similar mass appeared
as a single broad peak. The absolute uncertainty in the
branching data is difficult to estimate because the effects of
mass discrimination and differential rates of diffusion were not

quantified. However, these effects tend to cancel one another

Rate constants and reaction efficiencies for the reactions of
-octane and 2,2,4-trimethylpentane (isooctane) with selected
atmospheric cations are presented in Table 1. Collisional rate
constants were calculated assuming a negligible dipole moment
for each octane isomer and molecular polarizability values of
15.9 A3 for n-CgHigand 15.4 & for iso-GgH15.12 Rate constants
and product branching fractions for aliCgH15 reactions were
measured at 300, 400, and 500 K. With the exception of the
NO™ reactions, all iso-gH;g reactions were studied only at 300
and 500 K since the rate constants and branching ratios
demonstrated little temperature dependence.

Temperature-dependent product branching fractions for the

since both depend generally on mass but in opposite SeNSeSiaactions of both gy isomers with NG, O+, OF, N*+, and

Furthermore, differential diffusion is expected to be minimal
for large ions in a He buffer, and the data taken under low
resolution conditions were largely unaffected by mass discrimi-

N,™ are presented in Tables—B, respectively. As noted
previously, branching fractions of one or two percent could
result from impurities, and may not be significant; however,

nation as evidenced by the good agreement between reactani_ o, nroduct fractions were included in the Tables because

ion loss and product ion total: Comparing the reactant ion signal
loss to the sum of the product ion signals yields a maximum
absolute uncertainty in the branching fractions of 25%. For
the major product ions, the branching fractions are reported to
be precise to within 5 percentage points, while the precision is
much better for the minor product ions. It should be noted that
branching fractions of one or two percent could result from

impurities and may not be significant.

The reactant gases;,CgH1s (99+ %) and iso-GH1s (99.8%),
were obtained commercially and used without further purifica-
tion; the maximum water content of these anhydrous samples
was <0.005%. The He buffer gas (99.999%) was passed
through a molecular sieve/liquid nitrogen trap to reduce residual

(a) in some cases these products became more abundant as the
temperature was varied, and (b) in some cases there were
numerous different products at the-2% level, the sum of
which far exceeded the maximum level attributable to impurities.
The detected ion products are shown, and the neutral products
are inferred from published thermochemistry and conservation
of the reaction constituents. The product ion structure is
unknown for nearly all the reactions in Tables@ The
reactions of @", Ot, N*, and N* all had a large number of
ionic products in common; we therefore believe that these
products are the result of dissociative and nondissociative charge
transfer as distinguished from reactions which incorporate N
or O into the ionic product. Also, in many cases two or more

water vapor. Precursor source gases that were used include@arbocation isomers may be formed, and isomerization may

NO for NO*, O, for Ot and Q*, and N for Nt and N*. While

we intend to investigate the reactivity of excited state ions,
especially those of NQ such studies are beyond the scope of
this initial report, and care was taken to minimize the formation
of vibrationally and electronically excited reactant ions. The
formation of NO™* and O** (typically ~2%) was monitored

by introducing a small flow of Ninto the flow tube, prior to
introducing any octane reactants. Only the excited electronic
states of NO and O charge transfer with N The percentage

occur during or after the time the ions are produced. Neverthe-
less, we attempted to calculate reaction enthalpies for the most
likely products. Reported thermochemistry is taken from Lias
et al. unless otherwise notétl.All reaction channels were found

to be very exothermic.

Reaction enthalpies in Tables-8 were calculated using the
following assumptions: (I)-octane reactions produce straight-
chain ion and neutral products, and those ionic products
accommodate the positive charge on secondary carbons; (2)
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TABLE 2: Product Branching Fractions, from 300 to 500 K, for the Reaction of NO" with n-Octane and Isooctane. Detected
lon Products Are Listed with the Assumed Neutral Products. Reaction Enthalpies Were Calculated As Described in the Text

product branching fraction

AHpn (k3 mol?) 300 K 400 K 500 K

NO* + n-CgH15— CgHi7" + HNO (—30) 62 63 3
— CgHisNH3" + CH,CO —340 9 3 1

- CeH;]_3Jr + (NH3 + CHzCO) —166 0 0 3

— CsH1iNHst + CH;CHCO =377 18 5 2

— CsH11™ + (NH3 + CH;CHCO) —115 3 15 56

— C4HgNH3™ + C,HsCHCO —387 8 4 0

— C4Hgo" + (NH3 + C;HsCHCO) —108 0 10 30

- C3H7Jr + (CH3NH2 + CgHscHCO) —105 0 0 5

NO* + iso-GgHyg — CgH17" + HNO (—60) 91 32 0
- C4HgJr + (C4H9NO) 7 68 99

- C3H7Jr + (C5H11NO) 2 0 1

TABLE 3: Product Branching Fractions, from 300 to 500 K, for the Reaction of O," with n-Octane and Isooctane. Detected
lon Products Are Listed with the Assumed Neutral Products. Reaction Enthalpies Were Calculated As Described in the Text

product branching fraction

AHyn (kJ moid) 300 K 400 K 500 K

Oz + n-CgH1g— CgHig™ + O3 —218 13 5 0
— CgHi7" + (H+ Oy) —-92 2 1 0
- CgH;[sJr + (H2 + Oz) {—193 1 0 0
i CGH13+ + (CzH5+ 02) {—133 31 32 29
— CgH12" + (CoHe + Oy) {—225 7 9 7
— CsHi™ + (CsH7 + O) {—128 17 19 17
— CsHy" + (CsHg + O2) {—219 9 5 8
- C4H9Jr + (CAHg + 02) {—11& 5 9 13
— C4Hg" + (CaH1o+ Op) {—215 6 10 10
- C;).H7Jr + (C5H11 + Oz) {—103 4 6 10
— CaHg" + (CsHiz+ ) —144 2 2 2
- C3H5Jr + (C5H12 + HOZ) {—133 1 2 3
Oz+ + iSO-Qng_’ C3H17+ + (H + Og) —124 2 1
- CgH;u;Jr + (Hz + Oz) (—178) 2 0
— C7His" + (CHs + O) —-161 7 1
- CsH;u_Jr + (C3H7 + Oz) -39 1 0
— C4Hot + (CsHg + O) —164 44 57
— C4Hg" + (C4Hiot+ Oy) (—188) 40 39
— CgH7" + (CsHi1 + O) -95 2 1
— CgHs™ + (C5H12 + HOz) —-115 2 1

TABLE 4: Product Branching Fractions, from 300 to 500 K, for the Reaction of O with n-Octane and Isooctane. Detected
lon Products Are Listed with the Assumed Neutral Products. Reaction Enthalpies Were Calculated As Described in the Text

product branching fraction

AHpn (kJ mol?) 300 K 400 K 500 K

O+ n-Cngs_’ CgH;]_gJr + 0 —366 2 0 0
— CgHy7* + OH (—699) 3 1 0
— CgHis" + (H2+ 0) {—343 2 0 0
— CeHiz" + (CoHs + O) —283 2 1 2
- C(;H;]_zJr + (CzHe + O) {_373} 1 1 2
— CgHu" + (CoHs+ Ho + O) —-272 0 0 2
- C5H;|_1Jr + (C3H7 + O) {_27n 4 3 4
- (-.;5H;|_0Jr + (C3H8 + O) {_367} 3 1 3
- C5H9+ + (C3H7+ H2 + O) —199 0 2 2
— C4Hg" + (C4Ho+ O) {—267} 21 21 16
- C4H3+ + (C4H10+ O) {_363 8 6 6
— CsH7t + (CaHo+ Ho + O) —188 0 3 5
— C3H7" + (CsHyp + O) {—253 42 50 43
— CgHet + (CsHi12+ O) —293 7 6 7
- C3H5+ + (C5H11+ Hz + O) —-95 5 5 8
o+ iSO-C};H]_s_’ C5H;|_;|_Jr + (C3H7 + O) —188 1 2
— C4Hot + (C4Ho + O) —312 78 75
— C4Hg" + (CsHio+ O) —336 8 7
— C4H7" + (CiHo+ H, + O) -123 1 1
— CgH7™ + (CsHu+ O) —244 10 11
— CsHs" + (CsHiu+ Hz + O) ~74 2 4

isooctane reactions produce branched ion and neutral product®-CgH;7™) was estimated to be 647 kJ mélfrom a linear
with complimentary structures, i.e., no rearrangement of the extrapolation of the heats of formation of smaller straight-chain
C—C bonds occurs. Reaction enthalpies shown in () are hydrocarbon ionsn(= 3—7). The heat of formation for the
estimated values. When the product ion heat of formation was iso-GgH;7+ isomer was estimated by noting that; for iso-

not available, it was estimated by comparison with similar ions C;H;s™ [of the form (CH;)sCC(CH), '] is approximately 10%

or structures. The heat of formation farCgHy7™ (assumed less thanAHs for the straight-chain isomer 2;8;5". This
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TABLE 5: Product Branching Fractions, from 300 to 500 K, for the Reaction of N with n-Octane and Isooctane. Detected
lon Products Are Listed with the Assumed Neutral Products. Reaction Enthalpies Were Calculated As Described in the Text

product branching fraction

AHpxn (k3 mol?) 300 K 400 K 500 K
N+ + n-C8H13—> CngsJr + N —455 2 1 0
— CgHi7t + NH -643 3 0 0
— CgHis™ + (H2+ N) —329 1 0 0
— CgHis" + (CoHs + N) —372 14 15 10
- C(3H12Jr + (CzHe + N) {_462} 3 3 2
- C5H10Jr + (C3H3+ N) {_45@ 5 5 5
— CsHo" + (CaH7+ Hz + N) {—287 0 1 1
— C4Hg" + (CaHg + N) {—355 14 14 17
- C;;HsJr + (C4H10+ N) {—452} 7 6 7
- C4H7+ + (C4Hg+ H2 + N) {_27Q 3 2 2
— CgH7* + (CsHu + N) {—342 25 32 36
- CaHe+ + (C5H12+ N) —381 4 3 4
. - C3H5Jr + (C5H11 + H2 + N) {_184} 6 5 6
Nt + ISO-Qng_> C7H15+ + (CH3 + N) —398 6 1
- C6H13Jr + (C2H5+ N) (_418) 0 1
- C5H11+ + (C3H7 + N) —276 1 1
— C4Ho" + (C4He + N) —401 52 64
— C4Hg" + (CsH1o+ N) —425 26 16
- C4H7Jr + (C4H9+ H2 + N) (_211) 1 1
— CgH7" + (CsHurt+ N) —332 7 8
- C3H6Jr + (C5H12+ N) —373 1 1
- C3H5+ + (C5H11 + Hz + N) —162 6 5

TABLE 6: Product Branching Fractions, from 300 to 500 K, for the Reaction of N,* with n-Octane and Isooctane. Detected
lon Products Are Listed with the Assumed Neutral Products. Reaction Enthalpies Were Calculated As Described in the Text

product branching fraction

AHuxn (k3 mol?) 300 K 400 K 500 K
N2+ + n-Cngg_' C3H13+ + Nz —556 1 1 0
- CgHjjJr + (H + Nz) (_430) 4 3 0
- C3H16+ + (Hz + Nz) {_532} 1 1 0
- CGH;L?,Jr + (Csz + Nz) —473 1 0 0
e C5H11+ + (C3H7 + Nz) —466 3 5 3
- C5H1|_0Jr + (CgHg"‘ Nz) {_557} 0 1 1
— C4Ho* + (C4Hg + Ny) {—456 9 7 7
- C4H3Jr + (C4H10+ Nz) {_553} 3 2 3
e C4H7+ + (C4H9+ H2 + N2) {—377} 6 7 8
- C3H7+ + (C5H11 + Nz) {_443} 48 52 50
- C3H6+ + (C5H12+ Nz) —482 7 2 4
- C3H5+ + (CsHll + Hz + Nz) {_284} 17 19 24
N2Jr + is0-GHig— CsH]_lJr + (C3H7 + N2) —-177 1 1
- C4H9+ + (C4Hg + Ng) —501 41 37
- C4HgJr + (C4H10+ Nz) —526 6 2
- C4H7+ + (C4Hg+ Hg + Ng) (_312) 1 2
- (:3H7Jr + (C5H11 + Nz) —433 25 32
- C3He+ + (C5H12+ Nz) _473 1 O
— C3Hst + (CsHip + Hz + Ny) —263 25 26
yields an estimate foAH; (iso-GgHi7") of 585 kJ mof™. 100 [
Reaction enthalpies are shown {r} when product ions or
neutrals could be one of several similar isomers. For example, 5 80 ]
n-octane reactions that produce straight chain alkenes could form 8 60
isomers that differ only in the position of the=C bond. The = b
heats of formation for such isomers are generally withirlB é 40l
kJ mol! of one another. g
@ a0f
NO* Reactions
ot
The reaction of NO with isooctane proceeds at the collision 300 350 400 450 500

rate. At 300 K the reaction produces primarily the hydride

. Temp (K
transfer product ion> 90%): eme ()

Figure 1. Temperature-dependent branching fractions for the reaction
L
NO™ + i50-CyH, 5 — iSO-C8H17+ + HNO of NO™ with isooctane.
AH =~ — 60 kJ mol'* (1) this product channel rate constant (branching fractionsfsC
multiplied by overall reaction rate constant) from 350 to 400 K
At higher temperatures, the percentage of hydride transfer yields an activation energy of 36 3 kJ mol for the formation

product ion decreases while the percentage 414 simulta- of C4Hg™. Conceivably, the decrease ighi;+ signal, together
neously increases, as shown in Figure 1. An Arrhenius plot of with a simultaneous increase iniy™ products, could indicate
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a temperature-dependent competition between two different . P . " : L
reaction channels, one that is exothermic and another that is
endothermic yet becomes allowed at higher temperatures, either

o 1

- L 80 | .
by increasing internal energy of the reactants or through the ]
TAS term in the free energy expression. Note that the 36 kJ 60 i J
mol~! activation energy for formation of £g™ in reaction 1 L ]
is similar to the 32 kJ mof* endothermicity for that process. 40 .
While this similarity is intriguing, and while we cannot rule -
out the above possibility, we believe that a more likely s 20 T
possibility is that the temperature-dependent branching fractions G
are the result of iso-§,7" product ion thermal dissociation at o C N
higher temperatures: £ i 1

[$]
: + + § 80F nCH i
is0-GH;;" — C,Hg" + C,Hg @ I 8 18 ]

AH =~ + 92 kJ mol* (2)

The thermodynamics assumes thg¢lg" thermal dissociation
product is thetert-butyl carbocation. The evidence for this
comes from the following experiment. We formegHz7" in
the ion source from iso-El1g and selectively injected ¢El;7+
into the flow tube. At 300 K essentially all the signal was
CgH17". We then increased the temperature from 300 to 450
K and monitored the ;77 and GHe" signals. An 80% Product lon Fragments, CH *
decrease in the4Bl;7" signal was observed, accompanied by a Figure 2. Branching fractions for all @Hy* fragment ions resulting
similar increase in the £Elg™ signal, consistent with the thermal  from the reaction of-octane or isooctane with NOat 300 K ¢-+),
dissociation shown in reaction (2). Thus, we interpret the 400 K (---), and 500 K{).
temperature-dependent branching fractions for the gaction products ofn-CgH17"; their branching fractions decrease with
with isooctane to result from thermal dissociation of hydride increasing temperature between 300 and 400 K, before any
transfer product ions. We do not believe the temperature- decrease is observed in theCgH;7 signal, and they do not
dependent branching ratios result from thermal decomposition correspond to @H.n™ or C\Hani2" ions. Correlation between
of the neutral isooctane reactant because (1) the overall reactiorthe loss of 88 and 74 amu ions and the increase in 71 and 57
rate does not depend on temperature, and (2) the isl,C amu ions suggests these products are of the fafE1NHs™,
ion was shown to thermally decompose at these temperaturesas shown in Table 2; e.g., 102 amu correspondssky SIH3",
yielding a product distribution consistent with what is observed and the mass loss of 17 amu (from 88 to 71) is the loss of NH
for the reaction of isooctane with NO from CsH1iNHst. The experiments do not address the structures

The reaction of NO with n-octane is the only reaction of these protonated amines. The reaction channels yielding
reported in this study that did not proceed at the collision rate; C,Hx,+1NH3s" product ions and ketene and other related neutral
the reaction is only~25% efficient over the temperature range products are quite exothermic. Presumably, the ions are
of 300-500 K. This is consistent with earlier measurements stabilized at 300 K by collisions with the buffer gas; however,
of the reaction rate constaht. As previous researchers have higher temperature increases the probability that the
noted, the probability that NOwill react with alkanes is greatly ~ C,H.n+1NH3™ product ions themselves will dissociate into

enhanced by branching within the molectife. CiHant1™ fragment ions and neutral NHor perhaps CeNH,)
We observe the reaction withoctane to proceed primarily, — molecules, which accounts for the observed increase in small
although not exclusively, by hydride transfer at 300 K alkyl fragment ions between 300 and 400 K. Unlike the other
systems reported here, charge transfer betweeh @ octane
NO" + n-CgH,s— n-CgH,, + HNO is endothermic, and therefore an intimate encounter is required

in this case.

To examine the degree of hydrocarbon fragmentation by

The abrupt change in the-CgHiz* branching fraction various primary atmosp_heric cations, it is som(_awhat useful to
between 400 and 500 K suggests the ion thermally dissociates'0CUS On the carbon chain-length of the product ions, rather than
at these temperatures, fragmenting into smallg:¢" and the individual product ions themsglves. The branchlng fra}ctlons
CuHs* alkyl cations, analogous to the isat@.+ thermal for all CnHm+_fragment ions resulting from NOreact!ons_ with
dissociation discussed above. Thermal dissociationsbl, & both octane isomers at 30_0 and 500 K are_shown in Figure 2 as
ions, formed fromn-CgHsg, has been observed previously at & function of n. In thg isooctane reaction, the extent of
these temperatures by Matsuoka etSand Lias et al. also hydrocarbon fragmentat|or'1.changes dramaﬂcally with temper-
reported observing dissociation of hydride transfer product ions &ture. Thermal decomposition of isa#i7" into C4Hg™ occurs

for reactions of NO with alkanes containing more than five °Ver the entire+tempera_ture range from 300 to 500 K. In
carbon atoms. contrastn-CgH17 product ions, from the reaction witkoctane,

Previous studies have indicated that, aside from thermal d6cOmpose only at temperatures above 402 K. In addition,
dissociation, the only product channel in the reaction of'NO Several different fragment ions result frarCgHm" decomposi-
with n-alkanes is the hydride transfer chanheHowever, we tion, including primarily GHm" fragments.
observe that nearly one-third of the reaction products at 300 K
result from channels other than hydride transfer or thermal
decomposition of hydride transfer product ions. In particular,  The reaction of @" with isooctane proceeds at the collision
product ions at 102, 88, and 74 amu are not thermal dissociationrate via dissociative charge transfer, forming primarilyHg"

AH ~ — 30k mol* (3)

O," Reactions
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and GHgt product ions. L L . " " L ' L
. I 0.* (12.06 eV
0," +i80-GH;3— C,Hy" + (C;Hg + O)) 80 | a 2 )
AH~ —164 kI mol* (4a) 60 | ]
N I
— CHg" + (CHyp +0O)) 40 F J
AH ~ —188 kI mol* (4b) -
20 | i

While the ratio of these two products is near unity at 300 K
(each with a 46-44% branching fraction), a larger percentage t .
of C4Hg™ is observed at higher temperatures, as the minor I
channel large mass product iongHg", appear to thermally 80 |
dissociate.

A secondary reaction channel was also observed between 60 |- ﬂ
isooctane and the radical cationHg™ which react to form ]
C4Hgt and neutral @H7, or fragments thereof. 40 L J

o + 3 | 1

C,Hg" +is0o-GH,;g— C,Hy" + CgH,5 5 20} -
AH~? (5) R

> L _

Since initial product structures are not known and isomer- £ I
ization may occur during or after the time the ions are produced, S sl
AH for reaction (5) was not estimated. However, formation of o I
a GgHq7 radical, as proposed in reaction (5), is not unwarranted. 60 L i
The stability of alkyl radicals increases with carbon chain-length, I
and tertiary carbon radicals are more stable than secondary and 40 F -
primary radicals. A lower limit of—30 kJ mof? can be I
estimated for the gH;7 radical heat of formation from a linear 20 -
extrapolation of the heats of formation of smaller secondary »
carbon radicalsn(= 3—6).4 - .

The reaction of @ with n-octane proceeds at the collision
rate via both dissociative and nondissociative charge transfer. 80 L
The direct charge-transfer product iongHzg", is observed at I
300 K (~13% branching fraction). 60 L i
0, +n-CgHig— CgHyg' + O, ol 1

AH = —218 kJ mal* (6) 2

The GHig" ion appears to thermally dissociate at tempera-
tures above 400 K, similar to othergl@,t ions already - . . ' . . . . . 4
discussed. In a previous study of this reaction Matsuoka et al., n=1 2 3 4 5 6 7 8
using time-resolved atmospheric pressure ionization spectrom- Product lon Fragments, C H _*

etry, also observed thermal decomposition of thelf" ion.

Th?}’l rep%rtedthan aC:II\éatIOI’] ene_rtgy of %5 keal trﬁ?w? l;‘] 1 from the reactions ofi-octane ) and isooctane (- - -) with &, O,

mol %) and a thermal decomposition rate constant of (<. N*, and N* at 300 K. Reactant ion recombination energies are also
10'Y) exp(=7500M) s over the temperature range 39883 shown.

K. In contrast to the present study, the authors report that

CgHag" is the predominant product ion for this reaction at 300 preaks the isooctane molecule “in half”, i.e., selectively forming
K, W|th.a branc_hlng fract|o+n of over 90%. They reported the c,H.+ ions, while there is less selectivity in theoctane
branching fraction for gHis" decreased to 25% at 476 K. The  reaction. Then-octane reaction slightly favors formation of
difference in product branching ratios between these two cyH,.+ion fragments over that of¢El,+ and GHy;* ions, which
measurements is likely due to a pressure effect; the charge-are themselves favored ovest@, ™ ions. The product branching
transfer product ion, £5", is probably stabilized more rapidly  fraction changes with increasing temperature, as the large

at atmospheric pressures than itis in the flow tube@b Torr. CgHum' ions thermally decompose, apparently fragmenting into
The Q" reaction withn-octane yields more numerous, and  C,H .+ and GH,,* ions.

more significant, dissociative charge-transfer product ions than
were observed in the reaction of the branched octane isomer.+
Significant product ions are observed asHgt — CgHpm'
fragments and include both alkyl and radical product ions, The reaction of O with isooctane proceeds at the collision
although the formation of alkyl cations is favored over the rate via dissociative charge transfer. There is essentially no
formation of radical ions. None of the ionsgld;,," or smaller, change in the product branching fractions over the temperature
appears to thermally dissociate at 500 K. The branching range 306-500 K. As shown in Figure 3, the reaction heavily
fractions for each ion fragment,\8,", are shown in Figure 3  favors the formation of @Hp,* ions (~85%), with a smaller

for the reactions of @, O™, Nt, and N* with both isomers of ~ amount ¢15%) of GHn,' ions being formed as well. The
octane. The figure illustrates how the'Qreactant selectively ~ dominant product channel (more than 75%) is that which

Figure 3. Branching fractions for all gH,* fragment ions resulting

Reactions
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produces the g™ ion. is observed with increasing temperature as the largest ions,
CgHm™, thermally dissociate.
O™ 4 is0-GH,;3— C,Hy" + (C,H, + O)

e
AH~—312KImolt (7) 2 Reactions

_ . . The reaction of N" with isooctane proceeds at the collision
The reaction of O with n-octane also proceeds at the collision rate via dissociative charge transfer, forming nearly equal
rate predominantly via dissociative charge transfer. The amounts of GH,* and GH,t product ions, in contrast to the

dominant product ions are;8s" and GH;" 0O,", O*, and N reactants which heavily favored theH,"
. . product ions. The most significant reaction channels are the
O +n-CgH;g— CHy + (CHy + O) following:

AH~ — 267 kI mol* (8a :
(82) N," +is0-GH,g— C,Hg" + (C,Hg + N,)
— CgH;" + (CsHyy + 0) AH ~ — 501 kJ moT* (11a)
AH ~ — 253 kJ mol* (8b) .
— C;H," + (CHy; + Ny
Unlike the reaction with the branched isomer, th€gHs ~ 1
reaction also yields a host of minor product ions. Both alkyl AH~ =433 kJmol™ (11b)
and unsaturated hydrocarbon product ions are observed, although _ +
the formation of alkyl cations is favored. Except for the CsHg™ + (CeHyy + Hy T N,)
assumed thermal dissociation of the largest ions at higher AH ~ — 263 kJ mol* (11c)
temperatures, there is little temperature dependence of the o )
product branching fractions. As shown in Figure 3, the more N2’ has the largest recombination energy of the ions
energetic O reactant ion breaks the straight chain octane isomer €xamined in this survey of octane reactions, and it is the only
into smaller product ions than were observed in thg" O ion that produces significant amounts of the relatively small

reactions. The Oreaction produces on averag&8% GHny" CsHs™ ion.

ions, ~29% GHyt ions, and significantly smaller amounts of ~ The reaction of N with n-octane also proceeds at the

the larger ions. collision rate primarily via dissociative charge transfer. Al-
though as many as 12 different product ions are observed in

N* Reactions this reaction, the formation of 4£l,* ions is heavily favored

(~75% branching fraction), as shown in Figure 3. A smaller
amount &17%) of GHy,™ product ions is also observed. The
major product ions are 4El;" and GHs™.

The reaction of N with isooctane proceeds at the collision
rate via dissociative charge transfer, forming predominantly the
C4Hy" ions, GHe™ and GHs™.

NzJr +n-CgHyjg— C?,H7+ + (CsHyp + Np)

NT +is0-GH,g— C,Hg" + (C,Hg + N)
AH ~ — 443 kI mol* (12a)

AH ~ — 401 kJ mol* (9a)
- C3H5+ + (CsHy + Hy +Np)

. +
Chla” + (Gl + 1) AH ~ — 284 kI moT* (12b)

AH ~ — 425 kJ mol* (9b)

There is essentially no change in the product branching ratios
from 300 to 500 K for the reaction of N with eithern-octane
or isooctane.

At 300 K, formation of the alkyl cation is favored 2:1 over
formation of the radical cation, and this difference is magnified
at higher temperatures, where the ratio becomes 4:1. The N
reaction also produces a smaller amount$%) of GHy," ions.

The reaction of N with n-octane also proceeds at the collision
rate primarily via dissociative charge transfer, yielding as many ~ The reactions of @, O*, N*, and N* with both n-octane
as 14 different product ions. The major product ions are all and isooctane all proceed at the collision rate via dissociative

Summary and Conclusions

alkyl cations. and/or nondissociative charge transfer. Except for the case of
O, + n-octane, the nondissociative charge-transfer channels
NT + n-CgH,g— CgHys' + (C,Hs + N) are very minor pathways. The ionization potential (IP) af O

O, N, and N are all greater than the IP of the alkane isomers,
so charge transfer is expected to be fast. All the reactions are
highly exothermic, and although the neutral products are not
characterized in this experiment, it is energetically possible for

AH ~ — 372 kJ mol* (10a)

— CgHy, "+ (CH, + N)

AH ~ — 365 kJ mol* (10b) all major and minor reaction channels to yield a radical species,
either a radical neutral or a radical ion. Because the IP of NO
— C,Hy" + (C;Hg + N) is less than the IP of both alkane isomers, the charge-transfer

1 channel is not allowed. The NQreactions occur primarily by
AH ~ — 355 kJ mol~ (10c) hydride transfer. Although the reaction is only about 25%
efficient for the straight-chain isomer, branching within the

- CsH7+ + (CHy; +N) octane reactant neutral significantly enhances the reaction rate.
AH ~ — 342 kJ mol* (10d) The nondissociative charge transfer and hydride transfer
product ions appear to thermally dissociate; isptG™ and
In general, the formation of Ei,,* ions is slightly favored, n-CgH1s" dissociate at temperatures above 300 K, rau@iH; 7"

as shown in Figure 3. A slight change in the product distribution dissociates above 400 K. Except for the thermal fragmentation
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of CgHm™ and GH2n+1NH3™ ions at higher temperatures, there decomposition of alkanes at higher temperatdfés. An

is little temperature dependence of the product ion branching important distinction is that the iermolecule reaction rates are

fractions for the reported reactions. significantly faster and initiate radical formation at much lower
All reactions with isooctane produce between one and three temperatures. We plan to examine, through modeling, the

major ions, and product ion formation is governed largely by possible role of “ion additives” in accelerating or initiating

the structure of the reactant neutral. N@rimarily forms iso- combustion. This initial survey of octane isomers is being
CgH17" which decomposes at higher temperatures fbloC. extended to even larger alkane reactants, and additional studies
The T, O, and Nf reactants also break the isooctane isomer are also underway to examine the reactivity of alkanes with
in half; the O primarily forms the GHg™ alkyl cation, while other atmospheric cations, including the proton hydraig3H

02t and N produce significant amounts of both theHg™ (H20), and various excited-state ionic species. We also intend
alkyl ion and the closely related radical catioryHg". The to study some of these iermolecule reactions at much higher

competition between g™ and GHgt product ion formation temperatures (temperatures limited by the thermal decomposition

is presumably governed by the details of the potential energy of the alkane of interest) using the Air Force Research

surface and is beyond the scope of this paper. Whitedlso Laboratory high-temperature flowing afterglow apparatus, which

produces the gHg" alkyl cation, it differs from the other ions  is capable of temperatures of up to 18003%.

in that the reaction also forms significant amounts gHE"
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