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Abstract: The need for a reliable and comprehensive database of cross-sections for many atomic
and molecular species is immense due to its key role in R&D domains such as plasma modelling,
bio-chemical processes, medicine and many other natural and technological environments. Elastic,
momentum transfer and total cross-sections of butanol and pentanol isomers by the impact of
6–5000 eV electrons are presented in this work. The calculations were performed by employing
the spherical complex optical potential formalism along with single-centre expansion and group
additivity rule. The investigations into the presence of isomeric variations reveal that they are more
pronounced at low and intermediate energies. Elastic, total cross-sections (with the exception of
n-pentanol) and momentum transfer cross-sections for all pentanol isomers are reported here for the
first time, to the best of our knowledge. Our momentum transfer cross-sections for butanol isomers
are in very good agreement with the experimental and theoretical values available, and in reasonable
consensus for other cross-sections.

Keywords: electron scattering; integral cross sections; alcohols; isomeric effect; butanol; pentanol

1. Introduction

Recently, there has been a heightened interest in the study of higher alcohols for
their significant role in industrial applications and research. Species such as butanol and
pentanol are axial to the development of bio-fuels [1] and are the mainstay of all major
proposed solutions to the looming world energy crisis. To understand the processes that
follow the ignition of plasma and to model the spark ignition behaviour of such bio-fuels,
many fundamental data are required that can be sourced from electron-scattering studies
of these molecules [2]. Moreover, there is a pressing need for a reliable and comprehensive
database of cross-sections for these species, as they play a key role in R&D domains such
as plasma modelling [3], bio-chemical processes [4], health [5], environment [6], etc.

In the present times, the isomers of higher alcohols have also been seen as viable
alternatives of their n-structure counterparts as bio-fuels [7]. Electron-scattering data,
however, are scarcely available for such molecules. These data are also critical for the
accurate modelling of planetary atmospheres [8]. In order to facilitate a complete dataset of
cross-sections [9], we report the data for elastic (Qel), momentum transfer (Qmtcs) and total
cross-sections (Qt) for butanol and pentanol isomers under the present theoretical study.
This is in continuation to the theoretical calculations of total ionisation cross-sections (Qion)
for the same species, reported in our earlier work [10].

Our calculations were performed using the spherical complex optical potential
(SCOP) [11,12] methodology and the group additivity rule (GAR) [13], along with single-
centre expansion applied to model the charge density of each group, efficiently. A visual
approach to the selection of groups on the basis of the electrostatic potential surface of
the target molecule was employed, the details of which are provided in ref. [10]. The
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input parameters such as polarizability, ionisation energies, etc., for pentanol isomers were
also calculated in our earlier work [10], though the first excited states of the targets were
calculated in this work, the data being unavailable for the same in the literature. The next
section describes our theoretical methodology followed by results and discussions with
conclusions presented in the final section of this article.

2. Theoretical Methodology

We used the SCOP [14] formalism for the calculation of cross-sections that employ a
model optical potential to represent the scattering dynamics, expressed as:

Vopt = Vreal(r, Ei) + iVim(r, Ei) (1)

The Schrödinger equation for the system was then solved by the partial wave analysis
using the potential in Equation (1), yielding the solutions as complex phase shifts that
are used to obtain cross-sections. The potential represented by the first term on the right-
hand side of Equation (1) is the sum of static potential (Vst), exchange potential (Vex) and
polarization potential (Vpol).

Vreal = Vst + Vex + Vpol (2)

The static potential was derived from the charge density (ρ) of the atomic constituents
of the target molecule where ρ is expanded about the scattering centre, which is the atom in
case of atomic targets. In our case, however, the targets are molecules with hydrogen atoms
attached to either a carbon atom or an oxygen atom, which are much heavier than the
hydrogen itself. Consequently, the charge density of the hydrogen atom is expanded about
the heavier atom, i.e., the carbon or the oxygen atom. This is called single-centre expansion.
Due to the large size of our targets, it is fair to assume that they are composed of multiple
independent scattering centres, comprising groups of atoms. The contributions of single-
electron collisions from these groups may be added linearly to obtain the cross-section for
the whole molecule, a process that is known as the group additivity rule. To remove any
ambiguity in the identification of these groups, we devised a selection mechanism based
on the electrostatic potential surface of the molecule, described in our earlier work [10].

The static potential was obtained from the parameterized Hartree–Fock wave equation
by Cox and Bonham [15], while the exchange potential was calculated using Hara’s [16]
non-parametric, free-electron gas model. The parameter-free, correlation polarization
potential by Zhang et al. [17] was used to account for the polarization effects.

The second term on the right-hand side of Equation (1) corresponds to the loss of
scattered flux due to electronic excitation and ionization channels. The absorption potential
is a quasi-free Pauli-blocking type and its expression as given by Staszewska et al. [18] is:

Vabs(r, Ei) = −ρ(r)

√
Tloc

2

(
8π

10k3
FEi

)
θ(p2 − k2

f − 2∆)(A1 + A2 + A3) (3)

Here, the local kinetic energy is:

Tloc = Ei − (Vst + Vex + Vpol) (4)

where kf is the Fermi wave vector given by k f = 3
√

3π2ρ(r) and p is the momentum
of the incident electron computed as p2 = 2Ei. The dynamic functions A1, A2 and A3
are dependent on the ionisation potential (IP), the Heaviside unit step function θ(x) and
the ∆ parameter, the value of which is such that it limits the value of the total inelastic
cross-section. As approximated by Staszewska, the value of ∆ is equal to IP, which is a
constant. The inelastic channels are closed for incident energies lower than ∆, but below
the ionization threshold, however, there is a finite probability of excitation to discrete states.
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An energy dependent form of ∆ checks the excessive loss of flux into the inelastic channels
at intermediate energies, which is represented as:

∆(Ei) = 0.8I + β(Ei − I) (5)

The constant β is calculated by setting ∆ = I (ionization energy) for Ei = Ep, Ep being
the incident energy where the inelastic cross-section is maximum. It is fair to consider the
inelastic channels to be opened at the first excitation energy requiring energy dependency
of ∆. For energies higher than Ep, however, ∆ is fixed at ionization energy.

The optical potential constructed in Equation (1) for the target molecular system was
incorporated in the Schrödinger equation, which was solved numerically using Numerov’s
method under partial wave analysis. The solutions yielded complex phase shifts, which
carry information about scattering dynamics and were employed to calculate relevant
cross-sections. The elastic cross-section for l partial waves is calculated as:

Qel(Ei) =
π

k2

∞

∑
l=0

(2l + 1)|ηlexp(Reδl)− 1|2 (6)

and the inelastic cross-section is given by:

Qinel(Ei) =
π

k2

∞

∑
l=0

(2l + 1)
(

1− η2
l

)
(7)

where, ηl = exp(−2lmδl) is the absorption factor for each partial wave with the number of
partial waves, in our case being capped at 61, satisfying convergence of the results in our
calculations. The sum of Equations (6) and (7) gives the total cross-section (Qt), i.e.:

Qt = Qel + Qinel (8)

The complex phase shifts obtained as the solutions of Schrödinger equation were also
used to calculate the momentum transfer cross-section using:

Qmtcs(Ei) =
4π

k2

∞

∑
l=0

(l + 1) sin2[δl+1(k)− δl(k)] (9)

We used the same data for target parameters, calculated by us or otherwise, as in our
earlier work [10] and is displayed in Tables 1 and 2. This includes ionisation energies (IP)
and molecular polarizabilities.

The excitation energies listed in Tables 1 and 2 were calculated using Gaussian soft-
ware [19]. The geometry of the molecules was optimized using the hybrid functional
(B3LYP) along with 6-311++G (d,) basis set within density functional theory [20,21]. Ex-
cited states calculations [22] were performed by implementing time dependent density
functional theory on these optimized structures.

Table 1. Target properties (butanol isomers).

Target Species IP (eV) [23] Polarizability
α (Å3)

First Excited State
(eV)

Butan-1-ol 9.99 ± 0.05 8.57 [24] 6.23
Butan-2-ol 9.88 ± 0.03 8.57 [24] 6.29

2-methylpropan-1-ol 10.02 ± 0.03 8.92 [25] 6.24
2-methypropan-2-ol 9.90 ± 0.03 8.92 [25] 6.23
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Table 2. Target properties (pentanol isomers).

Target Species IP (eV) [10] Polarizability
α (Å3) [10]

First Excited State
(eV)

Pentan-1-ol 10.00 10.118 6.25
Pentan-2-ol 9.78 10.112 6.30
Pentan-3-ol 9.78 10.056 6.30

2-methylbutan-1-ol 9.86 10.000 6.20
3-methylbutan-2-ol 9.88 10.014 6.19

3. Results and Discussion

The calculated cross-sections of molecules are represented graphically (Figures 1–13).
Atomic units were used for calculations with the cross-section values in the units of Å2

on the Y-axis and energy of the projectile in eV on the X-axis (logarithmic scale on both
axes). Comparison data for the molecules are plotted in separate figures and, wherever
it is not available, calculated data of all isomers of the target molecule are plotted in the
same graph.
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Figure 2. Solid lines (black) represent butan-2-ol, dashed lines (red) represent 2-methylpropan-1-ol 
and dotted lines (blue) represent 2-methylpropan-2-ol results. Lines (only) show present results 
and lines with open circles are results from Bettega et al. 

The integral elastic cross-sections of pentan-1-ol reported by de Oliviera et al. [29] 
have higher values at intermediate energies than calculated elastic cross-sections of 
Bhardvaja et al. [30] and our results (Figure 3), though the trends appear similar. The effect 
of the isomeric structure on the elastic cross-section of pentanol isomers, however, ap-
pears to be of minor significance in our results (Figure 4) except for 3-methylbutan-2-ol. 
This deviation from the trend in comparison with butanol isomers needs more investiga-
tion, as this secondary amyl alcohol has a methyl group as well as a hydroxyl group at-
tached to the inner carbon atoms. 

Figure 1. Elastic cross-section of butan-1-ol: solid black line represents present result, solid circles
(red) depict experimental data from Khakoo et al., dashed (blue) line is ICS from Gomes et al.,
dash-dot line (green) is from Bhardvaja et al. and pink dash-dot-dot line represents pseudopotential
calculations from Khakoo et al.
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3.2. Total Cross-Section 
The experimental total cross-section (TCS) for butan-1-ol reported by Gomes et al. 

[27] in the energy range 80–400 eV starts off higher than all theoretically calculated cross-
sections, including their own and falls of more rapidly approaching 400 eV. All theoretical 
calculations, more or less, show an identical trend in results, though differing in magni-
tude. Our results are in excellent agreement with experimental data between 250 and 400 
eV. Gomes et al. [27] derived a ‘hybrid TCS’ from the elastic integral cross-section of Kha-
koo et al. and the calculated total ionization cross-section of Ghosh et al. [31] by adding 
Binary-Encounter-Bethe (BEB) with an implementation of outer valence Green’s function 
(OVGF), which is shown in (Figure 5). Given the fact that there is a difference in magni-
tude of the ‘hybrid TCS’ and experimental TCS of Gomes et al. [27], it is noteworthy that 
our results at the lower end of intermediate energies are in good agreement with the for-
mer and at the higher end with the latter. A comparison of total cross-sections of butanol 

Figure 3. Elastic cross-section of pentan-1-ol: solid black line shows present results, dashed blue line
displays results by de Oliviera et al. and dash-dot red line represents results by Bhardvaja et al.
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Our calculated TCS of pentan-1-ol (Figure 7) is in very good agreement with the cal-
culated results of Bhardvaja et al. [30], except for very low and very high energies. There 
are no experimental results available for the same to the best of our knowledge for com-
parison with our data. Interestingly, the TCS results of pentanol isomers (Figure 8) inher-
ited the same features from their elastic cross-sections and here again, 3-methylbutan-2-ol 
displays a deviation from the trend observed in butanol isomers. 

Figure 5. Total cross-section butan-1-ol: black solid line shows present results, red circles are
experimental results by Gomes et al., purple squares are ‘hybrid TCS’ by Gomes et al., blue dashed
lines are calculated values by Gomes et al., green dash-dot-dot line is from Bhardvaja et al. and
orange dash-dot-dash line shows TCS + rotational from Gomes et al.
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3.1. Elastic Cross-Section

Our elastic cross-section values for butan-1-ol (Figure 1) were on the higher side for
lower energies (<10 eV) as compared to the experimental data of Khakoo et al. [26], their
calculated results and that of Gomes et al. [27]. This may be inherent to our methodology
and can be attributed to the fact that we considered inelastic channels open at the first
excitation energy albeit there being no distinction between the various open channels. The
number of scattering centres in straight chain isomers was larger than the branched ones
in our implementation of group additivity rule [10], to which their higher cross-section
values below the ionization threshold can be attributed. This, however, improved the
overall results, especially in the context of contribution to energies above the ionisation
threshold. The agreement with experimental results at intermediate energies, therefore,
was reasonable within the given stated range of uncertainties. Just above the ionization
threshold, present data points overestimate the reported results since the inner excitations
were not included in the present case. These inner excitations were dominating inelastic
channels besides the ionization above the ionization threshold. Therefore, elastic cross-
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section reduces significantly just above the ionization threshold. Our results (Figure 2)
show a distinct difference in the elastic cross-sections of straight chain isomers as compared
to the branched ones, and the same can be observed in the results of Bettega et al. [28] too,
although the difference in their case is marginal. It is noteworthy here, that the branched
isomers of alcohols are polar molecules due to the presence of hydroxyl group. This effect
is mitigated for straight chain isomers.

The integral elastic cross-sections of pentan-1-ol reported by de Oliviera et al. [29]
have higher values at intermediate energies than calculated elastic cross-sections of
Bhardvaja et al. [30] and our results (Figure 3), though the trends appear similar. The
effect of the isomeric structure on the elastic cross-section of pentanol isomers, however,
appears to be of minor significance in our results (Figure 4) except for 3-methylbutan-2-ol.
This deviation from the trend in comparison with butanol isomers needs more investi-
gation, as this secondary amyl alcohol has a methyl group as well as a hydroxyl group
attached to the inner carbon atoms.

3.2. Total Cross-Section

The experimental total cross-section (TCS) for butan-1-ol reported by Gomes et al. [27]
in the energy range 80–400 eV starts off higher than all theoretically calculated cross-
sections, including their own and falls of more rapidly approaching 400 eV. All theoretical
calculations, more or less, show an identical trend in results, though differing in mag-
nitude. Our results are in excellent agreement with experimental data between 250 and
400 eV. Gomes et al. [27] derived a ‘hybrid TCS’ from the elastic integral cross-section
of Khakoo et al. and the calculated total ionization cross-section of Ghosh et al. [31] by
adding Binary-Encounter-Bethe (BEB) with an implementation of outer valence Green’s
function (OVGF), which is shown in (Figure 5). Given the fact that there is a difference in
magnitude of the ‘hybrid TCS’ and experimental TCS of Gomes et al. [27], it is noteworthy
that our results at the lower end of intermediate energies are in good agreement with the
former and at the higher end with the latter. A comparison of total cross-sections of butanol
isomers (Figure 6) continues to display the trend observed in the case of our results for
their elastic cross-sections.

Our calculated TCS of pentan-1-ol (Figure 7) is in very good agreement with the
calculated results of Bhardvaja et al. [30], except for very low and very high energies.
There are no experimental results available for the same to the best of our knowledge for
comparison with our data. Interestingly, the TCS results of pentanol isomers (Figure 8)
inherited the same features from their elastic cross-sections and here again, 3-methylbutan-
2-ol displays a deviation from the trend observed in butanol isomers.

3.3. Momentum Transfer Cross-Section

The Qmtcs results of butan-1-ol from our calculations (Figure 9) are in excellent
agreement with experimental results of Khakoo et al. [26] and the theoretical results of
Bettega et al. [28]. Here again our results below 10 eV were quite high as compared to the
other two. The reason is same as for the elastic curve.

As far as a comparison of our Qmtcs results for butanol isomers (Figure 10) is concerned,
they showed a similar trend as Qel and Qt, i.e., the values were higher in magnitude for
straight chain isomers than the branched ones. The agreement, when compared with
calculated results (Figure 11) of Bettega et al. [28], is in parts and is better for butan-2-ol.

There are no experimental data available for pentan-1-ol to the best of our knowledge,
hence, we compared the present results (Figure 12) with static-exchange and static-exchange
plus polarization calculations of de Oliviera et al. [29], which are in very good agreement
with our results except for energies lower than the ionisation threshold. Since there is no
experimental or theoretical data available for Qmtcs of isomers except for pentan-1-ol, a
comparison of our results (Figure 13) shows that they are in line with the observations
for our elastic and total cross-sections. The isomer effect here again is not significant for
the ones other than 3-methylbutan-2-ol, which has values higher in magnitude in low
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to intermediate energy range as compared to others. The trend shown by all isomers,
however, is consistent and along expected lines.

4. Conclusions

Electron-scattering elastic, total and momentum transfer cross-sections for butanol
and pentanol isomers were calculated and presented in this study. The SCOP method was
employed for the calculations. Taking into consideration the large size of the molecules, the
group additivity rule was used with scattering centres identified based on the electrostatic
potential surface generated for each target. The first excited states were calculated for all
the target species and cross-sections are reported for incident electron energies ranging
from 6 to 5000 eV. With this dataset, the cross-section database is complete for both butanol
and pentanol isomers. While our elastic and total cross-sections for most target isomers
are in good agreement with available measured and/or calculated results, our momentum
transfer cross-section calculations are in excellent agreement with available data for butan-
1-ol. There was a small but significant difference observed in the cross-sections of straight
chain and branched isomers, although the trends are contrary for butanol and pentanol,
which is not appreciable at higher energies.
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