Chapter 4

Interaction processes for biomolecules

Various elastic and inelastic electron interaction processes are quantified in
terms of cross-sections for nucleosides (Adenosine, Guanosine, Cytidine,
Thymidine  and  Uridine),  furfural,  para-Benzoquinone  (pBQ),
pentafluoropropionitrile and heptafluorobutyronitrile for the impact
energy range, IE to 5000 eV. Various correlation studies are also

attempted for all these molecular systems.

4.1 Nucleosides

Nucleosides are referred to as glycosylamines, which are nucleotides lacking phosphate
groups. These are the structural building blocks of nucleic acids and are necessary for all
biological systems [1,2]. Tumours and viruses are treated with these nucleosides by either
preventing the formation of new cancer cells or viruses through the use of nucleic acid chain
terminators [3] or by selectively inhibiting enzymes required for cancer or viral replication
[4]. In many fields of chemistry and biology, nucleosides and their analogues are of interest.
Their structural characterisation is especially helpful in the synthesis of nucleoside analogues
for the investigation of their anticoagulant effects and in the detection of the structure and

sequence of changed nucleosides in ribonucleic acid (RNA) [5-7].

Numerous studies have examined the effects of electron collisions on nucleobases (DNA
damage caused by electrons) [8-13], but more recent research (Deng et al. 2005) on base-
sugar complex nucleosides has shown that sugar damage [14—16] predominates in nucleoside
damage pathways. Moreover, Wintstead and McKoy [17-19] investigated the impact of low
energy electrons on nucleosides. Thus, in the present contribution, we looked into the impact

of electrons on nucleosides (Adenosine, Guanosine, Cytidine, Thymidine and Uridine).
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The determination of various cross-sections for several molecular processes due to collisions
between electrons and biomolecules is a vital initial step in modelling the cell damage
generated by electrons (ionising radiations) directly or indirectly. Consequently, it is
necessary to evaluate the cross-sections for electron interaction with biomolecules in order to

comprehend and simulate the cell damage effectively [20-22].

The SCOP formalism was used in the current study to quantify different molecular elastic and
inelastic processes through cross-sections for energy spectrum, from /E to 5000 eV. For the
nucleosides under study, several cross-sections, including Qinel, Qel, Qion, Qexc, and Qr, have

been evaluated. The entire geometrical structure of nucleosides is depicted in figure 4.1.
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Figure 4.1 Geometrical structure of nucleosides

(http://www.chemspider.com/Default.aspx)

4.1.1 Theoretical Methodology

In order to determine the cross-sections from the ionisation energy to 5000 eV, we use the
SCOP approach with a multi-center group additivity method [23,24]. Studies of electron
scattering can be conducted using a variety of additivity rules [25]. The requirement that the
small groups of constituent atoms serve as distinct scattering centres for the small groups of
big molecules supports the idea that multi-centre group formation. The group additivity
approach is better suitable for large molecules like those examined here since the target
system manifests as several scattering centres when the electron's wavelength decreases with
the energy. So, we used this method to observe the impacts of different groups on the cross-
section. Moreover, the SCOP method makes use of spherical potential, which can be
explained by superimposing smaller atoms' charge density on that of bigger atoms within the
groups. The multi-centre group additivity approach identifies the various scattering centres of
the target molecule while also accounting for molecular geometry. The characteristics of

molecules are shown in table 4.1.

Table 4.1 Molecular properties

Polarisability (a) in

Molecule IE (eV) [26a] A3 271
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Adenosine
Guanosine
Cytidine
Thymidine
Uridine

8.4
8.0
8.6
8.7
9.0

23.8
24.1
20.9
22.1
20.9

4.1.2 Results and Discussion

As a function of incident energy from the molecular ionisation threshold to 5000 eV, the
various cross-sections, (Viz., Qinet, Qel, Qt, Qion and XQexc) for all the present investigated

biomolecules are computed in the present study [26b] and shown in this section.

A. Inelastic effects

Figures 4.2 to 4.6 illustrate the Qinel, Which covers the ionisation and excitation effects for

electron interaction with nucleosides (adenosine, cytidine, guanosine, uridine, and

thymidine).

The uppermost curves in each of these figures represent Qinel, Whereas the lowermost curves

represent total electronic excitation cross-sections, Y Qexc. We emphasise that present study is

the first effort to describe these cross-sections of all these biomolecules under study.

Total ionisation cross-sections derived from Qion data is represented by the centre curves.

Until today, no theoretical or experimental research on the electron interaction cross-sections

of these nucleosides have been conducted, except by Mozejko [28]. Furthermore, they only

estimated the Qion for four of the nucleosides, namely adenosine, guanosine, cytidine, and

uridine, using the BEB formalism from the ionisation threshold to 200 eV.
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Figures 4.2 to 4.5 compare the present Qion to the Qion of [28] estimated using BEB. The
present curves for adenosine and cytidine (figures 4.2 and 4.3) demonstrate excellent
agreement with the Binary Encounter Bethe (BEB) data [28], however the current Qion
values for guanosine and uridine (figures 4.4 and 4.5) are marginally higher within the
specified uncertainty of £15% of BEB data [28]. The cross sections are very much dependent
on the ionisation energy employed. The BEB data [28] are up to 200 eV, and we notice that
the present Qion and that of [28] tend to merge beyond the peak region.
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No cross-sections data for thymidine are available for the comparison (figure 4.6). Present
study is the first report on electron interaction cross-sections results for thymidine. As
energetic electrons transfer their kinetic energy to molecular systems, the inelastic cross

sections increase with the incident energies. At higher energies, however, these probabilities

decrease as Ei beyond the peak energy. The peak value is determined by electron energy and

interaction time between incident electrons and the molecular target.

B. Elastic effects

The Qr and the elastic cross-sections, Qe are depicted in figures 4.7 and 4.8, respectively,
where N denotes the molecule size in terms of the electron number. The Qrt includes every

elastic and inelastic event driven by an incoming electron.
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The probability that all electron-induced molecular events will take place, are represented by

Qr, which is employed in several modelling methodologies [29,30]. As can be seen, Qr drops

as % in the high energy regime and exhibits the trend of Born-Bethe [31]. Figures 4.7 and
4.8 further show the size dependence of Qe and Qr.

Figure 4.9 shows a relative estimation of various quantified chemical processes for e -
Uridine collision at E, = 62 eV. While Qr is the upper bound for electron-induced events, Qe

and Qinet make up 68% and 32% of Qr, respectively. As expected, Y Qexc contributes 30%
while Qion makes up 70% of Qinel.
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Figure 4.9 Relative estimation of various quantified molecular processes

We were able to provide several forms of electrons induced scattering cross-sections data
using our theoretical framework that was explained earlier. However, the current theory
requires approximation since a spherical potential must be built and the charge density must
be modelled using the group additivity rule. The final data generated by these approximations
contains an uncertainty of 10% to 15%, which is comparable to the majority of experimental
data. As a result, the information provided here is trustworthy enough to be used in applicable

domains like radiology and the biological field.

4.2 Furfural (CsH402) and para-Benzoquinone (CcH40:)

Over the past few decades, there has been a growing interest in the development of new or
improved technologies (in terms of sustainability and low cost), in particular for the
conversion of lignocellulosic biomass into several biomaterials including biofuels [32]. This
interest was sparked by a situation in which the growing global demand for energy [33] must
be satisfied while at the same time voicing concerns about climate change. When it comes to
the challenges that need to be overcome, "biomass recalcitrance" is the one that has the most

significant impact on the high cost of converting lignocellulose into biomaterials that have a
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high value-added. According to theoretical and experimental research aimed at finding a
solution to this question [34—36], atmospheric pressure plasmas that generate radicals and
free electrons can facilitate the breakdown of biomass by producing dissociations,
excitations, and other fragmentation processes. Consequently, we have investigated the
effects of electron collisions on Furfural, a byproduct of certain lignocellulose species that

could one day serve as a replacement for petroleum-based compounds [37].

2-furaldehyde, also known as furfural (CsH40Oz2), plays an important part in green chemistry
[38]. It additionally finds applications in the production of petroleum, agrochemicals,
medicines, and polymers. In addition to this, it has been acknowledged as an essential
chemical building block [37,39] for the commercialization of biorefineries. The process of
converting biomass into biofuel begins with irradiating it with electron beams or subjecting it
to atmospheric pressure plasma [34,40]. This first step improves the conversion yield
significantly. This, along with other modelling plasma applications [41], points to the
necessity for accurate and exhaustive electron scattering data for furfural [42].

The chemical structure of CsH4O2 molecule is given in figure 4.10.
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/

Figure 4.10 Chemical structure of Furfural
(https://pubchem.ncbi.nlm.nih.gov)

As global energy consumption continues to rise, the challenges associated with gathering and
storing energy in a manner that is environmentally friendly are becoming an increasingly
pressing concern. Learning from and modelling ourselves after nature could pave the way for
innovations that could help solve these problems. Oxygenic photosynthesis is the primary

means by which energy is converted into usable form on Earth. During this process, water
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and carbon dioxide are converted into oxygen and carbohydrates [43]. Therefore, increasing
our understanding of these photosynthetic processes may be able to stimulate breakthroughs
in photocatalysis and photovoltaics [44], as well as the creation of hybrid photo-bio
electrochemical technologies [45]. Quinones are an essential molecular component in the
sequence of photosynthesis that involves cellular respiration and the transfer of electrons
because they are capable of carrying out reversible reduction processes. Accordingly, they are
proving to be a long-term, cost-effective material in energy-harvesting and storage systems
like artificial photosynthetic platforms, rechargeable batteries, pseudo-capacitors,
phototransistors, plasmonic light harvesting platforms, and dye-sensitized solar cells. A
deeper knowledge of the unique characteristics of quinone and its derivatives can aid in the
design of bio-inspired energy conversion and harvesting systems. In this regard, para-
benzoquinone (pBQ), which is the simplest quinone, has acted as a prototype structure in a
range of study attempting to understand the electrochemical and photon induced behaviour of

quinones in general.

Since this molecule has garnered a lot of attention recently, we have zeroed in on to this
molecule and investigated the processes involved in its electron interactions from the
molecular ionisation threshold up to 5 keV in the present work. Figure 4.13 displays the

chemical structure of this pBQ (C¢H4O2) molecule.

Figure 4.11 Chemical structure of para-Benzoquinone

(https://pubchem.ncbi.nlm.nih.gov)
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4.2.1 Literature survey and Target properties

Table 4.2 Literature survey for Furfural and para-Benzoquinone

Molecules Quantity Methods Ei (eV) References
Qion Binary-Encounter-Bethe (BEB) [Th.] 11000
Qinel, Qel, QT IAM-SCAR+I [Th]
20.30.40.50 Jones et al
Qexc Energy loss spectra [Ex.] 250 (2016) [42]
Q ; ; :
o] Qexc Discrete inelastic [Th.] 1-1000
% Double electrostatic analyzer gas cell
s Qr 10-1000 Traore
= electron transmission cell [Ex.]
5 Dubuis et al
= TAM-SCAR+I & Semi-empirical model
Qr 500-10000  (2017) [46]
[Th.]
Lozano et al
Qr Electron Transmission Experiment [Ex.] 7,10, 20
(2017) [47]
0 Transmission-beam attenuation
' measurements [Ex. £5%]
1-200 Lozano et al
Qine N Qion,
‘ IAM-SCAR+I [Th.] (2018) [48]
Qel, QT, Qexc
C}: Qe SMCPP [Th.] 1-50
an)
o) Qexe Energy loss spectra [Ex.] 20,30,40
o Qine Qe
) b IAM-SCAR+ [Th ] 10-1000
Qr, Qexc Jones et al -
Qion BEB [Th.] 10-1000 (2018) [49]
Qinel, Qel,
SMCPP [Th.] 16-50
QTa QCX

Table 4.3 Target properties of Furfural and para-Benzoquinone

(http://www.chemspider.com)

Target

IE (eV)

Polarizability (o) in A°?
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Furfural 9.21 10.0
para-Benzoquinone 10.01 10.8

4.2.2 Results and Discussion

The present work involves the determination of electron interaction cross sections with
furfural (CsH4O») and para-Benzoquinone (C¢H4O>) with impact energies ranging from /E to
5000 eV (Qinel, Qt, Qel, Qion, and XQexc). To aid our explanation, the theoretical results are

shown in figures 4.12 and 4.15 alongside the existing data.

A. Inelastic effects

Present inelastic, ionisation, and electronic excitation cross sections for furfural are plotted in
figure 4.12. The topmost curve shows Qinel, Which is compared with the only available data of
Jones et.al. [42]. They used Independent Atom Model with Screening Corrected Additivity
Rule including Interference (IAM-SCAR+I) method. Throughout the energy range present
Qinel shows good accord with that of Jones er.al. [42] except at the peak region, where present

Qina slightly overestimates the IAM-SCARH result.
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Figure 4.12 Qinety Qion, and Yy Qexc for e -CsH,0; (furfural)

Red dash: Present Qiner; Blue dash dot: Jones et.al. [42] Qine using IAM-SCAR+I1
method; Black solid: Present Qion, Magenta dash dot dot: Jones et.al. [42] Qion
using BEB method, Green short dash: Present XQex,; Black filled stars: Jones
et.al. [42] experimental Qex, Wine short dot: Jones et.al. [42]

The present Qion is shown through the middle solid line in figure 4.12. Only Jones et.al. [42]
has reported the Qion results using BEB theory and present data are seen to be in excellent
accord with them within the mentioned 15% uncertainty of BEB [50]. The lowest curve
represents the calculated ) Qexc. It is compared with both theoretical and experimental
excitation cross sections of Jones et.al. [42]. Their calculated data overestimates the present
> Qexc. The experimental electronic excitation cross-sections for the bands [-VI separately and
their sum (summed Qexc(band IHI+III+HIV+V+VI)), both have been reported by Jones
et.al. [42] for the energy spectrum, 20-250 eV with the mentioned uncertainty 18% to 69%.
This summed Qexc is compared with the present Y Qexc and seen to be of lower values than
present ones (includes all the allowed electronic excitations), as expected. Jones et.al. [42]
computed the discrete inelastic data by excluding the Qion from the total Qinel. This discrete
inelastic data has been also compared with the Qexc and can be seen in good agreement with

the present ones.
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Figure 4.13 Qinety Qion, and Y Qex.for e - CsH,0; (para-Benzoquinone)

Red short dash: Present Qinei, Magenta short dots: Lozano et.al. [48] Qine using
IAM-SCAR~+I method, Violet dash dot: Jones et.al. [49] Qiner using IAM-SCAR+I
method; Black solid: Present Qion, Navy blue dash: Lozano et.al. [48] Qion IAM-
SCAR+I method; Dark yellow dot: Jones et.al. [49] Qion using BEB formalism;
Green dash dot: Present 2Q.x, Orange dash dot dot: Jones et.al. (Qiner-Qion)
[49], Olive green filled stars: Jones et.al. [49]

The topmost curve in figure 4.13 displays the Qinel for para-Benzoquinone (CsH40O2) with data
of Lozano et.al. [48] and Jones et.al. [49]. Both the authors [48,49] have employed IAM-
SCAR+I approach. Except at the peak region, present results show good agreement with the
existing ones [48.,49]. Present ionization cross-sections compared with available theoretical
data obtained from IAM-SCAR+I [48] and BEB [49] approaches are shown in figure 4.13.
From the figure it can be observed that the present Qion data matches excellently well with the
result of Jones et.al. [49]. However, the data of Lozano et.al. [48] which are up to 200 eV,
underestimates both, present and Jones et.al. [49] results. Y Qexc computed through present
methodology along with the available comparisons is also presented in this figure 4.13. The

theoretical excitation cross sections calculated using IAM-SCAR+I method [48] [49] are
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observed to be in good agreement with the present results below 25 eV. Jones et.al. [49] has
also measured the Qexc for each bands 0 to V from 20-40 eV energies. Their reported sum
values (Qexc(0+HI+HII+II+IV+V)) have been compared here with the present > Qexc and good

agreement can be observed for 20 and 30 eV.

B. Elastic effects

In figure 4.14 present Qe and Qr are illustrated for the electron collision with Furfural
molecule. The sole data of Jones et.al. [42] available for Qe1, which has been compared with
the present one. At low energies a deviation between both of them can be observed, which is
due to the fact that the present Qe has been calculated in the presence of inelastic channels
while Jones et. al. [42] has computed the pure Q.. The uncertainty in their calculation of
elastic cross sections is up to 43% at 1000 eV due to interference term added [42]. The QT
calculated using present SCOP method is also plotted in figure 4.14 with the existing data of
Jones et.al. [42], Lozano et.al [47] and Traoré Dubuis et.al. [46]. The discrepancies
between the present data and all the existing ones can be observed from the figure 4.14.
However, the present results of Qt show the same trend as that of Jones et.al. [42]. While
present calculation does not involve the non-spherical effects, Jones et.al. [42] have
considered the involvement of rotational excitations into Qr. This may be the reason for the
discrepancy between the present data and results of Jones et.al. [42]. The experimental Qr
data of Traoré Dubuis et.al. [46] also seen in reasonable agreement with the present ones
within the mentioned uncertainty of 4% - 22% above 50 eV [46]. Traoré Dubuis et.al. [46]
have also calculated the Qt for energy above 500 eV, using a semi-empirical model (SEM)
proposed by Garcfa and Manero [51], for molecules having up to 22 electrons. They [46]
claimed that their SEM model never been validate for ring molecular targets having higher
atomic numbers. The present results for Qe and Qr estimated using 2p-SEM formalism is
also plotted in figure 4.14. These 2p-SEM results are seen to be underestimated at lower

energy side while following the similar trend as others.
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Figure 4.14 Q. and Qr for e-CsH,0; (furfural)

Black dot: Present Q. (SCOP), Wine dash dot dot: Present Q. (2p-SEM),
Magenta dash: Jones et.al. [42] Qe; Red solid: Present Qr (SCOP), Olive short
dash: Present Qr (2p-SEM); Cyan dash: Jones et.al. [42] Qr (complete); Blue
short dash dot: Jones et.al. [42] (Qer + Oinet); Filled circles: Traore Dubuis et.al.
[46] Oy, Filled triangles: Lozano et.al. [47] Qr Purple dash: Traore Dubuis
et.al. [46] Or (SEM)

In figure 4.15 presents Qe for electron collision with para-Benzoquinone (CsHsO») along
with the available results, computed through IAM-SCAR+I [48,49] and SMCPP [48,49],
approach have been plotted. Up to 30 eV present data overestimates with the existing
theoretical results [48,49]. Beyond 30 eV present cross sections show excellent matching
with the data of Lozano et.al. [48] and Jones et.al. [49], obtained through SMCPP approach.
However, the present Qe underestimates the results from IAM-SCAR+I approach [48]. The
present Qe calculated by 2p-SEM result show excellent matching with the SCOP data.
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Black solid: Present Q. (SCOP); Wine dash dot: Present Q. (2p-SEM); Magenta dot:
Lozano et.al. [48] Qo using SMCPP method; Blue dash dot: Lozano et.al. [48] Qu
using IAM-SCAR+I; Green dash: Jones et.al. [49] Q. using IAM-SCAR+I; Red short
dash: Jones et.al. [49] Qe using SMCPP method

The present total cross sections (Qr) are the summation of Qe and Qinel. In figure 4.16 present
Qr data for pBQ (Ce¢H402) has been plotted. Starting from the ionisation threshold of the
molecule to 30 eV our data overestimates the theoretical results computed through [AM-
SCAR+I [48], but show excellent matching with experimental [48] result within the
uncertainty limit of £5%. Present 2p-SEM result show excellent matching with the current
SCOP result. Present data includes SCOP and 2p-SEM results, which show similar trend with

other available results.
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Figure 4.16 Qrfor e - CsH,0; (para-Benzoquinone)

Black solid: Present Qr (SCOP); Red dash: Present Qr (2p-SEM); Blue filled stars:
Lozano et.al. [48] Qr; Green dots: Jones et.al. [49] Qr using SMCPP method;
Magenta dash dot: Jones et.al. [49] Or using IAM-SCAR+I approach, Purple short
dash: Lozano et.al. [48] QOr using IAM-SCAR~+I approach

4.3 Fluoronitriles (C3FsN and C4F7N)

The insulating gas sulphur hexafluoride (SFe) is frequently used in high-voltage devices [52].
Numerous physical and chemical properties, such as non-toxicity, a low boiling point, and
excellent insulating performance, support this choice. Due to its low land demand, low
electromagnetic radiation and great dependability, SFs-insulated equipment is widely used in
high and ultra-high electrical voltage systems. However, there would be a significant
financial loss if the insulation on the equipment failed. Moreover, sulphur hexafluoride
degrades in the atmosphere quite slowly and has a very high global warming potential
(GWP), that is 22,800 times greater than carbon dioxide. Therefore, one of the most

ubiquitous and crucial concerns in the field of high-voltage mechatronics research is finding a
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gas to replace SFs. Fluoronitrile (C4F7N, C3FsN) gases have been extensively studied recently

[53,54] as prospective SFe alternatives.

The GWP and dielectric strength of all of these three materials have been compared and
listed in Table 4.4. Both fluoronitrile gases possess low GWP [55] and high dielectric
strength [56] compared to SFs.

Table 4.4 Comparison of the GWP and dielectric strength of SFe, C3FsN and C.F;N

Molecule € (rel. SFe) GWwWP
CsFsN 2 -
C4F7N 22 2100

SFs 1 23900

Numerous investigations on the gases C4F7N and CsFsN have been carried out on their
insulating properties under various environmental conditions. Studies on microscopic
elements like the ionisation cross sections upon electron impacts are, however, scarce. The
Qion for electron impacts are critical variable for understanding the mechanics of electron
avalanches and gas breakdown. Discharge reaction rates and gas electron transport
coefficients can be calculated using Boltzmann's calculations [57] or Monte-Carlo
calculations, both of which need Qion as an input criterion. Although Qion can be measured
experimentally, it is not feasible to test the Qion of all potential alternative gases due to the
time-consuming measuring technique, reactive, and occasionally hazardous nature of the
molecules. Thus, theoretical methods develop into potent tools for obtaining Qion, Which
might be used as a standard for the investigation of the insulating properties of gaseous
substances. The Binary-Encounter Bethe (BEB) technique [58], the Deutsch-Mark (DM)
method [59], and the CSP-ic method [60] are the most well-known theoretical approaches.

For the BEB method, there are only three parameters required for the targeted molecule's
initial configuration: Kinetic energy, the number of occupied orbitals of an electron and
orbital binding energy [58]. All of them can be readily derived from quantum chemistry
calculations. Contrarily, the DM technique is a semi-empirical method that necessitates the
fitting of weighting factors to experimental ionisation cross sections, notably for molecules
containing a fluorine atom [59]. This is because the ionisation of these compounds using the

DM method will be significantly higher than what has been observed in the studies [59].

117



Using a CSP-ic method, we have computed Qion for C3FsN and C4F7N. It is essential to build

a complete set of electron cross sections to forecast the performance of the fluoronitriles in

industrial gas discharges, plasma reactors, GIS and GIL.

4.3.1 Literature survey and Target properties

Only a few studies (table 4.5) on electron interactions with fluoronitriles have been

conducted. Further, the data of Qe and Qr have not been yet reported. In the present

investigation, Qe and Qr for the mentioned fluoronitriles were calculated for the first time.

Table 4.5 Literature survey on electron impact study of fluoronitriles

Impact Energy (Ei)
Molecules Quantity References
(eV)
C3FsN Qion IE-1000 Wang et.al. [61]
Qion IE-1000 Wang et.al. [61]
Qion IE-2000 Xiong et.al. [59]
CsF7N
Qion IE-100 Rankovic et.al. [62]
Qinel, Qion, ZQexc IE'SOOO Sinha et.al. [63]

Schematics of the fluoronitriles considered in this work are shown in figure 4.17.

C3FsN (Pentafluoropropionitrile)

C4F7N (Heptafluorobutyronitrile)
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Figure 4.17 Diagrammatic representations of fluoronitrile molecules

(https://pubchem.ncbi.nlm.nih.gov)

4.3.2 Results and Discussion

For both fluoronitriles, viz., C3FsN and C4F7N, the complete set for the electron impact cross-
sections have been reported []. Various correlation studies for Qion and polarisability and

dielectric constant have been also conducted.

A. Inelastic effects

Figure 4.18 displays the various inelastic cross-sections, (Qinel, Qion, and XQexc) data for
C3FsN molecule. Wang et.al. [61] reported the Qion values for C3FsN molecule by employing
the BEB method. The current Qion results for C3FsN matches well with those of Wang et.al.
[61] across the whole energy range of BEB data, as can be seen in figure 4.18. At the peak
region the present Qion results show high values than those of BEB results within the
reported uncertainty of BEB method, which £10% [64,65]. The present results of total Qinel
have been represented by the uppermost curve and present summed electronic excitation
cross-sections XQexc is represented through the lowermost curve. Present study is the first

report on these Qinel and ZQexc data for C3FsN molecule.
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Figure 4.18 Inelastic processes for C3FsN

Red dash dot: Present Qinet; Green solid: Present Qjon; Blue dash: Wang et.al.
Qion [61] (BEB); Magenta dot: Present Y Qexc

In the figure 4.19, the inelastic, ionisation and excitations cross-sections for C4F7N have been
plotted as a function of impact energy. Present Qion data can be seen in excellent accord with
those of existing ones [59] for energies from threshold to 40 eV, except Sinha et.al. [63]. The
discrepancy between the Qion of Sinha et.al. and existing ones can be observed. This
difference may be due to fact that Qion of Sinha et.al. [63] includes the nuclear charge effects
of the molecule. At the peak region of Qion, present results show good matching with the Qion
data obtained by using modified DM formalism [59]. Above the peak of Qion, the data
obtained from BEB and DM calculations are seen to be of lower values than the existing ones
while showing reasonable agreement up to the summit of Qion. Further, excellent accord

between the present Qion and the experimental Qjon of Rankovic et.al. [62] is observed at low

energy side.
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B. Elastic effects

From figure 4.20, the Qe and Qr data for molecule, C3FsN can be seen. Both the results are
computed by employing two methods, viz., SCOP approach and 2p-SEM formalism. Across
the entire energy range of 2p-SEM (i.e., 50-10000 eV), both results are seen to be

overlapping with each other. No previous reported data available for Qe and Qr for the

comparison.
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In the figure 4.21, the Qe and Qr data for molecule, C4F7N has been plotted. The results of
Qe and Qr have been obtained from SCOP and 2p-SEM formalism. For this molecule also,
the data of both the methodologies are seen to be in excellent agreement with each other. No

previous reported data available for Qe and Qt for the comparison.
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4.4 Correlations study

A. For Biomolecules

From the total electron scattering cross sections, Qr obtained through 2p-SEM formalism, we
have plotted various correlation graphs in figures 4.22 to 4.24 for molecules having 50-80

molecular electrons (i.e., DNA/RNA bases [66], Furfural and para-Benzoquinone).
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Figure 4.22 Correlation between Present Qr (2p-SEM) and Z (Number of

molecular electrons)

The correlation study is a very useful feature to determine the reliability and consistency of
the cross sections data. The 2p-SEM method enables us to obtained reliable Q1 and Qe for
large and complex molecules 55 < Z < 95 for a broad energy range 50 — 5000 eV. To check
the self-consistency of the present data we have plotted various graphs between Q1 (2p-SEM)
vs Z (number of target electrons) and Qt vs N, (number of valance electrons) in figure 4.22
and 4.23 at 100 eV, respectively. We observed the exact linear correlation between them,

which reflects the size dependency of total cross-sections.
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Figure 4.23 Correlation between Qr (2p-SEM) and Number of valence electron
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Furthermore, the correlation of the molecular polarisability (o) with the Qr and maximum
ionisation cross-sections (Qion(peak)) are also examined. Figures 4.24 and 4.25 display the

linear dependency of Qt and Qion(peak) with molecular polarizability for the biocompounds
(50 <Z<80).

20 Adenine

Thymine

Uracil

Furfural
phosphate

T T T T
4 6 8 10 12 14 16
Polarisability (o)

Figure 4.25 Correlation between Qin(peak) and dipole polarisability (a)

B. For fluorocompounds

The correlation study between the maximum Qion and various molecular properties, viz., size
of the molecule in terms of the number of electrons (Z), molecular polarisability (o) and
carbon atom number (N.) involved in the molecule, has been conducted for C3FsN, C4F7N,

and perfluoroketone (PFK) (CF2xO, x=5-6) [67] molecules.
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The linear relationship between the peak value of Qion and size of the molecules has been
observed from the figure 4.26. The molecular charge cloud size (electron number, Z) has an
important effect on the ionisation processes. The peak value of Qion rises swiftly as the charge
cloud size become larger. However, along with size of the molecular charge cloud, Qion also
depends on the molecular ionisation threshold, which is not greatly affected by the size of the

molecules (table 4.6). As a result, Qion (peak) and Z are shown to have a linear connection
(figure 4.26) through,

Qion(peak) = 0.1413 Z + 1.3184

Table 4.6 Molecular properties and predicted o

Polarizability (102*cm™)

Ionisation
Target g Energy (eV) Present Estimated Found at
www.chemspider.com
GCsFsN 70 15.20 [61] 5.72 [68] 5.97
C4sFIN 94 15.10 [61] 6.82 [68] 7.60
CsFi00O 128 12.02 [31] 8.83 [68] 9.84 10.6
CeF120 152 11.41 [31] 11.44 [56] 12.54 12.6
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In figure 4.27, we have plotted the peak value of Qion against the molecular polarisability (o)
for fluoronitriles and fluoroketones and observed the liner relation between them as
previously reported by Harland and Vallance [69] and Bart et.al. [70]. They both are linearly

correlated with each other through the following equation,
Qion(peak) = 1.5668 a + 2.9996

This correlation between the Qion (peak) and molecular polarisability, allows us to predict one
unknown parameter if the other is known. In table 4.6, the predicted polarisability has been
tabulated with the existing one. An excellent matching between the predicted and available

values of a, has been observed.
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The similar linear trend has been observed between the Qion (peak) and N. present in the

fluoronitriles and fluoroketones. Figure 4.28 shows their liner relationship through,
Qion(peak) = 3.9842N,. — 0.9304

This linear relationship enables us to find out the Qion (peak) value for such a larger and

complex molecule.

4.4.1 Computation of dielectric constant (g)

The dielectric constant for para-Benzoquinone (pBQ) and furfural molecules has potential
applications for the study of electrical energy storage device, pseudo capacitor, photo
transistor, dye-sensitized solar cells, artificial photosynthesis, rechargeable batteries, the

evolution of new electronic devices and other electrical properties.

The dielectric constant for fluoronitrile molecules has many applications for the study of
electrical energy storage, the structure of high-performance electrical insulation materials, the

evolution of new electronic devices and other electrical properties.
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In the present work, we have estimated the dielectric constant value using Clausius-Mossotti,
Onsager equation and from the correlation study of Qion(peak) and polarisability (o) as

discussed in chapter II.

Table 4.7 Estimated dielectric constant (¢)

Dielectric constant (g)

N a M
Target R L /p , ol CM o
nsager
(molecules/cm?) (A%) (g/em”)  (g/mole) equation g
equation [72]
(71]
CsH402 7.27%10% 10.00 [27] 1.16 96.10 2.31 0.99
CsH40> 7.35%10%! 10.80 [27] 1.32 108.10 2.49 1.00
195.03
Cs;FsN 5.45%10% 572 [73] 1.76 [74] 1.44 0.96
[74]
219.05
C4F7N 4.67%10%! 6.82[73] 1.70 [74] 741 1.46 1.07

We observed linear relationship between maximum ionisation cross section and dielectric
constant from Clausius-Mossotti equation for biocompounds in figure 4.29 and for
fluorocompounds in figure 4.30. Linear dependency of the Qion (peak) and dielectric constant
can be observed for both biocompounds and fluorocompounds, which is expected from the
linear dependency of the polarisabilty and ¢ from the Clausius-Massotti equation. This

facilitates us to estimate the unknown parameter if other is known.
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Fluoronitriles, such as C4F7N and CsFsN, can have twice the dielectric strength of SFs, as
revealed by the experiment of J. C. Devins [74]. Comparing a composite material comprised
of epoxy resin and C3FsN to pure epoxy resin, the electrical properties of the composite
material revealed higher dielectric strength and thermal stability. An important factor in

designing and optimising this composite material is the dielectric constant of C3FsN [75].

Also, due to its dielectric qualities, C4F7N has the potential to be used in power equipment as
a high-performance insulating gas. Since C4F7N has a substantially higher dielectric constant
than SFe, a commonly used insulating gas, it may provide an intriguing replacement for usage

in power equipment [50,51].
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