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Abstract

Experimental measurements of the cations created through electron impact ionization have
been undertaken for the primary isomer of butanol, using a Hiden Quadrupole Mass Spectrome-
ter (EPIC 300) with a mass resolution of 1 amu. The mass spectrum recorded at an incident elec-
tron energy of 70 eV, normalized and placed on an absolute scale, reveals the relative probability
of forming 76 different cations of butanol by either direct ionization or dissociative ionization.
Individual partial ionization cross sections (PICS) for the 38 main cationic fragments, measured
at electron energies in the range 10-100 eV, are also reported for the first time in this work.

PACS numbers: 34.80.Ht, 34.80.Gs

Keywords: Mass spectra, direct ionization and dissociative ionization, partial ionization cross
sections.

1. Introduction

Fossil fuels are an essential part of our lives, having significant applications in industries,
power generation and transportation. Although the utilization of these energy sources has been
very important for the development of humanity, our dependence on fossil fuels has been in-
creasingly questioned over the last decade or so [1-2]. Among the issues raised about the inten-
sive use of petroleum-based fuels, are the emission of greenhouse gasses and the environmental
impact involved in their production and use. In this context, research into biofuels has been en-
hanced in order to allow for the efficient replacement of fossil fuels. One aspect of this research
has involved investigating the plasma pre-treatment of renewable organic material, such as sug-

ar cane, in order to enhance the production of useful chemicals, including alcohols, which are
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widely used [3-4]. The advantage of using organic plants as feedstock for fuels over petrochemi-
cals is that their use becomes a largely carbon neutral process [3]. One of the most promising
alcohols that might be used as an alternative fuel is 1-butanol [5]. This is due to the fact that bu-
tanol has an energy density of 33.1 M]J/Kg, and is therefore more economical for vehicles than
ethanol (~ 26.9 M]/Kg) [6]. While the octane number of the isomers of butanol (87-104 AKI) [

] is lower than that of ethanol (99.5 AKI) and gasoline (85-96 AKI), it is of a sufficient value to
be used in internal combustion engines, in order to produce spontaneous combustion. Conse-
quently using 1-butanol, in principle, means there is no loss of mechanical efficiency [ ]. Fur-
thermore, 1-butanol can replace gasoline without the need for any material modifications to the
engine components [6] which represents another advantage to its use. Finally, we note that as 1-
butanol can be produced from genetically manipulated algae and fermentation of renewable

biomass [ ] it represents an environmentally friendly alternative to fossil fuels.

The potential of 1-butanol for application as an economic fuel has attracted the attention
of the scientific community, as shown by both the theoretical [ ] and experimental [

] works that have been published. An experimental and theoretical investigation reporting
the absolute total ionization cross sections (TICS) for the butanol isomers was published by
Hudson et al. [11] in the energy range of 16 - 207 eV. Independently, Zavilopulo et al. [15] re-
ported on a study of dissociative ionization of some of the alcohols, including the determination
of relative partial ionization cross sections (PICS) and mass spectra (MS) for 1-butanol. Other
works observed in the literature pertain to both experimental [12,16] and theoretical [12-13]
investigations into elastic differential, integral and momentum transfer cross sections for scat-
tering from butanol isomers. In the studies published by Khakoo et al. [12] for 1-butanol and by
Fedus et al. [16] for isobutanol, the elastic electron-scattering cross sections were obtained for
the energy range of 1-100 eV and at scattering angles from 5° to 130°, from which the integral
elastic and momentum transfer cross sections were derived. There has also been work under-
taken on 1-butanol by the dissociative electron attachment (DEA) community [17]. While the
work of Ibanescu and Allan [17] clearly shows resonance enhanced ion yields for the OH- and
(M-1)- anions, those results are only relative, so that the importance of this scattering channel
cannot yet be ascertained. Thus, there remains a lack of cross section data in relation to electron
scattering from 1-butanol, which the present investigation seeks to address, at least in part. In
attempting to model the plasma process connected with the fuel ignition system of an engine, in
order to improve and optimize that system’s performance, complete and accurate electron im-
pact cross section data bases [18] are required (such as are available for some species in LXCaT
[19]). Clearly much further work is needed for 1-butanol, regarding vibrational excitation, elec-
tronic-state excitation and total cross sections, as well as absolute DEA data, before such a data

base might be assembled for simulation studies involving 1-butanol.



This study is an extension of our previous investigations [ ] into electron scattering
from primary alcohols. The structure of the remainder of this manuscript is as follows. The ex-
perimental details and analysis methods are described in section 2, while both the relative and
absolute mass spectrum and our PICS for 38 fragments are presented in section 3. The present
data are also compared, where possible, with those currently available in the literature and dis-
cussed in this section. Finally, some conclusions from this investigation are drawn in section 4.
Total ionisation cross sections, also derived from our measurements and calculated using the
Binary-encounter Bethe (BEB) and an independent atom model with screening corrected addi-

tivity rule (IAM -SCAR) methods, are presented in a companion paper [22]

2. Experimental Methods and Data Analysis

Our apparatus has previously been described [ ], and so only a brief précis of its
main features is given here. The present electron impact ionization experiments with 1-butanol
were performed using a Hiden Analytical [23] quadrupole mass spectrometer (QMS), fitted with
a RF head capable of measuring masses up to 300 amu (EPIC 300) with 1 amu resolution. This
spectrometer has an ionization stage and so can be operated in a residual gas analysing (RGA)
mode, which was utilised in this investigation. The internal ionization source, with an energy
spread of ~ 660 meV [21], was used to create ions by electron impact direct ionization and dis-
sociative ionization. The ions were created from the uniform background of 1-butanol mole-
cules, which effused from a needle positioned perpendicular to the axis of the mass filter and
below the entrance to the ionization stage. The present study was carried out in the single colli-
sion regime, as verified by the linearity of the detected cation signals as a function of both the
incident electron current and the 1-butanol pressure. This is explicitly demonstrated in figure 1
for the electron current range 10-20 uA (see figure 1a) and the 1-butanol pressure range 6.1 x
10-7-1.9x10-6 Torr (see figure 1b). For the results presented in section 3, however, a stable elec-
tron current of 20 uA and an operating pressure of ~1.5x10-6 Torr were employed. No mass
dependence of the QMS over the mass range studied here was found, as was investigated in
some detail by Nixon et al. [20]. Our previous studies also demonstrated that the extraction op-
tics were capable of capturing all of the cations, regardless of their kinetic energy. The behaviour
of the apparatus was verified by measurement of the PICS for Ar+, over the energy range of 10-
100 eV. That data was compared to the corresponding results from Rejoub et al. [24], with excel-
lent agreement being found. This therefore demonstrated that appropriate calibration of the

spectrometer had been achieved.

The sample of 1-butanol, acquired from Sigma Aldrich with a spectrometric grade (99.5%), was
stored in a vacuum flask and degassed by several freeze-pump-thaw cycles before the vapour

was admitted into the vacuum chamber using a needle valve (MLV-22 [25]). The gas handling
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lines were heated to ~40 °C, in order to prevent condensation of the vapour along the lines, and
so yield a stable operating pressure. Here we note that the vacuum chamber itself did not re-
quire baking and remained at the ambient temperature of the air-conditioned laboratory i.e. 22
°C. The vapour pressure of 1-butanol was calculated to be 5.32 Torr, using the Antione equation
[20], where the constants employed were A=4.54607, B=1351.555 and C = -93.34 [26]. That

pressure was considered to be sufficient to undertake our measurements.

Mass spectra for 1-butanol were measured on various days. After subtracting a meas-
ured mass spectra for the residual background gases, the spectra were combined to generate a
true mass spectrum of 1-butanol. This mass spectrum was subsequently renormalized by set-
ting the abundance of the most intense fragment, mass 31 amu, to 100 percent. The results from
this process are shown in table 1, where 76 cationic fragments were observed. The standard
deviations on the relative cation abundances were determined after the normalisation process.
The mass spectrum shown in figure. 2 were set on an absolute scale, using the sum of all frag-
ment ions observed, normalised to the TICS absolute value of Hudson et al. [11]. Note that as
Hudson et al. did not actually report a TICS at 70 eV, that value was determined by an interpola-
tion of the data they reported at 69 eV and 73 eV. The results from that normalisation process
are also summarised in table 2 and figures 3 and 4, where a comparison to our earlier methanol,
ethanol and 1-propanol results [ ], where possible, is provided. The energy dependence of
the PICS, for each of the main 38 cationic fragments we detected, between 10-100 eV, was also
measured in this investigation. Those data were placed on an absolute scale using one point
normalisation at 70 eV to the correspondent PICS value obtained in our absolute mass spectrum.
The error bars in the 70 eV PICS were obtained by the square root of the square of the statistical
error on our mass spectrum measurement, added to the square of the total error of the 70 eV
TICS of Hudson et al. [11]. The results from this process are summarised in table 3 and figure 5,
and we reiterate our belief that they represent the first absolute PICS to be reported for 1-

butanol in the literature.

The sum of all the PICS in table 3 or figure 5 yields the energy dependence of the TICS for
electron impact ionization of 1-butanol. The results from that analysis can be found in our ac-
companying paper [22]. Similarly, a Wannier threshold analysis [ ] of those PICS might also
yield the various appearance energies of the cationic fragments. That analysis can also be found

in our companion paper to this investigation [22].

3. Results and Discussion
3.1 Mass Spectrum

The absolute mass spectrum of cations generated from dissociative ionization of 1-
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butanol using incident electrons of 70 eV is shown in figure 2. The electron impact with an elec-
tron energy at 70 eV is commonly studied, because this energy is sufficient for the spontaneous
and stable fragmentation and the ion signals are most intense around 70 eV. A small change in
the electron energy does not influence the fragmentation patterns. Furthermore, if the energy is
decreased or increased substantially from 70 eV, the fragmentation is less stable and the intensi-
ty of the ion signal decreases notably. The mass spectrum of 1-butanol is important as it pro-
vides data to understand how the target molecule breaks down, and hence gives us the relative
abundance, which allows us to understand which fragments are most likely to be formed from
the ionization process. In this study we have assigned the identity of the cations assuming that
all of the ions in the mass spectrum are singly ionized. That assumption is based on the premise
that, in general, cross-sections for the formation of doubly-charged ions are, at least, one order
of magnitude smaller than the cross sections for the formation of the singly-charged ions. It has
previously been observed that doubly charged ion states, produced directly or indirectly
through single ionization followed by auto-ionization, undergo fragmentation to multiple singly-
charged ions | ]. This makes the observation of doubly charged fragments for molecules
unlikely, as they can readily relax to produce multiple singly-charged fragments. For instance, in
principle, doubly-ionized 1-butanol could be detected in our experiment at 37 amu. However,
the singly ionized parent peak has a relative abundance of 0.73 (see table 1) and so it would
therefore be expected that the doubly ionized cation peak would appear with a relative abun-
dance < 0.073. The peak of relative abundance = 0.85 at 37 amu is therefore more probably due
the formation of C3H* cations. In addition while the energy for double ionization of 1-butanol is
unknown, it is certainly lower than the second ionization energy for 1-proponal at 27.0 eV [27].
No appearance potential for 37 m/z at around 27 eV is, however, observed [22] thereby provid-

ing further evidence in support of our assumption.

The relative abundances of the cations with respect to the base peak of CH,OH* (m/z =
31 amu), as well as their standard deviations and background contributions are given in table 1.
The present data compares reasonably well with the values reported by NIST [30], Zavilopulo et
al. [15] and Friedel et al. [14]. Here we have observed 29 cationic fragments with an abundance
higher than 1%. The mass spectrum of 1-butanol falls into six distinct groups from mass range 1-
3 amu, 12-19 amu, 26-33 amu, 37-45 amu, 50-59 amu and 70-74 amu. There are only 4 cations
with a relative intensity above 50%, including the base peak. These masses are 31 amu, 41 amu,
43 amu and 56 amu, which represent about 56% of the total intensity recorded in the mass
spectrum. Among the group of cations with masses from 26-33 amu, the cations having a mass
of 31 amu, 29 amu, 28 amu and 27 amu are observed with higher intensity, whereas in the cati-
on groups with masses of 37-45 amu and 50-59 amu, the cations of masses 41-43 amu and 55-
56 amu show the most intensity. Considering the group of cations with the highest mass, the
parent cation M (m = 74 amu) appears due to the ejection of an electron from a non-bonding

orbital on the oxygen atom having an ionization potential of 10.10 eV [31]. A peak of very small
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intensity is also observed at 75 amu, which is attributed to a M+1 cation. The intensity of this
peak is ~ 5% of the parent cation, and therefore is consistent with the natural abundance of the
13C isotope. A successive loss of hydrogen from M is observed by the production of the fragments
of masses between 73 and 65 amu. The cation of mass 61 amu (C3H90+*) could be attributed to
propyloxonium, produced by the loss of CH (methylidyne radical), and the cations CzHgO+(m =
60 amu), C3H70*(m = 59 amu) and C3HeO*(m = 58 amu) are produced with the loss of CHz, CHz
and CH,, respectively. The cations with masses in the range from 57 - 52 amu may be formed
due to, besides the loss of CH4, the successive loss of hydrogen from C3HeO+*. Note that, in the
region from 57amu to 52 amu of the mass spectrum, the identity of the cation cannot be deter-
mined solely from the m/z ratio, given that some masses may be assigned to different molecules.
For example, in both C4He* and C3Hs0+* the masses are 57 amu. In this region (57 - 52 amu) there
is also the formation of cations due to the successive loss of hydrogen from C4sHo*, m = 57 amu, to
C4*, m = 48 amu. The cation C4Hg* at 56 amu is the most prominent one and corresponds to the
loss of a water molecule from the alcohol. Considering the third group of masses, which is domi-
nated by cations at 41 and 43 amu, the mass 47 amu corresponds to the ethyloxonium (C2H70+)
cation, involving the cleavage of the C;-C3 bond, while the masses in the range 46 - 40 amu are
produced by sequential loss of hydrogen from this cation. Again, a region of mass (between 44 -
40 amu) that corresponds to two different cations for each m/z ratio is observed. The intensity
of the mass at 44 amu could be attributed to formation of both C;H4+O0+ or C3Hg*, and from this
mass (44 amu) also occurs the formation of a series of cations from 44 down to 36 amu, due the
loss of hydrogen from C3Hg* The high intensity of the peak associated to the cation with 43 amu
may be due the formation of the complementary fragment oxonium with mass 31 amu. The
same structure of cation formation is observed in the region from 35 amu to 24 amu, that is, a
group of masses are formed by the sequential loss of hydrogen from CH-0+ This group contains
the base peak at 31 amu, a signature of all the primary alcohols, due to the cleavage of the Ci-C;
bond to give CH,=0H*, the oxonium ion. Again, the cation identity based on the mass alone, from
30 - 28 amu, is not unique. Cations in this region could also be formed by loss of hydrogen from
ethane ions, C2He¢* (m/z=30) to Cz* (m/z=24). Finally the low mass cations which are present in
the mass spectra from all alcohols studied | ], can be attributed to the hydronium ion
(H30+*) caused by the protonation, i.e., interaction of H,0+ and a proton H+, as well as the H,0+

cation at 18 amu, CHs* cation at 15 amu and H»* and H+ at 2 and 1 amu, respectively.

3.2 Partial Ionization Cross Sections (PICS)

The absolute mass spectra, with the respective errors, for the primary alcohols from 1 to
3 carbons [ ], are shown in the table 2 in comparison with the current data for 1-butanol.
All these results again relate to an incident electron energy of 70 eV. This comparison has been

possible by normalising the sum of all cations detected to the absolute total ionisation cross sec-
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tions found in the literature [ ] at that energy. For all mass spectra recorded, the most in-
tense peak is observed for the resonance-stabilized oxonium ion (CH,0+*H) with mass 31 amu.
The data in table 2 show a notable difference in the values of the PICS (70 eV), for three cations
in the range of mass from 1 to 32 amu, as shown in figure 3. The cited masses are 15, 18 and 31
amu which correspond to the CHz*, H,0+ and CH,0H* ions, respectively. The ionic fragmentation
of methanol provides the PICS (70 eV) for CHs* by loss of OH (m=17 amu), whereas the ethanol,
1-propanol and 1-butanol lose CH30 (m = 31 amu), C2Hs0 (m = 45 amu) and C3H;0 (m = 59
amu), respectively. As the cations for the mass 17 amu, 31 amu, 45 amu and 59 amu also are
shown in the relevant mass spectra, these processes probably occur by the carbon-carbon bond
cleavage, where the formation of CHs* is more effective from methanol. Similarly, the dehydra-
tion process (loss of H20) of these alcohols results in the formation of the ions CHz*(m =14 amu),
C2H4*(m =28 amu), CzHe*(m =42 amu) and C4Hg*(m =56 amu). Although the production of both
pairs of cations was observed in each process, formation of H,0+ is more effective when occuring
through ionic fragmentation of ethanol. This PICS is about 60% more in magnitude than those of
1-butanol and 1-propanol and almost 93% higher than that of methanol. All four alcohols show
CH30+ as the most intense peak. The absolute cross section at 70 eV for this peak in 1-butanol is
higher than that of methanol [20], slightly smaller than that of ethanol [20] and almost half that

of the 1-propanol [21] case.

The corresponding fragments from the sigma-bond cleavage are those that produce CH30(m/z =
31 amu) are H*( m/z = 1 amu) for methanol, CHz*( m/z = 15 amu) for ethanol, C;Hs*( m/z = 29
amu) for propanol and C3H7*( m/z = 43 amu) for butanol. In table 2 it is possible to see that the
relative abundance for these respective fragments is increasing as the fragment mass increases,
indicating the relative stability of the relevant cations. The actual abundances relative to the
most intense fragment here are ~ 5% (H*), 10% (CHs*), 13%(CzHs*), and 55% (CsH7*). When the
abundances (at 70 eV) of both fragments produced in this cleavage are summed, it is observed
that this value increases with the carbon number until C3, whereas the value for 1-butanol is
smaller than that for 1-propanol. This is due to the other appreciable cleavages, shown in figure
4 by the intensity of the peaks for the masses 41, 43 and 56 amu. Furthermore, the comparison
between the production for the parent cations indicates that for both the PICS (at 70 eV) and the
relative abundance, these values are deceasing when the carbon number is increasing from C; to
Cs. Thus the single ionization cross section of the parent of the 1-butanol molecule is smaller
than those of the corresponding methanol, ethanol and 1- propanol parent species. This indi-

cates that the fragmentation process is more spontaneous for the higher-order molecules.

The absolute partial ionization cross sections (PICS) were measured for 38 cations of 1-
butanol in the energy range 10-100 eV, as shown in the table 3 and plotted in figure 5. These 38
fragment cations represent 96.6 % of the total ion abundance in the mass spectra generated by

electrons with impact energy 70 eV. The PICS for the cations of masses 65 amu and 67-71 amu
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are not included here because of their low abundance and high background, ~ 57-75%, contri-
bution. The absolute PICS of the lighter fragments, for example, H+ and Hz*, were also excluded,
because it was too difficult to obtain accurate results for them with the mass spectrometer used
in our experiment. The PICS of the masses from 16-24 amu have also not been reported here,
because of their low abundances in the mass spectrum and also because the masses at 17 amu
and 18 amu have high backgrounds, 53.87% and 56.11% respectively. The absolute PICS of the
individual cations of 1-butanol are shown in figure 5, as noted above, where they all exhibit a
similar energy dependence (i.e. cross section as a function of energy) and none indicate any
structure. Note that these PICS can be summed to give the total ionization cross section for elec-
tron scattering from 1-butanol, which we undertake and then discuss what we find in detail in

our companion paper [22].

4. Conclusions

This work reports on our measurements of the cation mass spectrum and absolute par-
tial ionization cross sections, at 70 eV, from 1-butanol. Here we have shown 76 well-resolved
mass peaks in the 1-75 amu mass range, in the mass spectrum, as well as their relative abun-
dances and cation assignments. The present mass spectrum was found to be in pretty good
agreement with the earlier data reported by NIST [30], Zavilopulo et al. [15] and Friedel et al
[14]. The comparison between the absolute partial ionization cross sections of the primary alco-
hols from Cj to C4, in our present and previous work, indicates some differences in the cross sec-
tions for like cations, thus providing more knowledge about the fragmentation process in each
case. Among the primary alcohols of C1 to C4, the 1-butanol molecule has been identified as one
of the most promising to be used to replace fossil fuels. This follows as it can release more chem-
ical energy, in the form of heat, during ignition and it will not need modifications to engine com-
ponents if used instead of gasoline [4]. Therefore, this study contributes with new experimental
data that is required if we are to further understand and optimize the ignition process, required

for the efficient and cost-competitive utilization of the primary alcohols as alternate fuels.
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Figure 1: Linear dependencies between the operating pressure, the incident electron current and the detected ion
signal in each case. Here the solid lines represent a linear fit to the experimental data points. a) Linear depend-
ence of detected ion counts with incident electron current for the cations m/z= 31, 41, 56 amu. b) Linear depend-
ence of detected ion counts with pressure for the cations m/z= 56, 41, 32 amu.
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Figure 2: Mass spectrum of the cations generated from electron impact ionization of 1-butanol using incident
electrons of 70 eV. Here the background spectrum was subtracted from the signal spectrum, taken on various
days, and combined to produce a true spectrum. The data has been normalized to 100 for the most intense peak
at m/z=31. Some suggestions as to the identity of the cations are also given, assuming all cations are singly ion-
ized, with M=74 amu representing the parent cation: CH;CH,CH,CH,0H". Also shown on the plot are the error
bars representing the standard deviation in the measured m/z and the uncertainly in the total ionization cross
section [ | 1], see text for details.
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Table 1: Relative abundances of the cations generated by electron impact of 1-butanol using an electron energy of 70 eV.
The relative abundances are expressed with respect to the most abundant cation. i.e. 31 amu. The present data are determined
from the average of several measurements and the error is the standard deviation on that average. Also shown is the back-
ground contribution to measurements of 1-butanol, given as a percentage. The data from this study is compared with the
corresponding data from other sources.

Cation Identity M Present Data NIST Zavilopulo R. A. Friedel

(amu) [30] etal [15] etal [14]
Abundance _ Error % Background

H 1 1.58 0.12 42.00

H," 2 1.56 0.20 16.56 5.88

H;" 3 0.01 0.00 0

c' 12 0.12 0.01 442 0.3

CH" 13 0.25 0.03 1.67 0.85 221

CH," 14 1.70 0.41 4.11 3.05 8.44

CH;" 15 7.22 0.26 1.39 10.46 40.69

CH," or O" 16 0.52 0.14 18.34 0.36 3.98

OH' 17 1.65 0.56 53.87 0.21 0.72

H,0" 18 6.93 2.69 56.11 0.29 0.44 3.64

H,;0" 19 5.69 0.20 0.68 4.48 3.70 3.53

H,DO" 20 0.06 0.02 24.49 0.07

(oY 24 0.05 0.00 1.81

C,H" 25 0.32 0.02 1.01

C,H," 26 4.65 0.23 0.69 13.6 17.06

C,H;" 27 43.00 1.50 0.36 57.03 6731 59.05

CO" or C,H," 28 27.17 8.90 4.69 19.67 30.22 20.51

COH" or C,H;" 29 28.68 0.36 1.00 38.46 40.33 36.03

CH,O" or C,H," 30 2.03 0.08 0.79 0.02 2.29 2.99

CH,OH" 31 100 0.00 0.04 98.13 100 100

CH,O" 32 5.94 3.16 436 2.16 36.02 1.81

CH,0" 33 10.28 0.35 0.04 9.07 2.98 7.52

CH(O" 34 0.23 0.01 1.82 0.23

CH,0" 35 0.06 0.00 0.18

C;* 36 0.07 0.00 4.77

CH" 37 0.85 0.03 0.58 2.59 6.24

C:H," 38 1.71 0.06 0.68 6.35 9.42

C:H;" 39 12.90 0.49 0.71 25.43 22.53

C,0" or C;H," 40 5.59 0.15 0.68 0.23

C,HO" or C3Hs" 41 72.78 2.24 0.54 87.67 39.28 62.75

C,H,0" or 42 32.60 0.78 0.32 43.28 8.37 31.46

C:H¢'

C,H,0" or 43 55.62 1.77 0.76 68.42 21.09 59.39

CH;*

C,H,0* or 44 5.44 0.11 1.68 4.96 1.80 4.62

C:H*

C,H,0* 45 5.68 0.19 0.34 7.71 12.75 7.06

C,H,0* 46 0.64 0.04 0.75 0.60 2.98 0.52

C,H,0" 47 0.11 0.00 1.88

Cc 48 0.03 0.01 4.61

CH" 49 0.20 0.01 1.34

CH," 50 0.79 0.05 2.90

C.H;" 51 0.75 0.05 3.50

CH," or 52 0.42 0.04 2.74

C;0"

C.H;" or 53 1.24 0.07 2.34

C;HO'

C.H¢" or 54 1.15 0.09 1.99

C;H,0"

C.H;" or 55 14.68 0.82 1.71 27.95 7.73 12.15

C;H;0"

C.Hy' or 56 81.93 3.84 0.18 100 41.82 85.86

C;H,0"

C.Hy" or 57 5.55 0.27 7.29 7.60 5.19 6.39

C;H;0"

C;HO" 58 0.17 0.02 12.21 0.24 0.18

C;H,0" 59 0.33 0.16 1.06 0.17 0.31

C;H;0" 60 0.16 0.14 2.29 0.31

C;H,0" 61 0.01 0.01 9.35

C,HO' 65 0.01 0.00 72.82

C,H,0" 66 0.02 0.00 29.18

CH;0" 67 0.01 0.01 75.98

C,H,0" 68 0.01 0.01 65.74

C,H;0" 69 0.09 0.02 57.21 0.09

C,H0" 70 0.12 0.03 59.46 0.03 0.39 0.11

C,H,0" 71 0.13 0.03 64.38 0.12 1.52 0.11

C,H;0" 72 0.78 0.06 3.43 0.11

C,H,0" 73 1.39 0.11 0.62 1.52 5.19 1.39

CH,,0" 74 0.73 0.08 1.73 0.74 3.01 0.74

"2C,3CH,,0” 75 0.04 0.01 16.79 0.03 0.44
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Table 2: Absolute partial ionization cross sections (PICS) of the cations generated by electron impact of 1-butanol using
an electron energy of 70 eV. The present data from 1-butanol are compared with those from methanol, ethanol and 1-

propanol of our previous work [ ].
Cation Identity —m PICS (107 cm?)
Methanol error Ethanol error 1-propanol error 1-butanol error
H 1 0.0837 0.0118 0.0640 0.0130 0.0427 0.0108 0.0353 0.0030
H,' 2 0.0351 0.0079 0.0283 0.0088 0.0320 0.0073 0.0349 0.0046
c 12 0.0151 0.0012 0.0113 0.0009 0.0051 0.0014 0.0027 0.0002
CH 13 0.0271 0.0024 0.0362 0.0031 0.0115 0.0029 0.0056 0.0006
CH," 14 0.0880 0.0110 0.1135 0.0097 0.0567 0.0144 0.0380 0.0080
CH;" 15 0.4858 0.0366 0.2829 0.0231 0.1823 0.0483 0.1619 0.0086
CH," or O" 16 0.0185 0.0011 0.0219 0.0018 0.0114 0.0039 0.0117 0.0027
OH" 17 0.0170 0.0143 0.0855 0.0155 0.0340 0.0198 0.0369 0.0119
H,0" 18 0.0243 0.0480 0.3599 0.0401 0.1426 0.0876 0.1554 0.0570
H,0" 19 0.0099 0.0006 0.1559 0.0135 0.0702 0.0144 0.1276 0.0067
H,DO" 20 0.0065 0.0004 0.0026 0.0005 0.0012 0.0004
(o 24 0.0052 0.0004 0.0025 0.0002 0.0010 0.0001
C,H' 25 0.0299 0.0020 0.0170 0.0015 0.0070 0.0004
C,H," 26 0.1680 0.0112 0.1440 0.0107 0.1042 0.0066
C,H;" 27 0.4687 0.0303 0.6031 0.0439 0.9650 0.0513
CO" or C,H," 28 0.1948 0.1246 0.2448 0.0616 0.5411 0.1518 0.6097 0.1626
COH' or C,Hs" 29 0.8215 0.0527 0.5288 0.0384 0.7183 0.0699 0.6435 0.0269
CH,O" or C,H,” 30 0.1551 0.0116 0.1601 0.0104 0.1210 0.0154 0.0455 0.0025
CH,OH" 31 1.6430 0.0985 2.6470 0.1588 5.5261 0.3868 2.2439 0.0897
CH,0" 32 1.2544 0.0795 0.1858 0.0577 0.2972 0.1183 0.1332 0.0559
CH,O" 33 0.0213 0.0012 0.0648 0.0047 0.2306 0.0121
CH(O" 34 0.0051 0.0003
CH,0" 35 0.0013 0.0001
(o 36 0.0037 0.0004 0.0016 0.0001
CH" 37 0.0244 0.0027 0.0191 0.0009
C:H," 38 0.0402 0.0047 0.0383 0.0020
C:H;" 39 0.1614 0.0175 0.28944 0.0159
C,0"or C;H," 40 0.0614 0.0084 0.1254 0.0060
C,HO' or C;Hs" 41 0.0206 0.0029 0.2945 0.0330 1.6332 0.0825
C,H,0" or 42 0.0614 0.0041 0.6328 0.0670 0.7315 0.0341
C:H,"
C,H;0" or 43 0.1797 0.0117 0.1079 0.0119 1.2479 0.0639
CH,
C,H,0" or 44 0.0399 0.0027 0.0173 0.0070 0.1220 0.0054
C;Hy"
C,H;0" 45 1.0558 0.0685 0.0900 0.0393 0.1275 0.0066
C,H 0" 46 0.5442 0.0831 0.0184 0.0192 0.0142 0.0010
C,H,0" 47 0.0158 0.0023 0.0007 0.0005 0.0023 0.0001
(on 48 0.0007 0.0001
CH" 49 0.0045 0.0003
C.H," 50 0.0177 0.0012
C.H;" 51 0.0167 0.0013
C,H, or 52 0.0008 0.0001 0.0093 0.0009
C;0"
C,H;s" or 53 0.0062 0.0005 0.0277 0.0019
C;HO'
C,H, or 54 0.0012 0.0002 0.0258 0.0021
C;H,0"
C,H; or 55 0.0124 0.0010 0.3293 0.0226
C;H;0"
C,Hy or 56 0.0044 0.0006 1.8385 0.1133
C;H,0"
C.Hy" or 57 0.0373 0.0043 0.1246 0.0079
C;H;0"
C;HO0" 58 0.0267 0.0025 0.0037 0.0004
C;H,0" 59 0.4152 0.0397 0.0073 0.0035
C;H;0" 60 0.2924 0.0362 0.0036 0.0030
C;H,0" 61 0.0110 0.0014 0.0002 0.0001
C,HO' 65 0.0002 0.0001
C,H,0" 66 0.0004 0.0001
C.H;0" 67 0.0003 0.0002
C,H,0" 68 0.0002 0.0001
C,H;0" 69 0.0020 0.0003
CHO" 70 0.0026 0.0006
C.H,0" 71 0.0029 0.0006
C,H;0" 72 0.0174 0.0016
C,H,0" 73 0.0311 0.0027
C;H,,0" 74 0.0163 0.0019
"2C,3CH,,0" 75 0.0008 0.0001
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Table 3: Absolute partial ionization cross sections (x10™'¢ cm?) for electron scattering from 1-butanol. The overall uncertain-
ty on the data given below includes the uncertainty in the measurements of the mass spectrum and the error in normalizing to
the absolute data of Hudson et al. [11]. The overall uncertainties in the PICS are presented in brackets and the mass units
of each fragment are in amu.

Electron 74 73 72 60 59 58 57 56 55 54
energy(eV) C4H100* C4Ho0* C4+HsO* C3HsO* CsH,0* C3HeO* CsHo* or CsHs* or CsH7* or CsHe* or
(12.6%)  (89%)  (92%)  (83.3%) (48.7%) (12.6%)  CsHsO*  CsH:O*  C3Hs0*  C3H.0*
(6.4%) (6.1%) (6.8%) (8.6%)

10 0 0 0 0 0 0 0 0.00002 0 0.00006
15 0.00437  0.00712  0.00529  0.00098 0.00165 0.00058 0.02643  0.50590 0.04275 0.00730
20 0.00932  0.01958 0.01074 0.00205 0.00476 0.00165 0.06861 1.16054 0.16919 0.01454
25 0.01216  0.02549 0.01364  0.00273  0.00629  0.00264  0.09445 1.49594 0.24528 0.01875
30 0.01404 0.02835 0.01518 0.00312 0.00687 0.00316 0.11079 1.66516 0.28429  0.02187
35 0.01510  0.02960 0.01609 0.00324 0.00734 0.00342 0.11955 1.76125 0.30475 0.02386
40 0.01586  0.03060 0.01671 0.00346 0.00752  0.00362  0.12378 1.81792 0.31716  0.02497
45 0.01633  0.03119 0.01708 0.00346 0.00761  0.00370  0.12589 1.85153 0.32387  0.02554
50 0.01644 0.03148 0.01710 0.00350 0.00747 0.00363  0.12714 1.86683 0.32936  0.02573
55 0.01656  0.03164 0.01759 0.00350 0.00756  0.00378  0.12715 1.87336  0.33213  0.02626
60 0.01666  0.03188 0.01759 0.00352 0.00749 0.00375 0.12613 1.87077 0.33249  0.02609
65 0.01651  0.03160 0.01775 0.00353  0.00729  0.00373  0.12560 1.85668 0.33224  0.02613
70 0.01639  0.03114 0.01742 0.00365 0.00732  0.00371  0.12465 1.83855 0.32937  0.02589
75 0.01632  0.03101 0.01731  0.00365 0.00744 0.00371  0.12320 1.81779 0.32679  0.02543
80 0.01639  0.03062 0.01703  0.00365 0.00741 0.00350 0.12145 1.78980 0.32086  0.02516
85 0.01585 0.03018 0.01670 0.00363  0.00727 0.00367 0.12011 1.76351 0.31678  0.02474
90 0.01570  0.02985 0.01628 0.00352 0.00730 0.00350 0.11934 1.73841 0.31250 0.02418
95 0.01551  0.02906 0.01620 0.00355 0.00731 0.00361  0.11823  1.72299 0.30746  0.02373
100 0.01544  0.02907  0.01594  0.00348 0.00713  0.00343  0.11760  1.70332  0.30343  0.02318
Electron 53 52 51 50 47 46 45 44 43 42
energy(eV) C4Hs* or C4Has* or CaHs* CaH2* C:H-,0* C2He0* C2Hs0* C2H40* C.H50* C2H20* or
CsHO+ G50+ (8.5%) (7.3%) (7.1%) (7.3%) (5.2%) (4.6%) or C3H7* CsHe*
(7.2%) (9.7%) (5.2%) (4.8%)
10 0 0 0 0 0 0 0 0 0.00001 0
15 0.00092 0.00215 0.00013 0.00014 0.00031 0.00249 0.00742 0.01514 0.14210 0.09917
20 0.00591 0.00393 0.00152 0.00069 0.00123 0.00790 0.04922 0.05661 0.60846  0.36448
25 0.01216 0.00508 0.00334 0.00191 0.00183 0.01092 0.08511 0.08525 0.90749 0.53168
30 0.01779 0.00600 0.00553 0.00335 0.00206 0.01248 0.10475 0.10337 1.06531  0.62180
35 0.02175 0.00697 0.00782 0.00532 0.00213 0.01305 0.11398 0.11326 1.15023  0.67220
40 0.02407 0.00779 0.01052 0.00747 0.00220 0.01361 0.11957 0.11785 1.19759  0.69988
45 0.02537 0.00833 0.01258 0.00986 0.00231 0.01388 0.12242 0.12063 1.21999 0.71601
50 0.02655 0.00878 0.01408 0.01259 0.00223 0.01409 0.12340 0.12059 1.23353  0.72485
55 0.02719 0.00893 0.01522 0.01464 0.00227 0.01423 0.12492 0.12184 1.24065 0.72981
60 0.02743 0.00915 0.01573 0.01589 0.00236 0.01416 0.12610 0.12174 1.24545  0.73210
65 0.02759 0.00946 0.01641 0.01711 0.00238 0.01442 0.12698 0.12185 1.24793  0.73247
70 0.02773 0.00936 0.01675 0.01779 0.00238 0.01427 0.12755 0.12208 1.24799  0.73157
75 0.02745 0.00935 0.01676 0.01872 0.00229 0.01433 0.12725 0.12177 1.24627 0.72964
80 0.02730 0.00919 0.01691 0.01909 0.00242 0.01445 0.12847 0.12126 1.24282  0.72558
85 0.02713 0.00912 0.01675 0.01933 0.00238 0.01454 0.12865 0.12097 1.23684  0.72165
90 0.02639 0.00881 0.01656 0.01935 0.00239 0.01449 0.12874 0.12024 1.22913  0.71589
95 0.02603 0.00863 0.01632 0.01932 0.00239 0.01437 0.12818 0.12035 1.22324  0.71048
100 0.02557 0.00848 0.01589  0.01901 0.00236 _ 0.01428 0.12738 0.11873 1.21537  0.70408
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Electron 41 40 39 38 37 33 32 31 30 29
energy(eV) C:HO* or C20*or CsHs* CsHz* CsH+ CHs0+ CH.0+ CH.OH* CH:0+ COH* or
CsHs* CsHa* (5.6%) (5.4%) (5.5%) (5.3%) (4.2%) (4.0%)  or C:He* C2Hs*
(5.1%) (5.0%) (5.7%) (4.2%)
10 0.00006 0 0 0 0 0 0 0 0 0.00003
15 0.11786 0.01314 0.00273  0.00002 O 0.03915 0.01618 0.16945 0.00174 0.00705
20 0.61979 0.04637 0.01763  0.00033 0.00001 0.12853 0.05686 0.86880 0.00987 0.10996
25 1.04618 0.07177 0.05104 0.00103 0.00012 0.17737 0.08770 1.46416 0.02009 0.27044
30 1.30044 0.09122 0.10459 0.00259 0.00050 0.20119 0.10600 1.83345 0.02941 0.41242
35 1.44324 0.10563 0.16532 0.00611 0.00160 0.21320 0.11727 2.03885 0.03623 0.50963
40 1.52103 0.11396 0.21333  0.01161 0.00329 0.21953 0.12390 2.14598 0.04029 0.56827
45 1.56593 0.11920 0.24452  0.01851 0.00573 0.22261 0.12748 2.19891 0.04273 0.60333
50 1.59450 0.12161 0.26466  0.02522 0.00904 0.22518 0.12926 2.22413 0.04412 0.62358
55 1.61227 0.12367 0.27625 0.03010 0.01230 0.22702 0.13189 2.23675 0.04481 0.63516
60 1.62409 0.12475 0.28284 0.03352 0.01500 0.22925 0.13336  2.24315 0.04528 0.64021
65 1.62985 0.12507 0.28738 0.03642 0.01715 0.22967 0.13330 2.24505 0.04532  0.64242
70 1.63321 0.12548 0.28944 0.03833 0.01918 0.23061 0.13320 2.24397 0.04550 0.64358
75 1.63037 0.12516 0.29030  0.04000 0.02070 0.23224 0.13350 2.23982 0.04508 0.64209
80 1.62522 0.12480 0.28972  0.04100 0.02220 0.23336 0.13335 2.23098 0.04513 0.63842
85 1.61318 0.12365 0.28669  0.04183 0.02333 0.23408 0.13320 2.22529 0.04470 0.63263
90 1.60181 0.12232  0.28403  0.04217 0.02423 0.23415 0.13273 2.21217 0.04446 0.62821
95 1.58971 0.12149 0.28035 0.04220 0.02489 0.23513 0.13263 2.20542 0.04391 0.62351
100 1.57206 0.11952  0.27622  0.04187 0.02523 0.23338 0.13229 2.19384 0.04362 0.61531
Electron 28 27 26 25 15 14 13 12
energy(eV) CO*or C2Hs* C2Hz* CzH+ CHs* CHz* CH+ C+
Cz2Ha* (5.3%) (6.4%) (6.8%) (54%) (21.3%) (11.6%) (11.9%)
(26.6%)
10 0 0 0 0 0 0 0 0
15 0.02901 0.00136 0.00124 0 0.00062 0 0 0
20 0.18510 0.10641 0.00484 0.00008 0.00455 0.00050 0.00002 0
25 0.33288 0.31442 0.00987 0.00053 0.01425 0.00153 0.00009 0.00007
30 0.44502 0.53040 0.01958 0.00096 0.03513 0.00323 0.00025 0.00035
35 0.51660 0.70379 0.03546 0.00139 0.06523 0.00668 0.00057 0.00068
40 0.56200 0.81821 0.05164 0.00180 0.09440 0.01106 0.00100 0.00089
45 0.58863 0.88894 0.06711 0.00243 0.11670 0.01672 0.00156 0.00116
50 0.60199 0.92857 0.07938 0.00313 0.13327 0.02240 0.00234 0.00145
55 0.61230 0.95048 0.08871 0.00407 0.14546 0.02738 0.00312 0.00170
60 0.61593 0.96149 0.09584 0.00510 0.15335 0.03170 0.00393 0.00204
65 0.61231 0.96402 0.10064 0.00620 0.15839 0.03531 0.00502 0.00234
70 0.60977 0.96503 0.10429 0.00709 0.16195 0.03806 0.00566 0.00274
75 0.60282 0.95906 0.10714 0.00786 0.16365 0.04032 0.00649 0.00309
80 0.59577 0.94912 0.10749 0.00847 0.16447 0.04243 0.00715 0.00343
85 0.58830 0.93627 0.10843 0.00917 0.16408 0.04372 0.00777 0.00377
90 0.57901 0.92153 0.10819 0.00969 0.16307 0.04461 0.00832 0.00406
95 0.56884 0.90779 0.10754 0.01006 0.16158 0.04477 0.00887 0.00439
100 0.56229  0.88956  0.10653 0.01045 0.15967 0.04537 0.00929  0.00462
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Figure 3: Absolute mass spectrum of the cations generated from electron impact ionization of methanol, etha-
nol, 1-propanol and 1-butanol using incident electrons of 70 eV, (a) for masses in the range 12—-19 amu and (b)
for masses in the range 28-32 amu. Here the background spectrum was subtracted from the signal spectrum to
produce a true spectrum. The data of 1-butanol has been normalized using the absolute value of the total ionisa-

tion cross section (TICS) from Hudson ef al. [11]. The present error bars were obtained by also considering the
error on the data from Hudson et al. [11].
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Figure 4: Absolute mass spectrum of the cations generated from electron impact ionization of ethanol, 1-
propanol and 1-butanol using incident electrons of 70 eV. (a) for masses in the range 41-46 amu and (b) for
masses in the range 55-60 amu. Here the background spectrum was subtracted from the signal spectrum to pro-
duce a true spectrum. The data of 1-butanol has been normalized using the absolute value of the TICS from

Hudson et al. [11]. The present error bars were obtained by also considering the error on the data from Hudson
etal [11].
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Figure 5: Absolute partial ionization cross sections (PICS) of the main 38 cations that result from electron im-
pact ionization of 1-butanol, as measured in the present study. The errors are the quadrature sum of (i) the uncer-
tainty in the experimental measurements of the cross sections, (ii) the uncertainty of the relative contributions to
the mass spectrum and (iii) the normalization to the absolute data of Hudson et al. [11].
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