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Abstract : Concomitant chemoradiotherapy is one of 

the crucial methods of cancer treatment. Still, there is 

an effort to increase its effectiveness and keep the 

toxicity for healthy cells as low as possible. Its most 

significant advantage is the synergistic effect 

resulting from many complex interactions between 

both treatment modalities (i.e. chemotherapy and 

radiotherapy). It was shown that one of its causes 

could be the interaction of the chemical component 

(so-called radiosensitizer) with secondary low-energy 

electrons produced in large numbers during 

radiolysis in the irradiated tissue.  In this work, I focus 

on the radiosensitization process to investigate the 

radiosensitizing potential of molecules and reveal 

their mechanisms of radiosensitization based on 

interaction with low-energy electrons. The 

motivation was to obtain new information to design 

novel, more effective radiosensitizers with lower 

toxicity. 

 

The work consists of a theoretical part and an 

experimental part. The theoretical part is based on 

the research of existing radiosensitizers and their 

model compounds from the point of view of 

interaction with low-energy electrons. 

 

The experimental part combines electron 

attachment experiments in the gas phase on two 

experimental systems and ab initio calculations of 

the electron affinities of the studied molecules and 

their fragments. Pulse radiolysis experiments in 

solution and microtron irradiation with NMR 

spectroscopic evaluation. 

 

In this work, the antiviral agent favipiravir was 

studied, for which we confirmed its radiosensitizing 

potential based on interaction with low-energy 

electrons. Next, the radiosensitizing mechanism of 

the RRx-001 molecule, a confirmed radiosensitizer 

and chemotherapeutic, was investigated in relation 

to its interaction with secondary low-energy 

electrons as a possible source of synergism in 

chemoradiotherapy. The significance of such an 

interaction in the case of the RRx-001 molecule was 

revealed in this work. Finally, a strong interaction of 

solvated electrons with fullerenols was revealed. 

Fullerenols were studied for use within a platform 

that would demonstrate sensitivity to low-energy 

electrons and simultaneously be used for drug 

delivery in concomitant chemoradiation therapy. 

 

 
 

 

 

 

 

 

 

 



 



 

 

Titre : Le rôle des électrons de basse énergie dans le processus de radiosensibilisation 

Mots clés : Spectroscopie d'attachement d'électrons, radiolyse pulsée, électrons secondaires de basse 

énergie, favipiravir, RRx-001, fullerénols 

Résumé : La chimioradiothérapie concomitante est 

l’une des méthodes importantes de traitement du 

cancer. Il existe des efforts pour augmenter son 

efficacité tout en maintenant la toxicité pour les 

cellules saines à un niveau supportable. Son plus 

grand avantage réside dans l’effet synergique 

découlant de nombreuses interactions complexes 

entre les deux modalités de traitement (la 

chimiothérapie et la radiothérapie). L’une des causes 

pourrait être l’interaction de la composante chimique 

(le radiosensibilisateur) avec les électrons 

secondaires de basse énergie produits en grand 

nombre lors de la radiolyse de l´eau dans le tissu 

irradié. Ce travail se concentre sur le processus de 

radiosensibilisation afin d’examiner le potentiel 

radiosensibilisateur des molécules et les mécanismes 

de radiosensibilisation. La motivation était d’obtenir 

de nouvelles informations pour la conception de 

nouvelles radiosensibilisateurs plus efficaces et 

moins toxiques.  

 

La thèse se compose de parties théorique et 

expérimentale. La partie théorique présente les 

connaissances sur les radiosensibilisateurs existants 

et de leurs composes modèles du point de vue de  

leur interaction avec les électrons de basse énergie. 

La partie expérimentale combine des expériences 

de capture d’électrons en phase gazeuse, des 

expériences de radiolyse pulsée en solution, ainsi 

que des irradiations sur microtron avec évaluation 

par spectroscopie RMN et des calculs ab-initio des 

affinités électroniques des molécules étudiées et de 

leurs fragments.  

 

Dans ce travail, l’antiviral favipiravir a été étudié, 

pour lequel j´ai confirmé son potential 

radiosensibilisant. Ensuite, le mécanisme de 

radiosensibilisation de la molecule RRx-001, un 

radiosensibilisateur et agent chimiothérapeutique 

confirmé, a été étudié en relation avec son 

interaction avec des électrons secondaires de basse 

énergie. Cette interaction, qui pourrait être l’une 

des sources possibles de synergisme en 

chimioradiothérapie, a été révélée pour la molécule 

RRx-001 dans ce travail. Enfin, une forte interaction 

des électrons solvatés a été révélée avec les 

fullerénols étudiés pour une utilisation comme 

plateforme sensible aux électrons de basse énergie 

pour la délivrance de médicaments dans le cadre 

de la thérapie chimioradiative concomitante. 

 
 

 

 

 

 

 

 

 

 

 



 



 

 

 

Název : Role nízkoenergetických elektronů v procesu radiosensitizace 

Klíčová slova : Elektronová záchytová spektroskopie, pulsní radiolýza, sekundární nízkoenergetické elektrony, 

favipiravir, RRx-001, fullerenoly 

Abstrakt : Konkomitantní chemoradioterapie je 

jedna z důležitých metod léčby rakoviny. Stále 

existuje snaha zvýšit její účinnost a udržet toxicitu pro 

zdravé buňky na snesitelné úrovni. Její největší 

výhodou je synergický efekt plynoucí z mnoha 

komplexních interakcí mezi oběma léčebnými 

přístupy (tzn. chemoterapie a radioterapie). Bylo 

ukázáno, že jednou z příčin synergismu může být 

interakce chemosložky (tzv. radiosensitizéru) se 

sekundárními nízkoenergetickými elektrony 

vznikajícími v hojném počtu během radiolýzy                         

v ozářené tkáni. V této práci se zaměřuji na proces 

radiosensitizace s cílem prozkoumat radiosensitizační 

potenciál molekul a odhalit radiosensitizační 

mechanismy na bázi jejich interakce                                       

s nízkoenergetickými elektrony. Motivací této práce 

bylo získat nové informace pro návrh nových a více 

účinných radiosensitizérů s menší toxicitou. 

 

Práce sestává z teoretické a experimentální části. 

Teoretická část je postavena na rešerši již existujících 

radiosensitizérů a jejich modelových sloučenin                      

z pohledu interakce s nízkoenergetickými elektrony.  

 

Experimentální část kombinuje experiment 

elektronového záchytu v plynné fázi na dvou 

experimentálních zařízeních, experiment pulsní 

radiolýzy v roztoku, dále ozařování na mikrotronu           

s NMR spektroskopickým vyhodnocením a                     

ab-initio výpočty elektronových afinit studovaných 

molekul a jejích fragmentů. 

 

V této práci bylo studováno antivirotikum 

favipiravir, pro který jsme na základě interakce                   

s nízkoenergetickými elektrony potvrdili jeho 

radiosensitizační potenciál. Také byl zkoumán 

mechanismus radiosensitizace již potvrzeného 

radiosensitizéru a zároveň chemoterapeutika                  

RRx-001 z pohledu jeho možné interakce se 

sekundárními nízkoenergetickými elektrony, která 

byla v této práci potvrzena. Nakonec byla odhalena 

silná interakce solvatovaných elektronů s 

fullerenoly studovanými pro použití v rámci 

platformy, která by prokazovala citlivost na 

nízkoenergetické elektrony a užívala by se pro 

dodávání léků v rámci konkomitantní 

chemoradiační terapii. 
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Introduction

Concomitant chemo-radiation therapy is one of the crucial strategies for anticancer
treatment. Its best advantage is a synergistic effect caused by many complex in-
teractions between both treatment modalities (ionizing radiation and cytostatics).
[1] Simultaneously, it strives to improve efficiency and maintain toxicity to healthy
tissue at an endurable level. A natural effort to alleviate side effects either builds on
adjustment of the parameters of well-established treatment or involves developing
entirely new treatments together with newly designed drugs. These can significantly
increase the irradiation effect in cooperation with ionizing radiation and thus cause
a maximal effect in chemoradiotherapy - the synergistic effect. [2, 3] Hence, the
proposal of novel drugs emphasizes on radiosensitizing properties, toxicity, and the
size of drugs that affect targeted drug delivery properties [4]. Also, it requires a
more profound knowledge of the mechanisms of their action as a possible source of
the synergistic effect. One of these mechanisms causing the synergism was shown
in pioneering work by Leon Sanche’s research group [5, 6]. This mechanism lies in
the interaction of administered drugs with secondary low-energy electrons (LEEs)
produced as the most abundant secondary species after the passage of high-energy
radiation through the tissue [7]. The above-mentioned key themes and their inter-
relationships relevant to the present work are elaborated in more detail in Chapter
1: State-of-the-art in chemoradiotherapy.
The work was generally motivated by the rational design of novel radiosensitizing
agents with low side effects for chemoradiotherapy. Specifically, the work was driven
by an effort to understand better synergism-causing mechanisms based on interac-
tions of the secondary LEEs with radiosensitizers in cancer chemoradiotherapy. The
motivation is described in more detail in Chapter 1.4, as well as the goals of the
work. The aim was to reveal new information for the rational design of novel ther-
apeutic agents with radiosensitizing properties. The work focuses on studying the
radiosensitizing potential of selected compounds in connection with targeted drug
delivery from the point of view of LEE-induced chemistry.

For this purpose, the work was split into two primary directions: literature research
and experimental research. The research direction was focused on the current state-
of-the-art in the field, which will help us focus future investigations in a better
direction and provide a real-time impact on rational drug development. To do so,
I prepared a detailed review of all the works studying the attachment of LEEs to
radiosensitizers that was used as a base for our perspective publication in journal
Phys. Chem. Chem. Phys. [8]. The main goal of the work was to conduct experi-
mental research on interactions between secondary LEEs and selected molecules.
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It is a highly complicated task since electrons in the biological environment are only
intermediate species with an extremely short lifetime. Hence, there are two com-
plementary approaches for studying their reactions: a) electron attachment spec-
troscopy carried out at the J. Heyrovský Institute of Physical Chemistry of the CAS
(JH IPC) in Prague and b) ultrafast spectroscopy being performed at Institut de
Chimie Physique (ICP), UMR8000 in Orsay. While the first technique allows us
to characterize the entrance channels for LEEs in detail, the second experimental
technique can identify the reaction channels in a natural biological environment.
Combining these complementary techniques was one of the primary goals of the
present doctoral thesis. Experimental and theoretical approaches applied in this
work are subjects of Chapter 2: Experimental & theoretical approaches.

The foremost part of the experimental research combines theoretical and experimen-
tal research to study the reductive properties of selected compounds. The studied
molecules were selected as promising candidates for a radiosensitizing agent (favipi-
ravir) and already confirmed for the chemotherapeutic and radiosensitizing effect
(RRx-001). These molecules are presented in Chapters 1.5.1, resp. 1.5.2. In the first
case, the crucial aim was to reveal radiosensitizing potential based on the reductive
properties of the molecule. In the second case, there was an essential effort to un-
cover the part of the radiosensitizing mechanism of the molecule coming from its
interaction with secondary low-energy electrons. These studies build on the electron
attachment spectroscopy method (Chapters 2.1, 2.2) for studying electron attach-
ment reactions to selected molecules. The further experimental approach is a pulse
radiolysis technique (Chapter 2.4) applied to study behaviour or LEE in the form
of quasi-free and solvated electrons in solution and their scavenging by the stud-
ied molecule. From the theoretical perspective, Gaussian software was also used
to compute electron affinities (Chapter 2.6). Electron attachment spectroscopy and
ab initio calculations were carried out at the JH IPC in Prague. Pulse radiolysis ex-
periments were performed at the ICP, UMR8000 in Orsay. The study of antivirotics
favipiravir is summarized in the Chapter 3.1 and the attached article. Chapter 3.2
deals with the results of the investigation of the RRx-001 molecule and is extended
by the article in the attachment.

The minor part of the work focuses on fullerenes, introduced in Chapter 1.5.3, to
examine their potential to be used as a LEEs-sensitive platform for drug delivery
in concomitant chemo-radiation therapy. The bi-molecular complex could work as
a radiosensitizer while benefiting from the best properties of both molecules, e.g.,
the good targeted drug delivery properties of fullerene and the high radiosensitizing
potential of the second molecule. The π-π complex should consist of water-soluble
fullerene and molecules with high electron affinity. This investigation requires the
application of a method of pulse radiolysis (Chapter 2.4) to study the scavenging of
secondary low-energy electrons in a solution by fullerene. These experiments were
performed at the ICP, UMR8000 in Orsay and are presented in Chapter 3.3.
The gained theoretical and experimental information is essential for revealing fun-
damental mechanisms driving synergy in concomitant chemo-radiation therapy. The
outcomes of this complex study are summarized in the Conclusion chapter.
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1

State-of-the-art in chemoradiotherapy

In the first instance, the theoretical part of this work briefly summarizes in the
Chapter 1.1 a field of concomitant chemoradiotherapy and its main advantages and
disadvantages in cancer treatment. In the following Chapter 1.2, a great emphasis is
placed on cytostatics and radiosensitizers. In the case of cytostatic agents, the work
presents chemotherapeutics from groups of alkylating agents and antimetabolites.
Subsequently, the chapter discusses in more detail only selected molecules with al-
ready clinically proven radiosensitizing properties, for which these molecules have
been studied from the perspective of interaction with LEEs as one of the possi-
ble sources of synergism. This chapter is freely extended by an already published
article (attached in the appendix [8]) dealing with essential molecules from the se-
ries of modified DNA components, nitroimidazoles, and organometallics, which were
studied for their interaction with low-energy electrons considering their (potential)
use in chemoradiotherapy as radiosensitizers. The next Chapter 1.3, deals with the
radiosensitizing effect, formation and properties of secondary electrons and mainly
secondary low-energy electrons, and their crucial role in chemotherapeutic synergism
and thus in this work. This introduction outlines the current progress in developing
agents to make a concomitant chemoradiotherapy treatment more effective and less
toxic to healthy tissue.
In Chapter 1.4, based on the previous chapters, I put forward my motivation and
goals of the present work, which study LEEs interactions with selected molecules to
facilitate the rational design of novel therapeutic agents with radiosensitizing prop-
erties. On this account, the last Chapter 1.5 aims to introduce the molecules inves-
tigated in this work with applied strategies such as drug repurposing and targeted
drug delivery. The first presented molecule is an antiviral drug - favipiravir, which
was studied to examine its radiosensitizing potential. Next, the molecule RRx-001 is
introduced as a proven chemotherapeutic radiosensitizer, successfully passing clini-
cal tests. To the third, I present a buckminsterfullerene C60 and its two water-soluble
derivatives, fullerenols and C60 -pyrrolidine tris acid, which are attractive to explore
for targeted drug delivery.

1.1 A concomitant chemoradiotherapy

Since the beginning of human existence, humankind has struggled with various dis-
eases, some of which have gradually evolved into diseases of affluence. One of them is
a cancer. The history of cancer goes back to ancient Egypt. Still, in response to new
knowledge and tools for diagnostics and treatment, medical theoretical approaches
and cancer treatment have developed progressively since then. Still, new therapeutic
attitudes and options are being sought. [9]
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Nowadays, cancer treatment can be divided into curative and palliative treatment,
which primarily mitigates the symptoms. If the goal is to cure cancer, modern
medicine offers five primary forms of treatment: classic surgery, radiotherapy,
chemotherapy, an increasingly used hormonal therapy, and biological treatment.
However, many studies show the crucial importance of combination therapy for
cancer treatment, where the effects of the individual modalities affect each other
positively or negatively [10]. The opportunity to combine treatment approaches is
also one of the options for responding more efficiently to the individuality of can-
cer cases. Specifically, it is possible to combine individual drugs [11, 12] in a case
of chemotherapy and individual treatment approaches such as chemotherapy and
radiotherapy into chemoradiotherapy [13] and others.
The chemoradiotherapy itself is used as a treatment strategy, especially for the treat-
ment of solid tumours in advanced stages of cancer. It is generally assumed that this
combined therapy can increase the lethal effect on tumour cells and keep the re-
maining side effects on healthy tissues tolerable. Chemotherapeutic cytotoxic drugs
called cytostatics in tumour cells can reinforce the efficiency of ionizing radiation.
In particular, these are appropriate for cytostatic and timing combining chemother-
apeutic and irradiation parts, which can also significantly increase the potential
overall therapeutic effect. Chemoradiotherapy provides several types of treatment
according to the timing of the combination.
This work is motivated by the rational design of novel drugs for concomitant chemora-
diotherapy. It thus touches on topics like combining the most promising novel ap-
proaches of rational drug design, drug repurposing, targeted therapy, and secondary
low-energy electrons-induced synergism. Therefore, the whole chapter is devoted
to concomitant chemoradiotherapy, its principles, utilization, and advantages and
disadvantages.

A concomitant chemoradiotherapy and its utilization
This type of combination therapy became a widely used approach for the treatment
of diverse localizations of cancer [14]. And even if I talk about chemoradiotherapy,
the primary modality remains radiotherapy [10]. The breadth of the utilization of
this specific treatment increases with the number of performed clinical trials for var-
ious cancers. However, it is necessary to consider that in addition to the synergistic
effect, there is a multiplication of side effects arising from both types of treatments,
which require additional care to reduce them. For this reason, such treatment is very
complicated, and the scope of its primary use remains relatively narrow. Even so,
from the point of view of local control of tumour and treatment response, the appro-
priately indicated application of concomitant chemoradiotherapy belongs among one
of the most effective treatments. Thanks to the strong occurring synergistic effect
and the shorter time-duration of treatment, it suppresses neo-adjuvant and adjuvant
chemo-radiotherapeutic approaches. [10] The most significant curative effects have
been shown, especially in the case of locally advanced solid tumours of the head and
neck, where this combined treatment became the first method of choice because of
its efficiency [15, 16]. It is also very often used for the treatment of lung cancer and
tumours in the pelvic area (rectum, anus, vulva, cervix). However, it can also be
used in the case of the treatment of bladder and anal cell carcinoma. In addition,
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mutilating surgery is not often necessary after such combined treatment [2]. Also, it
has been proven an improved survival for pancreatic, small-cell lung, head and neck,
colorectal and cervical cancer [17].

Effects of a concomitant chemoradiotherapy
Combining chemotherapy with radiotherapy can lead to three conceivable final ef-
fects, which reflect the ratio of positive and side effects: subadditive, additive, or
supra-additive (also called synergistic). The subadditive effect is when a low dose
of cytostatics can increase the total effect of radiotherapy. However, the overall ef-
fect of combination therapy does not reach the sum of effects from both individual
treatments. An additive effect equals the sum of individual effects from chemother-
apy and radiotherapy. A synergistic effect means that the overall effect originating
from combining both treatment modalities surpasses the sum of both individual
effects. The effect can also be theoretically antagonistic when the combination of
both approaches causes the effect to be lower than that of one of the used therapies
alone. [2, 18] Naturally, concomitant chemoradiotherapy aims to reach the additive
effect at least but the synergistic effect at the best case. Although the aim is clear,
it, unfortunately, turns out that conditions in the laboratory and experiments in
vitro differ from conditions in vivo clinical practice. Synergistic effects can still be
reached more easily in vitro experiments than in clinical practice, where often only
additive or subadditive effects are observed, and the main advantage arises from the
fewer side effects. [14] Both synergistic and side effects will be depicted in the next
subchapters 1.1.1, resp. 1.1.2.

1.1.1 Synergism

Synergistic effect benefits from the chemoradiotherapeutic combination applied more
or less concurrently to the tumour area. The basis of synergism is manifold and
diverse interactions between both treatment modalities, which are difficult to de-
scribe in their complexity and interconnectedness [14]. Specific interactions on cel-
lular and vascular levels, which are behind the synergistic effect, are mentioned in
Chapter 1.2.3. However, the positive consequences of these interactions are narrated
here.
It is known that concomitant chemoradiotherapy can lead to the combined mecha-
nism of efficiencies as spatial cooperation [19], independent cell killing, debulking,
enhanced tumour control and response, recruitment, redistribution and total semi-
synchronization of tumour cell lines, activations or deactivations of enzyme prop-
erties with impact on pharmacokinetic, metabolic pathways of a drug, inhibition
of DNA reparation processes, lethal and sublethal damages of DNA, increasing of
apoptosis index, prohibition of formation of tumour cell clones resistant to individ-
ual types of treatment, and others [2, 18]. These findings have been summarized
in Steel´s model [20], which proposes five mechanisms that describe interactions of
chemotherapy and radiotherapy and thus manage together a synergistic effect. These
are: i) spacial cooperation, ii) cytotoxic enhancement, iii) temporary modulation and
iv) normal tissue protection, and v) biological cooperation [20].
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On these lines, the listed sources of synergism on a biological level will be described
in more detail. Spatial cooperation represents a situation when radiotherapy acts
locoregionally, while chemotherapy fights against micrometastases, but individual
treatments do not influence each other, only cooperate [19]. The effect of indepen-
dent cell killing is based on the assumption that chemotherapy and radiotherapy
dispose of certain anticancer activities that add up due to combination but without
interaction. Debulking is an decrease of tumour size. It may be caused by adjuvant
or neo-adjuvant chemotherapy that follows up with concomitant chemoradiotherapy
to influence potential micrometastases in the surrounding area positively. It allows
for the better insertion of cytostatics into tumour tissue, higher oxygenation of tu-
mour cells, and decreased radiotherapy toxicity because of a smaller target volume.
A typical interaction between chemotherapeutic and radiotherapeutic approaches
achieves enhanced tumour control and response. Recruitment involves the
transition of cells from the G0 phase to a repopulation cell cycle; redistribution
means that individual cells are shifted to a cell cycle phase where they can be more
sensitive to radiation (it is known that cells are most sensitive during a transition
between cycle phases G2 and M). Semi-synchronization of tumour cells is a
shift of a part of tumour cells to more radiosensitive phases in a cell cycle (G0
and G1 phases are practically radio-resistant). This shift is caused by irradiation or
cytostatics alone, like,e.g., 5-fluorouracil, cisplatin, and taxanes. Suitable synchro-
nization of cells can lead to higher cell deaths after irradiation. The overall effect
of concomitant chemoradiotherapy is also influenced (positively or negatively) by
activations or deactivations of enzyme properties and the following im-
pact on the pharmacokinetic metabolism of a drug. Inhibition of DNA
reparation processes is another way to increase chemoradiotherapy efficiency. It
can be achieved with cytostatics such as cisplatin, bleomycin, hydroxyurea, and an-
thracyclines. DNA sensitization for damages (e.g. caused by high-reactive radicals
forming after irradiation) leading to a lethal or sublethal effect in a cell can
be reached by incorporating cytostatics into the DNA strands. A combination of
chemotherapy and radiotherapy can induce apoptosis in the cell. This combination
is also a guarantee for prohibiting the formation of tumour cell clones, which
could be resistant to individual types of treatment. [10, 2, 18]
Another advantage of the concomitant treatment is that when chemotherapy is used,
the total irradiation dose can be decreased (10-25% ), reducing the probability of
acute and chronic damage to healthy tissues. [2, 3]

1.1.2 Side effects

Both components of combination therapy are unfortunately known for their toxic
effects on healthy tissue, and the side effects can be further enhanced during the
combined treatment. Hence, it is important to consider the indication of chemora-
diotherapy very carefully in addition to the overall medical state of a patient. [2, 3]
According to the toxicity response, one can recognize early reactive tissue (a response
on toxicity appears during irradiation) and lately reactive tissue. Chemotherapy is
mainly responsible for toxicity in early reactive tissue like intestines and bone mar-
row. However, it also causes late toxic effects after treatment in tissues such as the
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heart and nervous system. Radiotherapy is a source of acute toxic effects but can
also lead to chronic irreparable changes in tissues. Thus, toxicity can be divided into
acute toxicity (local - e.g. radiation dermatitis, mucositis, or systemic - e.g. leukope-
nia, postirradiation syndrome) and chronic toxicity (as organ damage, carcinogenesis
and immunosuppression) according to the period when side effects appear. Acute
toxicity shows up to 3 months after therapy; by contrast, the chronic effect appears
from 3 to 18 months in case of late effect or later than several years after treatment
in case of a very late effect. The safety of concomitant chemoradiotherapy is reflected
in the damage rate of vital organs (heart, lungs, liver, kidneys, intestines, central
nervous system, bone marrow). [2]
Treatment by concomitant chemoradiotherapy can be cancelled when sensitive struc-
tures (in case of solid tumours of the head and neck, lung cancer and tumours in
the pelvic area (rectum, anus, vulva, cervix)) are undergoing significant side effects.
Irradiation can lead to infectious complications during the healing of the affected
area. Hematologic toxicity increases when using a combined therapy. Also, toxicity
in the intestines is higher, but the right timing of chemotherapy can mitigate it.
Mucositis as an acute toxicity is an inflammation of the oral cavity, oesophagus and
pharynx that occurs in the case of head and neck tumours, oesophagus and lungs;
it is usually treated by application of growth factors. Another substantial problem
is xerostomia, which requires treatment with pilocarpine to stimulate the salivary
glands. Mucositis and xerostomia can be positively influenced by treatment with
amifostine. Skin reactions are the next important side effect that occurs with the
frequency and severity of dermatitis after external irradiation (especially for rectal
and anus cancer). It is treated with boric acid or antibiotics. The final consequences
of cancer and its treatment with combined therapy can be somatic and genetic
damage and also secondary tumours, which can appear as a very late effect after
treatment. The effort is to prevent the side effects as best as possible. It can be
achieved with accurate irradiation planning (using 3D planning and conform radio-
therapy), then a special source of irradiation (Leksell gamma knife, proton beams,
pencil beams, emerging flash radiotherapy) but also radioprotective substances such
as amifostine or others which allow increasing a dose delivered to the volume for ir-
radiation without increasing of risk of damages in healthy tissue in the surrounding.
[3]

1.2 Cytostatics and radiosensitizers

Chemical agents used in chemoradiotherapy are usually cytostatic and radiosensi-
tizing agents, and this chapter is dedicated to them. According to the definition,
"The cytostatic is a substance that slows or stops the growth of cells, including can-
cer cells, without killing them. These agents may cause tumours to stop growing and
spreading without causing them to shrink in size" [21]. In contrast, "radiosensitizing
agent is any substance that makes tumour cells easier to kill with radiation therapy.
Some radiosensitizing agents are being studied in the treatment of cancer" [22].
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It should be emphasized that not every cytostatic disposes of radiosensitizing proper-
ties, and simultaneously, not every radiosensitizer may have properties of the proper
cytostatic drug and be used for pure chemotherapeutic purposes. [9] The most inter-
esting are the compounds combining cytostatic and radiosensitizing properties since
they can exhibit so-called synergistic effects when combined. These compounds and
the nature of the synergism are of primary interest in the present work.
From a historical point of view, cytostatics are the cornerstone of the chemotherapeu-
tic attitude to cancer treatment. Cytostatics have been used in pure chemotherapy
as drugs that can damage tumour cells to stop their growth, division and repro-
duction. Even though the designation of chemotherapy may intimate the synthetic
origin of cytostatics, this is not the case. A significant amount of cytostatic origin
is natural, and its utilization can be found not only in oncology. [23] Chemotherapy
in oncology is characterized by the administration of drugs that have a cytotoxic
and cytostatic effect and thus have the potential to kill tumour cells. Nevertheless,
cytostatics’ effects are not specific to tumour cells; unfortunately, they also damage
healthy cells, which is one of the reasons the chemotherapeutic effects go hand in
hand with side effects. It must be noted that various cytostatics produce diverse side
effects with different intensities. Chemotherapy allows the administration of cyto-
static drugs alone or combined with more drugs (combination chemotherapy) and is
often divided into cycles with various schedules. Drug administration may be orally
(liquid, tablets, or capsule forms), locally cutaneously (liquid, ointment forms), in-
tramuscularly, subcutaneously, intralesionally (= directly into the tumour), intraar-
terially, or intravenously. [24] Chemotherapeutic agents can be divided into several
main groups according to their mechanism of action: Antimetabolites, Alkylating
agents, topoisomerase inhibitors, mitotic inhibitors, antibiotics, protein kinase in-
hibitors and others. All representatives are bound to at least one phase of the cell
cycle in which they are toxic to the cell.
A combination of chemotherapy and radiotherapy permitted the application of a
lower amount of chemo-drug and a dose of irradiation. It multiplied the maximal
achievable effect called synergism, which results from combining both treatment
modalities and exceeds the sum of their individual effects. Behind this phenomenon
were hitherto unknown, complex interactions between chemo-part and ionizing ra-
diation.
The concomitant chemo-radiation therapy mainly operates with cytostatics from two
groups: alkylating agents (Fig. 1.1) and antimetabolites (Fig.1.2) present below.

1.2.1 Chemotherapeutic drugs: Alkylating agents

In the case of anticancer actions, these chemotherapeutic agents inhibit DNA within
the transcription of DNA, which leads to the inhibition of whole protein synthesis.
The basis of this mechanism lies in the substitution of hydrogen atoms by alkyl
groups on the DNA molecule. Thus, cross-links are formed within the DNA chain,
which results in cytotoxic, carcinogenic, and mutagenic effects. It is not specific to
tumour cells, but due to the rapidly dividing division cells in tumour tissue, the effect
of these agents on tumour cells is higher than on healthy tissue. The explanation is
that faster proliferating tumour cells do not have time for reparation mechanisms.
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Figure 1.1: The structural patterns of selected alkylating agents: nitrogen mustards;
a) chlorambucil; b) melphalan, nitrosoureas; c) carmustine; d) lomustine, alkyl sul-
fonate; e) busulfan, triazenes; f) temozolomide and antineoplastic agents containing
platinum; g) cisplatin; h) carboplatin and i) oxaliplatin.

For the same reason, naturally, faster-dividing cells as hematopoietic, reproduc-
tive, and endothelial cells are also primarily damaged. It is a source of side effects
of the alkylating agents such as amenorrhea, impaired spermatogenesis, anaemia,
pancytopenia, intestinal mucosal damage, increased risk of malignancy, and alope-
cia. The end of the alkylation process leads to the misreading of the DNA code,
inhibition of DNA and RNA, and inhibition of a protein synthesis that supports
cell death (apoptosis) in tumour cells. The alkylating agents are generally sepa-
rated into six classes which are with their representants listed below: The nitro-
gen mustards (mechlorethamine, melphalan, chlorambucil cyclophosphamide, ifos-
famide), methylenamine and ethylenamine derivatives (altretamine, thiotepa), ni-
trosoureas (carmustine, lomustine), alkyl sulfonates (busulfan), triazenes (dacar-
bazine, temozolomide, procarbazine), antineoplastic agents containing platinum (cis-
platin, carboplatin, oxaliplatin) also called platinum coordination complexes. These
last-mentioned causes covalent DNA adduct by no alkylation but different other
pathways. [25]
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Alkylating agents are generally high-toxic but predominantly are toxic for the gas-
trointestinal tract and the bone marrow. Several alkylating agents (temozolomide,
cyclophosphamide, and chlorambucil) cause a clinically apparent acute liver injury;
others can also cause veno-occlusive disease (by high doses) and nodular regenerative
hyperplasia (by prolonged periods). [26]

1.2.2 Chemotherapeutic drugs: Antimetabolites

Antimetabolites are one of the oldest and most used chemo-drugs; their utiliza-
tion for leukaemia treatment goes back to the 1940s. The mechanism of action of
these molecules is based on mimicking molecules essential for cell growth. Cells use
antimetabolites instead of the appropriate molecule. Then, antimetabolites are in-
corporated into the DNA as building blocks, which turn off DNA replication and
whole-cell proliferation. Such a mechanism goes primarily against cells with higher
proliferation, which tumour cells have.

Figure 1.2: The structural patterns of selected antimetabolits: antifolates; a)
methotrexate; b) pemetrexed, pyrimidine analogues; c) capecitabine; d) cytarabine;
e) 5-fluorouracil; f) gemcitabine, purine analogues; g) azathioprine; h) cladribine; i)
fludarabine; j) mercaptopurine and ribonucleotide reductase inhibitors and k) hy-
droxyurea.
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Antimetabolites can be divided into four groups according to the type of structure,
basis, and mechanism of action. Groups and their representant chemotherapeutics
are antifolates (methotrexate, pemetrexed, pralatrexate, trimetrexate), pyrimidine
analogues (azacitidine, capecitabine, cytarabine, decitabine, floxuridine, fluorouracil,
gemcitabine, trifluridine/tripracil), purine analogues (azathioprine, cladribine, clo-
farabine, fludarabine, mercaptopurine, nelarabine) and ribonucleotide reductase in-
hibitors (hydroxyurea). Figure 1.2 shows the structural patterns of selected an-
timetabolites. Utilization of antimetabolites can be found in the treatment of cancer
of the breast, intestinal tract and ovary. Their mean of administration differs; it de-
pends only on certain antimetabolites. As side effects, antimetabolites cause nausea,
diarrhoea, light sensitivity, lower concentration of white blood cells, hair loss, and
increased concentration of liver enzymes. [27]

1.2.3 Cytostatic agents with radiosensitizing potential

Radiosensitizers are used to increase concomitant chemoradiotherapy efficiency [28].
They can interact with ionizing radiation in various ways, and many of these ways
are still unknown. Several cytostatics have been proven to have radiosensitive po-
tential; the most famous are cisplatin, 5-fluorouracil, hydroxyurea, gemcitabine, and
doxorubicin with their structural patterns shown in the figure 1.3 [29, 2]. Several
specific examples of interactions between ionizing radiation and radiosensitizers are
mentioned here.

Figure 1.3: The structural patterns of the most famous radiosensitizing chemother-
apeutic molecules of a) cisplatin, b) 5-fluorouracil, c) hydroxyurea, d) gemcitabine
and e) doxorubicin.
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Cisplatin
Radiosensitizing properties of cisplatin (cDDP) (figure 1.3a) were revealed in 1974.
Cisplatin acts mainly in phase G1 (it is instead a radio-resistant phase) and S-G1
phases of the cell cycle. The mechanism of cisplatin is based on its ability to crosslink
purine bases on DNA, which can disable the DNA repair mechanism in cancer cells
[2]. Cisplatin can be bound via Pt to two nucleobases at the same or both DNA
fibres. These crosslinks change the structure of DNA, which thus becomes more
susceptible to radiation damage [30, 5].
In recent works of Sanche [7, 31, 32, 30, 5], an alternative mechanism was proposed
as a source of synergism. The mechanism is based on DNA damages caused by low-
energy electrons, which form as secondary species after irradiation. Such damages are
enhanced by cDDP presence. Damages of DNA modified with cisplatin by electrons
are characterized by three typical electron energy resonances: around 5 and 10 eV
(energy of transient molecular anions), then around 14 and 18 eV (for SSB), and from
1.6 to 3.6 eV (bonding of cisplatin induces DSB which is finished by electrons with
these energies) [31] [5]. Then, it was found that two electron-transfer mechanisms
exist when transient anions are formed simultaneously in the DNA-cisplatin complex
[30]. The presence of cisplatin increases the reaction rate of reaction between the
oligonucleotide and solvated electrons, and the reaction rate is controlled by diffusion
[32].
Such a mechanism does not prevent healthy tissue damage [33]. However, it can
enhance DNA damage in tumour cells loaded by cDDP [5]. The efficiency of cis-
platin targeting differs according to the organ. The majority of pure cisplatin com-
plex settles in the liver (22.65%), then in the lungs (8.72%), spleen (9.72%), kid-
neys (10.57%) [34]. For this reason, a patient undergoing chemotherapeutic/ chemo-
radiotherapeutic treatment can be exposed to nephrotoxic, hematotoxic, cardiotoxic,
and other effects [33, 35]. An intensity of side effects can be alleviated by using anal-
gesics [35] or by application of combination treatment (cisplatin with other drugs
[36, 37] or cisplatin with radiotherapy [38, 39]). Hypoxia or higher fractionation of
drug administration can lead to an increase in the radiosensitizing effect of cisplatin.
Another analogue of cisplatin is carboplatin, which acts similarly. Cisplatin is useful
in colorectal cancer, lung cancer, and oesophagal cancer. [2, 3]

5-Fluorouracil
5-fluorouracil in the figure 1.3b is a chemo-drug belonging to the pyrimidine ana-
logues group. Its action lies in a cell synchronization in the S phase of the cell cycle,
then inhibition of reparations after irradiation and activates apoptosis of the cell
[40]. In the case of 5-fluorouracil, timing is a crucial parameter that can influence
its radiosensitizing efficiency, and the best results are when 5-fluorouracil is admin-
istrated 5 minutes to 8 hours after irradiation. Also, its toxicity seems to remain
the same for both hypoxic and anoxic cells; for this reason, it could be used to treat
hypoxic tumour cells. It is worth mentioning because it is known that hypoxic tissue
generally contains less oxygen, which leads to higher resistance to ionizing radiation.
The utilization of 5-fluorouracil can be found in colorectal cancer, stomach cancer,
pancreatic cancer, cervical tumours, head and neck tumours and oesophagal cancer.
[2, 41, 42]

32



Hydroxyurea
Hydroxyurea (figure 1.3c), as a ribonucleotide reductase inhibitor, belongs to an-
timetabolites cytostatic and affects a cell cycle in its S phase, which is relatively
resistant to ionizing radiation and thus causes an only additive effect in combina-
tion with irradiation. It is used for the treatment of chronic myeloid leukaemia. The
radiosensitizing properties of this molecule proved to be useful for the treatment of
cervical tumours. However, its use is gradually declining. [2, 43]

Gemcitabine
The molecule of gemcitabine shown in the Figure 1.3d belongs in antimetabolites
cytostatic and specifically in pyrimidine antagonists. It can block DNA synthesis
and support apoptosis. Concomitant chemoradiotherapy using this cytostatic is fol-
lowed by many side effects resulting from gemcitabine’s high toxicity. Despite this,
gemcitabine was utilized to treat head, neck, pancreatic, lung, and thyroid tumours.
[2, 44]

Doxorubicin
Doxorubicin (figure 1.3e) is an anthracycline antibiotic used as a cytostatic. It has
strong intercalating properties and is becoming popular in targeted drug delivery
[45, 46, 47]. It is assumed that the mechanism of the radiosensitizing action of
doxorubicin is based on increasing oxygen concentration in hypoxic tumour cells
(also in the case of cisplatin and 5-fluorouracil). Doxorubicin administration leads
to the formation of oxygen radicals and higher sensitivity to ionizing radiation. This
molecule could inhibit the enzyme reparation mechanism, which would occur in case
of single-strand breaks or double-strand breaks due to DNA damage by irradiation.
Doxorubicin can be bound to DNA or tRNA, but the structure changes after binding
only in the case of DNA, and this intercalation causes the anti-tumour activity of
doxorubicin. Doxorubicin binds to DNA via intercalation with surrounding nucle-
obases; however, binding to the tRNA occurs via groove binding when the drug is
located in the vicinity [48]. However, doxorubicin binding on RNA is less investigated
than binding on DNA [49]. The maximal efficiency of doxorubicin is gained when it
is administrated after irradiation. Unfortunately, it shows cardiotoxic effects. It is
used, e.g., in the case of breast tumours and urogenital tumours. [2]

The previous chapters have been devoted to chemoradiotherapy and its advantages
(synergism) and side effects. The present chapter dealt with the chemotherapeutic
components and those cytostatics with a radiosensitizing proven effect. The ra-
diosensitizing effect and secondary low-energy electrons will be the subject of the
next chapter, as will their role in synergism.

33



1.3 Secondary LEEs in chemoradiotherapeutic
synergism

As mentioned, the present work is motivated by the rational design of novel ra-
diosensitizing agents with low side effects. Chemoradiotherapy side effects can be
suppressed by synergism, allowing for lower doses of chemotherapy and radiother-
apy, or by better drug targeting in the organism, resulting in lower cytotoxicity for
healthy tissue. In the pioneering works of Sanche [7, 5], it has been proposed that
the synergism may be caused by the interaction of administered drugs with LEEs
as a secondary species arising after the passage of high energy radiation through the
tissue. Together with the following other studies [50, 51, 52, 53], it has been shown
that synergism can be caused by the interaction of secondary low-energy electrons
with a radiosensitizing molecule. This feature can be practically indicated by mea-
suring the cross-section for such a reaction. However, electron affinity is the most
crucial characteristic describing molecules’ willingness to interact with electrons.
High electron affinity is a prerequisite for radiosensitization via mechanisms based
on the reactions of low-energy electrons [7, 5], but may play a role also in other
biochemical processes, particularly the drug transfers through cellular membranes.
If the theories above are true, then molecules with high electron affinities can be
envisaged as promising candidates for radiosensitizers. [7, 5] Despite that the current
knowledge of the undergoing processes does not enable the rational design of novel
drugs for concomitant chemoradiotherapy based on the action of the low-energy
electron, they allow for estimation of synergistic potential (section 1.3.2), which can
be used in rational drug design or their repurposing [52, 50, 51, 54].

1.3.1 Formation and properties of secondary LEEs

Secondary electrons are all electrons arising via ionisation as a result of interactions
occurring between all types of primary ionising radiation with different energies and
irradiated matter. In the case of ionizing radiation, these are specifically α-radiation,
β-radiation, X-rays, and γ-rays. However, fission fragments or accelerated heavy ions
that pass the matter with energies sufficient to overcome the ionisation potential can
also be mentioned. [55]

Electrons with sufficiently high energies can escape a significant distance from the
place of primary ionisations and initiate further ionisations. These electrons are
named delta electrons by J. J. Thomson [56]. Delta rays are electrons ejected from
orbitals by fast-moving, heavy-charged particles (e.g., α-particles). Delta electron
can be observed in the Wilson cloud chamber at the beginning of the track of a
heavy-charged particle. [55]

However, not all secondary electrons reach high energies. The formation of sec-
ondary electrons with their energy distribution was investigated in liquid water by
S. M. Pimblott with J. A. LaVerne [57] and in liquid and amorphous solid water by
M. Dingfelder [58]. [55]
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Chemoradiotherapy leads to irradiation of the cells composed naturally of 75-80%
water. Therefore, during the irradiation, the radiolysis of water necessarily occurs,
and the water becomes a key environment where the synergistic effect, e.g., between
the secondary ionising radiation (LEEs) and the radiosensitiser may happen. For this
reason, the present paragraph aims to describe the formation of LEE in the context of
water radiolysis, which occurs after the irradiation of water with ionising radiation.
After irradiation of water volume, it can be expected that during a physical stage
in time to 10−16 s, electrons as a secondary species are released from the electron
shell via ionisation processes. Free secondary electrons gradually lose their energy;
when their energy is less than 7.4 eV, they become subexcitation electrons. The
thermalisation process of subexcitation electrons characterises a physico-chemical
stage at 10−13 s. The causes of electron energy loss are dipole relaxation and the
excitation of vibrational energy levels in surrounding water molecules. Thermalised
electrons undergo solvation processes and become solvated electrons [59]. This time
stage is a source of electron attachment processes, also discussed in this subchapter.

The formation and following reactions of secondary electrons in water were also
studied by E. Alizadeh and L. Sanche [60]. Figure 1.4 shows the cross-sections’
dependencies on the secondary electron’s energy for individual possible events. A
graph in the Figure 1.5 presents the convolution of these cross-sections with the
energy distribution function of secondary electrons and thus testify to the relative
importance of these processes in radiation chemistry. [55]

Figure 1.4: Dependence of cross-sections for DEA (dissociative electron attachment),
excitation, elastic scattering and ionisation on electron energy in liquid water [60].
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Figure 1.5: Dependence of a product of cross sections (dissociative electron attach-
ment, excitation, and ionisation) and electron-energy distribution on the energy of
electrons [60].

The graph in the Figure 1.5 shows four possible ways of interacting low-energy
electrons with matter. At the lowest electron energies, elastic scattering can occur
while the potential energy of the molecule does not change [55]:

e− +AB → AB + e− (1.1)

The inelastic scattering can take place when vibrational, rotational, or electronic
excitation of a molecule occurs:

e− +AB → AB∗ + e− (1.2)

Also, an electron can be captured, and the transient negative ion can form:

e− +AB → (AB−)♯ (1.3)

The transient negative ion can then stabilize to form a stable anion (associative
attachment):

e− +AB → (AB−)♯ → AB− (1.3. a)

Alternatively, it can decay with releasing of an electron (autodetachment):

e− +AB → (AB−)♯ → AB∗ + e− (1.3. b)

In the last case, the transient negative ion can disintegrate into fragments (dissocia-
tive electron attachment).

e− +AB → (AB−)♯ → A− + B (1.3. c)
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With higher energies of the electron, an electron ionisation occurs:
1. Molecular:

e− +AB → AB+ + 2e−. (1.4)

2. Dissociative:
e− +AB → A+ B+ + 2e−. (1.5)

3. Ion-pair formation:
e− +AB → A− + B+ + e−. (1.6)

1.3.2 Reactions of LEE-attachment

Besides the general fact that low-energy electrons can play an important role in
a synergistic effect considering the radiosensitizing potential of chemical agents
(Chapter 1.1.1) [7], it has also been shown that secondary electrons with low en-
ergies can efficiently cause complex molecular damage in irradiated volume tissue,
which can result in considerable cellular toxicities [61]. From the point of view of
real chemical reactions that LEEs undergo and thus fulfil their role in a synergistic
effect, it is important to highlight a reaction of the electron attachment (EA). That
reaction on radiosensitizers can be objectively experimentally examined, and based
on the result, the radiosensitizing potential of the studied radiosensitizer can be de-
termined. For this reason, a reaction of EA becomes essential for this research work.
The electron attachment is characterized by the formation of a transient, unstable
anion that can stabilize in associative electron attachment (AEA) (equation 1.3. a)
or can decay into fragments in the case of dissociative electron attachment (DEA)
(equation 1.3. c). Both reactions are crucial in terms of the hypothetical mechanism
of action of secondary low-energy electrons on the molecule of a radiosensitizer.
The products released as a result of both reactions can be heat or highly reac-
tive fragments. These products may break chemical bonds or generally deform the
biostructures of a cell’s surroundings, which can lead to cell death. [55]

1.4 Motivation for a design of novel radiosensitizers
and goals of the work

Whereas the previous chapters dealt with the basics of concomitant chemoradiother-
apy for cancer treatment, with a focus on the synergism, cytostatics/radiosensitizers,
and secondary low-energy electrons, driven by the idea of higher therapeutic and
lower side effects, the present chapter aims to examine and highlight work motivation
in more depth and the resulting scientific goals for this work.
The general motivation for this work is built on the importance of secondary LEEs
and their reaction of electron attachment EA in many biological processes. This re-
action was investigated by the Pshenichnyuk and Modelli groups for various biolog-
ical processes [19]. The electron reduction properties can affect the drug transport
through biological membranes as well as their target binding properties [53, 62].
Nevertheless, when diving deeper into this problem, a key fact for this work is that
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low-energy electrons and the reaction of EA directly touch the synergism which
was observed in the concomitant chemoradiotherapy of cancer [5, 63]. That relation
between LEEs and synergistic action of radiation with a range of radiosensitizing
chemotherapeutics [64] was examined for two facts. First, the irradiated tissue gives
rise to many secondary low-energy electrons [60, 65]. Secondly, irrespective of the
possible modes of action, most known small radiosensitizing molecules contain es-
sential functional groups with high electron affinities [66]. As possible sources of
synergism observed in concomitant chemo-radiation therapy, several processes have
been proposed such as the formation of reactive anions and radicals via dissocia-
tive electron attachment [67, 68] leading to enhanced linear energy transfer [69];
improved transport properties due to associative electron attachment [53]; or DNA
sensitization [70, 71]. Various processes have been used to suggest novel radiosen-
sitizers [51, 67]. However, in numerous cases, the suggested molecules with these
"ideal" electron-attachment properties failed to exhibit the synergism [72] or were
biologically incompatible [52]. These issues may be solved by drug repurposing [73]
as aimed in the present project. [62]
The ultimate goal of the present project is to provide new fundamental information
for the rational design of novel therapeutic agents with radiosensitizing properties.
The research part of the work can be divided into two sections. The first major sec-
tion will focus on theoretical and experimental research on the reductive properties
of two selected compounds as hopeful candidates for a radiosensitizing agent. The
studied compounds will be chosen from drugs already used as chemotherapeutics
or antivirotics. The first molecule is an antivirotics - a molecule of favipiravir. The
molecule will be experimentally studied using electron attachment spectroscopy, and
two experimental devices will be used to study the electron attachment reaction to
the molecule. The experimental study will be combined with ab initio calculations
dealing with, among other things, electron affinities using Gaussian software for
computation. In the case of favipiravir, the aim is to examine its radiosensitizing
potential on the level of electron attachment reaction in the gas phase. The second
molecule, RRx-001, is a drug successfully passing through the last phases of clinical
studies as a stand-alone chemotherapeutics and a radiosensitizing agent. Its high
electron-affine bromo and nitro groups invite to explore the interaction of LEEs
with this molecule as a possible source of the already confirmed radiosensitizing
effect, which could subsequently be a source of possible synergism. Therefore, this
molecule will be examined using electron attachment spectroscopy in the gas phase
and pulse radiolysis in the solution on platform ELYSE. The aim will be to reveal
the postirradiation mechanism after electron attachment/capturing to/by RRx-001.
Also, the irradiation in the solution on the microtron will be carried out to study
the final radiolysis products.
The second and minor research section of the work deals with the fullerenes and the
examination of their potential for their implementation in bi-molecular π-π com-
plex, allowing better targeting in the body. The choice of this group of spherical
nano-molecules lies in their size and geometry; they can be used as carriers of other
molecules for better-targeted drug delivery in the organism, thanks to the EPR ef-
fect. A molecule can become a carrier after derivation when the transmitted particle
is inside the structure or attached to its surface. The central molecule chosen for
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the research is the Buckminster fullerene C60 molecule. This molecule and its two
water-soluble derivatives were investigated using pulse radiolysis in suitable solu-
tions. Experiments in the gas phase are out of the question, as the temperature
stability of the derivative leads to their disintegration before reaching the sublima-
tion temperature (around 500°C). This part of the work was driven by future vision,
where it would be possible to create a π-π complex of two molecules, shown in the
Figure 1.6, which as a whole could function as a radiosensitizer while benefiting from
the best properties of both molecules and as well-targeted drug delivery properties.
On the following lines, the concept of the π-π complex with its mechanism will
be briefly outlined. The potential π-π complex should consist of a water-soluble
derivative of C60 and a molecule with high electron affinity. C60 is suitable for good
targeting properties because of its nano-size, and it is also highly reactive with
low-energy electrons. The idea of the discussed complex is that the water-soluble
derivative of C60 as a good electron scavenger will be bound with some appropriate
electron-affine molecule via the π-π complex.

Figure 1.6: The π-π complex of fullerene and electron affine molecule bound to DNA.
(by J. Kočišek, modified)

The aim is to examine the ability of C60 water-soluble derivatives to absorb LEEs
after irradiation. Realization of the following potential steps cannot be considered
for the time-limited frame of the present work. However, it would require observing
that the electron can be transferred to the electron affine molecule in a complex,
and then if the electron affine molecule can be released from the complex or if the
energy or highly reactive fragment can be released into the surrounding and there
cause damages. For this purpose, it would require combining experimental techniques
such as electron attachment spectroscopy using electrospray (because of chemical
decomposition), which is not available in the JH IPC, and ultrafast spectroscopy
performed in the ICP UMR8000 to study both parts of the complex separately and
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finally in the form of the complex as a whole. The complex interaction process of
LEEs with a complex may be modelled theoretically using MBN studio to enrich or
support the experimental part.
The information gained through this complex interdisciplinary work can help better
understand LEE’s mechanism of action and provide information for the rational
design of novel radiosensitizers.

1.5 Molecules investigated in the present work

This chapter presents selected perspective molecules studied in the present work that
could be or are already being studied for repurposing as radiosensitizing agents. Most
proposed molecules have already been used in clinical treatment, and their biocom-
patibility has been verified. Also, their pharmacokinetics is described. That, in the
case of positive results, ultimately speeds up the process of drug implementation into
clinical practice. Another criterion for selecting drugs was their simple structure, al-
lowing the analysis of theoretical and experimental studies to be as straightforward
as possible.

1.5.1 Antivirotic: Favipiravir

The favipiravir molecule was studied as an exciting molecule for drug repurposing.
Drug repurposing (also called "drug repositioning" or "drug reprofiling") is gen-
erally a process of revealing the new medical potential of already being used com-
pound (investigational, approved, using, discontinued, and shelved therapeutics) for
its utilization in a case of different disease [74, 75]. Such an approach is advanta-
geous because these drugs are described in many studies, and information about
their safety, pharmacokinetic, and manufacturing processes is provided. These stud-
ies can be used next for further research on other exploitations in the interest of drug
repurposing. At the same time, the biocompatibility of the drug is ensured, and the
pre-clinical testing process can thus be speeded up just as it requires reduced costs.
It is estimated that about one-third of all recent novel drugs were approved based
on a drug repurposing process. Because this approach has several advantages, it
is an increasingly applied process. [75] This strategy is widely used in developing
novel radiosensitizing chemotherapeutics for chemoradiotherapy and, generally, for
cancer treatments. With increasing knowledge of the hallmarks of cancer and with
an understanding of the development of data-driven approaches, it is possible to
target search of radiosensitizers among representatives of chemotherapeutic drugs
or non-oncologic drugs associated with the multitargeted strategy, which can bring
benefits [76].
Molecules with radiosensitizing properties are searched among the representatives of
classical chemotherapeutics and antivirotics in the first place [73] because they are
already a guarantee of biocompatibility as one of the essential properties. Radiosen-
sitizers newly designed from chemo-radiotherapeutics are, for example, already men-
tioned cisplatin, 5-fluorouracil, gemcitabine, and other drugs listed in Chapter 1.2.3.
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Because these drugs are chemotherapeutics and radiosensitizers, they allow a syn-
ergistic effect when used in chemoradiotherapy. Another important group of drugs
are antivirotics, where a mechanism of antivirotic effect is utilized. It is known that
antiviral agents can bind to DNA or RNA and can lead to the inhibition of DNA
or RNA synthesis in case of a virus [77, 78, 73]. It is already well known that some
viruses (human papillomavirus, hepatitis C virus) can cause cancer; thus, antiviral
agents can be a part of treatment and also as a prevention for several types of cancer
due to the probability of tumour recurrence or risk of another cancer appearing after
undergoing cancer therapy. [79].
Favipiravir (C5H4FN3O2), with structural pattern in the figure 1.7, is an antivirotic
and also a modified pyrazine analog. This molecule has already been considered as a
broad-range antivirotics. Its biocompatibility is excellent, and its pharmacokinetics
are very well described, which would facilitate the process of drug repurposing if it
were found to have other properties that predetermine its further use. Molecules of
favipiravir are utilized for therapeutic use in resistant influenza cases, Ebola virus,
COVID-19 and Lassa virus. Its mechanism of antivirotic action is based on target-
ing RNA-dependent RNA polymerase (RdRp) enzymes, which are essential for the
transcription and replication parts of viral genomes. Recently, it was shown that the
RNA inhibitor efficiency of favipiravir tautomers is related to the energy difference
between its highest occupied (HOMO) and low-lying unoccupied (LUMO) molecular
orbitals. Unoccupied orbitals can become singly occupied upon electron attachment
and appear as shape resonances in the electron scattering spectrum. A present study
of the electron attachment to favipiravir may provide an important key to better
understanding its activity. [62]

Figure 1.7: The structural pattern of favipiravir.

1.5.2 Chemotherapeutic: RRx-001

2-Bromo-1-(3,3-dinitroazetidin-1-yl)ethan-1-one (C5H6BrN3O5), also referred to as
RRx-001 with its structural pattern shown in the figure 1.8, is a hypoxic cell chemother-
apeutic with already demonstrated radiosensitization in chemo-radiation therapy
and minimal toxicity. [80] Currently, this compound is being studied in phase 2 and
3 clinical trials for treating multiple solid tumour malignancies and as a support-
ive care drug [81]. Apart from its ability to release free radicals in tumours and
thus increase the tumour blood flow [82], the molecule contains three electron affine
groups: two NO2 groups and one Br group, that appear to be chemically interesting
when competing for incoming LEEs [80]. This possible sensitivity for LEEs seems
promising for proven radiosensitization and a potential synergistic effect. Consid-
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Figure 1.8: Structural pattern of molecule RRx-001.

ering these facts and since this molecule is biocompatible, it appears an exciting
candidate for studying its already proven radiosensitization from the point of view
of interaction with LEEs to examine its radiosensitizing mechanism and revealing
mechanism action that may contribute to synergism. These findings would be valu-
able for understanding the synergistic effect followed by the rational design of novel
radiosensitizers. RRx-001 is well-soluble in ethanol and DMSO.

1.5.3 Fullerenes as a part of a π-π complex

We decided to study water-soluble derivatives of fullerenes as an exciting system for
targeted drug delivery. Targeted drug delivery is a method of drug delivery to a
patient so that the concentration of the drug increases in some parts of the body rel-
ative to others. This method aims to deliver a specific drug directly to the targeted
area in the body, thus overcoming non-specific toxic side effects from conventional
drug delivery. Due to the targeting delivery of a drug, the required amount of drug
can be reduced [4]. The most common targeting approach is based on the extended
permeability and retention effect (EPR effect) - a controversial phenomenon showing
that macro or nano-size molecules are better stored in tumours than in healthy tis-
sue. The principle can be seen in the figure 1.9. Tumour growth stimulates the forma-
tion of new blood vessels to supply nutrients and oxygen. However, these are larger,
poorly aligned by defective cells, have different architectures, and lack lymphatic
drainage compared to healthy tissue. These modifications result in abnormal fluid
and molecular transport dynamics for macromolecular and nano-sized drugs. They
are extravasated in solid tumour tissues, to which many pathophysiological factors
(e.g. nitric oxide) contribute. One of the reasons for increased retention is missing
lymphatics in tumours, commonly filtering pathophysiological particles. Knowing of
this principle is thus the driving force for the design of new radiosensitizing molecules
of nano-sizes [83, 84]. Other approaches are based on the targeted release of the drug
triggered by an external impulse. It may be a change in the pH (tumour vs healthy
tissue), light impulse in the photodynamic therapy, and ionizing radiation, which is
most interesting for the use in combined chemoradiotherapy [85, 86].
Considering targeted drug delivery via the EPR effect, the fullerene molecule should
be in a bimolecular complex with a drug delivery platform. In the present work,
fullerenes were selected for their unique properties. Fullerenes are one group of ex-
traordinary carbon molecules named after the renowned American architect, inven-
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Figure 1.9: Schematic drawing of the EPR effect [87].

tor, visionary and artist - Richard Buckminster Fuller (1895-1983), who became
famous in architecture, in addition to other achievements, for numerous designs of
geodesic domes of immense dimensions.

C60 and its water derivatives C60 pyrrolidine tris-acid and fullerenol
Among buckyball clusters, the smallest fullerene molecule can be considered buck-
minsterfullerene. Buckminsterfullerene (C60) with the structural pattern seen in the
Figure 1.11a) is the molecule consisting of 20 hexagonal and 12 pentagonal rings
under the condition that the edge is not shared by two pentagons (and precisely this
geometric requirement is in contrast with other buckyballs fullerenes). This com-
pound can often be found in soot. It is also the smallest fullerene molecule with
hexagonal and pentagonal geometric shapes.
Fullerene C60 is a strong acceptor of low-energy electrons, so an electron attachment
reaction to this molecule seems very promising. Generally, C 60 is a good candidate
for targeted drug delivery and a radiosensitizer purpose. For targeted drug delivery, a
diameter around 0.7 nm could be ideal for both retention effect and transfer through
the cell membranes. It can cause better targeting and better C60 deposition in living
target tissues (lower loss in kidneys and higher uptake by tumours via EPR). Also,
the size of C60 predetermines this molecule for inserting different molecules inside C60

and double-drug targeting. Such C60 with a molecule inside is called endofullerene.
Fullerenes have been used in the past as diagnostics agents. Even though fullerenes
are commonly believed to have antioxidant effects, and the toxicity of their combined
treatment should be low, their ability to efficiently penetrate cellular membranes
makes this topic quite controversial.
For a radiosensitizer function, it is known that C60 is extremely interesting for LEEs.
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It has a very broad electron-attachment spectrum [88] seen in the Figure 1.10 and
can scavenge secondary electrons in a wide range of energies.

Figure 1.10: A broad electron-attachment spectrum of C60 [88].

For radiosensitization purposes, fullerene molecules must be transferred into cells
in living tumour tissue, which brings requirements on their solubility in an aqueous
medium. However, C60 is not soluble in water or any biological medium. There-
fore, for these purposes, it is necessary to consider a water-soluble derivative of C60.
There are two water-soluble derivatives: C60 pyrrolidine tris-acid and fullerenols,
with their structural pattern seen in the figure 1.11b), resp. 1.11c), has a declared
mass concentration in water about 0.5 mg/ml [89], resp. 50 mg/ml [90]. A handful
of fullerene complexes was explored concerning radiosensitization [91, 92]. Similarly
unclear is their radioprotective/radiosensitization effect that strongly depends on
their functionalization [93]. Endofullerenes with incorporated metal atoms are par-
ticularly interesting are particularly interesting, and they are commonly used as
contrast agents in magnetic resonance imaging. Their functionalization may result
in novel theranostic approaches.

Figure 1.11: The structural patterns of a) C60 [94], b) C60 pyrrolidine tris-acid [89],
and c) fullerenols molecules [90].
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Fullerenes and their water-soluble form -fullerenols have been explored for years as
possible carriers of drugs due to the ease of their modifications [95, 96, 97, 98, 99]. It
resulted in many targeted therapy models and complexes for photodynamic therapy
[100]. Particularly interesting properties were observed for cisplatin [101], doxoru-
bicin complexes [102], [103], oxazole complexes [104], and malonic acid complexes.
Fullerenes can form stable π-π complexes. The energy of these π-π complexes is of-
ten calculated and experimentally determined for estimation of the stability of these
complexes, which needs to be known to discuss their potential for different types
of utilization. Stability of π-π complexes was calculated by using the quantum-
mechanic methods (Gaussian software [104]) and was studied experimentally by
fluorescence quenching of this chrome (reference dye) [104].
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2

Experimental & theoretical approaches

The present work combines minor theoretical ab initio calculations and experimental
approaches using three experimental techniques and four experimental devices to
uncover processes occurring after the interaction of LEEs with selected molecules.
This chapter will be devoted to describing these applied theoretical and experimental
approaches and experimental devices.

A vast majority of this study is experimental. Firstly, it aims to combine two exper-
imental state-of-the-art techniques for studying short time-scale processes under the
formation of transient negative ions. The first experimental method is electron at-
tachment spectroscopy (EAS), applied in the Department of Dynamics of Molecules
and Clusters in the JH IPC (Prague, Czech Republic). The method of EAS uses
two measuring devices: the Cluster Beam apparatus (CLUB) and the Electron at-
tachment spectrometer. The second experimental method is ultrafast spectroscopy
in a solution at the ICP, UMR8000 (Orsay, France). The method of ultrafast pulse
spectroscopy uses the ELYSE electron pulse radiolysis platform.

While the EAS technique allows for the detailed characterization of the entrance
channels for LEEs processes, ultrafast spectroscopy allows for identifying essential
channels in the natural biological environment. Unique information obtained by
combining these two techniques can help better understand the mechanism of action
of the LEEs and provide information for the rational design of novel therapeutic and
theranostic agents.
Cluster Beam Apparatus allows electron attachment to molecules in their isolated
or cluster forms in the gas phase to be studied. The significant advantage is that the
micro-solvated molecules can be studied and, thus, the effect of the environment on
the electron attachment reaction. The reflectron spectrometer in the CLUB provides
a high-mass resolution R equal to 1489, and whole mass spectra are gained from one
measurement. However, the energetic resolution is low (FWHM ≈ 700 meV) because
of the missing electron monochromator.
An electron attachment spectrometer enables measuring electron attachment to the
isolated molecule in the gas phase only. Quadrupole mass spectrometer allows gain-
ing electron energetic dependence for each select mass per one measurement. How-
ever, this experimental device offers a higher energetic resolution FWHM equals
172 meV, but a lower mass resolution (R ≈ 100).

The ELYSE platform allows us to directly measure the production of short-lived
transient species forming in the solution of the sample after its irradiation with
electrons. The sample is required as a liquid, but a solid sample can be dissolved
in a solvent. The main requirement applied to a solvent is its low reactivity with
electrons; therefore, aromatic compounds are inappropriate solvents.
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Long time-scale processes- specifically the formation of reaction products- were also
examined. For this purpose, irradiation of samples in their solutions on microtron
with highly accelerated electrons was done, and the solutions were further stud-
ied with NMR spectroscopy (in cooperation with Mgr. Jiří Pinkas, PhD.; JH IPC,
Prague, Czech Republic)

A minor part of this work is dedicated to the ab initio calculations of electron affini-
ties based on the quantum computational chemistry methods using the Gaussian
software.

2.1 CLUster Beam apparatus

2.1.1 Experimental device

The CLUster Beam apparatus (CLUB) is the universal experimental equipment
used for various experiments with clusters. Working with clusters makes it possible
to study the development of the properties of individual molecules upon solvation.
Thanks to the micro-solvation technique, the effect of the water environment on the
reaction can be studied. This option gives the unique opportunity to approach a real
bio-environment in living tissues, whose interaction with secondary electrons after
irradiation motivates our work. The main techniques used to probe the reactivity of
molecules and clusters in the beam include velocity map imaging (VMI) to study
photodissociation and a reflectron time-of-flight mass spectrometer (rTOF) used in
this study, and a quadrupole mass spectrometer utilized for measurements of the
speed of neutral clusters in molecular beam (for example for estimation of molecular
pickup cross-sections together with pickup cell in the Sel chamber). The elementary
diagram of this experimental device is shown in the figure 2.1. A graphical repre-
sentation of the part of the experiment used in the present study can be seen in the
Figure 2.2.

Figure 2.1: Schematic drawing of the experimental device CLUB. The parts of the
CLUB apparatus actively used in this work are marked in blue.
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Figure 2.2: Detailed schematic drawing of inner experimental layout in the CLUB
apparatus.

The principle of experimental equipment
CLUB, the experimental device, starts with vacuum chamber OK1, where the inlet
system is located (figures 2.3, 2.4), as well as the cluster source. The inlet system
contains a metal or glass vessel for the sample located in a reservoir. Then, a sample
in liquid/solid form is evaporated/sublimated in the reservoir. In the gas phase in
the reservoir under atmospheric pressure, molecules move with velocities according
to the wide Maxwell-Boltzmann distribution. They collide but are in an equilibrium
state, and the rectified flow is low. The molecules create a mixture with a carrier
gas (possibly also enriched with solvent molecules) coming through the upper part
of the reservoir. Under the room temperature (273,15 K) and the pressure of 1 bar,
the mean free paths of helium, neon and argon were calculated as 2100 nm, 433 nm,
resp. 53 nm.
When the molecular beam passes through the conical nozzle with a diameter of
90 µm into the vacuum, and when it exits the nozzle, supersonic expansion occurs.
The velocities of all molecules in a supersonic beam, i.e. the velocity of a rectified
flow, is several times higher than the speed of sound. Forming a vertical shock
wave, the so-called Mach disk, and overall many shock waves, the so-called Barrel
shock. A skimmer at a suitable distance from the nozzle (cca 6.7 cm), which has the
shape of a cone with a hole in its tip, is used to select only those which fly to the
reaction chamber -that is, those that fly directly to the centre through the hole in
the skimmer.
In the reaction chamber, the molecular beam of selected compounds crosses with an
electron beam under the right angle of 90°. As a result of a collision, the ions are
formed and then extracted to the reflectron time-of-flight spectrometer (rTOF). In
the rTOF, the formed ions are analyzed based on their different time of flight. After

48



that, ions are detected. The device enables the measurement in two possible modes,
negative and positive, for detecting negative resp. positive ions, and obtaining neg-
ative resp. positive mass spectra. An essential part of measurement is the detection
of the background. It is possible to measure the background of the whole device;
for this, the chopper is located just behind the nozzle. The chopper plays the role
of the disk barrier, which, in its appropriate position, prevents the passage of the
always-used continuous molecular beam from passing through. The background is
measured when the chopper is in the correct position, and the molecular beam is
not passing.

Inlet system of sample and preparation of cluster
The inlet system for a sample is a removable component of the vacuum chamber,
and its picture can be seen from the top in the Fig. 2.3 and from the profile in the
Fig. 2.4. The main component of the inlet system is a metal vessel for a sample,
which is located in the middle of the system. In some cases, a glass vessel can be used
to prevent the interaction of the heated sample with metal inlet components in a
system under higher temperatures required for the sublimation of the sample. Before
heating the sample, it is essential to determine whether the molecule is temperature-
stable or at what temperature it degrades, and only then a suitable temperatures
can be chosen. Two thermometers to measure temperature are installed on the inlet
system in two different locations. The first type, K, was installed outside the metal
vessel. Thus, it shows a higher temperature than the actual one inside the reservoir
with the sample. These temperatures are only for guidance because of the constant
flow of carrier gas at room temperature and an outside location of temperature
sensors. The second thermometer indicates the temperature in the nozzle block.

The next part of an inlet system is used to study the effect of the solvent environment
on the reaction. This system is graphically represented on the left side of Fig 2.2.
The system contains a reservoir with the solvent. The carrier gas such as helium,
neon or argon passes through the Nafion tube, absorbing solvent molecules from
the reservoir through the membrane. This mixture flows into the heated reservoir,
picks up the sample molecules, and carries them to the nozzle. The level of solvation
can be regulated directly by setting carrier gas pressure using a pressure gauge on
the cylinder with carrier gas. When the aim is to study only isolated molecules
without any solvent effect, the tube with carrier gas is not immersed in a solvent-
filled reservoir.

Measurement with solid samples typically requires a particular cleaning procedure
for a metal sample-inlet system. First, the inlet system must be removed from the
vacuum chamber OK1. The second step is cleaning when the nozzle, sealing pad,
and glass bowl are removed from the inlet system. A glass vessel with a nozzle is
washed in water and then in acetone in an ultrasonic bath. The metal inlet system is
flushed with acetone. Finally, the nozzle has to be checked with a microscope in case
of suspicion of its blockage. Sometimes, removing a skimmer and subjecting it to a
cleaning procedure using acetone is necessary. However, the handling of the skimmer
must be cautious, as the cone with a through-millimetre hole is made of fragile sheet
metal, which could be easily deformed by improper handling in the dry conditions
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and by pressure in the solution, where it should remain in a vertical position all the
time. Using a deformed skimmer would violate the concept of creating the molecular
beam.

Figure 2.3: Top view of the inlet system for sample removed from the vacuum cham-
ber of experimental device CLUB.

Figure 2.4: Profil view of the inlet system for sample removed from the vacuum
chamber of experimental device CLUB.

Mass spectrometer rTOF
Reflectron time of flight mass spectrometer (mass spectrometer rTOF) is a pulsed
(10kHz) mass analyser. Firstly, ions are extracted from the reaction chamber by
a voltage pulse, and after that, they are accelerated to an energy of 8 keV. They
fly through space without an electric field in a tube with a length of 0.5 m to the
reflectron, which aims to balance the kinetic energies of flying ions with the same
m/z and thus increase the mass resolution of the spectrometer. The different kinetic
energies of ions with the same m/z are caused by ionisation when the ions acquire a
kinetic energy with a particular distribution, which results in a broadening of their
peaks and, thus, a deterioration of the resolution. Such an undesired phenomenon
can be remedied by the way that ions with higher kinetic energies penetrate deeper
into the electron field of the reflectron because penetration depth depends on the
kinetic energy of the flying ion according to the equation below:

F = m · a = q · E (2.1)

Where F is an electrostatic force acting on a charged particle, m is the particle’s
mass, a is its acceleration, q is the particle’s charge, and E is the electric field of a
flying particle.
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It delays ions with a higher kinetic energy, so ions with the same m/z gain the same
speed, path, and time of flight on the way to the detector. Reflected ions from the
deflector fly through a 0.5 m long tube until they hit a detector. Using an rTOF,
isolated molecules or their cluster forms can be measured in two opposite modes.
Measurements in positive mode allow the detection of cations, while measurements
in negative mode provide measurements of anions.

2.1.2 Calibration of energy scale using CO2

Measurements of energy-dependent ion yields in the negative ion mode require cali-
bration of the energy scale of the incident electrons. Calibration of energy scale was
performed using a molecule CO2 having a characteristic peak in the negative ion
yield with a maximum at 4.3 eV [105] in reaction:

e− + CO2 → O− + CO (2.2)

Figure 2.5: Calibration of energy scale using molecules of CO2.

Calibration aims to convert values of the accelerating voltage of electrons to the
actual electron energy in eV. The signal of anion O− coming from molecule CO2

depending on accelerated voltage was measured. The obtained dependency was com-
pared with the already-known dependency for this decay. Our data were interpolated
with a Gaussian function, and a shift of the actual energy scale from the original
voltage scale was estimated.
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Illustrative calibration can be seen in the figure 2.5. A curve in the graph in this figure
consists of two peaks/ resonances. The first peak around 3.4 eV is determinative for
this calibration and was thus interpolated with the Gaussian function. The maximum
resonance was detected at approximately 3.4 eV. Due to our measured value of
electron energy, it was necessary to shift our energy scale by approximately 0.9 eV
in the direction of higher energies.

Experimental conditions for measurement of favipiravir and RRx-001

Electron attachment to favipiravir was carried out in both negative and positive
modes. The preparation of the molecular target was based on the co-expansion of
He buffer gas and vapours of favipiravir through a conical nozzle with a diameter of
90 µm into the vacuum. Clusters of micro-hydrated molecules were prepared using
a micro-hydration technique developed in our laboratory, which was established by
adding a low quantity of water into the buffer gas through the Nafion membrane.
During all experiments, the sublimation of the sample occurred at a temperature
around 85 °C. To examine the thermal stability of the favipiravir, the sample was
heated up to 118 °C. For all these experiments, a sample of favipiravir in the form
of white crystalline powder was ordered from Santiago Labs with the following pa-
rameters of sample: (C5H4FN3O2, Mr = 157.10 g/mol, 99%, Santiago Labs).
For measurement of the RRx-001 molecule, the sample in the form of white crys-
talline powder was inserted into a metal vessel localized in a removable inlet system
and sublimed at a temperature of approximately 110°C. Then, vapours of RRx-001
were co-expanded in the flow of Ne as a carrier gas into the conical 90 µm nozzle
into the vacuum. The unique approach was applied to the gradually increasing level
of micro-ethanol solvation for each subsequent measurement. Mass and electron en-
ergy dependence spectra of negative ions were measured after electron attachment
to RRx-001 in the gas phase under various levels of solvation. Mass spectra mea-
surements under various levels of ethanol solvation are based on using only electrons
with an energy of 1.5 eV, and temperatures in the nozzle/reservoir were 130°C, resp.
110°C. A molecule of RRx-001 (C5H6BrN3O5) was purchased from AmBeed with a
declared purity of 95.00%.
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2.2 Electron attachment spectrometer

2.2.1 Experimental device

This experimental device uses an electron beam from a trochoidal electron monochro-
mator (TEM) that intersects with a target molecular beam in a gas phase in an elec-
tron attachment spectrometer. Forming anions are then detected by a quadrupole
mass spectrometer. The TEM and the mass spectrometer are located inside the
vacuum chamber, where the pressure is 10−7 mbar. This arrangement allows for the
performance of two types of experiments. Either the mass spectra can be measured
at constant energy of the electron, and the individual DEA reaction channels can
be identified for this energy, or electron energy dependence spectra can be measured
for particular generated ions (of a given mass-to-charge ratio, m/z) and thus cross-
sections of specific reaction can be achieved. The schematic drawing of the electron
attachment spectrometer is shown in the Figure 2.6. The components of this exper-
imental device, which offer the collision-free transport of electrons into the reaction
chamber and the transport of formed ions into the quadrupole mass detector, will
be described in more detail in this chapter.

Trochoidal electron monochromator

The function of the TEM is to select electrons with the same energy, which leads to
an increase in the resolution of the quadrupole mass spectrometer. This monochro-
mator is a design copy of the original designed by Professor M. Allan [106] in whose
laboratory it was also built. The TEM is made of molybdenum, but the other parts
of the electron attachment spectrometer are made of stainless non-magnetic steel
suitable for high vacuum. In principle, at first, electrons are emitted from a heated
iridium fiber (with an yttrium surface treatment) which is deviated by 1.6 mm from
the axis of symmetry of the monochromator. Electrons are emitted from a fiber
heated to a temperature of ∼ 2500 K. The electron-energy distribution is char-
acterized by a Gaussian distribution, and a value of full width at half maximum
(FWHM) of the peak is ∼0.7 eV. The movement of electrons is directed by a sys-
tem of three electrodes and a parallel magnetic field. Coils generate the magnetic
field in a vacuum in the Helmholtz configuration. The vacuum can be found in the
monochromator, an area with a crossed electric field (figure 2.6 - marked in green
colour). Here, the motion of electrons is indicated by two components: cycloidal
(v × B) and drift (E × B). The composition of these two components results in
a trochoidal electron trajectory; thus, the monochromator is referred to as a tro-
choidal monochromator. After passing through the monochromator, the electrons
are guided further in the direction of the axis of the monochromator. Only electrons
with a total drift deviation of E × B equal to 1.6 mm are selected in the monochro-
mator. The total deflection depends on the input energy of the electron and on the
time the electron needs to pass through the monochromator. In principle, this is
how electron-energy distribution is reduced behind the monochromator. [107] In the
case of the monochromator described here, the decrease of the original width in the
electron energy distribution is ≈ 0.7 eV FWHM to ≈ 0.1 eV FWHM. Subsequently,
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Figure 2.6: Schematic drawing of the electron attachment spectrometer.

the electrons are accelerated in the electrode system to such energies that acceler-
ated electrons can immediately interact with our selected molecules in the reaction
chamber. After the passing of electrons through the reaction chamber, electrons are
detected in a Faraday cylinder, which consists of a system of three electrodes and
monitors the electron current during the measurement. [106]

Quadrupole mass spectrometer
Ions are formed in the reaction chamber, then extracted by a weak electric field and
accelerated by a set of parallel electrodes up to the entrance of the quadrupole mass
filter. Selected ions with a specific mass-to-charge ratio m/z are then accelerated to
the channeltron by a voltage of 1 kV. This voltage is sufficient to eject an electron
from the surface of the channeltron. The ejected electrons are accelerated to a final
voltage of 3.7 kV and collide with the internal surface of the channeltron. Thereby,
additional electrons are ejected from this surface. An electron avalanche is formed,
producing a charge amplification of 109. Then, the multiplied pulses are separated
from the high-voltage output of the multiplier by a capacitor. Then, they are am-
plified, processed by the counting electronics, and transferred to a computer. Data
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acquisition and the actual experiment control using the ELS program were devel-
oped in the Department of Dynamics of Molecules and Clusters laboratory at the
JH IPC. The quadrupole mass spectrometer is one of the analyzers with low reso-
lution. In our measurements, the typical value of the resolution was m/∆ m = 100,
as described more in subchapter 2.3.

2.2.2 Calibration of electron-energy scale using SF6

As in the case of measurements on the CLUB apparatus, it is also necessary for
electron attachment spectroscopy to convert the energies of the accelerating voltage
of the electrons into their actual kinetic energy. In the case of experiments with
favipiravir, the focus was on low-energy resonances, and therefore, an energy scale
was calibrated using a molecule of sulfur hexafluoride SF6. These molecules are
characterized by one of the most effective cross-sections for electron attachment. In
this type of reaction, the maximum effective cross-section is achieved at zero electron
energy when the parent anion forms.

We measured the dependence of the ion signal for the anion SF−
6 from the molecule

SF6 on the accelerating voltage. Thus, a calibration was performed, and a shift of
the voltage scale was obtained in relation to the actual energy scale. The shift of the
energy scale is given by the maximum of the peak SF6 concerning the characteristic
zero value. In this experiment, the gained shift equals -193 meV relative to the
characteristic value of 0 eV.

The illustration calibration of the energy scale is shown in the graph in the figure
2.7. From this graph, it is possible to determine the maximum of the measured peak
at the value of electron energy of -193 meV. Since the width of 0 eV resonance is of
the order of meV, it is possible to use the measured FWHM as the value of energy
resolution. In the graph 2.7, the Gaussian function can be seen; thus, it was possible
to determine the value of energy resolution (interpolated highest peak in the middle
of its height). In our case, an energy resolution value reached about 150 meV, which
was, with the calibrated energy scale, a valid parameter for all DEA measurements
performed on favipiravir.
Experimental conditions for measurement of favipiravir
An electron attachment spectrometer was used to study favipiravir in its isolated
form. Sample powder was put into a glass bulb and placed at the end of the probe,
which was positioned in a heated copper cylinder (the temperature was constant
at 340 K). Molecules were sublimed and then effused into the reaction chamber
through a capillary with a length of 1 cm. Measurements were carried out with an
electron-energy resolution of around 150 meV. For all these experiments, a sample of
favipiravir in the form of white crystalline powder was ordered from Santiago Labs
with the following parameters of sample: (C5H4FN3O2, Mr = 157.10 g/mol, 99%,
Santiago Labs)

55



Figure 2.7: Calibration of energy scale using a molecule of SF6.

2.3 Mass resolution of mass spectrometers

The experiments were measured on two types of mass spectrometers. The resolution
R of the spectrometer is defined by:

R =
M

∆M
(2.3)

where M represents the mass of the detected ion, and ∆M symbolizes either the full
width of the peak at half of its maximum or the difference between the measured
mass and its nearest mass, which is distinguishable from it in the spectrum.
The rTOF spectrometer has a mass resolution of more than 1000, which is favourable
for studying large clusters. Most measurements in the negative mode were per-
formed with a lower mass resolution of around 700 (bin = 16 x 250 ps). However,
in some cases, high resolution is essential and, therefore, can be measured with a
spectrometer resolution of about 1500 (bin = 2 x 250 ps). Common resolutions
(bin = 8 x 250 ps) were used to measure mass spectra in the positive mode.
The electron attachment spectrometer contains a quadrupole mass spectrometer
that measures a single mass over a long period. It measures dissociative electron at-
tachment with high energy resolution and good measurement statistics for isolated
molecules. A quadrupole mass spectrometer is characterized by better energy reso-
lution than mass resolution. The mass resolution R is around 100, which is also the
maximum value of the resolution R that can be achieved using this mass analyzer.
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2.4 Experimental ELYSE platform

ELYSE platform is an experimental platform that can perform electron pulse ra-
diolysis experiments. The pulse radiolysis method belongs to classical pump-probe
spectroscopy techniques, where the light probe stays, but the light excitation pulse
is exchanged for the electron excitation pulse. A basic graphical representation of
this experimental platform is shown in the Figure 2.8. The measuring platform is a
main part of The fast kinetic centre for experimental pulse radiolysis with picosec-
ond temporal resolution, which was opened in 2001 as the first in Europe then. The
ELYSE platform is located in the Institut de Chimie Physique, UMR8000 (ICP,
Orsay, France), which is a part of both Université Paris-Saclay (Orsay, France) and
the French National Centre for Scientific Research (CNRS, Paris, France). ELYSE
platform is also a part of EMIR&A, the French national network of accelerators for
irradiation and analysis of molecules and materials. This section is dedicated primar-
ily to describing the experimental ELYSE platform for pulse radiolysis experiments.
[108]

2.4.1 Experimental device

This pulse radiolysis platform contains a core and two experimental parts, which
allow measurements in two different time-scales provided by two different setups.
From the point of view of the time-scale of detection, experiments can be divided into
picosecond pump-probe experiments (direct line, VD) and nanosecond to millisecond
time-scale experiments (bend line, VD2).

The experimental ELYSE platform (figure 2.8) contains a laser producing ultra-
short pulses @780nm, 1̃10 fs. A 50% of energy is used on the VD line for supercon-
tinuum generation and as a pump for OPA. The rest is used for the third harmonic
generation of approximately 260nm. This UV light is utilized to extract electrons
from the photocathode (figure 2.9). The source of ionizing radiation in the form of
high-energy electrons is an electron accelerator (2.10). The accelerated electrons are
pumped along a direct line (picosecond pulse radiolysis experiments) or the bend
line (nanosecond to millisecond time-scale experiments) to irradiate a liquid sample
located in a cell in a sample holder (figures 2.11, 2.12). The electron pulse causes
radiolysis of a sample solution, followed by a large number of ultrafast reactions and
the formation of a high-reactive transient species such as radicals, secondary elec-
trons and others, which can react with a sample. The detection allows for directly
studying these transient species and their ultrafast reactions with a sample. Detec-
tion for picosecond pulse radiolysis is based on white light with a delay mechanism
and a spectrometer with a CCD camera. In comparison, nanosecond to millisecond
time-scale experiments uses for the detection a white light from the Xe-lamp and a
streak-camera with a spectrograph.

The laser and laser chain
A cornerstone of the ELYSE platform is formed by a femtosecond fibre oscillator
(composed of C-fiber 780 and femtosecond Erbium laser) and a broadband stretcher.
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The laser operates at 80 MHz and is a source of extremely short photon pulses
with a pulse frequency from 0.1 to 50 Hz; the maximal frequency used with the
accelerator and for pulse radiolysis experiments is 10 Hz. The energy of one pulse is
2 mJ, the wavelength is 780 nm, and it has a 150 fs broad continuum. 50% of this
photon beam is used as a reference path for a picosecond pulse radiolysis detection,
and these pulses are synchronized with the electron accelerator. Another 50% of a
photon beam continues for a radiolysis purpose to a tripler, where the third harmony
is generated, and the parameters of a beam are changing. The changed photon beam
is then used to extract electrons from a photocathode in an accelerator. [109]
[108, 109]

Figure 2.8: Graphical representation of the experimental ELYSE platform. ([109],
modified)

The photocathode
The ELYSE photocathode is a Cs2Te photocathode with a quantum efficiency of
1%, a lifetime of 2 years at maximum. It is prepared in situ and made of cooper
substrate with deposits of Tellurium and Caesium Chromate (Cs2CrO4). Then, the
Caesium Telluride (Cs2Te) is formed. The photocathode produces electron pulses
with final energy after acceleration equals to 7.8 MeV, a standard half-width of 7
ps, and a repetition rate from 5 Hz to 10 Hz. [108, 109]
The electron accelerator
The electron accelerator that can be seen in the figure 2.10 offers two possible
ways. The direct line VD for the pump-probe experiments and the bend line VD2
are determined for conducting absorption spectroscopy experiments with the streak
camera. The electron accelerator can produce electrons with energies from 3 to
9 MeV and with a charge from 0.1 to 7 nC. Electrons are delivered as pulses with a

58



Figure 2.9: A photo of a Cs2Te photocathode [108].

duration from 5 to 10 ps (at half height) and repetition frequency from 0.1 to 10 Hz
(but usually 5 Hz). The beam diameter can be at least 3 mm with a 1% energy
dispersion, but its maximum size could be much bigger. [108, 109]

Figure 2.10: Graphical representation of the electron accelerator [108].

Picosecond pump-probe experiments
Picosecond pulse radiolysis experiments are performed on the direct line (VD) with
the transient absorption pulse-probe setup. This pump-probe spectroscopy setup
allows stroboscopic optical detection. That detection is based on time-monitoring
of changes that appear in optical absorption spectra. The spectral changes can be
detected with changes in the time delay of the arrival of the light probe, considering
the constant arrival of the electron pulse from the pump. The time delay can be
achieved with a mechanical delay stage when light is forced to travel longer distances.
This experimental device works with four delay paths, and every length is 1 m;
therefore, the final delay can be 11.5 ns. The broadband super-continuum from 360
nm to 700 nm is generated by focusing a minor part of the 780 nm laser into a CaF2
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crystal (probe/reference paths are divided into 60/40). Reference and probe paths
are merged into optical fibres, conducted to a spectrometer and scattered on a CCD
camera. The time window ranges from 0 ns to 11.5 ns. A spectral window offers light
wavelengths between 360 nm and 700 nm, and a temporal resolution is 150 fs. The
uniqueness of the ELYSE platform, in the case of pump-probe experiments, is based
on the synchronization of the electron source and the photon source used, which
allows to identify a transient species and study their ultrafast reactions directly. A
picosecond pump-probe carries many benefits including an ultra-short time-window,
a wider spectral window and an excellent resolution. [108, 109]

Nanosecond to millisecond time-scale experiments
Nanosecond to millisecond time-scale experiments are carried out on the bend line
(VD2). Besides the core described above, it contains the detection part, which in-
cludes a home made flash xenon lamp as a source of light for analysis. A light passing
through the irradiated solution goes to the highly dynamic streak-camera (Hama-
matsu C7700-01) in connection with a spectrograph for detection (AndorKymera
328i). There is a time window between electron and reference pulses from 1 ns to
1 ms. The spectral window ranges between 350 and 600 nm and a temporal resolu-
tion is 50 ps (for the 1 ns time window). [108, 109]

2.4.2 Sample preparation and sample inlet

Samples can be measured using a method of pulse radiolysis in their liquid form.
Solid samples need to be dissolved in the appropriate solvent at first. However,
solvents with aromatic character are unfavourable when detecting secondary low-
energy electrons due to radiolysis. These electrons tend to react especially with
benzene rings in aromatic solvents and thus cause their excitation into triplet states.
This reaction occurs at the expense of electron scavenging by a studied compound
in solution. For measurements, liquid samples are located in a static cell or the cell
with sample circulation, which enables the maintenance of the homogeneous solution.
Evaluation of pulse radiolysis measurements is based on comparing the results for a
sample in solution and a reference solution containing only that solvent.
The static cells for the pump-probe experiments are made of synthetic fused silica
and have an optical path length of 0.5 cm. The optical window thickness is 200 µm
to prevent the detection of transient species generated by the electron pulse in
quartz. In the non-static cells, the sample flows at approximately 20 cm3/min. For
the pressure of 75 bar inside the cell, 1 mm-input window and 5 mm-output window
are sufficient. Then, both types of cells are fixed in the sample holder, illustrated
in the figure 2.11. The photo in the figure 2.12 shows the whole system of cells in
a cell holder. During the measurement, the sample reacts with an electron beam
followed by radiolysis of a solution with a sample; many highly reactive transient
species are formed, and many reactions occur. The evolution of formed transient
species during the measurement is explored by probe pulses from the broadband
white light. [109, 108]
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Figure 2.11: A sketch of a sample holder
[108].

Figure 2.12: A photo of cells in a sample
holder.

Data output and evaluation with a focus on quasi-free/solvated electrons

As a result of measurements, data in the matrix form are gained. It contains three
types of information: static x- and y-axes represent wavelength and time, and z-axe is
intended for measuring the intensities of optical density of transient species present
at a specific point at a time and a certain wavelength. Such a type of matrix can be
used in further data analysis to obtain both absorption spectra/kinetics for selected
detected transient species. To study the interaction of the investigated molecule
with quasi-free and solvated electrons in solution, two tools for characterization of
the interaction of these intermediates are presented. Both tools use kinetics data
for solvated electrons, for quasi-free electrons cannot be detected directly because
of the time range for measurements and resolution. Kinetics show the evolution of
optical density in solution at a specific wavelength in time (for solvated electrons, it
is 600 nm, at which they absorb). Kinetics is recorded in time, which can be divided
into three periods: time before irradiation (several ps/ns), zero time at the time
of irradiation and time after irradiation (several ps/ns). The kinetics of solvated
electrons generally follow. Before irradiation of solution, optical density is at zero
value. Immediately after irradiation, the concentration of released solvated electrons
increases very strongly (so as measured optical density) and reaches a maximum at
picoseconds. Then these values decrease with time, meaning that solvated electrons
are scavenged by studied molecules of scavenger in solution and thus become invisible
for measurements.

In the case of quasi-free electrons, an indirect characterization of their interaction
with studied molecules can be used based on the concept of C37. The C37 is the
concentration of a scavenger in solution at which the initial amount of solvated
electrons present in the solution is 37% (1/e). This value, therefore, indirectly speaks
about the interaction of the scavenger with quasi-free electrons, since 63% [1-(1/e)]
of all quasi-free electrons had to interact with the scavenger before. [110, 111]

61



Solvated electrons and their behaviour in the sense of kinetics, interactions and de-
cay in the solution can be detected directly at a wavelength around 600 nm and
at a time in order of ps. The scavenging of solvated electrons in solution depends
on the molar concentration of the molecule as its scavenger in solution. With in-
creasing concentration of scavengers, scavenging will be faster, and the kinetics of
solvated electrons in solution will be steeper in time. For each molar concentration
of scavenger, the absolute rate constant for interaction with solvated electrons can
be calculated.
This process leading to calculation can be described as follows. From kinetics, specif-
ically from the curve for select concentration, the time at half of amplitude T1/2 must
be determined. In the units of seconds, this value will be inserted into the following
formula:

k = ln(2)/T1/2, (2. 1)

where k is the absolute rate constant [-], ln(2) is the natural logarithm of 2 and T 1/2

is the time when the concentration of solvated electron reaches its half-value. Then,
the absolute rate constants for selected concentrations are plotted in dependence on
these molar concentrations c [mol/l, M] and are fitted with a linear fit to gain slope
value, which represents the normalized rate constant.

Experimental conditions for measurement of RRx-001 and fullerenes

Measurements of RRx-001 in ethanol solutions were carried out using both picosec-
ond pulse radiolysis (VD) and nanosecond to millisecond time-scale pulse radiolysis
(VD2). Both static cell (2.5 ml of solution) and cell with constant circulation (25 ml
of solution) were used to prevent overdosing of irradiated volume or provide a ho-
mogeneous concentration in case of approaching the solubility limit. Circulation in
the cell was achieved using a closed tube loop with a solution and a home-made
pump under the electromagnetic control. The circulation can reach a rate of around
20 cm3/min - the molecule of RRx-001 was purchased from AmBeed with a declared
purity of 95.00%.
In case of experiments with fullerenes, three samples were used: buckminsterfullerene
C60 in form of dark crystals powder (C60, M r = 720.64 g/mol, sublimed, 99.9%),
C60 pyrrolidine tris-acid (C60-PTA) in form of dark powder (C66O6NH7,
M r = 909.76 g/mol, 97%), and fullerenols in form of yellow powder (C60(OH)n·mH2O
(n>40, m>8), M r≥ 1545.076 g/mol). All samples were ordered from Sigma Aldrich.
Molecules of fullerenols are soluble in water with a declared mass concentration of
up to 50 mg/ml. Nevertheless, our highest reached mass concentration was 6 mg/ml.
Measurements were performed on both VD and VD2 lines.
Measurements on ELYSE were conducted using electron pulses from the accelerator
with an energy of 7.8 MeV, a repetition rate of 5 or 10 Hz, a half-width between 5
and 7 ps, and a charge of 6nC.
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2.5 Microtron MT25

Microtron MT25 (Nuclear Physics Institute, CAS, Prague) is a ring electron acceler-
ator with a Kapitz resonator. Electrons are accelerated by a high-frequency electric
field with constant amplitude and frequency in a homogeneous magnetic field. In a
vacuum chamber, electrons move along circular paths with a common tangent point,
where a cavity resonator is located and is powered by microwave radiation. The fre-
quency of the incoming microwaves is timed so that the length of the electron orbit
around the circle is a multiple of its wavelength. Thanks to this, additional energy
is repeatedly transferred to the electrons in each orbit, which causes them to move
to a higher orbit with a larger circle radius. The maximum energy is 25 MeV; the
energy can differ in 1 MeV steps from 12 to 25 MeV or in 0.5 MeV steps from 6 to
15 MeV. The pulse length is 3.5 µs, the standard repetition rate is 423 Hz, and the
mean maximum current is about 30 µA depending on the electron energy. In this
work, the electron energy of 16.5 MeV was applied. [112]

Figure 2.13: Graphical representation of the microtron MT25 ([112], modified).

Experimental conditions for irradiation of RRx-001 molecules
RRx-001, usually in ethanol solutions, was irradiated in 15 ml tubes on a con-
stantly rotating mat that enabled equal irradiation of all tubes during one irradia-
tion. Solutions were usually 12 ml or 4 ml. In most cases, the solvent was ethanol,
once methanol, and once deuterated methanol, all ordered from Sigma Aldrich. The
molecule of RRx-001 was purchased from AmBeed with a declared purity of 95.00%.
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2.6 Ab initio calculations using Gaussian software

The idea of predicting the radiosensitizing properties of molecules without any exper-
imental studies became a driving force to incorporate quantum-mechanical calcula-
tions into this work. In order to study the reductive properties of selected compounds
based on their electron affinities, the Gaussian 16 software was selected for ab initio
calculations. For the plotting of structures, Chemcraft and Avogadro software were
used.
Gaussian 16, the latest version of the Gaussian programs, enables the performance
of state-of-the-art electronic structure modelling in a wide range of various scien-
tific sectors. It can be used to study real chemical problems of all levels of com-
plexity. This program is based on fundamental quantum-mechanics laws and offers
many applications. Gaussian 16 presents a wide range of methods. Among them
are Hartree-Fock methods (HF), density functional (DFT) methods, excited-state
methods, high-accuracy energy models, and many others. [113]
This work operates, in particular, with density functional methods, Hartree-Fock
methods, and high-accuracy energy models.
The DFT method is a computational modelling method based on quantum me-
chanics that uses functionals of electron density, which is spatially dependent. DFT
calculations build on the first and significant part of calculations coming from the
Hartree-Fock (HF) method. The method of DFT only adds a final computational
step, which consists of numerical integration of the functional. Thus, the accuracy
of DFT calculations depends on the errors arising during Hartree-Fock calculations
and the number of points utilized for numerical integration. The DFT method works
with several DFT models. It is one of the most applied methods in the field of com-
putational chemistry and physics, as well as physics dealing with condensed matter.
The DFT methods exploit numerous hybrid functionals that result from a correlated
mixture of Hartree-Fock exchange with DFT exchange. They can be divided into sev-
eral groups: Becke Three-Parameter Hybrid Functionals (B3LYP, B3P86, B3PW91,
O3LYP) Functionals Including Dispersion (APFD, APF, wB97XD) Long-Range-
Corrected Functionals (LC-wHPBE, CAM-B3LYP, wB97XD), and others. Ab initio
calculations in this research work use B3LYP and M062x as a hybrid functional.
[113]
High-accuracy energy models, also called Gn Methods, are used to compute very ac-
curate energies, and four types of G1-G4 are recognized. The calculations presented
in this work benefited directly from using the G3 method, specifically G3MP2. [113]

Ab initio calculations of reductive properties of favipiravir
Ab initio calculations on favipiravir were performed to calculate energies of neutral
and anions, adiabatic electron affinities, energetic thresholds for reaction channels
of DEA to favipiravir and vertical attachment energies for modelling of favipiravir
HOMO/LUMO virtual orbitals.
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1) Calculations of energies for neutral and anionic favipiravir
The neutral molecules of favipiravir (2 conformers and their two keto-tautomers) and
their corresponding anionic forms were pre-optimized first at the B3LYP/6-31(d)
level of theory and then at the B3LYP/aug-cc-pVTZ levels of theory. In the next
step, energies obtained from these calculations were verified by calculations using
the G3MP2 method. Errors originating from re-optimizing B3LYP structures were
checked by M062x, which is functional with the same aug-cc-pVTZ basis set.

2) Calculations of adiabatic electron affinities
A molecule of favipiravir is characterized by two conformers (which differ in two
orientations of CONH2 group) and their two keto-tautomers. Electron adiabatic
affinities were obtained as a difference of the neutral energy and anion energy in the
optimized geometry.
3) Calculations of energetic thresholds for DEA reaction channels
To confirm the experimental results, energetic thresholds for reaction channels of
the DEA reaction to favipiravir were computed via the B3LYP/aug-cc-pVTZ level
of theory. Threshold energies can be gained from the equation:

ETh = E(Ma)− + EMb
+ EM (3.1.2 a)

where E (Ma)− and EMb
are energies of anion, resp. all neutral fragments which are

formed in the individual reaction channel. EM represents the energy belonging to
the neutral parent molecule. Method errors were determined by recalculating values
using the M062x/aug-cc-pVTZ level of theory.

65



3

Overview of results & discussion

This chapter summarizes all the results achieved using various combinations of ex-
periments and calculations. The chapter is divided into three subchapters, each
belonging to one of three studied molecules and their interactions with (secondary)
LEEs.
The first examined molecule is an antivirotics - a molecule of favipiravir. In that case,
a study is presented combining electron attachment spectroscopy of isolated and
micro-hydrated molecules with ab initio calculations to reveal favipiravir’s stability
upon single electron reduction (JH INST, Prague, Czech Republic). Based on these
results, the article has been published [62] and is enclosed in the attachment of
the dissertation. Therefore, the subchapter dedicated to favipiravir and its study
intentionally contains only a short description, which aims to introduce the already
published results.
The second molecule type is an epigenetic agent with proven chemotherapeutic and
radiosensitizing properties - RRx-001. At this point, experimental results that were
obtained from combining electron attachment spectroscopy of isolated and micro-
hydrated molecules (JH INST, Prague), pulse radiolysis with both picosecond and
nanosecond to millisecond time-scales (ICP, UMR8000, Orsay), and irradiation on
microtron followed by NMR spectroscopy (Prague) for analysis of irradiated sam-
ples. These results will be published after the submission of the present doctoral
thesis. However, this molecule was first studied in a dominant collaboration with
the University of Innsbruck, specifically with Prof. Stephan Denifl and Prof. Milan
Ončák. That joint work relates their theoretical calculations of RRx-001 with the
experimental results achieved during measurements at the CLUB experimental de-
vice (JH INST, Prague) in which I participated. The results of this collaboration
have already been published and attached in the form of an article. Therefore, it is
only marginally mentioned in the thesis and finally discussed concerning the current
results.
The third and last type of studied molecules are fullerenes, specifically water-soluble
fullerenols. Based on the theoretical proposal of the radiosensitizing mechanism of
the π-π complex simultaneously allowing the EPR effect, a series of studies were
performed in Innsbruck as well as in the home laboratory, and using pulse radiolysis
in solution on the ELYSE platform (ICP, UMR8000, Orsay), and relevant discussion
on this topic.

66



3.1 Studies on the molecule of favipiravir

The present study aimed to examine the behaviour of favipiravir in reactions with
LEEs [60] using electron attachment spectroscopy (EAS). Favipiravir was investi-
gated in its isolated and micro-hydrated forms in the gas phase, as well as the effect
of the water environment on the reaction. Two experimental devices were used for
measurements. An electron attachment spectrometer with better energy resolution
(about 150 meV) was used to measure electron-energy dependent yields of main frag-
ments from EA to isolated favipiravir in the gas phase. At the same time, a CLUB
apparatus was used to measure the mass spectra of favipiravir undergoing EA in
its various hydrated forms. Investigating clusters of favipiravir with attached water
molecules allows for studying the environmental effect on EA reaction. Experimental
data were supported by ab initio calculations. [62]
As a result of measurements using an electron attachment spectrometer, dependen-
cies of ion yields on electron energy were obtained for main fragments formed in
EA reaction to favipiravir. The primary reaction channel is associative electron at-
tachment (reaction 1.3. a), forming a negative parent ion (m/z = 157) with a main
resonance peak around 2 eV. Other fragments formed in the reaction of DEA had
at least a hundred times lower intensities. The second most intense fragment is
[M-CONH3]−, showing two peaks in the spectrum at around 2 and 4 eV. As the
ab initio calculations revealed, the fragmentation is subject to hydrogen transfer
from hydroxyl to the amino group with a significant reaction barrier. The second
most intense peak indicates a hydrogen removal with electron energies higher than
2 eV. The third most intensively forming fragment is [OCN]−; because of its high
electron affinity, it is a common product of DEA to many bio-molecules [114, 115].
[62]

Experiments on CLUB studying the effect of the water environment on EA to favipi-
ravir in the gas phase with electron energies from 0 - 9 eV confirm that dry conditions
give rise to favipiravir parent anion primarily via AEA reaction. The fragmentation
in CLUB experiments was suppressed, which can be mainly explained by the de-
tection time of a dozen microseconds, which is roughly ten times shorter than the
detection time of TEM-QMS. Therefore, there is less time for auto-detachment or
dissociative electron attachment processes during CLUB experiments. The temper-
ature of precursor molecules is another parameter that affects fragmentation. The
molecular beam in CLUB has a lower temperature than the effusive beam in the
TEM-QMS. Measurements with various levels of hydration show that EA to hy-
drated favipiravir followed by ionisation of favipiravir leads to that energy being
transferred to the solvent (at the level of several electron volts), and thus neutral
water molecules being evaporated from water-favipiravir clusters, and the fragmen-
tation of favipiravir is suppressed. It has been postulated [69] that such energy
transfer could increase the value of linear energy transfer (LET) after interaction
with ionising radiation, providing an alternative for the radiosensitising action of
electron affine molecules.
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Based on ab initio calculations of energy in the ground state, it was revealed that its
enol-form is the most stable form of favipiravir. Next, adiabatic electron affinities
and dipole moments were calculated. Also, threshold energies were calculated for
individual reaction channels of dissociative electron attachment to favipiravir, shown
in our already published article [62]. The threshold energies were used to interpret
the experimentally obtained fragmentation patterns.

Final discussion and conclusion of experiments with favipiravir
Investigation of the favipiravir molecule, an important biochemical compound with
promising radiosensitising properties, shows that the main reaction is AEA when a
long-living parent ion forms. In contrast, only a minor part of transient parent ions
decays via DEA. The high stability of parent ions is an exciting property for trans-
port and radiosensitising purposes because it can allow multiple electron reductions.
The main fragmentation occurs via DEA reaction on the CONH2 group. EA to hy-
drated favipiravir Fav.(H2O)n leads to the dissipation of available energy into the
solvent after the EA reaction. The energy released from a reduced form of favipiravir
in the process of EA could also increase the LET in the presence of favipiravir and
cause the radiosensitizing effect. These findings gained based on the investigation of
interaction with LEEs strongly support the radiosensitising potential of favipiravir
and its future investigation as a candidate for radiosensitisers. [62]

3.2 Studies on the molecule of RRx-001

This subchapter is dedicated to results obtained by studying the behaviour of RRx-
001 in reactions with LEEs [60]. The study used electron attachment spectroscopy
(EAS) in the gas phase and picosecond pulse radiolysis in ethanol solution to de-
scribe short-lived species. Stable products of studied reactions were detected using
a nuclear magnetic resonance spectroscopy applied to ethanol solutions of RRx-
001 irradiated with highly accelerated electrons on the microtron. The molecule of
RRx-001 was investigated first in dominant cooperation with colleagues from the
University of Innsbruck, and this study was completed with a publication. There-
fore, this study is first summarized in short. After that, a more detailed description
of the following work is provided, which is the subject of a publication under prepa-
ration. For greater clarity due to the several experimental approaches used, the most
important findings are summarised in bullet points at the end of each subchapter
devoted to one experimental method and its results.

3.2.1 Studies on the molecule of RRx-001 in cooperation with
University of Innsbruck

The study of the RRx-001 molecule was initiated by Prof. Stefan Denifl based on
their pilot experiments with the isolated molecule sublimed directly to the reac-
tion zone of the electron attachment spectrometer. These were complemented by
our measurements of isolated molecules in molecular beam experiments at CLUB
setup and the computational modelling of Prof. M. Ončák. The study of reductive
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properties of RRx-001 combines an experimental approach with theoretical calcula-
tions, specifically electron attachment spectroscopy and mass spectrometry in the
gas phase (CLUB, Prague) with single and multi-reference calculation support us-
ing Gaussian and MolPro software. The attachment of free LEEs to RRx-001 leads
to the formation of electronically excited transient negative ions (TNI) at the fem-
tosecond time via a fast electronic transition process. This study aimed to follow the
relaxation pathways at different time-scales, which are several of them and present
insight into the radiation chemistry of RRx-001. The work shows a significant in-
teraction of RRx-001 with LEEs. Depending on the initial state, the molecule can
undergo direct dissociation into Br− or NO2

− channels, or the reaction proceeds
via the formation of long-lived transient Br− complexes. We have also observed the
formation of similar complexes in our study of bromothiophenol [116]. Therefore,
these complexes may also play an important role in the radiation chemistry of the
solution. After EA to RRx-001, the most abundant fragment were Br−, NO2

−. The
calculations revealed the raising anionic complex Br−–(RRx–HNOO2).. Experiments
of electron attachment indicate the formation of nitrous acid, nitrogen dioxide, and
nitrite, which can be followed by reactions interesting for radiosensitizing effects such
as electron transfer, addition reactions, or abstraction reactions. Their consequence
can be the expansion of blood vessels and increased blood flow. It can also lead to
the formation of OH groups, which leads to oxidative stress, and in hypoxic cells,
reoxygenation would occur, making the cells more sensitive to radiation.

3.2.2 SHORT TIME-SCALE: Intermediates

Short-lived species forming after the interaction of RRx-001 with LEEs were studied
using electron attachment spectrometry in the gas phase and pulse radiolysis in an
ethanol solution.

3.2.2.1 Electron attachment to RRx-001 in gas phase (CLUB)

This part of the study is dedicated to the reaction of EA to RRx-001. A reaction of
EA is characterized by the capture of a low-energy electron on a studied molecule
(RRx-001) and the formation of a transient parent ion (RRx-001−)∗. The tran-
sient parent ion (RRx-001−)∗ can stabilize via forming a stable anion (associative
attachment- eq. 1.3. a) or, due to excessive energy, can decompose into fragments
A− and B (dissociative electron attachment- eq. 1.3. c)
The third possibility, when the transient ion decays via an electron separation (au-
todetachment - 1.3. b), is not detectable with our experimental method. Neverthe-
less, this third reaction channel does not seem attractive for the possible radiosensi-
tizing potential of the molecule and the mechanism which could be one of the sources
of synergism.
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Figure 3.1: Negative mass spectra for electron attachment to RRx-001 in the gas
phase for electron energies 0 - 12 eV and with increasing level of EtOH-micro sol-
vation. From the top to the bottom: 1.1 bar (without EtOH), 1.1 bar (with EtOH),
and 1.5 bar (with EtOH). Negative background spectra measured before each mea-
surement are plotted next to each sample measurement.
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Firstly, I investigated the effect of increasing levels of ethanol solvation on the reac-
tion of electron attachment to RRx-001. Ethanol as a solvent was selected to repro-
duce the conditions in the pulse radiolysis experiments, which will be discussed later.
As a main result, three mass spectra are presented with appropriate backgrounds.
The pressures of carrier gas indicating the level of ethanol solvation were chosen
as follows: 1.1 bar (dry, without EtOH), 1.1 bar (micro-solvated with EtOH), and
1.5 bar (micro-solvated with EtOH).
The resulting negative mass spectra are shown in the Figure 3.1. The graph in the
top left corner shows data for EA to isolate molecule RRx-001 with the pressure
of carrier gas of 1.1 bar without ethanol molecules. From this graph, significant
peaks for forming anions can be observed, and they were assigned to NO2

−, Br−,
and [M-NO2]−. The graph in the middle on the left side represents the outcome for
RRx-001 with the lowest level of ethanol solvation (1.1 bar). In this case, the parent
anion M− is also detected. The graph at the bottom with the maximal level of ethanol
solvation (1.5 bar) exhibits the most intense signal of parent ion M.(EtOH)n− within
ethanol clusters, indicating RRx-001 anion stabilization, possibly via caging. Based
on these mass spectra, the effect of ethanol solvation on the evolution of reaction
channels can be summarized.
The evolution of significant reaction channels for forming negative anions is depicted
in the Figure 3.2. Generally, it is observed that the increasing solvation leads to the
parent anion stabilization and closing of all fragmentation channels as Br−, NO2

−,
M-HNO2

−, and M-NO2
−. It must be noted that the signal of the isolated parent

anion also decreases with increasing levels of solvation. However, the total signal for
the negative parent ion increases after increasing the amount of EtOH clusters in its
surroundings. Under solvated conditions, the fragmentation is further suppressed by
energy transfer to the solvent. It has been postulated [69] that such energy transfer
could increase the value of LET after interaction with ionizing radiation, providing
an alternative for the radiosensitizing action of electron affine molecules.
The most intense peak with a mass around m/z = 46, clearly seen in each of the
graphs with negative mass spectra, could belong to two anions. The first one is NO2

−

anion; the second one could be the parent anion of ethanol. The masses are: m/z
(NO2

−) = 45.99 and m/z (EtOH−) = 46.04, which should be possible to resolve in
our mass spectrometer with a measured resolution of better than 1400. However,
two peaks or any shoulder cannot be seen, so the peak was assigned to NO2

−. The
peak around m/z = 46 decreases with increasing levels of EtOH-micro-solvation.
The electron-energy dependence spectrum for the formation of the anion with m/z
around 46 is shown in the graph in the Figure 3.3. Unfortunately, NO2

− DEA res-
onance cannot be resolved here either. Therefore, it cannot be concluded that the
dissociation channel is closing purely via caging and M− formation or also due to
decay into neutral products (e.g. M-NO2 neutral).
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Figure 3.2: Total intensities of the different product ions under various EtOH micro-
solvation levels.

Figure 3.3: Electron-energy dependence spectra for the formation of the parent anion
M− and NO2

− with m/z = 46.
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Secondly, I additionally examined the effect of temperature on the reaction of EA
to RRx-001. The aim was to investigate if the molecule remains stable at higher
temperatures used in our microsolvation studies. The temperature of the nozzle
was increased to (130 °C - 160 °C) and the sample reservoir (110 °C - 140 °C)
with a 10 °C step. The resulting mass spectra of negative ions are plotted in the
Figure 3.4. The same type of species was observed compared to the previous case,
where the solvation effect was studied. The dependence of the signal intensity on
the temperature is shown in the Figure 3.5.

Figure 3.4: Negative mass spectra for electron attachment to RRx-001 in the gas
phase for electron energies 0 - 12 eV and with increasing temperature.

With the increasing temperature in the reservoir, the amount of the studied molecule
in the molecular beam will increase and, consequently, with the detected anion sig-
nal. If there is thermal decomposition, the signal of fragments resulting from such
a process will exhibit different temperature dependence than the parent anion. In-
creasing the temperature is one way to increase the signal of the molecule, but it
also depends on the proper setup of the experimental system. The graph of the evo-
lution of the signal intensities after the subtraction of background signals shows that
intensities increase with increasing temperature. The chosen temperature setting for
the previous study of the solvation effect is adequate to see clearly the development
of the studied peaks with increasing pressure of neon.
The electron attachment experiments indicate that fragmentation channels are clos-
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Figure 3.5: Total counts of the different product ions under the increasing temper-
ature of the nozzle and sample reservoir.

ing with increasing levels of ethanol solvation because of the stabilization of parent
ion in the solvent environment and formation of M−. However, there exists a proba-
bility that M− formation is not the only existing channel, and the anion decays into
NO2

− anion and neutral M-NO2.

Key insights gained about the RRx-001 based on EAS
• Electron attachment to RRx-001 in dry conditions leads to formation of
fragments: NO2

−, Br−, and [M-NO2]−.
• With increasing ethanol solvation, the negative parent ion is more sta-
bilized; the fragmentation is suppressed by energy transfer to the solvent.
• Stabilized negative parent ion can serve as a potential source of multiple
electron reductions. Energy transfer could increase LET of ionizing radiation
in irradiated volume. Both observed effects provide an alternative for the
radiosensitizing action of electron affine molecules.
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3.2.2.2 Picosecond pulse radiolysis of RRx-001 in ethanol

The molecule of RRx-001 in ethanol solution was studied using picosecond pulse
radiolysis to describe its interactions with secondary LEEs in the form of quasi-free
and solvated electrons.
First, ethanol solutions of molecule RRx-001 with various molar concentrations (10,
25, 50, 70 and 80 mM) were studied in static cells (except for 70 mM solution,
measured in a cell with circulation later) with a volume of solutions around 3 ml. As
a result of this measurement, the kinetics for solvated electrons were gained and are
plotted in the graphs in the Figures 3.6 and 3.7. The kinetics of solvated electrons in
ethanol is plotted by the black curve, and in the ethanol solutions of RRx-001 with
various concentrations by the reddish curves. The graph with a time-scale of only
30 ps shows that the amount of solvated electrons in ethanol solution is lower than
in water at zero time. With the increasing concentration of RRx-001 in ethanol,
the amount is further decreased. It is observed because these electrons have already
reacted in the form of quasi-free electrons with RRx-001.

Figure 3.6: Kinetics of solvated electrons up to 30 ps after absorption of a 5 ps
electron pulse by a sample of ethanol (black curve) and RRx-001 in ethanol solutions
with various concentrations (reddish curves).

The graph, with a time range of up to 10 ns, shows faster decay of solvated electrons
with increasing concentrations of RRx-001 in EtOH. That is proof of the interaction
of solvated electrons with RRx-001. Thus, the molecule of RRx-001 interacts with
both quasi-free and solvated electrons. It can be seen that decay in a 70 mM solution
is steeper than in an 80 mM solution. This could be for several reasons. These
concentrations are approaching the maximum achievable concentration of 83 mM
declared by the supplier. Therefore, the samples with a concentration approaching
the highest declared value may have been more difficult to dissolve. Moreover, a
70 mM solution was measured in a cell with circulation.
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Figure 3.7: Kinetics of solvated electrons up to 10 ns after absorption of a 5 ps
electron pulse by a sample of ethanol (black curve), and RRx-001 in ethanol solutions
with various concentrations (reddish curves). The graph points to the interaction
with solvated electrons.

cmass [mg/mL] cmol [mol/L] Y Y 1/2 T 1/2 [s] k abs [s−1]

0 0 0.169 0.084 11E-09 6.3E+07

21.4 0.010 0.158 0.079 3.2E-09 2.2E+08

13.4 0.025 0.150 0.075 1.8E-09 3.8E+08

6.7 0.050 0.134 0.067 1.2E-09 5.7E+08

2.7 0.080 0.117 0.058 8.2E-10 8.4E+08

Table 3.1: Table including data for determining the normalized rate constant de-
scribing the reaction of solvated electrons with RRx-001 revealed in the graph in
the Figure 3.7, from which the data originate. The columns of cmass [mg/ml] and
cmol [mol/l] show mass concentration and molar concentration, respectively, of four
measured ethanol solvation of RRx-001, Y is a maximal reached optical density at
600 nm for solvated electrons in solution after its irradiation, Y 1/2 is half of the
amplitude, T 1/2 [s] is the time when Y 1/2 is reached, and kabs [s−1] is the absolute
rate constant belonging to a specific concentration of RRx-001 in ethanol solution.
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Figure 3.8: Dependencies of absolute rate constant on the molar concentration of
RRx-001 in ethanol. As a result, 5 points are plotted and 4 are fitted with a linear
fit in order to gain the normalized rate constant.

Based on the graph in the Figure 3.7, a table shown in the Figure 3.1 was prepared to
determine the normalized rate constant for the interaction of solvated electrons with
RRx-001, points belonging to a solution containing RRx-001 were linearly fitted.
Only data for the measurement of 70 mM solution were not included because they
were obtained on different days. The normalized rate constant does not depend on
the concentration of RRx-001 in the solution. For its determination, it was necessary
at first to calculate the absolute rate constant for each measured concentration of
RRx-001. For this purpose, values from "T 1/2 [s]" for each concentration shown in
the column "cmol [mol/l]" were used in the formula:

kabs = ln(2)/T1/2, (3.1)

where kabs [s−1] is the absolute rate constant for selected molar concentration, ln(2)
is a natural logarithm of 2, and T1/2 is the time when signal decreases to half of its
maximal value. The calculated absolute rate constants are in the last column of the
Table.
The dependence of absolute rate constants on molar concentration of RRx-001 in
ethanol is plotted in the Figure 3.8. Finally, the normalized rate constant for the
interaction of RRx-001 with solvated electrons equals the slope value after linear
fitting of plotted dependence. The value of the normalized rate constant based on
fit parameters is:

kRRx-001
normalized = 9.4× 109 dm3 mol−1 s−1 (3.2)
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The previously discussed results were further confirmed by our second campaign,
which used ELYSE to measure RRx-001 in ethanol. The RRx-001 sample of molar
concentration 70 mM was put into a cell with the circulation. The obtained experi-
mental results show a significantly better signal-to-noise ratio due to a higher laser
stability. The result is shown in the Figure 3.9. The graph contains the kinetics
of solvated electrons measured up to 10 ns in ethanol (black curve) and RRx-001
(70 mM) in ethanol (orange curve). The data confirm interactions between RRx-001
and solvated electrons.

Figure 3.9: Kinetics of solvated electrons measured up to 10 ns after absorption of
a 5 ps electron pulse by a sample of ethanol (black curve), and RRx-001 in ethanol
solution with a molar concentration of 70 mM (orange curve). These kinetics were
measured with higher laser stability. The graph points to interaction with solvated
electrons.

Based on this measurement of RRx-001 (70 mM), the data analysis was performed
using the software SK-Ana, which allows the deconvolution of the measured spectro-
kinetics data. [117].
The obtained absorption spectra and kinetics for solvated electrons and a new species
formed during radiolysis are shown in the Figure 3.10. The solvated electrons show
a short lifetime, leading to their zero signal within 3 ns, which is caused by their
interaction with a molecule of RRx-001. However, the product of such interaction was
not detected because it apparently does not absorb at a visible range of wavelengths.
The newly formed species originate from interactions of quasi-free electrons with
RRx-001 because its kinetics do not correlate with the measured kinetics of solvated
electrons. It was revealed that this unknown species has a broad absorption spectrum
with a maximum of 520 nm. The intermediates form at 7 ps and are stable at least
over 10 ns in 70 mM ethanol solution of RRx-001.
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Figure 3.10: Absorption spectra (left side) and kinetics (right side) of solvated elec-
trons and newly formed transient species during radiolysis of 70 mM ethanol solution
of RRx-001. Data marked in black is dedicated to solvated electrons, and the newly
formed species are shown in red. Radiolysis data from ELYSE were analyzed using
the software SK-Ana [117].

Another output from SK-Ana [117] is shown in the Figure 3.11. It is the extracted
absorption spectrum of a transient species formed after the interaction of a quasi-free
electron with the RRx-001 molecule.

Figure 3.11: Absorption spectrum of intermediate forming after interaction of RRx-
001 with quasi-free electron during radiolysis of RRx-001 (70 mM) in ethanol solu-
tion. Radiolysis data from ELYSE were analyzed using the software SK-Ana [117]
(provided by Prof. Mehran Mostafavi).

Considering that I detected the interaction of the RRx-001 molecule with quasi-free
and solvated electrons, and the picosecond pulse radiolysis measurement revealed the
product of the interaction with the quasi-free electron, the question remains: Why
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the product arising after the interaction of the solvated electron was not detected?
It is possible that this product does not absorb in the visible region but in the UV
region, which is below the measurement limit in picosecond pulsed radiolysis on the
VD path. Therefore, I decided to conduct additional experiments on the VD2 path
(nanosecond to millisecond time-scale experiments), extending slightly into the UV
region, as its wavelength detection band ranges between 350 and 450 nm.
The measurements on VD2 were carried out for RRx-001 in ethanol solutions with
molar concentrations of 2 and 70 mM. Moreover, to compare the effect of the argon
atmosphere on the radiolysis results, two 2 mM solutions were prepared. The first
one was measured under an argon atmosphere, while the second one was under
air. As interesting results of these measurements, I present here four figures. For
simplification, a transient particle arising after the interaction of quasi-free resp.
solvated electron with RRx-001 will be marked X, resp. Y.

Figure 3.12: Kinetics of forming intermediates X (at 500 nm, red curve) and Y (at
300 nm, teal blue curve) measured up to 40 ns after absorption of a 5 ps electron
pulse by a two mM ethanol solution of RRx-001.

The figure 3.12 shows a graph with clear kinetics of both transient species X and Y up
to 40 ns after irradiation (VD2) of 2 mM ethanol solutions of RRx-001 under argon
atmosphere. Kinetics of X was gained after focusing on wavelengths of 500 nm), while
the kinetics of Y was obtained after extraction of data for 300 nm. Data for X are
plotted in red colour. It can be observed that the intermediates forming in 2 mM
solution after interaction of RRx-001 with quasi-free electron are forming at the
very beginning after irradiation of solution (in order of ps); however, they gradually
decay/interact, and their signal decreases in the spectrum, it almost disappears at
the end of the measurement. While the product of the interaction of RRx-001 with
solvated electron arises in solution in the order of ns and then seems stable at least
to the end of measurement at 40 ns, it is necessary to take into account that the
absorption spectrum for product X is very broad and it is difficult to separate it
entirely from the absorption spectrum for the solvated electron at 600 nm. In the
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Figure 3.13: Kinetics of forming intermediates X (at 500 nm, red curve) measured
up to 85 ns after absorption of a 5 ps electron pulse by two mM and one 70 mM
ethanol solutions of RRx-001. The first two mM solution was measured under an
argon atmosphere.

case that I extracted kinetic data for 500 nm from the row data in the form of
a measured 3D spectrum (wavelength, time, intensity) in the Origin program, it
cannot be completely sure that these data belong purely to species X. Still there
is a possibility that the information about the solvated electron may have partially
interfered there and the result must be judged in the light of this circumstance.
The graph in the Figure 3.13 finally shows the kinetics of X in ethanol (black curve)
in both two mM RRx-001 solutions (green and violet curves) and 70 mM solution
(orange curve). This graph also points to the effect of argon atmosphere because two
two mM solutions were irradiated and measured - the first with an argon atmosphere
and the second with air. It is clearly seen that the argon atmosphere has a slightly
positive effect in the sense that the molecule of RRx-001 scavenges with slightly
greater efficiency. The reason is that the radiolysis under the atmosphere allows the
interaction of secondary low-energy electrons with the oxygen in the atmosphere
and the solution. The graph also clearly demonstrates the difference between 2 and
70 mM solutions with regard to the ratio of scavenging of quasi-free and solvated
electrons. The orange curve for 70 mM shows that RRx-001 interacts effectively with
quasi-free electrons, and the residual solvated electrons are very quickly scavenged.
The following Figure 3.14 with seven graphs demonstrates the time evolution of
signals for both Y and X/solvated electrons presented in a time-scale from 5 ns
to 75 ns after irradiation of solutions. Each graph contains absorption spectra for
two mM and 70 mM ethanol solution of RRx-001. Within this time-scale, it can be
observed that the dominant signal of X/solvated electrons in a 2 mM solution of
RRx-001 gradually decreases; thus, it can be assumed that solvated electrons are
totally scavenged, while the dominant signal for Y remains almost the same in a
70 mM solution.
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Figure 3.14: Absorption spectra of X and Y at various times (5 ns - 75 ns) after
irradiation (VD2) of two ethanol solutions of RRx-001 with molar concentrations of
2 and 70 mM. Each graph shows the development (formation/disappearing) of both
transient species in two solutions. In the case of X, its evolution in solution is unclear,
as its absorbance around 520 nm cannot be distinguished from the absorbance of a
solvated electron around 600 nm.
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As a significant result of these measurements on VD2 and shown in the Figure 3.15,
I extracted the absorption spectrum of transient species Y forming after the reaction
of RRx-001 with solvated electrons. The species absorbs around 350 nm. However,
350 nm is also a lower limit of detection. Thus, measured absorption values at lower
wavelengths than 350 nm may not accurately reflect the reality in the experiment,
and the real maximum peak could be located lower than 350 nm.

Figure 3.15: Absorption spectrum of Y in time of 75 ns after irradiation (VD2) of
70 mM ethanol solution of RRx-001.

Key insights gained about the RRx-001 based on PR
• Molecule of RRx-001 significantly scavenges both quasi-free and solvated
electrons
• Interaction of RRx-001 with quasi-free electrons results in the formation
of new transient species absorbing around 520 nm, which is stable at least
to 10 ns.
• Molecule of RRx-001 interacts with solvated electrons with high value of
the normalized rate constant 9.4 × 109 dm3 mol−1 s−1. The newly formed
intermediates absorb between 350 and 450 nm.
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3.2.3 LONG TIME-SCALE: Products of radiolysis

A study of stable products coming from radiolysis is built on the combination of
irradiating a solution with accelerated electrons on a microtron and subsequent
subjection of irradiated solutions to NMR spectroscopy.

3.2.3.1 Radiolysis of RRx-001 in ethanol solution on microtron

In order to study stable products of interactions of secondary LEEs with RRx-001 in
an ethanol solution, the ethanol solutions of RRx-001 (each of 12 ml) were irradiated
on a microtron with highly accelerated electrons of energies around 16.5 MeV. Two
types of experiments were done: Firstly, I examined the effect of radiation dose on
forming stable products. Secondly, I irradiated RRx-001 in tree solvents - ethanol,
methanol, and fully deuterated methanol. Irradiated solvents were then investigated
by nuclear magnetic resonance spectroscopy (in collaboration with Mgr. Jiří Pinkas,
PhD. from JH IPC) in order to reveal the product of interactions of secondary LEEs
with RRx-001 in solution.

Figure 3.16: 1H nuclear magnetic resonance spectra measured in DMSO-d6 for iden-
tical prepared ethanol solution of RRx-001 after irradiation of different doses of ion-
izing radiation (0, 400, 2 000, and 8 000 Gy). The red-marked area points to the
formation of a product whose intensity increases with the dose. (In collaboration
with Mgr. Jiří Pinkas, PhD.)
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Figure 3.17: Structural pattern of RRx-001 and product formed after radiolysis of
RRx-001 in ethanol solution.

The first experiment consisted of irradiating the solutions of RRx-001 in ethanol with
different doses (0, 400, 2000, and 8000 Gy). Each solution had a volume of 12 ml
and a molar concentration of 17.909 mM (4.8 mg/ml). Nuclear magnetic resonance
spectra were measured for all irradiated solutions, and the results can be seen in
the Figure 3.16. A new signal appears in red-marked areas with the increasing dose.
The signal was assigned to neutral molecule 1-(bromoacetyl)-3-nitroazetidine shown
in the Figure 3.17. It is a derivative of RRx-001 with hydrogen instead of the NO2

group. Spectra have characteristic signals for the methine group at 5.46-5.53/71.7
ppm (δH/δC). Conversion of RRx-001 to newly formed product was <1%, 4%, and
13% at 400, 2000, and 8000Gy doses, respectively.
Revealed neutral product [M-NO2+H] by NMR spectroscopy is significantly simi-
lar to one of the negative fragments [M-NO2]− detected by me after the electron
attachment to RRx-001 in the gas phase. These two species differ in the presence
of hydrogen and the charge. The question remains: What is the source of incoming
hydrogen?
The ethanol solvent appears as the most probable source of hydrogen. For this
reason, the RRx-001 was irradiated in three different solvents: ethanol, methanol,
and fully deuterated methanol CD3OD with the same concentration of RRx-001. The
mass concentration of 4.8 mg/ml remains the same as in the previous measurement.
The NMR spectra after irradiation are shown in the Figure 3.18. In the case of
methanol solvent, I observed the same neutral product [M-NO2+H] as in ethanol.
However, irradiation in deuterated methanol leads to a different spectrum, and D
incorporation was not observed.
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Figure 3.18: Examination of origin of H in a product [M-NO2+H]. 1H nuclear mag-
netic resonance spectra measured in DMSO-d6 for samely concentrated RRx-001
(17.809 mM/ 4.8 mg/ml) in ethanol (data on the top), in methanol (in the middle),
and the deuterated methanol CD3OD (data at the bottom). (In collaboration with
Mgr. Jiří Pinkas, PhD.)

Further, I investigated the possible role of a dose rate on the radiolysis of RRx-001
in an ethanol solution because this effect is known and is possible. For this reason, I
prepared four solutions of RRx-001 of the same mass concentration (4.8 mg/ml), and
I let them be exposed to highly accelerated electrons for varying lengths of time so
that the final dose was the same 8 kGy, but the dose rate was therefore different. The
first sample was a reference solution without irradiation. The other three samples
were irradiated for 5 min, 20 min, and 40 min, corresponding to the dose rates
of 26.7 Gy/s; 6.7 Gy/s; resp. 3.3 Gy/s. 1H NMR spectra measured for these four
solutions are plotted in the Figure 3.19. From the graphs, it can be concluded that
the 1H NMR profiles of irradiated solutions are the same and do not depend on the
dose rate.
In the next step, I wanted to investigate the effect of the type of atmosphere on radi-
olysis. For this reason, it was necessary to select the best concentration from already
used concentrations to see the apparent effect of the atmosphere on NMR spectra.
Therefore, I prepared three solutions with a mass concentration of 4.8 mg/ml, three
with a mass concentration of 9.6 mg/ml and three with mass concentrations of
16.8 mg/ml. Then, each concentration was irradiated with three different doses (2,
8, and 20 kGy). Finally, 1H NMR spectra were measured for each irradiated solu-
tion, and results are plotted in the Figures: 3.20, 3.21, and 3.22. Each figure contains
three graphs) represents one concentration irradiated with three different doses. Af-
ter comparing the dose effect for each concentration, it can be summarized that the
most visible effect is seen for the lowest mass concentration, 4.8 mg/ml.
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Figure 3.19: Effect of dose rate on radiolysis. 1H NMR spectra of the chemical
residues after evaporation after dissolution in CDCl3. The chemical residues were
gained after evaporation of each of the samely concentrated RRx-001 (4.8 mg/ml)
in ethanol solution irradiated with a dose of 8 kGy, however with different dose rates
(irradiation times were 0, 5, 20, and 40 min). (In collaboration with Mgr. Jiří Pinkas,
PhD.)

Figure 3.20: Study of the dose effect at a certain concentration. 1H nuclear magnetic
resonance spectra were measured for RRx-001 in ethanol solutions with the same
concentrations (17.809 mM/ 4.8 mg/ml) irradiated under the nitrogen atmosphere
with different radiation doses (2, 8, and 20 kGy). (In collaboration with Mgr. Jiří
Pinkas, PhD.)
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Figure 3.21: Study of the dose effect at a certain concentration. 1H nuclear magnetic
resonance spectra measured for RRx-001 in ethanol solutions with the same mass
concentrations (9.6 mg/ml) irradiated under the nitrogen atmosphere with different
radiation doses (2, 8, and 20 kGy). (In collaboration with Mgr. Jiří Pinkas, PhD.)

Figure 3.22: Study of the dose effect at a certain concentration. 1H nuclear magnetic
resonance spectra measured for RRx-001 in ethanol solutions with the same mass
concentrations (16.8 mg/ml) irradiated under the nitrogen atmosphere with different
radiation doses (2, 8, and 20 kGy). (In collaboration with Mgr. Jiří Pinkas, PhD.)
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Figure 3.23: Study of the effect of the atmosphere on radiolysis. 1H nuclear magnetic
resonance spectra measured for RRx-001 in ethanol solutions with the same con-
centration (17.809 mM/ 4.8 mg/ml) irradiated under the air/ nitrogen atmosphere
with the dose of 20 kGy. (In collaboration with Mgr. Jiří Pinkas, PhD.)

Based on this finding, the final experiment was dedicated to investigate the effect
of air/N2 atmosphere on the radiolysis of RRx-001 in ethanol solution with a mass
concentration of 4.8 mg/ml. One solution was in the air, and the second was under N2

atmosphere. Both were irradiated with the radiation dose of 20 kGy to see maximal
intensities. Results in the form of later measured NMR spectra for both solutions are
presented in the Figures. 3.23. These two 1H NMR spectra revealed that radiolysis
under N2 atmosphere leads to a higher fraction of the product than radiolysis in the
air. Oxygen is a strong electron scavenger; therefore, the present result, replacing
the air with N2, indicates that the final product [M-NO2+H] observed using NMR
spectroscopy may primarily arise from the interaction of RRx-001 with secondary
low-energy electrons. It is the same conclusion as in the case of measurement under
an inert argon atmosphere when irradiating 2 mM solution of RRx-001 on the ELYSE
platform, VD2.

Key insights: the RRx-001 after irradiation on microtron
• Stable product of radiolysis of RRx-001 in ethanol was identified as
neutral molecule [M-NO2+H].
• Molecule of RRx-001 shows its radiation resistance with lower doses. The
first significant effect is observed with the dose of 400 Gy (note: the lower
applied dose was 200 Gy).
• The effect of the dose rate on the radiolysis of RRx-001 in ethanol was
not observed.
• Radiolysis of ethanol solution of RRx-001 under N2 atmosphere leads to
a higher fraction of the product than radiolysis in the air, probably due to
the oxygen as a strong electron scavenger.
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3.2.4 Final discussion and conclusion of the experiments with
RRx-001

Experiments of electron attachment to molecule RRx-001 in the gas phase show
the trend of stabilisation of parent anion with increasing ethanol solvation. Simul-
taneously, the fragmentation channels are closing. EA experiments were focused on
conditions with a single RRx-001 molecule per cluster. As the molecule is very stable
up to high sublimation temperatures, dimers can also be explored in the future.
From the point of view of picosecond pulse radiolysis experiments, the interaction
of RRx-001 in ethanol solution with both quasi-free and solvated electrons was
confirmed in case of solvated electron with the normalised rate constant with high
value of 9.4 × 109 dm3 mol−1s−1 indicating strong interaction. Reaction with quasi-
free electrons with RRx-001 leads to the formation of a product X with a broad
absorption band around 520 nm. This reaction is very fast and occurs within a few fs.
In fact, the lifetime of the quasi-free electron is very short, but it is a very delocalised
electron that can react very quickly with a solute. The result of the interaction of
RRx-001 with solvated electrons is transient species Y with a maximum absorption
band of around 350 nm.
To confirm our suggested origin of the new transient species detected during pulse
radiolysis, the absorption spectra for potential candidates were calculated (by Prof.
Milan Ončák, PhD. from the University of Innsbruck). These calculated absorption
spectra are shown in the Figure 3.24.

Figure 3.24: Calculated absorption spectra of anion and neutrals: M−, and M− in
geometry of neutral, M, Br−, NO2

−, NO2, [M-NO2+H], [M-NO2]−, [M-NO2], [M-
Br]−, and [M-Br] in gas phase, resp. in ethanol solution (peaks in black, resp. red
colours).
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In the Figures 3.25, resp. 3.26, the calculated absorption spectra were compared with
two absorption peaks for two unknown transient species forming arising in solution
after interaction of RRx-001 with quasi-free resp. solvated electrons were observed
using pulse radiolysis. The areas in the graph are assigned to the absorption areas of
the candidates for the observed species. It can be seen that in neither of the cases,
there is no reaction product directly fitting to the band.

Figure 3.25: Absorption spectrum of unknown species with broad absorption band
with a maximum around 520 nm, observed using of picosecond pulse radiolysis on VD
and after application of software, SK-Ana [117]. An additional graphic was created
based on the calculation shown above, which approximately represents wavelength
regions where the potentially forming species could absorb.

In the case of X (Fig.3.25), forming after interaction of the quasi-free electron with
RRx-001, it absorbs at a broad band between 400 nm and 690 nm and a maximum
around 520 nm. The wide wavelength range corresponds to energies from 1.8 eV
to 3.1 eV. Considering the comparison, a first assumption might be that the new
species is most probably the negative ion of RRx-001 in its specific geometry after
electron capturing. However, this assumption is rejected upon revealing that the
newly formed species is stable at least up to a time of 10 ns, which does not quite
point to the short-lived excited parent ion in any of its geometry. Still, it is most
probable that it is RRx-001−. The further hypothesis is that the absorption band
might originate from an anion in some specific form formed via dissociation of RRx-
001− - possibly its dimer (RRx-001)−2 .
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Figure 3.26: Absorption spectrum of unknown species with broad absorption band
with a maximum around 350 nm, observed using pulse radiolysis with ns-ms time-
scale on VD2 and after application of Origin program. An additional graphic was
created based on the calculation shown above, which approximately represents wave-
length regions where the potentially forming species could absorb.

In the case of Y (Fig.3.26), forming after interaction of the solvated electron with
RRx-001 demonstrates the crucial absorption band between 320 nm and 450 nm
with a maximum of around 350 nm. However, because of the detection limit of
around 350 nm, it is not clear how reliable the signal is. The range corresponds to
the energy range from 3.10 eV to 3.87 eV. It may be RRx-001− or/and neutral NO2

as is shown in the graphical representation.
Experiments on microtron revealed a product of radiolysis, which also seems stable
with radiation dose because, at 400 Gy, no product is observed yet. In this study,
the product was detected at higher doses at (2 kGy). The product was identified
as neutral [M-NO2+H], a protonated fragment of RRx-001. This neutral product is
formed under very high irradiation doses of 8 kGy. NO2 loss is in good agreement
with gas phase studies; neutralization of anion by proton transfer seems reasonable.
The question arises if this product is forming as a result of the interaction of LEEs.
If that is the case, the reaction intermediate exists (in the form of a predissociated
anion, dimer, etc.), which can be linked to pulse radiolysis species with an absorp-
tion band around 520 nm. It is improbable that anion directly transforms to neutral
without any intermediate from the point of view of results coming from the picosec-
ond pulse radiolysis. It was also discovered that this product does not change its
intensity with the dose rate and that the atmosphere has some effect on radiolysis,
when the inert atmosphere causes higher product yields than the air environment.
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3.3 Studies on fullerenes considering π-π complex

This result section presents a study on fullerenes considered for the concept of
π-π complex. First, for the experimental study, fullerenes as buckminsterfullerene
C60 and its water-soluble derivatives C60 pyrrolidine tris-acid and fullerenols were
selected, which were subsequently subjected to preliminary study using a pulse radi-
olysis method with an nanosecond to millisecond time-scale on the bend line (VD2)
of the ELYSE platform during my stay at the ICP in Orsay. This section also brings
a discussion when describing a selective route for choosing a suitable derivative
for more profound studies using pulse radiolysis. After the selection, I focused on
only one type of molecule: fullerenols. Therefore, primarily, in the remainder of this
study, the results from pulse radiolysis experiments on fullerenols are presented. Be-
yond the scope of my aim, I also marginally dealt with the method of detecting the
π-π complex. For that, I selected a method of fluorescence spectroscopy performed in
Prague at JH IPC, and this short study is discussed in the last part of this chapter.
Subsequently, all the outputs that this study has brought are discussed.
A crucial property of the studied molecule resulting from our bio-motivation is its
solubility in water or bio-medium. For the radiosensitizing purpose of the molecule, it
is essential to insert it into the living tissue and be able to move to the destination
in a tumour cell without any difficulties. Nevertheless, a pure molecule of C60 is
not soluble in water. The best solvents for C60 are aromatic solvents, especially
1-chloronaphthalene (51 mg/ml) or 1-phenylnaphthalene (50 mg/ml). All solvents
suitable for this molecule are listed in table 3.2. Based on the non-water solubility
of pure C60, it was highly demanded to find its water-soluble derivatives. Molecules
of C60 pyrrolidine tris-acid and fullerenols are soluble in water with the declared
highest mass concentration of 0.5 mg/ml, resp. 50 mg/ml. Further requirements on
the studied molecules were supposed to be met by the experimental technique, which
is discussed in the next paragraph.
The time-resolved pulse radiolysis experiment has high requirements on the sample
concentration in solution and, at the same time, special requirements on the solvent,
which does not interfere with the spectroscopic signatures of studied systems such
as quasi-free or solvated electrons. According to my literature research on the best
solvents for studied compounds, three solutions were prepared. The first solution was
the solution of pure C60 in 1,4-dimethylbenzene, which was available in a chemical
laboratory at the ICP, UMR8000. The highest declared solubility was found with a
value of 5.9 mg/ml [118]. The second solution was a water solution of C60 pyrrolidine
tris-acid with the addition of NaOH for increasing pH to ∼ 13 when C60-PTA is the
most soluble in water. The highest solubility value for this case is 0.5 mg/ml ac-
cording to the Sigma-Aldrich [89]. However, despite heating and stirring, I prepared
a solution with pH ∼ 13 and a mass concentration of only 0.025 mg/ml. The third
solution was a water solution of fullerenols with a stated mass concentration higher
than 50 mg/ml. However, as in a previous case, I could prepare the solution with a
maximum mass concentration of only 6 mg/ml.
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Solubility of C60 molecule in solvents

solvent cmass [mg/ml] cmol [mmol/l]

1-chloronaphthalene 51 [119] 70.77

1-phenylnaphthalene 50 [119] 69.38

dimethylnaphthalene 36 [119] 49.96

1-bromo-2-methylnaphthalene 34.8 [118] 48.29

1-methylnaphthalene 33.2 [118] 46.07

1, 2-dichlorobenzene 24.6 [118] 34.14

1, 2, 3, 5-tetramethylbenzene 20.8 [118] 28.86

1, 2, 4-trimethylbenzene 17.9 [118] 24.84

(+-)-trans-1,2- dibromocyclohexane 14.28 [120] 19.82

1, 2-dibromobenzene 13.8 [118] 19.15

1, 3-dibromobenzene 13.8 [118] 19.15

1, 2, 4-trichlorobenzene 10.4 [118] 14.43

1, 2, 3-tribromopropane 8.31 [120] 11.53

cyclohexyl iodide 8.06 [120] 11.18

CS2 7.9 [119] 10.96

quinoline 7.2 [118] 9.99

1, 5, 9-cyclododecatrien 7.14 [120] 9.91

chlorobenzene 7 [119] 9.71

thiophenol 6.91 [120] 9.59

2-methylthiophene 6.8 [119] 9.44

1, 4-dimethylbenzene 5.9 [118] 8.19

1, 2, 3, 4-tetramethylbenzene 5.8 [118] 8.05

bromoform 5.64 [120] 7.83

methoxybenzene 5.6 [119] 7.77

1, 1, 2, 2-tetrachloroethane 5.3 [119] 7.35

Table 3.2: Research on solubility of C60 molecule in best solvents stated in mass
concentrations cmass [mg/ml] and converted to molar concentrations cmol [mmol/l],
solubility are valid for solutions at room temperature and are listed with decreasing
value.
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Molecules of C60 and its water-soluble derivatives were studied in a static cell config-
uration of the ELYSE VD2 line. Every cell with the sample belonged to a reference
cell containing only a pure solvent. C60 was measured in 1,4-dimethyl benzene, and
water-soluble fullerenes were measured in water. Thus, it was necessary to use two
reference cells. The first contained 1,4-dimethyl benzene, and the second was filled
with water.

3.3.1 Pulse radiolysis experiments on fullerenes

In the next step, 2 ml of each prepared solution was poured into a measuring cell and
placed in the cell holder. Then, first experiments of pulse radiolysis were carried out
on VD2. Three preliminary results were obtained, and the three main conclusions
were reached based on them.
It was shown that the first solution of C60 in 1,4-dimethylbenzene does not scavenge
solvated electrons by a molecule of C60. Instead, LEEs react with the aromatic ring
in 1,4-dimethylbenzene and cause its excitation into the triplet state. It could also
explain why the aromatic solvents are generally not used at the pulse radiolysis
experiments.
The second solution of C60-PTA in water and pH ∼ 13 exhibited very low scaveng-
ing of solvated electrons during pulse radiolysis experiments. Nevertheless, the very
low solubility of C60-PTA led only to detecting a very low, non-significant signal,
which could not be a sufficient quality basis for further experiments. For this rea-
son, a molecule of C60-PTA for measurements with the pulse radiolysis method was
inconvenient.
Measurement with the third solution of fullerenols in the water finally brought pos-
itive results. The measurement output is a graph shown in the figure 3.27. It is the
main result that I obtained during measurements on the bend line of the ELYSE
platform: The figure 3.27 shows an absorbance decay of the solvated electrons at
600 nm in water solution (shown with the black curve) and in a water solution of
fullerenol (illustrated with the red curve). This kinetics was measured within a few
nanosecond time range and after a 5 ps electron pulse.
A more detailed background of the meaning of the chart is as follows. A high-energy
radiolysis beam (7.8 MeV electrons) from the accelerator irradiates a solution with
a sample in a cell. Radiolysis of a solution occurs, and one of the secondary species
formed after irradiation in a solution is secondary electrons. They gradually slow
down and become solvated electrons by turning water dipoles in their surroundings.
The energy needed for the solvated electron to become free is about 2 eV, corre-
sponding to the excitation band in the detected absorption spectrum. The time
evolution of such a band is then presented in the Figure 3.27. A steep increase to
20 ns time delay characterizes the quantity of secondary LEEs formed in a solution
as a secondary species after irradiation. On the contrary, a decrease symbolizes the
quantity of free secondary electrons, the rest of the electrons scavenged in a studied
molecule. After comparing the scavenging of secondary LEEs in the water solution
of a sample and pure water, it can be seen that secondary LEEs significantly react
with fullerenols.
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Figure 3.27: Absorption decay of solvated electrons in pure water solution in a static
reference cell (black curve) and water solution fullerenols with mass concentration
5 mg/ml in static cell (red curve). Kinetics were measured after 5 ps electron pulse
in solutions on VD2.

3.3.2 Picosecond pulse radiolysis experiments on fullerenols

Molecules of fullerenols in water solutions were studied in a static cell configuration
of the ELYSE VD line. The results were compared to the reference cell containing
only a pure solvent.
First, I performed picosecond pulse radiolysis on fullerenols in a water solution
with a mass concentration of 6 mg/ml. I examined the interaction of both quasi-
free and solvated electrons with fullerenols. As a result of this measurement, the
kinetics for solvated electrons were gained and are plotted in the Figures 3.28,3.29.
The kinetics of solvated electrons in the water solution of fullerenol is represented
by the red curve; in pure water, it is represented by the blue and black curves.
From the top graph with a time-scale up to 30 ps, it is visible that the amount of
solvated electrons in water is at the same level as in the case of water solution of
fullerenols. The reason is that quasi-free electrons did not react with fullerenols and
gradually became solvated, which could be detected. Thus, the interaction of quasi-
free electrons with fullerenols of that concentration and in water solution was not
observed. The bottom graph measured up to 10 ns shows that the concentration of
solvated electrons decreases faster in the presence of fullerenols in water compared
to pure water. It indicates an interaction of the solvated electron with fullerenols. In
summary, fullerenols interact under these conditions (concentration, solvent) only
with solvated electrons.
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Figure 3.28: Kinetics of solvated electrons up to 30 ps after absorption of a 5 ps
electron pulse by a sample of water (blue and black curves), and fullerenols in water
solution (red curve) on VD.

Figure 3.29: Kinetics of solvated electrons up to 10 ns after absorption of a 5 ps
electron pulse by a sample of water (blue and black curves), and fullerenols in water
solution (red curve) on VD. The graph points to interaction with solvated electrons.
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Further, I focused more on the interaction of fullerenols with solvated electrons to
study the dependency of scavenging on the concentration of fullerenols. Therefore,
I investigated aqueous solutions of fullerenols with various mass concentrations (2,
3, 4, 5, and 6 mg/ml) using picosecond pulse radiolysis in a static cell with a vol-
ume of 3 ml. The kinetics of solvated electrons measured up to 10 ns is shown in
the Figure 3.30. The kinetics of solvated electrons in water is represented by the
blue curve, in water solutions of fullerenols (various concentrations) by the other
curves. The amount of solvated electrons decreases with the increasing concentra-
tion of fullerenols in water. It is an explicit confirmation of the interaction between
fullerenols and solvated electrons.

Figure 3.30: Kinetics of solvated electrons up to 10 ns after absorption of a 5 ps elec-
tron pulse by a sample of water (blue curve), and water solution of fullerenols with
various concentrations (other curves). The graph reveals interaction with solvated
electrons.

The kinetics for solvated electrons in solution with a concentration of 6 mg/ml
dramatically decrease compared to other decreases when the mass concentration
of fullerenols is increased by 1 mg/ml. Moreover, 6 mg/ml is the value of mass
concentration equal to my maximum attainable solubility. Therefore, the result of
this measurement does not have to be reproducible.
As in the case of molecule RRx-001, based on the previous graph in the Figure 3.30,
a table with data was prepared to determine the normalized rate constant for the
interaction of solvated electrons with fullerenols (Table 3.3). Only the data from the
measurement of 6 mg/ml solution of fullerenols were not included for two reasons:
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they were measured on different days, the mass concentration of 6 mg/ml was on
the edge of the achievable solubility with regard to my existing experimental expe-
rience. Firstly, based on column "T 1/2 [s]" in the table, absolute rate constants were
calculated for each concentration of measured water solutions of fullerenols. The last
column of the table belongs to calculated absolute rate constants.

cmass [mg/mL] cmol [mol/L] Y Y 1/2 T 1/2 [s] k abs [s−1]

0 0 1.0 0.50 30E-09 2.3E+07
2.0 0.0013 1.0 0.50 11E-09 6.3E+07
3.0 0.002 1.0 0.50 8.6E-09 8.0E+07
4.0 0.0027 1.0 0.50 7.1E-09 9.8E+07
5.0 0.0033 1.0 0.50 5.9E-09 1.2E+08

Table 3.3: The table includes data significant for determining the normalized rate
constant describing the reaction of solvated electrons with fullerenols demonstrated
on the graph in the Figure 3.30, from which the data originate. The table does
not include the data for the 6mg/ml solution. The columns of cmass [mg/ml] and
cmol [mol/l] show mass concentrations and molar concentrations, respectively, of
four measured water solutions of fullerenols, Y is the amplitude - a maximal reached
optical density at 600 nm for solvated electrons in solution after its irradiation, Y 1/2

is half of the amplitude, T 1/2 [s] is the time when Y 1/2 is reached, and kabs [s−1]
is the absolute rate constant belonging to a specific concentration of fullerenols in
water solution.

Figure 3.31: Figure shows dependencies of absolute rate constant on the concentra-
tion of fullerenols in water. As a result, 5 points are plotted and fitted with a linear
fit to gain the normalized rate constant.
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Then, the dependence of absolute rate constants on molar concentration c [mol/l]
of fullerenols in water was plotted in the graph in the Figure 3.31. Finally, the
normalized rate constant for the interaction of fullerenols with solvated electrons
was determined as slope value after linear fitting of plotted dependence.
The value of the normalized rate constant based on fit parameters is:

kfull
normalized = 2.7× 1010 dm3 mol−1 s−1 (3.3)

The determined normalized rate constant is of high value. These experiments con-
firmed strong scavenging of solvated electrons with fullerenols.
Beyond the framework of work significantly limited by time, I moved the work
forward within the design of the π – π complex. Specifically, I designed a method
for detecting the π-π complex in an aqueous solution.

Key insights gained about the fullerenes based on PR
• C60 is not soluble in water. Measurement of C60 in aromatic solvent was
unsuccessful due to aromatic solvent, which appeared as unsuitable solvents
for pulse radiolysis because electrons react with the aromatic core.
• C60 pyrrolidine tris-acid is unsuitable for pulse radiolysis because of its
very low solubility in water as a primary solvent.
• Interaction of fullerenols with quasi-free electrons was not observed.
However, it could also be caused by their lower solubility, around 5mg/ml.
• Fullerenols highly efficiently scavenge solvated electrons with a high value
of the rate constant; k = 2.7 × 1010 dm3 mol−1 s−1.

3.3.3 Fluorescence spectroscopy for 2-aminopurine in water

At a further level, the π-π complex consists of fullerenols, and a second molecule
needs to be created and its existence verified so as its π-π character. I aim to con-
firm the existence of the complex in an aqueous solution based on fluorescence
spectroscopy. The condition is that at least one of two molecules has to be fluores-
cent. After the formation of a complex, it is assumed that the binding molecule will
influence the fluorescence spectrum of the molecule, and such a change in fluores-
cence will be detected by fluorescence spectroscopy. 2-aminopurine, with well-known
fluorescent properties, was chosen as the second molecule to pair with fullerenols.
Therefore, this part presents the preliminary results of a fluorescence spectroscopic
study on 2-aminopurine as a second part of the π-π complex. 2-aminopurine was or-
dered from Sigma Aldrich in the form of white powder (C5H5N5), Mr = 135.13 g/mol,
99%, Sigma Aldrich). The fluorescence spectroscopic study was performed in Prague
at JH IPC. Unfortunately, the fluorometer enables the excitation of the sample with
only four possible wavelengths, and the fluorescence intensity is provided in 4 regions
(UV, Blue, Green, and Red). Thus, further investigations would be needed to verify
the π-π character of the complex.
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Here, the preliminary fluorescence spectroscopic experiments are presented for
2-aminopurine in water solution.

Figure 3.32: Dependencies of fluorescence intensities on the concentration of 2-
aminopurine in water at an excitation wavelength of 375 nm. Each colour of points
belongs to a specific wavelength region.

The fluorescent properties of 2-aminopurine were measured for various mass concen-
trations of 2-aminopurine in water (0.125, 0.25, 0.5, and 1 mg/ml), and the results
are shown in the Figure 3.32. The excitation wavelength was 375 nm. However, the
closest absorbance maximum of 2-aminopurine is at 305 nm. The graph shows the de-
pendence of the fluorescence intensities at measured wavelength regions on the con-
centration of 2-aminopurine. Similar dependencies were also measured for fullerenols
and a mixture of fullerenols and 2-aminopurine and are not presented here. Never-
theless, further experiments would be necessary to obtain full emission spectra and
use excitation wavelength closer to the absorption maximum of 2-aminopurine to
discuss the presence of the π-π complex.
To conclude, the fluorescence of both compounds appears to be a powerful tool for
revealing the existence of their complex.
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3.3.4 Final discussion and conclusion of fullerenes study

The measurements of pulse radiolysis on fullerenes aimed to carry out the experi-
ments of pulse radiolysis with C60 and its water-soluble derivatives more appropriate
for bio-utilization in living tissue. Based on the measurements, only the fullerenols
remained suitable for this type of experiment. It maintained the potential for subse-
quent experimental examination due to its water solubility and positive interaction
with secondary LEEs. Further experimental steps led to the examination of this
molecule with both picosecond and nanosecond to millisecond time-scale pulse radi-
olysis to confirm their interaction with solvated electrons and investigate a depen-
dency of LEEs scavenging on an increasing concentration of fullerenols in a water
solution. It determined the normalized rate constant for the reaction of fullerenols
with solvated electrons, which reached a high value.
As the conclusion is that fullerenols behave like efficient scavengers of electrons
with energies of the environment, and it supports the radiosensitizing potential.
Simultaneously, their nanosize could allow better targeting delivery in the living
tissue due to the EPR effect, and they are already a part of targeted therapy models
and complexes for photodynamic therapy [100]. Moreover, theoretical calculations
show that molecules based on C60 core should be able to create π-π stack complexes
with appropriate molecules [104]. All these facts strongly support the idea of the
design of such a π-π complex. This work only aimed to examine the LEEs-scavenging
properties of fullerenols and, from this perspective, their radiosensitizing potential
simultaneously, e.g., for their specific role in radiosensitizing π – π complex with
good targeting properties, and it seems that the fullerenol molecule has potential
for such use.
Since the presented work was limited in time, it was unrealistic to go significantly
further in this intention and design such a complex. It would require finding a
suitable secondary molecule with radiosensitizing potential and the ability to form
a π – π complex with fullerenol. It would be necessary to carry out a comprehensive
study of the reducing properties of the proposed molecule, using electron attachment
spectroscopy in the gas phase and pulse radiolysis in solution. It could be further
supported by ab initio calculations of the electron affinities of the molecule and its
fragments.
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Conclusion

The present work aimed to reveal new information for the rational design of novel
radiosensitizers for more efficient and less toxic chemoradiotherapy of cancer treat-
ment. I focused on studying the radiosensitizing potential of selected compounds
from the point of view of LEEs-induced chemistry, even considering strategy of
targeted drug delivery.
As described in Chapter 1.4, this research work is built on two parts. The first
part includes the theoretical and experimental investigation of reductive properties
of selected compounds for their use as radiosensitizers in chemoradiotherapy. The
second part of the present work deals with studying electron-scavenging properties of
fullerenes chosen for exploring their potential to be a part of the π – π complex with
good radiosensitizing and targeted drug delivery properties for chemoradiotherapy.
In the frame of primary research, I conducted extensive research of existing literature
on concomitant chemoradiotherapy and radiosensitizers from the group of cytostat-
ics. Then, I focused on the groups as modified DNA components, organometallics
and nitroimidazoles, and this review was already published in the article "Interac-
tion of low-energy electrons with radiosensitizers" in journal Phys. Chem. Chem.
Phys. [8]. Based on the literature research, I gained an overview of the field that led
to selecting a particularly interesting molecule for repurposing in radiosensitization
- the antivirotics favipiravir.
I performed a detailed study of favipiravir’s interaction with LEEs as a prerequisite
of its radiosensitizing potential. This study combined electron attachment experi-
ments in the gas phase on two experimental devices with opportunity to examine
the environment effect on the reaction. I also performed ab initio calculations of
the electron affinities for the selected molecules. The results of the study, already
published in the article "Electron attachment to isolated and microhydrated favipi-
ravir" in journal Phys. Chem. Chem. Phys. [62], revealed that interactions of LEEs
with highly electron-affine favipiravir support the formation of negative parent ions
in micro-hydration conditions, so as a releasing of energy to the environment. These
can be crucial mechanisms of action involved in reaction strategies leading to pos-
sible synergism in chemoradiotherapy. Based on this study focused on interaction
with LEEs, a molecule of favipiravir is a promising candidate for a radiosensitizer
and, thus, should be suggested for experimental assays on cells.
The molecule of RRx-001 was my second target molecule, now successfully tested as
a chemotherapeutics and radiosensitizer in phase 3 clinical trials. Here, the goal was
to examine whether the radiosensitizing potential of this molecule can result from
its interaction with secondary LEEs and, if so, to describe such a mechanism. In this
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study, I combined the gas-phase electron attachment spectroscopy and pulse radi-
olysis in solution with temporal range from picosecond to millisecond to study the
intermediates formed after the interaction of RRx-001 with LEEs. To study the final
product of radiolysis of RRx-001 in ethanol solution, I irradiated the solutions with
high-energy electrons on a microtron, and then they were evaluated using NMR spec-
troscopy. This second study showed that the RRx-001 molecule with electron-affine
groups is a very efficient scavenger of LEEs and brought interesting spectroscopic
and dynamics information about the formed intermediates. As in the previous study,
I observed the stabilization of negative parent ions with increasing solvation and the
release of energy into the environment. These key observations could be involved in
radiosensitizing processes, which give a chance to result in a synergistic effect within
chemoradiotherapy. The initial gas-phase study was already accepted for publica-
tion in "Dissociative Electron Attachment Dynamics of a Promising Cancer Drug
Indicates Its Radiosensitizing Potential", in journal Angew. Chem. [121]. A more
complex publication, "Anion formation and neutral dissociation upon the interac-
tion of secondary low-energy electrons with radio-modifying substance RRx-001",
is under preparation. After conducting all the experiments, I cooperated with Prof.
Milan Ončák from the University of Innsbruck to apply his ab initio calculations to
interpret the complex experimental data.
In a minor part focused on fullerenes, I mainly studied the fullerenols and their
radiosensitizing potential for prospective role in a complex with radiosensitizing and
good targeted drug delivery properties in living tissue within chemoradiotherapy.
I attended a one-week internship at the University of Innsbruck, Austria, under
the supervision of Prof. Paul Scheier, where I tried to study fullerenols using spec-
troscopy of helium nanodroplets. Unfortunately, it turned out that fullerenols cannot
be studied isolated in the gas phase, nor the helium droplets, since they thermally
decompose before the sublimation. Consequently, I examined this molecule by pulse
radiolysis in an aqueous solution within my one-year stay in ICP, Orsay, where the
significant scavenging of solvated electrons by fullerenols was revealed. That provides
an important starting point for further research, e.g., in the direction of designing
a carrier platform as a radiosensitizing π-π complex with targeted drug delivery
properties where a molecule of fullerenols is bound with electron affine molecule
via π-π stack; it can be supposed that fullerenols will scavenge solvated electrons,
which could then be attracted by higher electron-affinity of the second molecule and
transfer there via electron transfer. It could potentially result in several postirradia-
tion pathways. Due to the very stable fullerenol sphere, the pathways could involve
mainly the second molecule, e.g., its detachment from the complex, breaking bonds,
conformation changes, and releasing energy to the surrounding. All these potential
pathways seem promising in light of requiring a radiosensitizing effect.
To conclude, all three molecules investigated in this work demonstrated their ra-
diosensitizing potential from the point of view of interaction with LEEs and are
highly recommended for further investigation. I believe investigating the mechanisms
leading to the radiosensitizing effect is a critical task for the more accessible and
elegant rational design of radiosensitizers for chemoradiotherapy. This ultimate goal
could be achieved using complex experimental approaches accompanied by ab initio
calculations and modelling of postirradiation processes.
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Interaction of low-energy electrons
with radiosensitizers

Barbora Sedmidubská abc and Jaroslav Kočišek *a

We provide an experimentalist’s perspective on the present state-of-the-art in the studies of low-energy

electron interactions with common radiosensitizers, including compounds used in combined chemo-

radiation therapy and their model systems. Low-energy electrons are important secondary species

formed during the interaction of ionizing radiation with matter. Their role in the radiation chemistry of

living organisms has become an important topic for more than 20 years. With the increasing number of

works and reviews in the field, we would like to focus here on a very narrow area of compounds that

have been shown to have radio-sensitizing properties on the one hand, and high reactivity towards low-

energy electrons on the other hand. Gas phase experiments studying electron attachment to isolated

molecules and environmental effects on reaction dynamics are reviewed for modified DNA components,

nitroimidazoles, and organometallics. In the end, we provide a perspective on the future directions that

may be important for transferring the fundamental knowledge about the processes induced by low-

energy electrons into practice in the field of rational design of agents for concomitant chemo-radiation

therapy.

1 Introduction

The motivation for studying interactions of low-energy elec-
trons (LEEs) with radiosensitizers results from the possible role
of such interactions in chemoradiation synergism. Identifi-
cation of major processes contributing to the synergism may
open the direct way for the efficient design of chemoradiation
drugs. The hypothesis that LEEs are actively involved in
the synergism during concomitant chemo-radiation therapy
is rationalized by two main facts. The first is a high amount
of secondary low-energy electrons produced during the passage
of high-energy ionizing radiation particles through biological
matter. The second fact is that many chemo-radiotherapeutics
exhibit strong reactivity with LEE due to the high electron
affinity of the molecule or its components. In the introduction,
we will zoom in on these two facts as well as better define the
scope of the present perspective article.

Ionization is a process of removing an electron from the
molecular orbital. Depending on the mechanism, electrons
with different energies are ejected into the environment. These
initial electrons can induce further ionization in the e–2e

avalanche process or slow down by electronic excitations. The
histogram of the processes contributing to the electron slow-
down in the medium is known as the electron degradation
spectrum. A good introduction to the initial processes during
the physicochemical stage of radiation interaction with living
tissue can be found in the book of Bednar1 or reviews on the
topic.2,3 Determination of electron degradation spectrum in
living tissue is an extremely complicated issue due to the large
number of molecules present at different densities and poly-
meric forms. The number of available experimental cross-
sections for electron scattering on the constituents of living
tissue is rather low (e.g. ref. 4 and 5), and therefore the electron
transport is typically approximated based on theoretical
models.6,7 Important in the present content is that the LEEs,
in contrast to other secondary species, can be distributed far,
several tens of nm from the ionization track of the primary
particle.8 Since electron ionization is the lowest energetically
accessible process resulting in the multiplication of the num-
ber of free electrons in the medium, it is clear that the main
component of the electron energy degradation spectrum is
formed by electrons with energies below the ionization thresh-
old of the medium.9 Processes induced by such LEEs with sub-
ionization energies are of the primary focus in the present
perspective.

1.1 LEE-induced processes in isolated molecules

In Fig. 1 we show the main interactions of LEEs with isolated
molecules depending on the energy of the incident electron
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and examples of the relevant potential energy curves. Scattering
processes, including elastic and inelastic scattering of electrons
(I), electron-induced dissociation (II) and electron-induced
fluorescence(III), can occur by simple collision of the incident
electron with a molecular system, without the need for the
formation of a transient negative ion (TNI). Even though, these
processes may be strongly enhanced when LEE interaction time
is prolonged by the formation of TNI. Examples are resonant
features in vibrational excitation curves10 or LEE-catalysed
dissociation.11,12

Electron attachment processes in Fig. 1(a)–(e), require
the formation of TNI, which means that the electron is attached
to the molecule on the timescales longer than the typical
period for vibrational motion. TNI can be stabilized via intra-
molecular vibrational energy redistribution (IVR)13,14 or anion
isomerization15,16 to form parent molecular anion. Another
means of anion stabilization represents the emission of
photons, which is closely related to IVR and recently explored
mainly for anions of astrophysical relevance.17,18 Alternatively,
the TNI can fragment via dissociative electron attachment
(DEA), when an anion and a neutral co-products are formed.
DEA is interesting from the point of view of reaction enthalpy.
Formation of an anion fragment is accompanied by energy
surplus due to the fragment electron affinity, significantly
lowering the dissociation energy in comparison to the dissocia-
tion into neutral fragments.

EA can occur via different scenarios. If the anion’s
potential energy surface crosses that of the ground state of
the neutral and electron attachment is exothermic (Fig. 1a), the

cross-section at energies of the incident electron close to 0 eV
diverges, theoretically exceeding the values of the elastic scat-
tering cross-section.19

In the range of energies corresponding to the vibrational
excitation of the ground state neutral, attachment via (dipole
supported) vibrational Feshbach resonances (VFRs) occur
(Fig. 1b). VFRs are initiated by the overlap of the neutral and
anion vibrational energy levels caused by nuclear displacement,
a consequence of the long-range interaction of the incident
electron with the molecular dipole.20 As shown by Fabrikant,
Hotop, and Allan,21 as well as the more recent experiments,22–24

not only the permanent dipole moment,25 but molecular polar-
izability as well plays an important role in the formation of
dipole bound states. In systems with low-lying electronic
excited states such as pyrazolide, the VFR may occur also via
a core-excited (two-particle one-hole) process.26 The structure of
the dipole-bound anions is very close to that of the neutral27

and therefore, VFRs can be understood only as a doorway
mechanism for the formation of energetically lower-lying
valence-bound anions.28 However, this is not always the case.
In molecules with low or slightly negative electron affinities,
the dipole-bound state can lay energetically under that of the
valence-bound state.29,30 Moreover, the anion rearrangement
from dipole to valence state may require additional energy
input forming energetic barriers for the transformation.31,32

In the energy range between vibrational and electronic
excitation levels shape resonances (Fig. 1d) are usually
observed. These are formed by electron attachment to the
unoccupied molecular orbitals LUMO+n of the molecule

Fig. 1 Common LEE interactions with radiosensitizers discussed in the present work. Gas phase experiments focus mainly on the reactions leading to
stable anion formation (a)–(e) via electron attachment EA. Scattering processes leading to neutral products I–III are less explored. The left side of the
image provides an example of potential energy curves that can be associated with the processes listed on the right side together with some typical
products of LEE interactions with radiosensitizers after the parentheses. The central line provides an example of the corresponding anion yield as a
function of the energy of the incident electron that can be expected in a typical electron attachment spectroscopy experiment.
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(virtual orbitals). The energies of these virtual states are directly
related to the energies of molecular orbitals of the neutral
precursor molecule (see e.g. ref. 33). Theoretically, electrons
cannot be attached to the orbitals having zero angular momen-
tum (s) as they do not provide a barrier against autodetach-
ment. In molecules, however, short-lived Sigma resonances
can be detected in the vibrational excitation spectra, usually
not resulting in DEA (short lifetime) and having only limited
contribution to the total elastic cross section (large width).34–36

Even though the direct DEA mechanism of these resonances
has a low probability, the s and p molecular orbitals in complex
biomolecules are often mixed allowing for rich fragmentation
dynamics of TNIs. Examples are biomolecules in which hydro-
gens are displaced off the symmetry axis in CN–H and possibly
also CO–H subunits. There, the low-lying shape resonances can
have mixed s*–H* character (Fig. 1c), e.g. ref. 37–39.

Finally, at energies of electronically excited states (Fig. 1(e)),
core excited resonances can be detected. These are naturally of
Feshbach’s character (formation of TNI is stabilizing the sys-
tem). Core-excited shape resonances are typically observed at
significantly higher energies than the ones corresponding to
the excitation of the neutral molecule.34 More details on the
individual LEE processes can be found in specialized
reviews40,41 or books on the topic.42–44

1.2 LEE interactions in solvent

The wavelength of LEE is already larger than molecular dimen-
sions, implying that the cross-section for the molecular inter-
action can be larger than the geometrical cross-section of a
molecule. This is reflected in the high LEE reaction cross-
sections measured in the gas phase experiments, discussed in
the previous section. On the other hand, in solvent media, the
same long-range electron–dipole interaction results in the fast
orientation of the neighboring molecules forming so-called
solvated electrons. Water, with its large dipole moment, is
one of the fastest traps for electrons with the transition to the
aqueous state represented by a potential well of B3.5 eV45 at
the timescale well below a picosecond.46–48

In contrast to LEEs, the reactivity of solvated electrons is
low. The fact that LEEs in biological media are only transient
species limits their studies in realistic environments to state-of-
the-art time-resolved experiments.49,50 On the other side, elec-
trons of controlled energy can be also produced artificially in a
vacuum, where molecular dynamics approaches can be applied
to explore their interactions with model systems of various
complexity.51 The present perspective focuses, but is not lim-
ited to these gas-phase experimental studies.

The advantage of the gas phase studies with model systems
is that they can separate various effects of the environment on
the dynamics of TNIs. Reviewing the present state-of-the-art,
the four main effects on the reaction dynamics of LEEs in the
environment can be identified, which are sketched in Fig. 2 The
primary effect of the environment is an energy sink Fig. 2(a). As
we discussed previously, electron affinity makes many of the
LEE-induced processes exothermic. This energy gain, which
induces fragmentation via DEA in the isolated molecules, is

often dissipated to the environment. If the solvent molecules
are different from the interacting molecule, the most probable
mechanism is intermolecular vibrational energy redistribution
via momentum transfer of the moving nuclei.52–54 In the case of
overlapping energetic levels, such as in the case of molecules of
the same type, this process may become more effective via
resonant energy transfer.14

The second effect is the effect of solvation Fig. 2(b) when
the neutral or anion geometry is distorted with respect
to the gas phase geometry. A good example is the transforma-
tion of valence-bound anions of nucleobases with negative
electron affinities into positive electron affinities in the solvent
(stabilization of valence-bound anions).55,56 Another example
is anion predissociation, typical e.g. for halogen-substituted
molecules.57

Fig. 2 Commonly observed solvent effects on the dynamics of transient
negative ions. (a) Energy transfer to the solvent can prevent molecular
fragmentation as well as lead to significant heating of the environment;
(b) solvation can prevent as well as promote dissociation or isomerization
of TNI; (c) the process studied as self-scavenging in small clusters or
electron transfer in gas phase experiments results in the formation of TNIs
of one molecule via resonant electron attachment to another, in systems
with many types of molecules such as in tissue this practically transfers
very narrow resonant electron attachment processes into threshold pro-
cesses operative over a wide range of electron energies; (d) the reactions
TNI with solvent molecules can change the final product of electron
attachment reaction. Important is also the catalytic role of an electron,
in promoting the reactions that could not be possible in between neutrals.

PCCP Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/1
2/

20
24

 2
:5

1:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

122



This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 9112–9136 |  9115

The third effect is electron transfer Fig. 2(c).58,59 In contrast
to isolated molecules in the gas phase, in bulk, the molecules
are in permanent interaction allowing for the fast electron
transfer to the energetically favorable sites. There are many
electron transfer sequences known at the cellular level from
electron transfer through DNA, through protein-mediated elec-
tron transfer chains to cell respiration and metabolism. Free
LEEs can enter these sequences at any stage and influence their
function. Identification of LEE reactions involved in these
cellular mechanisms is one of the important tasks that will
require close collaboration of molecular physicists and
biophysicists.60 Considering the radiosensitization, the elec-
tron attractive centers in DNA are thymine bases61 that may act
as an electron transfer terminus in nonsensitized strands.
Follow-up electron transfer processes within nucleotides and
nucleotide pairs can result in DNA strand breaks.62,63 The
radiosensitizers may act as additional electron gain centers
allowing for the enhancement of these processes.

The second important fact associated with electron transfer
is the energy range under which a particular reaction occurs. As
we discussed, the attachment of an electron is always possible
only at a specific resonant energy. Therefore, from the wide
energy distribution of LEEs, only a small part can interact via a
particular DEA channel. This ‘‘bond and site selectivity’’ is an
important characteristic of DEA.64–67 In the environment, one
molecule can act as an electron scavenger and another can be
dissociated upon electron transfer. This way the region of the
reaction energies is significantly widened by all possible
attachement-transfer sequences. This process is well known
in cluster physics as a self- or auto-scavenging.68–71

Finally, reactions with solvent often occur. A good example
is the reactivity of nucleotide TNI. McAllister et al. suggested
that within the nucleotide, electron attachment to the DNA
base will result in fast protonation of the base followed by C–N
glycosidic bond cleavage.72 Such description is consistent
with experimentally observed fragmentation of microhydrated
2-deoxycytidine-5-monophosphate upon interaction with
LEEs.73 It is worth mentioning that electron-induced glyco-
sidic bond cleavage in nucleotide was observed also using
transient absorption spectroscopy in the bulk.74

Another good example related to the radiosensitizing mole-
cules is the 5-nitro-2,4-dichloropyrimidine,75 where the DEA
channel resulting in the release of the Cl neutral is accompa-
nied by hydroxylation of the formed anion.

1.3 Why radiosensitizers?

Many molecules used in the concomitant chemo-radiation
therapy have high electron affinities or bare electron affine
groups. Typical examples are halogens or nitro groups. The
electron affinity represents a negative (exothermic) contribu-
tion to the reaction enthalpy, often in the range of electron-
volts. The presence of electron affine groups therefore signifi-
cantly increases reactivity with LEEs as well as their ability to
induce molecular transformations in the medium. This fact has
attracted attention, since the fundamental mechanisms of
chemo-radiation synergism are not fully understood. LEEs react

during the physico-chemical stage of the radiation interaction
with tissue and therefore only a tiny enhancement of reactivity
towards LEEs can have significant consequences in further
stages of radiation interaction with living tissue.3

Several LEE-based mechanisms have been suggested so far
to contribute to radio-sensitization and synergism. Simple
attachment of an electron by a molecule can lead to the release
of the energy equivalent to electron affinity into the environ-
ment. Considering the high number of LEEs forming around
the ionization track, the addition to the linear energy transfer
to the tissue can be significant.52 Another contribution of the
non-dissociative electron attachment can be enhanced trans-
port through the cellular membranes or accumulation in the
cells.76 Except for the enhanced transport, in realistic environ-
ments the electron attachment is an important prerequisite of
multiple electron reduction, which should be better explored,
as will be discussed in the perspectives section. Electron affinity
is also reflected in the dissociative processes induced by LEEs.
LEEs can induce bond breaking at energies significantly
below that required by sole energy input into the systems,
such as photoexcitation. Already a single LEE can induce the
formation of double-strand breaks in cisplatin-sensitized DNA
strands.77,78 Many more DNA intercalating molecules have
been suggested as possible radiosensitizers based on their
DEA (e.g. ref. 79). However, the DEA to unbound molecules in
the cellular medium can produce reactive radicals leading to
cell stress and death.80,81 An interesting suggestion is also that
the presence of heavy metal atoms, such as Pt can locally
enhance the production of reactive LEEs.82

All these processes will be discussed on examples of parti-
cular molecules from three main groups of radiosensitizers
studied during the last years: modified DNA components,
nitroimidazoles and organometallics. In the end, we provide
a perspective section focused on future directions that should
be addressed to enable some real impact in the field of rational
design of radiosensitizers and chemo-radiotherapeutics.

2 DNA components

The most studied derivatives of DNA components concerning
the LEE-induced chemistry are halogenated pyrimidine bases,
nucleosides and nucleotides (Fig. 3). The primary mechanism
of action of these compounds in cancer chemotherapy is
pyrimidine antagonism. Their presence inhibits the repair
and formation of the DNA via replacing the pyrimidine bases
in the DNA or via saturating the nucleotide synthesis proteins.
Reduction in the DNA damage site repairs is an important
source of combined and synergistic effects of these molecules
with radiation.

Additionally to the suppression of repair, the molecules
can also act as DNA radiosensitizers, increasing the suscepti-
bility of DNA to damage. When incorporated into DNA, mis-
pairings and DNA mutations are formed influencing the DNA
secondary structure as well as increasing the number of acces-
sible sites for radicals and LEEs.83 Indeed, the works with
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oligonucleotides84 as well as short DNA segments85,86 demon-
strate enhancement of DNA strand breaks by low-energy elec-
trons due to the presence of halogen-modified nucleosides. The
enhancement can be direct, when more single-strand breaks
are produced or due to the formation of reactive radicals,
enhancing the clustered and double-strand damages.87 The
direct and electron transfer mechanisms induced by LEEs are
well-reviewed in the works of Von Sonntag,88 Rak et al.89 or
Kumar.63 Poorly explored are the effects of mutations on the
DNA secondary structure that can lead to better access of
reactive species to the DNA components and enhanced
damages during irradiation.86,90 Another unexplored field is
the effect on hydrogen bonding of DNA bases important in
protein interactions and during the DNA repair process.91 In
this direction, there is only a handful of studies directed at non-
modified DNA bases (e.g. ref. 92–95). An important benchmark
to the computational models can be acquired in precisely
designed experiments on DNA origami platforms96 but also
using various clustering techniques.51,97,98

Generally, pyrimidines are considered better radiosensiti-
zers than purines, which can be related to their higher electron
affinities.99 Except for electron affinity, also the DEA was
considered an important prerequisite of radio-sensitizing prop-
erties of pyrimidine substitutes. Systematic studies on the topic
were performed mainly in the J. Rak group. Fig. 5 shows a set of
substituted uracils with the main DEA reaction channels iden-
tified in the work of Makurat.89 The DFT-based study sorted the
studied uracils into three groups according to their DEA
fragmentation pattern resulting in the stabilization of parent
anions in group A, fragmentation of substituent group B, and
formation of reactive oxygen radical anion in group C. Based on
the high stability of the parent anion, group A was excluded as
not having radiosensitizing potential. However, based on
recent studies with different radiosensitizers, DEA is not a
necessary condition for radiosensitizing properties. Single elec-
tron reduction can result in several sensitizing mechanisms
already discussed, such as enhanced linear energy transfer,
better transport of the radiosensitizer within the biological
system, or an increase in electron transfer and multiple elec-
tron reduction rates. In vitro, experimental studies with com-
plexity similar to the DFT study of Makurat would give us much
better insight into the undergoing mechanisms. Systematic
in vitro studies with model molecular systems are, however,
complicated due to a large number of parameters that have to
be considered when moving from gas phase experiments to
biological buffers.75,100,101

2.1 Halouracils

We will start with probably the most studied systems, 5-halo
uracils. Three energy regions for the interaction with LEEs can
be identified.

In the first region, at energies of the incident electron below
1 eV the electron is attached by the molecular dipole moment
into VFRs.102,103 Resulting anion in the vibrationally excited
state allows for very different dissociation dynamics of that of
ground or electronically excited anion.104–106 The cross section

Fig. 3 Radiosensitizers from the group of modified DNA components
and their model compounds, whose reactivity with LEES is discussed in the
text. From top to bottom halouracils (2.1); thiouracils (2.2); 5-seleno-
cyanatouracil (2.3), uracil-5-yl-O-sulfamate and uracil-5-yl-O-(N,N-
dimethylsulfamate) (2.4); 5-nitrouracil (2.5) and 5-nitro-2,4,-dichloropyrimidine
(2.6); modified nucleosides (2.8) and 8-bromoadenine (2.7). The red line
marks the bond broken in the most intense DEA reaction of the
molecule identified for the isolated molecule, and the blue line the
dissociation for a solvated molecule. The minus sign marks the anionic
DEA fragment.
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at these low energies has a shape of discrete vibrational bands,
whose threshold and intensity depend on the reaction enthalpy
for the particular DEA channel. DEA at these energies proceeds
via carbon-to-halogen bond breakage resulting in halogen or
U-yl anions products. The enthalpy depends on the electron
affinity of the fragment anion and bond dissociation energy.
Carbon-to-halogen bond dissociation energies in organic mole-
cules decrease from around 5 eV for C–F to around 2.5 eV for
C–I.107 Electron affinities of all F to I halogens are higher than
3 eV108,109 while that of 5-U-yl radical is 2.34 eV.110 Simply
subtracting the bond dissociation energy and electron affinity
can give us energy surplus for some halogen uracils while
shortage for others. In gas phase experiments, however, all
but FU efficiently fragment via DEA at the energy of incident
electron 0 eV, while the calculated reaction enthalpies are
typically positive in the 0–1 eV range. This behavior was
assigned to the high sensitivity of the vibrational Feshbach
resonances to temperature.111 The experiments with isolated
molecules are performed via sublimation of the molecules into
the gas phase, which requires high temperatures in the order of
hundreds of degrees Celsius. Even though only the tail of the
Boltzmann distribution may allow for dissociation, the electron
interaction probability at near 0 eV diverges, as we already
mentioned, and therefore the molecules from this very tail of
the thermal distribution can be enough to produce significant
DEA ion signals. This is also in agreement with different
distributions of the most intense bands in the cross sections
from different experiments.104–106

On the other hand, TNI allows also for hydrogen and proton
mobility112 or complex rearrangements.113 By way of example,
simple hydrogen migration upon electron attachment can
result in the formation of N1 U-yl radical with an electron
affinity of 3.4810 � 0.0006 eV.114 instead of simple bond
cleavages and 5-U-yl radical formation. Such change can
explain several previously puzzling 0 eV DEA peaks. However,
the rearrangement barriers will need to be explored in detail,
recently done e.g. for 5-bromo-4-thio-uracil.115 An additional
explanation for the observed dissociation near 0 eV can be the
creation of stable neutral HX molecules during the TNI life-
time, where X is halogen, which was suggested in the men-
tioned study of 5-bromo-4-thio-uracil as well as several other
TNIs.116–118

In the second region of incident electron energies between
1 eV and 4 eV, electrons are attached via shape resonances into
the three lowest-lying unoccupied p orbitals. Even though their
coupling to the dissociative s* state still plays an important
role in the dissociation process.102,119 The fragmentation spec-
tra at low energies below 4 eV are dominated by halogen or U-yl
anions being highly reactive. Formation of these species was
observed in early photolysis experiments.120,121 They were also
suggested to play an important role in the evolution of other
reactive species such as OH radicals.122

In the third energy region, core excited resonances result in
complex multiple bond cleavages including the ring breakage
and formation of anions such as OCN�, H2C3NO�,123 HC2N�,
C3NO� and others.117

When halouracils are submerged in solvent, their dissocia-
tion efficiency at low energies is reduced. Studies with micro-
hydrated molecules in clusters demonstrate that while FU
doesn’t dissociate, BrU and ClU anions can dissociate even
when fully surrounded by water molecules.52 In contrast to e.g.
thiophenols57 no halogen-water clusters were observed in the
fragmentation spectrum of microhydrated uracils. This indicates
either a fast dissociation, without the formation of intermediate
products, or neutral HBr formation, similar to recently reported
HF from fluorouracil.117 Such neutral products, which cannot be
detected using mass spectrometry, can be one of the reasons for a
significant decrease in the fragmentation signal upon solvation.
However, a similar trend of decreasing fragmentation from
intense IdU decay to non-decaying FdU was observed also in the
pulsed radiolysis study in bulk.124 Further suppression of LEE-
induced fragmentation can be expected in biological buffers, as
demonstrated by Beach, Fuciarelli, and Zimbrick.125

The suppression of fragmentation in the environment does
not necessarily mean the inactivation of LEE-induced radio-
sensitization. These studies actually demonstrate that even in
the solvent conditions, LEE will effectively attach to haloge-
nated DNA bases. When incorporated in the DNA, electrons can
be transferred into the backbone,126,127 or negative ions may
become attractive for proton transfer from the backbone,128,129

which are both efficient ways for DNA strand breaks. Except for
chemical ways of radiosensitization, there are also physical
consequences of high electron attachment rate in the solution.
The energy gained by the system due to the electron affinity of
halogen-modified nucleobases can efficiently dissipate into the
solvent as demonstrated in Fig. 4 from the work of Poštulka

Fig. 4 The image from the work of Poštulka et al. showing that theory
predicted increase in the energy transfer to solvent due to the electron
affinity of the microhydrated halo uracils can reproduce well the frag-
mentation of their TNIs. For uracil (U), bromouracil (BrU) and fluorouracil
(FU) shown on the x-axis the y-axis shows the detected mean size of ionic
clusters upon electron attachment (red) and electron ionization (black).
The blue points are mean values of neutral cluster sizes estimated based
on electron affinities and under the assumption that all energy transferred
to solvent leads to the evaporation of water molecules from the cluster.
Reproduced from ref. 52 with permission from American Chemical
Society, copyright 2017.
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et al. In other words, electron affinity represents a positive
contribution to the linear energy transfer (LET).

Except for the water solvent, other environmental effects
have been studied for halogenated bases, particularly the effect
of base pairing.130 Pairing of halogenated bases results in a
decrease in their adiabatic electron affinity. Therefore, the
mutations in the double strands may be less sensitive to LEEs
in comparison to the single strand form, e.g. during repair and
replication processes.

2.2 Thiouracils

Electron attachment to 2-TU in the gas phase was studied using
electron attachment spectroscopy and ab initio calculations.
Low-energy VFRs lead to efficient hydrogen abstraction from
nitrogen, with a possible contribution from low-lying p* reso-
nances at the high energy tail of the observed signal. At energies

above 4 eV, DEA is proceeding via core excited resonances of the
CS bond in a mechanism similar to CS2.131 The most intense DEA
channels opening at this energy are leading to S� and (TU-S)�.
However, the ion yield of the second most intense decomposition
product of the molecule SCN� is slightly shifted towards lower
energy, which can be a result of the contribution from the high p*
shape resonance to this DEA channel.132 Dependency of the anion
signal on temperature has shown only a little effect in comparison
to the usual behavior of VFRs.133

TU is a nice example demonstrating how reactivity with the
solvent (Fig. 2) can change the reaction output of LEE interaction.
Prasanthkumar et al.134 studied TU and TC using pulsed radi-
olysis in solution. Changing buffer solution composition, two
modes of interaction were reached dominated by reactions with
solvated electrons or CO2

� ions. In the first case, the electron
attachment and formation of TNI is accompanied by a fast proton
transfer from the solvent resulting in the formation of protonated
radical. While EA in the gas phase discussed in the previous
paragraph, results mainly in hydrogen abstraction, in solution it is
the opposite. When CO2

� is introduced in solution, it can abstract
hydrogens from the molecules, but the formed radicals interact
with each other to form sulfur-to-sulfur bound dimers.

More recently, 5-bromo-4-thio-uracil was studied showing
strong effects of intramolecular proton transfer on reaction
dynamics, partially stabilizing the parent anion and allowing
for HBr formation and release during the TNI decay.115 It is
worth repeating that the formation of hydrohalic acids seems to
be an important process upon LEE interaction with many
halogenated molecules116,118,135 however, the biological conse-
quences of this process are not well explored.

Other thiouracils were explored theoretically. The electron
affinities were calculated to rise from 2-TU with EA of 0.26 eV to
4-TU (0.61 eV) and 2,4-diTU (0.87 eV). Therefore, observation of
stable parent anions should be possible, particularly for di-
substituted thiophenols136

2.3 5-Selenocyanatouracil

Based on the already mentioned systematic work of Makurat,89

5-SeCNU was selected for further experimental studies. Isolated
5-SeCNU is more sensitive to EA than BrU and efficiently
releases CN�. However, this mechanism does not transfer into
a solution, where the U–Se radical stabilizes via the formation
of two stable products: dimer U–Se–Se–U and an adduct of
radical OtBu to radical U–Se (QU–Se–OtBu) due to the used tert-
butanol [tBuOH] scavenger in the buffer solution.137 It is worth
mentioning that dimer formation was observed also upon 2-TU
and 2-TC radiolysis in solution, but their occurrence was buffer
dependent.134 Actually, the composition of buffer solutions to
separate LEE-induced processes is one of the major issues
complicating the experiments as will be mentioned on several
places in the present perspective.

2.4 Uracil-5-yl-O-sulfamate and uracil-5-yl-O-(N,N-
dimethylsulfamate)

LEE interaction with isolated uracil-5-yl-O-sulfamate results in
complex fragmentation already at near 0 eV energies of the

Fig. 5 Substituted uracils from the systematic DFT study of Makurat et al.
with dotted lines showing main sites of fragmentation via dissociative
electron attachment induced by LEEs in solution modelled by polarizable
continuum model. Electron attachment to the group A molecules was
predicted to result in stable negative ions, while B type ions will fragment
by dissocaition of the substituent group and IOU by the formation of
reactive oxygen radical anion. Reproduced from ref. 89 with permission
from John Wiley and Sons, copyright 2016.
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electrons. The main product results from the S–O bond clea-
vage and neutral NH2SO2 radical release. The other intense
fragmentation channels observed at low energies are associated
with sulfamate dissociation, particularly the strong SNO�. This
is understandable based on the large electron affinity of this
fragment138 in comparison to other anions that are commonly
observed from sulfoxy compounds, such as SO2

� and SO3
�,

detected with only minor intensity. Upon solvation, DEA chan-
nels seem to be closed as demonstrated by radiolysis of the
solutions with t-BuOH as a radical scavenger.139 For uracil-5-yl-
O-(N,N-dimethylsulfamate), the LEE-induced fragmentation of
the isolated molecule is analogous to uracil-5-yl O-sulfamate,
only intensities differ because of methylation. e.g. the intensi-
ties of 5-U-yl fragments were under the detection limits.135

2.5 5-Nitro-uracil

The electron affinity of the nitrogen dioxide is 2.273 �
0.005 eV,108 close to that of the U-yl radical. While the C–N
bond is one of the strongest, in the nitro compounds it has a
single bond character with bond dissociation energy values
ranging from 2.5 eV to 3 eV.112,140 As a result, DEA via release of
neutral NO2, which is the most intense channel, is endother-
mic. The occurrence of intense 0 eV VFRs in the DEA cross
section for this channel is therefore surprising.140 As discussed
in the case of halouracils, the exothermicity can be enabled by
hydrogen migration over the radical, internal vibrational energy
of the neutral, as well as more complex rearrangements during
the TNI lifetime. The similar electron affinities of the co-
products allowing for charge migration between NO2 and U-yl
and suggested rearrangement before the dissociation probably
contribute to the long lifetime of the parent anion of
5-nitro-uracil that was also experimentally observed with high
intensities.141

2.6 5-Nitro-2,4-dichloropyrimidine

5-Nitro-2,4-dichloropyrimidine is a model compound contain-
ing two halogen atoms and a nitro group connected to the
pyrimidine ring. The molecule has exceptionally high electron
affinity and anion lifetime. DEA proceeds via the release of
neutral NO and NO2 radicals at near 0 eV energies and Cl� at
energies above 2 eV. The reaction channels are suppressed by
hydration but NO2 release channel remains open in the solvent,
which is not common e.g. for nitroimidazoles that will be
discussed further in the perspective. Additionally, reactivity
with solvent results in the halogen replacement reaction, where
Cl atom is replaced by OH forming a C4H2Cl2N3O3 anion.75

2.7 8-Bromoadenine

8-Bromoadenosine incorporation into DNA enhances its
susceptibility for single and consequently double-strand breaks
upon irradiation.87 It has been shown in the experiments on
hot electron transfer through DNA vires that strong dehalo-
genation occurs on the 8BrA-modified sequences, presumably
via the DEA mechanism.142 Similar strong dehalogenation was
observed also for 8-bromoadenine143 and 8-bromoguanine,
directly bound to plasmonic nanoparticles.144

Dehalogenation is also a primary channel for DEA to the
isolated 8-bromoadenine in the gas phase resulting in both Br�

and (M-Br)� anions in approximately 6 to 1 ratio. DEA seems to
proceed via VFRs at energies close to 0 eV and a shape
resonance peaking around 1.3 eV. The minor (M–H)� channel
demonstrates typical behavior of s*–p* mixing with the sharp
onset of the signal, which may be temperature dependent. An
intense signal upon electron attachment was observed also for
the parent anion. The anion has a structure of pre-dissociated
Br� relatively far from the polarized adenine core. This type of
non-covalent anion structure was recently identified for several
cyclic halocarbons (e.g. ref. 145–147) and may be crucial for
understanding also the evolution of cyclic hydrocarbon TNIs in
the solution.57,99,148

2.8 Halogenated nucleosides

Halogenated nucleosides are generally more soluble in aqueous
solutions than bare DNA bases. As discussed by Falkiewicz
et al.149 it is the OH group at the 2nd position in ribose and its
electronic and steric effects determining the solubility. Nucleo-
sides are, however also more thermally labile. Therefore, the
number of their studies in the gas phase is significantly lower
than that for the DNA bases, while there are more studies
in bulk.

The most studied nucleoside is 5-bromouridine. DEA to
isolated molecule leads to the release of Br� anion and 5-BrU-
yl anion with high cross sections of 2 � 10�14 cm2 and
(9 � 10�16 cm2), respectively.150 Other dissociation channels,
including uracil fragmentation are much less intense.151 In
water, pulsed radiolysis was employed to demonstrate Br�

release by LEEs.152 The mechanism was further confirmed by
a more recent study in diethylene glycol.153 A pulsed radiolysis
study with F to I deoxyuridines in water then demonstrated a
decreasing trend from strongly decaying IdU to practically non-
decaying FdU in LEE-induced halogen release reactions.124

Even more effective dissociation upon electron attachment
than in 5 substituted species can occur in 6-substituted uri-
dines. However, as demonstrated for 6-iodo-2-deoxyuridine,149

the bond dissociation energies may allow dissociation in sol-
vents before electron attachment. The environmental effects
such as solubility and buffer reactivity will be critical for the
transfer of further halogen-based radiosensitizers into applica-
tions such as 5-iodo-4-thio-2-deoxyuridine154 or 5-bromo-4-
thio--deoxyuridine.115

An important difference in comparison to DNA bases is that
nucleosides can be modified also on the sugar moiety. A well-
known sugar-modified molecule already in use in clinical
practice is gemcitabine.155 Comparative experimental study of
gemcitabine and fluorocytidine demonstrated that the binding
site of the electron affine atom changes the outcome of DEA
significantly. The p system of the DNA base is highly attractive
for the electron and halogenation of the ring enhances the
cross-section for hydrogen loss (Cyt-H)� channel 5.5 times.
Fluorine on the sugar moiety still enhances the (Cyt-H)�

formation, but only 2.8 times, indicating that overall the
gemcitabine is probably a weaker electron scavenger.156
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The recent study of 20-deoxy-20-fluorocytidine, as a model
compound, and 8-bromoadenosine modified DNA studied on a
model DNA nanostructure supports87 demonstrated that the
DEA intensity may not be the sole difference between sugar and
base halogenated radiosensitizers. While 8-bromoadenosine
modified strands show an increase in the total number of
lesions and consequently in double-strand breaks with respect
to the random sequence, the 20-deoxy-20-fluorocytidine modi-
fied strands show only an increase in the number of double-
strand breaks but no enhancement in the total number of
lesions. 20-Deoxy-20-fluorocytidine is therefore enhancing the
probability for double-strand break in the case that single-
strand break occurs. Such enhancement was tentatively
assigned to forming reactive sugar-based radicals in the mod-
ified strands inducing clustered damages.157

The role of LEEs in the formation of sugar-based radicals in
radiosensitizer-modified DNA is not sufficiently explored. Ten-
tatively, the mechanism can copy that explored for unmodified
DNA using ESR,63,158 where dehydrogenated base radicals can
be formed by hydrogen abstraction followed by proton extrac-
tion from the sugar moiety. The scenario may be, however,
influenced by the environment. While phosphate counter ions
have only minor effects on electron affinities159 or electron
transfer,94 proton transfer from the solvent may play an impor-
tant role in the dissociation dynamics (see e.g. ref. 160) and lead
to the formation of sugar moiety anions as demonstrated for
microhydrated deoxycytidine monophosphate.72,73

Another mechanism is the direct electron attachment to
the sugar moiety. For unmodified DNA it was demonstrated
already in the seminal work of Boudaiffa.161 Ptasinska and co-
workers then showed high electron attachment cross sections
for isolated ribose, a model compound of more complex
sugars.162 Sugar-based radicals and anions were reported also
upon electron attachment to softly desorbed D-ribose-5-
phosphate.163 We therefore believe that there should be more
focus on the formation of sugar-based radicals and anions
upon the interaction of modified DNA with LEEs.

3 Nitroimidazoles

Most azole-based cancer chemotherapeutics (Fig. 6) are
antimetabolites, mainly involved in the folate cycle. Folic acid
is required to build and repair DNA, and in many types of
cancer, the folate receptors are overexpressed. Azoles are also
biomimetic to amide bonds and therefore they are known to
interact with proteins164 strongly. This fact is only poorly
explored concerning the DNA repair mechanisms upon irradia-
tion. Research of the LEE community is mainly focused on
nitroimidazoles due to their radiosensitizing potential depen-
dence on electron affinity, which was realized in the 1970s
already.165,166 The first works focused on the direct incorpora-
tion of nitroazoles into DNA and electron scavenging. Later,
many other mechanisms appeared ranging from NOx effects,167

particularly the DNA repair enzyme inhibition,168,169 vasodila-
tion effects, fixation of organic radicals, enzyme-catalyzed

depletion of nucleophiles, formation of toxic products, and
interference with recombination reactions.170

Nitroimidazoles are efficient under hypoxic conditions,
which further support their bioactivation mechanisms by sin-
gle electron reduction, a process in strong competition with
oxygen reduction under normoxic conditions (see Fig. 7).171

The single electron reduction may be induced by electron
transfer172 in applications such as antibiotics or antiparasitics,
while direct attachment of LEEs may be responsible for their
activation during radiotherapy.76 The genotoxicity can be then
induced by the nitro anions, reactive oxygen species or redox
reaction intermediates. The remaining problem is that the
most important mechanisms of genotoxicity have not been
identified yet, despite very systematic studies on a range of
compounds.173,174 Only a full understanding of the nature and
reactivity of nitro anions formed after LEE interaction will
enable rational design of new radiosensitizers and possibly
also more efficient antibiotics.

3.1 Imidazole

Similar to pyrimidine bases, imidazole contains N–H bonds
prone to dissociation upon low-energy electron attachment. In
the unsubstituted imidazole, the N–H bond strength is high
and therefore DEA can occur only at energies above 1 eV via p*

Fig. 6 Radiosensitizers from the group of nitroimidazoles and their model
compounds, whose reactivity with LEEs is discussed in the text. From top
to bottom imidazole (3.1) and nitroimidazoles (3.2); nimorazole (3.4);
metronidazole (3.3) and misonidazole (3.5). The red line marks the bond
broken in the most intense DEA reaction of the molecule identified for the
isolated molecule, and the blue line the dissociation for a solvated
molecule. The minus sign marks the anionic DEA fragment.
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resonances. Electron attachment, however, can occur also via
low-lying VFRs due to the high dipole moments of azoles (e.g.
3.67(5)D for imidazole).175 Such attachment is also discernible
from the electron transmission spectroscopy.176 Competition
between electron auto detachment, DEA, and valence anion
stabilization for these VFRs is then controlled by the functional
groups attached to the ring as will be discussed for particular
derivatives. Another important similarity to pyrimidines is in
the strong coupling of s* and p* states,177 which is an impor-
tant characteristic of the CN–H moiety.38

Imidazole loses hydrogen via shape resonances in 1.5–4 eV
range,176,178 presumably upon electron attachment to the
LUMO and LUMO+2 orbitals.177,179,180 In isoxazole addition-
ally, O–N bond can be cleaved at energies as low as 1.5 eV
leading to the ring opening.181,182 At higher energies, core
excited resonances can be identified in the 6–11 eV range also
leading to the N–O bond cleavages and ring opening in
imidazole176 or isoxazole.181 An important process observed is
multiple hydrogen cleavage at low energies that must be
accompanied by hydrogen molecule formation.176,178 The fun-
damental electron attachment properties of the imidazole ring,
its propensity to be opened or fast hydrogen migration across
the ring all transform to the LEE-induced chemistry of more
complex models of imidazole-based radiosensitizers.

3.2 Nitroimidazole

A range of nitroimidazoles has been studied as model com-
pounds for electron-affinic radiosensitizers. In the systematic
DFT exploration and electrospray experiments of Feketeová
et al.183 eight derivatives were studied. For all the studied
compounds, the most stable anion structure has the additional
electron localized on the nitroimidazole with only negligible
effect from the other functional groups. Fig. 8. The SOMO
energies are influenced only by the nitro group position on

the ring. As a result, the adiabatic electron affinity of 4- and
5-nitro imidazole have values around 1.3 eV, while that of
2-nitroimidazole is more than 0.6 eV lower. Despite that,
fragmentation induced by LEEs to 2-nitroimidazoles is richer
than that of the 4- and 5-nitroimidazoles.

In all nitroimidazoles, the most intense DEA channel is
the release of neutral OH. The second, still exothermic, channel
is NO release and the third is hydrogen release. The nitro group
is strongly bound to the ring and therefore cross section for the
nitro C–N bond cleavage via both NO2

� or (M-NO2)� channels is
observed in a shape resonance around 3 eV. An additional
fragment appears in 2-nitroimidazole due to the release
of a neutral water molecule. The calculated reaction barriers
for this process are practically isoenergetic for 5- and 2-
nitroimidazoles,186 and therefore exclusive observation of this
channel for 2-nitroimidazole is quite surprising. Either the
channel is closed in 5-nitro derivative due to the dynamical

Fig. 8 M062x/6-311+G(d,p) optimized structures of radical anions and
their SOMOs reproduced from the work of Feketeova et al.183 with
permissions from Elsevier, copyright 2014. We can see that in these
compounds, the electron is always localized over the imidazole ring and
while the nitro group position shifts the SOMO energy levels, the other
substituents have practically no influence. Single occupied molecular
orbital SOMO, forms upon electron attachment into the lowest unoccu-
pied orbital (LUMO) of the neutral precursor molecule. The effects of the
substituents can be expected for attachment at higher energies due to the
often observed additive effect of electron attachment.184,185

Fig. 7 Different radiation chemistry of nitro group under hypoxia and
normoxia. While under normoxic conditions single electron reduction is in
strong competition with the reduction of oxygen, under hypoxia multiple
electron reduction occurs leading to a variety of reactive radical species.
Reproduced from ref. 171 with permission from Springer Nature, copyright
2012.

Perspective PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/1
2/

20
24

 2
:5

1:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

129



9122 |  Phys. Chem. Chem. Phys., 2024, 26, 9112–9136 This journal is © the Owner Societies 2024

restraints or the anion product may differ from that predicted
by calculation. In the first case, one can imagine a two-step
process. In 2-nitroimidazole oxygen interacts with hydrogen at
position 1 and position 2 to form water, in 5 nitroimidazoles,
upon the interaction with hydrogen at position 1, the formed
OH and hydrogen at position 4 will be separated by the
remaining NO group at position 5 of the molecule preventing
the fragmentation. In the second case, e.g. ring opening iso-
merization of the formed anion may be energetically more
favorable upon 1,5 dehydrogenation in contrast to 1,4 dehy-
drogenation, which can influence the reaction enthalpy as
well as the lifetime of the formed anion with respect to the
autodetachment.

Another interesting observation for nitroimidazoles is that
methylation of N1 hydrogen suppresses the fragmentation of
molecules below 2 eV.187,188 Methylation of hydrogen sites is
quite a common approach used in fragmentation studies to
assign dissociation sites.189–191 In the case of nitroimidazoles,
however, the methylation on the N1 position closed all frag-
mentation at energies below 2 eV.187 This is clear for channels
relying on N1–H dissociation such as OH release, but the
influence on the NO or NO2

� release is not straightforward. 2
processes have to be separated at these energies.

The first is p* resonance, identified theoretically.192 The
lifetime of the resonance with respect to autodetachment is
significantly lower upon methylation at the N1 site. The result
is the disappearance of the resonance from fragmentation but
also from the parent anion spectra. Autodetachment is faster
than anion detection.

The second region of energies is below 1 eV, where strong
VFRs result in the release of NO. This channel is closed upon
methylation and a stable anion is formed, which can have
several explanations. The first is the change in the molecular
dipole moment and the size of the dipole-bound state. These
effects on dipole-supported states were explained by Desfra-
nçois and co-workers.193 A decrease of the dipole moment due
to the methylation can result in a lowering of the affinity for the
VFR.194 For small molecules important effect can have also an
increase in the molecular size. For larger molecules, the mole-
cular core potential is better shielded and the probability of
electron attachment is lower. On the other side, the polariz-
ability, also influencing the VFR formation, can be larger, and
therefore, the interplay of these effects on VFRs should be
carefully explored from one case to another. In the discussed
case of methyl-4-nitroimidazole the dipole moment is huge,
larger than that of the bare 4-nitroimidazole 8.50 D vs. 7.78 D
and the molecules are relatively large, the addition of the
methyl does not have a significant effect on molecular size.
Probability for the formation of VFRs is therefore not influ-
enced what is reflected in a strong signal of the molecular
parent anion at near 0 eV energy.

The nitro group fragmentation via VFRs therefore must be
influenced on the side of the outgoing – dissociative channel.
Either it is the hydrogen migration upon DEA and NO release
that can result in the formation of hydroxyl form of (M–NO)�

anion instead of carboxyl form in 4-nitroimidazole but not in

the methyl-4-nitroimidazole or methylation stabilizes the par-
ent anion by a different mechanism, such as the ring opening.
Additionally, all these molecules are studied upon sublimation.
At such conditions, different propensities of molecules for
dimerization can result in a surprising parent ion stabilization,
particularly in the case of VFRs. This was observed e.g. in the
case of pyruvic acid.195

Nitroimidazoles efficiently attach electrons also in the
energy region of core excited resonances above 6 eV. However,
practically no DEA fragmentation is observed at these high
energies. In the study of a model compound 1-methyl-5-
nitroimidazole, it was suggested that dissociation into two
neutral fragments may occur at these energies, pointing out
the importance of the studies of neutral dissociation products
upon electron attachment.80 The total scattering cross section
at low energies was complemented by differential and DEA as
well as ionization cross sections in the follow-up publication.196

We would like to add that in complex environments the core
excited resonances may play an important role irrespective of
the dissociation as they can act as doorways for electron
transfer (Fig. 2c) discussed in the introduction.

3.3 Metronidazole

The formation of negative ion intermediates of metronidazole
during pulsed radiolysis was already identified in the 1970s by
the ESR study of Willson.197 The fundamentals of LEE interac-
tions with the molecule isolated in the gas phase and in the
microhydrated environment were, however, explored only
recently.198 Electron attachment spectroscopy of isolated and
microhydrated molecules shows that irrespective of the
environment the molecule forms a stable parent anion in
agreement with the early pulsed radiolysis studies. Main DEA
reaction channels include the release of NO2

� and OH�. While
the first channel is strongly quenched in the water environ-
ment, OH� may be still observed as a minor channel upon
hydration.

3.4 Nimorazole

Nimorazole interacts with low-energy electrons in two main
energy ranges. Strong near 0 eV resonance results in the
formation of a stable parent anion. Nimorazole has a large
adiabatic as well as vertical electron affinities of 1.31 eV
and 0.82 eV, respectively.183 The reported cross section of 3 �
10�18 cm2 indicates S-wave electron attachment. However, the
bump at 0.2 eV in the parent anion yield measured in the same
work and structure corresponding to the negative electron
affinity of 0.4 eV in the electron transmission spectrum in
collisions with K+ ions199 indicate that also VFRs are present,
in line with the VFR feature in the electron transmission
spectrum of imidazole.176 The adiabatic electron affinity is still
not enough for imidazole ring opening or significant molecular
rearrangement and the anion is primarily stabilized by intra-
molecular energy redistribution in the gas phase or intermole-
cular energy transfer in the solvent.76 At higher energies a rich
fragmentation pattern can be observed via shape resonances in
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the 2 eV to 4 eV energy range. The only significant signal is,
however, observed for NO2

� anion.200

The work of Meißner et al.76 is particularly important for
demonstrating the caging effect of the environment on the
DEA. In microhydrated water clusters, electron attaches to the
same resonances of the nimorazole as in the isolated system.
However, these resonances are no longer dissociative but lead
to the formation of stable parent anions as shown in Fig. 9.
With the rising number of water molecules, covering the
nimorazole in the neutral precursor cluster, nimorazole parent
and heterogeneous nimorazole-water cluster anions were
reported for the same electron incident energies as observed
for the dissociative shape resonances in the gas phase.

The stabilization of the nimorazole parent anion upon
single electron reduction was recently confirmed by
cyclic voltammetry in bulk water.201 However, also 4 electron
reduction was reported resulting in the hydroxylamine deriva-
tive formation at specific conditions. Except for the confirma-
tion of the relevance of cluster studies for the LEE-induced
chemistry in the bulk, the work also expresses the need for
extending the studies with microhydrated molecules to other

solvents as well as towards the multiple electron reduction
experiments.

3.5 Misonidazole

Pulsed radiolysis studies of misonidazole were performed in
1980’s reporting a high rate constant for interaction with
solvated electrons 2.5 � 1010 M�1 s�1.202 The products of such
interaction as well as the interactions with LEE electrons in the
(0–10 eV) can be understood based on the experiments in the
gas phase203 and the microhydrated environment.204 Similar to
imidazole, two energy ranges for electron attachment have been
identified, where the 0 eV attachment leads to the formation of
parent anion while 2–4 eV shape resonances lead to the variety
of the fragment anions dominated by the NO2 bond cleavage. In
contrast to nimorazole, MISO fragmentation upon interaction
with LEEs seems not to be fully suppressed by hydration, but
OH� channel remains open. This may be caused by the
preferred hydration of the MISO over the hydroxyl group and
predissociation as supported by theoretical calculations in
the work.204 Computational modeling also reveals that TNI
fragmentation via OH loss can be accompanied by significant
rearrangement of the neutral counterpart forming ring struc-
tures and increasing the exothermicity of the process in
solution.

4 Organometallics

Most of the organometallic cancer chemotherapeutics (Fig. 10)
are designed to bind covalently to the DNA or intercalate,
resulting in inter- and intrastrand crosslings or secondary
structure distortions. The most studied organometallics con-
cerning chemo-radiation therapy are platinum compounds205

due to the initial success of cisplatin (CDDP). CDDP releases Cl
atoms in a water environment becoming reactive towards DNA
where it forms preferentially guanine adducts206 and intra-
strand crosslinks with high susceptibility for further reaction
to form DNA–protein207 or guanine–cytosine crosslinks.208

These interactions strongly interfere with the DNA repair
mechanisms that are accepted as one of the leading explana-
tions of the CDDP mechanism of action.209

Concerning the low-energy electrons, the most interest is in
synergism observed for the CDDP and radiation therapy. The
synergism can also be caused by the CDDP involvement in the
DNA repair pathways in the biological stage of the tissue
interaction with ionizing radiation. However, if the synergism
occurs already during the physicochemical stage of the
interaction, the tiny effects may result in significant radio-
sensitization on the biological timescales.3 Therefore, the fun-
damental reactivity of low-energy electrons towards CDDP and
its DNA adducts has been under investigation for more than
15 years. The first suggestions on the LEE involvement in CDDP
synergism came from the works of Q. B. Lu and coworkers,
demonstrating fast electron transfer from guanine base to
CDDP within its single covalently bound DNA adduct. Such
transfer can result in Cl� release having two possible

Fig. 9 Caging of DEA fragments of nimorazole studied in the molecular
beam of microhydrated molecules. Hydration (average number of water
molecules attached to nimorazole neutral precursor) rises from top to
bottom and from left to right. The red curve represents the ion yield of the
parent anion M�, blue curve represents the ion yield of NO2

� after the
cluster interaction with LEEs at energies shown on the x-axis. Increasing
hydration, the peak of NO2

� at B3 eV disappears, while the M� signal
appears at the same energy demonstrating the ‘‘caging effect’’ of the
environment on the DEA reaction. A drop of the near 0 eV signal of the
parent anion is caused by the fact that at higher hydration, the energy
gained in the electron attachment is not enough to evaporate all water
molecules from the cluster and M�.(H2O)n cluster anions are produced
instead of M�. Reproduced from ref. 76 with permission from Springer
Nature, copyright 2019.
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sensitizing effects, increasing cross-linking efficiency for the Pt
adduct and reactivity of the formed Cl� anion.210 Several follow-
up works in the Q. B. Lu group were devoted to these mechan-
isms including suggestions for novel chemo-radio therapy
combinations.210–212 In the L. Sanche group, the direct action
of LEEs was investigated mainly in the drug-loaded DNA thin
films in the surface experiments with ballistic low-energy
electrons in vacuum77 and in the simulated environment.213

However, also a series of studies was performed in realistic
conditions of plasmid DNA in buffer solutions, where the
electron effects were disentangled by the suppression of the
radical chemistry by scavengers. (e.g. ref. 214 and 215).

4.1 Cisplatin

The only gas phase study of electron attachment to isolated
cisplatin is that of Kopyra.216 CDDP strongly attaches near 0 eV
electrons resulting in a range of products in decreasing prob-
ability order Cl�, [Pt(NH3)2Cl]�, [Pt(NH3)2]�, Cl2

�, and NH2
�.

Particularly the fact that a single electron can induce dissocia-
tion of both Cl to Pt bonds and form a reactive cross-linking
intermediate [Pt(NH3)2]�. The mechanism of multiple bond
cleavages can be operative also in cases when CDDP is already
bound to the DNA. Additionally, the single dehalogenated

fragment [Pt(NH3)2Cl]�, which is formed in the second most
intense channel of DEA, is highly reactive towards DNA.217

Most of the later studies focus on creating the links between
LEE-induced processes and chemo-radiation therapy by studies
of cisplatin-modified DNA. For example in the study of Bao
et al., five monolayer DNA films were irradiated with and
without cisplatin showing approximately doubling of the
damage in the 3 eV to 19 eV range. Most important is the
observation of a single electron induced double-strand breaks
in the incoming electron energy range of 1.6 to 3.6 eV, which
was not present in the unmodified DNA.218 The work of Rezaee
shifts the LEE damage limit much lower, to 0.5 eV energies
causing both single and double-strand breaks and enhancing
the formation of DNA lesions.219 In a later work, absolute cross
sections for the damages were determined for 5 monolayers of
DNA irradiated in vacuum at resonance energies 4.6 eV and
9.6 eV. At 4.6 eV, 244 � 42 � 10�15 damages per electron and
molecule were reported, while at 9.6 eV, 359 � 44 � 10�15

damages per electron and molecule.220 Clustered damages in
DNA were reported in 5.6 eV to 10 eV range, while no clustered
lesions are observed at LEE energies below 5 eV.221 This energy
dependence, also shown at Fig. 11, demonstrates how impor-
tant is to know the details of LEE interaction including the
initial state of the TNI related to the energy of the incident
electron as well as the evolution of the TNI.

An important set of experiments was performed also on DNA
oligomers by Behmand and co-workers. In the first work,222

TTTTTGTGTTT and TTTTTTTGTTT oligomers loaded with
CDDP were irradiated by gamma rays in solutions with EDTA,
scavenging the OH radicals and enhancing the effects of
solvated electrons. The work demonstrated the solvated elec-
tron damage at the CDDP site. In the follow-up work,223 HPLC
MS was employed to elucidate more details on the mechanism
of the damage. The process was described as an initial electron
attachment to thymine followed by electron transfer to CDDP
and base or cisplatin release. The same approach was used also
in the third work on the topic,224 studying shorter GTG
sequence demonstrating the catalytic effect of cisplatin on
the reactivity with solvated electrons. CDDP presence increased
the rate constant for interaction with solvated electrons
from (7.4 � 109 mol�1 L s�1) for bare GTG oligomer to
(2.23 � 1010 mol�1 L s�1) for GTG-CDDP complex. Similarly, a
strong enhancement was observed also for double-stranded
oligomers showing an increase of the reaction rate from 2 �
109 mol�1 L s�1 to 7 � 109 mol�1 L s�1. Additionally, the
transformations of intra- to interstrand crosslinks were identi-
fied for CDDP-modified strands using gel electrophoresis.225

Despite a high number of studies in solution, the gas phase
studies with Pt-based organometallics are scarce. The reason
behind this is the weight of the Pt atom and the low decom-
position temperature of organic ligands. If the molecule is not
directly designed for sublimation, there is a high probability
that it will thermally decompose before sublimation. Therefore,
the gas phase experiments with these compounds are very
complicated and as most of the experiments focus on the anion
products, it is also hard to identify, if the attachment occurred

Fig. 10 Radiosensitizers from the group of organometallics and model
compounds, whose reactivity with LEEs is discussed in the text: cisplatin
(4.1), PtBr2 (4.2); PtBr2 (CO)2 (4.3); titanocenes (4.4). The red line marks the
bond broken in the most intense DEA reaction of the molecule identified
for the isolated molecule, and the blue line the dissociation for a solvated
molecule. The minus sign marks the anionic DEA fragment.
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to the parent anion or a part of the molecule formed during
thermal decomposition. This requires either detailed studies of
temperature dependencies or detection of neutral by-products

as already mentioned several times, ideally in the coincidence
regime. Few other organometallic compounds were therefore
studied to better understand the chemistry of CDDP as
well as the details of the chemo-radiation synergism. The
examples are.

4.2 PtBr2

Radiosensitizing potential of this compound was identified in
the work of Śmiałek et al.,226 by evaluating damage enhance-
ment in plasmid DNA upon X-ray irradiation. The DEA reaction
results exclusively in the formation of Br� anions.227 Three
resonances were observed in the spectrum. The most intense
signal at 0.4 eV was assigned to the impurity of HBr as a
possible product of PtBr2 reactions with residual water in the
inlet system since the strong temperature dependence of its
signal did not correlate with the other observed features in the
spectrum. It is worth noting that such behavior of near 0 eV
cross section is not uncommon,228 even though the impurities
are a significant issue in the electron attachment spectroscopy
of halocarbons.229 Based on DFT calculations of reaction
enthalpies, the signal peaking at 1.2 eV and 7 eV was assigned
to DEA reactions leading to PtBr and Pt+Br neutral co-products.

4.3 Pt(CO)2Br2,Pt(CO)2Cl2

Modification of organometallics by carbonyl groups represents
a common way of increasing sublimation efficiency, mainly for
applications in charged particle beam-induced deposition. The
present study demonstrates that such modification can signifi-
cantly influence also the DEA dynamics. For previously dis-
cussed PtBr2 and CDDP, the primary DEA channel is leading to
the formation of halogen anion. Both carbonyls Pt(CO)2Br2

230

and Pt(CO)2Cl2
231 lose primary the CO ligands, despite the

exothermicity of halogen anion formation channel. The pro-
vided explanation is based on the different orbitals available for
electron attachment. While the LUMO of CDDP or PtBr2 has s*
antibonding character LUMO of the carbonyl compounds have
p* character that additionally do not allow energy flow to the
Pt-halogen vibration due to the symmetry restrictions. CO
ligands can provide an effective energy sink via C–O stretches
as shown for Fe(CO)5, prolonging TNI lifetime over several
vibrational periods. As a result the PtBr2 and CDDP fastly
dissociate in a direct non-ergodic process, while the dissocia-
tion of carbonyl molecules will be probably more ergodic. It
would be interesting to theoretically explore the interplay using
time-dependent molecular dynamics approaches.

These studies of seemingly unrelated compounds bearing
carbonyl ligands provide an important insight into the funda-
mental mechanisms of CDDP dissociation with possible con-
sequences for the design of CDDP analogs. Most of the CDDP
successor compounds suggested so far are complex molecules,
where the direct dissociation upon single electron reduction
can be quenched by energy dissipation into internal degrees of
freedom. In other words, a significant portion of energy avail-
able upon single electron reduction is consumed by heating of
the molecule rather than its fragmentation. Pt molecules,
where such energy dissipation is minimized and direct bond

Fig. 11 Enhancement factors for different types of DNA damages from
the ratios of damages for cisplatin–DNA to those of unmodified DNA as a
function of the energy of incident electron reproduced from the work of
Dong et al.221 with permission from American Chemical Society, copyright
2020. We can see that cisplatin enhances all types of damages at all
studied energies showing that there is a constant enhancement compo-
nent introduced by cisplatin such as enhancement of LEE scavenging,
enhancement of access sites or enhancement of the deposited energy.
At the same time, we can see that at some energies the enhancements
are more pronounced, demonstrating also resonant – LEE related
contribution.
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cleavage is possible may be promising radiosensitizers. Indeed
the high radiosensitizing potential of PtBr2 reported by Śmiałek
and co-workers226 supports this hypothesis.

4.4 Bis(pentamethylcyclopentadienyl) titanium(IV) dichloride
and difluoride

The idea behind the study232 is to separate LEE processes from
ionization processes in realistic conditions by designing selec-
tive probes for such processes. Out of the two molecules, the
dichloride efficiently dissociates by the release of Cl� while the
difluoride anion signal upon electron attachment is dominated
by the parent anion. At the same time, the ionization cross
section is controlled by huge pentamethylcyclopentadienyl
rings and it is similar for both molecules. Upon distribution
into the environment, Cl� formation can be used as a selective
probe for electron attachment and therefore contribute to the
evaluation of absolute numbers for the reactions of secondary
LEEs in radiation chemistry and chemo-radiation synergism.

5 Other small molecules

LEE reactions of several other small molecule radiosnesitizers
were explored, such as the ones shown in Fig. 12.

5.1 Fluorodeoxyglucose

Fluorodeoxyglucose, which is commonly used in tumor ima-
ging in its F18 form is an example of a sugar with high reactivity
towards LEEs. Electrons lower than 2 eV can cause the decom-
position of FDG and it leads to 7 anions out of them, C3H3O2

�

has the highest yield. Dissociation of HF is less energetic
demanding than dissociation of F�. Therefore, F� is forming
only a minor DEA channel. However, the formed TNIs can
decompose via a large number of dissociating channels includ-
ing ring opening and reactions leading to the formation of
neutral molecules, such as H2 O, H2, HF.233

5.2 Hydroxyurea

Upon administration in living organisms, hydroxyurea effi-
ciently creates nitric oxide in a set of one to three electron redox
reactions.234 Nitric oxide inhibits ribonucleotide reductase
enzyme, as discussed for nitroimidazoles, which is believed to

be the primary mechanism of action.235 However, other reactive
species can also be formed such as hydroxylamine or hydrogen
peroxide, which are genotoxic.236 The need to understand
multiple electron reduction as well as the involvement of
electron affinic radiosensitizers in DNA repair was already
mentioned in several places within the review.

Hydroxyurea has a large dipole and therefore it can attach
electrons via VFRs.237 However, the parent anion is unstable
and fragments due to the high electron affinity of its compo-
nents. The most intense anion reported is NCO�. The electron
attachment spectrum shows three peaks at 0 eV, 0.1 eV, and
0.4 eV, which is not typical for the vibrational structure that
should be in this region distributed approximately equidis-
tantly. On the other side, Therefore an explanation for the
structure was based on the possible attachment of the electron
into three different conformers of the molecule that could be
present in the gas phase. The process discussed e.g. for amino
acid serine.238 Other fragments are produced via shape reso-
nance peaking at B2 eV ((M–H)�, (M–OH)�, (M–H2O)�,CN�)
and core excited resonance B6 eV ((M–H2O)�, NH2

�, OH�,
CN�). No hydroxylamine was observed upon LEE. It wil be
definitely interesting to explore how hydration changes the
hydroxyurea reaction dynamics.

5.3 3-Bromopyruvic acid

3-Bromopyruvic acid is similar to the discussed nitroimidazoles
active in hypoxic cells. The believed mechanism is via inhibi-
tion of glycolytic pathway enzymes.239 These are more pro-
nounced in tumors due to hypoxia. Under normoxia, the
energy is gained via ATP phosphorylation. It is worth mention-
ing that electron transfer reactions play an important role in
both hypoxic and normoxic glycolysis,240 which may have
consequences for the secondary LEE effects on the cell viability.
Electron attachment 3Br pyruvic acid is dominated by strong
Br� ion yield at near 0 eV energies,241 which corresponds to the
s-wave attachment and exothermic dissociation (ref. (Fig. 1a)).
This is in strong contrast to pyruvic acid, where VFRs are
observed with only a short lifetime with respect to autodetach-
ment and therefore they are detected only upon anion stabili-
zation in a three-body process.195 This strong enhancement of
the electron attachment cross-section by Br substituent was
proposed as one of the possible mechanisms of radiosensitiza-
tion by 3-bromopyruvic acid.

Another important observation is a strong shift in the
electronic excited states of the anion due to the presence of
bromine. While in pyruvic acid, the core excited resonances
peak above B6 eV, in 3-bromopyruvic acid it is at under 5 eV.

6 Conclusions and perspective

A large number of radiosensitizing molecules has been studied
concerning LEE interactions during recent years. Studies for
DNA base components, nitroimidazoles, and organometallics
already demonstrated the variety of interaction regimes with
LEEs and suggested some important mechanisms that can

Fig. 12 Other small molecule radiosensitizers discussed in the text:
fluorodeoxyglucose (5.1), hydroxyurea2 (5.2) and 3-bromopyruvic acid
(5.3). The red line marks the bond broken in the most intense DEA reaction
of the molecule identified for the isolated molecule, and the blue line the
dissociation for a solvated molecule. The minus sign marks the anionic
DEA fragment.
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contribute to the high efficiency of these compounds in con-
comitant chemo-radiotherapy. While DNA bases or platinum
compounds decompose exothermically in processes that
often cannot be prevented by energy transfer to the environ-
ment, nitro-azole decomposition is more energetically
neutral and their anions often stabilize in the environment.
DEA therefore does not provide the only explanation of the
fundamental radiosensitizing mechanism by electron
affinic radiosensitizers. The overview of so far suggested
mechanisms is in Fig. 13 To provide real societal impact, these
mechanisms need to be evaluated on more complex biophysical
models.

For example, in the molecular physics community, enor-
mous focus is given to DNA interactions and damage. This is
natural since DNA damage is the most lethal form of cellular
damage. On the other hand, life evolved in an environment
with a relatively high radiation background, and therefore,
various mechanisms exist in living organisms to mitigate
radiation damage to DNA.242 Instead of focusing on DNA
damage, as something expected by the organism, we should
focus on the less expected changes in the cellular environment.
When exploring the effects of the three types of molecules
reviewed here, each of them is actively influencing the
DNA repair processes. The role of LEEs in the repair process
is practically unexplored. For that, a crucial point will be
to involve the repair enzymes in more complex studies
in a realistic environment. On the level of DNA in bulk solution,

one can use time-resolved absorption spectroscopy243 or
state-of-the-art X-ray crystallography.244,245 Another approach
is to design complex architectures for single-molecule
experiments.246 One such architecture, the DNA origami frame
developed by Endo et al. was already demonstrated to be
suitable for enzyme interaction studies.(e.g. ref. 247).

Further directions of complex biological pathways that may
be explored concerning the evolution of the negative ions and
radicals produced by secondary LEEs on chemical and biologi-
cal timescales of radiation interaction with radiosensitizing
compounds are shown in the red box of the Fig. 13. Except
for the mentioned DNA repair processes these include effects
on the cellular membrane or metabolism that are practically
unexplored and will require in vitro biophysical and biochem-
istry studies.248 Another direction is the higher-order structure
of DNA. In this direction, the telomeric sequences are in the
focus at the moment.249,250

The suggested studies of biological consequences can pro-
vide guidelines for selecting relevant targets for LEE interac-
tions on the molecular level. Only systematic experimental
studies on the molecular level, which can be well complemen-
ted by computational modeling, can provide the level of under-
standing required for reaching the ultimate objective of all
these efforts – providing the base for the rational design of
novel chemo-radiotherapy agents. The basic needs that we
identified are visualized in Fig. 14 and in this section, we will
describe them in more detail.

Fig. 13 Different mechanisms proposed for radiosensitising and synergistic effects of LEEs with derivatives of DNA components, nitro azoles and
organometallics. So far the research has focused on direct DNA sensitization towards the LEEs by enhancement of base excision, mutations, crosslinks,
single and double-strand breaks, or clustered damages as depicted in the central green box of the image. The combined action of LEEs and the
radiosensitizers on the other cellular mechanisms is practically unexplored. LEE based radiosnesitizers can form negative parent ions or reactive species
that can influence repair enzymes, electron transfer chains through cellular membranes, interact with membrane lipids and proteins, modify the higher
order structure of DNA or enter into mitochondrial and other cell metabolism processes. Exploration of these processes will require further extension of
molecular physics experiments towards biochemistry and biophysics.
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6.1 Multiple electron reduction

Studies with isolated molecules or clusters are performed for
singly charged species. Complex molecules can undergo multi-
ple electron reductions, particularly in an environment, where
the singly charged TNI can be stabilized by energy transfer to
solvent. Multiply-charged anions in the gas phase attracted
significant interest in 1990s and 2000s.251–254 Their preparation
using the electrospray or sputtering technique is straightfor-
ward and state of the art time resolved photoelectron spectro-
scopy can already reveal intringuing details of state to state,
oxidation or dissociation dynamics of these species.255–257

Here we suggest that in addition to studies of these stable
species, the field will profit from studies mimicking the multi-
ple electron reduction and therefore performing step-by-step
electron attachment, ideally in a time-resolved manner. While
some information about the process can be revealed from
voltametry201 the details of the dynamics can be revealed only
by performing step-by-step attachment of electrons, similar
to the pioneering experiment with C84 of Compton and
coworkers.258

6.2 Absolute numbers for LEE formation and reaction rates

The number of works studying absolute numbers for LEE-
induced reactions in complex biomolecular systems is low
(see e.g. ref. 259) and the number of studies including radio-
sensitizers is even lower. Examples include surface experiments
on DNA origami templates in vacuum,85,260,261 in controlled
environment,213,220 or bulk.225 While the measurements of
absolute cross sections for LEE interactions of isolated mole-
cules is straightforward, the number of parameters influencing
the reactivity in the more complex environment is high and
needs to be carefully analysed.262

The most promising approach seems to be pulsed radiolysis,
where, however, the LEE reactions are generally induced by
high-energy radiation. The disentangling of LEE contribution is
not straightforward. Either the laser-induced electron transfer
has to be used as in the seminal works of Q. B. Lu, or the
environment has to be precisely controlled by modifying

electron scavenger (such as oxygen), or radical scavenger
(such as tris) content. (e.g. ref. 134, 222, 263 and 264). However,
the experiments must be perfromed with care about the the
LEE-induced chemistry of buffer components to avoid
misinterpretations.101,265,266

Another possible approach can be quantitative electron-
induced fluorescence.267 A properly designed fluorescent probe
requiring singlet to triplet excitation by LEEs to induce fluores-
cence can be irradiated by LEEs in realistic environments e.g. in
liquid jets.265,268

Two approaches to LEE-induced processes come from the
field of aerosol research. In the first approach, a photoelectron
is produced inside homogeneous or heterogeneous aerosol by a
tunable wavelength light source and escapes the aerosol.269,270

Combination of this approach with biomolecular doping and
advanced anion detection techniques may provide new insight
into transient anion formation as well as dynamics. The second
approach already significantly contributed to establish the
links between the radiation chemistry in bulk and the for-
mation of transient negative ions. In the experiment, a high-
energy ionizing particle interacts with aerosols containing
molecules of interest, and negative ions are analyzed using
mass spectrometry.271 The technique was already applied to
several biomolecular targets.272–274 Adaptation of these techni-
ques for absolute data measurements would be beneficial.

The methods to prepare and study LEE-induced processes at
biologically relevant conditions are the subject of recent reviews
of Gao and co-workers275 or that of Alizadeh and Ptasinska.276

6.3 Environmental effects

The reviewed experiments are on a limited set of molecular
systems that cannot reproduce the complex radiation chemistry
in biological buffers. We need to experimentally explore a
much larger amount of solvent, counter ions, or cellular
components, such as DNA-peptide or lipid TNI formation,
and their dynamics in various solvents.

There is an ongoing discussion about shifts of the electron
attachment resonances in the presence of a solvent.277–279 For
some systems, the shifts can be identified using photoelectron

Fig. 14 Suggested experimental research directions for exploration of LEE interactions with model radiosensitizers. Interplay between the needs and
current state of the art can be visualized by a pyramid, where the importance decreases from the top to the bottom of the pyramid, while the present
number of the studies is represented by the area of the corresponding level of the pyramid.
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spectroscopy.280,281 However, as reviewed here for radiosensiti-
zers, the anions often undergo DEA, TNIs are pre-dissociated or
they undergo isomerizations. In such cases, the stable anion
states, which can be used for photoelectron spectroscopy, do
not correspond to that of the anion forming in the vertical
attachment process. For some systems, this can be solved by
electron transfer photoelectron spectroscopy.31 However, the
most straightforward approach to probe the energetics of
the initial electron attachment states will be a combination of
the state-of-the-art sources of neutral cluster beams with elec-
tron sources having high energy resolution.

Another important issue is the stability of the molecular
anions in the solvent. The cluster experiments, with relatively
large water clusters, demonstrated that the initial resonant
states correspond to that of individual solvated molecules
rather than to the electron attachment to the water cluster via
polarization interaction (e.g. Fig. 9).76 However, there exists a
theoretical prediction that in some systems the attachment or
transfer of the electron to the solvent282–284 may be very
effective. Except for the energy sink, the environment can
provide an electron sink. In cluster beam experiments, we can
probably explore the limits of the cluster size, at which the
interaction with solvated molecules is completely shielded.
Such information can be compared with the minimal molecu-
lar concentrations required to observe LEE effects in realistic
environments. Important is to understand that while electron
affinity is a characteristic of a single molecule, the potential
well that traps the solvated electron requires the rearrangement
of several molecules, and therefore even the adiabatically
exothermic processes are often not barrierless. Anion lifetime
and charge transfer to solvent studies using state of the art
spectroscopy in gas phase or bulk can provide better insight
into this interesting topic.

6.4 Neutral detection

The need for the studies of LEE processes in biologically
relevant molecules was already well defined by Ptasinska
et al.285 The detection of neutrals is important for the process
of neutral dissociation upon electron impact as well as
for dissociative electron attachment.1 In the first case,
various techniques were developed historically from electron
energy loss-based approaches used mainly for diatomics to
electron-induced fluorescence measurements performing well
at higher energies, where electronically excited fragments are
forming.286–288 Interesting can be a combination of the fluores-
cence technique with coincidence measurement of the out-
going electron, since the outgoing electron will provide
information about the initial dissociative state while photons
the final state of the dissociated fragment.

In the case of DEA process, except for the detection of
neutral itself, as performed in the current state-of-the-art
experiments,289–291 it will be beneficial to have the option to
perform a detailed analysis of the neutral products. Only in
such a way the complex rearrangement (e.g. ref. 204 or neutral
molecule117) formation mechanisms could be unambiguously
identified. Considering the low densities of the products

formed upon DEA, this will probably require sensitive laser
based techniques such as the resonance-enhanced multipho-
ton ionization, as employed e.g. in the electron-induced
desorption studies of Lane and Orlando.292

6.5 DEA

The number of DEA studies with radiosensitizers is significant
and some general trends in the dynamics were already over-
viewed in the present perspective. However, we are still missing
systematic studies on larger sets of molecules.

Particularly interesting could be studies of azole derivatives.
While the field focuses on imidazoles, there are also other
molecules with azole ring having radiosensitizing potential.293

They form specific stacking interactions and they are intensely
used in the drug design due to their biomimetic nature as well
as because azoles are the product of several click chemistry
reactions294 widely used in the modern drug design.295 Except
for the better understanding of the radiosensitizing properties
and possibly giving guidelines for the rational design of
chemo-radiotherapeutics, the ring opening attachment can
provide a way for selective modification of bonds created by
click chemistry.

Another possible field of interest are organometallic com-
plexes. Practically, the only thoroughly explored molecule is
CDDP, few attempts for resembling LEE processes in solution
exist for the CDDP analogs.77,213,296 However, there are
many other organometallic molecules with promising radio-
therapy applications,297 particularly these are ruthenium arene
complexes.263,298

The suggestions described in this part can be summarized
in three directions. The first is the absolute numbers for the
LEE-induced reactions that will allow unambiguous identifi-
cation of the most relevant processes in chemo-radiation
synergism. The second is the evolution of the TNI to under-
stand not only the energetics of the processes but also the final
products of LEE interaction in realistic environments upon
electron transfer and multiple electron reduction. The third
direction should focus on establishing more rigid connections
between the initial LEE-induced processes occurring in the
physico-chemical stage of ionizing radiation interaction and
their biological consequences. For that, more active collabora-
tions between physical chemists, biophysicists, and/or bioche-
mists will be required.
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I. I. Fabrikant, J. Kočišek and J. Fedor, Phys. Chem. Chem.
Phys., 2018, 20, 11692–11701.

23 Y.-R. Zhang, D.-F. Yuan, C.-H. Qian, G.-Z. Zhu and L.-S.
Wang, J. Am. Chem. Soc., 2023, 145, 14952–14962.

24 D.-F. Yuan, Y. Liu, Y.-R. Zhang and L.-S. Wang, J. Am.
Chem. Soc., 2023, 145, 5512–5522.

25 C.-H. Qian, G.-Z. Zhu and L.-S. Wang, J. Phys. Chem. Lett.,
2019, 10, 6472–6477.

26 Y.-R. Zhang, D.-F. Yuan and L.-S. Wang, J. Phys. Chem. Lett.,
2022, 13, 2124–2129.

27 C. Desfrançois, H. Abdoul-Carime and J.-P. Schermann,
Int. J. Mod. Phys. B, 1996, 10, 1339–1395.

28 D. H. Kang, J. Kim, H. J. Eun and S. K. Kim, J. Am. Chem.
Soc., 2022, 144, 16077–16085.

29 T. Sommerfeld, J. Phys. Chem. A, 2004, 108, 9150–9154.
30 J. H. Hendricks, S. A. Lyapustina, H. L. de Clercq,

J. T. Snodgrass and K. H. Bowen, J. Chem. Phys., 1996,
104, 7788–7791.

31 A. Kunin and D. M. Neumark, Phys. Chem. Chem. Phys.,
2019, 21, 7239–7255.

32 X. Li, K. H. Bowen, M. Haranczyk, R. A. Bachorz,
K. Mazurkiewicz, J. Rak and M. Gutowski, J. Chem. Phys.,
2007, 127, 174309.

33 D. Chen and G. A. Gallup, J. Chem. Phys., 1990, 93,
8893–8901.

34 G. J. Schulz, Rev. Mod. Phys., 1973, 45, 423–486.
35 J. N. Bardsley, A. Herzenberg and F. Mandl, Proc. Phys. Soc.,

1966, 89, 321.
36 T. P. Ragesh Kumar, P. Nag, M. Ranković, T. F. M. Luxford,
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L. Chomicz-Mańka, M. Torchala and J. Rak, J. Phys. Chem.
B, 2023, 2565–2574.

150 H. Abdoul-Carime, P. Limão-Vieira, S. Gohlke, I. Petrushko,
N. J. Mason and E. Illenberger, Chem. Phys. Lett., 2004, 393,
442–447.

151 S. Denifl, P. Candori, S. Ptasińska, P. Limão-Vieira, V. Grill,
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J. Kočišek, Eur. Phys. J. D, 2018, 72, 112.
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Electron attachment to isolated and
microhydrated favipiravir†

Barbora Sedmidubská, ab Thomas F. M. Luxford a and Jaroslav Kočišek *a

Electron attachment and its equivalent in complex environments, single-electron reduction, are

important in many biological processes. Here, we experimentally study the electron attachment to

favipiravir, a well-known antiviral agent. Electron attachment spectroscopy is used to explore the

energetics of associative (AEA) and dissociative (DEA) electron attachment to isolated favipiravir.

AEA dominates the interaction and the yields of the fragment anions after DEA are an order of

magnitude lower than that of the parent anion. DEA primary proceeds via decomposition of the CONH2

functional group, which is supported by reaction threshold calculations using ab initio methods. Mass

spectrometry of small favipiravir–water clusters demonstrates that a lot of energy is transferred to the

solvent upon electron attachment. The energy gained upon electron attachment, and the high stability

of the parent anion were previously suggested as important properties for the action of several

electron-affinic radiosensitizers. If any of these mechanisms cause synergism in chemo-radiation

therapy, favipiravir could be repurposed as a radiosensitizer.

1 Introduction

The present study is motivated by the fact that many biological
processes based on reduction can be related to electron attach-
ment (EA). This relation was explored by the Modelli and
Pshenichnyuk groups for a wide range of biological processes,
from metabolic pathways to the functionality of the olfactory
system.1–7 The electron reduction properties can also influence
the transport of drugs through biological membranes and
influence their target binding properties.8,9 Recently, the RNA
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inhibitor efficiency of favipiravir tautomers was related to the
energy difference between its highest occupied (HOMO) and
lowest unoccupied (LUMO) molecular orbitals.10 Unoccupied
orbitals can become singly occupied upon electron attachment
and appear as so-called shape resonances in the electron
scattering spectrum. A present study of the electron attachment
to favipiravir may therefore provide an important key to better
understand its activity.

Another important motivation is based on the relation of low-
energy electrons to the synergism observed in the concomitant
chemo-radiation therapy of cancer.11,12 Two facts motivated a range
of studies on the relation of low-energy electrons to the synergistic
action of radiation with a range of chemotherapeutic and radio-
sensitizing drugs.13,14 The first fact is a large amount of available
secondary low-energy electrons in the irradiated tissue.15,16 The
second fact is that despite the different possible modes of
action,17 most of the known small molecule radiosensitizers and
their important functional groups have high electron affinities.18

Processes such as the formation of reactive anions and radical
species via dissociative electron attachment,19–22 enhanced linear
energy transfer,23 transport properties8 due to associative electron
attachment, or DNA sensitization24–30 have been proposed as
possible sources of synergism observed in concomitant chemo-
radiation therapy. Several of the processes were then used to suggest
novel radiosensitizers.31–34 However, in many cases, the suggested
molecules with ‘‘ideal’’ electron-attachment properties fail to
exhibit the synergism35 or are biologically incompatible.36 Since
drug repurposing37 is becoming still more important and antiviro-
tics are often chosen as cancer chemo or even chemo-radio
therapeutics,38–43 we explore favipiravir as a promising candidate
for an electron affinic radiosensitizer.

Favipiravir (Fig. 1) has already been established as a broad-
range antivirotic44–47 with good biocompatibility48 and known
pharmacokinetics.49,50 Here, we explore its behavior in the
reactions with low-energy electrons using electron attachment

spectroscopy of the isolated and microhydrated molecule and
perform basic computational modeling to support our
experimental data.

2 Methods
2.1 Experimental

Favipiravir was purchased from Santiago Labs with stated
purity of 99% and its electron-induced chemistry was explored
on two experimental setups. The isolated molecule was studied
using the TEM-QMS setup51 and hydration effects were studied
using the CLUster Beam (CLUB) apparatus in the M. Fárnı́k
group.52

The TEM-QMS apparatus is an electron attachment spectro-
meter combining a trochoidal electron monochromator (TEM)
with a quadrupole mass spectrometer (QMS) analyser originally
built in the M. Allan group.53 With the TEM,54 electrons
thermo-emitted from an iridium-yttrium cathode, are selected
according to their kinetic energy, narrowing the initial electron
energy distribution function. In the present experiment, the
electron-energy resolution was around 150 meV as estimated
from the FWHM of the 0 eV peak in the anion yield for AEA to
sulphur hexafluoride.55 The electrons collide with sample
molecules in the reaction chamber and the formed ions are
extracted towards the QMS. Two modes of operation are
possible, with ion yield measurement as a function of incident
electron energy at a constant m/z of QMS or ion yield measure-
ment as a function of m/z at constant incident electron energy.
Favipiravir was introduced using the direct insertion probe.56

Sample powder was loaded into a glass bulb and placed at the
end of the probe, which was inserted into a resistively heated
copper cylinder with the constant temperature kept at 340 K.
The sublimed molecules effused into the reaction zone through
a 1 cm long capillary. For calibration of the energy axis,
we used SF6 and CO2 gases, which were introduced through
the same inlet. The 4.3 eV resonance of O� from CO2

57 was
used to calibrate the electron-energy axis and 0 eV resonance of
SF6
� from SF6 to determine the energy threshold for electron

transmission through the TEM. In the present case, the
threshold is around 0.1 eV and constant electron current is
reached around 0.25 eV as demonstrated on SF6

� signal
in Fig. 2. Anion yields lower than this value presented in this
work, particularly the yield of parent anion, are therefore
underestimated.

On the CLUB setup, we only used the neutral cluster source
and reflectron time-of-flight mass spectrometer. Experimental
details for the negative and positive mass spectra measure-
ments can be found in ref. 58 and 59, respectively.
The molecular target was prepared by co-expansion of He buffer
gas and favipiravir vapors through a conical 90 mm nozzle into
the vacuum. Clusters of microhydrated molecules were pre-
pared by an approach developed in our laboratory based on the
addition of a small amount of water into the buffer gas through
the Nafion membrane.60 During all experiments, the sample
was sublimed at a temperature of approximately 85 1C. To test

Jaroslav Kočišek
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the thermal stability of the molecule, we heated the sample up
to 118 1C. Even at this elevated temperature, we did not observe
any new product ions due to thermal decomposition in the
ionization MS (see ESI†).

2.2 Ab initio calculations

Two favipiravir conformers, differing in the orientation of the
CONH2 functional group, its keto form, and their respective
anions, were pre-optimized at the B3LYP/6-31(d) level of theory
and then optimized at the B3LYP/aug-cc-pVTZ level of theory.
The structures of neutrals and respective energies of neutrals
and anions optimized at the B3LYP/aug-cc-pVTZ level of theory
are in Fig. 1 The order of the conformers was checked by energy
calculation using G3MP261 method and method error by re-
optimizing the B3LYP62 structures using M062x63 functional
and the same aug-cc-PVTZ basis set. Adiabatic electron affi-
nities were calculated as a difference of the neutral and anion
energies in their optimized geometry and they are listed
together with other parameters in Table 1.

Then, energetic thresholds for individual reaction channels
of DEA to favipiravir were calculated at the B3LYP/aug-cc-pVTZ
theory to support the experimental results. Threshold energies
were obtained using the formula:

Eth = EMa
� + EMb

� EM (1)

where EMa
� and EMb

are the energies of the anion and neutral
fragments respectively (if there are multiple neutral fragments,

Fig. 1 Optimized structures of stable conformers A, B and keto tautomers B, C of favipiravir and their respective anions. Energies in eV relative to the
most stable neutral conformer A calculated at the B3LYP/aug-cc-pVTZ level of theory.

Fig. 2 Electron energy-dependent ion yields for AEA to favipiravir and sulfur
hexafluoride. The drop of the anion yield belowB0.25 eV is caused by decrease
of the incident electron current below this value. Anion yields at energies lower
than B0.25 eV presented in this work are, therefore, underestimated.
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then EMb
is the sum of all neutral fragment energies), and EM is

the energy of the neutral parent molecule. These energies
correspond to the sum of electronic and zero-point correction
energies in the Gaussian output file. Again the method error
was checked by recalculating the values at M062x/aug-cc-PVTZ
level(see ESI†).

Finally, virtual orbital energies of favipiravir were calculated
at the HF/6-31G* level of theory, using the structures optimised
at the B3LYP/aug-cc-PVTZ level of theory. These energies were
then scaled to obtain vertical attachment energies according to
the empirical formula of Aflatooni et al.64:

VAE = [eVO � 2.5553]/1.3749 (2)

where VAE is the vertical attachment energy and eVO is the
virtual orbital energy.

All calculations were performed in Gaussian 1665 and the
results were analyzed and visualized using Chemcraft.66

3 Results and discussion
3.1 Isolated molecule

Structures of the most stable isomers and keto tautomers of
favipiravir are shown in Fig. 1. Conformer A is the most stable
conformer of neutral favipiravir, independent of the computa-
tional method (Table 1), due to the aromatic nature of the ring
and being stabilized by O(9)–H(15) hydrogen bond (atom
numbers are shown on the structure of conformer A of
Fig. 1). The energy of the conformer is (depending on the
method) B0.5 eV below the other studied structures and
therefore will dominate the gas phase distribution of the
sublimed favipiravir. The recent work of Antonov67 also demon-
strated the stability of this conformer in various solvents. We
will therefore relate all energies in the following discussion to
this most stable conformer A. The energy difference due to
different conformers of the neutral precursor molecule may be
easily estimated from Table 1.

The calculated adiabatic electron affinity of the molecule is
1.3 eV (Fig. 1 and Table 1). Therefore, favipiravir can form a
stable valence-bound anion, which is also close in geometry to
the neutral molecule. However, in its anionic state, the energy
gap between the enol A conformer and keto D conformer is

much lower than in the case of the neutral molecule and
therefore both forms may be present. This may influence the
dissociation dynamics, as will be discussed later.

An estimated value of the vertical electron affinity at the
B3LYP/aug-cc-pVTZ level of theory is 0.3 eV. The value may vary
due to the limitations of the DFT approach,68 however, its
positive character is clear also from our estimation of the
negative value of the LUMO vertical attachment energy (Fig. 3).

Favipiravir has a large dipole moment. The most stable
conformer A has the lowest dipole moment (3.3 D) of all
explored conformers, above the commonly set limits for the
formation of dipole supported states of the anion (ref. 69 and
references cited therein).

The incident electron energy dependent ion yields for the
most stable anionic products of electron attachment to isolated
favipiravir are shown in Fig. 4 and relative intensities of the
bands, obtained as the area of Gaussian peaks fitted to the
data, are listed in Table 2. The yields peak at energies of around
0, 1, 2, 3, 4, 5, 7, and 9 eV. The 0 eV peak is observed only for the
parent anion. The 2, 3, and 5 eV peaks can be assigned to shape
resonances according to estimated vertical attachment energies
of LUMO+2, 4, and 7 (see Fig. 3). The yields peaking at 1 or 4 eV
can also be due to the attachment to virtual orbitals, however,
their low energy onset may be shifted due to the reaction
endothermicity, which will be discussed later. The high energy
peaks in the spectrum can be formed by core excited Feshbach
resonances or core excited shape resonances. Unfortunately,
the photo-electron spectrum of favipiravir, which would allow

Table 1 Relative energies and dipole moments of optimized ground state
neutral and anion conformers of favipiravir computed at the B3LYP/aug-
cc-pVTZ, G3MP2 and M062x/aug-cc-pVTZ level of theory. All energies are
in eV relative to the conformer A, which is the lowest energy neutral
conformer at all levels of theory. All dipole moments are in D

Conformer
Energy
B3LYP

Energy
G3MP2

Energy
M062x

Dipole moment
B3LYP

A 0 0 0 3.2
B 0.47 0.44 0.79 5.7
C 0.49 0.57 0.34 6
D 0.64 0.72 1.09 5.3
A� �1.27 �1.14 �0.68 4.8
B� �0.66 �0.54 �0.3 7.8
C� �0.95 �0.91 �0.9 9.2
D� �1.11 �0.73 �0.5 9.1

Fig. 3 Contour plots of the highest occupied (HOMO) and low-lying
virtual orbitals of favipiravir. The orbitals were calculated at the HF/6-
31G(d) level of theory. The numbers in eV are vertical attachment energies
according to the formula (2).
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us to better identify the Feshbach resonances70–72 has not yet
been measured.

Positions of the Feshbach resonances can be, however,
estimated on the basis of known resonances for components
of the molecule,56,73 such as pyrazine or small amides. From the
known electron energy loss spectrum of pyrazine,74 which
matches the central favipiravir ring structure, we expect that
Feshbach resonances in favipiravir can occur as low as at 4 eV.
Further excited states of pyrazine are available at 5 eV, 6.5 eV,
and 7.5 eV. For the amide functional group, excited states may
be expected at higher energies of 7 eV and 9 eV, based on
electron energy loss and DEA data of small amides.75,76

However, for amides also an alternative process of core excited
shape resonances was suggested,77 but has yet to be confirmed.78

The product anion yield is dominated by the parent favipir-
avir anion M�. Several mechanisms for the formation of the
anion at low energies are possible. As we discussed in the
previous paragraphs, the attachment is exothermic and there-
fore attachment at 0 eV can be expected. The high dipole
moment and similar geometries of the neutral and anion allow
for dipole-supported vibrational Feshbach resonances, which
are known DEA to various molecules.79–81 The electron-energy
dependent ion yield curve of the M� anion is shown in detail in
Fig. 2. First, we can not see the onset at expected 0 eV but at
B0.1 eV due to the electron transmission function of the
monochromator, which can be well demonstrated on the
comparison with SF6

� ion yield with the known 0 eV resonance
and similar onset. Second, there is a small bump at energies
B0.4 eV, which may be an indication of vibrational structure.
However, the vibrational mode can not be unambiguously

assigned because the spectrum is shifted by the electron
transmission function of the monochromator. In bare pyrazine
(the central cyclic structure of favipiravir), the structures in
electron scattering were assigned to breathing modes of the
ring.82 In the present case, the energy is high, if we exclude a
possibility that more structures occur in the part of the ion yield
to which we are blind, the modes involved will be rather O–H or
C–H stretches. However, the bump in the spectrum may also be
simply an experimental artefact or indication of attachment via
the low-lying p shape resonance. Vertical attachment to
LUMO+1 may occur for electrons with energies B0.5 eV
(Fig. 3) according to the scaling of Aflatooni et al.64

A clear structure around 2 eV in the spectrum of M�, in the
panel a) of Fig. 4 can be also assigned to a shape resonance of
LUMO+2.

We can see that for several bands in the spectrum of
favipiravir, there are multiple possible explanations of the
undergoing attachment mechanism. Their unambiguous
identification requires further experiments. We will not spec-
ulate here and will instead focus on the exit channel of the DEA,
which was directly studied in the present experiment.

The main DEA channels of favipiravir are listed in Table 2,
together with their calculated threshold energies and informa-
tion about the relative intensities of the main peaks in the
experimentally measured ion yields (Fig. 4). As already men-
tioned, AEA dominates the interaction. In Table 2, where the
intensity of the near 0 eV peak of M� is set to 100, the intensity
of the second most intense peak in the yield of EA products to
favipiravir corresponds to the loss of the CONH2 functional
group at energies of incident electrons B5 eV, which has a

Fig. 4 Electron-energy dependent ion yields for the main products of EA to favipiravir. The contributions of ion signal from neighboring m/z due to low
selectivity of QMS are marked by *.
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relative intensity of 6. It is important to mention that the
relative intensity ratios in the present experiment may be
influenced by the ion optics and quadrupole mass filter trans-
mission settings, which are mass-dependent. To minimize
these effects we tuned the ion optics for maximum transmis-
sion at m/z = 79, Br� anion, which is present as a background in
the TEM-QMS setup and is approximately in the center of the
m/z fragment distribution. However, the relative intensities may
still vary by up to B20%.

[M–CONH2]� can be formed by the simple breaking of the
C(4)–C(8) bond. The electron energy-dependent spectrum for its
formation is shown on panel d) of Fig. 4. The calculated
threshold energy for this process is 4 eV (Table 2). This means
that there is sufficient energy in the system for this process to
occur at incident electron energies above 4 eV, while it is
energetically inaccessible at incident electron energies below
4 eV. The onset of the most intense peak in the spectrum is
around 3.5 eV, below the calculated reaction threshold for

Table 2 Main EA channels. Reaction thresholds obtained from calculations using B3LYP functional with the aug-cc-pVTZ basis set. Peak positions and relative
intensities of anions from electron-energy dependent ion yields. All energies are presented in units of eV. Relative intensities in arbitrary units with maximum set to
100. The error of the relative intensity is influenced by the settings of the ion optics of the mass spectrometer and may reach 20%. The error of the peak position is
on the level of the current TEM resolution B150 meV. Structures of fragment conformers labelled A, B, C. . . are available in the ESI

m/z Anion Neutral M + e� - products calculated threshold Experimental peak energy (relative intensity)

157 C5H4FN3O2
� B0(100); 2.2(0.06)

156 C5H3FN3O2
� 1.8(0.2); 3.2(0.12)

[M–H]� A H(15) 0.64
[M–H]� B H(13) 1.03
[M–H]� C H(15) 1.03
[M–H]� D H(12) 2.05
[M–H]� E H(13) 2.22
[M–H]� F H(12) 2.50

140 C5HFN2O2
� 1.1(1.4); 1.9(0.26)

[M–NH3]� NH3 0.17
[M–OH]� A OH 2.96
[M–OH]� B OH 3.17
[M–OH]� C OH 4.92
[M–OH]� D OH 5.03

113 C4H2FN2O� 5.0(6.0); 6.8(1.1) 8.5(0.67)
[M–CONH2]� A CO + NH2 3.24
[M–CONH2]� B CO + NH2 3.46
[M–CONH2]� C CO + NH2 3.62
[M–CONH2]� A CONH2 4.39
[M–CONH2]� B CONH2 4.61
[M–CONH2]� C CONH2 4.77

112 C4HFN2O� 2.3(1.8); 4.3(3.3)
[M–CONH3]� A CONH3 0.86
[M–CONH3]� A CO + NH3 1.31
[M–CONH3]� B CONH3 1.96
[M–CONH3]� B CO + NH3 2.41
[M–CONH3]� C CONH3 2.35
[M–CONH3]� C CO + NH3 2.8
[M–CONH3]� D CONH3 2.4
[M–CONH3]� D CO + NH3 2.85

42 OCN� — — 5.0(1.4); 6.6(0.4);
OCN� C4H4FN2O 1.93
OCN� H2 + C4H2FN2O A 4.1
OCN� H2 + C4H2FN2O B 4.87
OCN� H2 + C4H2FN2O C 4.95

26 CN� — — 5.0(0.17); 8.7(0.55)
CN� H2O + C4H2FN2O A 1.85
CN� C4H4FN2O2 1.97
CN� HF + C4H3N2O2 2.61
CN� H2O + C4H2FN2O B 2.62
CN� H2O + C4H2FN2O C 2.7

19 F� — — 5.0(0.02); 9.4(0.1)
F� (M–F) A 1.72
F� (M–F) B 2.15
F� (M–F) C 2.15
F� (M–F) D 2.34
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simple C(4)–C(8) bond cleavage, and is therefore energetically
inaccessible. Only when we consider further dissociation of the
CONH2 fragment into more stable CO and NH2 molecules,
the calculated threshold energy shifts below the experimentally
observed threshold. Additionally, there is a peak with a
maximum at around 2 eV, which is an experimental artefact,
caused by the low selectivity of the QMS. The low energy peak is
a contribution from neighboring intense fragment ion,
[M–CONH3]�, as can be read from its spectra discussed in the
next paragraph.

The second most intense fragment ion is [M–CONH3]�,
whose spectrum is shown in Fig. 4, panel e). In certain config-
urations of the anion, the H(15) hydrogen of the OH group can
be easily transferred to the amino group. Then, the formation
of CO and NH3 neutral fragments together with the C4HFNO�

anion is possible at energies as low as 0.86 eV, explaining the
first peak in the ion yield. The second peak in the spectrum can
be due to anions formed after H(12) removal, which requires
more than 2 eV.

The spectrum of the third most intense fragment, OCN� is
shown in panel f) of Fig. 4. Due to its high electron affinity (EA),
OCN� is a common ion formed by DEA to many biologically
relevant molecules in the gas phase,83–90 as well as clusters58

and molecules deposited on surfaces.91,92 The high electron
affinity of OCN (B3.6 eV)93 allows for very complex rearrange-
ment and fragmentation reactions to be induced by the attach-
ment of low-energy electrons.83,86 In the present case, the most
straightforward pathway for OCN� extraction is the cleavage of
C(4)–C(8) bond followed by the elimination of H2 from the
resulting CONH2

� anion. As we have seen already for the
[M–CONH2]� channel the C(4)–C(8) bond is strong and there-
fore the reaction energies for such mechanism are above 4 eV.
Within experimental and computational errors, the mechan-
isms can still explain all the peaks observed in the OCN�

spectrum. However, we also found a more energetically favor-
able channel, which can be opened by hydrogen transfer to C(4)
carbon allowing for N(7)C(5)O(6) anion extraction at energies
below 2 eV together with a C4H4FN2O neutral co-fragment.

Another intense fragmentation channel results in an ion
corresponding to the neutral loss of 17 Da from the parent ion
(Fig. 4, panel c)), which could correspond to either OH or NH3

loss. The calculated reaction thresholds allow us to exclude the
OH loss channel, as it occurs only at energies above 2.9 eV,
higher than both observed peaks in the spectrum of this anion.
On the other hand, the elimination of NH3 has a threshold of
only 0.17 eV, which is well below the onset of the observed
signal, meaning that it is accessible.

The [M–H]� ion yield is dominated by a near 0 eV peak,
which is due to the low selectivity of QMS and overlap with the
neighboring signal of the M� anion, which can not be fully
separated in the present experiment. Energetically, this chan-
nel is only accessible above 0.64 eV. H(15) or H(13) hydrogen
loss may occur at energies of the first real peak in the spectrum
with a maximum at B1.8 eV and cleavage of H(12) is possible at
the higher energies of the second peak with a maximum at
B3.2 eV.

Another common biomolecular fragment ion with high
electron affinity, CN� can be formed from the decomposition
of the CONH2 functional group or the ring of favipiravir.
The energetic thresholds for both mechanisms are similar, at
1.85 eV and 1.97 eV respectively. In the first mechanism, a
stable water molecule is formed as a neutral co-product. In the
second mechanism, the C(1)–N(7) atoms are easiest to extract
after hydrogen migration from C(1) to C(2). We also found
several other possible reaction pathways that are possible
for the observed CN� formation, with an onset around 4 eV
(Fig. 4, panel g). In some cases, the reaction energy is lowered
by closing the ring after the extraction of CN� anion forming
the C3N ring. Such rearrangement, however, may proceed over a
reaction barrier, which can not be identified using the simple
calculations present here.

Finally, with a relative intensity of only B0.1% that of the
parent ion signal, we observe F� (Fig. 4, panel h)). The signal
levels for this ion are near the detection limits of the setup,
there appear to be three peaks in the spectrum, at B1 eV,
B5 eV, and B9.5 eV. The calculated threshold energy for
simple cleavage of the C(2)–F(11) bond is 2.15 eV, which
explains the two higher energy resonances, but not the low
energy resonance. This unassigned low-energy signal is possi-
bly an experimental artefact, and is most likely caused by
background ions in the experiment.

3.2 Hydration

To explore environmental effects, we measured EA to favipiravir
in clusters with attached water molecules, prepared in a mole-
cular beam using the CLUB experimental setup. Negative ion
spectra of the molecule under dry and hydrated conditions
taken in the energy range 0.6 to 8.6 eV is shown in Fig. 5. We
can see that for the dry conditions, the intensity of the DEA
channels is already reduced with respect to parent anion
intensity. Using the CLUB apparatus, we measured reasonable
signal only for the m/z = 112, 113 fragment anions. Let’s
compare the relative intensities of these anions to the parent
anion in the two experiments. Dividing the integral intensity of
the fragment m/z = 112 + m/z = 113 ion signal by that of m/z =
157 parent ion signal from the energy dependent ion yields in
Fig. 4, we obtain the ratio of fragment to parent ion signal in
the QMS-TEM setup of B1/10. Dividing the integral intensity of
the the fragment m/z = 112 + m/z = 113 peak to that of m/z = 157
parent peak in the cumulative MS in Fig. 5, we obtain the ratio
of fragment to parent ion signal in CLUB experiment at dry
conditions to be 1/33, which is much lower. Additionally, the
ratio 1/33 is only the highest estimate, since the electron
current in CLUB experiment significantly drops in the near 0
eV region of the parent ion resonance, resulting in an apparent
reduction of the parent ion signal.

The main reasons for suppression of fragmentation in the
CLUB experiment under dry conditions is the detection time of
only tens of microseconds, in comparison to the TEM-QMS
experiment, where it is hundreds of microseconds. The much
shorter detection timescale of the CLUB setup means that there
is less time for fragmentation or autodetachment to occur.
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These effects of the detection time scale were studied in detail
by Asfandiarov and co-workers.94,95 Another parameter influen-
cing the fragmentation is the temperature of the precursor
molecules, which is lower in the molecular beam of the CLUB
than in the effusive beam of the TEM-QMS.96

Further stabilization of parent anion with respect to both
DEA and autodetachment can be induced by hydration. Under
hydrated conditions the ratio of m/z =112,113 to parent anion
signal further decreases to B1/90.

Under hydrated conditions, anions are stabilized by energy
transfer to the solvent. The total energy available for transfer to
surrounding water molecules and their subsequent evaporation
(TET) can be written as a sum of adiabatic electron affinity
(AEA) and energy of the incoming electron (Ee):

TET = Ee + AEA (3)

For halouracils, energy of several eV was estimated to be
transferred to the solvent after electron attachment.23 We also
postulated that such energy transfer to the solvent can increase
linear energy transfer (LET) value after interaction of the
ionizing radiation with an environment containing electron
affinic molecules and can explain their radiosensitizing action.
The largest effect was previously observed for bromouracil, for
which the number of evaporated water molecules after electron
attachment was similar to that after electron ionization. In
Fig. 6 we can see that the situation is also very similar for
favipiravir. The figure shows a comparison of electron impact
ionization MS of favipiravir at 70 eV and negative ion MS after
electron attachment at 1.4 eV for two different hydration conditions.
We can see that the observed numbers of water molecules, n, m, and
p, attached to anions M(H2O)n

� and cations M(H2O)m
+ and

M(H2O)Hp
+ are similar. Despite the well-known fragmentation

efficiency of electron impact ionization,97 the ‘‘soft’’ EA leads to a

Fig. 6 Mass spectra from the CLUB experiment for hydrated favipiravir in molecular beams. Negative ion MS (a) and (b) at the electron-energy 1.4 eV and
positive ion MS (c) and (d) at the electron-energy 70 eV. The values in brackets represents peak intensity weighted average.

Fig. 5 Mass spectra from the CLUB experiment of anions formed after
electron attachment to isolated or microhydrated neutral favipiravir in
molecular beams. Negative ion MS are prepared by summing spectra taken
with 0.2 eV step in the 0.6 eV to 8.6 eV range.
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similar fragmentation, in the form of loss of neutral water molecules
from the clusters. This is caused by the high electron affinity of
favipiravir, which results in water evaporation from cluster after
electron attachment. Therefore, if our hypothesis that energy trans-
fer to the solvent after EA enhances LET and causes radiosensitiza-
tion is correct, favipiravir should demonstrate radiosensitizing
effects comparable to halogenated uracils.

4 Conclusions

We present an experimental study of electron attachment to
favipiravir as an interesting hetero-aromatic, important bio-
chemical, and promising radiosensitizing molecule. Electron
attachment to favipiravir leads primarily to the formation of the
parent anion with a long lifetime. Such stability may be
important for the transport and radiosensitizing properties of
the molecule8 but may also allow for multiple electron
reduction.98 The threshold DFT calculations helped us to
interpret the fragmentation pattern of the molecule with main
fragmentation reactions occurring on the CONH2 group. The
estimation of vertical attachment energies demonstrates sev-
eral possible virtual states available for attachment via shape
resonances that may be related to favipiravir’s antiviral
action.10 The mass spectrometry of small clusters of the form
Fav(H2O)n, reveals that a large amount of energy is transferred
to the solvent after electron attachment. This energy may
contribute to favipiravir’s reactivity in its reduced form but also
support our hypothesis that favipiravir may be repurposed as a
radiosensitizer.
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A, 2020, 124, 9427–9435.

57 R. Dressler and M. Allan, Chem. Phys., 1985, 92, 449–455.
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Abstract: 2-Bromo-1-(3,3-dinitroazetidin-1-yl)ethan-1-one (RRx-001) 

is a hypoxic cell chemotherapeutics with already demonstrated 

synergism in combined chemo-radiation therapy. The interaction of 

the compound with secondary low-energy electrons formed in large 

amounts during the physico-chemical phase of the irradiation may 

lead to these synergistic effects. The present study focuses on the 

first step of RRx-001 interaction with low-energy electrons in which a 

transient anion is formed and fragmented. Combination of two 

experiments allows us to disentangle the decay of the RRx-001 anion 

on different timescales. Sole presence of the electron initiates rapid 

dissociation of NO2 and HNO2 neutrals while NO2
– and Br– anions are 

produced both directly and via intermediate complexes. Based on our 

quantum chemical calculations, we propose that bidirectional state 

switching between π*(NO2) and σ*(C–Br) states explains the 

experimental spectra. The fast dynamics monitored will impact the 

condensed phase chemistry of the anion as well. 

Introduction 

Collisions of free low-energy electrons with molecules are of 

fundamental importance for many processes in nature[1] as well 

as in technical applications.[2] Below typical electron kinetic 

energies of about 15 eV, dissociative electron attachment (DEA) 

is a significant process,[3] which can be written in the simplest 

scheme for a molecule AB, 

e– + AB → (AB)*– → A– + B     (1) 

Here (AB)*– represents the temporary negative ion (TNI), also 

called resonance, which is initially formed by the attachment of an 

electron matching the energy of the TNI state.[4] This initial 

transition occurs on femtosecond timescales. The TNI may decay 

in A– and B which stand for the formed fragment anion and the 

corresponding neutral species, respectively. This dissociation 

process competes with spontaneous emission of the excess 

electron (autodetachment) as well as intra-molecular vibrational 

redistribution (IVR) of the energy deposited by excess electron.[5] 

IVR, if available, may lead to stabilization of the TNI towards 

longer timescales.  

Anions decaying on this timescale (metastable anions) are 

particularly interesting for mass spectrometry since the detection 

window of anions opens here.[6][7] On the other hand, this fact 

means that it is very challenging to study the dynamics of TNI 

formation and DEA on earlier timescales. Pulsed radiolysis 

coupled with transient absorption spectroscopy has been a 

successfully applied experimental technique to probe the 

formation of anions and their decay in bulk solution on fast time 

scales.[8,9] In terms of experiments in the gas phase, pump-probe 

photoelectron spectroscopy of anions was used to gain insight 

into the formation and decay of TNIs.[10] To mimic the initial 

electron attachment in such studies, electron transfer by 

photoexcitation of anionic iodide in a cluster was exploited.[11] 

From a theoretical point of view, the coupling of resonant states 

in anionic molecular systems in the gas phase raised strong 

interest.[12] Such coupling schemes may also enable efficient 

dissociation of the formed TNI.[13,14] 

A potential candidate for efficient DEA is 2-bromo-1-(3,3-

dinitroazetidin-1-yl)ethan-1-one (C5H6BrN3O5, RRx-001, here 

further denoted as RRx). The molecular structure of the 

compound, which includes an acyl-bromide and a geminal 

dinitroazetidine group, is shown in Figure 1. Previous radio-

biological studies suggested that RRx could be a promising 

cancer therapeutic as a stand-alone drug as well as hypoxic tumor 

cell radiosensitizer.[15,16] This energetic heterocyclic 

dinitroazetidine compound was derived from 1,3,3-

trinitroazetidine, which found initial application as a fuel in 

aerospace.[16] So far, this compound has been studied up to 

phase III clinical trials for the treatment of multiple solid tumors as 

well as a supportive care drug.[17] Besides its potential for 

radiotheranostics, where it is exposed also to low-energy 

secondary electrons formed during irradiation of biological 

matter,[18] RRx is a highly interesting compound from the chemical 158
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perspective. The two NO2 groups and a bromine atom (Figure 1) 

can compete for the incoming electron by their high electron 

affinities of 2.27 eV[19] and 3.36 eV[20], respectively (experimentally 

determined values).  

In this study, we investigated the attachment of a free electron to 

RRx in the gas phase. Using experimental electron attachment 

spectroscopy combined with mass spectrometry and 

computational modeling employing Gaussian[21] and Molpro[22] 

software packages for single and multi-reference calculations, 

respectively, we follow here this competition on the fast timescale. 

In addition, we also explore the dissociation dynamics of RRx on 

longer timescales up to a few hundred microseconds and 

demonstrate that the molecule effectively decomposes into 

reactive anionic and neutral species. 

Results and Discussion 

The negative ion mass spectra of RRx measured with two 

different experimental setups having different detection times are 

shown in Figure 1. The spectra show the resulting intensities of 

the different anions formed as a function of the m/z. The spectrum 

shown in Figure 1a was measured with the Wippi apparatus 

(quadrupole mass spectrometer) having a considerably longer 

detection time of tdet~300 µs compared to the CLUB apparatus 

employing a time-of-flight (TOF) mass spectrometer. For the latter 

setup, the detection time is ~10 µs. The corresponding TOF 

spectrum is shown in Figure 1b. Since electron attachment is a 

resonance process, the intensities in the plots were obtained by 

integrating raw spectra at different electron energies. Also at a 

few microsecond detection times, no molecular anion with the 

expected main isotope peaks at m/z 267 and 269 is observed. 

However, comparing with the spectrum at longer timescales in 

Figure 1a, the ratio between lower- and higher-mass fragment 

anions is substantially changed here: (RRx–NO2)– and (RRx–

HNO2)– dominate in the spectrum, while Br– and NO2
– are less 

intense. The combined view of the Wippi and CLUB data indicates 

that the dissociation dynamics is not yet completed on the early 

microsecond time scale. In detail, the heavier anions (RRx–NO2)– 

and (RRx–HNO2)– may be metastable and decay into Br– and 

NO2
– fragments. We can also observe within these two-step 

dissociation processes that (RRx–HNO2)– decays faster than 

(RRx–NO2)– since the abundance at m/z 220 and 222 is reduced 

more in comparison to m/z 221 and 223 at longer times (see inset 

in Figure 1b). We also note that Br– is produced in much higher 

amounts than NO2
–. 

 

 

Figure 1. DEA mass spectra of isolated RRx (denoted as M in the two panels) 

after electron attachment from a) Wippi experiment, tdet~300 µs and b) CLUB 

experiment, tdet ~ 10 μs. Relative intensities were obtained by integrating raw 

mass spectra for different electron energies from ~0-9 eV. The inset shows 

relative change of intensities for (RRx–NO2)– and (RRx–HNO2)– fragment 

anions by comparing them scaled to the same maximum in the zoomed region. 

Panel a) shows the skeletal formula of the RRx molecule and in panel b) the 

structure obtained at the B3LYP/aug-cc-pVTZ level is included. Color code: 

hydrogen – grey, carbon – brown, nitrogen – blue, oxygen – red, bromine – 

violet. 

The dissociation products observed in the mass spectra can be 

interpreted based on the calculated energetics shown in the 

reaction scheme in Figure 2. If the anion follows the σ*(C–Br) 

pathway, Br– most probably leaves the molecule upon pre-

dissociation. Within the π*(NO2) pathway, there are several 

reaction channels possible. The NO2 moiety might leave the ion 

directly with the reaction energy of –0.66 eV, forming an ion at 

m/z 221 that might further dissociate to produce NO2
– in an almost
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Figure 2. Suggested main reaction pathways upon electron attachment to RRx-001 calculated at the CCSD/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ level, energies are 

given in eV with respect to the minimum of the neutral molecule. Singly occupied orbitals and the highest-occupied orbital of (RRx–NO2)– are shown as calculated 

at the B3LYP level. See the SI (Figure S1) for higher-lying dissociation channels and the (RRx)– structure formed upon electron attachment without pre-dissociation.

thermoneutral reaction (0.01 eV). Alternatively, the NO2 moiety 

might roam in the vicinity of the (RRx–NO2) fragment, accepting 

a hydrogen atom from a CH2 group to form a neutral HNO2 

molecule that leaves the ion in an exothermic reaction (–0.92 eV). 

The resulting ion at m/z 220 might dissociate further to form Br–, 

again in an almost thermoneutral reaction (0.04 eV). The singly 

occupied molecular orbital (SOMO) in the (RRx–HNO2)– anion at 

m/z 220 indicates that a non-covalent type of anionic complex is 

formed, with a C–Br distance of 2.80 Å and charge mainly 

localized on Br (–0.59 e). Such an exotic complex was 

computationally predicted first time for intact bromo-substituted 

nucleobase anions in the gas phase and the solution.[23] While for 

these compounds the DEA reaction leading to Br– release was 

predicted to be substantially exothermic (> 2 eV) in solution, the 

overall reaction energy for the isolated molecule in the gas phase 

was about +0.4 eV. Later mass spectrometric studies with 8-

bromoadenine confirmed the existence of such molecular anion 

complex.[24] In the present study, non-covalent type of anionic 

complex can be detected on mass spectrometric timescales, but 

it can dissociate via Br– release with the reaction energy close to 

0 eV (see Figure 2). A similar complex is also formed in the case 

of for C–Br pre-dissociation at –1.67 eV. There, the C–Br bond is 

3.02 Å long. It is worth noting that recent studies demonstrate that 

these non-covalent anions, if present, determine the TNI 

dissociation dynamics in solution.[25] The (RRx–NO2)– complex 

has a more compact structure with covalent bonds to both NO2 

and Br. For this intermediate, the energetics and charge 

localization on NO2 (–0.48 eV) set NO2
– release as the primary 

dissociation channel. 

Figure 2 indicates that the lowest-lying DEA pathways considered 

in the calculations would be exothermic or nearly exothermic for 

all four abundant fragment anions found in the experimental 

spectra. Along the pathways, no significant barriers are present, 

which would hinder the dissociation by electrons having an initial 

kinetic energy of nearly zero eV. This computational prediction is 

supported by the single negative ion mass spectra at various 

electron energies which is shown in the Supporting Information 

(Figure S2). The ion intensities found in the negative ion mass 

spectrum at zero eV clearly point out that all discussed fragments 

are formed at this electron energy at their utmost intensity. At the 

incident electron energy of zero eV, the excess energy of TNI is 

sufficient to induce the dissociation. For some pathways, also 

molecular rearrangement delivers additional energy for decisive 

bond cleavage. In this context, it should be also mentioned that in 

the Wippi experiment, the molecules sublimed in the oven are 

directly transferred to the interaction region with the electron 

beam, while in the CLUB experiment, the molecules are sublimed 

and co-expanded with He gas into the vacuum. In the latter case, 

they can undergo cooling of translational but also vibrational 

degrees of freedom which may extend the lifetime of the anion or 

leads to closing of the endothermic dissociation channels. These 

effects will influence the relative abundance of the product anions 

in the mass spectra.  

The experimental and theoretical observations presented so far 

point out the strong competition of the electron affine NO2 group 

and the bromine atom, competing for the negative excess charge. 

We also looked at this competition during the formation of the TNI 

and its early decay on fast timescales of femto- to picoseconds. 

Computational insight can be obtained from the semi-quantitative 

potential energy surface (PES) analysis shown in Figure 3b. RRx 

has high vertical and adiabatic electron affinities of 0.85 eV and 

1.67 eV, respectively (at the CCSD/aug-cc-pVDZ//B3LYP/aug-cc-

pVDZ level). Two lowest electronic states, allowing for electron 

attachment, correspond to an electron positioned in π*(NO2) 

orbitals of both NO2 groups, either in symmetric or antisymmetric 

combination as shown in Figure 3a. In the Franck-Condon (FC) 
region, they are almost degenerate at TD-CAM-B3LYP/aug-cc-

pVTZ and MRCI(3,5)/6-31g* levels (difference of 0.14 and 0.04 

eV, respectively), the EOM-CCSD/6-31g* predicts a larger gap of 

0.51 eV, probably due to the single-reference treatment. At the 

MRCI level, the third valence electronic state lies about 1.4 eV 

above the π*(NO2) states, with the odd electron occupying the 

160
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Figure 3. a) Orbitals occupied by the odd electron for three lowest-lying valence 

electronic states of the RRx anion as obtained at the TD-CAM-B3LYP/aug-cc-

pVTZ level. Color code: hydrogen – grey, carbon – brown, nitrogen – blue, 

oxygen – red, bromine – violet. b) Interpolation curves in the RRx anion along 

C–Br and C–NO2 coordinates for the lowest three electronic states of valence 

character between the structure of the neutral RRx-001 molecule and pre-

dissociation transition states (as optimized at the B3LYP/aug-cc-pVDZ level). 

Crosses show points calculated at the MRCI(3,5)/6-31g* level, splines are 

added to guide the eye. The energy is given with respect to the ground state of 

the neutral molecule as obtained by setting the energy of the anion in the 

minimum of the neutral molecule to negative of the vertical electron affinity 

calculated at the CCSD/aug-cc-pVDZ level (0.85 eV). c) Orbitals occupied by 

the odd electron for the last points of the respective interpolations in b) at the 

CAM-B3LYP/aug-cc-pVTZ level. 

 

 

 

σ*(C–Br) orbital. Depending on the electronic state that is reached 

after the initial electron attachment step, pre-dissociation of either 

NO2 or Br moieties takes place. For prolongation of the C–Br 

distance, the σ*(C–Br) state is moving down in energy without any 

barrier, becoming the ground electronic state at the C–Br distance 

of about 2.2 Å; eventually, the charge of Br reaches –0.66 e. For 

dissociation along the C–NO2 coordinate, we also obtained a 

barrierless pathway from the structure of the neutral molecule, 

keeping the π*(NO2) character of the electronic ground state. 

When reaching a minimum of the pre-dissociated state, the 

charge on the loosely bound NO2 moiety is –0.38 e. Both 

pathways can result in transient parent anion structures with NO2 

or Br moieties loosely bound to a polarized co-fragment, which 

further decay as shown in Figure 2. 

The interpolation curves of PES present in Figure 3b also show 

conical intersections between π* and σ* states, which would allow 

for state switching during the fast dissociation. As shown for less 

complex systems without pronounced local minima on the PES 

surface, a coupling of π* and σ* states can result in complex 

transient anion dynamics.[14] Using the Wippi apparatus, we 

measured the anion efficiency curves of the four major anions 

formed upon DEA to RRx, NO2
–, Br–, (RRx–HNO2)– and (RRx–

NO2)–. The corresponding anion yields for the different fragments 

are presented in Figure 4. All fragment anions exhibit a peak near 

zero eV, as expected by the energetics of the dissociation 

pathways shown in Figure 2. Scaling all four anion efficiency 

curves to the zero eV feature reveals a striking difference of the 

ion yields: The NO2
– and Br– ion yields show a pronounced tail of 

the first peak which is missing for (RRx–HNO2)– and (RRx–NO2)–. 

The anion efficiency curves of the latter two anions can be fitted 

by an (asymmetric) single peak, while the fits of the experimental 

NO2
– and Br– data identify a second resonance in the broad tail of 

the zero eV peak (all fits are shown in the SI, Figure S4). The 

second resonance leading to NO2
– and Br– is found at 0.52 and 

0.56 eV, respectively. Since the corresponding thresholds of 

these resonance features are below the threshold of higher-lying 

dissociation channels (≥ 0.47 eV, see Figure S1), the reaction 

scheme shown in Figure 2 still applies. However, the difference to 

the zero eV peak is found in the fast TNI dynamics since we 

assign this yield to the initial electron attachment into the σ*(C–

Br) orbital (based on the interpolation curves shown in Figures 3b). 

While for predissociation of Br– the excess electron just needs to 

remain in this orbital, NO2
– formation requires state switching at 

the conical intersection. Regarding (RRx–HNO2)– and (RRx–

NO2)–, their anion efficiency curves suggest therefore that both 

anions just form by the initial occupation of the π*(NO2) orbital 

without involvement of the σ*(C–Br) orbital on the fast timescale. 

We also note that the resonance near 0.5 eV is about a factor 3 

broader compared to the narrow contribution near zero eV. The 

width of the resonance may provide basic information about the 

temporary negative ion state involved. The longer life-time of pi* 

resonances compared to sigma* resonances is associated to a 

small width of the former.[26] Thus, the contribution at about zero 

eV indicates involvement of a pi* state since it nearly reflects the 

energy distribution function of the electron beam. The narrow 

width and the high intensity of the zero eV contribution indicate an 

s-wave electron attachment process in which the incoming 

electron is captured with a cross-section within the E–0.5 limit with 

E as the initial kinetic energy of the electron. The yield of the TNI 

formed near 0.5 eV is further reduced due to the possibility of 

autodetachment nearly till the conical intersection at the C–Br 

distance of about 2.2 Å. This explains the significant intensity 

difference for the two resonances observed in the anion efficiency 

curves. 
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Figure 4. Anion efficiency curves of the fragment anions NO2
– (m/z 46), Br– (m/z 

79), (RRx–HNO2)– (m/z 220) and (RRx–NO2)– (m/z 221) formed upon electron 

attachment to RRx. The respective ion yields were scaled at the zero eV 

resonance. The statistical error margins shown for each data point refer to the 

standard error of the mean from individual measurements. 

 

Conclusion 

The present electron attachment results for RRx indicate that the 

compound is highly susceptible to low-energy electrons. The Br– 

represents the most abundant fragment anion just a few hundred 

microseconds after TNI formation. This observation disproves the 

hypothesis of a fast, simple dissociation process upon formation 

of the repulsive σ*(C-Br) state since the dissociation takes 

unexpectedly long for an exothermic dissociation process. 

Instead, the present calculations point out the formation of a non-

covalent type of anionic complex Br–--(RRx–HNO2)•, which is 

found in the mass spectrum with high abundance at earlier times. 

The analogous mechanism applies to the reaction channel 

leading to the formation of NO2
– which represents, on late 

timescales, an independent competitive pathway to the release of 

Br–. However, the feeding of the pathways on fast timescales 

occurs also upon a conical intersection of π*(NO2) and σ*(C–Br) 

states. Previously the σ* predissociation of π* resonance states 

was theoretically proposed to be an efficient DEA mechanism for 

various molecules.[26–28] To mention a system of biological 

relevance, the formation of a single-strand break in (dry) DNA was 

proposed to be formed by the initial formation of a π* resonance 

of the nucleobase with subsequent electron transfer into a C-O σ* 

orbital of the phosphate group.[29,30] Experimental data also 

suggested the general preference of the π*→σ* coupling scheme 

since the non-dissociative π* resonances are characterized by 

longer lifetimes than σ* resonances with respect to spontaneous 

electron emission.[26] For anionic RRx, the conical intersection, 

which is energetically found below the autodetachment continuum, 

allows to experimentally observe the reversed σ*→π* coupling 

scheme as well. Its appearance is indicated in the form of the 

resonance at ~0.5 eV in the NO2
– ion yield. We also note that the 

involved π* state is of dissociative character here, unlike the 

molecular-non-dissociative π* resonances reported for other 

anionic systems.[26–28]  

Radiobiological experiments indicated that RRx develops a high 

biological activity in cells. Experiments in the gas phase like the 

present one enable exploration of intermediate processes of 

radiation damage and to distinguish direct from indirect effects.[31] 

A possible hypothesis may be that RRx may also become 

activated as a potential radiosensitizer by low-energy secondary 

electrons formed in irradiated cells. A previous electron 

attachment study with the radiosensitizer nimorazole 

demonstrated indeed such a possibility of activation 

mechanism.[32] The present results for RRx indicate efficient 

release of nitrite, nitrogen dioxide, and nitrous acid, which can 

undergo a range of electron transfer, addition, and abstraction 

reactions,[33] mainly resulting in a vasodilator effect[34] or an 

increase of oxidative stress via enhanced OH formation.[35] This 

would represent a novel mechanism for the oxygenation of 

hypoxic tumor cells in addition to the previously suggested 

reduction of serum nitrite to nitric oxide by RRx-bound 

hemoglobin.[36] Reoxygenation of hypoxic tumor cells would lead 

to a lowered resistance of these cells towards ionizing 

radiation.[37] However, it should be noted that the dissociation 

processes monitored presently on the microsecond timescale 

may be quenched in a molecular environment by, e.g., fast 

intermolecular energy dissipation[38] or stabilizing proton 

transfer.[30] In such a case, the anionic system relaxes before 

dissociation occurs. On the other hand, this may not apply to fast 

processes like shown by previous solution phase studies of an 

excited nucleoside anion.[9] Thus the initially populated states of 

the TNI studied here will be the same in solution and therefore the 

present results provide deeper fundamental insight into the initial 

steps in the radiation chemistry of this potential radiosensitizer, 

irrespective of the environment. We also point out the importance 

of studying the dynamics of formation and degradation of negative 

ions for other classes of molecules, like for example 

photocatalysts used for photoredox-mediated organic reactions 

and polymerizations.[39]  
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anion are characterized by loss of either a bromine atom or a NO2 group, both competing for the excess electron. The fast chemistry 

observed may also indicate an alternative avenue for oxygenation of hypoxic tumor cells. 
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Abstract

In concomitant chemoradiotherapy (CCRT), there is an effort to increase its effec-
tiveness and alleviate toxicity for healthy cells. It may be achieved via synergism
and targeted drug delivery (TGD). TGD is the selective drug transport to sites of
interest, protecting healthy tissue from chemotherapeutic toxicity. The synergism,
the highest chemoradioterapeutic effect, results from complex interactions between
both treatment modalities, as the interaction of the radiosensitizing chemo-drug
with secondary low-energy electrons (LEEs) arising in irradiated tissue. In light of
that, work focuses on the radiosensitization process to investigate the radiosensitiz-
ing potential and mechanisms of selected molecules based on interaction with LEE;
there is an aim to obtain new information to design more effective radiosensitizers
with lower toxicity. The theoretical part deals with existing radiosensitizers and their
model compounds from the point of view of interaction with LEEs. The experimen-
tal part combines electron attachment experiments in the gas phase and ab initio
calculations of electron affinities of studied molecules, pulse radiolysis experiments
in solution, and microtron irradiation with NMR spectroscopic evaluation. Based on
the study of interaction with (secondary) LEEs, the radiosensitizing potential was
confirmed for the antiviral agent favipiravir; significant interaction was proven for
radiosensitizing chemotherapeutic RRx-001 as well, so as a strong interaction of sol-
vated electrons with fullerenols as a radiosensitizing carrier drug for TGM in CCRT.



Résumé

Dans la chimioradiothérapie concomitante utilisée pour le traitement du cancer, il y a des
efforts pour augmenter son efficacité tout en atténuant les effets secondaires. Une augmen-
tation des effets de la chimioradiothérapie est possible grâce au synergisme, l’effet maximal
potentiel de la chimioradiothérapie, résultant de la somme des effets des deux traitements
et de leurs interactions complexes. Dans ces interactions complexes, c’est l’interaction d’un
agent radiosensibilisant avec des électrons de basse énergie (EBE) générés dans les tissus
irradiés. Dans ce contexte, on parle de la radiosensibilisation des tissus vivants après ir-
radiation par des rayonnements ionisants, en présence simultanée d’un radiosensibilisant
au moment de l’irradiation. En revanche, les effets secondaires proviennent, entre autres,
principalement de la toxicité pour les cellules saines. Une toxicité réduite pour les cellules
saines peut être obtenue par l’utilisation de la délivrance ciblée de médicaments (DCM).
La DCM permet un transport sélectif des médicaments vers des sites d’intérêt, protégeant
ainsi les tissus sains des effets toxiques des agents chimiothérapeutiques. Dans ce contexte,
cette thèse se concentre sur le processus de radiosensibilisation afin d’étudier le potentiel
et les mécanismes radiosensibilisants des molécules sélectionnées, basés sur leur interac-
tion avec les EBE. Nous examinons le potentiel de radiosensibilisation également en cas de
molécules choisies pour la DCM. L’objectif de cette thèse est d’obtenir de nouvelles infor-
mations permettant de concevoir des radiosensibilisateurs plus efficaces et moins toxiques,
pour la chimioradiothérapie plus efficace tout en réduisant ses effets secondaires.

La partie théorique de la thèse aborde la chimioradiothérapie, les cytostatiques présentant
des propriétés radiosensibilisantes, ainsi que leurs composés modèles, du point de vue de
l’interaction avec les EBE. La thèse examine les électrons de basse énergie, leur origine,
leurs propriétés et leurs interactions avec la matière. La partie expérimentale combine
des expériences d’attachement électronique en phase gazeuse et des calculs ab initio des
affinités électroniques des molécules étudiées et de leurs fragments, ainsi que des expéri-
ences de radiolyse pulsée en solution et des irradiations de solutions par microtron, suivies
d’évaluations par spectroscopie de résonance magnétique nucléaire.

Les études portait principalement sur trois molécules, et leds deux des eux on etées sélec-
tionnées en raison de leur utilisations á medicine, leur biocompatibilité et des cinétiques
déjà décrites. La molécule favipiravir est un antiviral utilisé, par exemple, pour le traitement
de l’Ebola ou du COVID-19. Cette molécule est intéressante pour le potentiel radiosensibil-
isant en raison de ses groupes fonctionnels très réactifs avec les EBE. Pour favipiravir, cette
interaction a été étudié en phase gazeuse afin d’évaluer son potentiel radiosensibilisant. Le
choix d’un antiviral revêt également un intérêt particulier en raison de son activité antivi-
rale, étant donné que certains types de cancers ont une origine virale. La molécule RRx-001
agit à la fois comme radiosensibilisant et comme agent chimiothérapeutique, comme le con-
firment les essais cliniques. Par ailleurs, elle présente une toxicité bien inférieure à celle du
cisplatine, un agent radiosensibilisant et chimiothérapeutique couramment utilisé. Dans ce
cas, nous avons cherché à déterminer si la radiosensibilisation était due à l’interaction avec
des EBE et à décrire cette interaction jusqu’aux produits finaux. La troisième molécule
étudiée était le fullerénol, étudié pour son potentiel de radiosensibilisation et son effet
possible DCM.

Sur la base de l’étude des interactions avec les EBE secondaires, le potentiel radiosen-
sibilisant a été confirmé pour l’agent antiviral favipiravir. Une interaction significative a
été démontrée pour le radiosensibilisant chimiothérapeutique RRx-001, ainsi qu’une forte
interaction des électrons solvatés avec les fullerénols, qui agissent comme une plateforme
radiosensibilisante pour la DCM.
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