
 

Statement. This is the first author version of the book chapter 10.1201/9780429022951-25 first 
published online by Taylor & Francis Group. 

 
 

RADIATION (INDUCED) SYNTHESIS 
 
 

Lorentz JÄNTSCHI1, Sorana D. BOLBOACĂ2 
 
1 Technical University of Cluj-Napoca 
2 Iuliu Haţieganu University of Medicine and Pharmacy Cluj-Napoca 

DEFINITION 

Radiation (induced) synthesis refers conducting of a synthesis in the presence of a 
radiation of a certain type (of massless or of massive particles; of electrically charged 
or neutral particles) and with a certain wavelength or energy. In a Radi-synth process 
products are favoured against others by the use of the radiation. In this category fits 
Sound (induced) synthesis (or Sono(-)chemistry) which usually initiates or enhances 
the chemical activity in solutions, Ultrasound (assisted) synthesis (or ultrasonication) 
which have an extensive use in many industrial syntheses (including for solid phase 
products), Microwave synthesis which usually increases the temperature in the 
process, and Gamma-radiation (induced) synthesis with use in preparation of certain 
solid-state nanocompounds. 
 
 

KEYWORDS:  
 
Radiation chemistry; Sonochemistry; Sonication; Ultrasonication; Microwave 
synthesis; Gamma radiation induced synthesis 

HISTORICAL ORIGIN(S) 

In conventional chemical synthesis or chemosynthesis, the transformation of the 
reactive into the products can be facilitated by the use of the catalysts. In the presence of a 
catalyst, less free energy is required to reach the transition state, but the total free energy 
from reactants to products does not change (IUPAC 19971). Catalyzed reactions have 
lower activation energy (rate-limiting free energy of activation) than the corresponding 
uncatalyzed reaction, resulting in a higher reaction rate at the same temperature and for 
the same reactant concentrations. Kinetically, catalytic reactions are typical chemical 
reactions; i.e. the reaction rate depends on the frequency of contact of the reactants in the 
rate-determining step. The SI derived unit for measuring the catalytic activity of a catalyst 
is the katal, which are moles per second. The productivity of a catalyst can be described 
by the turn over number (or TON) and the catalytic activity by the turn over frequency 
(TOF), which is the TON per time unit. 

Catalysts work by providing an (alternative) mechanism involving different transition 
state and lower activation energy (see Figure 1 adapted from Jäntschi 20022). 
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Figure 1. Generic influence of a catalyst to a chemical reaction 

 
Radiation interacts with the matter at different levels when is charged or not and 

when contain massive particles or not. Different types of radiation serve the purpose of 
the Radi-Synth (see Table 1). 

Table 1. Different types of radiations used in radiation (induced) synthesis 
Radiation Mass Charge Examples of uses 
α (=He2+) Yes (4 a.u.) 2+ (Haertling et al. 20113)
n Yes (1 a.u.) 0 (Viererbl et al. 20144) 
p (=H1+) Yes (1.a.u.) 1+ (Crowell et al. 20055) 
β (=e-) No 1- (Oulianov et al. 20076)
EM No No (Khan et al. 20067) 

 
The most extensive work was conducted on the use of the electromagnetic (EM) 

radiation (γ, X, UV, VIS, IR, μW, Radio). The following table connects the wavelength of 
the radiation with its typical effects on the matter (see Table 2 translated and adapted 
from Jäntschi 20038). 

Table 2. Effects on the matter of electromagnetic radiations 
Energy storage in matter EM radiation Wavelength (λ) Radi-Synth refs 

Radio > 1 m (Wardman 19879) 
1 m Microwave (μW) 1 mm (Dom et al. 201510) Molecular rotation 

10-3 m Far infrared 10-5 m 
Molecular vibration Near infrared 10-6 m = 1 μm

700 nm 

(Delor et al. 201411) 

Red 700-620 nm (Kumar & Francisco 201512) 
Green 560-510 nm (Wang et al. 201513) 
Violet

Visible
450-400 nm (Kitamura et al. 201414) 

Ultraviolet (UV) 10-7 m (Huang et al. 200815) 

Electronic excitation 
(HOMO level) 

10-8 m UV of vacuum 10-9 m = 1 nm (Simakov, 200816) 

10-10 m = 1 Å Excitation of the 
electronic core 10-11 m X rays 

10-12 m = 1 pm
(Kameneva et al. 201517) 

γ rays 10-12-10-13 m (Hareesh et al. 201618) Nucleus excitation 
cosmic rays < 10-14 m (Bassez 201519) 

 



 

NANO-SCIENTIFIC DEVELOPMENT(S)  

It should be noted that it is a inverse proportionality between the wavelength of the 
radiation and its energy (E = h·c/λ, h = 6.626070040(81)·10-34 J·s, c = 299792458 m·s-1, E 
is the energy and λ is the wavelength of the radiation), and therefore with the decreasing 
of the wavelength it is increased its energy and vice-versa. 

In 1839, Becquerel (Becquerel 183920) discovered that electrical current flowed 
between a pair of electrodes if one electrode was illuminated with UV light, the 
phenomenon being later referred as the Becquerel effect (Prevenslik 200321). 

The interaction between high-energy radiation (γ-rays, X-rays, electrons, and ion 
beams) and matter produces a large number (~4·104 electrons per MeV of energy 
deposited) of non-thermal secondary low-energy electrons (Kaplan & Miterev, 198722). 
Due to the inelastic collisions of these low-energy electrons with molecules and atoms 
they become thermalized within approximately one picosecond (Mozumder & Hatano 
200423) and produce distinct energetic species such as free radicals that are the primary 
driving forces in a wide variety of radiation-induced reactions (Xu et al. 201424). 

High energy radiations (such as are γ-rays) shown a series of advantages for 
preparation of nanowires (Rana & Chauhan 201425), colloidal metal nanoparticles 
(Henglein & Meisel 199826), polymeric hydrogels (Burillo et al. 201227), graphene 
(Shahriary & Athawale 201528), functionalized nanofibers (Han et al. 201529) and other 
nanostructures (Cui et al. 201430; Su et al. 201431). 

The wet method for producing of metallic nanoclusters deposited on surfaces is based 
on the dissociation of the water molecules, succeeded by the dissociation of secondary 
alcohols (such as is isopropanol) or acids (such as is  formic acid) also present in the 
prepared media (see Table 3, adapted from Belloni 200632). Then the metal is deposited 
from its ions from solution alkalinized (to a pH = 11 with NH4OH in Chettibi et al., 
200633). 

Table 3. Metallic nanoclusters growth mechanism 
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Propagation Ma + Mm+ → Ma+1

m+, a ≥ 1 
Termination Ma

m+ + e- → Ma 
 
Energetic excitation of a molecule may have follow routes to different intermediary 

products, as given below for electron-molecule interactions (Arumainayagam et al. 
201034): 
÷ Electron impact ionization (e- + AB → 2e- + AB+*), having a short (relatively to the 

molecule passing time) interaction time (10-16 s), the incident electrons being 
necessary to have above 10 eV (ionization potential of a typical molecule) with a 
maximum yield at about 100 eV (Deutsch et al. 200035). The ionized molecule may 
subsequently dissociate (AB+* → A+ + B*, or AB+* → A* + B+, or AB+* → A+* + B 
or AB+* → A + B+*). 



÷ Electron impact excitation (e- + AB → e- + AB*), when the incident electrons being 
necessary to have above 6 eV (excitation threshold for small organic molecules). A 
series of competing decay channels may be followed by the excited neutral molecule 
(AB* → AB + energy (thermal or light); AB* → A* + B; AB* → A + B*; AB* → A+ 
+ B-; AB* → A- + B+). Please note that the structures observed very infrequently at 
electron energies above the threshold for dipolar dissociation have usually been 
attributed to multiple electron-scattering prior to electron attachment (see Sambe et 
al. 198736). 

÷ Electron attachment (e- + AB → AB-), producing a transient negative ion and 
occurring at low energies of the incident electrons (below 15 eV). The electron takes 
a position in a LUMO level and usually has an antibonding character. The incoming 
electron's energy must lie in restricted range defined by the Franck-Condon transition 
(Frank 192637; Condon 192638) to a discrete final state (AB- or AB-*) given that the 
molecular orbital associated with this state exists at a specific energy. Large cross 
sections associated with electron attachment may be attributed to the resonant 
character of the process. Resonant scattering is characterized by interaction times 
longer than the typical molecular transit times (which are typically less than 10-15 s) 
while the lifetime of a temporary negative ion ranges from 10-15 s to 10-2 s. 
Depending on whether the resonance is above or below the corresponding ground 
state (0-5 eV) or core-excited state (5-15 eV) of the neutral molecule, resonances may 
be further classified as either open channel (shape) or closed channel (Feshbach) 
resonances, respectively (Feshbach 195839). 

÷ Autodetachment (AB-* → e- + AB or AB-* → e- + AB* as subsequent process of e- + 
AB → AB-*). The autodetachment lifetimes vary from 10-14 s to 10-3 s (Illenberger 
199240), when as expected, complex molecules typically have long autodetachment 
lifetimes. Typically formed via resonances at near 0 eV, temporary negative ions for 
such molecules can often be detected by mass spectrometry because these ions do not 
undergo dissociation. 

÷ Associative attachment and non-dissociative attachment (AB-* → AB- + energy), 
typical for clusters and condensed phase, when the energy is passed to neighbouring 
molecules (as thermal energy). Associative attachment (resonance stabilization) 
involves the attachment of an electron to a molecule via capture into a transient 
negative ion state lying above the vacuum level while non-dissociative attachment, 
leads to the production of a long-lived negative ion that can be detected with mass 
spectrometry. Such a mechanism were observed for molecules such as SF6, C6F6, and 
C60 because their molecular complexity allows efficient intramolecular vibration 
redistribution (IVR) resulting in the formation of a metastable anion (Hotop et al. 
200441). 

÷ Radiative cooling (AB-* → AB- + γ). This channel is open only to molecules with a 
positive electron affinity and it involves relaxation via photon emission without being 
a significant competing one because radiative lifetimes are on the order of 10-8 s to 
10-9 s (being much slower than the other ones). 
It should be accounted that the branching ratio among the competing decay channels 

for the temporary negative ion is dependent on the state and phase (Illenberger 200342). In 
addition, because of the large de Broglie wavelength (~12 Å for a 1 eV e-) of low-energy 
incident electrons, the interaction of such electrons with the condensed phase must be 
treated theoretically as a multiple scattering problem (Ingolfsson et al. 199643). 



 

NANO-CHEMICAL APPLICATION(S)  

Since the first report of microwave-assisted organic synthesis by the groups of Gedye 
(Gedye et al. 198644) and Giguere (Giguere et al. 198645), this technique become a tool 
for accelerating and controlling reactions, and increasing yields. Were introduced 
controlled, precise microwave reactors as an alternative to oil baths in an increasingly 
wide range of organic transformations (Mavandadi & Pilotti 200646; Kappe & Dallinger 
200647). 

The advantage of microwave technology in terms of heating can be applied to high-
throughput techniques, such as solid-phase synthesis and polymer-assisted solution-phase 
synthesis. Synthesis of nano-sized structures may require the presence of a capping agent 
and/or of a support. Table 4 contains recently communicated results of Radi-synth using 
microwaves for different classes of nano-sized structures. 

Table 4. Nano-sized structures recently developed with microwaves 
Group Structure Capping agent Support Reference 

CeO2 citric acid - He et al. 201648 
CeO2 ethylene glycol TiO2 Lu et al. 201649 
CoO - - Harish et al. 201650 
Fe2O3 - - Sun et al. 201651 
Fe3O4 - polypyrrole Yang et al. 201652 
MoO3 - - Wang et al. 201653 
V2O5 oxalic acid - Pan et al. 201654 

metallic 
oxides 

VOx  SiO2 Betiha et al. 201655 
BaFe12O19 - ethyl cellulose Nabiyouni & Bakhtiari 201656 double 

oxides ZnAl2O4 - - Quirino et al. 201657 
LiFePO4 tetraethylene glycol graphene oxide Lim et al. 201658 
Mg3(PO4)2 - - Qi et al. 201659 
Nd3+-KY3F10 - - Orlovskii et al. 201660 salts 

CdS polyvinylpyrrolidone - Darwish et al. 201661 
Au, Ag curdlan biopolymer - El-Naggar et al. 201662 metals Ag l-Cysteine - Ma et al. 201663 
Ru-Re polyvinylpyrrolidone Al2O3, SiO2 Baranowska et al. 201664 metallic 

mixes Ti-Ni-Sn - - Lei et al. 201665 
IxB10-IyB12 - - Juhasz et al. 201666 other MWCNT - Ni Bisht et al. 201667 

 
Sonic waves find their application in direct exfoliation and dispersion of two-

dimensional materials (graphene, h-BN and MoS2 were exfoliated in Kim et al. 201568), 
sonochemical synthesis catalyzed by nanocomposites (polyhydroquinolines are obtained 
in Zarnegar et al. 201569), obtaining of oxide nano-sized particles (Cu0.88Zn0.12O, Zn:CuO 
nano-sized particles were obtained in Eshedet al. 201470) and acceleration of reactions (in 
general) in solution (reviewed in Fadeev et al. 201071). 

UV light (see Table 2) is often used for polymerization. In microfluidics, stop flow 
lithography (SFL) and optofluidic maskless lithography (OFML) can polymerize high-
resolution 3D particles continuously by illuminating ultraviolet (UV) light on a static UV 
reactive fluid. Going further, Paulsen, et al. have developed a new optofluidic fabrication 
method that relies on two sequential steps: (1) highly controllable inertial flow shaping in 
microfluidic channels (Amini et al. 201372) followed by (2) UV photopolymerization of 
the shaped fluid stream (Paulsen et al. 201573). The optofluidic device uses two sheath 
fluid streams of polyethylene glycol diacrylate (PEG-DA) from the side channels, 



sandwiching a photosensitive core fluid stream, PEG-DA with photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMPA). 

High energy γ-rays (Lattach et al. 201374; Lattach et al. 201475; Cui et al. 201476) as 
well as high energy electrons radiations (Coletta et al., 201577) are used to generate 
oxidizing species, hydroxyl radicals, through water radiolysis, facilitating thus that 
subsequent activated monomers to polymerize. It was enabled the preparation of 
nanostructured PEDOT (PEDOTox) and PPy conducting polymers (Cui et al. 201678). 

MULTI-/TRANS- DISCIPLINARY CONNECTION(S) 

Some studies have demonstrated that low-energy spin polarized secondary electrons, 
produced by X-ray irradiation of a magnetized Permalloy substrate, can induce chiral 
selective chemistry, which may explain the creation of 'handedness' in biological 
molecules, one of the great mysteries of the origin of life (Rosenberg et al., 200879). 

OPEN ISSUES  

Ionising radiation exemplifies one of the conundrums of modern science because in 
the same time can be lethal and life-preserving. This dilemma extends to its applications 
such as the nuclear power and radiation sterilization of food products.  

RELATED LIST OF ABBREVIATIONS 

Radiolysis is the dissociation of molecules by nuclear radiation. It is the cleavage of 
one or several chemical bonds resulting from exposure to high-energy flux. 
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