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Abstract

Rate constants and branching fractions have been measured as a function of temperature for the reactions of O2
+, NO+

and H3O+ with methylcyclohexane (C7H14) and cyclooctane (C8H16) using fast flow tube methods. The reactions of O2
+

with both cyclic molecules proceed via non-dissociative and dissociative charge transfer at the capture collision rate from
298 to 700 K. From 298 to 500 K, NO+ reacts with the two neutral reagents via non-dissociative hydride transfer, and from
500 to 700 K, an increasing fraction of the reaction products are due to dissociative hydride transfer. The rate constants for
NO+ reacting with both C7H14 and C8H16 equal the capture collision rate constants at all temperatures. The H3O+ reactions
proceed at≤38% and≤22% of the capture collision rate with C7H14 and C8H16, respectively. The rate constants display a
negative temperature dependence with both reagents from 298 to 500 K. Reaction products observed in the H3O+ reactions
include association, non-dissociative proton transfer and dissociative proton transfer. Increasing amounts of the dissociation
products are observed at higher temperatures. (Int J Mass Spectrom 222 (2003) 413–430)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyclic alkanes represent an important class of hy-
drocarbons and are a significant component of many
fuels. For example, the fast igniting and relatively
clean burning heavy alkanes found in kerosene or
middle distillate fraction petroleum are ideally suited
for gas turbine engines used for sub-, trans-, and
supersonic propulsion systems. Furthermore, the de-
velopment of hypersonic propulsion systems (Mach
Number> 4) has increased the relative importance of
thermal management requirements for fuel selection.
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Such requirements have led to the consideration of
endothermic fuels that use heat absorbing chemical
reactions. For instance, the thermal decomposition
reactions of hydrocarbon fuels feature a substantial
activation energy barrier, and hence offer a potential
heat sink. Moreover, the resulting heat of combus-
tion of the decomposition products remain essentially
unchanged or slightly increased. The chemical com-
position of endothermic fuels has not been precisely
defined, but it is apparent that they will comprise
saturated linear and cyclic hydrocarbon molecules
featuring at least seven carbon atoms. Methylcyclo-
hexane (C7H14) blends are among the key candidates
for such fuels and will pose ignition and flame prop-
agation challenges at hypersonic velocities[1].
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The kinetics of ion–molecule chemistry involving
hydrocarbon molecules with air plasma ions has been
an active topic in recent years[2–16]. One of the pri-
mary motivations for the investigations has been to
elucidate the role that ions may play in enhancing
the combustion of hydrocarbon fuels. Ion–molecule
chemistry may be particularly advantageous to issues
involving ignition and flame propagation, where high
temperature kinetics data are important for accurate
computer predictions[17].

However, limited ion–molecule kinetics studies
have been done in general, and more specifically, for
the two species of interest in this study, methylcy-
clohexane (C7H14) and cyclooctane (C8H16). These
two molecules are representative examples of the cy-
cloalkanes as the latter is a large unsubstituted ring
structure and the former has a methyl substituent on
the ring. One relevant study is that by Spanel et al.[4],
where the rate constant and product branching frac-
tions for H3O+ reacting with C7H14 was measured at
298 K in a selected ion flow tube (SIFT). The reaction
has a rate constant of 7×10−10 cm3 s−1, which is less
than half of the collision rate constant. Spanel et al.
[4] have observed that C7H13

+ is the dominant prod-
uct ion, and that the proton-transfer product, C7H15

+,
is produced in small amounts. These authors have
used this kinetic data and known thermodynamic data
to estimate the proton affinity of C7H14 to be in the
686–697 kJ mol−1 range. This work was motivated by
the potential use of chemical ionization mass spec-
trometers to detect trace neutrals in the atmosphere
and in medical applications[2,3,6,18].

In order to further the present level of under-
standing regarding ions in combustion, in particular
ion-enhanced combustion, the ion chemistry of C7H14

and C8H16 has been investigated as a function of tem-
perature for three fundamental classes of ion–molecule
reactions, charge transfer, hydride transfer, and proton
transfer. Rate constants and branching fractions have
been measured for the reactions of O2

+ and NO+

with C7H14 and C8H16 from 298 to 700 K with the
upper temperature limited by thermal degradation of
the neutral reagent. A variable temperature-selected
ion flow tube (VT-SIFT) apparatus and high temper-

ature flowing afterglow (HTFA) apparatus have been
used in combination to cover the extended tempera-
ture range. This approach has been applied success-
fully with other hydrocarbon species reacting with air
plasma ions[11,12,14,16]. Measurements have also
been performed on the reaction of H3O+ with both
cycloalkanes from 298 to 500 K in the VT-SIFT. In
some cases, the reaction products observed have not
been widely reported and their thermochemical prop-
erties are not well characterized in the literature. In
these instances, calculations of the geometries and en-
ergetics of these species have also been performed and
thermochemical properties have been derived. The
experimental and computational results are used to
rationalize the possible reaction mechanisms involved
for each reaction system, including dissociation.

2. Experimental

Two temperature variable flow tube instruments
have been used: a VT-SIFT and a HTFA. The in-
struments are complimentary for the measurement
of both thermal rate constants and branching frac-
tions and can be used together to cover temperatures
spanning the range of 80–1800 K, although a range
of 298–700 K is used in the present studies. Both
apparatuses have been described in detail elsewhere
[19,20]. Therefore, only the details pertinent to the
current results are discussed.

Ions are produced in the VT-SIFT using electron
impact on a supersonic expansion[21]. For NO+

and O2
+, electron impact ionization on a supersonic

expansion of NO and O2 with ∼40 psig backing pres-
sure through a 0.2 mm diameter aperture is employed.
These ions are easily generated with a separate ef-
fusive source. However, the supersonic source had
already been installed and has been used simply for
expediency. H3O+ is generated by introducing neat
room temperature water vapor through a finger inlet
into an expansion created using 45 psig Ar behind the
nozzle, which is impacted by ca. 50 eV electrons. A
complex series of reactions then leads to H3O+. The
reactant ions are extracted from the source chamber
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and mass selected using a quadrupole mass spectrom-
eter, then injected into a fast flow of He buffer gas
from a Venturi inlet.

For the diatomic ions, an additional 3 sccm of NO
or 5 sccm of O2 source gas (<1% of the total gas flow)
is introduced at an inlet upstream of the reaction zone
to ensure the quenching of both electronically and
vibrationally excited reactant ions generated in the
source[22]. The cycloalkane reactant is introduced at
one of two downstream inlets, and the resulting prod-
uct and reactant ions are sampled through an aperture
in a blunt nose cone. These ions are mass analyzed
with a second quadrupole mass filter and detected
with a conversion dynode electron multiplier.

The rate constants are determined by measuring the
decay of the reactant ion signal over a fixed reaction
time as a function of the measured concentration of cy-
cloalkane vapor. For most of the measurements, a flow
meter is used to measure the gas flows of the reagents.
At 400 and 500 K for the reaction of C8H16 with
H3O+, this method proved inadequate due to a combi-
nation of a small rate constant and low vapor pressure
of the reactant neutral. Therefore, a measured flow rate
of helium carrier gas is bubbled through C8H16 liquid
and the pressure in the vessel is measured to determine
the concentration of C8H16. Unfortunately, the room
temperature vapor pressure of C8H16 has not been
reported and the temperature dependence of the vapor
pressure around 35◦C is non-linear[23], making an
extrapolation using the Clasius–Clapeyron expression
unreliable. Therefore, we have measured the vapor
pressure of C8H16 using a capacitance manometer to
be 4.8±0.1 Torr at 297 K. This value agrees well with
the value of 5.2 Torr extrapolated to 297 K using the
Antoine equation for vapor pressurePvap in bars as
a function of temperatureT (K) as shown inEq. (1),
which has been validated from 370 to 468 K[24]

log10(Pvap) = A −
(

B

T + C

)
(1)

where A = 3.98805, B = 1438.687, andC =
−63.024.

The experimentally measured vapor pressure has
subsequently been used in rate constant measurements

for H3O+ with C8H16 at 400 and 500 K. The rate
constant measurements have relative errors of±15%
and absolute errors of±25%[20].

The nascent branching fractions are determined by
measuring the fractional abundance of each product
as a function of the reactant neutral concentration and
extrapolating to zero reactant flow. Extrapolating back
to zero reactant flow eliminates the effects, if any,
arising from secondary chemistry involving the ionic
reaction products and neutral reactant. The overall
branching fraction of a product channel is measured
in two steps: first, the branching between the various
Cn products is measured at low mass resolution to
minimize mass discrimination, then the distribution
between the CnHm products separated by one mass
unit is measured for a given number of carbons,n. A
correction is made for the contribution of13C prod-
ucts overlapping with12C products one mass unit
higher. The total branching fraction is the product of
the low and high mass resolution branching fractions.
The errors in the branching fractions are 0.1 times the
ratio of a given product fraction to the fraction of the
major product ion, plus an additional systematic cor-
rection of 0.005 to account for errors in product ions
having very low count rates. These limits have been
estimated based on considerations of mass discrimi-
nation, flow tube diffusion rates, and the total counts
of the both reactant and the product ions[8,11].

The HTFA operates in a similar manner as the SIFT.
An important difference is that ions produced in a
source region perpendicular to the main flow tube are
not mass selected before reaction. This source region is
a cylindrical canister with several gas inlets that allow
source gases to be introduced either before or after a
thoriated iridium filament. A detailed description of
this new source region and any attendant modifications
to the HTFA are given separately[16].

Electron impact on the helium buffer gas entering
the source region of the HTFA generates He∗ which
reacts via Penning ionization with either O2 or NO in-
troduced after the filament to produce O2

+ or NO+,
respectively. A commercial furnace heats an industrial
grade quartz flow tube to the desired temperature. The
ions and any residual source gas (≤1% of the total
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flow) are carried by the buffer gas into the flow tube
where thermal equilibration to the flow tube tempera-
ture occurs before the reaction region. After reaction
occurs for a measured time period over a known dis-
tance, the product ions and any remaining reactant ions
are sampled through an aperture in a blunt nose cone
and mass analyzed with a quadrupole mass filter then
detected.

The reagents used in the experiments are as fol-
lows. Water vapor is removed from the He buffer
gas (99.997%) by passing it through a liquid
nitrogen-cooled sieve trap. The liquid C8H16 (Aldrich,
99+%) and C7H14 (Aldrich, 99%) samples have been
used as obtained without further purification, aside
from several freeze–pump–thaw cycles performed to
remove trapped gases. The distilled water used in the
ion source of the VT-SIFT for the H3O+ experiments
has been cleared of trapped gases by pumping.

Table 1
Rate constants and branching fractions for the reaction of O2

+ with C7H14 in the VT-SIFT and the HTFA from 298 to 700 K

Methylcyclohexane �H 298
rxn

(kJ mol−1)
Rate constant, [kc] (×10−9 cm3 s−1)
branching fraction

SIFT
(298 K)

SIFT
(400 K)

SIFT
(500 K)

HTFA
(500 K)

HTFA
(700 K)

〈Erxn〉 (kJ mol−1)

22 38 58 58 111

O2
+ + C7H14 → Products 1.8 [1.7] 1.7 [1.7] 1.9 [1.7] 1.7 [1.7] 1.6 [1.7]

c-C7H14
+ + O2 −233 0.42 0.30 0.10 0.06 0.01

(c-C7H13
+ + H + O2) −132a,b 0.01 0.01 0.02

(c-C6H11
+ + CH3 + O2) −132 0.36 0.42 0.58 0.56 0.48

(c-C6H10
+ + CH4 + O2) −227 0.08 0.08 0.12 0.18 0.15

(t-C5H10
+ + C2H4 + O2) −163 0.04 0.04 0.06 0.04 0.07

(t-C5H9
+ + C2H5 + O2) −126 0.03 0.04 0.04 0.04 0.07

(t-C5H8
+ + C2H6 + O2) −167 0.02 0.03 0.02 0.04 0.07

(s-C5H7
+ + C2H6 + H + O2) 45 0.01

(t-C4H9
+ + C3H5 + O2) −146 0.01 0.01 0.01 0.01

(s-C4H8
+ + C3H6 + O2) −124 0.03 0.05 0.05 0.04 0.08

(s-C4H7
+ + C3H7 + O2) −75 0.01 0.02 0.02 0.01

(C4H6
+ + C3H8 + O2) 96 0.01

(t-C3H7
+ + C4H7 + O2) −79 0.01 <0.01 0.01

(s-C3H6
+ + C4H8 + O2) −64 <0.01 0.01

The collision rate constants,kc, are given in brackets, along with the experimental values, both of which have units of 10−9 cm3 s−1. The
standard reaction enthalpies at 298 K and the average total reaction energy available at each temperature are both given in units of kJ mol−1.
Unless otherwise noted with a c for cyclic, all of the structures are assumed to be non-cyclic. s, secondary cation; t, tertiary cation.

a Calculated from theory. See text for details.
b H3C-c-C6H10

+.

3. Results

The results for the reactions of O2
+, NO+ and

H3O+ with C7H14 and C8H16 are listed inTables 1–6.
The VT-SIFT and HTFA data are shown together
in Tables 1–4for the O2

+ and NO+ reactions. The
enthalpy of reaction at 298 K and the average total
reaction energy at each temperature are also listed in
Tables 1–6, where the average energy available for
reaction at temperatureT is given byEq. (2)

〈Erxn(T )〉 = 〈KE〉 +
〈
Eion

int

〉
+ 〈

Eneut
vib

〉 + 〈
Eneut

rot

〉
(2)

The average center-of-mass kinetic energy〈KE〉
is (3/2)kBT while the average internal energy of the
ion

〈
Eion

int

〉
is the sum of the average rotational and

vibrational energy. The diatomic ions have an average
rotational energy ofkBT and H3O+ has an average
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Table 2
Rate constants and branching fractions for the reaction of O2

+ with C8H16 in the VT-SIFT and the HTFA from 298 to 700 K as inTable 1

Cyclooctane �H 298
rxn

(kJ mol−1)
Rate constant [kc] (×10−9 cm3 s−1)
branching fraction

SIFT
(298 K)

SIFT
(400 K)

SIFT
(500 K)

HTFA
(500 K)

HTFA
(700 K)

〈Erxn〉 (kJ mol−1)

25 43 66 66 126

O2
+ + C8H16 → Products 1.7 [1.8] 1.8 [1.8] 1.9 [1.8] 2.0 [1.8] 2.1 [1.8]

c-C8H16
+ + O2 −224 0.31 0.16 0.02 0.01

c-C8H15
+ + H + O2 −214a 0.02 0.01 0.01 0.01

(t-C7H13
+ + CH3 + O2) −295 0.03 0.04 0.04 0.05 0.04

(s-C6H12
+ + C2H4 + O2) −175 0.13 0.15 0.16 0.09 0.06

(t-C6H11
+ + C2H5 + O2) −217 0.13 0.15 0.18 0.18 0.18

(s-C6H10
+ + C2H6 + O2) −293 0.03 0.04 0.05 0.07 0.02

(s-C5H11
+ + C3H5 + O2) −148 0.01 0.01 0.02

(s-C5H10
+ + C3H6+ O2) −188 0.12 0.16 0.19 0.15 0.17

(s-C5H9
+ + C3H7 + O2) −178 0.05 0.05 0.07 0.09 0.13

(s-C5H8
+ + C3H8 + O2) −240 0.04 0.05 0.04 0.09 0.06

(s-C5H7
+ + C3H8 + H + O2) −5 0.02 0.04

(s-C4H9
+ + C4H7 + O2) −142 0.02 0.02 0.03 0.03 0.03

(s-C4H8
+ + C4H8 + O2) −187 0.08 0.11 0.13 0.15 0.02

(s-C4H7
+ + C4H9 + O2) −125 0.01 0.01 0.02 0.03 0.17

(s-C4H6
+ + C4H10 + O2) −134 0.01 0.01

(t-C3H7
+ + C5H9 + O2) −150 0.02 0.04 0.02 0.02

(s-C3H6
+ + C5H10 + O2) −113 0.01 0.02 0.02

s, secondary cation;t, tertiary cation.
a Calculated from theory. See text for details.

Table 3
Rate constants and branching fractions for the reaction of NO+ with C7H14 in the VT-SIFT and the HTFA from 298 to 700 K as inTable 1

Methylcyclohexane �H 298
rxn

(kJ mol−1)
Rate constant [kc] (×10−9 cm3 s−1)
branching fraction

SIFT
(298 K)

SIFT
(400 K)

SIFT
(500 K)

HTFA
(500 K)

HTFA
(700 K)

〈Erxn〉 (kJ mol−1)

22 38 58 58 111

NO+ + C7H14 → Products 1.9 [1.8] 1.8 [1.8] 1.6 [1.8] 1.9 [1.8] 1.8 [1.8]
c-C7H14

+ + NO 39 0.01 0.01 <0.01
(c-C7H13

+ + HNO) −55a,b 1.00 0.98 0.98 0.99 0.89
(t-C5H9

+ + C2H4 + HNO) 77 0.02
(s-C4H8

+ + C3H6 + NO) 148 0.01 <0.01
(s-C4H7

+ + C3H6 + HNO) 135 0.01 0.01 0.08

s, secondary cation;t, tertiary cation.
a Calculated from theory. See text for details.
b H3C-c-C6H10

+.
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Table 4
Rate constants and branching fractions for the reaction of NO+ with C8H16 in the VT-SIFT and the HTFA from 298 to 700 K as inTable 1

Cyclooctane �H 298
rxn

(kJ mol−1)
Rate constant [kc] (×10−9 cm3 s−1)
branching fraction

SIFT
(298 K)

SIFT
(400 K)

SIFT
(500 K)

HTFA
(500 K)

HTFA
(600 K)

HTFA
(700 K)

〈Erxn〉 (kJ mol−1)

25 43 66 66 94 126

NO+ + C8H16 → Products 1.9 [1.9] 1.7 [1.9] 1.7 [1.9] 2.1 [1.9] 1.9 [1.9] 1.9 [1.9]
c-C8H16

+ + NO 48 0.02 0.02 0.05 0.05
c-C8H15

+ + HNO −132a 0.99 0.97 0.95 0.95 0.67 0.15
(t-C7H13

+ + CH3 + NO) −23 0.01 0.01
(t-C6H11

+ + C2H4 + HNO) −2 0.01
(s-C5H9

+ + C3H6 + HNO) 23 0.02 0.28 0.81
(s-C4H9

+ + C4H7 + NO) 130 0.01
(s-C4H8

+ + C4H8 + NO) 85 <0.01 <0.01
(s-C4H7

+ + C4H8 + HNO) 73 <0.01 <0.01 0.01

s, secondary cation;t, tertiary cation.
a Calculated from theory. See text for details.

Table 5
Rate constants and branching fractions for the reaction of H3O+ with C7H14 in the VT-SIFT from 298 to 700 K as inTable 1

Methylcyclohexane �H 298
rxn

(kJ mol−1)
Rate constant [kc] (×10−9 cm3 s−1)
branching fraction

SIFT (298 K) SIFT (400 K) SIFT (500 K)

〈Erxn〉 (kJ mol−1)

23 40 61

H3O+ + C7H14 → Products 0.8 [2.1] 0.6 [2.1] 0.4 [2.1]
H3O+(C7H14) 0.01
(t-C7H15

+ + H2O) −63 0.05 0.08 0.01
(c-C7H14

+ + H + H2O) 318 0.01
(c-C7H13

+ + H2 + H2O) −28a,b 0.88 0.75 0.68
(c-C6H11

+ + CH4 + H2O) −20 0.06 0.07 0.10
(s-C5H10

+ + C2H5 + H2O) 280 0.01 0.03
(t-C5H9

+ + C2H6 + H2O) 5 0.01 0.01
(t-C5H8

+ + C2H6 + H + H2O) 384 0.01 0.01
(C4H10

+ + C3H5 + H2O) 382 0.01
(t-C4H9

+ + C3H6 + H2O) 36 0.04 0.11
(s-C4H8

+ + C3H7 + H2O) 278 0.02
(s-C4H7

+ + C3H8 + H2O) 62 0.02

s, secondary cation;t, tertiary cation.
a Calculated from theory. See text for details.
b H3C-c-C6H10

+.
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Table 6
Rate constants and branching fractions for the reaction of H3O+ with C8H16 in the VT-SIFT and the HTFA from 298 to 700 K as inTable 1

Cyclooctane �H 298
rxn

(kJ mol−1)
Rate constant [kc] (×10−9 cm3 s−1)
branching fraction

SIFT (298 K) SIFT (400 K) SIFT (500 K)

〈Erxn〉 (kJ mol−1)

26 45 69

H3O+ + C8H16 → Products 0.5 [2.3] 0.3 [2.3] 0.3 [2.3]
H3O+(C8H16) 0.30
(s-C8H17

+ + H2O) −63 0.45 0.20
(c-C8H15

+ + H2 + H2O) −74a 0.06 0.10 0.15
(s-C6H12

+ + C2H5 + H2O) 224 0.01 0.03
(s-C6H11

+ + C2H6 + H2O) −86 0.02 0.03
(s-C5H11

+ + C3H6 + H2O) 44 0.16 0.35 0.34
(s-C5H10

+ + C3H7 + H2O) 232 0.04
(s-C5H9

+ + C3H8 + H2O) −50 0.03 0.05 0.06
(s-C4H9

+ + C4H8 + H2O) 45 0.16 0.25
(s-C4H8

+ + C4H9 + H2O) 231 0.07 0.05
(s-C4H7

+ + C4H10 + H2O) 11 0.04 0.05

s, secondary cation;t, tertiary cation.
a Calculated from theory. See text for details.

rotational energy equal to (3/2)kBT. The average ro-
tational energy of the neutral reactants,

〈
Eneut

rot

〉
, is

(3/2)kBT for both cycloalkanes.
〈
Eneut

vib

〉
is the aver-

age vibrational energy of the neutral reactant and is
discussed in the following sections.

The average vibrational energy is an ensemble av-
erage over a Boltzmann distribution of vibrational
energy levels for the 3N−6 modes in the harmonic
approximation, neglecting zero-point energy (ZPE).
The vibrational energy contribution of NO+ and O2

+

is relatively small at all temperatures because ex-
cited vibrational levels are not significantly populated
due to the high frequency of vibration. However, the
vibrational energy contribution for H3O+ and the
cycloalkanes can be significant over the temperature
range studied. Vibrational frequencies for H3O+ have
been taken from the NIST-JANNAF Tables[25].
The frequencies for C7H14 and C8H16 have been
calculated usingGaussian 98W at the Hartree–Fock
(HF)/6-31G(d) level for geometry optimized structures
[26].

The reaction enthalpies at 298 K inTables 1–6have
been calculated from the compiled literature values of

Lias et al.[24,27]unless otherwise noted. Notable ex-
ceptions are the reaction enthalpies for proton transfer
and hydride transfer where theoretical calculations
have been conducted as discussed in the following
sections. The calculations have been required because
literature thermochemical values are non-existent to
calculate the enthalpy of reaction for forming C8H15

+

and C8H17
+ from C8H16 with the C8 ring structure

unbroken. However, estimated thermochemical data
are available to calculate the enthalpy of reaction for
forming C7H13

+ [27] and C7H15
+ [4] from C7H14

with the cyclohexane ring intact, and these values are
used as a basis for comparison with the theoretical
calculations performed as part of this study.

The thermal stability of the neutral parent hydro-
carbon compound limits the maximum temperature
reported. One indication of pyrolysis of the parent
hydrocarbon (i.e., thermal decomposition) is the ap-
pearance of numerous hydrogen-depleted ions not
observed at lower temperatures as noted in our pre-
vious study[14]. Thermal decomposition data for the
C7H14 and C8H16 reactants under our experimental
conditions, i.e., 1 Torr of He pressure and millisecond
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residence times, is not available to our knowledge.
However, hydrogen depletion is a good indication
of decomposition because hydrogen elimination is
typically the most energetically favorable pathway
and is often the first observed in the pyrolysis of hy-
drocarbons[28]. The data inTables 3 and 4listing
the reaction products for the reactions of NO+ with
C7H14 and C8H16, respectively, indicate that these
cyclic hydrocarbons are stable under our conditions.
If the reactants had partially decomposed, ions other
than those listed would be formed from NO+ hydride
transfer reactions with the hydrogen-depleted pyrol-
ysis products of the starting cycloalkanes. Based on
the branching fractions listed inTables 3 and 4, less
than 3% of the total reactivity of C7H14 and less than
4% of the total reactivity of C8H16 are attributed to
reaction with the pyrolysis products of the reactant
cycloalkane up to 700 K.

The chemical pathways leading to the formation of
the major product ions shown in the figures and listed
in the tables are discussed in the following sections.
The minor product channels, on the order of 0.01–0.04
branching fraction, observed at high temperature are
not discussed in detail, because these products can-
not conclusively be distinguished from reactions with
the primary ions and any trace pyrolysis byproducts
present in the flow tube. However, these product chan-
nels are listed for completeness inTables 1–6. Fur-
thermore, several products are shown in parentheses
reflecting the uncertainty in the neutral products,
which are not directly observed in our experiments. In
most cases, the most energetically favorable, mech-
anistically feasible pathway is listed. For all of the
species listed, the most stable isomeric form is as-
sumed, i.e., the isomer with the lowest standard heat
of formation.

3.1. Theoretical calculations

The 298 K reaction enthalpies have been calculated
using Gaussian 98W[26] for the reactions of NO+

with C7H14 and C8H16 to form C7H13
+ and C8H15

+,
respectively, H3O+ with C7H14 to form C7H15

+ and
C7H13

+ and H3O+ with C8H16 to form C8H17
+ and

C8H15
+. The standard reaction enthalpies have been

determined by optimizing the geometry of all species
involved in the reaction at the same level of the-
ory and performing higher level single point energy
calculations[29].

The highest level of theory that is computation-
ally cost effective has been utilized. Both the lowest
energy structures and final optimized geometries
are calculated initially using the HF method at the
6-31G(d) level. For C7H13

+ and C8H15
+, an H− has

been removed from each carbon and the ion geome-
try subsequently optimized for each individual ionic
structure. The lowest energy structure at this level of
theory has then been used as a starting point for the
higher level calculations. A similar set of optimiza-
tions has been done for C7H15

+ and C8H17
+ with an

H+ placed on each carbon atom.
The stability of all of the lower level geometries

has been confirmed prior to using them as the starting
point for the higher level calculations. For C7H14,
the thermochemistry has been determined using the
G2(MP2) method[30]. However, density functional
theory (DFT) has been used at the B3LYP level with
the 6-311++G(3df, 2p) basis set for the larger C8H16

molecule for both the geometry optimization and fre-
quency calculations used to determine the relevant
thermochemical quantities.

The G2(MP2) calculations automatically include
scaling corrections to the theoretical frequencies that
remove basis set-dependent systematic errors that will
be reflected in the ZPE and thermal corrections to the
enthalpy. For the G2(MP2) method, this correction
is 0.8929. Bauschlicher and Partridge have shown by
comparison with experimentally determined ZPE’s
that the average scaling factor for B3LYP using the
6-311+G(3df, 2p) basis set is 0.989, giving average
errors in the ZPE of 0.2 kJ mol−1 and maximum errors
of 1.05 kJ mol−1 [31]. This error is an insignificant
contribution to the uncertainty in the reaction en-
thalpies. Thus, similar scaling has not been applied in
the present DFT results. The mean absolute deviation
from experimental values of the G2(MP2) theory[30]
is 6.61 kJ mol−1 and of the B3LYP/6-311++G(3df,
2p) theory [31] is 9.29 kJ mol−1. To allow for any
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additional errors not accounted for beyond the aver-
age errors above, the thermochemical values calcu-
lated presently from theory have reported errors of
±7 kJ mol−1 for C7H14 and±10 kJ mol−1 for C8H16.

3.2. O2
+ reactions

For both cycloalkanes, reaction with O2
+ occurs

at the Su-Chesnavich collision rate[32,33] over the
entire temperature range.Fig. 1a (C7H14) and 1b
(C8H16) show the Cn branching fractions as a func-
tion of temperature forn = 3–7 andn = 3–8, respec-
tively. In Fig. 1, all species with the same number
of carbon atoms but differing by some number of H
atoms are grouped together. The individual product
channel branching fractions, reaction enthalpies and

Fig. 1. (a) CmHn branching fractions wherem = 3–7 for O2
+

reaction with C7H14 vs. temperature in K. (b) CmHn branching
fractions wherem = 3–7 for O2

+ reaction with C8H16 vs. temper-
ature in K. In both plots, the open symbols have been measured
in the VT-SIFT and the solid symbols have been measured in the
HTFA. The lines are shown as a guide to the eye.

average energies available for reaction are given in
Tables 1 and 2, respectively. The non-dissociative
charge-transfer channel is highly exothermic for both
reactions and is the most abundant product in both
reactions at room temperature. However, many disso-
ciative charge-transfer channels are also exothermic
and ring-breaking products are observed at all tem-
peratures. An increasing amount of fragmentation is
observed as the temperature increases, which is con-
sistent with more energy being available for dissocia-
tion. No appreciable non-dissociative charge-transfer
product ion signal is observed at 700 K for both cyclic
reagents. The reactions occur via non-dissociative and
dissociative charge-transfer at all temperatures, and
the neutral reaction products listed inTables 1 and 2
reflect this assumption.

Figs. 2 and 3illustrate the temperature dependences
of the individual fragment channels for the O2

+ reac-
tions with C7H14 and C8H16, respectively. The SIFT
data are given by the solid symbols and the HTFA data
are given by the open symbols. The most prevalent
dissociation products are those associated with sta-
ble straight chain alkane or alkene neutral fragments,
particularly C2H4, C3H6, and C4H8. The C6 products
from C7H14 are assumed to have the cyclohexane ring
intact because these cyclic ions are the most stable and
mechanistically easiest to produce as they primarily
involve removal of the methyl substituent. For C8H16,
on the other hand, the C7 and C6 product ions could
be non-cyclic as the octagonal structure must be de-
stroyed for carbon loss to occur. The C7H13

+ observed
in the C8H16 reaction is presumably not the tertiary
carbocation structure with a cyclohexane ring de-
scribed for the C7H14 reaction. Such a process would
involve breaking the 8-membered ring structure and
reforming a 6-membered ring structure. Therefore, a
non-cyclic structure for C7H13

+ has been assumed in
order to calculate the reaction enthalpy inTable 2.

Many different isomers exist for the potential C4–C7

product ions and neutrals and all are energetically pos-
sible with both C8H16 and C7H14. Furthermore, all
of the probable structures involve hydrogen migration
and rearrangements to a certain degree, precluding a
mechanistic advantage to one species. Therefore, it is



422 A.J. Midey et al. / International Journal of Mass Spectrometry 222 (2003) 413–430

Fig. 2. (a) C7Hn branching fractions. (b) C6Hn branching fractions. (c) C5Hn branching fractions. (d) C4Hn branching fractions for the
reaction of O2

+ with C7H14 vs. temperature in K. In all plots, the open symbols have been measured in the VT-SIFT and the solid
symbols have been measured in the HTFA. The lines are shown as a guide to the eye.

difficult to assign a final structure based only on the
energetics for the O2+ reaction. Consequently, the re-
action enthalpies given inTables 1 and 2have been
calculated using the lowest energy non-cyclic species
[24,27], unless that structure would require significant
rearrangement, in particular, extended or multiple car-
bon migration.

ExaminingFigs. 1–3andTables 1 and 2shows that
the HTFA and VT-SIFT data agree well within the
noted experimental errors consistent with our previ-
ous experiments utilizing a combination of the two
instruments[11,12,14,16]. The low-resolution branch-
ing fractions at 500 K in the HTFA for C8H16 appear
to be skewed more toward the C5 products vs. the
C6 products compared to the results obtained in the

SIFT. In addition, the high-resolution branching frac-
tions show minor discrepancies for the C7H14

+ and
C6H10

+ channels with C7H14 and C6H12
+, C5H10

+

and C5H8
+ channels with C8H16. The HTFA product

fractions tend toward larger amounts of the smaller
fragment ions.

One obvious source of the minor discrepancies may
be varying reaction conditions between the two instru-
ments. For instance, in the HTFA the source region is
not isolated as it is in the VT-SIFT. In order to check
for possible systematic differences, the branching ra-
tios were measured as a function of O2 source gas flow,
nose cone sampling voltage, electron impact filament
emission current, and focusing conditions in the sam-
pling region in the HTFA. Sampling conditions and
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Fig. 3. (a) C8Hn and C7Hn branching fractions. (b) C6Hn branching fractions. (c) C5Hn branching fractions. (d) C4Hn branching fractions
for the reaction of O2+ with C7H14 vs. temperature in K. In all plots, the open symbols have been measured in the VT-SIFT and the
solid symbols have been measured in the HTFA. The lines are shown as a guide to the eye.

flow tube pressure in the VT-SIFT were also varied.
The branching fractions observed did not change sys-
tematically as a function of these conditions. Typical
variations are a few percent, which is within the ex-
pected variation of the measurements. The presence
of impurity ions in the flow tube and O+ ions from in-
complete source chemistry have also been considered,
but these ions were found to account for≤1% of the
total reactant ions present.

Previous flow tube experiments at high temperatures
have shown that ring-breaking reactions can occur
through dissociation of a long-lived charge-transfer
product ion in collisions with the helium bath gas. The
non-dissociative charge-transfer ions can persist for

long times (>1 ms) despite storing large amounts of
vibrational energy. The long-lifetimes of the nascent
product ions allow multiple collisions with the bath
gas to occur[14]. If the small discrepancies noted
above result from collisionally activated unimolecular
dissociation of the parent ion, variations in pressure
should change the branching fractions. The operating
pressures used in the HTFA are typically 1 Torr com-
pared to ca. 0.5 Torr in the VT-SIFT. Consequently,
the increased pressure of the HTFA would lead to
more dissociation. To confirm this hypothesis, pres-
sure variations over a ca. 0.3 Torr range were pro-
duced in the VT-SIFT. However, this limited variation
yielded no measurable dependence. Therefore, while
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collisionally activated unimolecular dissociation may
be responsible for the small variation in the branching
fractions between the two instruments, it could not be
confirmed based on the limited variability in the pres-
sure that could be explored.

Computationally, the reaction of O2+ with C7H14

to form C7H13
+ is used to validate the theoretical ap-

proach adopted to determine unavailable thermochem-
ical values and has a theoretically calculated reaction
enthalpy at 298 K of−132± 7 kJ mol−1 as shown in
Table 1. The calculations have been performed assum-
ing that the hydrogen atom has been removed from
the ring carbon that has the methyl group attached to
it. The resulting ion is a tertiary carbocation and is the
most stable cation. The reaction enthalpy is found to
be−138± 8 kJ mol−1 using the heat of formation for
C7H13

+ estimated by Lias et al.[27] from the proton
affinity of methylcyclohexene (C7H12). This agrees
with the theoretical value within the estimated error
of the calculation.

3.3. NO+ reactions

Hydride transfer to NO+, forming HNO, is exother-
mic at 298 K for both C7H14 and C8H16. Both re-
actions proceed at the Su-Chesnavich collision rate
within the experimental error at all temperatures
[32,33]. ExaminingTable 3, non-dissociative hydride
transfer is observed as the dominant channel for the
reaction of NO+ with C7H14. However, approxi-
mately 10% dissociation occurs at 700 K, where the
total reaction energy is highest. The most abundant
dissociative product ion from C7H14 is C4H7

+ at
700 K. In the reaction of NO+ with C8H16 at tem-
peratures of 600 K or lower, non-dissociative hydride
transfer is also the dominant channel. At 700 K, dis-
sociative hydride transfer forming C5H9

+ becomes
the dominant channel as seen inTable 4. Note that in
both reactions the dominant neutral products for the
dissociative hydride transfer are C3H6 plus HNO.

The trends in the primary product distributions with
temperature are shown inFig. 4a (C7H14) and 4b
(C8H16). The HTFA and VT-SIFT data agree very
well. The branching fractions for C8H16 show a steep

Fig. 4. (a) CmHn branching fractions wherem = 4–7 for NO+
reaction with C7H14 vs. temperature in K. (b) CmHn branching
fractions wherem = 4–7 for NO+ reaction with C8H16 vs. tem-
perature in K. In both plots, the open symbols have been measured
in the VT-SIFT and the solid symbols have been measured in the
HTFA. The lines are shown as a guide to the eye.

temperature dependence with an onset for dissociation
around 500 K. The dissociative channel is endothermic
by 23 kJ mol−1. However, the available energy is more
than sufficient to overcome the reaction endothermic-
ity, even at room temperature. For C7H14, dissociation
is more endothermic and only starts to become impor-
tant when the energy available for reaction approaches
the endothermicity.

3.4. H3O+ reactions

The reactions of H3O+ with C7H14 and C8H16

are intriguing. The rate constants are less than the
Su-Chesnavich collision rate[32,33], despite the fact
that the reactions are exothermic. The reaction en-
thalpies for C7H15

+ and C8H17
+ formation shown
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in Tables 5 and 6have been determined assuming
a linear structure based on the results of theoretical
calculations showing that the minimum energy struc-
tures for both protonated cycloalkanes do not favor a
cyclic structure with a proton attached. For non-cyclic
C7H15

+, a tertiary carbocation can easily be formed
which is the lowest energy non-cyclic structure not
requiring carbon migration[27]. For the reaction with
C8H16, the estimated heat of formation of Arnold
et al. [9] for a linear C8H17

+ secondary carbocation
formed via proton transfer from H3O+ to n-octane
(C8H18) is used. The validity of a linear structure
assumption will be examined inSection 4.

Fig. 5a and bshow the branching fractions as a
function of temperature for C7H14 and C8H16, respec-
tively. For C7H14, a small amount of an association
product is observed at room temperature (1%) and
non-dissociative proton transfer is observed at all
temperatures. The main product channel observed at
all temperatures with C7H14 is proton transfer fol-
lowed by H2 elimination, giving C7H13

+. Assuming
the same tertiary carbocation structure forms as in
the O2

+ and NO+ reactions with C7H14, the the-
oretically computed reaction enthalpy at 298 K is
−28 kJ mol−1. This value compares well with the
value of−23 kJ mol−1 obtained using the Lias et al.
[27] enthalpy of formation for C7H13

+ discussed pre-
viously. Another appreciable channel (6–10%) at all
temperatures is C6H11

+. This ion most likely results
from proton transfer followed by CH4 loss that leaves
the cyclohexane ring intact. At high temperatures, the
second most abundant channel is C4H9

+, which is
proton transfer followed by C3H6 elimination. The
tertiary butyl ion is the most stable C4H9

+ isomeric
structure and mechanistically easiest if this fragment
comes from the methyl substituted end of the ring.
Spanel et al.[4] have found that 95% of the products
observed with C7H14 at 298 K result in C7H13

+ with
an H2 fragment, with the rest of the products being
C7H15

+. Their branching fractions are in general
agreement with the current results that show almost
90% C7H13

+.
For H3O+ reacting with C8H16, non-dissociative

proton transfer is the main product at room temper-

Fig. 5. (a) CmHn branching fractions wherem = 4–7 for H3O+ re-
action with C7H14 vs. temperature in K measured in the VT-SIFT.
(b) CmHn branching fractions wherem = 4–7 for H3O+ reaction
with C8H16 vs. temperature in K measured in the VT-SIFT. The
lines are shown as a guide to the eye.

ature, but the branching fraction for this channel de-
creases to an immeasurably small amount by 500 K.
Almost one-third of the room temperature products are
due to association. The association products are not
observed at higher temperature and may thermally dis-
sociate back into the initial reactants at temperatures
above 298 K. The fragmentation channels that elim-
inate H2 and C3H6 are also important and increase
in abundance with increased temperature. The C4H9

+

and C5H11
+ ions are the major products at higher tem-

perature and may be formed with either a secondary
or tertiary structure, the latter of which would be the
most stable.
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The rate constants display a negative temperature
dependence. The negative temperature dependence is
indicative of a reaction mechanism involving complex
formation and is consistent with the observation of a
stable association product at 298 K for both cycloalka-
nes. Spanel et al.[4] have measured the rate constant
for the H3O+ reaction with C7H14 in a SIFT at 298 K
to be 7× 10−10 cm3 s−1 [4], which agrees well with
the value of 8× 10−10 cm3 s−1 measured here. The
temperature dependence for the C7H14 and C8H16 re-
action rate constants areT−1.34 andT−1.6, respectively.

The branching fractions observed with H3O+ are
consistent with the energetics of the reaction in
Tables 5 and 6, where the predominant channels are
either exothermic or there is sufficient energy to over-
come the reaction endothermicity at the temperatures
studied. As with the O2+ and NO+ reactions, the ionic
products favored have a corresponding closed-shell
aliphatic or olefinic neutral fragment.

4. Discussion

The ion chemistry of cycloalkanes investigated in
this study appears quite complicated given the num-
ber and variety of reaction products observed, namely
the dissociative channels. This statement holds for all
three fundamental classes of ion–molecule reactions
studied, namely charge transfer, hydride transfer, and
proton transfer. However, examination ofFigs. 2–5
andTables 1–8, leads to the discovery of several com-
monalties. For example, each reaction system has one
major product ion that corresponds to a channel where
the loss of C3H6 is energetically feasible. Furthermore,
several similarities exist between the current results
and the chemistry of O2+, NO+, and H3O+ ions re-
acting withn-alkanes[7–9,34], although the products
and trends presently observed in the reactions of these
ions with C7H14 and C8H16 are generally more di-
verse. The similarities and differences are discussed
in the following section.

Under the current experimental conditions, the
main charge-, hydride-, and proton-transfer heptyl and
octyl product ions may undergo collisionally activated

Table 7
Calculated energies at 0 K and enthalpies at 298 K for C7H14 using
G2(MP2) in atomic units (a.u.)

Energy (0 K) Enthalpy (298 K)

Ion
NO+ −129.396355 −129.393050
O2

+ −149.695627 −149.692322
H3O+ −76.588538 −76.584753
C7H13

+ −273.679869 −273.671198

Neutral
HNO −130.311739 −130.307956
O2 −150.142065 −150.138759
H2O −76.330010 −76.326230
C7H14 −274.573353 −274.564998
H2 −1.166358 −1.163053
H −0.500000 −0.497639

C7H13
+ ion has an H atom missing from the ring carbon with the

methyl group attached.

unimolecular decomposition at higher temperatures.
Meot-Ner and Field[35] have observed that several
thermalized C7–C10 carbonium ions undergo colli-
sionally activated unimolecular decomposition with
rates in the 0.9–20× 103 s−1 range. Those experi-
ments have been performed between 480 and 600 K
with third-body pressures from 0.5 to 3.0 Torr. In this
pressure range, the rate constants are in the “fall-off”
region of unimolecular kinetics. Another relevant
observation of Meot-Ner and Field[35] is that all

Table 8
Calculated energies at 0 K and enthalpies at 298 K for C8H16 using
DFT at the B3LYP/6-311++G(3df, 2p) level in atomic units (a.u.)

Energy (0 K) Enthalpy (298 K)

Ion
NO+ −129.578171 −129.574866
O2

+ −149.913271 −149.909966
H3O+ −76.700379 −76.696596
C8H15

+ −313.482824 −313.474669

Neutral
HNO −130.510113 −130.50633
O2 −150.37574 −150.372433
H2O −76.442005 −76.43917
C8H16 −314.364894 −314.355726
H2 −1.169941 −1.166636
H −0.502257 −0.499897

C8H15
+ ion has an intact C8H16 ring structure with an H atom

missing.
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possible decompositions lead to an ionic product
which is C4H9

+ or larger, i.e., ions capable of forming
a tertiary carbocation, and a neutral olefin of C3H6 or
larger. These results suggest that the decomposition
of these ions are observable under our experimental
conditions, and our experimental product distributions
are consistent with this work.

In a previous study conducted in this laboratory,
C8H17

+ ions produced in reactions with H3O+ and
NO+ with isooctane andn-octane appear to thermally
dissociate in the VT-SIFT over the 300–500 K tem-
perature range. This hypothesis has previously been
tested by creating C8H17

+ ions from either isooctane
orn-octane in the ion source, selectively injecting them
into the flow tube and then monitoring the ion distribu-
tion as a function of temperature. At 300 K, all of the
ion signal results from C8H17

+, but by 450 K, 80% of
these ions had decomposed to C4H9

+ and C5H11
+ [8].

Dissociation of C8H17
+ ions has also been observed

previously by Matsuoka and Ikezoe[36], and Lias
et al. [37] have also reported observing dissociation
of hydride transfer product ions for reactions of NO+

with alkanes containing more than five carbon atoms.
Previous studies have shown that the rate constant

for NO+ reacting with alkanes is greatly enhanced as
the number of carbon atoms and the amount of chain
branching are increased[8,9]. Therefore, the fact that
both C7H14 and C8H16 react with NO+ at the colli-
sion rate is expected as the initial reactant has a cyclic
structure. In the present study, little fragmentation is
involved in the NO+ reaction with C7H14 as the only
exothermic channel is hydride transfer to form HNO
and C7H13

+, a tertiary carbocation with the cyclohex-
ane ring intact. Dissociation is subsequently observed
only at the highest temperatures studied due to the
stability of the tertiary C7H13

+ ion. The dissociation
pattern observed is consistent with the Meot-Ner and
Field results for collisionally activated unimolecular
decomposition of heptyl ions, i.e., both experiments
produced C3H6 and a C4 carbocation[35]. The most
stable structure for the C4H7

+ ion is a secondary car-
bocation of the form CH3CHCH==CH2

+.
Likewise, the theoretical calculations performed

regarding the structure of the C8H15
+ ion produced

in the reaction of NO+ with C8H16 indicate that the
C8H16 ring remains intact producing a secondary car-
bocation. Interestingly, C5H9

+ becomes the dominant
ionic fragment at 700 K and this channel involves
the production of a C3H6 neutral fragment. Both sec-
ondary and tertiary cationic isomers exist for C5H9

+

that are energetically similar[27]. However, the sec-
ondary structure is mechanistically easiest to produce.
Again, this result is entirely consistent with a mech-
anism involving collisionally activated unimolecular
decomposition of the C8H15

+ ion. The decomposi-
tion of C8H15

+ created from C8H16 occurs at lower
temperatures than C7H13

+ created from C7H14, most
likely due to the fact that the former ion has a sec-
ondary carbocation structure while the latter ion has
a tertiary carbocation structure and is more stable.

The O2
+ reactions with both C7H14 and C8H16

show extensive fragmentation at all temperatures,
as both reactions are associated with several very
exothermic dissociative product channels. The charge-
transfer products are the most abundant at 298 K and
are likely formed with a large amount of internal
energy due to the large exothermicity. The exother-
micity along with the large amount of internal energy
available as temperature increases leads to the large
amounts of fragmentation observed.

It is interesting to compare the C8H16 reaction with
O2

+ to that of O2
+ with n-octane (C8H18) measured

previously in the VT-SIFT[8]. In both reactions, the
variation in the type of fragments observed is not very
selective, C6Hn

+, C5Hn
+ and C4Hn

+ ions comprise
90% of the dissociation products. Previous experi-
ments have shown thatn-C8H18

+ andn-C8H17
+ ions

undergo collisionally activated unimolecular decom-
position over the temperature range of 400–500 K
[8,9,36], which is also likely to be occurring here.
The reactions are sufficiently exothermic that ring
breaking may occur directly. The lack of a strong
pressure dependence on the fragmentation branch-
ing ratios as discussed in the experimental section
would suggest that collisionally activated unimolec-
ular decomposition may not be the primary factor
governing the branching fractions in the reactions
with O2

+.
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The C6H11
+ ion accounts for a substantial fraction

of the products formed in the reaction of O2
+ with

C7H14. The most stable isomeric form of the C6H11
+

ion is an ionized methylcyclopentyl ion with a ter-
tiary carbocation structure[27]. However, the simplest
mechanism involves CH3 loss to leave a cyclohexyl
cation. In either case, this ion appears to be stable over
the temperature range studied. The other major frag-
ment ions observed are C5Hm

+ and C4Hm
+ where the

C5 carbocations are slightly favored. The C4–C6 frag-
ment ions likely result from the decomposition of the
non-dissociative charge-transfer product ion C7H14

+

with increasing temperature, but it is unclear from the
present experimental data if the decomposition is truly
unimolecular or collisionally activated.

The O2
+ reaction with C8H16 is similar to C7H14 in

many regards, i.e., the non-dissociative charge-transfer
product is observed at 298 K, but C6Hm

+, C5Hm
+ and

C4Hm
+ fragments are the predominant products. The

major distinction is that these reactions are generally
more exothermic, and hence, more energy is available
for dissociation, consistent with the numerous frag-
mentation channels observed. Again, it is unclear from
the present experimental data alone if the decomposi-
tion is truly unimolecular or collisionally activated.

The proton-transfer reaction involving H3O+ and
C8H16 proceeds at approximately 1/5 of the collision
rate at 298 K. The rate constants decrease moderately
at 400 K, then level off at 500 K. The proton-transfer
product formed in this reaction is the C8H17

+ ion,
which is non-cyclic based on DFT calculations.
Adding a proton to a carbon on the C8H16 ring
causes the adjacent C–C bond to break in C8H17

+,
whereby the bond distance increases to over 7 Å, in-
dicative of a very weak van der Waals interaction. The
proton-transfer reaction is−63 kJ mol−1 exothermic,
assuming that a linear secondary C8H17

+ carbocation
forms with the heat of formation estimated by Arnold
et al. [9]. Interestingly, the decomposition products
currently observed at 400 and 500 K are essentially
the same as those observed in the H3O+ and NO+

reactions with n-octane reported previously[8,9],
suggesting the C8H17

+ ion subsequently produced
in the current experiments has a similar structure as

the C8H17
+ produced in the earlier work and is also

undergoing collisionally activated unimolecular de-
composition[8,9,36]. Also, the rate constants for the
reaction of H3O+ with C8H16 show similar trends
with temperature as H3O+ with n-octane (C8H18),
where a significant association product is observed
at 298 K that disappears at 400 K and above. Note
that in contrast to the case of the O2

+ reactions with
these cycloalkanes, the dissociation product channels
in the H3O+ reaction are only slightly exothermic for
the formation of the tertiary structures and slightly
endothermic for the formation of the secondary
structures of the C5H11

+ and C4H9
+ fragment ions.

Therefore, collisionally activated unimolecular de-
composition is the most likely candidate under these
conditions.

The proton-transfer reaction involving H3O+ and
C7H14 proceeds at approximately 1/3 of the collision
rate and exhibits a negative temperature dependence,
which is usually associated with a reaction mechanism
involving complex formation. This trend is consistent
with the small amount of association product observed
at 298 K. The fragment channels observed appear to
reflect a competition between ring breaking and hydro-
gen elimination. Theoretical computations involving
placing a proton on various carbon atoms on C7H14

result in an energy optimized C7H13
+ tertiary carbo-

cation structure with a weakly associated hydrogen
molecule, i.e., the calculations show that protonated
methylcyclohexane (C7H15

+) readily eliminates H2.
The C7H13

+ ion maintains the original C7H14 struc-
ture with an H− removed from the ring carbon with
the methyl group attached to it, leaving the cyclohex-
ane ring intact.

No stable cyclic structure could be found corre-
sponding to C7H15

+ so it is assumed that this product
is either a linear or branched non-cyclic alkyl structure
with an associated secondary or tertiary carbocation,
respectively. The more stable tertiary form has been
assumed in the reaction enthalpy calculated inTable 5.
The C6H11

+ ion accounts for a small fraction of the
products formed and its most likely formed by remov-
ing a CH3 and producing a cyclohexyl cation and CH4.
As the temperature increases, the relative branching
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tends toward the C4–C6 fragments, again indicative
of collisionally activated unimolecular decomposition
of the larger C7Hm

+ ions. Collisionally activated uni-
molecular decomposition is the most likely dissocia-
tion mechanism given the energetics listed inTable 5.

Most exothermic proton-transfer reactions occur at
the collision rate. Nevertheless, the two proton-transfer
reactions reported here do not. This probably is a result
of the rearrangement involved in forming H+C7H14

and H+C8H16 from C7H14 and C8H16. In the former
reaction, proton transfer either leads to ring breaking
(minor channel) or H2 elimination with the ring intact
(major channel). In the latter, the calculations show
that the ring breaks. These rearrangements can lead to
either energy or entropy barriers.

5. Conclusions

The ion chemistry of cycloalkanes has been inves-
tigated as a function of temperature for three fun-
damental classes of ion–molecule reactions: charge
transfer, hydride transfer, and proton transfer. The rate
constants and branching fractions for the reactions of
O2

+, NO+ and H3O+ with C7H14 and C8H16 have
been studied as a function of temperature utilizing an
HTFA and VT-SIFT up to 700 K. O2+ reacts via direct
dissociative charge transfer to generate a wide range of
hydrocarbon ions and neutrals with both cycloalkanes.
NO+, on the other hand, undergoes non-dissociative
hydride transfer up to around 500 K, where increasing
amounts of dissociation products arise from 500 to
700 K. All of the reactions of the two diatomic ions
with the cycloalkanes occur at the capture collision
rate. However, H3O+ reacts at much less than the col-
lision rate through dissociative proton transfer from
298 to 500 K, even though there are exothermic chan-
nels. The proton-transfer reactions involve significant
rearrangement based on comparisons with previous
work and new theoretical results. The involvement of
a ring-breaking mechanism is the likely reason that
exothermic proton-transfer reactions do not proceed at
the collision rate. Future modifications to our HTFA
will allow more facile examinations of the possible

isomeric forms of product ions using the selective re-
activity of certain structural forms as a probe[38–40].

The fact that all of the reactions result in frag-
mentation at high temperatures has implications for
ion-assisted combustion processes. Humid air plasmas
interacting with a mixture of linear and cyclic alkanes
generate product ions of the type that have been shown
to participate in ionic chain reactions in combustion
models including ion chemistry[17]. In addition, the
reaction rate constants for the cycloalkanes studied
here are in the range of the theoretically maximum
rate constants for ion-dipole and ion-induced dipole
capture collisions. Consequently, these reactions also
provide a rapid way to initiate and maintain combus-
tion processes.
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