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Absolute cross sections for electron ionization of methylcyclohexane (MCH, C;Hy4) are measured as a
function of the electron energy in a range of 10-200eV. The electron ionization of MCH produces the
parent ion C;Hy4** and fragment ions CgHy1* and C4H* as the predominant product ions at most of the
electron energies studied. Reactions between selected hydrocarbon ions with the neutral MCH molecule,

mainly via hydride transfer, charge transfer and H,~ transfer mechanisms, are studied. Absolute rate
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constants are reported, and the correlations between the reactivities and the thermochemical data of the
reactions are discussed. The Binary-Encounter-Bethe method is applied to MCH to provide a theoretical
comparison to the sum of the measured ionization cross sections.

© 2010 Published by Elsevier B.V.

1. Introduction

Cycloalkanes are a significant component of many complex
fuels. As examples, Jet-A fuel is composed of cycloalkanes up to
20% [1], and the JP-8 fuels are composed of mainly monocyclic and
bicyclic alkanes [2]. Methylcyclohexane (MCH, C7Hq4) is one of the
simpler cycloalkanes and has been chosen as the representative
cycloalkane in surrogate mixtures for practical fuels [1,3-7]. Pyrol-
ysis and oxidation of MCH in the vapor phase have been studied
for the purpose of understanding the characteristics of the ignition
and combustion of MCH [7-12]. The ion-molecule reactions involv-
ing MCH have been investigated in relation to the role played by
ions in enhancing the combustion of hydrocarbon fuels [13], as the
ion-molecule chemistry may be particularly advantageous to issues
involving ignition and flame propagation [14]. In the investigation
made by Midey et al. [13] the reactions of O,*, NO* and H30* with
MCH were studied and found to be via the mechanisms of charge
transfer, hydride transfer and proton transfer, respectively. It was
found that the charge transfer and hydride transfer proceed at colli-
sionrates, while the proton transfer proceeds at a slower rate due to
the involvement of significant rearrangement [13]. Other research
groups have also studied the proton transfer reactions of MCH with
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H30" and other ions including H3* and N,H* [15,16]. In addition,
the thermochemistry and kinetics of charge transfer between MCH
and hydrocarbon ions have been measured [17].

In this paper the electron ionization cross sections of MCH,
measured and calculated, will be presented. In the theoretical cal-
culation, Binary-Encounter-Bethe (BEB) model [18,19] is used, with
its input quantities obtained from ab initio calculations. Fourier-
transform mass spectrometry (FTMS) is used in experiments to
measure the total and partial ionization cross sections of MCH. The
kinetics of the reactions of MCH with selected hydrocarbon cations
formed by electron ionization of MCH is studied using FTMS, and
the reaction mechanisms will be discussed.

2. Experimental [20]

In the ionization cross-section measurements, C;Hi4 (99+%,
Aldrich) was mixed with Ar (99.999%, Matheson) in a pressure
ratio of about 1:1 to a total pressure of ~20 Torr (~3 kPa), as deter-
mined by capacitance manometry. The mixture was then admitted
through a precision leak valve (Varian variable leak valve) into a
modified Extrel FTMS system, with hardware and methods that
have been described in detail elsewhere [21-25]. lons were formed
by electron impact in a cubic ion cyclotron resonance trap cell (5 cm
on a side) at pressures in the 10~7 Torr (10> Pa) range. An electron
gun (Kimball Physics ELG2, Wilton, NH) irradiated the cell with a
few hundred picocoulombs of electrons at a selected energy with
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a spectral width of £0.6 eV within the energy range of 10-200eV.
The motions of the product ions were constrained radially by the
superconducting magnetic field (~2 Tesla) and axially by an elec-
trostatic potential (trapping potential) applied to the trap faces
that were perpendicular to the magnetic field. Ions of all mass-to-
charge ratios, in a range of 10-500 amu (note: H* is therefore not
detectable in our experiments), were simultaneously and coher-
ently excited into cyclotron orbits using Stored Waveform Inverse
Fourier Transform (SWIFT) [26-28] applied to two opposing trap
faces which were parallel to the magnetic field. Following cyclotron
excitation, the image currents induced on the two remaining faces
of the trap were amplified, digitized and Fourier analyzed to yield
a mass spectrum. In this study, the intensity ratios of the ions from
C7H14 to Ar* gave cross sections relative to those for electron ion-
ization of Ar [29], since the pressure ratio of C;Hq4 to Ar was known.

To study the subsequent reactions betweens ions and the parent
molecule, a mixture of Arand C;Hq4 or C;D14 (99 atom%, Aldrich, for
the isotopic reaction study) with a pressure ratio of ~20:1 was used.
The ion to be studied was selected by using SWIFT to eject other
ions out of the trapping cell, followed by a cooling period in which
the ion underwent multiple collisions with Ar at a total pressure of
~1 x 107> Torr (~1 mPa) for various times, typically 500 ms. SWIFT
was used again to select the ion to be studied from others that were
formed during the cooling period, followed by a programmed reac-
tion time selectable typically from 0 to 4000 ms. The pressure of Ar
and the length of the cooling period were adjusted so that at the
end of the cooling period there were still sufficient reactant ions
to study and their reaction showed a single exponential decay to
the end of the reaction time at which only a few percent of the
reactant ions were left over. With the high Ar partial pressure, Ar*
was overpopulated during electron ionization, resulting in a signif-
icant space charge effect. To eliminate this effect, an rf waveform
with the appropriate single-frequency for Ar* cyclotron resonance
was applied during the electron beam event to continuously and
selectively eject Ar* out of the trapping cell.

3. Computational details [20]

The Binary-Encounter-Bethe (BEB) model [18,19] has been
shown to produce reliable total ionization cross-sections for a wide
variety of molecules [30,31]. However, the model makes no predic-
tions about ion fragmentation, that is, about partial cross-sections.
An empirical study of ethylene suggests a correlation between
orbital contributions and ion fragmentation [32], but this cannot
yet be generalized or used predictively.

Input quantities for the BEB model (molecular orbital bind-
ing energies and kinetic energies) were obtained from ab initio
calculations. Geometries were optimized using the hybrid B3LYP
density functional [33,34], along with 6-31G(d) basis sets. All har-
monic vibrational frequencies were real-valued. Orbital kinetic
and binding energies were obtained from Hartree-Fock wavefunc-
tions obtained with 6-311G(d,p) basis sets. Contingent upon pole
strength (atleast 0.8), valence orbital binding energies were refined
using the outer-valence Green’s function (OVGF) method [35,36] in
conjunction with 6-311+G(d,p) basis sets. The binding energy for
the highest occupied orbital, that is, the vertical ionization energy
(IEy) of the molecule, was obtained from frozen-core coupled-
cluster computations [CCSD(T)] [37] with cc-pVTZ basis sets [38].
Several measurements of the adiabatic ionization energy have
been reported (in eV): 9.8540.03 [39],9.76 £ 0.03 [40], 9.69 & 0.05
[41], 9.6440.05 [42], and 9.62 £ 0.05 [43]. For comparison with
these experimental values, the present CCSD(T)/cc-pVTZ//B3LYP/6-
31G(d) method yields an adiabatic value IE; =9.65eV (including
vibrational zero-point energy scaled by 0.9757) [44]. However, no
experimental value is available for IE,, the necessary quantity in
the BEB calculations.

Table 1
Orbital binding energies (B) and kinetic energies (U) for methylcyclohexane in its
equatorial-chair conformation. All values in eV.

Orbital B (eV) U(eV)
1a 305.35% 436.06
2a 305.19% 435.90
1a” 305.182 436.00
3a’ 305.162 436.15
2a" 305.143 436.08
4a 305.142 436.12
5a’ 305.032 436.03
6a’ 30.342 33.67
7a 23.73 35.62
3a” 23.06" 36.22
8a’ 21.83¢ 36.05
4a" 19.87¢ 35.16
9a’ 19.22¢ 35.43
102’ 18.23¢ 28.68
11a 15.77¢ 24.67
12a 15.02¢ 25.50
132 14.78¢ 28.10
5a" 14.79¢ 25.68
6a” 14.00¢ 27.79
14 13.24¢ 28.11
73" 12.86¢ 30.51
152’ 12.55¢ 32.13
8a” 12.01¢ 34.05
9a” 11.85¢ 30.59
16a’ 11.59¢ 30.62
17a 11.09¢ 29.18
18a’ 10.45°¢ 37.51
10a” 10.514 35.94

2 Koopmans.

b OVGF second-order pole.
¢ OVGEF third-order pole.

4 CCSD(T).

The threshold for double ionization (IE;) was estimated by
adding IE, of the neutral molecule to the energy for ionizing the
resulting cation, still held at the geometry of the neutral precur-
sor (IEy; ). The value of IE,, was obtained from OVGF/6-311+G(d,p)
calculations, considering both singlet and triplet dications. Dou-
ble ionization is presumed to occur whenever possible by a purely
Auger mechanism, and the corresponding contribution to the cross-
section is doubled because the dications are presumed to fragment
into two singly-charged cations. Triple and higher ionizations are
minor and are not considered. All computations were made using
the Gaussian03 program [45].

The most stable conformation of methylcyclohexane is the chair
(point group C;) with the methyl group in an equatorial position.
The axial-chair conformation has a Gibbs energy higher by only
7.5 k]/mol at 298 K [46], 8.0 kJ/mol when computed using the com-
posite G3(MP2) model [47]] so will make a small contribution (~5%)
to the experimental measurement. However, our computed ioniza-
tion cross-section is only about 1% larger for the axial conformer
than for the equatorial, an insignificant difference. The equatorial-
boat conformation lies at 24.6 kJ/mol [from G3(MP2) calculation]
and is not significantly populated. Thus, we report molecular data
(Table 1) only for the dominant, equatorial-chair conformation.

4. Results and discussion
4.1. Electron ionization

Table 2 lists the total cross section and partial cross sections
for major channels of the dissociative ionization of MCH in an
electron energy range of 10-200eV. The major channels include
the formation of cations of composition C;H3_5, C3Hs 57, C4Hs_g,
CsH7-10, CeHi0-12 and C7Hj3 14, which have cross sections greater
than 10-17 cm?2 at 70 eV. Minor ions such as CHz* are observed but
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Table 2
Total and partial cross sections for major channels of electron ionization of MCH as functions of electron energy, in unit of 106 cm2. Combined with the uncertainty in the
reference cross-section of Ar for calibration, the estimated uncertainty is £18%.

Energy CoH3™* CoHyte CoHs* C3H3" C3Hs* C3Hg* C3H7* C4Hs5* C4Hg*e C4H7* C4Hg**
10
11 <1073 0.001
12 <103 0.001 <103 0.002 0.004
13 0.001 <103 0.001 0.003 0.002 0.001 <1073 0.001 0.010 0.012
14 0.001 0.001 0.001 0.002 0.003 0.005 0.001 0.001 0.003 0.033 0.025
15 0.001 0.001 0.001 0.003 0.007 0.012 0.002 0.001 0.005 0.072 0.043
16 0.002 0.001 0.002 0.003 0.016 0.024 0.004 0.001 0.007 0.13 0.064
17 0.004 0.002 0.004 0.005 0.030 0.041 0.007 0.002 0.010 0.21 0.092
18 0.006 0.003 0.006 0.006 0.056 0.067 0.013 0.002 0.014 0.33 0.13
19 0.009 0.005 0.010 0.009 0.11 0.11 0.020 0.004 0.022 0.54 0.20
20 0.013 0.007 0.016 0.011 0.16 0.16 0.030 0.006 0.030 0.75 0.26
21 0.015 0.009 0.026 0.013 0.23 0.22 0.041 0.010 0.038 0.97 0.32
22 0.018 0.011 0.038 0.019 0.31 0.27 0.052 0.015 0.047 1.2 0.37
23 0.021 0.013 0.053 0.027 0.39 0.32 0.062 0.022 0.058 14 0.42
24 0.023 0.015 0.073 0.041 0.48 0.36 0.074 0.031 0.070 1.5 0.46
25 0.027 0.017 0.095 0.059 0.57 0.41 0.086 0.041 0.081 1.8 0.51
26 0.031 0.021 0.12 0.084 0.66 0.45 0.095 0.053 0.092 1.9 0.54
27 0.039 0.026 0.14 0.12 0.74 0.48 0.10 0.067 0.10 2.0 0.55
28 0.054 0.026 0.17 0.15 0.82 0.50 0.11 0.081 0.12 21 0.58
29 0.067 0.030 0.19 0.19 0.87 0.52 0.12 0.095 0.13 23 0.60
30 0.084 0.035 0.21 0.23 0.93 0.54 0.12 0.11 0.13 23 0.59
32 0.13 0.051 0.27 0.32 1.1 0.59 0.13 0.13 0.15 24 0.62
34 0.16 0.063 0.30 0.40 1.2 0.62 0.13 0.15 0.16 2.5 0.65
36 0.201 0.075 0.33 0.48 13 0.66 0.14 0.17 0.17 2.6 0.67
38 0.25 0.089 0.36 0.55 1.3 0.69 0.16 0.19 0.17 2.7 0.69
40 0.27 0.10 0.39 0.62 1.4 0.72 0.16 0.20 0.18 2.8 0.71
42 0.31 0.11 0.39 0.69 1.5 0.74 0.17 0.21 0.18 2.8 0.70
44 0.34 0.12 0.41 0.74 1.5 0.74 0.17 0.22 0.18 2.9 0.71
46 0.37 0.13 0.41 0.79 1.5 0.75 0.17 0.23 0.18 2.9 0.71
48 0.39 0.14 0.42 0.83 1.5 0.76 0.17 0.24 0.18 2.9 0.72
50 0.41 0.15 0.43 0.87 1.5 0.79 0.17 0.24 0.19 2.9 0.72
55 0.45 0.15 0.45 0.96 1.6 0.80 0.16 0.24 0.18 3.0 0.74
60 0.48 0.17 0.46 1.0 1.6 0.82 0.17 0.25 0.18 3.0 0.75
65 0.51 0.18 0.46 1.1 1.6 0.82 0.17 0.25 0.18 3.0 0.75
70 0.52 0.18 0.45 1.0 1.6 0.81 0.17 0.25 0.18 3.0 0.75
75 0.54 0.18 0.45 1.1 1.6 0.81 0.16 0.24 0.18 3.0 0.75
80 0.54 0.18 0.44 1.1 1.6 0.80 0.17 0.24 0.17 3.0 0.74
90 0.53 0.19 0.45 1.1 1.6 0.81 0.16 0.23 0.17 2.9 0.72
100 0.53 0.18 0.44 1.0 1.6 0.79 0.16 0.23 0.17 2.8 0.71
110 0.52 0.18 0.43 1.0 1.6 0.78 0.16 0.22 0.16 2.8 0.70
120 0.50 0.18 0.42 1.0 1.5 0.76 0.15 0.22 0.16 2.8 0.69
130 0.48 0.16 0.40 0.97 1.5 0.75 0.17 0.20 0.15 2.7 0.68
140 0.49 0.16 0.40 0.95 1.4 0.75 0.17 0.20 0.15 2.7 0.67
150 0.48 0.15 0.40 0.92 14 0.74 0.16 0.20 0.15 2.7 0.67
160 0.46 0.15 0.39 0.89 14 0.73 0.14 0.19 0.15 2.6 0.66
170 0.43 0.13 0.35 0.86 1.3 0.68 0.12 0.20 0.15 2.6 0.63
180 0.42 0.13 0.35 0.86 1.3 0.68 0.12 0.19 0.15 2.5 0.63
190 0.41 0.13 0.34 0.83 13 0.66 0.12 0.19 0.14 2.5 0.62
200 0.40 0.12 0.33 0.82 1.3 0.65 0.12 0.18 0.14 24 0.61
Energy C4Ho* CsHy* CsHg** CsHg* CsHio* CeHio** CgHi1* CgHip*e C7Hq3* C7Hqs*e Total
10 <103 <103 0.006 0.007
11 0.001 0.003 0.005 0.008 0.001 0.037 0.055
12 0.001 0.001 0.003 0.002 0.010 0.018 0.044 0.003 0.001 0.084 0.18
13 0.003 0.002 0.008 0.009 0.025 0.038 0.11 0.007 0.003 0.14 0.39
14 0.006 0.006 0.015 0.020 0.043 0.059 0.19 0.012 0.006 0.21 0.65
15 0.009 0.010 0.023 0.035 0.065 0.084 0.29 0.017 0.011 0.28 0.98
16 0.013 0.015 0.032 0.052 0.088 0.10 0.39 0.023 0.016 0.35 1.3
17 0.018 0.023 0.043 0.075 0.12 0.13 0.52 0.031 0.023 0.45 19
18 0.025 0.034 0.058 0.11 0.16 0.17 0.68 0.042 0.033 0.59 2.6
19 0.036 0.053 0.083 0.16 0.22 0.25 0.97 0.063 0.050 0.81 3.8
20 0.047 0.072 0.11 0.21 0.29 0.31 1.2 0.080 0.066 1.0 4.9
21 0.055 0.091 0.13 0.25 0.34 0.36 1.4 0.093 0.081 1.2 5.9
22 0.064 0.11 0.14 0.29 0.38 0.40 1.6 0.11 0.098 1.3 6.9
23 0.071 0.13 0.16 0.32 0.42 0.45 1.8 0.12 0.11 14 7.9
24 0.077 0.15 0.17 0.35 0.45 0.48 19 0.13 0.13 1.5 8.7
25 0.084 0.17 0.19 0.39 0.49 0.51 2.0 0.13 0.14 1.6 9.5
26 0.090 0.18 0.20 0.41 0.51 0.53 21 0.14 0.16 1.7 103
27 0.092 0.20 0.21 0.42 0.52 0.53 2.2 0.14 0.16 1.7 10.8
28 0.094 0.21 0.21 0.43 0.53 0.55 23 0.14 0.17 1.8 11.3
29 0.10 0.22 0.22 0.45 0.55 0.55 23 0.14 0.19 19 11.9

30 0.10 0.23 0.22 0.45 0.55 0.56 23 0.15 0.19 1.9 121
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Table 2
(Continued)

Energy C4Hg* CsH7* CsHg* CsHo"* CsHio* CeHio* CeHip* CgHip*e C7Hy3* C7Hyg*e Total
32 0.11 0.25 0.23 0.46 0.56 0.57 24 0.16 0.22 1.9 131
34 0.11 0.27 0.24 0.49 0.59 0.58 2.5 0.16 0.24 2.0 13.7
36 0.11 0.28 0.24 0.50 0.60 0.59 2.5 0.17 0.25 2.0 144
38 0.11 0.29 0.25 0.51 0.61 0.60 2.6 0.17 0.27 2.0 15.0
40 0.12 0.30 0.25 0.52 0.62 0.62 2.6 0.17 0.29 21 15.5
42 0.12 0.30 0.26 0.53 0.63 0.61 2.6 0.17 0.30 21 15.9
44 0.12 0.31 0.26 0.53 0.63 0.62 2.7 0.18 0.30 21 16.2
46 0.12 0.31 0.26 0.54 0.63 0.62 2.7 0.17 0.31 2.1 16.4
48 0.12 0.31 0.26 0.54 0.64 0.61 2.7 0.18 0.32 21 16.6
50 0.12 0.31 0.26 0.56 0.65 0.63 2.7 0.18 0.33 2.2 16.9
55 0.12 0.31 0.26 0.55 0.65 0.63 2.7 0.18 0.33 2.2 17.2
60 0.12 0.33 0.27 0.56 0.66 0.63 2.7 0.17 0.34 2.2 17.5
65 0.13 0.33 0.27 0.55 0.64 0.63 2.7 0.18 0.36 2.2 17.7
70 0.13 0.32 0.27 0.54 0.64 0.62 2.7 0.16 0.36 21 17.5
75 0.12 0.30 0.25 0.55 0.63 0.62 2.6 0.16 0.34 21 17.5
80 0.12 0.30 0.25 0.54 0.63 0.61 2.6 0.18 0.34 21 174
90 0.12 0.30 0.25 0.55 0.64 0.62 2.6 0.18 0.35 21 17.4

100 0.12 0.29 0.24 0.53 0.61 0.61 2.6 0.17 0.35 2.1 17.0

110 0.12 0.30 0.25 0.52 0.61 0.60 2.5 0.17 0.35 2.0 16.9

120 0.12 0.29 0.24 0.51 0.59 0.57 24 0.16 0.33 2.0 16.4

130 0.11 0.28 0.23 0.50 0.57 0.56 24 0.16 0.32 2.0 16.1

140 0.11 0.27 0.23 0.49 0.57 0.56 24 0.16 0.32 19 15.9

150 0.11 0.27 0.23 0.49 0.57 0.55 24 0.17 0.31 19 15.7

160 0.11 0.26 0.22 0.49 0.57 0.54 23 0.16 0.30 19 154

170 0.11 0.27 0.23 0.48 0.55 0.53 23 0.14 0.29 1.8 149

180 0.11 0.26 0.22 0.47 0.54 0.52 23 0.14 0.29 1.8 14.7

190 0.11 0.26 0.22 0.46 0.54 0.52 2.2 0.14 0.29 1.8 14.4

200 0.11 0.26 0.22 0.46 0.53 0.51 2.2 0.14 0.28 1.8 143

are not shown in the table because of their very insignificant val-
ues. The total ionization cross section reaches a broad maximum of
17.7 x 10~16 cm?2 at ~65 eV. Branching ratios of some major ioniza-
tion products, derived from their cross section data, are shown in
Fig. 1, for the purpose of demonstrating the composition changes in
the ion population. The parent ion C;Hq4** is significantly present
throughout the energy range studied. Its branching ratio, however,
drops dramatically from 10 to 30eV, yielding dominance to the
fragment ion CgHq1* and then to C4H;* at elevated energies. The
most abundantions at energies below 20 eV are basically the parent
ionsand CgHy1*. Athigher energies C4H;* becomes more important

Normalized Ton Intensity

Electron Energy (¢V)

Fig. 1. Log-log plot of branching ratios of major product ions from electron ioniza-
tion of methylcyclohexane, the normalized partial cross sections of these ions over
the total ionization cross section.

and is the most abundant ion above 30eV. An examination of the
data of CgHyp** and CgH;1* shows that at 10 eV the branching ratio
of CgHqg** is greater than CgHq1™, but at higher energies the order
reverses. The crossing in the branching ratio curves of these two
ions indicates that the reactions forming these two ions are par-
allel and competing with each other. While CgH{1* results from a
simple single-bond cleavage eliminating the methyl from C;H4**,
which has a characteristic cross section with a higher onset energy
but a faster rise, CgHqp** results from bond cleavages with rear-
rangement eliminating a methane molecule from the parent ion,
which has a cross section with alower onset energy butrises slower.
These are common characteristics for competing simple cleavage
vs. rearrangement reactions [48].

The computed total ionization cross-sections are summarized
in Table 3 and are compared with the experimental data in Fig. 2.
The maximum value is 21.0 x 10-'6 cm?, at an incident electron
energy of 70 eV. This exceeds our measured value by 3 x 10~16 cm?,
or ~20%. The BEB cross-section is sensitive to the value of the
ionization threshold, but no reasonable choices can decrease the
peak cross-section so much. For example, using binding energies of
11.5eV for the three highest orbitals (17a’, 18a’, and 10a”) lowers
the peak cross-section only to 20.5 x 1016 cm? (at 75eV).

To test the computational procedure on a related molecule,
we performed analogous calculations on propane (C3Hg). We
obtain a peak BEB cross-section of 9.6 x 10-16cm? (at 70eV).
This agrees well (discrepancies of +10% and -6%, respec-
tively) with the available experimental values of 8.75 x 1016 cm?
(90eV)[49] and 10.24 x 10-'6cm? (90eV) [50]. Schram et al.
measured cross-sections for several hydrocarbons at high ener-
gies (0.6-12keV) [51]. At 600eV, our computed cross-section for
propane, 3.68 x 10-16 cm?, is 11% lower than their measured value,
4.13 x 1016 cm2. Thus, our computation for propane appears to be
reliable.

The uncertainty in the FTMS measurements is estimated to be
+14%. Combined with the uncertainty of 4+3.5% in the Ar cross
section used for calibration [29], the overall uncertainty in the mea-
sured cross sections reported in this paper is £18%. The slightly
lower values of the experimental data compared to the theoretical
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Table 3
Total ionization cross-section for methylcyclohexane, from BEB calculations. Units
are eV for incident electron energy (T) and 10-'6 cm? for cross-section (o).

T/(eV) o/(1071% cm?)
10.45 0
11 0.11
12 0.48
13 1.1
14 1.9
15 2.8
16 3.8
17 49
18 5.8
19 6.8
20 7.7
22 9.4
24 10.9
26 123
28 13.5
30 14.6
35 16.7
40 18.2
45 193
50 20.0
60 20.8
70 21.0
80 21.0
90 20.7

100 20.3

125 19.2

150 18.0

200 15.9

600 8.1

datais most likely due to the missing partial cross section for proton
formation. If we compare with the relative intensities measured by
Wang and Vidal [52] for propane at 200 eV, this feature could add
at least 6% to the total cross sections.

The formation of certain doubly-charged cations, such as C4H72*
and CgHq12* at m/z 27.5 and 41.5, respectively, has been observed.
Their branching ratios, based on the number of charges, have an
upper limit of only 0.25%, however. Other possible doubly-charged
ions are superimposed in mass spectra with their isobar ions that

Total Cross-Section (sz)

0.0 <&
_Ll' T T T I T T T T I T T T T I T T T T I

50 100 150 200
Electron Energy (eV)

Fig. 2. Comparison of the total ionization cross sections measured by FTMS exper-
iment (symbols with error bars) and calculated using BEB model (solid line). Error
bars indicate £18% uncertainty in FTMS measurements.

are singly-charged and have half of the mass, and therefore cannot
be determined. Investigation of a possible method to distinguish
the contributions of the singly- and doubly-charged ions, by using
ion-neutral reactions to “titrate” the doubly-charged ions, is under-
way.

4.2. Ion-molecule reactions

Previous studies on ion molecule reactions of MCH with inor-
ganic ions, including 0,**, NO*, H30", H3* and N,H"*, show three
types of reactions: charge transfer, hydride (H™) transfer and pro-
ton (H*) transfer [13,15,16]. In our study, we investigated the
reactions between MCH and selected hydrocarbon ions that are
major products from the electron ionization of MCH, with the
results shown in Table 4. As is discussed in detail later, the
major reactions observed include charge transfer forming C;Hq4**
and hydride transfer forming C;Hy3*, but no proton transfer. In
addition, some odd-electron reactant ions (CxHp,**) are found to
undergo H,~* transfer forming C;Hqy**. Table 4 lists the reac-
tant ions, in the order of the increasing ion masses, their possible
structural isomers, product ions and their branching ratios, the
enthalpies of reaction, and the rate constants. The enthalpies of
reaction are provided for all ions’ charge transfer and hydride trans-
fer reactions, regardless whether the reaction is actually observed,
for the purpose of discussing their reactivity in relation to their
enthalpies of reaction. In addition, for all odd-electron ions, data
for the H, ~* transfer reactions are provided as well. The enthalpies
of reaction are calculated using literature thermochemical data
or theoretically computed using G3(MP2) [47] calculations when
literature data are not available. The listed isomers may not be
exhaustive, but they represent most of the reasonable structures
of the reactant ions. In calculating the enthalpies of reaction, the
structures of the ionic and neutral products are assumed to be as
derived from the reactant structures, with minimum atom rear-
rangements if any. The relative rate constants for mostion reactions
are obtained by fitting the time-dependent ion intensities using the
reaction model of a single isomer reactant ion forming product ions
in a parallel manner. This single isomer fitting technique is found to
work well for most ions, except for reactions involving C3Hg** and
C4Hg**. A typical set of data for a single isomer reaction is shown
in Fig. 3a, from which it can be seen that the decay of the reactant
ion is single-exponential, and the ratio of product ion intensities
remains constant throughout most of the reaction time. This type
of reaction kinetics usually indicates that there is only one isomer
in the reactant ion population or, if there are more isomers, their
reactivities are similar. The reactions of C3Hg** and C4Hg** are the
exception, as is shown in Fig. 3b for the data of C4Hg** as an exam-
ple. The decay of the C4Hg** reactant ion is not single-exponential
and, more obviously, the ratio of the product ion intensities is not
constant over the reaction time. We explain this type of reaction
kinetics as due to two or more isomers in the reactant ion popula-
tion that have different reactivities, as is discussed in more detail
below. The absolute rate constants, listed in Table 4 as kexp., are the
results of the data fitting, calibrated against the decay rate of O,**
in its reaction with MCH under the same gas pressure, which has
a known reaction rate constant reported by Midey et al. [13] The
collision rate constants, k¢, are calculated using Langevin theory
with the polarizability of MCH as 13.1 x 1024 cm3 [53].

4.3. Reactions of even-electron ions

Even-electron ions (CxHpy+1%), expected to have closed-shell
electronic structures, tend to be more stable than the odd-electron
radical cations (CxHy,**). As seen in Table 4, all even-electron ions,
except C3H3*, C4H5* and CsH7* which are totally unreactive, react
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Table 4

Ion-molecule reactions of MCH with selected hydrocarbon ions formed in electron ionization of MCH. Product ions and their branching ratios (%) are listed. Measured reaction
rate constants, kexp., and calculated collision rate constants, k., are given in the unit of 10-'% cm?/s. Enthalpies of reaction (AHxn, in k]/mol) for the given possible structures
of the reactant ions are provided.

Reactant ion Possible structure Product ion branching ratio (%) AHxn? Kexp. Keoll.
C7Hia™ C7Hy3* P C7Hpp*™* ¢ CeHy* d
CyHs* 0% 100% 12 18
CH,=CH 83 -250.1
CaHgt*e 50% 45% 0% 5% 16 18
CH,=CH, —-84.1 -138.3 —-202 -77.8¢
CoHs™* 0% 100% 10 18
CH3CH, 145.7 -176.3
C3Hs* 0% 0% 0 16
CH,C=CH 93.7 -182.7
Cyclopropenyl 294.7 11.7
C3Hs* 0% 100% 4.7 16
CH,CH=CH, 145.1 -115.7
CH3C=CH, 225.0f -139.1
Cyclopropyl 140.6 —206
C3Hg™** (i) 0% 69% 31% 0% 9.1 16
CH3CH=CH, -9.1 -56 —115.5 14.58
C3Hg™ (ii) 46% 38% 0% 16% 15 16
Cyclopropane -21 -93.8 —-160.5 —23.38
C4Hs5* 0% 0% 0 14
CH;C=CCH, 162.7 -100.9
HC=CCHCHj3 160.7 -99.1
CH,=CCH=CH, 226.6° -109.3
Cyclobutenyl 255.5f —43.9f
Methylcyclopropenyl 410.9° 88.1"
C4Hg** 0% 74% 26% 4.0 14
CH,=C=CHCHj3 59 —90.7h1 —97.2h2
(E)-CH,=CHCH=CH, 54.7 —42,7M -374
CH=CCH,CH3; —-52.1 —97.8f —-199.4
CH3C=CCH3 7.1 —23.9f —132.2h2
cyclobutene 194 —43.1 -90.6
1-methylcyclopropene 75.6 —48.3f —-151.6°
3-methylcyclopropene 41.3f -83.7f —199.2f
methylenecyclopropane 36.6 —73.8f —-153
C4H7* 0% 100% 3.5 14
CH3CHCH=CH, 2173 -35.7
CH,C(CH3)=CH, 167.7 -90.2
CH3C=CHCH3 254.5f —95.5n2
CH,=CHCH,CH; 152.7 —158.7
vinyl bridging ethylene 280.9¢ —49.5f
cyclobutyl 2029 -102.9
C4Hg™** (i) 0% 100% 0% 0.83 14
CH3CH,CH=CH, 53 —43.3h3 —-102.5
(CH3),C=CH, 38.8 _18.1h4 ~60.5
C4Hg™* (ii) 0% 0% 100% 29 14
(Z)-CH3CH=CHCH3; 50.9 9.7 —49.5
(E)-CH3CH=CHCH3; 515 14.7 —44.5
C4Hg™ (iii)
Cyclobutane -26.9 -101.3 -163.5
CsH;* 0% 0% 0 13
CH,=CHCHCH=CH, 229.7 —6.6
CH,=C(CH;)CH=CH, 200.6f —108.7f
HC=CC(CHs ), 211.7 -353
CH=CCHCH,CHj3 204.5¢ —86.6°
CH3C=CCHCHj3; 250.3f —39.5f
CH,C=CCH,CH3 203.5¢ —95.5f
Cyclopentenyl 255.7 12.7
CsHg** 0% 0% 100% 0.39 13
CH,=C=CHCH,CHj3 40.4 —114.3h —108.5M6
(Z)-CH,=CHCH=CHCH; 96.8 1.7h5 7.5h6
(E)-CH,=CHCH=CHCHj5 101 10.7h> 11.507
CH,=CHCH,CH=CH, 14 —34.3f —103.4"7
CH3CH=C=CHCHj3 90.8 —70.3h8 —50.5n6
CH,=C(CH3)CH=CH, 76.8 _37.209 _7.3h10
C3H;C=CH —40.3 —81.8f —-187.4
C,H5C=CCH3 18.7 —229.3h11 —122.5M7
(CH3 ), CHC=CH -323 —288.3h12 —177.4M10
CH,=C=C(CH3), 101.3f —61.3f —80.6°
Cyclopentene 60.7 6.7h13 —35.4014
1-Methylcyclobutene 92.7f 24.8f —45.9f
3-Methylcyclobutene 51.3f —19.1f —99.6f
Methylenecyclobutane 457 1.1f —63h15
Vinylcyclopropane 90.7 45.0f —45h16
Spiropentane 36.8 —47.0 —138h17
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Table 4
(Continued)
Reactant ion Possible structure Product ion branching ratio (%) AHxn? Kexp. Ko,
C7Hig* C7Hys* P C7Hpp* € CeHy* 4

CsHo* 0% 100% 0.26 13
CH,=CHCHCH,CH3 225.7 -21.7
(E)-CH3CHCH=CHCH3 258.7 15.2h7
CH3CH=CC;Hs 264.9¢ —59.8h7
(CH3),CCH=CH, 243.7 153
(CH3),CHC=CH, 258.1° -55.7
CH3CH=C(CH3)CH, 255.1° -294
CH,=C(CH;)C,Hs 204.3f —88.3f
Cyclopentyl 2309 -69.5
1-Methylcyclobutyl 320.4f —10.9f

CsHyo* 0% 0% 100% 0.086 13
CH,=CHCH,CH,CHj; 113 —37.3h18 -95.5
(Z)-CH3CH,CH=CHCHj3 57.9 14.418 —43.8
(E)-CH3CH,CH=CHCHj3 57.9 19.4h18 —38.8
(CH3),CHCH=CH, 113 —33.2f <-96.8
C,Hs5C(CH3 )=CH; 49.1 —8.3n19 <-50.8
(CH3),C=CHCH3 92.6 41.7h19 <-08
Cyclopentane —84.7 —70.3020 —134.5h21
Methylcyclobutane 3.7 —50.8f —122.9f

CgHio** 0% 0% 100% 0.083 13
Cyclohexene 66.7 28.3 -33.7

CgHy1* 0% 100% 14 13
Cyclohexyl 273.7 —46.6

2 Enthalpies of reaction are calculated using thermochemical data from Ref. [55]. For the reactions of C4Hs* and C4Hg**, additional thermochemical data are taken from
Ref. [53] and [57].

b The product ion C;H;3* is assumed to be 1-methyl-cyclohexylium.

¢ The product ion C;Hq;** is assumed to be 1-methyl-cyclohexene radical cation.

d x=11 or 9 for the reaction of C;H,** or C3Hg**, respectively.

¢ The products are assumed to be c-CgHy;* and n-C3Hs.

f Theoretical value from G3(MP2) calculations, for T=0K.

& The product ion is assumed to be cyclohexenylium, formed by dissociative H=* transfer; if it is formed by dissociative H,~* transfer, the AHx, values will be more
endothermic (or less exothermic) by 22.5 kJ/mol for (i) and 15.3 k]/mol for (ii) (see the text).

h The neutral product is assumed to be: (1) CH;=CHCHCH3*; (2) 2-(E)-C4Hs; (3) CH3CHCH,CHs*; (4) *C(CH3)3; (5) CH;=CHCHCH,CH3s*; (6) 2-(Z)-CsHqo; (7) 2-(E)-
CsHjo; (8) (E)-CH3CHCH=CHCH3"*; (9) (CH3),CCH=CH,*; (10) (CH3 ), CHCH=CH,; (11) CH3CH=CC;H5*; (12) (CH3),CHC=CH,*; (13) cyclopentyl radical; (14) c-CsH1o; (15)
methylcyclobutane; (16) ethylcyclopropane; (17) 1,1-dimethylcyclopropane; (18) CH3CH,CH,CHCH3*; (19) (CH3),CCH,CH3®; (20) 1-CsHqq*; (21) n-CsHya.

with MCH only by hydride transfer forming C;H3™:
A" +C7Hi4 — C7Hi3™ +AH, (A*: even-electron ions) (1)

When isotope reagents are used, the isotope distribution of the
product ion is exclusively determined by the isotope content of
MCH, as shown below for the reaction of C;D3* as an example:

CD3" +CyHy4 — C7Hi3™ + CoDsH. (2)

No product ion containing a D atom is observed. This isotope distri-
bution suggests that reaction (1) is not likely to occur through the
dissociative proton transfer mechanism, which would give some
retention of the incoming D atom in the product ions [54].

No charge transfer reaction forming C;Hq4** is observed for the
even-electron ions, which is likely to be due to the fact that all such
reactions are endothermic, as shown by the enthalpies of reaction
listed in Table 4. The endothermicity of the charge transfer also
rules out the possibility of reaction (1) as through a dissociative
charge transfer mechanism.

The enthalpy of reaction calculations for all channels forming
C7Hq3* listed in Table 4 are based on the assumption of the hydride
transfer mechanism (1). It can be seen that all of the observed
hydride transfer reactions of CxHyy+1* are exothermic, except for
two of the chain structures of CsHg*, which hence is believed
not to contribute significantly to the CsHg* population. Based on
the general reactivity pattern of ions involved in charge transfer
and hydride transfer just described, that the observed reactions
are exothermic and vice versa, the lack of the hydride transfer
of C3H3* or CsH;* can be considered as an indication that only
the cyclic structure is present in these ions’ population because
otherwise the chain structures would make the hydride trans-

fer exothermic. C4Hs* also lacks the hydride transfer, suggesting
methylcyclopropenylium as the only isomer present. Please note,
however, that the ion population refers to the one after a 500-ms
cooling period (see Section 2), during which some highly reactive
species may have been reacted away. This notion applies to similar
discussion elsewhere in this paper.

For those reactive even-electron ions, there is a general trend in
their reaction efficiency (ratio of kexp./kcoy.) that it decreases as the
mass of the reactant ion increases, except for CgHy1*.

4.4. Reactions of odd-electron ions

C7Hq3* is also a major product ion in odd-electron ion reactions,
and is formed via hydride transfer mechanism by similar arguments
as for the even-electron ions, that is, the results of the isotope distri-
bution and the exothermicity constraints. In the reaction of C;Hy**
or C3Hg**, the ion C;Hq4** is also produced, via charge transfer,
as suggested by the isotope distribution when deuterated reagents
are used:

CaDg*® + C7Hyg— C7Hyg™* + CaDy (3)
C3Dg™* + C7H14 — C7Hi4™* + C3Dg. (4)

The relationship between the reactivities of the charge transfer and
hydride transfer with enthalpies of reaction is also apparent from
Table 4: the observed reactions are exothermic and vice versa, con-
sistent with earlier findings [42], with a few exceptions for certain
structural isomers. For C4Hg* there appear to be no cyclic isomers,
since the cyclic isomers would make the charge transfer exother-
mic, which is not observed. Similarly, isomer CH=CCH,CH3** for
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Fig. 3. Reaction time dependencies of ion intensities in the reaction of (a) C4Hg**
and (b) C4Hg** with MCH. Symbols are experimental data, while dashed lines are
the fits of kinetic models described in the text. The dotted tangent line for C4Hg*
data represents the initial decay rate of this ion.

C4Hg**, isomers C3H;C=CH** and (CH3 ), CHC=CH** for CsHg**, and
methylcyclobutane radical cation for CsHqp** are considered to be
absent from the population of these ions.

All odd-electron ions except C,Hs** produce a significant
amount of C;Hy5**, most likely via H, ~* transfer mechanism:

B** + C7Hi4 — C7Hi2™* + BH,.(B™* : odd-electronions) (5)

When the deuterated reactant ions are used, the product ions show
no retention of D atom from the reactant ions, as shown below for
the reactions of C4Hg** as an example:

C4Dg** + C7H14 — C7Hypt* + C4DgHy.

The enthalpies of reactions listed in Table 4 for the formation of
C7Hq,** are based on the assumption of H, ~* transfer mechanism

(5).

For the odd-electron ions there is also a similar trend in the reac-
tion efficiency (kexp./kcon1.) as for the even-electron ions: in general it
decreases with the increasing masses of reactant ions, as expected
from trends in ionization energy [43].

Below are additional discussions on some individual odd-
electron ion reactions.

4.4.1. Reaction of CoH,**

It is interesting to note the lack of Hy~* transfer for CoHy*®
although it is exothermic by 202 kJ/mol. In addition to the charge
transfer and hydride transfer products, the C;Hy** reaction with
MCH produces CgHi1*, presumably by methide (CHs3~) trans-
fer, with the isotope distribution when using isotope reagents
as:

CoDg*® + C7Hy4 — CgHypt 4+ C3D4H3® (6)

This reaction is exothermic by 77.8 k]/mol (Table 4). Other possible
mechanisms include dissociative charge transfer (7) and dissocia-
tive hydride transfer (8):

CoHg*™* + C7Hi4— CeHyt 4+ CHs® + CHy (7)
CoHg** + CGHys— CeHyg ™+ CHy + CoHs®, (8)

but they are endothermic by 19.7 and 329.7 k]/mol, respectively,
calculated using published thermochemical data from Ref. [55].

4.4.2. Reaction of C3Hg**

Beside the products of charge transfer, hydride transfer and
H,~* transfer, the reaction of C3Hg** also produces CgHg*. The
result with isotope reagents is:

C3Dg™* + C7Hy4 — CgHg™ + neutral products. (9)

The two most likely mechanisms are dissociative hydride transfer
(10) and dissociative H,~* transfer (11):

C3Hg** + C7Hi4— CgHg™ +CH4 +C3Hy® (10)
C3H6+' + C7Hi4 — C6H9++CH3' + C3Hg (11)

If the reactant ion C3Hg** is a linear structure as shown by (i) in
Table 4, the enthalpies of reaction are 14.5 kJ/mol and 37 kJ/mol for
(10) and (11), respectively. And if C3Hg"* is a cyclic structure (ii),
they are —23.3 kJ/mol and —8 kJ/mol, respectively. Another possible
mechanism, dissociative charge transfer, is endothermic, no matter
whether neutral products are CH4 +H*® + C3Hg or CH3* + H, + C3Hg,
and whether the reactantion C3Hg** is alinear or cyclic structure. In
summary, we believe that the cyclicisomer of C3Hg** is responsible
for the formation of CgHg*, via hydride transfer or H, ~* transfer. The
experimental data of the time dependencies of ion intensities show
signs of the existence of more than one isomer of C3Hg** with dif-
ferent reactivities, as mentioned earlier. The kinetic data presented
in Table 4 (branching ratios and rate constants) are derived from
the fitting of the experimental data using the following two-isomer
reaction model:

C3He**(i) + C;H14— C7Hq3" + C3H7°(69%) (12)
C3Hg™*(i) + C7H14— C7Hq2™* + C3Hs(31%) (13)
C3Hg™*(ii) + C;Hi4 — C7His™* + C3Hg(46%) (14)
C3Hg**(ii) + C7Hy4 — CyHyst +C3Hy*(38%) (15)
C3Hg ™ *(ii) + CyHy4 — CgHg " + (CHy + C3Hy® or CH3® + C3Hg )(16%)
(16)

where C3Hg** (i) represents the linear isomer [CH3CH=CH,]**, and
C3Hg** (ii), the cyclic isomer [c-C3Hg]**. The branching ratios of
different reaction channels for each isomer, derived from the data
fittings, are shown in parentheses. The data fitting also gives the
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percent populations of the linear and cyclic isomers as 74% and
26%, respectively.

4.4.3. Reaction of C4Hg*®

Only a negligible amount of the charge transfer product ion
C7Hq4** is observed, suggesting an insignificant contribution to
the C4Hg** population from the cyclic structure that could have
an exothermic charge transfer by 26.9 kJ/mol. As seen from Fig. 3b
and discussed earlier, multiple isomers exist in the C4Hg** pop-
ulation that react with MCH differently. The kinetic data shown
in Table 4 is derived from the data fitting based on the following
reaction model:

C4H8+'(i) + C7H14 — C7H12+° + C4H10(< 01%) (]7)
C4Hg™*(i) + C7H14 - C7Hi3™ + C4Hg*(100%) (18)
C4H8+'(ii) + C7Hy4— C7H12+' + C4H10(100%). (19)

C4Hg™** (i) represents either or both isomers [CH3 CH, CH=CH; ]**
and [(CH3);C=CH,]**, while C4Hg** (ii), isomers [(Z)-
CH3CH=CHCH3]** and [(E)-CH3CH=CHCH3]**. The hydride
transfer for isomers [(Z)-CH3CH=CHCH3]** and [(E)-
CH3CH=CHCH3]** is endothermic and therefore is not included
in the above reaction model. It is interesting to note that
although the H,~* transfer for isomers [CH3CH,CH=CH,]|*"*
and [(CH3),C=CH,]** is exothermic, its branching ratio derived
from the data fitting is negligibly small. The data fitting results in
the percentage of isomers C4Hg** (i) and C4Hg** (ii) as 27% and
73%, respectively.

4.4.4. Reaction of CsHyg*®

CsHip** undergoes no charge or hydride transfer but does
exhibit H,~* transfer with MCH. Based on these reactivities and
the thermochemical data in Table 4, it is proposed that only iso-
mers [Z-CH3CH,CH=CHCH3]**, [E-CH3CH,CH=CHCH3]** and/or
[(CH3),CHCH=CH,]** compose the majority of the CsH;p** pop-
ulation. In the study by Gaumann et al., [56] it was found that the
collisional dissociation of the parention, C;H4**, produces CsHig*®
through two major channels: by the loss of ethylene from the 2,3
position (60%), and by the loss of ethylene from the 3,4 position
(30%), which most likely results in products [CH3CH, CH=CHCH3]**
and [(CH3),CHCH=CH, ]**, respectively.

5. Summary

Electron ionization of C;Hy4 generates the parent ion C;Hq4**
and fragment ions CgHy1* and C4H7* as the most important prod-
uct ions, with the total cross section reaching a soft maximum of
17.7 x 10~16 cm?2 at ~65 eV. Other significant product ions at low
energies (<30eV) include CgH1g*®, CsH1g*®, CsHg*, C4Hg**, C3Hg*®
and Cs H5+.

Ab initio BEB calculations predict that the total cross section
reaches a maximum of 21.0 x 10-16 cm? at 70 eV. This is in reason-
able agreement with the experimental measurement. In general,
the experimental data are smaller than the theoretical ones at most
of the electron energies, probably indicating that the production
of H*, which our current FTMS method cannot detect, is signifi-
cant in the electron ionization of C;Hq4, or a certain amount of
fragment ions is produced with kinetic energies greater than the
limit in which our current FTMS method can trap the ions. Further
investigation on these issues is underway.

The subsequent ion-molecule reactions between C;Hi4 and
selected fragment ions are studied. All even-electron ions
(CxHay+1™) undergo only hydride transfer, except C3H3*, C4Hs™* and
CsH7* which are unreactive. All odd-electron ions (CxHp,**) except
CsHg**, CsHyp** and CgHyp** also undergo hydride transfer as a

major reaction channel, with charge transfer and H,~* transfer as
additional channels for some of the odd-electron ions. The reaction
of C;H4** also forms CgHq1* by methide transfer, and reaction of
C3Hg** also forms CgHg* by dissociative hydride transfer or Hy~*
transfer. With a few exceptions, the reactivities can be explained
by thermochemical data, i.e., the observed reactions are exothermic
and vice versa. For those reactive ions, the reaction rate constants
range from 0.083 x 10~10t0 16 x 10-10 cm3/s, and thereis a trend in
the reaction efficiency that it decreases as a function of the increas-
ing mass of the reactant ion.

Based on their reactivities, it is proposed that C3H3* and CsH7*
have only cyclic structures, while C4Hg** and CsH1**, on the other
hand, have no cyclic structures. C3Hg** and C4Hg** are each found
to be a mixture of different isomers having different reactivities
toward C7H4, while other ions may be composed by only one iso-
mer or possibly several isomers with similar reactivities. The above
discussion of the ion composition refers to the ion population after
500 ms from the electron ionization, during which ions are ther-
malized and some of the highly reactive isomers may have been
reacted away.
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