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Electron impact ionization of n-heptane was studied using mass spectrometry. Cross-sections for the
formation of molecular ion and ionic fragments are measured between 10eV and 86 eV with a total
cross-section of 1.5 x 10~'6 cm? towards 50 eV. The molecular ion is the most abundant below 16 eV. The
present results display good agreement between the measured total ionization cross-sections and the
calculated one with the BEB model. Five ions C,Hap+1* (2 <n <6) result from a simple C-C bond split
in the molecular ion. C3H*, identified as isopropyl cation, is the most abundant of the ionic species
above 16 eV. Four ions C;Ha,* (2 <n < 5) result from a C-C bond split with H-atom rearrangement. C3Hg*,
identified as propene cation, is the most abundant of these four cations above 35eV. Five other ions,
CyHan-1* (2 <n <4), cyclopropenyl and methyl cations may result from the ionization of C4Hg, the major
alkyl issued from the fragmentation of the molecular ion.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Combustion of fossil fuels is still today a major source of energy
in the world. Heptane is a component of commercial gasoline and
one of the primary reference fuels for the determination of the
gasoline octane number. Progress in minimizing environmental
pollution associated with hydrocarbon combustion requires the
continuing development of kinetic models. Consequently, the com-
bustion research community has endeavoured to develop detailed
chemical kinetic mechanisms for the combustion of heptane. The
oxidation of n-heptane was experimentally investigated in dif-
ferent systems and modelling studies were undertaken [1-5].
Numerous studies of alkyl radicals are linked to their role as reactive
intermediates in the chemistry of combustion processes [6-9]. In
the same way, a strong interest is taken for the chemical reactions
of ions in those systems [10,11]. Relative abundance of fragments
ions issued from ionization of alkanes with metastable rare gas
atoms was investigated by Hiraoka et al. [12]. Photodissociation of
heptane and relative ionization efficiencies of main radicals were
reported by Brehm [13] and Silva et al. [14].

The removal of volatile organic compounds (VOCs) and hydro-
carbons (HCs) in gaseous effluents by means of pulsed electrical
discharges is the subject of a growing interest [15-17], but an
accurate understanding of the physical and chemical mechanisms
involved requires a detailed knowledge of dissociation processes
of these molecules by electron impact. In such non-thermal plas-
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mas, the electron energy distribution covers a broad range and data
are needed concerning the cross-sections and the type of neutral
and/or ionic species produced via the dissociative excitation and
ionization collisions on VOCs and HCs. In case of HCs or alcohol
molecules, these data should also be useful for a better under-
standing of the ignition and combustion control by non-thermal
plasmas [18,19]. In particular, n-heptane has been the subject of
recent works about DC-corona discharge, such as the effect of this
molecule on ozone production [20], or its removal by the discharge
created in dry and in humid air [21,22]. Numerous positive ions
coming from the hydrocarbon have been detected in such plasmas
[22].

In the present paper, mass spectrometry measurements of
the electron impact ionization of n-heptane are reported, cross-
sections for the formation of fragment ions are measured.
Dissociative processes leading to the observed ions are suggested.
Such data will be useful for kinetic plasma modelling developed
for detailed investigations on HCs conversion processes in plas-
mas produced by electrical discharges, such as nanoseconds [19]
or photo-triggered [23,24] discharges.

2. Experimental and theoretical method
2.1. Experimental

The experimental set-up has been previously described [25-28].
The n-heptane (Aldrich, 99%) is introduced at room temperature,
through a septum, into a stainless-steel reservoir at 10-3 Torr resid-
ual pressure. The vapour is then introduced into a gas container at
a partial pressure of less than 1 Torr so as to prevent condensation


dx.doi.org/10.1016/j.ijms.2010.07.013
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:jean-rene.vacher@u-psud.fr
dx.doi.org/10.1016/j.ijms.2010.07.013

J.R. Vacher et al. / International Journal of Mass Spectrometry 295 (2010) 78-84 79

of the alkane. The formation of condensation droplets has to be
avoided at cold spots and the stability of the pressure is checked
before the addition of argon (Air Liquide, 99.995%) in the gas con-
tainer. The pressures are measured with a precision of 0.001 Torr.
The gas mixture, 3 Torr of equimolecular argon-heptane, is first
admitted into a gas-holder at a controlled pressure of 0.5 Torr, and
then admitted, through a 50 wm diameter hole, into the analysis
chamber. To reduce water impurities, the inlet gas set-up is previ-
ously baked so that the remaining pressure is as low as 10~7 Torr.

Ions are formed in the ionization chamber (at a constant pres-
sure of 2 x 10-6 Torr) by the impact of a focused electron beam
over the energy range 10-86 eV. Based on a comparison with rare
gas ionization thresholds, the electron energy is estimated to be
measured at £0.5eV. The ions are then accelerated, focused and
mass analysed in a quadrupole mass spectrometer with a resolu-
tion (M/AM) better than 400. The various ionic species are detected
by means of a channel-electron multiplier followed by a Faraday
cup and the collected current then recorded by a computer (which
also controls all set-up functions). The ratios of the intensity of
alkane ionic fragments to that of Ar* ions give the cross-sections for
the formation of the fragments relative to that of argon ionization,
the partial pressures of n-heptane and of argon being known. Sev-
eral authors have measured the ionization cross-section of argon
[29-32] from the threshold of 15.76 eV [33] to more 200 eV. Recent
measurement of Rejoub et al. [31] provides very accurate abso-
lute cross-sections. Nevertheless, as we need cross-sections values
with a step of 1 or 2eV under 30eV, the values of Wetzel et al.
[32] are used in the further calculations. By comparison with the
values of Rejoub et al., overestimating measured cross-sections of
few percents may be possible above 40 eV. For the intensity ratio
measurement, the transmission factor caused by mass segregation
into the analyser is taken into account [26-28].

It is well known that discrimination effects may result from
the extraction process of fragment ions out of the ion source and
from the introduction of the ion beam into the mass analyser. This
discrimination is due to the formation of fragment ions from a
molecule with a kinetic energy of several electron volts and with a
velocity component normal to the axis of the system. This discrim-
ination reduces the number of detected ions of a given mass [34]
and thus reduces the cross-section for the formation of this ion.
Detailed analyses of the experimental uncertainties in measure-
ments of absolute partial cross-section have been given by Straub et
al. [30] and Jiao et al. [35]. It is important to verify the complete col-
lection of the energetic fragment ions in order to obtain conclusive
measurements [36]. In order to test the validity of our measure-
ments, we measured ionization cross-section of a heavy molecule.
We used n-octane for which cross-sections for the formation of ions
were measured by Jiao et al. [37]. We checked for masses 43, 41,
85,57,29,71,56 and 114 at 20, 50 and 70 eV. For these values, our
results were consistent with those of Jiao et al. within 20%. These
results seem to indicate that no severe discrimination occurs in our
apparatus for these masses and these energies.

2.2. Theoretical

The geometrical optimisations and the total electronic ener-
gies for the studied molecules, radicals and ions of which data are
not given in the literature, were performed with the 6-311G(d,p)
basic set using the B3LYP theoretical method. This level basic set
allows to optimise the determination of structures and to compare
the enthalpies of formation of the species. The ionization energies
were computed as being the difference between the enthalpies of
the fully optimised neutral molecules or radicals and that of the
corresponding radical cations. The use of larger basic sets does
not modify significantly the relative energies. All the optimised
geometries corresponding to a minimum point have real frequen-

Fig. 1. Cross-sections for the formation of four major cations issued from n-heptane.
Total ionization cross-section measured for the formation of ions issued from n-
heptane above 20 eV and calculated with BEB theory from 10eV to 90eV.

cies. Thermodynamic gas-phase data were computed at 298.15K
and 1 atmosphere using the internal thermal energy and the abso-
lute entropy of each species. Ab initio calculations were carried out
using the Gaussian 03 series of programs [38].

The cross-section for ejecting an electron from an orbital by elec-
tron impact can be calculated using the Binary-Encounter-Bethe
(BEB) model developed by Kim et al. for atoms [39] and molecules
[40]. This cross-section is given by:

et (S (- 8) 0 (-1 29

where S=4ma,2N(R/B)? with a,=0529A, R=13.61eV, N=electron
occupation number, B = orbital binding energy, t = T/B with the inci-
dent electron kinetic energy T, u=U/B with the orbital kinetic
energy U and Q is an integral on the continuum dipole oscillator
strength which to a good approximation is routinely set equal to 1
[41]. The total single ionization cross-section is given by the sum
over all the occupied molecular orbitals:

o(T)=")_ opes(T)

The values of each orbital binding energy and orbital kinetic
energy of n-heptane in the ground state were obtained using ab ini-
tio calculations at the classical RHF/STO-3G level of theory which
gives reliable values of orbital binding energies. Twenty two of
these orbitals contribute to the BEB cross-section below 100 eV. To
ensure that cross-section starts at the ionization threshold, the cal-
culated binding energy of the highest occupied molecular orbital
(HOMO) is replaced by the experimental value of the ionization
energy. The results of theoretical determinations of electron impact
ionization cross-sections depend on the ab initio level of theory
used [42,43]. With no empirical corrections to the binding ener-
gies, the BEB method gives cross-sections slightly lower than those
measured [44]. Empirically adjusted orbital energies can reconcile
the difference between computed and measured cross-sections but
such corrections were not taken into account in our study.

oges (T)

3. Results and discussion

About forty different masses are observed but only fifteen of
them have been selected: those whose ionization cross-section is
greater than 1 x 10-18 cm? at 86 eV (Table 1). The cross-sections for
the formations of these C,H;;,* ions which contribute to 95% of the
total ionization of n-heptane are shown between 10 eV and 86 eV in
Figs. 1-3. Fig. 4 shows the cross-sections for the formations of ions
from 10eV to 20eV in order to detail the results in the vicinity of
the threshold. We estimate, according to Section 2, that the uncer-
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Table 1

Cross-sections o (x 106 cm?) for the formation of the main ions from n-heptane at 86 eV (maximum voltage used), 30 eV and 12 eV (near the threshold).
Mass (amu) 86eV 30eV 12eV

o o Relativity (%) o o Relativity (%) o o Relativity (%)
43 4.1 23 5.0 34 0.032 6.4
41 3.0 17 2.3 15 - -
29 14 7.9 0.78 5.2 - -
27 13 7.3 0.17 1.1 - -
39 1.3 7.3 0.087 0.58 - -
42 1.2 6.7 1.0 6.7 0.029 5.8
57 1.2 6.7 13 8.7 0.033 6.6
71 1.1 6.2 1.1 7.4 0.11 22
56 0.90 5.0 1.1 7.4 0.10 20
100 0.80 4.5 0.90 6.0 0.13 26

70 0.62 35 0.67 4.5 0.066 13
55 0.41 2.3 0.39 2.6 - -
28 0.39 2.2 0.10 0.67 - -
85 0.068 0.38 0.061 0.41 - -
15 0.037 0.21 - - - -

lons are listed in order of decreasing cross-section for 86eV.

Fig. 2. Cross-sections for the formation of five cations issued from n-heptane.

tainty in the given values is 20%. The total ionization cross-section
in Fig. 1 is the sum of all the cross-sections listed in Table 1. Details
of the cross-sections plotted in Fig. 1 are given in Table 2. The mea-
sured total cross-section for ions formation from n-heptane rises
up to 30eV and reaching a maximum value of 1.5 x 10~16 cm? at
around 50eV before a slight decrease until 86eV, the maximum
usable voltage.

The measured total cross-section of n-heptane in Fig. 1 agrees
well with the cross-section given by the theoretical model between
20eV and 86eV. The differences between the experimental data
and the data given by the model are compatible with the exper-

Fig. 3. Cross-sections for the formation of the molecular ion (black circles). Cross-
sections of five cations issued from n-heptane via ionization of C4Hg.

Fig. 4. Cross-sections for the formation of 12 ions issued from n-heptane between
10eV and 20eV. Masses are given in amu.

Table 2
Values of the cross-sections (x 10~ cm?) for the formation of the four ions shown
in Fig. 1. The total ionization cross-section measured and given by the BEB model
are also included.

V (eV) C3Hg* C3Hy* C4Hg* C4Ho* Total BEB
90 20.3
86 1.25 4.14 0.90 1.20 17.9 204
80 1.20 4.21 0.90 1.19 17.6 20.5
70 1.11 423 0.89 1.20 173 20.6
60 1.10 4.29 0.91 1.22 17.2 20.3
50 1.26 4.74 1.05 1.34 18.1 19.5
40 1.20 492 1.08 1.31 17.0 17.7
35 1.15 5.16 1.10 1.37 16.6 16.2
30 1.02 4.99 1.08 1.34 14.9 14.0
28 0.92 4.89 1.07 1.39 14.1 13.0
26 0.83 4.52 1.11 1.36 13.0 11.8
24 0.78 3.99 1.03 1.30 11.6 10.4
22 0.70 3.34 1.11 1.24 10.4 8.90
20 0.49 2.19 0.85 0.90 7.24
18 0.35 1.36 0.73 0.77 5.43
17 0.29 1.02 0.64 0.64 4.45
16 0.22 0.61 0.54 0.50 3.48
15 0.21 0.25 0.44 0.34 2.52
14 0.11 0.15 0.26 0.22 1.68
13 0.095 0.079 0.19 0.11 0.93
125 0.064 0.064 0.13 0.064 0.64
12 0.029 0.032 0.099 0.033 0.36
11.5 0.017 0.063 0.25
11 0.035 0.13
10.5 0.067
10 0.008
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imental uncertainties mentioned previously as shown with the
error bars. Between 10eV, just above the ionization threshold
of n-heptane (9.93eV [33]) and 20eV, the cross-section of each
of observed ions is calculated in order to normalize the sum to
the value given by the BEB model. Between 20eV and 25eV, our
results are slightly higher than those given by the theoretical model.
As the BEB model underestimates our experimental results, the
cross-sections of these ions may be underestimated in the range
10-20eV, but this does not change the considerations as to the
formation of each of these ions. No signal was measured below
10.5eV.

The formation of an appreciable number of ions from n-C;Hig
results from primary processes: the kinetic energy resulting from
the electron collision is converted into internal energy leading to
the dissociation of the ion into a smaller one and a neutral frag-
ment. The fact that the molecular ion is observed over the whole
range of ionization energy (Fig. 3) suggests that the formation of an
appreciable number of ions results directly from the fragmentation
of the molecular ion via a simple bond splitting process, leading to
CnHyn4q cation, or via a bond splitting followed by H-atom transfer
between the two fragments, leading to C,H,,, cation.

In the following, the formation of some ions considered in
Table 1 will be explained as the result either of a simple bond
splitting of the molecular ion, or of bond splitting followed by rear-
rangements. If different isomers describe cations, we shall consider
the first one resulting of a bond split without rearrangement and
with a linear structure and the second one having the minimum
enthalpy of formation. It will be tried to understand the forma-
tion of the other ions issued from n-heptane. The results will be
compared with results of other alkanes given in the literature.

3.1. The molecular ion

Fig. 3 shows that the cross-section for the formation of the ion
of mass M=100amu is close to 8 x 10-'7 cm? between 86eV and
30eV, decreases slowly to 15eV and then clearly to 10.5eV, near
the ionization threshold. The molecular ion contributes to about 5%
of the total cross-section at the maximum voltage; it becomes the
most abundant below 15.5eV (Fig. 4) and represents 100% of the
total cross-section near the threshold. It should be pointed out that
the molecular ion is observed in n-heptane whereas it is missing
with isomeric molecules containing two methyl groups on the same
carbon (2,2-dimethylpentane, 2,2,3-trimethylbutane, ...)[33]. The
same trends are observed with other alkanes such as n-octane and
2,2, 4-trimethylpentane [37,25].

3.2. Ions issued from a simple bond split

3.2.1. G3H7*

The ion of 43 amu is the most abundant between 86 eV and 16 eV
(Fig. 1). The cross-section is close to 5 x 10~16 cm? and contributes
to about 30% of the total cross-section between 86eV and 26eV.
At lower energies, its contribution decreases quickly. This ion is
still detected at 11.5 eV, just above the ionization threshold, con-
tributing 5% of the total cross-section. Reaction (1) in Table 3 results
from a simple C-C bond split between the C3 and the C4 in the
molecular ion and reaction (2) results from the same bond split but
with a H-atom migration. The two produced ionic species may be
described as being 1-propyl cation with the first reaction and 2-
propyl (isopropyl) cation with the second one. Table 3 shows that
the dissociations of the molecular ions are endothermic. Values of
AE give the threshold energy to obtain ions and C4Hg (butyl rad-
ical) from neutral n-heptane. The minimum voltage for which the
ion of 43 amu is observed is 11.5+0.5eV (see Fig. 4), this value is
very close to the AE of reactions (1) and (2) and it is not easy to
choose the true ionic species of 43 amu. In the column “Rule” of

Tables 3 and 4, the word yes or no indicates that the Stevenson’s
rule, which stipulates that the fragment of lowest ionization energy
retains the charge and becomes the ionic fragment [45], is respected
or not in the dissociation process considered. This rule being not
respected with reaction (1), we can conclude that the ion of 43 amu
is the isopropyl cation issued from reaction (2), which is the less
endothermic of these two reactions. This conclusion is consistent
with theoretical study of Takeuchi et al. [46] on the fragmentation
of n-butane cation; the isopropyl cation has been calculated to be
the most stable C3H* species.

3.2.2. CHs*

The cross-section for the formation of the ethyl cation (Fig. 2) is
about 1.4 x 1016 cm? between 86 eV and 40 eV and then decreases
slowly as the energy drops to 17 eV. The difference between ion-
ization energies of the two species issued from reaction (3) is low
(0.2eV), CsHy1 having the smaller L.LE than C;Hs. Ethyl ion is not
observed at low electron energy (<16 eV) when CsHq;* is present
near the threshold. Fig. 2 shows that the C;Hs* cross-section rises
more slowly than the CsHq;* cross-section but the two values
become similar above 40 eV. Although the Stevenson’s rule is not
strictly respected, a C-Cbond split between the C2 and the C3 atoms
of n-C;Hq6* may lead to Co;Hs* as well as that CsHq¢* above 17 eV.

3.2.3. C4Ho*

The cross-section for the formation of this ion of 57 amu is close
to 1.2 x 10716 cm? between 86eV and 22 eV and then decreases
quickly, contributing 6.6% to the total cross-section at 12 eV, the
minimum voltage for which this ion is observed. The structure of
butyl cations issued from ionization of some alkanes have been
investigated by Shold and Ausloos [47]. The tert-butyl (2-methyl-
2-propyl) ion is thermodynamically the most stable whereas the
1-butyl, 2-butyl and the isobutyl cations are slightly less stable
[48,49]. Reaction (6) in Table 3 results from a simple C-C bond split
between the C3 and the C4 in the molecular ion and reaction (7)
results from the same bond split but with a methyl group migra-
tion. AE of reactions (6) and (7) are calculated for the production of
1-butyl and tert-butyl cations with 1-propyl radical, respectively.
As these values are below 12 eV, both ionic species are able to be
produced. Yet, we can note that reaction (6) is largely endother-
mic whereas reaction (7) is slightly endothermic. So, the formation
of the tert-butyl cation occurs preferentially, via a rearrangement
before or during the bond cleavage in the molecular ion.

3.24. CsHyt"

The ion of 71 amu is one of the more abundant near the thresh-
old, contributing to 35% of the total cross-section at 11eV. The
cross-section for the formation of this ion is constant and close to
1.1 x 10716 cm?2 between 86 eV and 22 eV. From the five possible
isomeric structures of pentyl cations, the tert-pentyl (2-methyl-2-
butyl) ion is thermodynamically the most stable [50]. Reaction (8)
in Table 3 results from a simple C-C bond split between the C2 and
the C3 in the molecular ion and reaction (9) results from the same
bond split but with a methyl group migration. AE values are calcu-
lated for the formation of 1-pentyl and tert-pentyl. Table 3 shows
that AE value for reaction (8) is above 11 eV, the minimum energy
for which the ion is observed, while for reaction (9) it is below.
Thus, we can conclude that the ion of 71 amu is the tert-pentyl ion
issued from reaction (9) which is the least endothermic of these
two reactions.

3.2.5. CgHy3*

This is one of the two minor ions observed. The cross-section
(Fig. 2) is close to 6.5 x 10~18 cm? and contributes to only 0.4% of
the total cross-section between 86 eV and 22 eV. At lower energies,
its contribution decreases quickly but the ion is still detected up
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Table 3

Possible dissociation reactions of molecular cation, leading to the detected ions. These reactions result either from a simple C-C bond split process (odd masses) or a bond

split with a H-atom rearrangement (even masses).

Mass of the ion Reaction AE (eV) Rule ArHe (kj mol1)
43 (1) CzHy6" — C3H7* +C4Hg 11.75 No 176
43 (2) C7Hy6" — i-C3H7* + C4Hg 10.92 Yes 96
29 (3) CH16* — CoHs* + CsHyq 11.79 Yes? 179
42 (4) C7H16* — C3Hg* + CaHyo 10.58 Yes 63
42 (5) C7H16" — c-C3Hg* + C4Hyo 11.06 Yes 109
57 (6) C7H16* — C4Ho* + C3H7 11.68 Yes 169
57 (7) C7Hi6" — t-C4Ho* +C3H7 10.18 Yes 24
71 (8) C7H16" — CsHy1 "+ CoHs 11.51 Yes 152
71 (9) C7H16" — t-CsHy1* + CoHs 10.13 Yes 19
56 (10) C;Hy6" — 1-C4Hg™ + C3Hg 10.41 Yes 46
56 (11) C;Hy6" — 2-C4Hg™ + C5Hg 9.93 Yes -8
70 (12) C;H46" — CsHyo* + C2Hs 10.33 Yes 39
70 (13) C7Hy6* — i-CsHyg* + CoHg 9.93 Yes -57
28 (14) C;H 6" — CoHgt +CsHy 11.48 Yes? 149
85 (15) C7Hy6" — CeHy3* +CH3 11.67 Yes 168
85 (16) C;Hy6" — t-CgHy3* + CH3 10.19 Yes 25
15 (17) C7Hi6*" — CH3* +CgHy3 13.59 No 353
Neutral species are considered having linear structures.
to 13 eV. This ion of 85 amu is issued from a simple C-C bond split 3.3.1. C3Hg*

between the C1 and the C2 in the molecular ion, in resulting the lost
of a methyl group. It should be pointed out that fragments ions M-
15 are completely missing in n-CgH;g [37] which is a characteristic
cracking pattern when linear alkane molecule become large [51].
Calculated enthalpy of formation of 1-hexyl is 28 k] mol~1. With
—8kJmol-1, the tert-hexyl (2-methyl 2-pentyl) ion is found to be
the most stable of isomers of hexyl ions [50]. Reaction (15) in Table 3
results from a simple C-C bond split and reaction (16) results from
the same bond split but with a methyl group migration. AE values
are calculated for the formation of 1-hexyl and tert-hexyl ions from
n-heptane. Table 3 shows that AE value for these two reactions are
below 13 eV. However, we observe that reaction (16) is much less
endothermic than reaction (15). So, the formation of the tert-hexyl
cation occurs preferentially, via a rearrangement before or during
the bond cleavage in the molecular ion.

3.2.6. CH3*

The methyl cation is the minor ion observed. Fig. 3 shows that its
cross-section decreases steadily from 86 eV to 35 eV, the minimum
voltage for which this ion is observed. As the Stevenson’s rule is
not respected in the reaction (17), the methyl ion cannot be issued
from a simple C-Cbond cleavage in the molecular ion. Another path
leading to the methyl must be found.

3.3. Ions issued from a bond split with H-atom rearrangement

Cross-sections for the formation of C,Hy,* cations for2<n<5
are drown with dot lines in Figs. 1 and 2 together with cross-
sections of correspondent C;Hy,+1* cations drown with straight
lines. It can be seen that, for each of theses four series, cross-sections
of ChHy,* rise slower and are lower (except for n=4 under 17 eV as
shown in Fig. 4).

The cross-section for the formation of this ion of 42amu is
close to 1.2 x 10-'6cm? between 86eV and 35eV (Fig. 1) and
then decreases to 12 eV, the minimum voltage for which this ion
is observed. Two produced ionic species are described as being
propene cation with reaction (4) and cyclopropane cation with
reaction (5). These two reactions result as for CsH;*, from a C-C
bond split between C3 and C4 but in this case via a H-atom rear-
rangement between the two fragments, before or during the bond
cleavage. As it as been observed with n-octane [37], the bond cleav-
age with rearrangement has a relatively small activation energy as
compared to the simple bond cleavage. We note that reaction (4)
has a small AE and is less endothermic than reaction (5) and reac-
tion (2) leading C3H7™. So, the formation of the propene cation can
occur preferentially near the threshold, via a H-atom rearrange-
ment.

3.3.2. C4Hg*

The ion of 56 amu is abundant near the threshold, contributing
to 19% of the total cross-section at 11 eV. The cross-section for the
formation of this ion is similar of the one of CsH;;* and close to
1.1 x 10716 cm2 between 86 eV and 22 eV (Fig. 1). From six possi-
ble isomers, the 2-butene(E) cation is thermodynamically the most
stable [33]. The two reactions (10) and (11) result from a C-C bond
split with a H-atom rearrangement as for C3Hg*, yielding 1-butene
and 2-butene cations. Asreaction (11)is exothermic, AE of the reac-
tion is the ionization energy of n-heptane as thus 2-butene cation
may be present since the threshold but 1-butene cation may also
be present just above as shown AE of reaction (10).

3.3.3. CsHyo*

The cross-section for the formation of the ion of 70amu is
close to 6.5 x 10~17 cm? between 86 eV and 22 eV (Fig. 2) and then
decreases quickly, still contributing 18% to the total cross-section at

Table 4
Possible dissociation reactions leading to the detected ions from collision of butyl radical with energetic electrons.
Mass of the ion Reaction Rule ArH° (kK mol-1) AH° (eV) Observed (eV)
41 (18) C4Hg — C3Hs* +CH; +H yes 1259 13.05 15
27 (19) C4Hg — CoH3* +2CH3 Yes 1321 13.70 20
39 (20) C4Hg — c-C3H3* +CH3 +3H Yes 1910 19.80 22
55 (21) C4Hg — C4H;* +H, Yes 938 10.923 13
15 (22) C4Hg — CH3* +c-CsHg Yes 1069 11.08 30

Species are considered having linear structures except cyclopropenyl and cyclopropane.

2 From reaction (2) in Table 3.
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11.5 eV, the minimum voltage for which this ion is observed. From
the possible isomeric structures of pentene cations, isopentene (2-
methyl-2-butene) ion is found thermodynamically the most stable
[33]. Reactions (12) and (13) yield, via H-atom rearrangement, 1-
pentene and isopentene. As reaction (13) is exothermic, AE of the
reaction is the ionization energy of n-heptane. As for the formation
of C4Hg*, isopentene cation may be present since the threshold
but 1-pentene cation may also be present above as shown AE of
reaction (12).

3.34. CoHy*

The cross-section of the ethene cation is close to 3 x 10~17 cm?2
between 86 eV and 50 eV and then decreases steadily to 18 eV, the
minimum voltage for which this ion is observed. The difference
between ionization energies of the two species issued from reac-
tion (14) is 0.2 eV, CsHy, having the smaller LE. Ethene ion is not
observed below 18 eV and CsH,* is detected near the threshold.
The CyH4* cross-section rises slowly, as for the one of ethyl cation
(Fig. 2). Itis thus possible that a C-C bond split between the C2 and
the C3 atoms of n-C;H;6* may lead to C;H4* and pentane molecule.

3.4. Ions issued from the fragmentation of C4Hg

The major neutral fragment is issued from reaction (2) with the
formation of the majority ion C3H7". Collision of neutral C4Hg with
energetic electrons can lead, via C-C and C-H bond splits to five
of the observed ions. The possible channels leading to the detected
ions are given for a minimum atom rearrangement and by order of
decreasing intensities in Table 4. The enthalpy changes show that
the formations of theses ionic species are largely endothermic.

C3Hs5*, the most abundant of these five ions (Fig. 3), may be
identified as allyl cation, thermodynamically more stable than
cyclopropyl cation [33]. The measured cross-section, which rep-
resents over 15% of the total ionization cross-section of n-heptane,
is slightly constant from 86 eV to 35 eV and decreases to 15 eV, the
minimum energy to observe this ion. The cross-section for the for-
mation of C4H7*, possible 1-butene-1-yl without rearrangement,
is also constant from 86 eV to 35 eV, representing 2.5% of the total
cross-section and decreases to the minimum energy of 13 eV. Cal-
culated enthalpy of formation and ionization energy of C4H; are
227 k] mol~1 and 8.04 eV. Enthalpy change for reaction (21) is found
less than AE of reaction (2), thus the true energy to form C4H;*
from n-heptane is 10.92 eV. The cross-sections for the formation of
vinyl cation decreases slightly from 86 eV to 50 eV and then rapidly
to 20eV. The same trend is observed with ion of 39 amu identi-
fied as being the more thermodynamically stable propargyl cation
than the cyclopropenyl cation. It should be noted that enthalpy
changes for these fragmentation processes are lower than the min-
imum electron energies required to observe these ions with our
experimental device (see right column in Table 4).

Methyl ion may be issued from C4Hg by reaction (22); C3Hg
being propene or cyclopropane. As the Stevenson’s rule is not
respected with this first molecule, we suppose that the formation of
CH3* is associated with the one of c-C3Hg. The fact that the methyl
cation is not detected at low energy (<30eV) is due to the detection
limit of our apparatus. Electron impact ionization of methyl radi-
cals issued from reaction (15) or (16) can also yield methyl cations
but since CgHq3* is a minority ion, the formation of methyl cation
via this process is very weak.

4. Conclusion

Electron impact ionization of n-heptane produces molecu-
lar and fragment ions with a total ionization cross-section of
1.5 x 10-16 cm? towards 50eV. Cross-sections for the formation
of the major species are measured between 10eV and 86eV. The

present results are in good agreement with the total ionization
cross-sections measured and obtained from the BEB theory. The
molecular ion is the most abundant below 16 eV and C3H;", identi-
fied as isopropyl cation, becomes the most abundant cation above
16 eV. Five ions CpHyp+1* (2 <n < 6) result from a simple C-C bond
split in the molecular ion and four ions CyHj,* (2 <n<5) result
from a C-C bond split with H-atom rearrangement. For the same
n, cross-sections for the formation of the ionic species of the sec-
ond series rise slower and are lower above 17 eV. Five other ions,
CpHon_1* (2 <n<4), C3H3* and CH3* may result from the ioniza-
tion of C4Hg, the major alkyl issued from the fragmentation of the
molecular ion. Ionization energies as well as enthalpies of dissocia-
tion reactions allow the identification of the principal ionic species.
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