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PREFACE

“Applications of ionizing radiation in materials processing” is a result of
the project “Joint innovative training and teaching/learning program in
enhancing development and transfer knowledge of application of ionizing
radiation in materials processing” (acronym: TL-IRMP, Agreement
number 2014-1-PL01-KA203-003611), which is within the framework of
the Erasmus+ program “Cooperation for innovation and the exchange of
good practices — Strategic Partnerships for higher education”. This book
is co-funded by the Polish Ministry of Science and Higher Education.
Twenty seven professors and researchers from seven organizations in six
countries (Poland, Italy, Lithuania, Romania, Turkey and France) have
contributed to this book. The text of each chapter was first internally
reviewed amongst the authors, and then it was given a global review
by Anthony J. Berejka who is familiar with the effects of ionizing radia-
tion on materials and its use in commercial processes. Mr. Berejka also
smoothed out the language of the book using his professional style of
scientific English, his native language.

This book consists of two volumes. It starts with the basic theory of
radiation and its interactions with materials, and then goes into the ra-
diation chemistry of liquid and solid systems, radiation-induced grafting,
crosslinking, polymerization, polymer degradation and oxidation. Analy-
tical methods for characterization of irradiated materials and applications
of radiation processing to polymers are then covered. The text ends with
opportunities for future developments in radiation processing. This book
can be used as teaching material in material science or engineering by
university professors, or as a self-learning material by students. It is also
very useful for materials scientists, chemical engineers, chemistry students,
or for anyone else interested in material processing technologies.

Assoc. Prof. Yongxia Sun, Ph.D., D.Sc.
Project coordinator of TL-IRMP






Chapter 1

BASIC RADIATION PHYSICS AND SOURCES
OF RADIATION

Diana Adliené
Kaunas University of Technology, Physics Department, Studenty g. 50,
LT-51368 Kaunas, Lithuania

1. INTRODUCTION

Treatment of materials and products with radiation in order to modify their
physical, chemical and biological properties is defined as radiation processing
of materials. Radiation processing can be controlled and used for the develop-
ment of the novel materials and products with desirable properties.

The knowledge of the basic radiation physics, including the structure of
matter, elements of nuclear physics, the nature of electromagnetic radiation,
and radiation interaction with matter is required to understand irradiation pro-
cessing and its potential in material sciences.

1.1. CLASSIFICATION OF RADIATION

Radiation-induced changes in materials depend on the origin and type of
radiation and the deposited energy (Fig.1).

Energy deposition processes in turn depend on the origin of the radiation:
* particulate radiation, including electrons, positrons, protons, neutrons, ions;
» electromagnetic radiation, which covers a broad wavelength range, includ-

ing infrared, visible and ultraviolet radiation and X-rays and gamma rays.
The following Table 1 gives approximate wavelengths, frequencies, and energies
for selected regions of the electromagnetic spectrum.

Deposition of kinetic energy of accelerated particles in a target is considered
when discussing the interaction of particulates with matter. In the case of
electromagnetic radiation, interaction with matter, in general, energy transferred
by the individual quanta, known as photons, is taken into account. The energy
of photon (quantum energy), E, is given by:
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High energy physics

Nuclear
reactio

Chemical reactions,
semiconductors,

hotoeffect .
p ff \/A)t;wﬁc ransformations,
ionization, E > [4+25 keV ]
0,025 ev 1-5 eV

Chaotic movement
Low energy physics

Fig.1. Comparison of energies.

Table 1. Spectrum of the electromagnetic radiation.

Wave region Wavelength [m] Frequency [Hz] Energy [eV]
Radio >0.1 <3x10° <107
Microwave 0.1-10* 3 x10%-3 x 10" 107-0.01
Infrared 1047 x 107 3 %1043 x 10" 0.01-2
Visible 7 x107-4 x 107 4.3 x 10"-7.5 x 10" 2-3
Ultraviolet 4 x107-107° 7.5 x10"-3 x 10" 3-10°

X-rays 10°-10" 3 x10"-3 x 10*! 103-107
Gamma rays <10 >3 x 10" >10°

{ Radiation ]

[ Non- ionizing ]7

(" oniang |

Directly ionizing
Charged particles

e, e, p*,o, ions, etc.

Indirect ionizing
Neutral particles
n v, X

Fig.2. Classification of radiation.
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C
E=hv=h_ 1
v=h- (D)

where: the constant h is known as Planck’s constant, v — a frequency, ¢ — a

speed of light in vacuum, A — wavelength.

Radiation is classified in two main categories, non-ionizing and ionizing
radiation depending on its ability to ionize matter (Fig.2):

» Direct ionizing radiation corresponds to the energy deposition in the mate-
rial by energetic charged particle which have Coulomb interaction with an
orbital electron of a target atom.

* Indirect ionizing radiation is realized in two steps. First, fast charged par-
ticles (electrons and positrons) are released in the material due to the photon
energy deposition or due to kinetic energy deposition by neutrons, protons
or heavier ions. Second, the released charged particles deposit their energy
directly in the material through Coulomb interactions between these particles
and orbital electrons of an atom.

2. ATOMIC AND NUCLEAR STRUCTURE

2.1. BASIC DEFINITIONS FOR ATOMIC STRUCTURE

The atom is composed of a central nucleus surrounded by a cloud of nega-
tively charged electrons. An atomic nucleus consists of Z protons, and N neutrons.
The main characteristics of the constituents of an atom are shown in Table 2.

Table 2. Main characteristics of the atom constituents.

Particle Symbol Mass [kg] Energy [MeV] Charge
Proton p 1.672 x 107 938.2 +
Neutron n 1.675 x 107 939.2 0
Electron e 0.911 x 107 0.511 -

The radius of an atom is ~107'm, the radius of the nucleus is about 10~'* m.

Protons and neutrons are commonly referred to as nucleons.

The number of protons in atom is known as the atomic number, Z. It equals
the number of electrons in a non-ionized atom, thus making an atom neutral.

Atomic mass number, A, equals to the number of protons plus neutrons in
the nucleus.

Atomic mass, M, might be expressed in mass units — g or in atomic mass
units — u, where u is equal to 1/12 of the mass of the '2C atom or 931.5 MeV/c?.
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Some binding energy is required to keep the nucleons within the nucleus. Thus
the atomic mass of particular nuclide is smaller than the sum of the individual
masses of constituent particles.

Number of atoms, N , per mass of an element is:

N._Ny
m A

where N, is Avogadro’s number (N, = 6.022 x 10> atoms/g-atom).
Number of electrons, N, per mass of element is:

N N Z
c=7—2-2N, 3)
m m A

2

Number of electrons, N, per volume, V, of an element is:

e pziespzin 4)
\Y m A

In nuclear physics, a nucleus X with atomic mass number A and atomic
number Z is denoted as % X, for example 3 Co and '}Cs.

An atomic nucleus identified by its atomic element and its mass number is
defined as nuclide.

Atoms having an identical atomic number, Z, but different atomic mass
numbers, A, related to different numbers of neutrons in the nucleus are called
isotopes of a given element, for example: ';C, '.C, "C, "iC.

In ion physics it is usual to provide ions with superscripts +/—. For example,
7He’" stands for a doubly ionized He atom which is the alpha particle [1].

2.2. ATOMIC STRUCTURE

The currently accepted simplified atom model relies on the 1913 Bohr
theory [2, 3] and his famous postulates that combine classical non-relativistic
mechanics with quantum mechanics adding the concept of angular momentum
quantization. A variety of postulated formulations (physical content being the
same) are provided in the literature [4-6]. Here is a summary of Bohr’s postu-
lates, as noted in Ref. [7]:

e Postulate 1: Electrons revolve about the Rutherford nucleus in well-defined,
allowed orbits (planetary-like motion):
2 2
F 1 Ze” _ _m,v, 5)

coul — 47'[80 r — Tcent r

€ €

* Postulate 2: While in orbit, the electron does not lose any energy despite
being constantly accelerated (no energy loss while electron is in an allowed
orbit).
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* Postulate 3: The angular momentum L = m vr of the electron in an allowed
orbit is quantized and given as L = nh, where n is an integer referred to as a
principal quantum number, h = h/2n and h is Planck’s constant.

+ Postulate 4: An atom emits radiation only when an electron makes a transition
from the initial orbit with a quantum number n, to final orbit with a quantum
number n, (energy emission during orbital transitions).

hv=E. -E, (6)
Electron transitions result in the emission of photons. The wavenumber k
of the emitted photon is given by:

1
k:lRw iz—iz =109737 cm™'Z? %——2 (7)
}\, nf n]' nf ni
where R is the Rydberg constant.
The radius r_ of one-electron Bohr atom is given by:

r =a, (n—;] =0.529 A(n—zj (8)

where a, = 0.529 A is the Bohr’s radius.
The energy levels for orbital electron shells in one-electron atomic structure

are given by:
2 2
E =-E; (Ej =—13.6eV (Ej 9)
n n

where: E, — the Rydberg energy, n — the principal quantum number (n = 1,

ground state, n > 1, excited state), Z — atomic number of one-electron atomic

structure.

An energy level diagram for the hydrogen (H) atom is shown in Fig.3A.

Bohr’s theory works well for one-electron structures (hydrogen atom,

singly ionized helium atom and doubly ionized lithium atom, etc.), but it does

not apply directly to multi-electron atoms because of the repulsive Coulomb

interactions among the atomic electrons. Development of the theory of quantum

mechanics by Heisenberg, Schrodinger, Dirac, Pauli and others, contributed

significantly to the explanation of possible energy levels (states) that might be

occupied by electrons in a multi-electron atom. In this theory, individual energy

states are defined by four quantum numbers as follows [8]:

* the principal quantum number, n, which specifies the ground (main) energy
shell and can take integer values;

* the azimuthal quantum number, 1, which specifies the total rotational angular
momentum for the electron and can take integer values between 0 andn—1;

* the magnetic quantum number, m, which specifies a component of the angular
momentum and can take integer values between —I and +1;

* the spin quantum number, s, which specifies a component of the spin angular
momentum of the electron and takes values —% or +%.
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A | B )
Continuum Continuum
of electron of electron
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Fig.3. Energy level diagrams: A — for a hydrogen atom, B — for a lead atom. (Adapted
from Ref. [7]).

Electrons occupy allowed shells; however, the number of electrons per shell
according to the Pauli exclusion principle is limited to 2n’.

The distribution of energy levels in a multi-electron atom (Pb) is shown in
Fig.3B.

The energy levels associated with the various electron orbits (not drawn to

scale) increase with Z and decrease with quantum number n and the average
distance from the nucleus. The outer electronic shell (the valence shell) deter-
mines the chemical properties of the element. The energy bands associated with
n=1, 2, 3, etc., are known as the K, L, M, etc., bands. The structure of each
band arises from small differences in energy associated with both the I and s
quantum numbers.
In a multi-electron atom, inner shell electrons are bound with much larger
energies E_than E_ in single-electron model: E = —E_(Z2 /n?), and the corre-
sponding atomic radius is: r, = a (n*Z ), where Z _is the effective atomic
number, given by Z .= Z —s_, with s_as the screening constant, which equals
to 2 for K-shell electrons.

There are two main processes when an electron is removed from a given
shell in the atom: excitation and ionization. Both of them occur within the atom
through various possible interactions (energy transition) which will be discussed
in Chapter 2.

Excitation of an atom is present when an electron is moved from a given
shell to a higher n shell which is empty or is not filled by corresponding number
of electrons. Excitation energy (excitation potential) is a minimum energy re-
quired to excite an atom from its ground state to a higher state (Fig.4A).

Ionization of an atom occurs when an electron is removed from the atom
(a certain amount of energy is transferred to the electron which is sufficient to
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A Excitation energy n=oco B 10nisation energy n=co
/ n= 6 / n=6
n=>5 — - & n=2
n=4 n=4
n=3 n=3
A
12.1 eV 3.39 eV
n=2 n=2
10.2 eV
13.6 eV
n=1 n=1
Ist excitation energy of hydrogen 10.2 eV | 1st ionization energy of hydrogen is 13.6 eV
(level n=1 to level n = 2) (level n =1 to ionization level n = )
2nd excitation energy of hydrogen 12.1 eV | 2nd ionization energy of hydrogen is 3.39 eV
(leveln=1 to level n = 3) (level n =2 to ionization level n = o

Fig.4. Excitation scheme (A) and ionization scheme (B) of hydrogen atom.

overcome its binding energy in the shell). Ionization energy (ionization poten-
tial) is a minimum energy required to release electron from atom or ion (Fig.4B).

An orbital electron from a higher n shell will fill the electron vacancy in a
lower n atomic shell. The energy difference between two shells will be either
emitted as a (fluorescent) photon or it will be transferred to the higher n-shell
electron, which will be ejected from the atom as an Auger electron.

The minimum energy required to ionize the atom (ionization potential)
ranges from a few (alkali elements) to 24.5 eV (helium) [9].

2.3. NUCLEAR STRUCTURE

Most of the mass of an atom is concentrated in the atomic nucleus, con-
sisting of Z protons and N = (A — Z) neutrons and having radius:

r:roi/X (10)

where r, is a constant (~1.4 fm) assumed equal to 2 of r, the classical electron
radius.

The constituents of the nucleus, protons and neutrons (nucleons), are bound
in the nucleus with a strong force. This short-range (10!* m) force exceeds not
only the long-range electromagnetic force between charged nucleons (protons),
which is repulsive and tends to disrupt the nucleus, but also other known
natural forces (gravitational, weak interaction) by several orders of magnitude
and holds different nucleons (protons-neutrons) together in the nucleus. The
energy associated with the strong force is called binding energy.
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Fig.5. Binding energy per nucleon for different elements. (Adapted from Ref. [10]).

The binding energy per nucleon, E /A, in a nucleus varies gradually with
the number of nucleons, A (Fig.5). It may be calculated from the energy equiv-
alent of the mass deficit (defect), A_, of a given nucleus as:

~
7

Z, number of protons

W Stable
[ ECeps

N, number of neutrons
_—

Fig.6. Nuclear stability chart. The stability line is indicated in black. (Adapted from
Ref. [11]).
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EB

Amc? Zrnpc2 +(A-2Z)m, ¢’ —Mc’
A A A

where: M — the nuclear mass, expressed in atomic mass units —u (Mc?=931.5
MeV); m c? — the proton rest energy; mnc2 — the neutron rest energy.

A stable nucleus has enough binding energy to hold the nucleons together
permanently. There is no basic relation between the atomic mass number A and
atomic number Z of a nucleus, but an empirical relationship:

A
7 =
1.98+0.0155A%"

gives a good approximation for a stable nucleus.

Strong nuclear forces and the associated binding energy in the nucleus
determine the stability of the nucleus (balance of protons and neutrons). Too
many neutrons or too many protons upset this balance disrupting the binding
energy of the strong nuclear forces making the nucleus unstable (Fig.6).

(11)

(12)

3. NUCLEAR TRANSFORMATIONS

The nuclear transformations (transmutations) play a significant role in the devel-
opment of new materials. Materials in which nuclear transformation processes
take place are known as natural radiation sources. They represent a powerful
tool for radiation-induced modification of materials (especially in nuclear
energy and in the biomedical field), since the result of every transmutation
process is an energy release [12]. Nuclear transmutation energy is released as:

+ Kinetic energy of the product particles.

* Almost immediate emission of very high energy photons, i.e. prompt gamma
rays, or it is a postponed energy release through gamma decay to the ground
state of the nucleus, which is present, when nucleus is firstly transformed
to a metastable state.

* Asmall amount of energy may also emerge in the form of X-rays. (Generally,
the product nucleus has a modified atomic number, so the configuration of its
electron shells is destroyed. As the electrons rearrange themselves and drop
to lower energy levels, X-rays, due to internal transitions, may be emitted).

There are four major types of nuclear transmutation [4]:

» Radioactive decay, in which nuclei spontaneously eject one or more particles
and lose energy to become the nuclei of lighter atoms. Examples are alpha,
beta and gamma decays.

» Fission, which is the splitting of a nucleus into two “daughter” nuclei, e.g.
n+ 23U — U - YBa + 2Kr +3n,
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« Fusion of two parent nuclei into one daughter nucleus, e.g. |N + N — >N
+e" +v,, where v_stands for (electron) neutrino — which is an elementary
particle holding no electrical charge, travelling at nearly the speed of light,
and passing through ordinary matter with virtually no interaction.

* Neutron capture, in which the nuclear charge (Z, the atomic number) is un-
changed, the nuclear mass (A = number of protons + neutrons, the atomic
mass) increases by one, and the number of neutrons (N) increases by one.

The simplified overview of nuclear transmutations is provided in Fig.7.

‘ NUCLEAR. TRANSMUTATIONS (SIMPLIFIED) ‘

v v

‘ NUCLE AR REACTIONS | | RADIOACTIVE DECAY ‘
NEUTRON | [[NUCLEAR ; - - EH
oo | LA ‘ | ete. | | NUCLEONEMISSION ‘ ‘ IEPTON EMISSION | ‘?ADIATION
(n, 1) reactions Emission of
1) Induced Stable individual Alpha | | Spentaneous Beta Electron Gamma
Neutron fissi . L . - ..
. . ss0n ISO‘DPC neutrons and emission fission emission Cawe emission
actvation pro

Fig.7. Nucler transmutation processes. Processes indicated in gray boxes are not con-
sidered for discussion in this book.

3.1. RADIOACTIVITY

Radioactivity is a process characterized by a transformation of an unstable
nucleus into more stable state that may also be unstable and will decay further
through a chain of decays until a stable nuclear configuration is reached. The
energy difference between the two quantum states is called the decay energy,
Q, and is emitted from the nucleus in the form of electromagnetic radiation
(gamma rays) or in the form of kinetic energy of the reaction products.

All radioactive processes are governed by the same formalism based on:
+ substance related characteristic parameter called the decay constant A;

* activity, A(t), which represents the total number of disintegrations (decays)
of nuclei per unit time and is defined as:
A(t) =AN(t) (13)
where N(t) is the number of radioactive nuclei at time t.
The SI unit of activity is the becquerel, Bq (1 Bq =1 s™), but the older unit
of activity, the curie, Ci (1 Ci = 3.7 x 10'° Bq), originally defined as the
activity of 1 g of ??°Ra, is also used.

The simplest radioactive decay involves a transition with a decay constant
A, from a quantum state of the unstable garent nucleus, P, to the quantum state
of the stable daughter nucleus, D: P—=2—-D.
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The rate of depletion of the number of radioactive parent nuclei, N, is equal
to the activity of radioactive parent, A (t), at time t:

Np (t)
Sl _aw=-N,0, [T

L= —[h,dt (14)
0

Np (0)

where N (0) is the initial number of parent nuclei at time t = 0.

The number of radioactive parent nuclei N (t) in radioactive substance and
the activity of radioactive parent A (t) as a function of time (Fig.8) may be
defined as:

N, (1) =N, (0)e ™' s
Ap(t) =4, Ny (1) =4, N, (0)e ™" = A, (0)e™' (15)
where A (0) is the initial activity at time t = 0.

AQ)x-—---—---
Area B /Area B=A(0)t
I
- I
< A(t) = -AA(0)t+A(0)
-,E 2 F--- A\— | 1 A(t) = A(0)e
< ( _____ Z\J' - o0
— ! Area C=A(0)[ e *dt=A(0)t
e Iy | 0
1y |
1o\ |
1 AW}
1 M
tiz T

Time, t
Fig.8. Plot of activity as a function of time.

The half-life, (t,,),, of radioactive parent, P, is the time during which the
number of radioactive parent nuclei decay from the initial value N,(0) at time
t = 0 to half of the initial value:

N, (0)

N,(t=t,,)= =N, (0)e r(er (16)

The same relationship is valid for the activity.

The average (mean) lifetime, 1, of a radioactive substance is the average
life expectancy of all parent radioactive nuclei in the substance at time t = O:

A0
A, (0)r = jA (0)e*'dt = x( ) (17)
p

The decay constant A, the half—hfe (t,,), and average lifetime t, of a radio-

active substance are related to each other as follows:
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In2 1
Ap = =—, (tp)p=1pIn2 (18)

! (tl/Z)P TP
Specific activity a is the activity per unit mass:
. A(t) _ AN(t) _ AN, _N, In2
M M A A(T),),

where N stands for Avogadro’s number and A is the atomic mass number.

A more complicated radioactive decay occurs when a radioactive parent
nucleus, P, decays with its decay constant A, into unstable daughter nucleus,
D, which in turn decays with a decay constant A into a stable granddaughter,

. }”P }“D
G: P >D >
Time-dependent parent and daughter activities are shown in Fig.9.

(19)

4 \Ap(0) =ApNp(t)

w

Ap(t) =ApNp(t)= ApNp(0)e™*

Ap(t) =ApNp(t)

Relative activity
N
|

(Y

I ]
2 3 4 5 6

Time t (arbitratry units)

Fig.9. Parent and daughter activities plotted as a functions of time.

The activity of the daughter nuclei is expressed as:
Ap

A, = A(0)(e " —e ! 20
=5 S AOX ) (20)
The maximum activity of daughter nuclei occurs at time t __ :
o In(A, /Ap) @1)
Ap —Ap

under condition, that N, = 0 at time t = 0.

There are some special considerations in the parent-daughter-granddaughter
relationship:
» for non-equilibrium:



Chapter 1 19

A A o
Ao <hp or (t,,)p>(t,,), A_D: > [l_e " Xp)tJ (22)
P

 for transient equilibrium:

A A
Ap>A, or (t <(t,,)p, —2= D fort>>t 23
D P ( 1/2)D ( l/Z)P AP 7‘D _7‘9 max ( )
 for secular equilibrium:
;\’D = }\'P or (tl/Z)D << (tl/Z)P’ AD/ AP =1 (24)

3.2. ACTIVATION OF NUCLIDES

Activation of nuclides is possible when a parent nuclide, P, interacts with
thermal neutrons in a nuclear reactor. This interaction is followed by occurance
of a radioactive daughter nuclide, D, that decays into a granddaughter nuclide,
G: P—22 3D "2 3G, where ¢ (in cm2's™") indicates neutron fluence rate.

The probability for the parent nuclei activation is determined by nuclear
reaction cross section, o, expressed in barn/atom (1 barn = 102* cm?). In the
case of parent nuclei activation, the expression for daughter activity is given
in Eq. (21) where A, is replaced by the c¢:

AD(t)zx@“"—"D.NP(O)(e"*‘“—e*Dt) (25)

D

In the activation process the maximum activity of daughter nuclei occurs
at time:

_ Ini, /o (26)

max

0]
When o¢p <<, the daughter activity expression transforms into:
Ap (1) =6OA,N, (0)(1—e ") 27)
%Co being one of the most important radionuclides for industrial and
medical irradiators is also produced artificially by bombarding stable 3;Co
with thermal neutrons in a nuclear reactor:
2Co+n— $Co+7y, or 3 Co(n,y)mCo (28)

Estimated cross section for this process is 6 =37 barn/atom. The typical neutron
fluence rate ¢ is of the order of 10" cm™2-s7! [13, 14].
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3.3. RADIOACTIVE DECAY MODES. NATURAL RADIATION
SOURCES

Radioactive decay is a process in which an unstable parent nucleus, P,
reaches a more stable daughter nucleus, D, through possible decay modes. The
most important radioactive decay modes are: alpha (o) decay, B* decay, B~ de-
cay, electron capture (€), and isomeric transition (IT) which is also called in-
ternal conversion (IC), spontaneous fission (sf), proton (p) decay, neutron (n)
decay and special mixed beta-decay processes. Most of the decay processes
are followed by gamma emissions.

Total energy of particles released from the decaying nucleus equals the
decrease in the rest energy:

Q=[M,— (M, +m)]¢’ (29)
where M, M and m are the nuclear rest masses of the parent, daughter and
emitted particle, respectively.

Radioactive decay processes are described in detail in Ref. [4]. Information on
radionuclide decay data are found in special databases [11, 13, 14].

Alpha decay is a nuclear transformation in which an energetic alpha par-
ticle (;He nucleus) is emitted: 5P — 53D+ He.

The process of alpha decay is found mainly in proton rich, high atom number
(Z > 83) nuclides (see Fig.6). The reason for alpha decay is an unbalance be-
tween two competing forces in the nucleus: electrostatic repulsion (Coulomb)
force between protons and the strong interaction force between protons and
neutrons.

The binding energy of alpha particle (potential barrier in the nucleus) is very
high (EB = 28.3 MeV).

The kinetic energy of alpha particles released by naturally occurring radionu-
clides is between 4 and 9 MeV.

226

An example of alpha decay for “;;Ra is provided in Fig.10.

o8 2 88 Ra 226 (1600 a)

4.87063

/C14

{2-6' 10% 47843 MeV
93.84%
(13
8(%0%5’ ,12)1 2 4.601 MeV “°Ra— ‘uD+ 3He

6.16%

v 186 keV 0.1862

3.53%| |o; 0.689
86 Rn 222 (3.8235 d)
Fig.10. Alpha decay of *;Ra. Most important processes are: .l decay (4.7843 MeV,

93.84%) and a2 decay (4.601 MeV, 6.16%) followed by gamma emission (186 keV,
3.53%). (Adapted from database [15], 2012).
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Beta decay is a nuclear transformation in which an electron or positron is
emitted. There are no electrons in nucleus. The reason for beta decay is quite
different as compared to alpha decay. Weak interaction forces are responsible
for beta decay, since the weak interaction causes transmutation of quarks, that
are constituents of nucleons [16]. Six types of quarks are known, but nucleons
are constructed from up and down quarks: a neutron consists of one up (+2/3¢)
and two down (—1/3e) quarks; a proton — two up (+2/3¢) and one down (—1/3¢)
quarks. Weak interaction is the only process in which a quark can change to
another quark.

In neutron decay, one down quark is changed to an up quark, transforming the

neutron into a proton:

d—ou+e +v, (30)
In proton decay, one up quark is changed to the down quark, transforming the
proton into the neutron:

u—>d+e’ +v, 31)

The number of nucleons and total charge are conserved in the beta decay

process and the daughter, D, can be referred to as an isobar of the parent, P.

This transformation is only possible, if M, > M +m..

* (" decay occurs when, in a proton rich radioactive parent nucleus, a proton
is converted into a neutron and a positron and neutrino. Sharing the available
energy, positrons and neutrinos are ejected from parent nucleus:

p—>n+e +v, and SP— D+B" +v, (32)
An example of B* decay for ';F is provided in Fig.11. The radionuclide 's F
is a widely used tracer in nuclear medicine.

9 F 18 (109.728 m)

1.655
1.022 MeV
18 18
£3.14% e oF = (O+B" +v,
Bﬂ-
0.633 MeV
96.86%
0.0

8 O 18 (stable)

Fig.11. B* decay of ';F. The main decay mode is positron emission (0.633 MeV,
branching ratio 96.86%). Branching ratio for electron capture is 3.14%. No gamma
emissions are observed. (Adapted from database [15], 2013).
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27 Co 60m (10.467 m)
Iy =58
2.824 ?7 Co 60 (5.2711a) 204% [o=48

\.\ ﬁ—
1 0.318 MeV
2506 __99.88%

2.882

60 60 \T: -
5,Co— NI+ +V,

¥
X 1173keV

2.159 1, 99.85%

1.332 : - 1332
' 1 ke
; 1332 i
' 99.98%

0.0 i 0.0
28 Ni 60 (stable)

Fig.12. B~ decay of 3 Co. In 99.88% cases electrons with a maximum energy of 0.318
MeV are emitted, the rest — 0.12% electrons — with a maximum energy of 1.492 MeV.
B~ decay is followed by gamma emissions: E, =1173 MeV, 99.85% and E,=1332
MeV, 99.98%. A metastable state ®®"Co is also indicated. The transition from meta-
stable state to the ground state of “°Co occurs primary through electronic capture.
(Adapted from database [15], 2012).

* [~ decay occurs when in a neutron-rich radioactive parent nucleus a neutron
is converted into a proton and an electron and anti-neutrino, that share the
available energy, are ejected from the parent nucleus:

n—>p+e +v,, and 4P— ,AD+B +V, (33)
An example of B~ decay for % Co is provided in Fig.12. $Co source is
widely used in different industrial and medical applications. One gram of
$9Co has an activity of ca. 43 TBq.

Electron capture is a process in which a neutron deficient nucleus captures
an atomic electron from the inner K or L shells of the atomic orbits. As a result,
a proton in the nucleus transforms into a neutron and neutrino is ejected:

p+eg=n+v,, and SP+e, =, D+v, (34)

This transformation is only possible, if M,+ m_>M_,.

An example of electron capture process is provided in Fig.13.

Gamma emission is present when excited daughter nucleus, D, generally
produced through alpha decay, B~ or " decay, attains its ground state:

7P—> D" = D+y (35)

If the daughter nucleus de-excites with a time delay, the excited state of the
daughter is referred to as a metastable, *, state. The nucleus in metastable state
is called an isomer and the process of de-excitation is called an isomeric tran-
sition, with the emission of gamma photons. Radioactive decay related spon-
taneously emitted photons are from the range 5 keV-1.5 MeV, but in some
cases also higher photon energies (6-7 MeV) are possible.

An example of gamma decay scheme of }.Cs source, is provided in Fig.14.
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0.836 27 Co 57 (271.80d)
£ 99.8%
0.707
i 57 - _ 57
0136 | JCo+eg = D+v,
; y 122 keV
: v 136 keV 85.6%
10.68% B
= v 14 keV
0.14 9.16%
: oy 8.56
0.0 1
26 Fe 57 (stable)

Fig.13. ;]Co decay by electron capture. Electron capture (99.8%) is prevailing process
when 37 Co nuclei (0.836 MeV) transforms into the >’ Fe in the excited state (0.136
MeV). This transformation is caused by the fact that the Q value (0.836 MeV) is not
sufficient for B* decay (threshold energy for positron emission is 1.022 MeV). The
process is followed by gamma emissions. (Adapted from database [15], 2012).

177Cs is used as irradiation/calibration source in medical and industrial appli-

cations. One gram of ';.Cs has an activity of ca. 3.215 TBq.
Internal conversion is a process in which the nuclear excitation energy
may be transferred to a K- or L-shell orbital electron that is ejected instead of

gamma photon emission:

55 Cs 137(30.08a)

1.176
- 0.514 MeV gag? ey
4.7% DUUEB'!:
56 Ba 137m 0,662

255m

g v 662 keV
' ot; 0,11 |7284 keV
0.0006%
0.0

56 Ba 137 (stable)

Fig.14. Metastable transition '}.Cs — '3/ Ba. 94.7% of '}/Cs nuclei possess B~ decay
to a metastable short-lived nuclear isomer of barium, "*"Ba (t,, = 153 s); the 5.3% of
'77Cs nuclei through B~ decay are transformed directly to the ground state of '}, Ba,
which is stable. "2 Ba is responsible for the emissions of gamma rays with the
energy of 0.662 MeV (85.1%). The emission of conversion electrons is also possible:

7.8% — K shell, 1.8% — L and M shells. (Adapted from database [15], 2012).
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"D' = D+e; (36)
The kinetic energy of ejected electron equals to the difference between the
excitation energy and the orbital electron binding energy. The resulting K-shell
vacancy is filled with a higher level orbital electron and the transition energy
is emitted in the form of characteristic photons or Auger electrons.
An example of internal conversion is the decay of metastable V' Ba (Fig.14),
which results from B~ decay of '!/Cs, into stable '}{Ba through emission of

gamma rays and internal conversion electrons.

4. ELECTRICAL (ARTIFICIAL) RADIATION SOURCES

Fundamentals of radiation physics have been discussed in previous sections
with the aim of introducing a basic knowledge of atomic and nuclear structures
and their radioactive transformation processes. This knowledge is necessary to
understand the origin and behaviour of natural radiation sources, which might
be used for materials modification and in the radiation processing of materials.
However radioactive decay of naturally occurring radionuclides has a proba-
bilistic character. Even if the energies of the released particles might be relative
high: up to 5 MeV for alpha particles and up to 3 MeV for beta particles, their
scientific and especially industrial applications are limited by the difficulties
in maintaining radioactive sources, their lack of purity for chemical process-
ing, low intensity, poor geometry and sometimes uncontrolled broad range of
energies. Radioactive sources can be expensive and require replenishment. This
makes electrical (artificial) sources, beams of accelerated particles, produced
using different physical phenomena and techniques, very attractive. These
particles may additionally produce beams of secondary particles. Photons
(X-rays, gamma rays, visible light) might be generated by the interaction of
accelerated electrons with matter, while neutrons are generated by accelerated
proton beams in neutron spallation sources. Primary and secondary beams are
used for radiation processing of materials and in the analysis of material prop-
erties, or for the treatment and diagnosis of patients.

4.1. PRODUCTION OF X-RAYS

Particle interaction processes with matter are discussed in detail in Chap-
ter 2. In order to have a full scope of particles that are produced within an atom,
a physical background of X-ray production must be introduced.

Inelastic interactions between incident electrons and orbital electrons or
nuclei result in production of X-rays of two types: characteristic X-rays, and
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“bremsstrahlung” X-rays (braking radiation). X-rays may be of natural origin,
but intensive X-ray beams that are used as radiation sources in medical, indus-
trial and research applications, are generated electricity: low energy (kilovolt-
age range) X-rays are produced in conventional X-ray tubes, and megavoltage
X-rays are produced by particle accelerators.

Bremsstrahlung X-rays are produced when a high energy electron beam
strikes a target, letting the incident electron interact with a nucleus of the ab-
sorbing material (Fig.15A). Due to deceleration in the E/H field of the nucleus,
the electron loses its energy. This results in the appearance of the continuous
spectrum of X-ray photons, that are emitted from the target material, with the
energies ranging from zero to the kinetic energy of the incident electron.

Characteristic X-rays are produced when the high energy incident electron
interacts with an orbital electron and ejects it from the absorber atom (ioniza-
tion). This action results in appearance of a vacancy, which is filled by an or-
bital electron (secondary electron) from a higher level shell. The energy differ-
ence between the two shells, hv =W, — W , is well defined and is specific for
each element in the periodic table. This energy may be either emitted in the
form of characteristic X-rays or transferred to another orbital electron that is
ejected from the atom as an Auger electron (Fig.15B).

A B characteristic X-ray
incident incident
electrons electron
M bremsstrahlung
elastically high-energy
scattered secondary electron
electron
i i inelasticall
inelastically scattered y X ay

r lectron
scattered electro electron

“‘H.__ Auger electron

Fig.15. X-ray production schemes and related scattering: A — bremsstrahlung X-rays,
— characteristic X-rays.

The bremsstrahlung spectrum produced by a given X-ray target depends
upon the kinetic energy of the incident electron, the atomic number of the tar-
get and the thickness of the target. A typical X-ray spectrum, consisting of
continuous bremsstrahlung spectrum and superimposed onto it linear charac-
teristic X-ray spectrum, is shown in Fig.16.

The relative proportion of the number of characteristic photons to bremsstrahl-
ung photons in an X-ray beam spectrum varies with the kinetic energy of the
electron beam striking the X-ray target and the atomic number of the target.
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Fig.16. Typical X-ray spectrum.

For example, X-ray beams produced by a tungsten target by 100 keV electrons
contain ca. 20% in characteristic photons and ca. 80% in bremsstrahlung pho-
tons. In the megavoltage range the contribution of characteristic photons to the
total spectrum is negligible.

5. APPLICATION OF RADIATION SOURCES
IN MATERIALS PROCESSING

It was estimated in 2013 [17] that more than 20 000 particle accelerators pro-
ducing charged particle beams were used in the industrial processes. This
number does not include the more than 11 000 particle accelerators that have
been produced exclusively for medical therapy with electrons, ions, neutrons,
or X-rays, and accelerators for physics research. An overview on industrial
application of accelerated particles in different fields is shown in Fig.17.
Production of accelerated particle beams for different purposes is defined by
the physical process of particle generation and operational parameters of gen-
erating equipment (Fig.18).
Accelerators for industrial applications, including radiation processing of
materials are classified according to the particle generation processes:
+ Direct voltage accelerators (accelerate either electrons or ions):
— Dynamitrons™ and Cockcroft Walton accelerators (energies to 5 MeV
and currents up to 100 mA),
— Van de Graaff accelerators (energies from 1 to 15 MeV at currents of a
few nA to a few mA),
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Radioisotope  |on Beam Synchrotron
Production i iati
disutran Teon ) Analst,__3_q9____Radlatlon, 70

Generators,
2000 )

Irradiation,
3000

Fig.17. Number of particle accelerators in operation and fields of their industrial ap-
plications in 2013. (Adapted from Ref. [17]).

— inductive core transformers (ICT) (energies to 2.5 MeV at currents to
50 mA);
* RF linacs (within a wide range of operating RF frequencies for charged
particles):
— electron linacs (standing wave and travelling wave cavities from 0.8 to
9.0 GHz, energies from 1 to 16 MeV at beam powers to 50 kW),
— ion linacs (RF from 100 to 600 MHz, energies from 1 to 70 MeV at beam
currents to > 1 mA);
 circular accelerators:

— betatrons (electron energies to 15 MeV at a few kW beam power),

— cyclotrons (ion energies from 10 to 70 MeV at beam currents to several mA),

— Rhodotrons™ (electron energies from 5 to 10 MeV at beam powers up

to 700 kW),

— synchrotrons (electron energies to 3 GeV and ion energies to 300 MeV/amu).
Useful and detailed information on industrial irradiators can be found in the
textbooks edited by R.W. Hamm and M.E. Hamm [18], A. Chao et al. [19], and
A. Sessler and E. Wilson [20].

In this book we will concentrate on electron, gamma (high activity “Co
and '¥’Cs sources) and X-ray applications for materials processing (Table 3).

Electron beam processing applications fall into two broad categories:
modifications of materials (welding, melting, cutting, drilling and hardening)
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Fig.18. Operational regimes of industrial accelerators. (Adapted from Ref. [17]).

Table 3. Comparison of ionizing radiation sources. (Adapted from Ref. [21]).

Electron beam X-rays Gamma rays
.. - Radioactive isotope
Power source Electricity Electricity (mainly “Co)
Power activity Electrical on-off Electrical on-off | Half-life: 5.27 year
Properties Electrons Photons Photons
Charge 1.16 x 10 C A=4.1x103 nm A=1.0x 1073 nm
. Unidirectional (can be scanned .
Emission and bent by magnets) Forwards peaked Isotropic
Penetration Finite range Exponenpal Exp onenpal
attenuation attenuation
2.8 x 107 kGy/s
—2
Dose rate 100 kGy/s 2.7 x 10?2 kGy/s (fresh source)
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and irradiation, which includes radiation processing of polymers, monomers
and oligomers used in inks, coatings and adhesives or for composite matrices,
food preservation, product sterilization and waste treatment.

Bombarding a material with energetic electrons can promote chemical
processes by generating ions and slow electrons which modify the material’s
atomic bonds through interactions with the free radicals. This can alter both its
chemical and physical properties. Applications of such radiation processing
can be divided into four main categories: polymerization-crosslinking of inks,
coatings and adhesives; production of crosslinked, scissioned and grafted
polymers; sterilization and food preservation; and wastewater and gas treatment.
There are other applications such as the curing composite matrices, viscose
production, and thermo-mechanical pulp production that have been demon-
strated but are not yet in wide-spread use [21].

The electron beam energy needed in these applications is determined by
the thickness and density of the material being processed. The accelerators used
cover a wide range of beam energies and can be classified as low (80 to 300
keV), medium (300 to 1000 keV) and high (1 to 10 MeV).

Low energy electron beam accelerators are used for the polymerization-
-crosslinking of thin film coatings on sheets of material, for the crosslinking of
plastic laminates and for thin gauged, single strand wire. Medium energy sys-
tems are mainly used for crosslinking, as for wire insulation and heat shrink-
able products and in the partial crosslinking of components used in tire manu-
facture.

High energy accelerators are used for the crosslinking or treatment of
thicker materials and for the sterilization of medical products. High energy,
high current accelerators are used with water cooled tantalum targets for
medical device sterilization, as an alternative to the use of radioactive isotopes,
and for bio-hazard elimination. High energy accelerators with a water-cooled
tungsten target generate high energy X-rays that can be used for food irradia-
tion, wastewater remediation, and gemstone colour enhancement, particularly
topaz and diamonds. The energy limit of 10 MeV is set to avoid activation in
the processed material of any metal into a radioactive isotope. For food irra-
diation, the regulatory approved upper energy limit is 7.5 MeV.

Radioactive isotope emitted gamma rays and electrically sourced X-rays
are mainly used for food preservation and for the sterilization of packaged
medical devices. Gamma rays and X-rays have the same penetration depth, but
X-rays are one order higher in dose rate. High through-put industrial processes
use high beam current accelerators. Low dose rate, small isotope sources have
historically been used for research purposes, with medical device sterilization
being the only major industrial market. Recent developments in modular beam
tube technology have enabled small, self-shielded laboratory units to become
available. The decision to use either electron beam or X-ray or gamma-ray
treatment is made depending the size of the object being treated and industry
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demands for product through-put. Many of the industrial applications using
electron beam and X-ray processing have been described in Ref. [21].

REFERENCES

[1].
[2].
[3].

[3].

[6].
[7].

[8].
[9].

[12].
[13].
[14].
[15].

[16].

[18].

[19].

Burcham, W.E., & Jobes, M. (1995). Nuclear and particle physics. New York:
John Wiley & Sons.

Bohr, N. (1913). On the constitution of atoms and molecules. Part I. Philos.
Mag., 26, 1-25.

Bohr, N. (1913). On the constitution of atoms and molecules. Part II. Philos.
Mag., 26, 476-502.

Magill, J., & Galy, J. (2005). Radioactivity — radionuclides — radiation. Berlin,
Heidelberg, New York: Springer.

Turner, J.E. (2007). Atoms, radiation and radiation protection (3rd ed.). Wein-
heim: Wiley-VCH Verlag GmbH & Co KGaA.

Sharma, Sh. (2008). Atomic and nuclear physics. India: Dorling Kindersley.
Podgorsak, E.B. (2005). Radiation oncology physics: A handbook for teachers
and students. Vienna: IAEA.

Yang, F., & Hamilton, J.H. (2010). Modern atomic and nuclear physics. New
Jersey: World Scientific.

Smith, F.A. (2000). 4 primer in applied radiation physics. Singapore: World
Scientific.

0]. Evans, R.D. (1955). The atomic nucleus. New York: McGraw-Hill.
]. Brookhaven National Laboratory. Chart of nuclides. Retrieved March 30, 2016,

from www.nndc.bnl.gov/chart.

Paver, N. (Ed.). (2008). Nuclear physics and data for material analysis. /CTP
Lect. Notes, 22.

Magill, J., Pfennig, G., Dreher, R., & Soti, Z. (2015). Karlsruher Nuklidkarte
(9. Auflage). Karlsruhe: Nucleonica GmbH.

IAEA Nuclear Data Section. Live chart of nuclides. Retrieved March 30, 2016,
from https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html.
European Atomic Energy Community. (2007-2016). Nucleonica — a nuclear sci-
ence internet portal. Retrieved March 30, 2016, from http://www.nucleonica.com.
Povh, B., Rith, K., Scolz, Ch., Zetsche, F., & Rodejohann, W. (2015). Particles
and nuclei: An introduction to the physical concepts (7th ed.). Berlin, Heidel-
berg, New York: Springer.

. Hamm, R.W. (2013). Industrial accelerators. IPAC2013: 4th International

Particle Accelerator Conference, 12-17 May 2013, Shanghai, China. Retrieved
March 30, 2016, from http://accelconf.web.cern.ch/accelconf/ipac2013/talks/
weib201 _talk.pdf.

Hamm, R.W., & Hamm, M.E. (Eds.). (2012). Industrial accelerators and their
applications. Singapore: World Scientific.

Chao, A.W., Mess, K.H., Tigner, M., & Zimmermann, F. (Eds). (2013). Handbook
of accelerator physics and engineering (2nd ed.). Singapore: World Scientific.



Chapter 1 31

[20]. Sessler, A., & Wilson, E. (2014). Engines of discovery: A century of particle
accelerators (Rev. & exp. ed.). Singapore: World Scientific.

[21]. TAEA/iIA. (2011). Industrial radiation processing with electron beams and X-rays
(6th revision). International Atomic Energy Agency, International Irradiation Asso-
ciation. Retrieved March 30, 2016, from http://www.cirms.org/pdf/Industrial %20
Radiation%20Processing%20-%20May%202011%20-%20Revision%206.pdf.






Chapter 2

RADIATION INTERACTION
WITH CONDENSED MATTER

Diana Adliené
Kaunas University of Technology, Physics Department, Studenty g. 50,
LT-51368 Kaunas, Lithuania

1. INTRODUCTION

Radiation processing of materials is conducted with the aim of modification of
material properties (bulk, surface) and the creation of new materials and struc-
tures. Radiation that can alter material properties and structures are energetic
fundamental particles, ions and electromagnetic waves.

Photonuclear Effect E(eV)

Nuclear bound 4 107

Pair Formation
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' Ionization of external electron
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ﬂ Vibration Excitation 1 IR
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Fig.1. Energy-dependent radiation-induced processes in matter [1].

Radiation interaction mechanisms with matter depend on the type and
energy of the bombarding particles, on the target material and energy imparted,
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and on other physical and technical parameters. The most important parameter
in discussing radiation-induced processes in matter is the energy of radiation.
The energy dependency of different radiation-induced processes in materials
is schematically shown in Fig.1.

Interaction mechanisms are distinguished between heavy charged particles
(protons, alpha particles and heavy ions), heavy neutral particles (neutrons),
charged particles (electrons and positrons) and virtual particles/electromag-
netic waves (gamma and X-ray photons). Depending on the energy imparted
radiation interaction with matter may lead to:
 initiation of chemical reactions,

« excitation of electrons and molecules,
* jonization of matter,
* nuclear reactions (this topic was covered in the Chapter 1).

Knowledge of the radiation interaction processes related to the energy
transfer to the irradiated target is fundamental to radiation detection, measure-
ment, and control, as well as to understanding the biological effects of radiation,
when working with biomaterials.

2. INTERACTIONS OF CHARGED PARTICLES
WITH MATTER

2.1. INTERACTIONS OF HEAVY CHARGED PARTICLES
WITH MATTER

2.1.1. Ton beams

Ion beam interactions with matter (ion implantation, ion beam mixing,
plasma assisted ion implantation or ion beam assisted deposition, etc.) are very
complex processes that cover a broad area of different phenomena initiated by
penetrating ions (Fig.2).

The energy transfer mechanisms are common for all charged particles, but
ion beam induced radiation processes are quite different from those observed
when fundamental particles such as electrons, protons or neutrons interact with
matter. Many radiation defects are produced along a path of penetrating ions
that contribute significantly to the properties of irradiated materials. Ion beam
induced phenomena provides an important link to the application of energetic
ions for the modification and creation of new materials.

This book is aimed at providing knowledge on material processing and
modification using energetic electron or photon beams, so the energy deposition
processes of heavy ions will be covered in this chapter without going into de-
tails on further processes induced in matter by bombarding it with ions.
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Bombarding ion

Photon lon Characteristic
lon scattering Sputtering Emission Luminescence X-rays
Secondary ion

emission

lon activated desorption Electron emission

OO

Recoil atom '. o

Recoil atom
Lattice atom
Interstitial atom
Vacancy

oeoe

Fig.2. Primary processes induced in matter due to its bombardment with ions. (Adapted
from Ref. [2]).

Useful information on ion beam interaction processes and ion beam applica-
tions can be found in Refs. [3-5].

2.1.2. Interactions mechanisms

A heavy charged particle traversing matter loses energy primarily through
the ionization and excitation of atoms. The moving charged particle, being
surrounded by its Coulomb electric force field, interacts with one or more
electrons or with the nucleus of practically every atom it passes. In most of
these interactions only a very small fraction of the incident particle’s kinetic
energy is transferred. For example: a 1 MeV charged particle would typically
undergo 10° interactions with electrons before losing all of its kinetic energy.
Heavy charged particles travel an almost straight path through matter since any
deflection in electron collisions, which is most probable, is negligible. Never-
theless the energy transferred may be sufficient to knock an electron out of an
atom and thus ionize it, or it may leave the atom in an excited state when the
electron is moved to the higher energy level.

The following approximate empirical formulas can be used to estimate the
mean excitation energies, I, for the element with atomic number Z [6]:
« 1=19.0eV,Z =1 (hydrogen);
e I=112+11.7xZeV,2<Z<13;
« 1=528+8.71 xZeV,Z>13.
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The mean excitation potential, I, is the geometric-mean value of all the ioniza-
tion and excitation potentials of an atom of the absorbing medium.

Assuming that the particle moves rapidly compared with the electron and
that the energy transferred is large compared with the binding energy of the
electron in the atom, the electron is free and at rest and the collision is elastic.
The simplest way to calculate the maximum energy transfer is:

0 = 4mME,
"™ (M+m)’

But the exact relativistic expression for the maximum energy transfer, with m
and M denoting the rest masses of the electron and the heavy particle, is:

Qs

(1

B 2y’ mv?
1+2ym/M+m’/ M?

where E, = Mv?*2 is the initial kinetic energy of the incident particle, y =
INT1-B%, B=v/c, cis a speed of light.

Since the electrons are bound in the discrete energy states of the medium,
the minimum, or threshold, energy transfer Q > T is required, which is suf-
ficient to ionize or excite the atom when heavy particle interacts with a bound
electron.

The average linear rate of energy loss of a heavy charged particle passing
through matter is of fundamental importance in radiation physics and dosimetry.
This quantity, designated S = dE/dx, is called the stopping power of the me-
dium for the particle, where dE is the loss in kinetic energy of the particle as it
travels a distance dx.

For a given type of charged particle at a given energy, the stopping power
is given by:

2

dE Qurax

Q=1 " QW(Q)Q 3)
where p is the probability per unit distance of travel that an electron collision
occurs (also called macroscopic cross section, attenuation coefficient) and QaVg
is the average energy loss per collision, expressed as a product of energy loss
and probability W(Q)dQ, that a given collision will result in an energy loss
between Q and Q + dQ.

Stopping power, S, depends upon the type of particle, its energy and the

medium traversed. It is common to express the distance in terms of mass per
unit area of the material, giving the mass stopping power, S/p:

S _1dE
p pdx
where p is the mass density of material.

“4)
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Using relativistic quantum mechanics, Bethe derived the following ex-
pression (as it is provided in Ref. [6]) for the stopping power of a uniform
medium for a heavy charged particle:

272 4
_dE 41then[1 2mc’p? B} 5)
1(1-B%)
where: k= 8.99 x 10° Nm*-C, Z — the atomic number of the heavy particle,
e=1.6 x 10" C, n — the electron concentration in medium, m — the rest mass
of electron, ¢ — speed of light in vacuum, B = v/c, I — mean excitation energy

of the medium. The multiplicative factor in the formula can be written with the
help of constants [5]:

4nk;Z%e'n

chBZ

Cdx mc’p’

_5.08x101 20

2] (6)

When the material is a compound or mixture, the stopping power can be
calculated as follows:

ninl= ZNiZi InT, (7

where: n — the total number of electrons/cm’ in the material (n = XNZ), N. —
the number of atoms/cm’ of an element with atomic number Z, Ti — mean ex-
citation energy.
General formula for calculation of the stopping power for any heavy charged
particle in any medium is:
_dE _5.08x107'Z’n
ax B’

where in the dimensionless In1 , the excitation energy values (in eV) are in-
serted; and F(p) is calculated as

F(B)=1In

[F(B)-InI] @®)

1.02x10°p>
1-p
The reciprocal of the stopping power gives the distance of the heavy charged

particle travelled per unit energy loss. The integral of this quantity down to

zero kinetic energy defines an absolute travelling distance of the particle before
coming to rest. This distance is called particle range in material:

R(E,) = j (——j_ dE (10)

-p ©)

The Bethe (stopping power) formula for heavy charged particles is valid
at high energies, as long as inequality ym/M <<'1 (see Eq. (2)) holds, but there
are some limitations for low and very high energies.
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2.2. INTERACTIONS OF ELECTRONS AND POSITRONS
WITH MATTER

Electron and proton interaction processes and interaction products (Fig.3)
are different as compared with ion interaction processes (see also Fig.2). Elec-
tron and positron energy loss processes are usually treated together, referring
to both particles as “electrons” or “beta particles” and distinguishing between
them only where it is necessary.

Incident electron beam

Back scattered electrons Characteristic X-rays

Secondary electrons Bremsstrahlung X-rays

Visible light (cathodoluminescence)

Auger electrons
Heat

50-500 A secondary electrons

backscattered
electrons

continuum x-rays

secondary fluorescence
by continuum and
characteristic x-rays

!
/
i

Fig.3. Schematic illustration of interaction volumes for various electron-specimen inter-
actions (E_— the energy required to produce X-rays in a bombarded target of interest).

Energetic electrons lose their kinetic energy in matter almost continuously
through Coulomb interactions with atomic orbital electrons and atomic nuclei
(collision and radiative losses) or change their direction of motion (scattering).
In contrast to heavy charged particles, beta particles do not generally travel
through matter in straight lines. The interactions between incident electron and
an orbital electron or nucleus may be elastic and inelastic.

In an elastic interaction the incident electron is deflected from its original
path but no energy loss occurs. This process has a significant effect on electron
penetration and diffusion in matter at low energies.

The type of inelastic interaction that an electron undergoes with a par-
ticular atom of radius a, depends on the impact parameter of the interaction,
b (distance between the trajectory of the electron and nucleus) [7]:

e b>>a, soft collisions of electrons with the whole atom; small amount of its
kinetic energy (a few per cent) transferred to orbital electrons;
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* b = a, hard collision of electron with an orbital electron and a significant
fraction of its kinetic energy (up to 50%) transferred to the orbital electron;

e b <<a, radiation collision of an electron with the atomic nucleus; emission
of a bremsstrahlung photon with energy between 0 and the incident electron
kinetic energy.

In an inelastic collision with orbital electron the incident electron is de-
flected from its original path and loses part of its kinetic energy which is used
for ionization or excitation of absorbing atoms [8]. As it was already discussed
in Chapter 1, ionization is related to the ejection of an orbital electron from the
absorber atom (Fig.4A) and excitation is related to the transfer of an orbital
electron of the absorber atom from an allowed orbit to the higher one (higher
shell) (Fig.4B). Atomic ionization and excitation result in collision energy
losses and are characterized by collision stopping power.

A —ionization e . B — excitation e

Fig.4. Inelastic collision schemes for the incident electron [9].

Elastic scattering is the dominant process at the lowest energies. Slow
electrons undergo almost a random diffusion, changing direction through fre-
quent elastic collisions without energy loss. Eventually, the occasional compet-
ing inelastic excitation and ionization collisions bring the energies of the
electrons down into the region where they can react chemically with water
molecules or became hydrated. At about 200 eV, ionization and the elastic
scattering are comparable and considerably more probable than excitation. The
attenuation coefficient curves do not cross. Elastically scattered electrons (which
include backscattered electrons) are generally scattered through larger angles
than are inelastically scattered electrons. At the highest energies, elastic scat-
tering occurs increasingly in the forward direction. While elastic scattering
affects electron transport through redirection of the electron paths, it does not
contribute to the stopping power, because there is no associated energy loss.

The relative importance of ionization, excitation, and elastic scattering for
electrons in water at energies up to 1 MeV are shown in Fig.5.

In an inelastic collision with an atomic nucleus the incident electron is
deflected from its original path (scattered electron) and loses part of its kinetic
energy in the form of X-ray photons (bremsstrahlung). This type energy loss is
characterized by a radiative stopping power.
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Fig.5. Attenuation coefficients p (see Eq. (3)) for excitation (EXC), ionization (ION),
elastic scattering (ELA) and total interaction for electrons in liquid water as a function

of energy. (Adapted from Ref. [6]).

Coulomb interactions with the bound atomic electrons are the principal
way that charged particles lose energy in the materials and energies of interest.
The particle creates a trail of ionizations and excitations along its path as it is

shown in Fig.6.

Incident particle

®
. } Single ionisations (or excitations)
L]

L)

L ]

L] Clusters
T

.. :'*.

Fig.6. Schematic representation of the track of a charged particle in matter. (Adapted
from Ref. [10]).
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Occasionally, the energy transfer to the atomic electron is sufficient to
create a so-called delta ray (or d-ray). Delta rays are defined as (secondary)
electrons that acquire sufficiently high kinetic energies through hard collisions
which enables them to carry this energy a significant distance away from the
track of the primary particle and produce their own ionization of absorber atoms.

The inelastic energy losses by electrons travelling through material are
described by a total mass stopping power, which represents the kinetic energy
loss by electron per unit path length, divided by the density of material (see
Eq. (4)). The mass collision stopping power expresses the average rate of
energy loss by a charged particle in all hard, as well as soft, collisions. Collision
stopping power plays an important role in radiation dosimetry, since it is re-
lated to the dose absorbed in medium [11]:

D=CI)[EJ (11)
p col

where @ is the fluence of electrons.

The delta rays resulting from hard collisions may be energetic enough to
carry kinetic energy a significant distance away from the track of the primary
particle. In this case, the use of mass collision stopping power may lead to an
overestimation of the dose. To overcome this problem the restricted stopping
power defined as a fraction of the collision stopping power that includes all the
soft collisions plus those hard collisions resulting in delta rays with energies
less than a cut-off value A shall be applied [12]:

S 1 dE
P)y \pdx),
The full quantum-mechanical expression for the electron mass collision stop-
ping power [13] is given by:
+ 2m 4 2
(_d_Ej :4nk022en 1 oS T\/T+2+Fi(r)—6 (13)
dX col B \/i

where for electrons:
1-B°
2

F(B)= [1+%—(2T+1)1n1} (14)

and for positrons:

(15)

F+(B)=ln[23+ 14 10 4 }

+ ~+ ;
T+2 (1+2)° (t+2)
where T = E/mc? with E as kinetic energy of the " or B~ particle, and § is the

density effect correction factor. The other symbols in these equations are the
same as it was defined in the Eq. (5).
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The total mass stopping power consists of two components: the mass stop-
ping power related to electron-orbital electron interactions (ionization and
excitation) and the radiative mass stopping power related to electron-nucleus
interactions (bremsstrahlung):

(S/P)iot =(S/P)eot + (87 Py (16)
Both stopping powers are competing: within a broad range of kinetic energies
below 10 MeV collision (ionization) losses are dominant (S/p)_, > (S/p)_,, but
at high kinetic energies the situation is reversed (Fig.7).
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Electron kinetic energy E, (MeV)

Fig.7. Mass stopping powers for electron in medium: solid lines —mass collision stop-
ping power, dotted lines — mass radiation stopping power. (Adapted from Ref. [14]).

The energy loss rate in collision interactions depends on the kinetic energy
of the electron and the electron density of the absorber. It is greater for low
atomic number Z absorbers than for high Z absorbers because of lower electron
density in high Z absorbers.

The energy loss rate in radiation interactions (followed by bremsstrahlung)
is approximately proportional to the kinetic energy of the electron and Z? of
the absorber. Bremsstrahlung production is more efficient for higher energy
electrons and higher atomic number absorbers.

Radiative yield, also known as radiation efficiency, is expressed as:

Y :LIE‘ (S/p)rad dE (17)
E % (S/p)
The radiative yield increases directly with atomic number Z and kinetic energy
of electrons. The radiation yield for low energy range electrons (~100 keV) is
~1% and for megavoltage region ~0%.
For heavy charged particles the radiation stopping power is negligible thus

(S/p)tot ~ (S/p)col'
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When the energetic electron travels through matter it has interactions
(electron-electron or electron-nucleus) with every atom it encounters. Due to
Coulomb interactions electron loses its kinetic energy and comes to the rest at
a certain depth in the absorbing medium called electron (particle) range.
Since the stopping of particles in an absorber is a statistical process, sev-
eral definitions of the range are possible. According to Attix [15], distinctions
are made between the path length, the projected path range and the mean path
length for the electron entering material with a certain amount of kinetic energy:
* The path length of an electron is the total distance travelled along its actual
trajectory until the electron comes to rest.

* The projected path range of an electron is the sum of individual path length,
projected onto the incident beam direction.

* The mean path length of an electron of initial kinetic energy E is defined as:

R cspa :J.EO @ 7 dE (13)
‘ P

The mean path length is called also CSDA range taking into account that
the fractions of electron’s kinetic energy transferred to matter in each single
interaction is very small and it is convenient to assume that the electron is los-
ing its energy gradually and continuously in a process referred to as continuous
slowing down approximation (CSDA) [16]. CSDA range is purely calculated
quantity representing the mean path length along electron’s trajectory but not
the depth of penetration in the defined direction.

Bremsstrahlung
tail

Percentage depth dose (%)

s L
0 Zmax Rq Ry RSG Ry  Rumax
Depth in water z
Fig.8. Typical electron beam depth-dose distribution curve with indicated penetration
ranges. (Adapted from Ref. [17]). Note: Percentage depth dose (PDD) is defined as the

quotient, expressed as a percentage, of the absorbed dose at any depth z to the absorbed
dose at a fixed reference depth z, along the central axis of the beam.
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Also other beam ranges are in use to define penetration depth of electron
beams (Fig.8):

 The maximum range R (in cm or g/cm?®) is the largest penetration depth
of an electron in an absorber. Being extrapolated from the depth-dose curve,
this point is not well defined.

* The practical range R (in cm or g/cm?) is defined as the depth at which the
tangent plotted through the steepest section of the electron depth-dose curve
intersects with the extrapolation line of the bremsstrahlung tail.

* R, (mostimportant for medical applications) and R, are the depths at which
the percentage depth dose values beyond the depth of dose maximum z_
attain of 90 and 50%, respectively.

* The depth R, is defined as the depth where the tangent through the dose
inflection point intersects the maximum dose level.

ax

3. INTERACTION OF PHOTONS WITH MATTER

3.1. PHOTON INTERACTION PROCESSES

There are four categories of indirectly ionizing photon radiation:
* bremsstrahlung (electron-nucleus Coulomb interaction),
 characteristic X-rays (electron-orbital electron interaction),

* gamma rays (originates in nuclear gamma decay),
 annihilation radiation (positron annihilation).

If photons penetrate an absorbing medium, they may interact with the atoms
of the absorbing material, with atomic nuclei or with orbital electrons. Each
interaction is described by the probability or cross section which depends on
the energy hv of the photon and on the atomic number Z of the attenuating
material.

Direct photon-nucleus interactions lead to photodisintegration but photon
interaction with an electrostatic field of the nucleus results in pair production.
Thomson scattering and Compton scattering are present when photon interacts
with loosely bound orbital (free) electron (E, <<hv), but the interaction between
photon and tightly bound orbital electron (E, < hv) is described by photoelec-
tric effect and Rayleigh scattering [18].

During the interaction the photon may completely disappear (photoelectric
effect, pair production, triplet production) or it may be scattered coherently
(Rayleigh scattering) or incoherently (Compton scattering). Light charged
particles (electrons, positrons) that might be produced in the absorbing medium
through photon interactions behave in the way, as discussed in this chapter.
A summary of photon interactions with matter is shown in Fig.9.
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Fig.9. Schematic presentation of photon interaction processes with matter.

Photon beam is attenuated, when travelling through matter. The linear at-
tenuation coefficient, 1, is the most important parameter used for characteriza-
tion of X-ray or gamma-ray penetration into absorbing media. It is defined as
the probability per unit path length that a photon will have an interaction with
the absorber. It is related to the exponential decrease of the narrow monoener-
getic photon beam intensity when travelling through material of the thickness x:

I(x) = 1(0)e -2 (19)
where 1(0) is the original intensity of the unattenuated beam and p(hv,Z) is the
linear attenuation coefficient which depends on photon energy hv and attenu-
ator atomic number Z.

Several specific thicknesses are used for characterization of monoener-
getic photon beams in narrow beam geometry:

* Half-value layer (HVL or x| ) corresponds to the absorber thickness which
attenuates the original beam intensity to 50%.

* Mean free path (MFP or X) is the absorber thickness which attenuates the
beam intensity to 1/e = 36.8%.

¢ Tenth-value layer (TVL or x, ) equals to the absorber thickness which at-
tenuates the beam intensity to 10%.

In addition to the linear attenuation coefficient, u (in cm™), other related
attenuation coefficients and cross sections are used for describing photon beam
attenuation: mass attenuation coefficient, p_ (in cm*/g), atomic cross section,
i, and electronic cross section,

H PN, _ pN,Z

"’lm=g7 “:pumz A al’l' A

M (20)

where p, Z, N, and A are the density, atomic number, Avogadro’s number and
atomic mass number, respectively.
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Two additional attenuation coefficients distinguish between energy trans-
fer coefficient, p :

Etr
= 21
Mo =R e2y)
and energy absorption coefficient, u
Eab
uab = “’ (22)
hv

where E_is the average energy transferred to charged particles (electrons and
positrons), and E | is the average energy deposited by charged particles in the
attenuator.
Both coefficients are related through radiative fraction g as follows:

b, = (- g) (23)

Usually mass attenuation coefficients, p_, obtained by dividing the linear
attenuation coefficient by the mass density of absorber material, are used to
describe photon interaction processes.

Photoelectric effect, Compton scattering, pair production (including triplet
production) and photonuclear reactions are the most important photon interac-
tion processes in materials.

In the photoelectric effect (Fig.10A) photon interacts with a tightly bound
electron of absorber (from inner shells of atom mainly) and disappears, while the
orbital electron is ejected from the atom as a photoelectron with a kinetic energy
E,=hv—E_ (hv - the incident photon energy, E_ — the binding energy of elec-
tron). Characteristic X-rays and/or Auger electrons might be also produced.

The average energy transferred from a photon of energy hv > (E,), to elec-
trons (E, )" is given as: B

E)r=hv-P o (E,), (24)
where: (E), — the binding energy of the K-shell electron (photoelectron);
P, —the fraction of all photoelectric interactions in the K shell, as compared to
the total number of photoelectric events in the whole atom; ®, —the fluorescent
yield for the K shell which is defined as the number of photons emitted per
vacancy in a given atomic shell. The same evaluation mechanism is valid for
L-shell electrons (Fig.10B), if the incident photon energies range from (E,), <
hv <(E,),. The fraction of Auger electrons equals to: 1 — ®.

The atomic attenuation coefficient, 1, for photoelectric effect is propor-
tional to Z*/(hv)’, while the mass attenuation coefficient, t_, for photoelectric
effect is proportional to Z*/(hv)?, where Z is the atomic number of absorber.

In the Compton effect (incoherent scattering) (Fig.11) a photon with en-
ergy hv interacts with loosely bound electron (from outer shells of atom). Part
of the incident photon energy is transferred to a “free” orbital electron which
is emitted from the atom as the Compton (recoil) electron under the angle .
The photon is scattered through a scattering angle 6 and its energy hv’ is lower
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Fig.10. A — Schematic presentation of photoeffect; B — X-shell related fluorescence
yields o, and P fractions against the atomic number of absorber. (Adapted from Ref. [15]).

than the incident photon energy hv resulting in the photon wavelength change
after interaction:
AL=2A(1—cos 0) (25)
with A, =0.024 A as the Compton wavelength of the electron.
Taking into account energy and momentum conservation in the Compton
process the scattered photon energy hv’ and the kinetic energy of Compton
electron E,_ are given as follows:
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Fig.11. Schematic diagram of Compton scattering. (Adapted from Ref. [19]).

th (1—cos0)
1 m_c
v'=hv v , Ex =hv ehv (26)
1+ > (1-cos0) 1+ > (1—cos0)
m.c m.c

where m_ is the rest mass of electron.

Maximum and mean fractions of incident photon energy transferred to a
Compton recoil electron, (E ) = (E,), and to scattered photon are presented in
Fig.12. The atomic Compton attenuation coefficient, o, depends linearly on
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Fig.12. Fractions of incident photon energy transferred to a recoil electron, E,, and to
scattered photon, hv’, during Compton process. (Data are obtained from Ref. [19]).
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Fig.13. A scheme for pair/triplet production. (Adapted from Ref. [9]).

the atomic number Z of absorber material, while o and (c.) - electronic and
mass Compton attenuation coefficients, respectively, are independent of Z.

In pair production the photon disappears and the electron-positron pair with
a combined energy (E )F* = hv — 2m ¢? is produced in the nuclear Coulomb
field [7]. Since this is an energy to mass conversion process, pair production
has an energy threshold of 2m ¢* = 1.02 MeV. The process is followed by
positron annihilation with a “free” and stationary electron, producing two an-
nihilation quanta, most commonly with energies of 0.511 MeV each and emit-
ted at 180° from each other to satisfy the conservation of charge, momentum
and energy (Fig.13). When pair production occurs in the field of an orbital
electron, triplet (an electron-positron pair and the orbital electron) production
is possible. The threshold for this effect is 4m c*. The atomic attenuation coef-
ficient for pair production, «, and the mass attenuation coefficient for pair
production, «_, vary approximately as Z* and Z, respectively. The attenuation
coefficient for pair production exceeds significantly the attenuation coefficient
for triplet production at same photon energy and atomic number of absorber.

Photonuclear reactions (photodisintegration reactions) occur when a high
energy photon is absorbed by the nucleus of an atom resulting in emission of
neutron ((X, n) reaction) or proton ((X, p) reaction) and transformation of the
nucleus into a radioactive reaction product. The threshold for a particular
photonuclear reaction depends on the reaction type and nucleus and is of the
order of 10 MeV for most nuclei. Photodisintegration is responsible for the
nucleosynthesis of at least some heavy, proton rich elements, but the probabil-
ity for photonuclear reactions is much smaller than that for other photon
atomic interactions.

The probability for a photon to undergo any one of various interaction
processes depends on the energy hv of the photon and on the atomic number Z
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Fig.14. Regions of relative predominance of the three main forms of photon interac-
tion with matter. (Adapted from Ref. [14]).

of the attenuating material. In general the regions of relative predominance of
the most important effects are known, as it is shown in Fig.14.

3.2. PHOTON ATTENUATION IN MATTER

Earlier in this chapter it was noted that mass attenuation coefficient, p_, is
the main parameter used for the characterization of photons attenuation in
matter. This is defined as a sum of mass attenuation coefficients for individual
photon interaction events (Eq. (7)). The same is applicable for energy transfer
coefficient, u_(Eq. (28)).

po=H-T.0% 0% K (27)
p P P P P

T 2
' l(r hv-P, o E;(K) o, (Ex)e +Khv 2m c ] 28)

hv hv hv
Fo _Fe1-g) (29)

where: 1, 6, 6. and k — attenuation coefficients related to photoelectric effect,
Rayleigh scattering, Compton scattering and pair production, respectively;

(E,)cF — the averaged energy transferred to charged particles (electrons and
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Fig.15. Mass attenuation coefficients in lead (Pb). (Data are obtained from Ref. [19]).

positrons) due to Compton effect; E (K) — the binding energy of the K-shell
orbital electron; P, — the fraction of all photoelectric effect interaction occur-
ring in the K shell; o, — the fluorescent yield of the K shell.

Mass attenuation coefficients in Pb with indicated K and L absorption edges
are presented in Fig.15.

It is to notice, that the mass attenuation coefficient, corresponding to Rayleigh
scattering should be also included, when calculating total mass attenuation
coefficient. However Rayleigh scattering is present at low energies only; no
energy transfer occurs and therefore Rayleigh scattering contributes neither to
energy transfer nor to energy absorption coefficient.

3.3. PHOTON PENETRATION

Interaction processes of neutral particles (photons, neutrons) with matter
are different from those of electrons or ions. Travelling through matter, neutral
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Fig.16. Typical depth-dose distribution curves for different particles with indicated
penetration ranges [21].

particles are not effected by atomic Coulomb forces. Photons, representing
deeply penetrating radiation, transfer their energy to the irradiated material
when being attenuated in it. Photon penetration depth is limited by attenuating
properties of the material and depends on the initial energy of photons. The
main result of each interaction is the amount of energy imparted by ionizing
radiation to matter of mass, m, in a finite volume, which is expressed as an
absorbed dose, D [20]:

a8

dm
Typical dose-depth distribution curves for different energetic particles are
provided in Fig.16.

Useful and more detailed information on radiation interaction with matter
can be found in Refs. [22-24].

D (30)
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1. INTRODUCTION

In radiation processing dosimetry is used to quantify the energy deposited in a
material or absorbed by a human from radiation sources.

Different dosimetry systems are used for different purposes in industry and
research irradiation facilities, which have different requirements for dose de-
terminations. Radiation safety standards and issues involving the radiation
protection of humans against radiation exposure have their own dosimetry
metrology.

Radiation dosimetry is a branch of physical science exploring different
methods for the quantitative determination of energy, which is deposited in a
given material by ionizing radiation, either through direct or indirect exposure.
Dosimetry deals with determinations and calculations of quantities (dose) that
describe the energy absorbed in a material and to some extent its rate of depo-
sition (dose rate). Dosimetry determinations that are performed by exposing a
dosimeter to a radiation source help in evaluating the radiation-induced effects,
physical, chemical, and/or biological, on an irradiated material [1].

To assure that the desired radiation effects (biological, chemical, and/or
physical) are achieved and that the irradiation process is performed safely,
validation and process control procedures are implemented. Process controls
rely on the establishment of a relationship between the source parameters and
the absorbed dose in an irradiated object (for isotropic radioactive source ir-
radiators: dwell time, position in the source rack, and conveyance speed; for
accelerator sources: beam voltage, beam current, scanning width, scanned
uniformity and conveyance speed). Absorbed dose and dose distribution is
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inferred from determinations made with a suitable dosimetry system having
some level of accuracy and precision [2].

Many dosimetry systems used in the radiation processing of materials are
implemented in accordance with corresponding ISO/ASTM international
standards (www.astm.org): ISO/ASTM 52628:2013 (general issues) [3],
ISO/ASTM 51261:2013 (calibration) [4], ISO/ASTM 52701:2013 (charac-
terization) [5], ISO/ASTM 52303:2015 (dose mapping) [6], ISO/ASTM
51707:2015 (uncertainties) [7], ASTM E2232-10 (mathematical modelling) [8],
taking into account that the irradiation facilities also fulfil the standard require-
ments: [SO/ASTM 51649:2015 (high energy electron beam) [9], ISO/ASTM
51818:2013 (low energy electron beam) [10], ISO/ASTM 51608:2015 (X-ray
beam) [11], ISO/ASTM 51702:2013 (gamma facility) [12]. These standards
for dosimetry systems will be referenced in the appropriate sections below.

2. DOSIMETRIC QUANTITIES

A quantitative radiation dose is used:

* to predict associated radiation effects and possible material transformation
and modification caused by irradiation;

* to ensure that overall radiation protection and safety are implemented when
working with ionizing radiation.

A number of quantities and units have been defined by the International
Commission of Radiation Units and Measurements (ICRU Report 60) [13] for
describing the radiation sources. The most commonly used quantities in do-
simetry and their units are listed in Table 1.

It was already noted in Chapter 2 “Radiation interaction with condensed
matter” that absorbed dose is the main characteristic that allows the evaluation
of radiation processing’s impact on an irradiated material.

The absorbed dose is related to the stochastic quantity of the energy imparted
by a source which is the sum of all energies entering the volume of interest,
minus all of the energy leaving this volume, taking into account any mass energy
conversion within this volume [14] and is defined as follows:

=% 1)

dm

where: € is the mean energy imparted, and dm is the mass of a finite volume, V.
The unit of absorbed dose is joule per kilogram (J/kg), or gray (Gy).

In the case of uncharged radiation (photons and indirect ionizing radiation),
energy is imparted to matter in a two-step process.
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Table 1. Radiation beam quantities (AN — a number of particles incident on a sphere
of a cross-sectional area dA; E — the energy of particle; @ (E) and ¥ (E) — short nota-
tions for the particle fluence spectrum and the energy fluence spectrum differential in
energy E, respectively).

Monoenergetic beam Polyenergetic beam

Particle fluence, ® [m]

_dN do

D - ®,(E)=——(E
A e(E) dE( )
Energy fluence, ¥ [J/m™]
dE dN dv do
=—=—E=0FE Y. (E)=—(E)=—(E)E
dA ~ dA OO

Particle fluence rate, ® [m2-s']

o d2
dt

Energy fluence rate (intensity), ¥ [J/m?'s]

_av
dt

¥

In the first step, the indirect ionizing radiation transfers energy to secondary
charged particles. The mean energy transferred from indirectly ionizing radia-
tion to charged particles (electrons) per unit mass of the material is defined as
kerma (an acronym from: kinetic energy released per unit mass) [15]:

dE,
dm

K =

2

In the second step, these charged particles transfer some of their kinetic energy
to the material (resulting in absorbed dose) and lose some of their energy in
the form of radiative losses (bremsstrahlung, annihilation).
Different possibilities of energy absorption in the volume due to photon
interactions with material are shown in Fig.1.

Energy absorbed in the volume V of matter is expressed as:

E. :(zgi ) +(Zgi )2 +(Zgi )s +(Zgi )4 (3)
where (Z¢), is the sum of energy lost by collisions along the track of the sec-
ondary particles within the volume, V.

Secondary electrons are losing their energy along their tracks (blackened
parts of the tracks shown in Fig.1). Energy is not absorbed at the same location
where it was first transferred to an electron.
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secondary
electrons

Fig.1. [llustration for the energy absorbed in volume. (Adapted from Ref. [16]).

In the case of the charged particles beam (electrons), most of the energy is
directly absorbed at the place within the volume where it was deposited (energy
absorption). The absorbed dose to a material or medium is related to electron
fluence in the material or medium:

Dt = Priea (hj (4)
p med

where (S_ /p)__, is mass collision stopping power of the material or medium

for the electrons penetrating material or medium with a certain energy.

Due to the slowing down of electrons in the material or medium, a pri-
mary fluence spectrum, @ __, ., that ranges from the kinetic energy, E,, down
to zero, will be always present, even if the electron beam is defined as mono-
energetic. So absorbed dose to the material or medium is an integral of D__

(Eq. (4)):

d’

E —
max S S

Dmed = J. CDmed,E ( ;)01 J (E)dE = (Dmed,E ( FC)OI j (5)

med med

0

The dose rate, which is another important parameter in materials process-
ing, may be obtained by differentiation of absorbed dose:

p-9dD

dt

In materials processing, one should take into account dose rate effects.
High dose rates lead to the creation of high free radical concentrations — back
reactions — reduced effect; low dose rates lead to the consumption of dis-
solved oxygen — less peroxy radicals — reduced effect [1]. The same reduc-

tion of effects may be obtained by irradiating materials in an oxygen-free
atmosphere.

(6)
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It is possible to calculate the dose rate from the natural radioactive sources
(°°Co, "¥'Cs, etc.) that are used in different applications such as medical product
sterilization. The calculation is based on the evaluation of the exposure at a
certain distance from the source and followed by the conversion of the exposure
to absorbed dose.

The exposure, X, is usually defined as the sum of the electric charges on
all ions of one sign that are produced when all electrons liberated by the radia-
tion in a volume of air are completely stopped, divided by the mass of air in
that volume: X = dQ/dm .. An exposure X of 1 C/kg provides an absorbed dose
in air, D, of 33.97 Gy [13]:

D,, [Gy]= WTX )

with W _/e = 33.97 J/C, where W__is the average energy, expended in air to
produce ion pair.

The dose to a material or medium, D__, is related to the dose in air, D, at
the same location:

[Hm]
D =33.97~ P Jma x
med — . (8)

p air

The exposure rate in air, X, is inversely proportional to the squared distance
from the point source of activity, A(t) [17]:
CA(t
2( ) ©)

r

X =

where I is the specific exposure gamma-ray constant at 1 m distance from the
source.

Specific exposure gamma-ray constants for the nuclides, most commonly
used in radiation processing, are: I['(**Co) = 2.50 x 10> Cm?*kg-MBq's and
I'("Cs) = 6.64 x 10" Cm?/kg-MBq's [18]. T" values, provided in different
literature sources, differ slightly due to new recalculations of the radionuclide
properties. Instead of a specific exposure gamma-ray constant, a specific dose
gamma-ray constant might also be used when exposure is converted to absorbed
dose. The formulae used are valid only for point sources. Field arrangements
and geometry factors must be taken into account if calculating the dose from
the complex sources, such as pencil sources in gamma cell, or sources in the
racks of the “°Co unit.
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3. DOSE DETERMINATIONS

3.1. STANDARDS

Radiation measurements cover a broad area of instruments and methods
focusing on assessing different parameters of radiation processing. A radiation
dosimeter is a device, instrument or system that measures or evaluates, either
directly or indirectly, dosimetric quantities. A dosimeter along with its reader
is referred to as a dosimetry system. The inference of dose is extremely import-
ant in industrial and research uses as well as in clinical applications, which are
not covered in this book.

Validation, verification and radiation process control depend on the assess-
ment of absorbed dose. The main requirements for performing proper assess-
ments of absorbed dose and related quantities) should be fulfilled [3, 5, 19-21]:
» Assessments of absorbed dose shall be performed using a dosimetry system

or systems having some level of accuracy and precision.

* The calibration of each dosimetry system shall be traceable. Traceability is
defined as a property of the result of a test that can be related to stated refer-
ences, usually national or international standards, through an unbroken chain
of comparisons, all having stated uncertainties. For example, certificates
issued by a national metrology laboratory in compliance with the Interna-
tional Committee on Weights and Measures (CIPM; Bureau International
des Poids et Mesures — BIPM) Mutual Recognition Arrangement (MRA) or
any other laboratory accredited to ISO/IEC 17025:2005 can be taken as
proof of traceability and no further action is required by the user [22].

Accurate, traceable dose determinations provide independent, inexpensive
means for quality control in radiation processing.

The classification of dosimetry systems (ISO/ASTM 52701:2013) [5] is
based on the metrological properties of a dosimetry system (Type I and Type
IT) and field of its application. Reference or standard systems are Type L. Sys-
tems for routine use are Type II.

* Type I dosimeter — a dosimeter of high metrological quality; its response is
affected by individual influence quantities in a well-defined way so, that it
can be expressed in terms of independent correction factors.

* Type II dosimeter — a dosimeter, the response of which is affected by influ-
ence quantities in a complex way that cannot practically be expressed in
terms of independent correction factors.

» Reference standard systems (Type 1) are used to calibrate dosimeters for
routine use and therefore require high metrological quality; low uncer-
tainty and traceability to appropriate national or international standards are
needed.
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* Routine systems (Type II) are used for routine absorbed dose assessments,
such as dose mapping and process monitoring. Traceability to national or
international standards is needed.

The hierarchy of standard dosimetry systems as well as particular ISO standards

for radiation processing are shown in Fig.2.

PSDL: Standards laboratory — national standards

Calorimeters, ionization chambers [Dw, Gy (£1%) Dw, kGy (£2%)]
|

SSDL: Reference standard dosimetry systems (+3%), k =2

Fricke, ceric, dichromate, alanine, calorimeters,
ethanol-monochlorobenzene (ECB), ionization chambers

|
Routine dosimetry systems (£6%), k = 2
Films, plastics, dyed plastics, TLD, OSLD, semiconductor devices...

Fig.2. Dosimetry standards hierarchy.

Primary standards are instruments of the highest metrological quality that
permit determination of the unit of a quantity from its definition. The accuracy
of primary standards has been verified by comparison with standards of other
institutions operating at the same metrological level. Primary standards are
recognized by the primary standards dosimetry laboratories (PSDLs) in about
20 countries worldwide. Regular international comparisons between the PSDLs
and with the CIPM (BIPM) ensure international consistency of the primary
dosimetry standards. Radiation detectors used for the calibration of radiation
sources for industry, research or medicine, must have a calibration coefficient
traceable (directly or indirectly) to a primary standard. Primary standards are
not used for routine calibrations, since they represent the unit for the quantity
at all times. Instead, the PSDLs calibrate dosimeters for secondary standards
dosimetry laboratories (SSDLs) that in turn are used for calibrating the refer-
ence instruments of users, such as therapy level ionization chambers (hospitals)
or calorimeters (radiation processing). This allows for the transfer of informa-
tion from an accredited standards laboratory to an irradiation facility with es-
tablished traceability (comparing absorbed dose assessments). Reference do-
simeters are further used for calibration of dosimetry systems for the routine
determination of absorbed dose.

The result of a dose determination is only an approximation or estimate of
the dose value and is complete only when accompanied by a quantitative state-
ment of its uncertainty. In dosimetry, the uncertainty associated with the deter-
minations is often expressed in terms of accuracy and precision (Fig.3).
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High precision High precision Low precision Low precision
High accuracy Low accuracy High accuracy Low accuracy

Fig.3. Illustration of precision and accuracy. (Adapted from Ref. [16]).

Accuracy specifies the proximity of the mean value of a measurement to
the specified value.

Precision specifies the degree of reproducibility of a determination. High
precision is associated with a small standard deviation of the distribution of
determination results.

3.2. CALIBRATION AND VERIFICATION OF DOSIMETRY
SYSTEMS

In radiation processing, validation and process control (as for sterilization,
food irradiation, etc.) and the whole irradiation performance depend on the
assessment of absorbed dose. This is performed using dosimetry systems hav-
ing an acknowledged level of accuracy and precision. In dosimetry, accuracy
is associated primarily with a quantity, which can be directly traceable to a
primary standard system. Traceability is achieved by the calibration of a do-
simetry system. Calibration is performed by determining the relationship be-
tween dosimeter response and the absorbed dose of reference or a primary
standard. The effects of the influence factors, such as dose rate, temperature,
storage time, storage conditions, humidity and light, should be minimized to
attain optimal calibration conditions. Calibration is needed for reference stand-
ard dosimeters as performed in national or accredited laboratory; for transfer
standard dosimeters, as performed according to class distinction requirements;
and for routine dosimeters, as performed in a calibration laboratory, or in-plant
facility. Primary standard dosimeters do not require any calibration.

Both components of a dosimetry system — dosimeters and the measuring
or read-out equipment — shall be calibrated and traceable to internationally
recognized standards:

+ (Calibration of measurement equipment is performed measuring certain
parameters of the equipment and comparing them with a set of reference
values. [f measurement equipment cannot be calibrated (e.g. signal amplitude
from an EPR (electron paramagnetic resonance) spectrometer), the stability
of the equipment has to be demonstrated by the use of measurement standards
(e.g. stable EPR spin standards).
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 Calibration of dosimeter is performed by following a sequence of steps: a)
irradiate the dosimeters, b) read the information provided by the dosimeters
using a calibrated instrument, ¢) generate a calibration curve or response
curve, d) compare the response curve with an initial calibration verification
having periodic confirmation of validity, and e) compliance with a traceabil-
ity chain that provides consistency of the performed measurements with the
appropriate national or international standard.

More details on calibration procedures are found in ISO/ASTM 51261:2013

[4], and NPL Report CIRM 29 [23].

In order to verify the calibration, calibration curves prepared for routine
dosimeters in a calibration laboratory or in an in-house calibration facility
should be verified for the actual conditions of use in the irradiation production
facility. Routine dosimeters should be irradiated together with reference or
transfer standard dosimeters to at least three different absorbed doses. Absorbed
dose results given by two types of dosimeters should be analysed with respect
to any systematic trends for potential corrections if needed.

3.3. UNCERTAINTIES

The current methodology for estimating measurement uncertainty is given
in the document “Evaluation of measurement data — Guide to the expression
of uncertainty in measurement” (JCGM 100:2008) [24]. This is referred to as
the “GUM?”, which defines the uncertainty as a parameter associated with the
result of a measurement that characterizes the dispersion of measured values
(= range of the values) that could reasonably be attributed to the measurand
(= absorbed dose). This document is prepared in line with a standard ISO/ASTM
51707:2015 [7]. Uncertainties are based on probabilities and are often expressed
as standard deviations (standard uncertainties), . The distribution of possible
values often approximates a Gaussian or normal distribution (Fig.4).

There two types of uncertainties are investigated in performing measure-
ments: type A (random) and type B (non-random, systematic):
 Type A standard uncertainties, u,, are evaluated by statistical analysis of

series of measurements (e.g. standard deviation of the mean) and are re-
lated mainly to some precision of the dosimeter response.

If a measurement of a dosimetric quantity x is repeated N times, then the
best estimate for x is the arithmetic mean of all measurements x:

N
p=x= Dk, (10)
i=1

The standard deviation ¢ is used to express the uncertainty for an individual
result x.:
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99.7% of the data are within

[ 3standard deviationsof themean ———— |
95% within
2 standard deviations
68% within
<« 1 standard —>|
deviation
u—30 n—2g u—o i Hto u+ 2o u+ 30

Fig.4. Gaussian distribution of measurement probability. Values p corresponds to the
arithmetic mean of all measurements; o is standard deviation. The probability of a value
being within +1c is ~68% (coverage factor k = 1); the probability of a value being
within +26 is ~95% (k = 2); the probability of a value being within +3c is ~99.7%
(k= 3). (Adapted from Ref. [25]).

, :\/ﬁz@; py? (1)

The standard deviation of the mean value is used to express the uncertainty
for the best estimate:

1 1 > 2
u, =0, ZKGX :\/mZ(Xi -1 (12)

* Type B standard uncertainties, u,, cannot be estimated by repeated measure-
ments and are evaluated by means other than statistical analysis (based on
judgement and previous experimental data). Type B uncertainties include
influences on the measuring process, the application of correction factors or
physical data taken from the literature and are related to a calibration (ac-
curacy). Type B evaluations vary, but their outcomes should be converted
into a standard uncertainty in order to allow for the mathematical combina-
tion of all components of uncertainty.

Having evaluated standard uncertainties associated with each component
of a measurement, the combined uncertainty, u_, associated with a particular
measurement is obtained by summing in quadrature standard uncertainties of
the individual component, i.e. by taking the square root of the sum of the squares
of the individual components:
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u =@ +ul+uit.)”? (13)
The results of such analyses are often presented in a table, known as an uncer-
tainty budget. An example of uncertainty budget of routine polystyrene calo-
rimetric dosimetry system is provided in Table 2.

Table 2. Measurement uncertainties of routine polystyrene calorimetric dosimetry systems
from Risg High Dose Reference Laboratory, at k =2. (Data are adapted from Ref. [26]).

Component of uncertainty Type A [%] | Type B [%]

Calibration of irradiation dose 32
Temperature measurement of calorimeter (at 3 kGy) 1.0
Temperature extrapolation of calorimeter (at 3 kGy) 1.0

Change of temperature sensitivity of specific heat 0.5

of polystyrene

Heating effects 0.5

Quadrature sum 1.5 3.2

Overall quadrature sum 3.5

The combined uncertainty u,. is assumed to exhibit a Gaussian distribution
(confidence level of 68%).

The expanded uncertainty, U = k x u_, with a coverage factor k = 2, cor-
responding to 95% confidence level, is often used to represent overall uncer-
tainty, which relates to the accuracy of the measurement of a certain quantity.

4. DOSIMETRY SYSTEMS

Quality assurance programmes and implemented quality control measures are

aimed to prove that the irradiation process was carried out within prescribed

dose limits. This requires careful selection of the dosimetry system and its

proper use after selection. The scope of application is one of the most important

criteria for the selection of a suitable dosimetry system:

* field (industry, medicine, research and development),

* process to be controlled,

» standard (primary standard, reference, transfer, routine dosimetry),

+ measured quantity (absorbed dose, dose rate and other dosimetric quantities,
dose mapping and others),

* physical properties of dosimeter (radiation-induced physical and chemical
processes in detector material that are related to the measured or evaluated
dosimetric quantity),
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* physical state (solid, liquid, gaseous, combined),

* measurement type (internal, external),

* measurement mode (in-situ or ex-situ),

* target substance related measurement (in vivo, in vitro).
Dosimetry systems are based on measurement of radiation-induced physi-

cal or chemical changes in the detector material which can then be attributed

to the absorbed dose. Thus, dosimetry methods are classified as:

* ionization based (ionization chambers),

+ temperature change related (calorimeters),

 thermoluminescence (LiF),

* colour change related (Perspex™, radiochromic systems),

 free radical concentration change related (alanine),

 conductivity change related (ECB, alanine solution),

Table 3. Dosimeter system standards. (Compiled on basis of Ref. [28]).

Dosimeter . Useful dose Nomlpal
svstem Method of analysis range [Gy] precision | References
y SOV Mimits [%]
. . ASTM
_ 2
Fricke solution| UV spectrophotometry 3x10-4 %10 1 E 1026-04 [29]
Ceric-cerous 3 16 ISO/ASTM
sulphate UV spectrophotometry 10°-10 3 51205:2009 [30]
Potassium 5 4 ISO/ASTM
dichromate UV-VIS spectrophotometry | 5 x 10°-4 x 10 1 51401:2013 [31]
Ethanol-mono- | ... . . ) . ISO/ASTM
chlorobenzene Titration, or HF oscillometry | 4 x 10%-3 x 10 3 51538:2009 [32]
: ISO/ASTM
- 105
L-alanine EPR 1-10 0.5 51607:2013 [33]
Perspex 5 " ISO/ASTM
systems VIS spectrophotometry 10°-5 x 10 4 51276:2012 [34]
ISO/ASTM
" 3105
FWT-60 film | VIS spectrophotometry 10°-10 3 51275:2013 [35]
ISO/ASTM
3105
B3/GEX film VIS spectrophotometry 10°-10 3 51275:2013 [35]
Cellulose 4 1n6 ISO/ASTM
triacetate | O Spectrophotometry 10%-10 3 151650:2013 [36]
. . ISO/ASTM
3_ 4
Calorimetry Resistance/temperature | 1.5 x 10°-5 x 10 2 51631:2013 [37]
LiF Optically stimulated 50-3 x 10° 3 ASTM
(Sunna film) luminescence E2304-03 [38]
TLD Thermoluminescence 1-10¢ 2 ISO/ASTM

51956:2013 [39]
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 radiation chemical oxidation based (Fricke),

* radiation chemical reduction based (dichromate, ceric-cerous),

* optically stimulated luminescence (OSL, Al,O,, Sunna),

» production of radiation defects in semiconductors (diodes, MOSFETs),

* others.

Information on standards applicable for dosimetry systems used in radiation
processing is presented in the Table 3. It can be also found on the web pages:
www.iso.org, and www.astm.org/COMMITTEE/E61.htm. Essential and very
useful information on the dosimetry systems used in materials processing is
found in Refs. [2] and [27]. Table 3 summarizes the description of most of the
important dosimetry systems.

Primary standard dosimetry systems

Calorimetry and ionization chambers are considered as primary standard
methods to determine dose. Calorimeters are used when establishing standards
for dose in the radiation processing of materials. Calorimeters and ionization
chambers are used to establish dose for medical applications. Dosimeters for
medical applications, not discussed here, are described in detail in several
publications including Refs. [15, 40-43].

Calorimetry is the most fundamental method used as a primary standard
for absorbed dose, since the measured rise in temperature is the most direct
consequence of energy absorption (energy-to-heat conversion) in a thermally
isolated mass. Measured energy per unit mass or the average dose to the me-
dium assuming no heat loss is:

5 haT
1-8
where h is specific heat capacity of the medium, and 6 is the thermal defect
(this small fraction of the energy that does not appear eventually as thermal
energy because of a chemical reaction).
The principle of calorimetry is illustrated in Fig.5.

A graphite calorimeter is used by several PSDLs as a primary instrument
to determine absorbed dose. Graphite is an ideal material for calorimetry.
Gaphite has a low atomic number, Z, so that all of the absorbed energy reap-
pears as heat, without any loss of heat in other mechanisms (such as heat defec-
tion) and its specific heat capacity is 7.1 x 10? J/K, so that temperature changes
of a few p°C can be measured.

Water calorimeter is also used by PSLDs as a primary standard to determine

the absorbed dose to water in a water phantom. An example of a water calo-
rimeter is shown in Fig.6.
Water calorimeter at Physicalisch Technische Bundesanstalt [44], is able to
determine D for “’Co radiation under reference conditions with a standard
measured uncertainty of approximately 0.2%. Highly purified water is used
due to low operationing temperature of 4°C.

(14)
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Fig.5. The temperature curves were extrapolated from T and T, to mid-point of the
irradiation time at T and T ’, respectively. AT =T’ T’ is used for dose calculation.
Regions I, IT and III are before, during and after the irradiation, respectively. (Adapted
from Ref. [15]).

The advantage of using graphite instead of water is a lack of thermal defects.

Graphite, water and polystyrene calorimeters, classified as Type II detectors
(ISO/ASTM 52628:2013) [3], are also defined as process calorimeters. These
calorimeters may be used as internal standards at an electron beam irradiation
facility, including their application as transfer standard dosimetry systems for
calibration of other dosimetry systems, or they may be used as routine dosi-
meters provided they are used under static, non-moving conditions. Calori-
meters are highly sensitive (water calorimeter — 3.4 kGy/°C, polystyrene calo-
rimeter — 1.4 kGy/°C, graphite calorimeter — 0.75 kGy/°C) to absorbed dose
within the range of 1.5-60.0 kGy measured using 4-10 MeV electron beams.

Fig.6. Water calorimeter at Physicalisch Technische Bundesanstalt (PTB, Germany):
A —an overall view of the construction, B — cubic water phantom surrounded by poly-
styrene containing walls, C — calorimetric detector filled with highly purified water.
(Adapted from Ref. [44]).
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However, calorimetry has not been conducted under the high speed operating
conditions common to electron beam processing.
Special polystyrene calorimeters are used for dose measurements at 1.5-4 MeV
electron beam energies and that the development of a calorimeter for low
energy (80-120 keV) electron beams under static, non-moving conditions is
ongoing [28].
Reference standard chemical dosimetry systems
(Fricke, ceric-cerous, potassium dichromate, alanine, ECB dosimeters)
In chemical dosimetry systems, the dose is determined by evaluating the
chemical change produced by radiation in the sensitive volume of the dosimeter.
Fricke dosimeters use a water solution of FeSO,(7H,O) or
Fe(NH,),(SO,),(6H,0) with additives of sulphuric acid (H,SO,) and sodium
chloride (NaCl), and are the most widely used chemical dosimetry standard
(Fig.7).

B

Fig.7. Fricke dosimeters: (A) as prepared Fricke solutions, (B) application of Fricke
dosimeter in research related to food irradiation. (Adapted from Ref. [28]).

When irradiated, ferrous ions Fe?" are oxidized into ferric ions Fe'*, that ex-
hibit a strong absorption peak at a wavelength of 304 nm, whereas ferrous ions
Fe?* do not show any absorption at this wavelength. The response of Fricke
dosimeter is expressed in terms of the yield of ferric ions Fe**. It is nearly inde-
pendent of the photon and electron energy in the range of 5-16 MeV. The aver-
age dose to Fricke solution is given by a change in optical density at 304 nm:

D, - AOD (15)

eGpL

where: € — the molar extinction coefficient (217.4 I/mol-cm at 25°C), G — the

yield of ferric ions Fe** (1.617 x 10°° mol/J), p — the density of Fricke solution

(1.023 kg/dm? at 25°C), L — the path length over which the optical signal was

red (typically 2-4 cm). The absorbed dose within the range of 40-400 Gy can
be measured using Fricke dosimeter.
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Potassium dichromate is known as reference dosimetry system for gamma
facilities. It uses a potassium dichromate (K,Cr,0.) and silver dichromate
(Ag,Cr,0,) solution in perchloric acid (HCIO,). Dose measurements within the
range of 10-50 kGy are based on colour changes in the solution at a wavelength
of 440 nm due to the radiolytic reduction of dichromate ions to chromic ions.
The Ag,Cr,O, solution in HCIO, allows the determination of doses down to
2 Gy, but the dose response then (colour change) is observed at 350 nm (Fig.8).

©
T

o
[+}]

<
1

Optice! density (arb. units )

o
o

1 L 1 ] J
350 400 450 500 550 600
Wavelength (nm)

B

Fig.8. Dichromate dosimeters: A — as prepared (left) and irradiated (right) dosimeters,
B — UV-VIS absorbance spectrum of irradiated potassium dichromate. (Adapted from
Ref. [28]).
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Ethanol-monochlorobenzene dosimeter contains monochlorobenzene
(CHH.CI) in an aerated ethanol-water solution. The concentration of mono-
chlorobenzene may vary between 4 and 40 vol% based upon request, but in
radiation processing a solution containing 24 vol% of monochlorobenzene is
used. This dosimeter is based on the formation of hydrochloric acid (HCI) upon
irradiation via dissociative electron attachment, since monochlorobenzene is a
good electron scavenger and reacts with “dry” and solvated electrons. The
determination of absorbed dose is carried out by measuring the concentration
of HCl using alkalimetric or mercurimetric titration [45]. This dosimeter is used
in reference (also transfer) dosimetry systems for dose measurements at electron
and X-ray facilities. Doses from the range of 10 Gy-200 kGy can be measured
when the electron beam energy is higher than 4 MeV, while the doses measured
at X-ray beams (> 2 MeV) can be from the range of 10 Gy-2 MGy. This do-
simeter is nearly independent of irradiation temperature.

Alanine dosimeters (pellets or films) are based on an amino acid which
forms stable free radicals when irradiated:

CH, Radiation CH
3

>CH— COOH \.CH — COOH
NH,
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The concentration of free radicals is measured using EPR spectroscopy (Fig.9)
and is proportional to the absorbed dose, which can be determined within the
range of 10 Gy-100 kGy. Alanine is used for gamma and electron reference
dosimetry. However dose response dependency on environmental conditions
(humidity, temperature) should be considered when performing measurements.
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Fig.9. Alanine dosimeters: A — a variety of alanine dosimeters, B — EPR spectrum and
measured value: peak to peak signal. (Adapted from Ref. [2]).

Routine dosimetry systems
(Perspex™, films, ECB, ceric-cerous solutions, process calorimeters)

These systems are used in radiation processing facilities for absorbed dose
mapping and process monitoring. They require calibration.

Perspex™ is the trade name of poly(methyl methacrylate) (C,O,H,) . Cer-
tain dyes are responsible for the colour of Perspex (red, amber, gammachrome
YR). Perspex dosimeters darken when irradiated (Fig.10). The increased ab-
sorption is a result of radiation-induced free radicals that initially react with
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Fig.10. Different types of Perspex dosimeters and their reaction to irradiation. (Adapted
from Ref. [28]).

oxygen present in the polymer to yield peroxy radicals. Radiation-induced

colour changes can be accurately measured by means of a spectrophotometer

and are related to the absorbed dose. Absorbed doses within the interval of
0.1-3.0 kGy can be determined at 530 nm by the Gammachrome YR Perspex,
within interval of 1-30 kGy — at 603 nm by the Amber Perspex and within in-
terval of 5-50 kGy — 640 nm by the Red Perspex dosimeter. Perspex dosimeters
are used in routine gamma dosimetry.

Film dosimeters are mainly used for absorbed dose mapping and process
monitoring at an irradiation facility. Most important film dosimeters are:

* FTR-125 — cellulose triacetate dosimeters are used for routine dosimetry in
electron beam, gamma-ray and ion beam irradiation facilities, mainly for
dose mapping. Absorbed dose within the range of 5-300 kGy can be evalu-
ated according to radiation-induced absorbance changes at 280 nm.

Fig.11. A—irradiated Risg B3 film; B and C — GEX DoseStix and WinDose dosimeters
made from Risg B3 film, respectively. (Adapted from Ref. [19]).
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FTW-60 is a colourless radiochromic film containing hexa (hydroxyethyl)
pararosaniline cyanide in a nylon matrix. Radiation induces a film colour
changes toward a deep blue. Absorbed dose can be estimated for the range
of 3-30 kGy, if spectrophotometric optical density measurements are carried
out at 605 nm, and for the range of 30-150 kGry, if spectrophotometric opti-
cal density measurements are carried out at 510 nm. Film response is inde-
pendent of the energy and type of radiation (electron beam, gamma ray or
X-ray) and of the dose rate up to about 10" Gy/s. These dosimeters are used
for process control for gamma as well as for electron beam irradiation.
Risg B3 (GEX) radiochromic film (Fig.11) is colourless polyvinyl butyral
film containing the leucocyanide of pararosaniline. Radiation induces film
colour changes to deep pink. Heating at 60°C for 5 to 10 min after irradiation
helps stabilize the colour. Absorbed dose can be estimated within the range
of 2-100 kGy performing spectrophotometric measurements at 544 nm.
Films are widely used in gamma and electron beam radiation processing.
Gafchromic films are radiochromic films consisting of colourless transpar-
ent coatings of polycrystalline substituted diacetylene sensor layers on a
clear polyester base. Radiation induces film colour changes to deep blue.
Absorbed doses within the range of 1 Gy-40 kGy can be evaluated. Spectro-
photometric readings are performed at different wavelengths (670, 633, 600,
500 and 400 nm) depending on the absorbed dose. Films are applicable as
aroutine dosimeters in medical applications, industrial radiation processing
and food irradiation.
Sunna film [46] is a novel OSL dosimetry system and is made by LiF uni-
formly dispersed in a polyethylene matrix (Fig.12).
Irradiation stimulates formation of colour centres in LiF (F-, M-, N-,
R-centre) that correspond to discrete optical absorption bands in the
UV-VIS region. The information related to the absorbed dose can be inferred
by excitation of the irradiated dosimeter with a light at the wavelength of the
colour centre absorption and measurement of a characteristic luminescence
at a significantly higher wavelength. The range of the evaluated absorbed
dose depends on the absorption wavelength:
— for the evaluation of UV absorbance at 240 nm, the dose range is between
5 and 100 kGy;
— for the evaluation of green OSL at 530 nm, the dose range is between
200 Gy and 250 kGy;
— for the evaluation of near infrared OSL at 670 and 1100 nm, the dose
range is between 10 Gy and 10 kGy.
The Sunna films are used in both gamma and electron beam processing for
dose distribution measurements, as well as for routine process control.
Tetrazolium films [47] are also based on the colour changes after irradiation.
The main component of the film, a tetrazolium salt, is a heterocyclic or-
ganic compound which yields highly coloured water insoluble formazans
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Fig.12. A — Sunna films UV, green or red (IR) OSL absorption bands; B — sensibility
of Sunna film (green range) to different irradiations. (Adapted from Ref. [28]).

due to radiolytic reduction. The range of the inference of absorbed dose
depends on the measured wavelength at which the absorption peak was
identified:
— for tetrazolium violet (TV): 525 nm measured absorbance corresponds
to the dose range of 10 Gy-30 kGy;
— for tetrazolium red (TTC): 490 nm measured absorbance corresponds to
the dose range of 10 Gy-100 kGy;
— for tetrazolium blue (TB): 520 nm measured absorbance corresponds to
the dose range of 10 Gy-10 kGy;
— For nitro blue tetrazolium (NBT): 522 and 612 nm measured absorbance
correspond to the dose range of 10 Gy-25 kGy.
Some additional information related to Gafchromic films, Sunna dosimeters,
tetrazolium films and other novel dosimetry systems could be found in Ref. [14].
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5. RADIATION SAFETY AND RADIATION PROTECTION

Mankind greatly benefits from the use of electron beam, gamma rays and X-rays

in industrial processing and in research and development. Radioisotopes and

fissionable materials are used in medicine, research, and power generation.

These uses involve potential exposure of personel to radiation. Accidental

exposure is also possible. Since radiation exposure presumably involves some

risk to the individuals, the levels of exposure allowed should be worth the result
that is achieved. The overall objective of radiation protection is to balance the
risks and benefits from activities that involve radiation even if these risks and

benefits are hardly measurable directly [48].

The IAEA recommendations for radiation protection are provided in the
Basic Safety Standards (BSS) books [49, 50]. These basic safety standards
represent internationally agreed standards that set out the requirements for a
framework to regulate radiation safety in each country and that, in principle,
have been accepted by all member states. They are based on knowledge of
radiation effects and on established principles of radiation protection, recom-
mended by the ICRP (International Commission on Radiological Protection):
* Benefit of practices must offset radiation detriment.

* Exposures and likelihood of exposure should be kept as low as reasonably
achievable (ALARA principle).

* Dose limits should be set to ensure that no individual faces an unacceptable
risk under normal circumstances.

The ICRP has proposed safety standards to protect the health of workers
and the general public against the dangers arising from ionizing radiation (last
upgraded version: ICRP publication 103 [51]). These recommendations were
laid down in a European Directive: EU Council Directive 2013/59/EURATOM
[52], which has been accepted by the Member States of the European Com-
munity.

The Directive has defined safety standards for the exposed workers in the
following way:

* The limit on the effective dose is 100 mSv in a consecutive five year period,
subject to a maximum effective dose of 50 mSv in any single year. In ac-
cordance with this, most Member States have defined an annual limit of
20 mSv. (Sievert, Sv, is equal to 1 joule of energy deposited in a kilogram
of human tissue).

* The annual limit on the equivalent dose for the lens of the eye is 20 mSv.

* The annual limit on the equivalent dose for the skin is 500 mSv.

* The annual limit on the equivalent dose for the hands, forearms, feet, and
ankles is 500 mSv.

The annual limit for the whole-body dose for the general population, is 1 mSv

in most countries.
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The ICRU has defined radiation protection quantities for dose limitations
to the potentially exposed workers that are different from those described above
in the introduction of this chapter: the equivalent dose (accounts for radiation
type) and the effective dose (accounts radiosensitivity of different organs and
tissues) [13].

Equivalent dose is the dose absorbed in an organ or tissue and multiplied
by the relevant radiation weighting factor, w:

HT,R - Wi DT,R (16)
where D is the average absorbed dose in the organ or tissue T, and w, is the
radiation weighting factor for radiation R (alpha particles, electrons, photons,
neutrons).

Effective dose is a summation of the tissue equivalent doses, each multiplied
by the appropriate tissue/organ weighting factor, w_:

E=> w.H; (17)
T

where H_ is the equivalent dose in tissue T, and w._ is the tissue weighting fac-

tor for tissue T.

The unit of equivalent and also effective dose is J/kg, termed the sievert (Sv).
In order to minimize radiation risks to personnel working in potential ex-

posure conditions, relevant radiation protection measures should be imple-

Table 4. Typical personal dosimeters [42].

Dosimeter Principle of operation Radiation type, Advantages
measurement range and disadvantages
Film badge Photochemical 1P insenitis o low-cnes
& blackening 0.1 mSv-5.0 Sv &y

rays

Very sensitive,
permanently readable,

Pen-t ket . . .
en-type pocke Ionization chamber insensive for o- and

¥
0.03-2.00 mSv

dosimeter B-rays, cannot be
documented
Permanently lonization or y Permanently readable,

readable dosimeter
(pocket dosimeter)

proportional chambers
and GM counters

0.1 pSv-10.0 Sv

cannot be documented

Suitable for low dose

TLD dosimeter Thermoluminescence 1. (B) measurements, cannot be
measurement 0.1 mSv-10.0 Sv
documented
Phosphate glass | Photoluminescence Y Can be documented,
dosimeter measurement 0.1 mSv-10.0 Sv | can be read repeatedly

Albedo neutron
dosimeter

Neutron moderation
by the carrier

n,y
0.1 mSv-10.0 Sv

Calibration depends
on human carrier
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mented in the work environment and the doses to workers must be perma-
nently controlled and measured using the appropriate dosimeters.

Typical applications of different measurement techniques for personal dosi-
metry are listed in Table 4. More detailed information on personal dosimeters
can be found in Refs. [41, 42, 53].
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RADIATION CHEMISTRY
OF LIQUID SYSTEMS
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Poland

1. INTRODUCTION

The radiation chemistry of liquid systems illustrates a versatile use of high
energy ionizing radiation [1-4]. Radiolysis, the initiation of reactions by high
energy radiation, is a very valuable and powerful chemical tool for inducing
and studying radical reactions in liquids. In many cases radiolysis offers a
convenient and relatively easy way of initiating radical reactions in all phases
(including liquid phase) that cannot be or can be performed with some limita-
tions by chemical, electrochemical and photolytic methods. Radiolysis of most
liquids produces solvated electrons and relatively simple free radicals, some
of which can oxidize and/or reduce materials [5]. This chapter is divided into
four main sections: “Introduction”, “Radiolysis of water”, “Radiolysis of or-
ganic solvents”, and “Radiolysis of ionic liquids”. The first section summa-
rizes the mechanisms and features of radiation energy deposition along with a
quantification of chemical effects induced by radiation, and techniques used in
radiation chemical studies. The second section focuses on radiation-induced
radical reactions in water and aqueous solutions using low and high linear
energy transfer (LET) irradiation at ambient and high temperatures, and high
pressures. Relevant examples include radical reactions initiated by primary and
secondary radicals from water radiolysis with a variety of compounds. The
third section describes the most important features of radiolysis in organic
liquids using common solvents for inducing and studying radical reactions.
Relevant examples include radical reactions connected with the selective for-
mation of radical cations, radical anions and excited states. The last section
briefly summarizes the most commonly use ionic liquid (IL) systems and
highlights radiation-induced radical reactions in IL, a new matrix used for the
radiation generation of radicals and radical ions in the liquid phase [6].
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The chemical changes that commonly involve radiation-induced radical
reactions are the consequences of the absorption of energy of high energy ra-
diation by matter [7-13].

1.1. MECHANISMS OF RADIATION ENERGY DEPOSITION

The mechanisms by which radiation energy is deposited in matter depend
upon the type of radiation. There are three types of ionizing radiation: (i) electro-
magnetic radiation (X- and y-rays), (i) charged particles (electrons and heavy
positive ions), and (iii) neutral particles (neutrons). There are three important
processes by which electromagnetic radiation interacts with matter. These
processes are the photoelectric effect, the Compton effect, and pair production,
probabilities of which vary with the energy of radiation and the atomic number,
Z, of the material involved [7-13]. Charged particles interact with matter via
three main processes, i.e. emission of “bremsstrahlung” or braking radiation,
inelastic and elastic collisions. Their relative importance depends upon the
energy of the particles and also on the nature of the material which they pass
through (see Chapter 2). In the case of neutrons there are four main processes
by which they interact in collisions with atomic nuclei: elastic and inelastic
scatterings, nuclear reactions, and neutron capture.

The absorption of the energy in a medium, M, causes ionization of mol-
ecules and/or formation of excited and super-excited states represented by Egs.
(1) and (2), respectively:

M AMA M + e (1)
M MM MM 2)

The electrons produced in ionization (Eq. (1)) can cause further ionization
and excitation. Thus, the primary effect of any type of ionizing radiation on
matter is the production of radical ions, ions, excited states and electrons [14].

1.2. FEATURES OF RADIATION ENERGY DEPOSITION

Radiation energy deposition is spatially inhomogeneous and creates sites
of dense ionization, called spurs. The mean rate of energy loss by a particle per
unit path length, called linear energy transfer (LET), increases in the sequence
of electron, proton and a-particle, for the same particle energy, E. This is, ac-
cording to the Bethe equations, because the value of LET increases with de-
creasing particle velocity, v, which decreases with increasing particle mass,
M, for the same E since LET increases as the square of the particle charge, Z
[11, 15-17]. At sub-picoseconds time scales, local inhomogeneous distribution
of ions and radical ions, excited states and electrons in small and widely sep-
arated volumes called spurs are produced by high energy electromagnetic ra-
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diation or by the charged particles (including electrons) resulting in a high
local concentration of reactive species (ion pairs) and promoting their recom-
bination. In liquids, the fate of ion pairs is strongly dependent on the properties
of the liquid. In non-polar liquids (e.g. hydrocarbons), characterized by low
permittivity, most of the ejected electrons return to the initiating radical cation.
On the other hand, in polar liquids (water, alcohols) most of the ejected electrons
have sufficient energy to escape from the positive radical ions and, after ther-
malization (loss of their excess energy), are trapped by surrounding molecules
forming solvated electrons (e, ) [5].

An important feature of high energy radiation is also its non-selective
absorption in matter. This means that molecules are ionized according to their
relative abundance in the irradiated medium, i.e. partition of energy among the
components of a sample is controlled by the contribution of each component
and to the density of electrons. The concept of a direct effect of the radiation
on the solute and an indirect effect, in which excited states and ions derived
from the solvent subsequently react with the solute refers to this phenomenon.
In studies of dilute solutions, any direct effect on the solute molecules will be
negligible in comparison with the indirect effect. The radiolysis mechanisms
of the solvent are of paramount importance for radical reactions initiated by
high energy radiation. The radical reactions observed are essentially those re-
sulting from the interactions of excited states and/or ions from the solvent with
themselves, or with any solute present. One potential disadvantage of the latter
situation is that the limiting rate of intermediate formation derived from the
solute is usually controlled by its concentration.

1.3. QUANTIFICATION OF RADIATION CHEMICAL EFFECTS

Radiation chemical effects are quantified by the radiation chemical yield,
G(X) [18], defined as the quotient of the amount n(X) of a substance X, either
produced or destroyed and the energy, E, absorbed in the medium (Eq. (3)):

G(X) =n(X)/E (3)

The SI unit of the G-value is mol-J™'. For practical purposes pmol-J~" unit
is used. In the earlier literature, the G-values were expressed as the number of
molecules produced or destroyed per 100 eV of energy absorbed. The mutual
conversions of these units are as follows:

1 pmol-J™"'=9.65 molecules (100 eV)!
1 molecule (100 eV)'=0.1036 umol-J-!

Since the absorbed fraction of the radiation energy can only induce physi-
cal and chemical changes, the absorbed energy (the absorbed dose) is an im-
portant parameter. The absorbed dose (dose), D, is defined as the mean energy,
dE, deposited in an incremental quantity of matter, divided by the mass of that
matter (Eq. (4)):
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D =dE/dm 4)

The preferred SI unit of the absorbed dose is the gray (Gy) which ex-

presses the energy in joules (J) absorbed in the unit mass —kg: 1 Gy =1 J-kg .

The former unit of the absorbed unit, rad, was defined as 100 erg-g'. Hence,
1 Gy =100 rad.

1.4. TECHNIQUES OF RADIATION CHEMISTRY

Two main types of approaches are commonly used in applying radiation
chemistry to investigate radical reactions in liquids. First, radiolysis can involve
exposure to a steady radiation source, usually a ®°Co source for a desired amount
of time and the stable products are analyzed after the end of the radiolysis
period. Modern analytical techniques (including high performance liquid chro-
matography for separation of products, with spectrophotometric, fluorescence,
electrochemical, mass spectrometric or nuclear magnetic resonance detections)
are used for qualitative and quantitative determination of the final products
[5, 19].

The second approach involves exposure of a selected chemical system to
pulsed sources, usually electron accelerators, where sufficiently high concentra-
tion of radicals is desired in a short time in order to follow their reactions di-
rectly [5, 19]. This technique, pulse radiolysis, has been the main source of a
quantitative information concerning reaction kinetics of free radicals in solu-
tions [20-24]. For radicals in solutions the most common used technique is
time-resolved UV-Vis spectroscopy [22, 23, 25], but time-resolved conductiv-
ity [23, 26], electron paramagnetic resonance [27], vibrational resonance Raman
spectroscopy [28], microwave absorption spectroscopy [29], polarography [30],
circular dichroism [31], and recently infrared spectroscopy [32], although less
widely employed, can also provide kinetic, spectral, and mechanistic details
that are not accessible via optical measurements.

Due to space limitations, a comprehensive overview of basics of radiation-
-induced phenomena in liquids cannot be given here. There are many excellent
and comprehensive discussions of this [7, 10, 12, 33-35], and books which ad-
dress the topics mentioned above in a more detailed manner [11, 13, 15, 36-40].

2. RADIOLYSIS OF WATER

The radiolysis of water has been studied extensively since the beginning of
radiation chemistry. Excellent critical reviews of the spectral and kinetic prop-
erties, methods of production, and compilations of reaction rate constants of
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the primary water radiolysis transients with inorganic and organic substrates
have been written over the years [2, 11, 18, 41-49]. Most of radiation-induced
radical reactions have been studied in aqueous solutions because they are read-
ily available and not difficult to work with. Moreover, the radiolysis of water
is a relatively easy and convenient way to produce an enormous variety of
highly reactive radical species which otherwise cannot readily be generated by
thermal or photochemical methods. There were several motivations for under-
taking and pursuing these studies: (i) to gain a knowledge about chemical
processes in general (e.g. redox and polymerization processes); (ii) to understand
effect of high energy radiation on biologically relevant molecules (water is a
main constituent in living organisms and plays a key role in biological systems);
(111) to produce and study the reactions of reactive short-lived species that are
also produced in living organisms, e.g. hydroxyl radicals (*OH), peroxyl rad-
icals (ROO*), and superoxide radical anions (O,); and (iv) to control and
predict precisely effects of water radiolysis in water cooled nuclear reactors in
order to avoid unwanted effects such as radiation-induced stress corrosion
cracking.

2.1. RADIOLYSIS OF WATER AT AMBIENT TEMPERATURES
WITH LOW LET IRRADIATION

2.1.1. Primary transients: formation, spur reactions, radiation chemical
yields, acid-base equilibria, spectral and redox properties
Formation of the radical cation (H,0*") and pre-hydrated electrons (€ enya)
is a consequence of the ionization of water molecules and represents the pri-
mary process in the radiolysis of water (Eq. (5)). There is no unequivocal evi-
dence that electronic excitation of water molecules (Eq. (6)) plays any signifi-
cant role in radiolysis.
HZO _AAAA_, H20.+ + eiprehyd (5)
HZO _AAAAL Hzo* (6)
Both reactions occur on the time scale of electronic transition, i.e. ~107'¢s.
The water radical cation (H,0%") is a very strong acid and immediately loses a
proton (in ~107'*s) to neighboring water molecules forming hydroxyl radical
(Eq. (7)):
H,0*" + H,0 — *OH + H,0" (7)
The lifetime of H,O*" was recently measured to be around 200 fs using
polarization anisotropy technique [50]. The yield of H,O*" at few tens of fs was
estimated to be around 0.53 umol-J!' [51]. The electronically excited water
molecules (H,0") may undergo homolytic dissociation (Eq. (8)) in ~10*s and
the electrons ejected in an ionization process (Eq. (5)) undergo hydration by
~107'%s, after thermalization (Eq. (9)):
H,0" — *H + *OH (8)
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e7prehyd + nHZO - eiaq (9)

At this time, the products of reactions depicted in Egs. (7)-(9) are distrib-
uted inhomogeneously and located together in spurs. Subsequently, these
products start to diffuse randomly. Some of them interact with one another
within spurs, before diffusing apart into the bulk water, forming molecular and
secondary radical products. These spur reactions (Egs. (10)-(17)) together with

their respective rate constants are listed in Table 1.

Table 1. Spur reactions in water and their rate constants [46].

Spur reaction (number) k [dm? mol™"-s™]
e, te,,— H,+20H 10y 5.4 x10°
¢, T "OH— OH (11) 3.0 x 10"
e, TH,;0"S *H+H0(12) 2.3 x 10"
e, ' H—H,+ OH(3) 2.5x 10"
‘H+H — H, (14) 1.3 x 10"
*OH +*OH — H,0, (15) 53 x10°
*OH +*H — H,0 (16) 3.2 x 10"
H,0"+ OH — 2H,0 (17) 1.4 x 10"

2 The mass balance is ensured by hydration water.

Those products, which diffuse outside the spurs, become homogeneously
distributed and may react with added solutes (acting as scavengers). All spur
reactions and diffusion of reactants leading to their homogeneity are complet-
ed within 107 s.

The radiolysis of water (for low LET irradiation ~0.23 eV-nm™) is sum-
marized by Eq. (18), where the numbers in parentheses represent radiation
chemical yields (G-values) in units pmol-J' [4, 14]:

H,0 ""*—*OH (0.28), e (0.28), *H (0.062), H, (0.047), (18)
H,0, (0.073), H,O" (0.28)

The primary transients from water radiolysis (Eq. (18)) are involved in the
following acid-base equilibria represented by Egs. (19) and (20):

‘H+HO S e +HO (19)
‘OH+HO S 0" +H,0 (20)

Hydrogen atoms (*H) and hydrated electrons (e*aq) exist in the acid-base
equilibrium (Eq. (19)) with pK_= 9.1 (*H atom is a conjugate acid of e*aq). The
lifetime of ", _in pure water is quite long since its protonation by water is slow.
However, at qu < 4, the diffusion-controlled reaction of . with bulk protons
(Eq. (12), Table 1) is important in causing an increase of the yield of *H atoms
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with decreasing pH and thus their radiation chemical yield in acidic solutions
can be as high as 0.34 umol-J-!. On the other hand, in very basic solutions *H
atoms are converted into S with k. (in equilibrium represented by Eq.
(19)) =2.2 x 107dm*-mol*-s! [46].

Hydroxyl radicals (*OH) exist in the acid-base equilibrium (Eq. (20)) with
pK,= 11.8 ("OH is a conjugate acid of the oxide radical ion (0*)), with k.
(in equilibrium represented by Eq. (20)) = 1.3 x 10"*dm**mol"-s" and k
(in equilibrium represented by Eq. (20)) = 7.9 x 107s™' [52]. Since O radical
anion is very rapidly protonated by water, its radical reactions occur in a sig-
nificant extent only at a pH > 12.

Spectral properties of the primary transients from water radiolysis are sum-
marized in Table 2.

Table 2. Spectral parameters and reduction potentials of primary transients in water
radiolysis [49, 53].

Transient Ao | € [dmP-mol-ecm™] E° vs. NHE [V]
[nm] [49] [53]
+2.72
(for the redox couple: *OH, H'/H,0)
*OH 230 530
+1.90
(for the redox couple: *OH/ OH)
o~ 240 240 +1.78
(for pH 13) (for the redox couple: O*, H,0/2"HO)
€ 720 19 000 —2.87
‘H <200 1620 -2.31

(forx , =188 nm)

The hydrated electron is characterized by its strong absorption at 720 nm
and the majority of oscillating strength is derived from optical transitions from
the equilibrated s state to the p-like excited state. The 720-nm absorption is
used for the determination of reaction rate constants with the vast variety of
compounds. On the other hand, both the *H atoms and *OH(O*") radicals absorb
in the far UV region, which has made their distinction and observation very
difficult, if not impossible. Therefore, their reaction rate constants with the
variety of compounds have been determined either by observation of the re-
spective products or competition techniques [46].

Redox properties of the primary transients from water radiolysis can be
summarized as follows: (i) the *OH radical is a powerful one-electron oxidant
with a reduction potential varying with the pH, (ii) the hydrated electron is a
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powerful reductant in neutral and alkaline solutions while the *H atom be-
comes the major reductant in acidic solutions [46, 53].

The radical cation H,O*" absorbs light in the visible spectral domain [54],
and its reduction potential has been estimated as ~ +4.0 V vs. NHE [51].

2.1.2. Selective generation of primary transients

Since the primary transients formed in the radiolysis of aqueous solutions
are characterized either by oxidizing (*OH) or reducing (e*aq, *H) properties,
it is desirable to study their reactions in conditions when only one type of rad-
ical is present. These conditions can be achieved via an appropriate design of
the reaction system which subsequently will be exposed to high energy irra-
diation [18].

To eliminate the contribution of e in the reaction system, the solution
is saturated with nitrous oxide (N,O). Hydrated electrons are rapidly scav-
enged by N,O generating additional amount of *OH radicals (Eq. (21)) with
k,, =9.1 x 10° dm*-mol'-s™' [55], and thus yield amounts to 0.56 pmol-J-".

e, TN, O—->N,+0" (+H0)—N,+°OH+ OH (21)

The *H atoms react slowly with N,O (k = 2.1 x 10° dm’-mol'-s™") [4], and
therefore in these solutions their reactions are not eliminated. However, the yield
of *H atoms represents =10% of the total yield of radicals at neutral solutions.

A convenient way to study reactions of € (without a contribution of *OH
radicals) is irradiation of deaerated neutral aqueous solutions (with Ar/N,)
containing high concentration (> 0.1 M) of 2-methyl-2-propanol (fert-butanol).
The *OH radicals are selectively scavenged by tert-butanol forming 2-hy-
droxy-2,2-dimethyl radical with k = 6.0 x 10® dm*-mol'-s™!' (Eq. (22)) [46]:

*OH + (CH,),C-OH — H,0O + *CH,(CH,),C-OH (22)
The yield of *H atoms is almost not affected since their rate constant with
tert-butanol is low (k = 1.7 x 105 dm*-mol'-s™") [46], and recently noted at
1.15 x 10° dm*-mol™'-s™' [56]. The *CH,(CH,),C~OH formed is nearly unreac-
tive due to steric hindrance, its optical absorption band is located < 270 nm
and, in principle, does not interfere with other radicals. The irradiated system
contains only €, and *H atoms with the respective radiation chemical yields
0.28 and 0.062 pmol-J'.

The “cleanest” way to study *H-atoms reactions (without a contribution of
*OH radicals and e ) is irradiation of highly acidic aqueous solutions saturat-
ed with H,. The *OH radicals react with H, generating additional amount of
*H atoms (Eq. (23)) with k,, = 4.2 x 107 dm’-mol™'-s™ [46]:

*OH+H,— H,0+H (23)

This approach, due to the low solubility of H, under normal pressure con-
ditions, has not found a practical use (a special pressure cell is needed). There-
fore, *H-atoms reactions can be routinely studied by irradiations of highly acidic
Ar/N -saturated aqueous solutions containing high concentration (> 0.1 M) of
tert-butanol. The *OH radicals are removed in reaction (Eq. (22)) and e, are
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converted to “H atoms via reaction with H,O" (Eq. (12), Table 1), and thus
their radiation chemical yield amounts to 0.34 pmol-J.

2.1.3. Generation of transients in aerated and O,-saturated aqueous
solutions: formation, acid-base equilibria, spectral, kinetic,
and redox properties
In aerated and O -saturated aqueous solutions both *H atoms and e~ react
with molecular oxygen (O,) according to reactions (Egs. (24) and (25)3 with
k,=2.1x10"dm*mol"-s" and k ;= 1.9 x 10" dm’-mol™"-s™" [46]:
‘H+0O,— HO, (24)
e, T0,—0," (25)
Perhydroxyl radicals (HO,*) and superoxide radical anions (O,*) exist in
the acid-base equilibrium (Eq. (26)) with pK = 4.88 (HO,’ radical is a conju-
gate acid of O," radical anion) [57].
HO,SH" +0 (26)
HO,® and O,* radicals undergo disproportionation reaction via a pH-de-
pendent mechanism that involves equilibrium (Eq. (26)) and reactions (Egs.
(27) and (28)):

HO, + HO," - H,0, + O, @7)
HO, +0,~ —5 H0,+0, (28)

O,* +0,* — no reaction (29)

The values of k. and k,, of 8.3 x 10° dm*-mol™"-s™" and 9.7 x 10" dm’-mol '-s™!

were calculated by fitting the experimental data of the observed rates of dis-
proportionation at varying pH taking into account Eqgs. (27)-(29) [57].

Radiolysis of water at pH > 6 in the presence of O, and formate ions

(HCO,") leads to the exclusive formation of O, via reactions depicted in Egs.

(24)-(26), (30) and (31):

*OH + HCO, — CO,~ +H,0 (30)

COS~+0,— 0, +CO, 31

Interestingly, *OH radical is unreactive towards O,, however, its conjugate
base, the oxide radical anion (O*) react with O, (Eq. (32)) forming ozonide
radical anion (O,*):

0~+0,50," (32)

These two radicals exist in an equilibrium with k., =3.0 x 10° dm’-mol '-s™'
[46],and k ,, =3.3 x 10° s [58].

The ozonide radical anion is characterized by its absorption at 430 nm
which has been used for determination of its reaction rate constants with rad-
icals [59, 60]. Both the HO,* and O,* radicals absorb in the far UV region,
which made their distinction and observation very difficult, if not impossible
(Table 3). Their reaction rate constants with the variety of compounds were
determined either by observation of the respective products or competition
techniques.
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Table 3. Spectral parameters and reduction potentials of transients formed during
radiolysis of aerated and oxygenated water [49, 53].

3. 1. -1 0
Transient| A [nm] s LA [ f;(])l em B [I;I?]E M
+1.48
275 1400 (for the redox couple: HO,*, H/H,0,)
HO,*
2 (for pH 1.5) (forpH 1.5) +0.79
(for the redox couple: HO,*/HO,)
-0.33
245 2350 (for the redox couple: O,/O,")
O o
2 (for pH 10.5) (for pH 10.5) +1.03
(for the redox couple O,*, H/HO,")
+1.01
430 1900
0,~ (for pH 11-12;
(for pH 13.1) (for pH 13.1) for the redox couple: O,/O,*)

Redox properties of these transients can be summarized as follows: the
HO,* and O,* radicals are mild one-¢electron oxidants with a reduction poten-
tial varied with the pH (Table 3).

2.1.4. Radical reactions involving primary transients
*OH radicals. The *OH radical undergoes the following types of reactions:
(1) electron transfer (ET); (ii) hydrogen atom abstraction; (iii) addition to
C=C, C=N and C=S bonds; (iv) addition to aromatic rings; and (v) addition
to electron-rich functional groups [45]. These reactions reflect inter alia its
electrophilic character [61], and strong oxidizing properties. Rate constants
for thousands of reactions of *OH radicals have been compiled, including re-
actions with molecules, ions, and radicals derived from inorganic and organic
solutes [46].

In most ET reactions, formation of an *OH adduct precedes the actual ET
reaction. Oxidation of metal ions (Egs. (33a) and (33b)) and inorganic anions
(Eq. (34)) illustrates this feature:

*OH + Me* S MeOH** — Me** + OH (33a)
Me" =TI, Ag"
*OH + Me?" 5 MeOH** — Me*" + "OH (33b)
Me?" = Cu?', Sn*', Fe*", Mn*"
*OH + SCN™ 5 HOSCN* — *SCN + OH (34)

A driving force for H-abstraction reactions by “OH radicals is that the H-OH
bond dissociation energy (BDE) is very high (111 kcal-mol '), while the BDEs
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of the C—H and S—H bonds are usually much weaker. Reactions of *OH rad-
icals with methanol (BDE H-CH, = 103 kcal-mol™') (Eq. (35)) and methan-
ethiol (BDE S—H = 85 kcal-mol ™) (Eq. (36)) confirm this:
*OH + CH,OH — H,O + *CH,OH (35)
*OH + CH,SH — H,0 + CH,S° (36)
Since the BDE for primary hydrogens (H-CH,) is higher than for the second-
ary (>CH-H) (98 kcal-mol ') and tertiary (>C—H) (95 kcal-mol "), a remark-
able selectivity is observed for the H-abstraction reactions in ethanol (Egs.
(37a) and (37b)) and 2-propanol (Egs. (38a) and (38b)):

*OH + CH,CH,0H — H,0 + CH,"CHOH (37a)
*OH + CH,CH,0H — H,0 + *CH,CH,OH (37b)
*OH + (CH,),CHOH — H,0 + (CH,)*COH (38a)
*OH + (CH,),CHOH — H,0 + (CH,)(CH,")CHOH (38b)

The yields (in %) of H-abstraction reactions (Egs. (37a) and (38a)) are equal
to 84.3 and 85.5%, respectively. The yields of H-abstraction reactions (Egs.
(37b) and (38b)) amounts only to 13.3% [62].

Addition of *OH radicals to C=C double bonds (Eq. (39)) is very fast and
occurs close to diffusion-controlled rates (e.g. in ethylene k,, = 4.4 x 10°
dm?-mol!-s!):

*OH + H,C=CH, — *CH,-CH_-OH (39)
Addition will be the preferential way over H-abstraction, even in the molecules
having weakly bound hydrogen atoms, such as pentadienylic in 1,3- and
1,4-cyclohexadienes and allylic ones in thymine.

Addition of *OH radicals to C=N double bonds was observed in purines
(guanine and adenine, two of the bases in deoxyribonucleic acid, DNA). The
C(8)-OH adducts are formed with the yield of 17 and 37%, respectively, and
both radicals possess reducing properties [45].

Addition of *OH radicals to S=O double bonds occurs in sulfoxides and
the resulting radical undergoes a very rapid f-fragmentation leading, in the case
of dimethyl sulfoxide, to the methide radical (Eq. (40)) [63]:

*OH + (CH,),S=0 — (CH,),S(OH)-O* — *CH, + CH,S(=0)-OH (40)

Addition of *OH radicals to aromatic rings leads to a short-lived n-complex
(being in an equilibrium with substrates) prior to transformation into 6-complex,
where the OH substituent bounds tightly to the carbon atoms (Eq. (41)):

OH
°0H+© ‘@C.)H—><>6H @
H

Electron-donating substituents (e.g. ~OCH,, —OH) in the aromatic ring direct
*OH radicals into the ortho- and para-positions, while electron-withdrawing
substituents (-NO,) mostly into the meta-position. In the case of neutral sub-
stituents (—COOH), there is no preference for the site of addition, and an even
distribution of isomers is observed [64].
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Addition of *OH radicals to electron-rich functional groups was observed
in sulfides and disulfides [65]. In the case of sulfides, the OH-adduct undergoes,
depending on the pH, either proton-catalyzed hydroxide ion ((OH) elimination
(Eq. (42a)) or spontaneous dissociation (Eq. (42b)), both processes lead to
formation of the monomeric sulfur radical cation:

“OH + R-S-R — R-S*(-OH)-R —° 5 R-§*“R+H,0  (42a)

*‘OH + R-S-R — R-S*(-OH)-R — R-S*-R + "OH (42b)
These radical cations undergo either deprotonation at neighboring carbon
atoms forming a-(alkylthio)alkyl radicals or can be stabilized by 2¢c-3e bond-
ing with other heteroatoms (e.g. S, N, and O).
Hydrated electrons (e, / The hydrated electron undergoes the following types
of reactions: (i) reduction, (ii) dissociative electron attachment, (iii) addition
to functional groups of high electron affinity, (iv) addition to aromatic rings
containing electron-withdrawing substituents, and (v) addition to conjugated
double bonds [45]. The hydrated electron acts as a nucleophile in its reaction
with organic molecules. Similarly, as for *OH radicals, the rate constants for
thousands of reactions of ¢” have been compiled, including reactions with
molecules, ions, and radicals derived from i inorganic and organic solutes [46].
Since the hydrated electron is the most powerful one-electron reductant, it
is capable of reducing metal ions (Eqgs. (43a)-(43c)) and inorganic anions (Egs.
(44a) and (44b)) [4, 53]:

et Me" — Me? (43a)

Me' = Ag', Cu', TI'
e, tMe* — Me (43b)

Me2t = Cu2+, C02+, (bd2+, Sn”, Mn2+, Ni2+, Pb2+, 7n2*
e +Me* — Me” (43¢)
e’ =Fe*, Eu**

e ,, T MnO,~— MnO, . (44a)
e, T Cro, b, CrO, & (44b)

Hydrated electrons react with many orgamc compounds containing sub-
stituent halogen atoms by a dissociative electron attachment (Eqgs. (45a) and

(45b)):

e, FRX >R+ X (45a)
X=ClBrI1
(0] 0
Br NH : NH
| /g e | /g + Br (45b)
N O N ¢}
H H

Hydrated electrons react at diffusion-controlled rates with a large number
of compounds containing functional groups of high electron affinity like car-
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bonyl, nitro and cyano groups (Egs. (46a)-(46c)) by forming the corresponding
radical anions [46]:

¢, +>C=0—>>C-0 (46a)
e, T -NO, > -N'(=0)-0 (46b)
e +-C=N - -C=N- (46¢)

Hydrated electrons do not react with benzene with appreciable rate (k ~ 107
dm?®-mol'-s!). However, the rate constants with benzene containing elec-
tron-withdrawing substituents (-NO_, —CN) are at a diffusion-controlled limit.
The resulting radical anions undergo a very rapid protonation by water (Eq.
(47)), yielding the same species as expected for the addition reaction of *H
atoms (vide infra) (Eq. (52)):

NO, NO, NO,
| | m

- H,0 “ N m
€aq * @ o Py 47)

Hydrated electrons are not reactive with ethylene (k <3 x 10° dm*-mol*-s™).
However, their reactivity substantially increase with the molecules containing
conjugated double (Eq. (48)) amounts to 8 x 10° dm*-mol !-s™!.

. _ _ _ o _ H,0
¢\ * H,C=CH-CH=CH, —» H,C<CH-"CH-CH, —=>

0 5§ C=CH-*CH-CH, + OH

*H atoms. The *H atom undergoes the following types of reactions: (i) electron
transfer (ET), (i1) hydrogen atom abstraction, (iii) addition to C=C bonds,
(iv) addition to aromatic rings, (v) addition to electron-rich functional groups,
and (vi) homolytic substitution [18, 45, 46]. These reactions reflect inter alia
its weak nucleophilic [61], and strong reducing properties, however, less than
¢ .- Interestingly, radical reactions of *H atoms resemble those involving *OH
radicals.

In ET reactions *H atoms readily reduce metal ions having lower reduction
potentials (Egs. (49a) and (49b)) and inorganic anions (Eq. (50)) [46]:

H+ Me" — H" + Me? (49a)
Me"=Ag", TI*
H+ Me* — H" + Me* (49b)
Mez+ — Cu2+, Hg2+
H + Fe(CN),> — H' + Fe(CN) * (50)

*H atoms also abstract hydrogen atoms, but with much lower rate con-
stants than *OH radicals (Table 4). Since the H-H bond dissociation energy
(104.3 kcal-mol ™) is substantially lower than the BDE of H-OH bond (vide
supra).

This phenomenon is particularly reflected in the reactions of *H atoms
with methanol (Eq. (51)) and 2-methyl-2-propanol (zert-butanol) (Eq. (52))
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Table 4. Comparison of the rate constants of the H-abstraction reactions involving *H
atoms and *OH radicals with selected alkyl alcohols [46].

Alcohol k ("H + ROH) [dm* mol!-s'] | k ("OH + ROH) [dm* -mol !-s!]

CH,OH 2.6 x 10° 9.7 x 108

C,H,OH 1.7 % 107 1.9 % 10°

C,H,0H 2.4 %107 2.8 % 10°
(CH,),CHOH 7.4 x 107 1.9 x10°
(CH,),COH (1.7-11.5) x 103 6.0 x 108

(Table 4) where the BDEs of primary hydrogens (H-CH,) are only slightly
lower than BDE of the H-H bond:

*H+ CH,0H — H, + *CH,OH (51

*H + (CH,),C-OH — H, + *CH,(CH,),C-OH (52)

Addition of *H atoms to C=C double bonds (Eq. (53)) is very fast and

occurs close to the diffusion-controlled rate (e.g. for ethylene k., = 3.0 x 10°

dm?-mol!-s!) [46]:

*H +H,C=CH, — *CH,-CH, (53)

Addition of *H atoms to aromatic rings leads directly (contrary to the *OH

addition) to a o-complex in which the *H atom bounds tightly to the carbon

atoms (Eq. (54)).
H
‘H + © — @H (54)
H

Because of the pronounced electrophilicity, *H atoms react readily by ad-
dition to the sulfur atoms in trithianes which contain three electron-rich thioether
groups. However, the resulting adducts cannot be detected since they decom-
pose by ring opening followed either by a- or B-scission [66].

*H atoms can also undergo bimolecular homolytic substitution (S, 2) with
a-(alkylthio)carbonyl compounds (Eq. (55)) which is driven by the formation
of the stronger S—H bond while simultaneously a relatively C—S bond is
broken [67]:

*H + CH,SCH,C(=O)NH, — CH,SH + *CH,C(=O)NH, (55)

Radical reactions involving primary radicals from water radiolysis have
been successfully used for the generation, identification and spectral and ki-
netic characterization of a large variety of radicals and radical ions derived
from biological molecules, like amino acids, peptides, proteins, DNA and its
constituents, and lipids. Numerous books and review articles addressing these
topics have been published [11, 15, 45, 68-73].
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2.1.5. Radical reactions involving O, and HO,® radicals

In principle, the reactivity of O,* and HO,* radicals with organic compounds
in aqueous solutions is rather low [57]. For instance, the reactions of HO,*/O,*
with amino acids in their zwitterionic forms were found to be very slow with
the rate constants in the range of 10'-10> dm?*-mol'-s™ [74]. The reactivity of
O,* and HO,® radicals with some biologically relevant compounds including
metal ions and metal ion complexes have been studied extensively. Some se-
lected rate constants are listed in Table 5.

Table 5. Comparison of the rate constants of O,* and HO," radicals with some selected
metal ions, metal ion complexes, and organic compounds [74].

Compound (S) k (O, +S) [dm*mol"s']| k (HO," + S) [dm*-mol '-s']
Ascorbic acid (AH) n.m. 1.6 x 10*
Ascorbate anion (AH") 2.6 x 108 5.0 x 10°
Fell 1.0 x 107 1.2 x 10°
Felll 1.5 x 108 <10°
Cu" 1.0 x 10" 1.0 x 10°
Cu' (5-8) x 10° 1.0 x 10°
Mn" porphyrins 5.6 x 10%-9.0 x 10° -
Mn"! porphyrins 4.0 x 10°-5.1 x 107 -
Fe' porphyrins 3.1 x 10%-3.7 x 108 -
Fe'" porphyrins 3.0 x 10°-2.0 x 10° -

A majority of research has focused on iron, copper, manganese and their
complexes. These metal ions are present in the active sites of superoxide dis-
mutases.

2.1.6. Selective secondary radicals: generation, spectral, kinetic,
and redox properties

Since the *OH radical is a very strong oxidant and both e _and *H atoms
are very strong reductants, they do not react in a selective way. fhey react very
fast with almost all compounds in various types of reactions. Moreover, in
one-electron oxidation reactions *OH radicals react with formation of a pri-
mary intermediate adduct which subsequently, in some cases, is transformed
to one-electron oxidized products. Thus, there was a strong need for a genera-
tion of more selective radicals that are less reactive and/or can react mostly by
a direct electron transfer [1, 4, 18].
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Selective oxidizing radicals. A large variety of oxidizing inorganic radicals
have been generated and their spectra, reaction rate constants with numerous
substrates, and reduction potentials have been measured and compiled [48].
Selected examples of reactions leading to generation of the oxidizing selec-
tive inorganic radicals (using primary *OH radicals) are presented below (Eqgs.
(56a)-(56d)):

-
"'OH+ X — XOH" 5 OH+ X' & X,*

X =CI,Br, I, SCN-

N
"OH+N, —» OH+N; &= N

‘OH+X — OH+X"*
X =ClO,,NO,
*OH + X* — OH + X*-
X*=C0,, S80,*, Se0,>

A compilation of some spectral parameters and reduction potentials of the
most common oxidizing and reductive inorganic radicals is presented in Table 6.

(56a)

(56b)
(56¢)

(56d)

Table 6. Spectral parameters and reduction potentials of some selective inorganic
radicals [49, 53].

Radical kma[)h[grﬁm] g [dm? [rér‘lg]l1 ‘cm™!] RedoE; g;)uple E° vs. [1;13}?5 [V]
SO,” 450 1100 SO, /S0,*> +2.47
CL*™ 340 8800 CL*/2Cl- +2.30
NO; 640 800-1000 NO,*/NO, +2.3-2.5
CO,~ 600 1860 CO,/CO» +1.78

SeO,* 420 1470 SeO,*/Se0,> +1.68
Br,” 360 9900 Br,"/2Br +1.66
(SCN),* 472 7580 (SCN),*/2SCN* +1.33
N 274 2025 N,*/N;- +1.33
L 380 9400 L2l +1.04
NO/S 400 200 NO,/NO, +0.99
Clo; 360 1000 Cl0,/C10, +0.93
SO,* 250-255 1000-1380 S0,*/80,> +0.63
NO* - - NO*/NO- +0.39
SO~ 255 1770 SO,/SO,~ -0.28
CO,~ 235 3000 CO,/CO,~ -1.90
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Reactions involving hydrated electrons are also very useful for the genera-
tion of selective oxidizing radicals (Egs. (57) and (58)):

¢ +S,02 —S0,” +S02 (57)
aq
e, +NO,; = NO,» —225 NO,* + 2HO" (58)

Selective reductive radicals. The number of selective reductive radicals is much

lower in comparison to oxidizing radicals. The most common is the carbon

dioxide radical anion (CO,™). Reactions leading to this radical and involving

primary *OH radicals and *H atoms are presented below (Egs. (59) and (60)):

*OH + HCO, - H,0 + CO,~ (59)

*H+HCO, — H,+ CO," (60)

These secondary radicals exhibit sufficiently intense optical absorption in

the visible and near UV range that permit kinetic spectrophotometric measure-
ments of the rates of their formation and decay.

2.1.7. Radical reactions involving secondary radicals

Selective inorganic radicals react with other radicals and with inorganic
and organic compounds mostly by one-electron oxidation or reduction without
the formation of intermediate adducts (such as *OH and *H adducts). A com-
parison of the reactivities of some selected oxidizing radicals with inorganic
and organic compounds is presented in Table 7.

Table 7. Rate constants k of some selected oxidizing radicals with inorganic and or-
ganic compounds [48].

Compound k [dm™mols7]
SO, CL™ CO,~ Br,~ N, L
N, 3.0x10° | 1.2 x 10° - 4.0 x 108 - <5x10°
Fe(CN), > - - 2.7x10% | 2.8 x 107 | 4.0 x 10° -
Benzene - - <5x10* - <3 x10° -
Anisole 49 x 10° - 2.8 x 10° - <3x10° -
Phenol - 4.0x10% | 2.0x 10" | 6.0 x 10° | 5.0 x 107 -
Phenoxide - - 3.5x 108 | 5.0 x 10% | 4.3 x10° | 5.7 x 107
4-Methoxy-phenoxide - - 5.2 x 108 - 4.2 x 10° -
4-Methyl-phenoxide - - 4.8 x10% | 4.7 x 108 - 9.8 x 107
Aniline - - 54 x10% | 2.1 x 10% | 4.0 x 10° | 4.4 x 10°
Tryptophan 2.0x10°|2.6x10°|4.4x10°|7.0x10* | 4.1 x 10° | <1 x 10°
Tyrosine 3.0x10° [ 2.7 x10% | 2.1 x 10% [ 2.0 x 10% | 1.0 x 10% | <1 x 10°
Methionine 1.1 x10° [ 4.0x10° | 3.0x107 | 1.7x10° | <1 x10°| <1 x 10°
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For instance, the azide radical (N,*) was found to oxidize aromatic systems
such as aniline and phenoxide ions at a rate ~4 x 10 dm*-mol-s™!, primarily
via ET, whereas benzene and anisole are not observably oxidized by N.*. Some
of the presented radicals (C1,*, CO,*, N.*, and Br,*) show a great selectivity
for tryptophan (Trp) residues in the presence of tyrosine (Tyr) residues. More-
over, these radicals react quite rapidly with amino acid residues (Trp, Tyr, Met,
Cys, His) forming respective radicals located mostly on their side chains. These
radicals are particularly useful for studying oxidative changes in amino acids,
peptides and proteins that were very often coupled with long-range intramol-
ecular electron transfer (LRET) [75-80].

2.1.8. Peroxyl radicals

Peroxyl radicals (ROQO*) are important reactive intermediates formed dur-
ing oxidation of organic and biological compounds which result from the reac-
tion of free radical (R*) with molecular oxygen (Eq. (61)):

RX*+ 0O, — RXO/S (61)

The radical site (-X*) is mostly located on non-metallic elements like carbon,
oxygen, nitrogen and sulfur atoms. The most common peroxyl radicals are those
involving carbon atom. These radicals are key intermediates in polymerization
processes, either in a chain propagation step and/or termination step. Formation
and reactions of ROO* radicals have been extensively reviewed in numerous
publications [81-84].
Carbon-atom peroxyl radicals. Most organic C-centered radicals react, in prin-
ciple, irreversibly with O, with the rate constants typically ~2 x 10° dm*-mol '-s™!
[85]. As far as the spectral properties are concerned the case frequently encoun-
tered is that the parent C-centered radical absorbs in the UV-Vis region while
the corresponding peroxyl radical absorbs weakly only in the UV region with
no specific spectral structure. The other case, where both the radical and its

Table 8. Absorption maxima and molar absorption coefficients of some selected vinyl
peroxyl and aryl peroxyl radicals in aqueous solutions [81].

Peroxyl radical A, [nm] g . [dm*mol"-cm™]
Vinyl 440 1100
Dichlorovinyl 540 1100
Phenyl 490 1600
4-Methoxyphenyl 600 2100
4-Methylphenyl 560 600
4-Aminophenyl 590 2000
3-Hydroxyphenyl 520 1400
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corresponding peroxyl radical absorb in the UV region has been also observed.
Usually, those peroxyl radicals are characterized by weak absorptions withA__
<250 nm and rather low molar absorption coefficients ~1000 dm*-mol'-cm™.
Interestingly, the situation in the case of vinyl and aryl radicals is the inverse.
The parent radicals exhibit no absorption in the accessible wavelength region
while their respective peroxyl radicals absorb in the near UV or even in the
visible region. Some selected examples are compiled in Table 8.
Peroxyl radicals can undergo a number of unimolecular and bimolecular pro-
cesses. Unimolecular processes include following types of reactions: HO,* and
O,* elimination reactions, addition to the C=C double bonds, and, the most
common, hydrogen abstraction and electron transfer reactions. Since the
ROO-H bond energy in hydroperoxides derived from ROO* radicals is rather
weak (~360-370 kJ-mol™), the H-abstraction reaction can occur at an appre-
ciable rate, since the C—H bond energy of the H-donor is sufficiently low. Such
conditions are fulfilled in abstraction of bis-allylic hydrogens present in poly-
unsaturated fatty acids where the C—H bond energy is equal to 320 kJ-mol™!
(Eq. (62)) [81, 86]:

ROO* + -CH,=CH-CH,-CH=CH- — (62)

— ROOH + -CH,=CH-"CH-CH=CH-
Peroxyl radicals can oxidize various organic compounds (phenothiazines,
porphyrins, amines, sulfides) to the corresponding radical cations and various
anions (ascorbate, phenolate, inorganic anions) to the corresponding radicals
[85, 86]. N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) was used to probe
the oxidizing properties of various peroxyl radicals. The rate constants of per-
oxyl radicals cover a broad range from 1.1 x 10° dm?-mol™'-s™ to 1.9 x 10°
dm?-mol!-s! (Table 9).

Table 9. Rate constants k of some selected peroxyl radicals with ascorbate anions and
TMPD [86].

k [dm3-mol'-s7!]
CH, O | HOCH,O," | CICH,0," | CLCHO, | CLCO
Ascorbate (AH") | 1.7 x 10° 4.7 x 10° 1.2x10% | 7.0x10% | 9.1 x 10®
TMPD 4.3 x 107 7.2 x 107 42 x10% | 7.4x10% | 1.7 x 10°

It is worthy to note that the rate constants for oxidation reactions by peroxyl
radicals increase with increasing number of chlorine atoms on the radicals. This
trend was rationalized by the electron-withdrawing effect of these substituents
which decrease the electron density on the radical site.

Peroxyl radicals, which do not decay in one of the unimolecular processes
(vide supra), undergo bimolecular decay. In contrast to many other radicals,
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they do not disproportionate but decay via a recombination process leading in
the first step to a tetroxide (Eq. (63)):
ROO* + ROO* — ROOOOR (63)
Depending on the properties of the peroxyl radicals, the tetroxide can decay
via several channels (Egs. (64) and (65)), which always involve the cleavage
of the lateral O—O bond. Reactions depicted in Egs. (64) and (65) are known
as the Russell and the Bennett mechanisms, respectively:
ROOOOR — R,C=0 +R,CHOH + O, (64)
ROOOOR — 2R,C=0 +H,0, (65)
These reaction pathways require the existence of C—H bond a-positioned to
the peroxyl function.
Hetero-atom peroxyl radicals. Oxygen-centered radicals react with O, very
slowly, e.g. the tyrosyl radical (TyrO®) reacts with O, with the rate < 1.3 x 10°
dm?-mol ™ s™". In principle, trioxyl radicals ROOO* are unstable and decom-
pose into alkoxyl radicals (RO*) and O,

Nitrogen-centered radicals react with O, more slowly than C-centered
radicals. For instance, the rate constant for the reaction of aminyl radical
("NH,) with oxygen was found to be equal to 3.4 x 107 dm*-mol s

Sulfur-centered radicals react with oxygen fast and the reverse reaction is
also fast (Eq. (66)):

RS*+ 0O, S RSOO* (66)
For the thiyl radical derived from mercaptoethanol (CH,CH,S*) the reaction
with O, is diffusion controlled with k,, = 2.2 x 10” dm’-mol'-s™" while the
reverse reactlon k,  =62x10°s 1mphes the existence of equilibrium depict-
ed in Eq. (66) [87 88] Thiyl peroxyl radicals can be monitored by UV-Vis
spectroscopy due to their absorption band with A__ located at 550 nm desplte
their low molar absorption coefficient &, = (2- 4) X 102 dm?-mol "-cm- I, Thiyl
peroxyl radicals undergo a thermal rearrangement to the thermodynamically
more stable sulfonyl radicals (Eq. (67)), which can be further oxidized to sul-
fonyl peroxyl radicals (Eq. (68)):
RSOO* — RS*(=0), (67)
RS*(=0), — RS (=0),-00* (68)
These intermediates have attracted considerable interest because of their pos-
sible participation in radical processes occurring in biological systems.

2.2. RADIOLYSIS OF WATER AT AMBIENT TEMPERATURES
WITH HIGH LET IRRADIATION

The earliest studies on radiolysis of water with high LET irradiation were
performed just after discovery of radiation. However, only a-particles were
available at that time. Later, the development of ion accelerators has enabled
studies with ions (H*, D*, He*") of lower energies (10 MeV per ion-mass num-
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ber). In the last two decades of twentieth century, ion beams of heavier ions
with higher energies have become available. Facilities in France (GANIL),
Japan (TIARA), Germany (FAIR), and in USA (NSRL) delivered C-Kr ions
with 75-95 MeV/ion-mass number, H-Au ions with 2.5-27 MeV/ion-mass
number, H-U ions with 2-10 GeV/ion-mass number, and Ne-Au with 0.3-1.5
GeV/ion-mass number, respectively [89].

2.2.1. Primary yields of ‘OH radicals, e, and H,0, as a function
of LET [89-92]

The most intensively studied products of water radiolysis were hydrated
electrons (e*aq), *OH radicals, and hydrogen peroxide (H,0,). Many of the results
were obtained by a scavenging method [42]. Some of them were from the
heavy-ion pulse radiolysis.

Hydrated electrons and *OH radicals. There are two important findings as far
as the primary G-values are concerned: (i) the primary yields of S and "OH
radicals decrease with increasing LET (Table 10), and (ii) the lower primary
yields of e and *OH radicals are observed for lighter ions than for heavier
ions with comparable LET.

Hydrogen peroxide. As compared to *OH radicals, e g’ the radiation chemical
yields are less sensitive to variation of LET (see Table 7).

Based on the dependency of G-values of the above products vs. LET
(Table 10) the three reactions depicted by Egs. (10), (11) and (15) of Table 1
seem to be the most significant among all intra-spur and intra-track reactions.

Table 10. Primary radiation chemical yields (per 100 eV) of e, OH radicals, and
H,0, as a function of LET.

Species/ions Species/ions
Cfaq *OH HZOZ e—aq *OH HZOZ
He Si
(~2 eV-nm™) 2.4 2.6 0.7 (~60 eV-nm™) 12 1.3 0.75
C Ar
(~15eV-nm™) L9 1.9 0.8 (~150 eV-nm™) 1.1 1.1 0.9
Ne Fe
(~30 eV-nm™) 1.6 1.6 0.8 (~600 cV-nm-) 0.8 1.0 1.1

2.2.2. Intra-track radical kinetics as a function of LET [93]

Information about the intra-track dynamics can be extracted by increasing
scavenger concentration. With increasing scavenger concentration, the scaveng-
ing reactions become more efficient, and thus they can compete more signifi-
cantly with intra-track reactions and diffusions.

The following chemical system was applied to the study the intra-track
radical kinetics induced by different high LET irradiation: a deaerated aqueous
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solutions containing methyl viologen (MV?") containing various concentration
of formate ions (HCOQ"). The following reactions occur (Egs. (18), (69)-(72)):

e +MV - MV* (69)

*OH + HCOO- — H,0 + CO,~ (70)
"H + HCOO™ — H, + CO,~ (71)
CO,* + MV?> — CO, + MV** (72)

The G-values of MV** were measured in aqueous solutions after irradiation
with He, C, Ne, Si, Ar, and Fe ions. The G(MeV*") increased with increasing
HCOO concentration for all ions. This is due to the faster scavenging reactions
in which more primary radicals are scavenged. With increasing LET, the
G(MeV*") decreased due to increased radical density in the track and as a con-
sequence of increased efficiency of intra-track reactions. These experimental
data were successfully reproduced by the Monte-Carlo simulation using the
IONLYS-IRT code.

3. RADIOLYSIS OF ORGANIC SOLVENTS

There is a large variety of organic solvents that have been used for inducing
radical reactions by means of high energy radiation [94]. The use of organic
solvents has advantages over water. First, since a broad range of solvent po-
larities are available, compounds that are insoluble in water can be studied in
a suitable solvent or mixture of solvents [4]. Second, depending on the solvent
used, its radiolysis can offer a convenient method for the generation of radical
ions and excited states and/or preferentially one of them. Some control over
the type of ionic species and excited states formed can be achieved by choice
of a suitable solvent and, in addition, of a saturating gas [5]. Thus, one may
generate selectively radical cations, radical anions, and/or excited states de-
rived from the solutes. The one disadvantage is the lack of a detailed knowledge
of the mechanism of secondary processes occurring after primary ionization
and/or excitation of some solvents. In contrast to water, there are still discrep-
ancies as to the type and radiation chemical yields of primary radiolysis prod-
ucts. Product and free ion yields, rate constants, and spectroscopic parameters
of transients in selected organic liquids have been collected [95-97].

Only the radiolysis of some most representative solvents (alcohols, ace-
tonitrile, acetone, and halogenated hydrocarbons) for the generation of radical
ions and excited states are covered here.
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3.1. RADIOLYSIS OF ALCOHOLS

3.1.1. Formation of primary transients and their subsequent reactions
Radiolysis of neat alcohols leads to the formation of the alcohol positive
ions and presolvated electrons (e~ ) (Eq. (73)) [98, 99]:
RR’CH-OH -"""*— RR’'CH-OH*" +¢° (73)
The alcohol derived radical cations disappear rapidly in ion-molecule reac-
tions with another alcohol molecule producing either ketyl radicals (Eq. (74a))
or alkoxy radicals (Eq. (74b)):
— RR’C*-OH + RR'CH-OH,"  (74a)
RR'CH-OH*" + RR"CH-OH |
— RR'CH-O* + RR'CH-OH," (74b)
The reaction depicted in Eq. (74a) prevails substantially over the reaction
depicted in Eq. (74b) since the >C—H bond dissociation energy (95 kcal-mol ')
is lower than the BDE of the O-H bond (102 kcal-mol™"). Similarly, as in
water, the electron ejected in an ionization process (Eq. (73)), undergoing sol-
vation on the picosecond time domain, after thermalization (Eq. (75)):
€ oy T IRR'CH-OH — ¢ (75)
When the alcohol solutions are saturated with nitrous oxide (N,0), the reduc-
tion reactions involving only ketyl radicals can be studied without a contribu-
tion of solvated electrons (¢, ). Solvated electrons can be rapidly scavenged
by N,O generating oxide radical ions (O*) (Eq. (76)), which subsequently
react with alcohol molecules forming ketyl radicals (Eq. (77)):
€. TNO—>N, +0" (76)
O* + RR'CH-OH — OH + RR'C*-OH (77)
Since in alcohols mainly solvated electrons and reductive ketyl radicals
(RR’C*-OH) are formed (Egs. (73), (74a) and (77)), these solvents can be used
to generate selectively radical anions derived from the solutes, as described
below.

3.1.2. Selected radical reactions involving primary transients

A few systems will be presented to illustrate the generation of solute rad-
ical anions via reactions of e and ketyl radicals with solute molecules and
subsequent reactions of radical anions in alcohol solutions. Solute radical
cations are not formed since the alcohol-derived radical cations disappear
rapidly in reactions depicted in Egs. (74a) and (74b).

Radical anions derived from retinyl polyene derivatives (Ret), retinal ho-
mologs (HomRet) and carotenes (Car) have been studied in methanol and
2-propanol [100, 101]:

Ret/HomRet/Car + ¢ /RR'C*-OH — (78)
— Ret*/HomRet*/Car* + RR'C=0 + H*

Radical anions derived from Ret and HomRet formed in reactions (Eq.

(78)) undergo protonation by alcohol molecules (Eq. (79)) [102]:
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Ret*/HomRet*” + RR'"CH-OH — RetH*/HomRet* + RR'"CH-O~ (79)
The rate constants for protonation of radical anions in alcohols was found to
decrease on increasing the polyene chain and the acidity of the hydroxyl group
in alcohols.

Radical anions derived from fullerenes (C,, C7O’ C, C, and C,) have
been generated (in analogous reactions as depicted by Eq. (78)) and their spec-
tral and kinetic properties have been characterized in 2-propanol [103].

Radical anions derived from naphthalene (Nph*), phenanthrene (Pha*),
biphenyl (Bph*), anthracene (Anh*), p-, o-, m-terphenyls (z-Phe*) undergo
protonation in analogous reactions as depicted by Eq. (79).

3.2. RADIOLYSIS OF ACETONITRILE

3.2.1. Formation of primary transients and their subsequent reactions
Radiolysis of neat acetonitrile leads to the formation of acetonitrile positive
radical ions and presolvated electrons (Eq. (80)):
CH3CN NAANAA_ CH3CNo+ + efpresow (80)
Presolvated electrons are mostly efficiently scavenged by the acetonitrile
molecules leading to the formation of negative ions (Eq. (81)) or, to a lower
extent, undergo solvation (Eq. (82)) and are subsequently trapped by the ace-

tonitrile molecules (Eq. (83)):

& o T CH,CN — CH,CN™ (81)
e7presolv * HCH3CN — e7solv (82)
e +CH,CN — CH,CN- (83)

Recombination of positive radical ions with solvated electrons (Eq. (84))
and negative radical ions (Eq. (85)) leads to the excited triplet states:

CH,CN" +e_ — CH,CN’ (84)

CH,CN*"+ CH,CN* — *CH,CN’ (85)

The yields of reducing species was found in the range of G = 1.03-1.55.

On the other hand, the low yields of G for the oxidizing species (~0.2) and for

the triplets (~0.3) were measured [104, 105]. Contrary to alcohols, acetonitrile

is an aprotic solvent which makes acetonitrile a convenient liquid system to

study one-electron reduction of transition metal complexes that are not stable

in aqueous and alcohol solutions and of the solute-derived radical anions which

do not undergo a fast protonation by acetonitrile molecules.

3.2.2. Selected radical reactions involving primary transients
Taking into account the mechanism of radiolysis, Ar-saturated acetonitrile
solutions were often used to generate of both radical cations and anions derived
from the solutes (Egs. (86)-(88)):
CH,CN*"+S — CH,CN + §* (86)
CH,CN* +S — CH,CN + §* (87)
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€, TS— S (88)
However, in O -saturated acetonitrile solutions, selective generation of
radical cations of solute can be achieved (Eq. (86)). Oxygen serves as a strong
quencher of solvated electrons, radical anions (Eq. (89)) and solvent triplets:
e, /CH,CN* /3CH CN"+0,— 0, +CHCN (89)
Radical ions derlved from many aromatlc compounds have been gener-
ated according to reactions depicted in Egs. (86)-(88) [105-107].

3.3. RADIOLYSIS OF ACETONE

3.3.1. Formation of primary transients and their subsequent reactions
Radiolysis of neat acetone leads to the formation of the acetone positive
ions and presolvated electrons (Eq. (90)):
(CH,), C=0 -""""— (CH,),C=0""+e . (90)
The subsequent reactions of the primarily formed species (Eq (90)) are analo-
gous to those occurring in acetonitrile and depicted in Egs. (81)-(85). The total
yield of excited states (G = 1.3) and of free ions (G = 1.2) were found [108].

3.3.2. Selected radical reactions involving primary transients

In Ar-saturated acetone solutions both radical ions (Egs. (91)-(93)) and
triplets (Eq. (94)) of solutes are formed, while in O,-saturated solutions, only
radical cations of a solute are formed (Eq. (93)):

(CH,),C=0* +S — (CH,) C=0 + S* 91)

e +S—(CH)C=0+S" (92)
(CH,),C=0"" + S — (CH,),C=0 + S** (93)
5(CH,),C=0" + S — (CH,).C=0 + S’ (94)

Radical ions and triplet excited states of naphthalene, anthracene, pyrene,
biphenyl, trans-stilbene, nitromethane, retinyl polyenes derivatives, and retinal
homologs have been generated via reactions depicted in Egs. (90)-(94), and
studied in acetone [108-110]. Radical cations of multiple methylated uracils
and thymines were also generated, and were found to exist in a lactim-like
form [110].

3.4. RADIOLYSIS OF HALOGENATED HYDROCARBONS

3.4.1. Formation of primary transients and their subsequent reactions
Radiolysis of neat halogenated hydrocarbons (RCI), leads to the formation
of the positive radical ions and/or radicals and presolvated electrons (Egs.
(95a)-(95¢)):
CH,CL, -"""— CH,CL"" + (95a)
CICH,CH,Cl """ — ClCH CH.CI’ +/ClCHCH +/CIH CICH, +e (95b)

presolv
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n-(C,H,)Cl -""— n-(CH)CI" +e (95¢)
Presolvated electrons are mostly efficiently scavenged by the RCIl molecules
(dichloromethane, 1,2-dichloroetane, and n-butyl chloride) via a very fast disso-
ciative attachment to the solvent molecules forming relatively unreactive
radicals and chloride ions (CI") which do not react with the solute (Eq. (96)):
€ sy T RCI = R*+ CI° (96)
or to lower extent undergo solvation and a subsequent trapping by the RCI
molecules leading to the same products as in reaction depicted in Eq. (96) [111].
Thus, direct reactions of electrons with the solutes are eliminated and therefore
these halogenated hydrocarbons are very convenient for the selective genera-
tion of solute radical cations.

3.4.2. Selected radical reactions involving primary transients

In the presence of solutes (S) of lower ionization potential as the above

solvents, a rapid ET takes place (Eq. (97)):
CH,CL"*/CICH,CH CI**/n-(C, H))CI** + S — 97)
— CH,CL/CICH,CH,Cl/n-(C ,H))CI + S**

Radical cations derived from retinal and retinoic acid, fullerenes (C,, Cm’
C,. C, and C,) and chlorinated fullerenes (C,Cl, and C Cl ) have been
generated via reactions depicted in Eq. (86) and their spectral properties have
been characterized [103, 112, 113].

4. RADIOLYSIS OF IONIC LIQUIDS

Ionic liquids (ILs) constitute a bridge between molecular liquids and ionic
solids. They are defined as molten salts with melting points below 100°C. These
salts are a combination of organic and inorganic ions. The dynamic properties
(e.g. relaxation) are distributed over a broader range of scales and diffusion is
generally slower due to higher viscosities in comparison to molecular liquids.
ILs are generally characterized by low volatility, good electric conductivity,
and microheterogeneity producing different local environments that favors
simultaneous solubility of polar and non-polar solutes [114]. Owing to their
unique properties, ILs are an attractive media for the generation of radicals via
high energy radiation. However, the knowledge about the radiation-induced
primary reactive intermediates in ILs, and the approaches to convert them into
specific radical intermediates is limited to only some investigated ILs. These
comprise ILs composed of imidazolium (BMIM™), quaternary ammonium
(R,N"), pyrrolidinium, (Pyr), pyridinium (Py), phosphonium cations and
bis(trifluoromethylsulfonyl)imide (NTf,"), dicyanamide, bis-(oxalate)-borate,
tetrafluoroborate (BF,"), hexafluorophosphate (PF,), chloride (CI"), bromide
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(Br), thiocyanate (SCN"), and azide (N,") anions. Different class of ILs can
produce, upon irradiation, different reactive intermediates. Therefore, they can
provide a new environment induced by radiation in which to test radical
reactions including charge transfer processes [1, 115-117].

4.1. INITIAL EVENTS IN RADIOLYSIS

Ionization (Eq. (98)) and excitation (Eq. (99)) are the two major processes
occurring in ILs:
IL -MAM2A— TL*" (holes) + e (energetic electrons) (98)
IL -AMAMA— LY (99)
The energetic electrons start to lose their excess kinetic energy and become
“thermalized”. Since they are not equilibrated with the surrounding molecules
they are called either “dry” or “presolvated”. As the solvation process proceeds,
the electrons become more and more localized and eventually solvated (Eq.
(100)):
¢ — e7dry/presolv - 67501V (100)
“Holes” resulting from ionization (Eq. (98)) can undergo either recombi-
nation with electrons (Eq. (101)) or fragmentation of any type (Eq. (102))
[116, 117]:
e + IL** (holes) — IL” (101)

dry/fresolv

L** (holes) » Y + R* (102)

4.2. SELECTED RADICAL REACTIONS INVOLVING HOLES
AND ELECTRONS

In the presence of electron scavengers, both types of electrons can form
radical anions (Eq. (103)):
e_presolv/solv T S - S._ (103)
where S designates different types of electron scavengers: those reacting with
either presolvated or solvated electrons and those reacting with both of them.
In the presence of “hole” scavengers the respective solute radical cations can
be formed (Eq. (104)):
IL** (holes) + S — S** (104)

Only a few examples of radiation-induced radical reactions in IL contain-
ing 1-butyl-3-methyl-imidazolium cation (BMI") will be presented.

The radical cations from 1-methyl-1,4-dihydronicotinamide (NADH),
chlorpromazine (CIPz), and N,N,N’,N’-tetramethyl-p-phenylenediamine
(TMPD) (Egs. (105)-(108)), and both the radical cations and anions from
benzoquinone (BQ), duroquinone (DQ), methyl viologen (MV), chlorpromazine
(CIPz), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and
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thiophene and its derivatives were generated in this IL containing hexafluoro-
phosphate (PF,") or tetrafluoroborate (BF,") anions [118, 119].

BMI* MM BMI? + ¢ (105)

¢ +PF,— PF~ — PF +F' (106)

PF */F* + NADH/CIPz — PF,/F- + NADH"/CIPz** (107)
BMI*?* + TMPD — BMI* + TMPD** (108)

Dihalide (Cl,’ and Br,”) and pseudohalides ((SCN),* and N *) have been
selectively generated in this IL with CI', Br-, SCN", and N, anions (Egs. (105),
(109) and (110)) [120]:

BMI*** + CI/Br/SCN /N, — BMI" + CI*/Br*/*SCN/N,°* (109)
CI'/Br*/*SCN/N,* + CI/Br/SCN/N;” 5 CL*/Br,"/(SCN),* /N> (110)

Providing a comprehensive review of radical reactions occurring in ILs in
the absence and in the presence of various solutes is beyond the scope of this
text.
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1. INTRODUCTION

Radiation chemistry deals with chemical reactions produced by interactions of
ionizing radiation with materials. The effects of radiation on matter depend on
the type of the radiation and its energy level, as well as on the composition,
physical state, temperature and the atmospheric environment of the absorbing
material. The type and yield of the final products produced by exposure of an
organic compound to ionizing radiation are often dependent on its physical
state (gas, liquid or solid) and its molecular structure [1]. The effects of radia-
tion on organic solids (polymers, lignocellulosic materials, etc.) are an area of
increasing interest. lonizing radiation can modify the physical, chemical, and
biological properties of polymers; the changes occurring when polymer mate-
rials are in a solid state are different, as compared to chemical or thermal reac-
tions carried out in melted polymers. After the interaction of ionizing radiation
(gamma rays, X-rays, accelerated electrons, ion beams) with macromolecules,
very reactive intermediates (primary entities, radicals and ions) are formed.
These intermediates can follow several different reaction paths, that result in
the formation of oxidized products, grafts, scissioning of main chains (degrada-
tion) or crosslinking. The type and degree of these transformations depend on
the structure of the material (e.g. polymer) and the treatment applied before,
during and after irradiation [2].
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2. PRIMARY AND SECONDARY EFFECTS

Ionizing radiations can be classified in three categories:

» charged particles: electrons (e"), positrons (e”), and heavy ions;
* photons: gamma (y), X-rays and light;

* neutrons (n).

The term “ionizing radiation” in a wider sense also applies to photons or
particles having sufficient energy to ionize a molecule of a material. This in-
volves photons with energies ranging from the first ionization energy of the
material (~10 eV) up to several million eV (MeV), as well as energetic charged
particles, such as electrons, positrons, accelerated heavy ions, efc. The result
of such energy absorption is the breaking or rearrangement of chemical bonds,
i.e. decomposition of some of the initial material.

Radiation principles explain how the gamma rays, electron beams (EB)
and X-rays interact with matter. Independently from the type of radiation
(electromagnetic or particle) most of the radiation effects are produced by
secondary electrons. According to calculations by Bethe with primary electrons
of 10*1% ¢V more than 80% of the absorbed energy is transferred to secondary
electrons.

These interactions result in the formation of energetic electrons which are
random throughout the materials and which cause the formation of energetic
molecular ions. These ions may be subject to electron capture and dissociation,
as well as to rapid rearrangement through ion-molecule reactions, or they may
dissociate with time depending on the complexity of the molecular ion. The
chemical changes in matter can occur via primary radiolysis effects, which
occur as a result of the adsorption of the energy by the absorbing matter, or via
secondary effects, which occur as a result of the high reactivity of the free
radicals or electrons and the excited ions or molecules produced as a result of
the primary effects. These highly reactive intermediates can undergo a variety
of reactions leading to stable chemical products. In general, these chemical
products can be detected and are referred to as radiolysis products. Understand-
ing gamma-ray interaction with matter is important from the perspective of
shielding against their effects on biological matter. These chemical changes
can ultimately have biological consequences in the case where the target ma-
terials include living organisms.

The main types of interactions of gamma and X-radiation with substances
are the photoeftfect both in its photoelectric and photonuclear forms, Compton
effect and scattering and generation and/or annihilation (elastic collisions) of
the pairs (electron positron pair production). To a minor extent, photofission,
Rayleigh scattering and Thompson scattering also occur [3]. The photoelectric
effect can displace atomic electrons, whereas the photonuclear reaction would
displace elementary particles from the nucleus.
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Fig.1. Schematic representation of photoelectric effect.

Photoelectric effect is the most effective mechanism of photon absorption, as

shown in Fig.1.

The photoelectric effect occurs in two stages. First, a photon (a) removes
a bound electron in one atom. In the case of gamma photons, it is usually an
electron belonging to the innermost atomic shells, L or K (as shown in Fig.1).
Then the atom that has lost one of its inner electrons is left in an excited state.
An electron from an outer layer ((b) in Fig.1) moves to occupy the vacancy left
by the ejected electron. If the ejected electron belonged to the K shell, an X-ray
is emitted during this transition which is accompanied by the emission of a
characteristic soft electromagnetic radiation in the X-ray, ultraviolet (UV) or
visible region of the electromagnetic spectrum.

The photoelectric effect is the phenomenon that transforms light, infrared
and ultraviolet rays into electricity in solar panels and photodiodes of cameras.
It is also involved in the completely different field of radioprotection by trans-
forming penetrating X- and gamma rays into electrons easy to stop and thus
protects humans from the effects of these radiations.

The photoelectric process is always accompanied by a secondary emission

since the atom cannot remain in an excited state indefinitely, thus:

* The atom emits X-rays and returns to the ground state.

* Auger electrons are emitted from the outer electronic shells carrying out the
excitation energy. The secondary radiation is also later absorbed and occurs
in scintillators used in gamma radiation detection.

The photoelectric effect is the most effective physical phenomenon in
mitigating these radiations. The gamma-ray or X-ray photon absorbed by interact-
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ing with a bound electron to form an atom radical (*) disappears. The photon
simply vanishes. If the energy of the photon is greater than 0.339 MeV, an
electron may be ejected from the atom producing an ion pair. The ejected elec-
tron will then produce secondary ionization events in its surrounding atoms in
a similar manner to beta particles (electrons or positrons). The photoelectric
effect has a high probability of occurring with lower energy photons and atoms
having high atomic numbers. The shell structure of atoms plays a crucial role.
The photon removes an electron only if its energy exceeds the binding energy
of the electron on its shell. The probability (called cross section) of removing
an electron from a shell becomes different from zero beyond this threshold.
Where there is a certain small probability of a photoelectric effect type phe-
nomenon, gamma rays tend to interact more with not only deeper, core-level
energy states, but also with the nucleus of the material. In this case, a number
of different phenomena go on such as nuclear excitation, different types of
scattering, efc. [4]. Photonuclear reactions can be used to produce neutron
sources which can be used in a variety of applications such as nuclear medicine
and radiography.

In the Compton effect, the photon undergoes a collision with an atom thus
being deviated from its trajectory and releasing part of its energy. This energy
is usually enough to abstract an electron from the atom. Compton scattering is
the inelastic scattering of a photon by a charged particle, usually an electron.
It results in a decrease in energy (increase in wavelength) of the photon (which
may be an X-ray or gamma-ray photon). This is called the Compton effect. The
electrons in matter are neither free nor at rest. However, in some cases, one can
approximate the state of an electron in a simple model as free and at rest. In
this case a gamma rays can interact with a loosely bound electron by being
scattered with an appropriate loss in energy, as illustrated in Fig.2.

The scattering of photons from charged particles is called Compton scat-
tering after Arthur Compton, who was the first to measure photon-electron

Eecail

electron
: Target @
Incident  Sigiai W
photon at rest \'(b

l =cattered

I photon

Fig.2. Compton scattering.
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scattering in 1922. When the incoming photon gives part of its energy to an
electron, then the scattered photon has lower energy and according to the Planck
relationship has a lower frequency and longer wavelength. The wavelength
change in such scattering depends only upon the scattering angle for a given
target particle. The constant in the Compton formula (Eq. (1)) can be written
as in Eq. (2) and is called the Compton wavelength for the electron:

A =) = Ah=—(1=cos 0) (1)
m C

[

h _  he 1240 eVeinm _ o000 4sim (243x10 m) (2

m.c m,c’ 0.511 MeV

e

where: A, — the initial wavelength, A, — the wavelength after scattering, h — the
Planck constant, m_— the electron rest mass, ¢ — the speed of light, and 0 — the
scattering angle.

Part of the energy of the photon is transferred to the recoiling electron. Inverse
Compton scattering also exists, in which a charged particle transfers part of its
energy to a photon. Compton scattering is of prime importance in radiobiology,
as it is the most probable interaction of gamma rays and high energy X-rays
with atoms in living cells and is applied in radiation therapy. In material physics,
Compton scattering can be used to probe the wave function of the electrons in
matter. The primary effect of the Compton interaction is ionization.

3. CHEMICAL EFFECTS OF RADIATIONS

The primary effect of high energy radiation is ionization and, to a minor extent,
excitation of molecules and atoms. The radiation gradually releases its energy
through the material giving rise to a track of reactive species (ions, excited
molecules, radicals, electrons) whose reactions are responsible for the irrevers-
ible chemical transformations of the matter (radiolysis). Primary ionization
generates electrons, whose energy is large enough to give rise to further ioniza-
tions and excitations. Thus, secondary electrons are responsible for a major
part of radiation chemical effects. This explains the substantial analogy of the
effects stemming from the different type of radiations either electromagnetic
(gamma rays, X-rays) or charged particles (electrons, alpha, protons, deuterons,
etc.). The probability that electrons with energy < 10 MeV and gamma radia-
tions of 0.5-1 MeV (Compton effect) will interact with atoms and molecules
1s proportional to the electron density of the material and it is therefore rela-
tively unselective and largely independent of chemical structures. A general
radiolysis mechanism for a condensed phase is illustrated in Fig.3.
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Fig.3. General radiolysis scheme (A) and primary processes in the radiolysis of organic
compounds (B): R* and S* — free radicals; S*" and S*~— cation or anion radicals, respec-
tively; ISC — intersystem crossing; IC — internal conversion; R* and R~ — diamagnetic
cation or anion, respectively; MP, M and N — molecular products.

This consists of excitation radiolysis and ionic radiolysis pathways depend-
ing on the type of active species generated. The free radicals are the most im-
portant intermediates in all radiolysis processes. The excited species in con-
densed systems can undergo: (i) fast internal conversion (107" s) to the lowest
excited levels with degradation to thermal energy of most of the electronic
excitation energy, (ii) chemical reactions, (iii) return to the fundamental state
of the same multiplicity with emission of radiation, (iv) fluorescence or (v)
return to the fundamental state after intersystem crossing (ISC) with emission
of phosphorescence radiation. The primary processes in the radiolysis of or-
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ganic compounds can, in most cases, be represented by excitation, ionization,
ion dissociation, neutralization and dissociation, as shown in Fig.3B.
Macromolecules are very sensitive to minute chemical changes at the ap-
propiate places which have great influence on the morphology. A single bond
altered may convert a free flowing polymer from a fluid to an elastic solid. An
even smaller change may be lethal in biological systems.
The primary interactions of ionizing radiation with polymers include ionization,
stabilization of electrons through generation of hot electrons, ion neutralization
and free radicals formation. Free radicals are created either through chain
scission or through the dissociation of the side chain (C—H(Cl)) bonds, as shown
in Fig.4.

Ionization: P-~r~=P* + ¢
Excitation: P~~~ P"
Thermal stabilization of electron: e—e,
Neutralization: P'+te, — P
Free radicals formation: P"— R°+R;
Disproportionation: — R*+H°

Fig.4. Primary processes occurring in polymer irradiation (P — polymer, R* — radical).

The irradiation of polymers, natural or synthetic, with ionizing radiation
leads to the formation of reactive intermediates, free radicals, ions and atoms
and molecules in excited states. These intermediates can undergo several reac-
tions such as hydrogen abstraction, rearrangements and formation of new bonds,
addition to the double bonds, chain scission, oxidation and grafting recombina-
tion (crosslinking and branching, to an extent which depends upon the polymer

Hydrogen abstraction: R*+P—RH +P*
Addition to the double bonds: RCH=CH, + H* — RCH,CH.’
Recombination
(branching or/and crosslinking): R *+R°*—P_  or/and “N"\TVV'
Pn
and
WAAAAAAS
ﬁNV\/\/l\/\r
Chain scission: R°—R_ *+R°
Oxidation: R*+ 0O, — ROO*
ROO* — ROOH, —-C=0, -OH, -COOH
Grafting: R*+M — RM*
R*+nM — RM_*

Fig.5. Secondary reactions in polymers occurring under irradiation (M — monomer).
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structure), as shown in Fig.5. As a result both low molecular weight species and
crosslinking occur with changes in molecular weight (decrease or increase, cor-
respondingly). Both reactions can occur simultaneously, one of them being
dominant depending on polymer structure, the presence of additives, the radiation
dose and environmental conditions. Crosslinking dominates under vacuum, while
chain scission may be a main reaction in presence of oxygen or air. As a conse-
quence, radiolytic products from both a polymer and its additives are formed.

As arule, under the radiation effect on solid substances, the spatial distribution
of radicals is non-uniform [5]. Sometimes it may present closely located radical
pairs and/or agglomerations. Trapped radicals increase with irradiation dose.

The fundamental processes related to these reactions include:

* crosslinking — polymer chains are joined and a network is formed;

* chain scission — the molecular weight of the polymer is reduced through
chain scission;

» oxidation — where the polymer molecules react with oxygen via peroxide
radicals (oxidation and chain scission often occur simultaneously);

* long-chain branching — polymer chains are joined but a three-dimensional
network is not yet formed;

» grafting — a new monomer is added onto the base polymer chain;

* polymerization — can also be initiated when monomers are irradiated;

+ radiation curing (as in the case of coatings or composites) is a combination
of polymerization and crosslinking.

Different polymers have different responses to radiation, especially
crosslinking vs. chain scissioning. The same polymer such as poly(tetrafluoro-
ethylene) can degrade by chain scission when T <T_ (melting temperature of
315°C) or it crosslinks when T > T . Frequently different reactions occur si-
multaneously with predominance of some of them.

4. RADIATION YIELD

To quantify the radiation chemical effects of ionizing radiation, the number of
molecules transformed or produced when a certain the quantity of radiation
energy is absorbed should be known. The G(X) value is a measure of the ra-
diation-chemical yield. It was originally defined as the number of molecules
n(X), produced, destroyed or changed by radiation (consumed) to the irradi-
ated matter by the mean energy imparted, E, usually of 100 eV of absorbed
energy, as in Eq. (3):

G(X)= €)
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Hence, the unit of the G-value of the International System of Units (SI) is
mol/J. In the earlier literature the G-values were always given in units mol-
ecules/100 eV, but the new SI units will be used. (1 molecule/100 eV corre-
sponds to 1.036 x 10”7 mol/J).

Table 1. G-values for crosslinking and chain scission for some common polymers.

Polymer Crosslinking G(X) | Scission G(S) | G(S):G(X)
Low-density polyethylene 1.42 0.48 0.34
High-density polyethylene 0.96 0.19 0.20

Isotactic polypropylene 0.16-0.26 0.29-0.31 1.1-1.5
Atactic polypropylene 0.4-0.5 0.3-0.6 0.7-0.9
Poly(methyl methacrylate) <0.50 1.1-1.7 >2
Poly(tetrafluoroethylene) 0.1-0.3 3.0-5.0 10
Natural rubber 1.3-3.5 0.1-0.2 0.14
Nylon-6 0.35-0.7 0.7 1.0
Nylon-6,6 0.5-0.9 0.7-2.4 1.4
Poly(vinyl acetate) 0.1-0.3 0.06 0.2
Poly(vinylidene fluoride) 0.6-1.00 0.30-0.6 0.3
Poly(methyl acrylate) 0.45-0.52 0.08 0.15
Polystyrene 0.019-0.051 0.0094-0.019 0.4
Polybutadiene 53 0.53 0.10
Polyisobutylene 0.05-0.5 5 > 10
Butyl rubber <0.5 2.9-3.7 >6

In Table 1 lists the G-values for crosslinking, G(X), and chain scissioning, G(S),
for some of the common polymeric materials irradiated at room temperature
without oxygen. Materials with G(X) larger than G(S), the overall result is
crosslinking, and whenever G(S) is larger than G(X), the overall result is deg-
radation. Materials whose G(X) and G(S) values are both low are more resist-
ant toward radiation.

Radiation effects are remarkably sensitive to molecular structure. G(S) and
G(X) values vary from 0.1 to 10, as shown in Table 1. The ratio between them
determines the changes in average molecular weight of polymers, as illus-
trated in Fig.6.

The G(X) of polyethylene (PE) is about one order of magnitude larger than that
of polystyrene (PS) which demonstrates that aromatic rings exert a protective
radiation effect.
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G(X) >> G(S)
G(X) > G(S)
—————— G(X) < G(S)
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-
i
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Fig.6. Relation between average molecular weight of polymers, G(X) and G(S) and
radiation dose.

G(X) and G(S) also depend on irradiation conditions, such as temperature and
atmosphere.

5. RADIOLYSIS PRODUCTS

Polymers used in medical devices and in primary packaging materials have
been studied with respect to radiolysis products. Orthopedic implants and
other medical devices that come into close contact with the human body are
sterilized by either gas or high energy radiation. They are not free from the
effect of ionizing radiation particularly if the process is performed in air. Food
irradiation, sterilization of packaging materials for pharmaceutical or food
products with ionizing irradiation can cause not only chemical and physical
changes in polymer materials but also formation of some radiolysis products
which can be solvent extractable or detectable by other techniques such as gas
chromatography/mass spectroscopy (GC/MS), electron paramagnetic resonance
(EPR), spectroscopic methods, in surrounding media [6]. Some examples are
given in Table 2. The products and their concentrations are characteristic for
each polymeric material. The polyolefin materials (polyethylene, PE, and poly-
propylene, PP) show an increase in low volatile compounds after irradiation
due to an oxidative decomposition of the polymer and of additives. PE pro-
duces only traces of hydrocarbons, aldehydes, ketones, and carboxylic acids,
which largely disappear within weeks. Other packaging materials, such as
poly(ethylene terephthalate) (PET), polyamide (PA), and polystyrene (PS), did
not significantly change their amount of solvent extractable compounds after
irradiation with 25 to 44 kGy. PA-6 (nylon-6) yields pentanamide as the main
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product, plus traces of some homologous amides. The poly(vinyl chloride)
(PVC) packaging material release of hydrochloric acid (HCI) during irradiation
and large amounts of volatile substances were extracted from the PVC sheets.
The main products of PVC and PP are fragments of additives, i.e. of stabilizers
and phenol-type antioxidants, respectively. For consumer protection and also
to meet general food packaging legislative requirements for irradiated packag-
ing materials, it is necessary to evaluate the compositional changes in the poly-
mers following irradiation, especially for irradiated polyolefins and PVC. Most
attention should be paid to low volatile radiolysis products which are the most
likely to migrate into a foodstuff or a pharmaceutical products. Under realistic
polymer/food simulant contact conditions during irradiation, a large number of
primary and secondary radiolysis products (hydrocarbons, aldehydes, ketones,
alcohols, carboxylic acids) were produced. These compounds were detected in
the food simulants after contact with all films tested, even at the lower absorbed
doses of 5 and 10 kGy (approved doses for food preservation). The type and
concentration of radiolysis products increases progressively with increasing
dose. Volatile and non-volatile compounds produced during irradiation affect-
ed the sensory properties of potable water after contact with packaging films.
Taste transfer to water was observed mainly at higher doses and was more
noticeable for multilayer structures containing recycled low density polyethyl-
ene (LDPE) [17]. The main products of PS are acetophenone, benzaldehyde,
phenol, 1-phenylethanol, and phenylacetaldehyde. Their concentrations are one
order of magnitude below the residual styrene/styrene dimer levels [7, 18].
The radiolysis products formed during gamma-ray or electron beam ra-
diation are generally later released. Due to rigid structure of these materials,
the radiolysis products may be trapped inside the polymeric structure and be
delivered later when the material enters into contact with environment that
favours their release. The radiolysis products of some polyethylene irradiated
at 20 kGy were evaluated 7.5 months after irradiation and it was found that the
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peroxy radicals continued to react, promoting chain scissioning, and the gen-
eration of carbonyl, of hydroperoxides and of ketones. In the radiation of ultra-
-high molecular weight polyethylene (UHMWPE), high concentrations and
new radiolysis products were found, as shown in Fig.7.

When exposed to 25 or 50 kGy radiation doses, PS produces radiolysis
products such as benzaldehyde, acetophenone (30-50 ppm), 1-phenylethanol
(< 10 ppm) and phenol. Nylons evolved pentanamide (75 ppm) and caprolactam.
PP generates alkyl radicals which can subsequently interact with molecular
oxygen to form hydroxyl, carbonyl or carboxyl groups. These volatiles can
have adverse flavour effects to irradiated food packaged in these polymers, in
general in this order: LDPE > HDPE (high density polyethylene) > PS ~ PA
and PET. The intensity of specific off-odors increases with the availability of
oxygen in atmosphere.

The addition of the antioxidants reduces the formation of carboxylic acid
derivatives in LDPE films. However, phenolic stabilizers, such as Irganox 1076,
1010 and 1330 and the arylphosphite antioxidant Irgafos 168 (in PVC, PE and
PP) are susceptible to degradation under gamma irradiation. Low doses of ir-
radiation (5 kGy) to HDPE trays can completely destruct phosphite antioxidants
to their phosphate products with some covalently bonded on the polymer ma-
trix so that they will not be found in simulants. At present, little is known about
toxicity of radiolytic products from polymers and additives because of the
variability of migration rates and because of the potential of polymeric entrap-
ment of volatiles from the different polymers into food simulants [19].

6. CHANGES IN PHYSICAL AND CHEMICAL
PROPERTIES

6.1. SYNTHETIC POLYMERS

Radiation is the unique source of energy which can initiate chemical reac-
tions at any temperature, including ambient, under any pressure, in any phase
(gas, liquid or solid), without use of catalysts [20]. Polymers are quite often
irradiated for modification or sterilization (medical products). Therefore, the
changes in their structure may be beneficial or undesirable. The application of
radiation for modification of synthetic materials, mostly curing and crosslink-
ing is a well-established technology [21].

The changes in the properties of the irradiated polymers in the solid state
are:

* chemical changes:
— crosslinking and chain scission,
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— structural weakness,

— gas formation,

— double bond formation,

— oxidation,

— living radical effects after irradiation,
— effects on additives;

. phy51cal changes

— changes in mechanical properties (mechanical strength, flexibility,
Young’s moduli, torsional resistance, etc.),

— colour change,

— changes in conductivity,

— changes in crystallinity,

— thermal stability and transitions.

Table 3. Linear polymers that predominantly undergo crosslinking or main-chain scis-
sioning if irradiated with high energy radiation at room temperature in vacuum or in
an oxygen-free atmosphere.

Predominant main-chain scission Predominant crosslinking
(average molar mass decreases) (average molar mass increases)
Polymethacrylates Polyacrylates
Polymethacrylamide Polyacrylamide
Poly(a-methacrylonitrile) Polyacrylonitrile
Poly(a-methylstyrene) Polystyrene
Polyisobutene Polyethylene
Poly(tetrafluoroethylene) Polypropylene
Poly(trifluorochloroethylene) Polyisoprene
Poly(vinyl fluoride) Polybutadiene
Poly(vinylidene chloride) Polyamides
Poly(hexane-1-sulphone) Poly(vinyl acetate)
Poly(propylene sulphide) Poly(vinyl alcohol)
Poly(oxymethylene) Polyvinylpyrrolidone
Polycarbonates Polyurethanes
Poly(vinyl butyral) Polychloroprene
Poly(phenyl vinyl ketone) Natural rubber
Polysaccharides (cellulose, chitosan) Polysiloxanes
Polysine, polyalanine Copolymerist;ls;l;;l(?;i?ﬁ;vlth styrene
Nucleic acids (DNA) Copolymers of acrylonitrile with styrene
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Radiation crosslinkable polymers

CH,CH— 0
CH;CH=CH-CH,— —CH,~CH,— C-0-CH, —O-{CH,}-C—
0 5
Radiation degradable polymers
CHS (I:Hg I
—CHCH—  ~CHyC~— “OgHCm —CF, CFy
G-O-CH, CH,
0]

Radiation resistant polymers

—CH, CH—

Fig.8. Examples of chemical structures of polymers with different responses to radia-
tion.

The different responses to radiation for different polymers are related to
the chemical structures of the polymers. Some examples of chemical structures
that correspond to crosslinking types, degrading or scissioning types, and ra-
diation-resistant polymers are given below. A classification of common polymers
is summarized in Table 3 and the structure of some are depicted in Fig.8.

The formation of reactive oxygen species can result in the oxidation of poly-
mer with the formation of peroxide, alcohol and carbonyl compounds. The most
stable polymers are vinyl derivatives, PS and the PET with polyamides (nylons)
having intermediary stability while polyolefins as the least stable polymers.

In solid state, the radicals can be found for months after irradiation. Com-
mercial polymers often contain some additives. The effect of the additives on
radiolysis is important. Radiation protecting additives have aromatic cyclic
structures and reduce degradation by radiation. Plasticizers can have a similar
protective role.

Mechanical properties of irradiated polymers depend on the ratio of chain
scission and crosslinking and are related to molecular weight.

The mechanical properties of polymers of the crosslinking type are improved
upon irradiation with low absorbed doses (up to 0.1 MGy). The elastic modu-
lus, tensile strength and hardness are increased, whereas the solubility is de-
creased with increasing absorbed dose. At very high absorbed doses, these poly-
mers become hard and brittle. The polymers of the degradation type undergo
deterioration of their mechanical properties even at low absorbed doses. Low
doses of 5 and 10 kGy had no effect on mechanical properties such as tensile
strength, elongation at break and Young’s modulus. However, at 30 kGy, there
was a decrease in tensile strength in HDPE, PP and a decrease in elongation at
break of LDPE and a polyethylene ionomer. The mechanical properties of
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neither an ethylene-vinyl acetate (EVA) nor polystyrene were affected by ir-
radiation.

Important aromatic polymers such as polyimides and polyarylsulphones, as
shown in Fig.9, are resistant to high energy radiation compared to nonaro-
matic polymers.

O O
O Polyimide o n

(OreDou)

Poly(aryl ether sulfone)

Fig.9. General chemical structure of polyimide and polysulphone.

The mechanical and electrical properties of a poly(pyromellitimide) remain
satisfactory in the presence of air up to absorbed dose of 100 MGy. Most aro-
matic polymers proved to be radiation resistant only in the absence of oxygen.
For example, the mechanical properties of polystyrene were not appreciable
deteriorated when exposed in the absence of oxygen to the absorbed doses up
to 10 MGy, but these properties decreased to 50% of their initial values at an
absorbed dose of only 0.8 MGy in the presence of oxygen. Irradiation of pre-
packaged meat and poultry should alter neither physicochemical properties of
a packaging film nor result in the transfer of components or residues from
packaging material to contaminate the food in contact with the plastic film. The
irradiation of plastic film results in a combination of chemical crosslinking and
a consequent increase of tensile strength of the film, or a fragmentation leading
to a decreased strength and increased permeability of packaging films. In ad-
dition to these events, the formation of volatile radiolysis products (hydrogen,
methane, HCI, etc.) is influenced by presence of oxygen in the irradiated prod-
ucts. It was reported that irradiation at 5, 10 and 30 kGy had no effect on the
0,, CO, permeability or water vapour transmission rates of a variety of polymers
including LDPE, HDPE, PS, EVA, biaxially oriented PP and an ionomer.
Colour change can appear when the double bonds formed on irradiated poly-
mers such as poly(methyl methacrylate) (PMMA) and PVC.

Conductivity change can increase when the double bond increased in irradi-
ated polymers.

The overall migration into food simulants as distilled water was not affected
by low irradiation doses; at 30 kGy, migration into 3% acetic acid was decreased
for PP and an ionomer.
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6.2. NATURAL POLYMERS

Studies of the radiolysis of biopolymers [22] serve the dual purposes of
giving information on: (1) the chemical mechanisms by which radiation
modifies life processes and (2) the structure-properties-application relationships
in macromolecules. Irradiation effects on biopolymers result in the cleavage
of chemical bonds. Because of the very complex composition of most biopoly-
mers, many different chemical reactions are initiated and in each case a host
of products are formed under the influence of high energy radiation. A variety
of biopolymers composed of linear strands, including certain polysaccharides,
proteins and nucleic acids undergo predominantly main-chain scission, and this
is of outstanding importance in the case of deoxyribonucleic acids (DNA),
because the killing of living cells correlates well with double-strand breaks.

6.2.1. Amino acids, proteins and DNA

Amino acids and proteins exist as zwitterions. Under irradiation amino
acids undergo by the electron capture deamination, as indicated in Fig.10A.
With proteins both deamination and decarboxylation take place. For those
molecules containing sulphur groups, they are cleaved by a radiolytic mecha-
nism and hydrogen sulphide is produced as a by-product, as shown in Fig.10B.

In living cells, both direct and indirect depositions of energy are possible.
Direct effects in chromatin components result in the formation of specific
radical products, many of which are highly reactive. Secondary reactions of
the cationic radicals are largely unknown. Indirect effects occur when energy
is deposited in water or other components in a solution, and radiolysis products
such as € and *OH react with the biopolymer have been investigated, as
shown in Fig.11.

Commonly DNA molecules are tightly associated with 8 to 12 water mol-
ecules per nucleotide forming a primary solvation shell which increases the
radiation-induced damage to DNA by ~50%. When the water molecules are
ionized, an entire transfer to DNA can occur and electrons ejected from water
molecules can be scavenged by DNA molecules. The events due to the direct
effect are single- and double-strand breaks, crosslinking, base release, and le-
sions in bases and sugar moieties. Hydrogen bonds between the two strands of
the double helix are broken. A large number of radiolysis products results. From
base damage the following products have been identified: 5-hydroxy-5,6-di-
hydrothymine, 5,6-dihydrothymine, 5-hydroxyuracil, 5,6-dihydroxyuracil,
5-hydroxycytosine, 2-hydroxyadenine, 8-hydroxyadenine, 7-hydro-8-oxo-
-guanine, 2,6-diamino-4-oxo-5-formamidopyrimidine, 4,6-diamino-5-forma-
midopyrimidine.

Studies carried out half a century ago showed that this process is effective
in inactivating enzymes. Replacing *OH to the less reactive inorganic radical
anion *Br; has been done. It is then possible to determine the role of tyrosine
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diati
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Fig.11. Radiolytic mechanism of DNA.

in functional and structural integrity of several proteinase inhibitors. Both €
and —OR react rapidly with DNA, but only *OH initiates reactions which dam-
age DNA. Radiolysis of double-stranded DNA leads to an increase in optical
absorption. The *OH is believed to attack the deoxyribose moiety, causing strand
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Fig.12. Schematic representation of phenomena launched by ionizing radiations in
biological molecules/organisms.
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breaks and partial denaturation, thus reducing the hypochromic effect. After
the DNA is partially denatured, or single-stranded, *OH attacks the bases also.
Three kinds of strand breaks have been observed: (i) immediate, (ii) those
appearing post irradiation, and (iii) those appearing on post-irradiation treatment
with alkali. Radiolysis of chromatin results in DNA strand breaks, base damage,
and protein-DNA crosslinks. Yields for strand breaks and base damage are
lower in chromatin than in purified DNA, and lower still in intact cells [23].

In living organisms, this denaturation of the biological molecules without
adequate protection over a long period of exposure could have deleterious ef-
fects on health, as illustrated in Fig.12.

6.2.2. Polysaccharides

Irradiation of polysaccharides in the solid state induces the radical forma-
tion in molecular chains as a result of the direct action of radiation [24]. Here
mainly two events take place: (1) direct energy transfers to the macromolecule
to produce macroradicals and (2) the generation of primary radicals due to the
presence of water (moisture). The course of the degradation of carbohydrates
in the solid state is illustrated in Fig.13. The main effects are fragmentation,
hydrolysis and rearrangement leading to low molecular weight products. When
polysaccharides such as starch, cellulose, chitosan, amylose and dextran are
subjected to high energy radiation, a vast number of products is formed, such

y-ray . .
RH ——mww_, RH,RH*e — 5 R 4 H

2OH 2OH CHZOH CHZOH

Fragmentation Hydrolysis

HZOH 20H H,OH
® o
Rearrangement I
e . OH C N
OH OH
OH

Fig.13. Events in solid state radiation of carbohydrates.
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as gaseous H,, CH,, CO, CO, and low molecular mass substances such as
water, formaldehyde, methanol, aldehydes, ketones and sugars. The remaining
polymer contains carbonyl, carboxyl, and aldehyde groups. The average mol-
ecular molar mass is reduced because of the predominant main-chain scission-
ing through cleavage of the C-O—C glycoside bond between base units. When
high energy radiation is directly absorbed by polysaccharides, electronically
excited moieties, radical cations and electron are generated. Free radical pro-
cesses play an important role, while the radical cations generated are rapidly
transformed to free radicals by deprotonation.

During the solid state radiolysis of polysaccharides, scissioning of the
glycosidic bond, analogous to the reactions shown in Fig.13, is the dominant
process which eventually leads to a decrease in the molecular weight of the
macromolecules. Degradation and the resulting changes in average molecular
weight products are often quantified as radiation yields of degradation G(s).
Moisture content strongly influences the reaction pathways and yields. The
radiolysis of water contributes to this. The yields of radicals are significantly
higher than in dry polysaccharide so the contribution of indirect effect may be
greater than based on percent of moisture, and also due to the effect of water
molecules on the dry matrix structure and polymer chain mobility [25].

6.3. COMPLEX MATERIALS

Complex materials, including multilayer laminated and coextruded ones,
are very useful because they combine a number of desirable properties which
no single of material possesses. Most are based on polyolefin, PS, PET, PA,
EVA, and other synthetic or natural polymers. The effect of gamma irradiation
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3094 —a—PP -+ -PP
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Fig.14. Variation of (A) hydroxyl and (B) carbonyl indexes of gamma-irradiated PP
and PP/biomass composites compared with those of 7 weeks fungal degradation of
the PP/biomass samples. (Adapted from Ref. [26]).
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on PP biocomposites (Eucalyptus globulus, pine cones, and Brassica rapa) has
been studied by Parparita et al. [26]. The biomass lignin content acts as an
antioxidant and has a stabilization effect against gamma irradiation degradation.
For the materials studied, gamma irradiation promoted the biodegradability
under the action of the Bjerkandera adusta fungus [27]. Removing a protective
layer of relatively inert polyolefin, increased the effects of absorbed dose which
leads to increase of oxygen containing functional groups, as illustrated in Fig.14.
In this manner, an eco-friendly method for improving integration of some
“undegradable” materials in natural cycles could be improved.

7. RADIATION PROTECTION

Measures to fully protect polymers against radiation exposure do not exist.
The stabilization of polymeric materials against high energy radiation may be
achieved through the use of antioxidants, ultraviolet and heat stabilizers, which,
in turn, also undergo degradation. Radiolysis products could originate more
from additive decomposition than from the originating polymers themselves.

Protective agents added to the polymers in small amounts are effective only
to a limited extent and function via different mechanisms. They can act main-
ly as antioxidants by preventing radiation-induced oxidative chain reactions or
more generally as free radicals scavengers. Other additives may act as energy
absorbers in accepting electronic excitation energy transferred from a polymer.
In this manner, agents that operate protectively are aromatic compounds, in-
cluding polymers with aromatic constituents or fillers (inorganic materials or
carbon black). Electronic excitation energy transported to or directly absorbed
by aromatic rings is delocalized due to the n-electron-based resonant structure
of the aromatic ring, and thus converted to heat by collision with neighbouring
groups or molecules. Hence, bond rupture is much less likely in the case on
nonaromatic compounds.

8. CONCLUSIONS

Study of the radiation chemistry of solid organic materials is important for
many applications, as in the medical, pharmaceutical, and food preservation
fields because the effects of radiation exposure can be beneficial or deleterious.
Limits should be based on known effects. Much greater effort is needed in this
direction.
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1. INTRODUCTION

Polymers can be synthesized into a variety of topological structures (linear,
branched and three-dimensional networks) by two types of polymerization,
either of which involves a chain addition process or a step-growth mechanism.
Radiation-induced polymerization, for the most part, proceeds by a chain ad-
dition mechanism [1].

In principle, step-growth processes can be triggered by the generation of
catalysts resulting from the interaction between radiation and the precursors of
some acidic or basic species, or between some radiolytic products with acid or
base generators. However, this step-growth process has received little attention
and is currently limited to few applications of technical relevance. For example,
the step-growth addition of the thiol groups on a multifunctional mercaptan
derivative to diisocyanates is effectively catalyzed by photobases under ultra-
violet (UV) radiation. This results in the formation of hard, flexible materials
with interesting uses in microelectronics and as binders for industrial paints
and coatings [2].

High energy radiation interacts with organic matter by various physical
and chemical mechanisms resulting in the formation of short-lived excited
species, and of chemical entities such as thermalized electrons and neutral or
ionic free radicals exhibiting longer lifetimes allowing them to undergo bimol-
ecular reactions with various molecular compounds by translational diffusion
[3]. The in-situ generation of such longer-lived reactive species can be ex-
ploited to initiate chain polymerization mechanisms. The resulting process is
called radiation-initiated polymerization, the propagation being, in principle,
not directly affected by radiolytic events. Propagation essentially proceeds with
the same mechanistic and kinetic features of conventional, thermally initiated
chain polymerizations. The radiation-induced initiation process makes it pos-
sible to trigger polymerization under reaction conditions (temperature, initiation
rate, type, location and spatial distribution of the initiating species) that are



144 Applications of ionizing radiation in materials processing

unusual, if not specific, compared to the activation with thermally cleavable
initiators (such as peroxides) or with redox systems (such as a reductive metal
associated with a peroxide). A number of advantages can be found from these
peculiarities of radiation-initiated polymerization that benefit processing effi-
ciency or which produce final materials with unique properties [4].

The basic aspects of chain polymerization are discussed in the next section.
Then, the specific features of radiation-initiated polymerization carried out by
free radical or by cationic propagation will be addressed [5].

2. BASIC ASPECTS OF CHAIN POLYMERIZATION

Chain polymerization is defined as “a chain reaction in which the growth of a
polymer chain proceeds exclusively by reaction(s) between monomer(s), (M),
and reactive site(s), represented by an asterisk in Eq. (1), on the polymer chain
with regeneration of the reactive site(s), at the end of each growth step”.
s (M)~ M+ M >~ (M)~~~ M (1)

The chain reaction mechanism includes a sequence of steps forming a chain
mechanism, that is a complex reaction path in which one or more reactive in-
termediates (frequently radicals) are continuously regenerated. This usually
happens through a repetitive cycle of steps which propagate the reaction. When
the propagation step involves a monomer that is repeatedly bound to an active
center, such a process results in the formation of an oligomeric, higher mol-
ecular weight entity, which eventually grows further to form a polymeric chain
that has an active end group. The most common polymerization processes in-
volve carbon centered free radicals. However, ionic mechanisms, covalent
group-transfer and organometallic complexes involved in coordination poly-
merization have specific features that may offer advantages of technical interest.

Propagation in chain polymerization usually occurs without the formation
of small molecules. However, in very specific cases, low-molar-mass molecu-
lar by-products are formed, that are not included in the chain undergoing the
propagation step. When such molecular extension process occurs, the chain
process is a condensation chain polymerization. More commonly, the type of
chemical reactions involved in this growth step is specified by using the terms
free radical chain polymerization, ring-opening chain polymerization, cationic
chain polymerization, efc.

The four main steps of the chain mechanism are presented in the following
sections for the free radical polymerization of unsaturated compounds such as
vinyl, acrylic and styrenic monomers.
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2.1. KEY STAGES OF THE CHAIN POLYMERIZATION
MECHANISM

Step 1 — Chain initiation

Chain initiation can take place as soon as the properly selected initiator starts
to decompose into free radicals (In®). Initiation is completed when the initiator
radical has added to the first monomer unit, M, to produce the chain initiating
species, M °. From a kinetic standpoint, the rate of initiation, R, is controlled
by the initiator decomposition, which is a slower reaction than the subsequent
addition of an electron-deficient radical onto the electron rich @ bond of the
ethylenic monomer. Though directly related to the decomposition rate of the
initiator, R , the effective initiation rate, R, depends on an efficiency factor that
takes into account the actual fraction of generated free radicals that effectively
add to the monomer for producing M °, the chain initiating species. The quench-
ing efficiency of dioxygen for carbon-centered free radicals is extremely high,
and, as a result, peroxy radicals are unable to initiate the propagation process.
Consequently, free radical polymerizations are preferably conducted with the
exclusion of oxygen (in vacuo or by deaeration with an inert gas). When a low
residual amount of dioxygen is present in the polymerization medium, poly-
merization starts after an induction period corresponding to the consumption
of O, via the quenching reaction. In some cases, particularly when a photo-
chemical or a radiochemical activation process is used for the initiation, the
rate of formation of new free radicals is high enough to overcome the quench-
ing of O, that is initially present in the medium and of the amount of O, that
constantly diffuses from the ambient atmosphere into the reaction medium. This
favorable situation can be achieved under intense ultraviolet or light irradiation
of properly photosensitized compositions or by processing the radically poly-
merizable monomers under high dose rate electron beams (EB).

AT
AIBN NEC*\»N:N*\»CEN — Np + 2 NEC~{0
0 AT Q
BPO o© — 2 @o o
0

Scheme 1. Examples of thermal initiators with their decomposition products: azo-bis-
-isobutyronitrile (AIBN) and benzoyl peroxide (BPO).

Typical initiators that are activated by heat include various types of or-
ganic compounds with a scissile functional group that is decomposed at reason-
able operating temperatures, such as aromatic azo derivatives (-N=N-), di-
sulfides (—S—S-), or peroxides (—O—O-) (Scheme 1). Inorganic and organic
redox systems (such as Fenton reagent (FR), peroxide-dimethyl aniline shown
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FR H-O-O-H + Fe2+ ——>= HO°+ OH™+ Fe3*

0 Q 0
BPO-DMA o© Ej)L Oe° @Ao
0
+ =

N2
N + N

! ﬁji
Scheme 2. Examples of redox initiators: Fenton reagent (FR) and benzoyl peroxide—N,N-
-dimethylaniline system (BPO-DMA).

in Scheme 2) offer the advantage of generating free radicals efficiently at tem-
peratures between 0 and 50°C, without needing to heat the reaction medium in
order to induce thermal initiator decomposition.

Step 2 — Chain propagation
Propagation consists of the iterative growth of the initiating radical, M °, that
forms, after a sufficient number of additions, a macroradical, as shown in Eq. (2).
~mr~ (M)~ M2+ M — ~~ (M) ~~~~ M (rate constant kp) 2)
Both for kinetic and thermodynamic reasons, the head-to-tail placement is
overwhelmingly predominant for free radical addition of monosubstituted
unsaturated monomers (CH,=CHR) that yield polymer chains where tertiary
carbon atoms and methylene groups alternate. Monomers suitable for free
radical chain polymerization show varying degrees of reactivity depending on
the affinity of the free radical for its monomer. The rate constants for propaga-
tion of common unsaturated monomers range between 10? and 10* L-mol s
(as shown in Table 1). By comparing the effects of substituents on the stability
of the free radical, higher propagation rate constants are observed for less sta-
bilized active centers. However, for achieving the formation of chains with a
high degree of polymerization, the reactivity of free radicals has to be mainly
directed towards propagation, limiting competing reactions of charge transfer.

Step 3 — Chain termination

Active free radicals in the polymerization of unsaturated monomers are unsta-
ble and tend to undergo self-annihilation when on occasion randomly encoun-
tering another free radical. This bimolecular process results in the termination
of the molecular chains propagated by two encountering macroradicals. Ter-
mination occurs either by combination or by disproportionation, which yields
a single macromolecule or saturated and unsaturated polymer chains. Combina-
tion is the simplest mechanism where the two macroradicals overlap their
singly occupied molecular orbital to form a stable ¢ bond, resulting in the
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Table 1. Propagation rate constants k_for common monomers undergoing free radical

polymerization.
Monomer Structure k) [L-mol s )] at T = 60°C"
. N
Butadiene ¥\\ 100
H H
Styrene " H 165
H H
Ethylene = 242
H H
0 /CH3
H o
Methyl methacrylate >:2; 515
H  CHg
N
///
Acrylonitrile H: _ :C 1 960
H H
O\ _CHs
H (0]
Methyl acrylate >:2L 2090
H H
(0]
Vinyl acetate H: L :o CHs 2300
H H
R F
Tetrafluorethylene >:< 9100 (83°C)
F F
H Cl
Vinyl chloride >:< 11 000 (50°C)
H H

* At T = 60°C, unless otherwise specified. Data were collected from Ref. [5].

formation of a polymer which is the sum of monomer units added by each one
of the participating chains (Eq. (3)). Disproportionation is a redox process
yielding a hydrogen saturated macromolecule together with its omega unsatu-
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rated counterpart (Eq. (4)). This takes place via the abstraction of a hydrogen
atom at the saturated carbon next to the active center by the other macroradical.
The activation energy required for the abstraction process is generally much
higher than the straightforward combination of the two macroradicals. As a
consequence, for a number of polymers (e.g. poly(methyl acrylate), polyacry-
lonitrile, polystyrene), disproportionation takes place as a minor mechanistic
pathway compared to combination. Disproportionation competes significantly
and may become the predominant termination process when the propagating

radical is sterically hindered, as in methyl methacrylate polymerization.
~~~M, ~~~ CH -HRC® + °CHR-CH, ~~~M ~~~— ~~M ., ~~~ (3)
~~~M_ ~~~CH,-HRC® + °CHR—Cﬁ2 ~~~ M~ — )

~~~M, ~~~ CH,-CH,R + RHC=CH ~~~M  ~~~

Step 4 — Chain transfer

Chain transfer can be considered as a competing process to propagation. Instead
of'adding to a monomer, the growing macroradical can react with various types
of molecular compounds present in the reaction medium: the initiator, solvent,
dead polymer, impurities, or any transfer agent, introduced purposely in the
reaction medium to obtain a desired effect on the resulting molecular weight
(MW) or on end group functionalization.

The transfer reaction can be depicted by an exchange of an atom by a free
radical mechanism, the macroradical abstracting an atom, A, to form a stable
polymer molecule fitted with A as an end group, generating the free radical B®
(Eq. (5)).

~~~M_ ~~~CH-HRC®+A-B — ~~~M ~~~CH,-HRC-A+B° (5)

B°+nM — B-M ° (6)
Chain transfer can compete with propagation in a process where the active
center of a growing polymer chain is transferred to various components in the
polymerization medium, such as solvent, monomer, initiator, polymer or to a
purposely selected additive (a transfer agent). Transfer reactions occur easily
with the use of a chlorinated solvent (CHCL,) or with a solvent having an eas-
ily abstractable H atom (isopropanol), a monomer, or a polymer. When the
molecule subject to the transfer process is a macromolecule formed earlier in
the reaction medium, the chain growing from the main polymer backbone will
create a side chain. The repetition of this phenomenon leads to multi-branched
polymers.

The occurrence of this event terminates the chain involved with the macro-
radical, but the active site is transferred to another radical, B°, which can restart
anew chain polymerization (Eq. (6)). In such a case, the instantaneous number
of growing chains is kept constant, with little or no effect on the polymerization
rate. The impact of transfer on the average length of the formed polymer chain
is discussed below.
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2.2. KINETIC ASPECTS OF FREE RADICAL CHAIN
POLYMERIZATION

Because of the fast bimolecular combination of free radicals in fluid media,
the chain reaction kinetics of free radical polymerization is governed by a steady
state that results from the balance between the formation of new growing chains
yielded by initiator decomposition and by the addition to the first monomer
unit M (Egs. (7a) and (7b)) and the radical disappearance by termination (Eq.
8.

Initiator decomposition I — 2 R°® (rate determining) (7a)

Formation of chain initiating radical R°+M — R-M° (7b)

Termination ~~M.\° t~~M® —~~M, g or~~M’+~~M’ (8)

The dynamic balance is expressed by equal rates for initiation and for termma-

tion yielding

2 £k, [I]=2k [M°] 9)

where: f— the efficiency factor of free radicals involved in the chain initiation,

k, — the rate constant for initiator decomposition, k — the rate constant for the
termination reaction, [M°] — the concentration in propagating free radicals.

Considering typical values for the rate of reaction (7b) (R. = 10*-10°
mol-L"-s™") and for the bimolecular termination rate constant for Eq. (8) (k, =
10%-10® L-mol™-s™), a steady state for free radical concentration is reached
within a fraction of a second. The steady-state value of a propagating free
radical concentration can be introduced in the expression of the polymeriza-
tion rate, R, defined as the rate of monomer consumption in the propagation
step,

R =k [M][M°] (10)
. p p
yields
R =k (fk/k)* [M] [1]°* (11)
where k_is the rate constant for propagatlon Rate constants kp are in the range
102-10* L-mol s ! , depending on the structure of the unsaturated monomer. A

much higher Value of k compared to kp does not prevent propagation because
the radical species are present in very low concentrations (typically 10 mol-L ™)
and because R is inversely proportional to the square root of k..

Besides the polymerization rate, of importance in free radical chain poly-
merization is the kinetic chain length, A. In a chain process unaffected by
transfer reactions, the kinetic chain length is defined as the average number of
propagation steps for each initiation. This quantity corresponds to the ratio of
the polymerization rate, Rp, to the initiation rate, R,, or to the termination rate,
R,, since the latter two quantities are equal. In chain polymerization, it is worth
noting that A represents the average number of monomer molecules added to
a growing chain at the moment it is deactivated by termination. Depending on
the relative contribution of disproportionation and combination to the overall
termination process, the terminated polymer chain will exhibit a number-aver-
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age degree of polymerization (]T’n) between 1 (only disproportionation) and 2
(only combination) times the A value.

The kinetic data derived from the chain kinetic model are instantaneous
values subject to changes in the physical parameters for the reaction, such as
temperature and viscosity. Autoacceleration occurs in radical chain polymeri-
zation and normally in bulk polymerization. As monomer conversion increases,
the gradual formation of polymer in the reaction medium increases the viscos-
ity, essentially reducing the efficiency of chain termination by reducing the
diffusion of the macroradicals. This change in viscosity has little effect on
initiation and propagation, but it results in a strong increase of the free radical
concentration. Autoacceleration, called the Trommsdorff-Norrish effect, is par-
ticularly effective when multifunctional monomers are involved in the poly-
merization.

Chain transfer reactions reduce the average molecular weight of the final
polymer while keeping constant the total number of free radicals. Therefore,
transfer reactions have no direct effect on polymerization rate, but can be used
to control the average degree of polymerization to form chains, acting on the
kinetic chain length A = Rp/(Ri + R, ), where R_=k_[M.°] [TA] is the rate of
the transfer reaction to the transfer agent TA. Thiols are particularly efficient
in this.

2.3. POLYMERIZATION THERMODYNAMICS

As polymerization reactions convert a large number of monomer molecules
into a few macromolecular chains, they are generally associated with a strong
decrease of entropy (ASp <0). This situation impacts the free energy state func-
tion AG =AH —-TAS that governs what happens to the chemical transforma-
tions. Polymerization can proceed if the enthalpy variation is exothermal
enough (AH << 0), so that the net balance appearing in AGp is negative. Mono-
substituted unsaturated monomers typically exhibit polymerization enthalpies
ranging from 70 to 90 kJ-mol™'. This generally allows for an efficient poly-
merization to proceed if the monomer concentration is high enough. Taking
into account the reversibility of the propagation step of free radical polymeri-
zation, the growth of chains is stopped when the free energy AG =AH°-TAS?°
—RT In[M] approaches 0. At a given monomer concentration, the temperature
increases to a critical value T, = AHp°/(ASp° + R In ([M]), called the ceiling
temperature. The polymerization of vinyl acetate, methyl acrylate and styrene
is not significantly affected by thermodynamic constrains under normal poly-
merization conditions, but for methyl methacrylate, a monomer exhibiting a
lower enthalpy of polymerization due to the presence of a methyl substituent
on the double bond, the ceiling temperature is 220°C for pure monomer.
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2.4. MICROSTRUCTURE OF POLYMER CHAINS

Chain polymerization of vinyl monomers (CH,=CHR) yields polymers
having stereocenters (~CH,~C*HR~) which can exhibit either of two different
configurations. Free radical propagation is weakly sensitive to the influence of
the stereocenter located at the penultimate unit on the macroradical. This results
in a weak preference for the formation of a syndiotactic dyad with respect to
an isotactic one at each propagation step. The final polymers are therefore es-
sentially atactic in terms of microstructure and are amorphous materials.

2.5. CONTROLLED FREE RADICAL POLYMERIZATION

The limitations due to the termination reactions taking place during con-
ventional free radical polymerization have been overcome by using various
molecules, metal complexes or stable free radicals that convert the growing

- Nitroxide-mediated polymerization

Ky
Kact | o°
PeT ~—= Pt T =R
Kdeact R R

kp

+M

- Atom transfer radical polymerization
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PX+MVL _—= P+ X-M™/L Mt"/L=Cu(l)Clligand
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k
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Scheme 3. Principles of the three main methods for achieving controlled free radical
polymerization.
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free radicals into a dormant species, thus dramatically reducing the occurrence
of termination [6]. Controlled free radical polymerization (CRP) can be achieved
by using stable free radicals as nitroxides (nitroxide-mediated polymerization,
NMP), by reversible addition-fragmentation chain transfer (RAFT) to various
thiocarbonyl compounds, or by halogen atom transfer from a transition-metal-
-catalyst subject to a redox exchange (atom transfer radical polymerization,
ATRP), as shown in Scheme 3. The active center is capable of reactivation,
functionalization, and chain extension to form block copolymers and even more
complex polymer architectures. The potential of CRP differs from ionic living
polymerization processes because of the tolerance of the selected reversible
chemistries to a variety of functional monomers and to unconventional poly-
merization media.

2.6. FREE RADICAL COPOLYMERIZATION

Chain polymerizations can be carried out with mixtures of two or more
monomers to form polymeric products with an almost unlimited composition
and structure, hence with new properties. The monomers enter into the co-
polymer in amounts determined by their relative concentrations and reactivity.
Whereas alternating, statistical and random copolymers are produced by simul-
taneous and competing polymerization of monomer mixtures, graft and block
copolymers result from a sequence of separate polymerizations. The instanta-
neous composition of a copolymer produced by a chain process cannot be
determined simply from knowledge of the homopolymerization rates of the
two monomers. The relative contribution of cross-propagation with respect to
the homopolymerization is described by using the reactivity ratios of each
monomer. For a mixture of two monomers, the first order Markov model for
copolymerization assumes that the reactivity of the propagating species is
dependent only on the monomer unit at the end of the chain, with there being
four possible propagation reactions (Scheme 4).

Initiation
| -2R°
R° + A — RA° R°+B — RB°
Propagation
~~~~A°+A - ~~~~A°k_ ~~~~A°+B - ~~~~B° k_,
~~~~B°+B - ~~~~B°k, ~~~~B°+A - ~~~~A° k,
Termination
~~mm A%+ A — A-A Kiaa
~~~~A° + °B — A-B Kiab
~~~~B° + °B — B-B k

t,bb
Scheme 4. First order Markov model for the free radical copolymerization of mono-
mers A and B.
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The reactivity ratios of both monomers with respect to the macroradicals fitted
with A® and B® as the propagating end groups, r, =k /k  andr, =k /k, , re-
spectively, are the main parameters that govern the instantaneous rate of incor-
poration of both monomers in the growing chains, for a given monomer com-
position in the reaction medium f =[A]/([A], +[B]). The Mayo-Lewis relation
(Eq. (10)), derived from the kinetic scheme of the terminal model, states how
the instantaneous composition of the formed copolymer, F_ = d[A]/(d[A], +
d[B]), is dependent on the variable f and on the parameters r_and ..
F =@ f+f(1-£)/( £2+2f(1-f)+r(1-1?) (12)
An important feature of free radical copolymerization is the composition
drift that is expected to take place during a batch process, and the distribution
of monomer units along the chain that may ideally take place at random if
r -1, = 1, or form alternating —A-B~— sequences, or eventually produce iso-
lated units of one monomer between blocks of the other.

3. RADIATION-INITIATED POLYMERIZATION

Compared to thermal and redox initiation processes, activation methods using
radiation exhibit unique features that allow for a time and spatial control of
polymerization. Several applications take advantage of these properties: the
ultraviolet radiation or electron beam (UV/EB) curing of solvent-free coatings
and inks in industry and in graphic arts, the synthesis of vinyl acetate or acrylate
latices by emulsion polymerization initiated by using gamma rays, the out-of-
-autoclave curing of performance composites using EB and/or X-rays, laser or
EB micropatterning and nanolithography for microfluidic and electronic de-
vices [7].

Ultraviolet radiation and high energy electron beam radiation can trigger
chain polymerization either by direct interaction with monomers or through
the intermediacy of some other constituents present in the reaction medium.

3.1. PHOTOINITIATED POLYMERIZATION

Unsaturated monomers can be activated by short wavelength photons, by
specific additives called photoinitiators that generate active centers (free rad-
ical or cationic species) upon exposure to an ultraviolet source. Radical initia-
tion mechanisms either involve the direct homolysis of a C—C of the photo-
excited initiator (Type I initiation with aromatic carbonyl compounds) or a
cascade of reactions (Type II initiation by electron transfer and hydrogen ab-
straction), as shown in Scheme 5.
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Scheme 5. Examples of Type I and Type II photoinitiators for free radical polymeriza-
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Aromatic onium salts can generate cationic active centers (Bronsted acids
or carbenium ions) upon absorption of ultraviolet radiation [8]. There are two
basic classes of cationic initiators grouped by dependence on the mechanisms
of photolysis. The first group includes diaryliodonium and triarylsulfonium
salts, which undergo fragmentation to yield aryl radicals and/or arylionium
cation radicals. Dialkylphenacylsulfonium and dialkyl-4-hydroxyphenylsulfo-
nium salts form the second group that generates yields and Brensted acids by
a reversible photolysis (Scheme 6).
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Dialryliodonium salt Triarylsulfonium salt Diarylphenacylsulfonium salt
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Scheme 6. Examples of onium salts used for radiation-initiated cationic polymeriza-
tion.

Both classes of onium salts can be photosensitized in order to extend their
response to long wavelength ultraviolet and to light. This can be achieved by
energy transfer, electron transfer or through the intermediary of free radicals.
A simplified description of the direct and sensitized pathways for the generation
of cationic species from a diaryliodonium salt is represented in Scheme 7.
Structural variations within the cations of onium salts have a marked influence
on the photolytic efficiency, whereas the nature of anion mainly affects the
course of the resulting cationic polymerization.



Chapter 6 155

(0]
hv (380-420 nm)
S photosensitization, e- transfer

| F{+ or H

Y

Y Y

@/'@\ hv (254 nm)
R R'

direct photolysis

\j
+

Dialryliodonium salt
‘ by-products

In —  » R.

Y

reduction by free radicals

Scheme 7. Examples of onium salts used for radiation-initiated cationic polymerization
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3.2. POLYMERIZATION INDUCED BY HIGH ENERGY RADIATION

Despite the high intrinsic efficiency of commercial photoinitiators for free
radical or for cationic polymerization, the effectiveness of photochemically
triggered initiation is limited by the low penetration depth of ultraviolet radia-
tion into opaque compositions. This is why accelerated electrons as well as
photonic ionizing radiations (gamma and X-rays) have a significant advantage
over ultraviolet radiation and light. Light is the visible range of the electromag-
netic spectrum. The depth of penetration is much greater with less attenuation
for ionizing radiation than for ultraviolet radiation and light. Pigmented coat-
ings, printing inks but also adhesives and sealants sandwiched between non-
-transparent materials as well as fiber-reinforced composites can be cured by
crosslinking polymerization of multifunctional monomer compositions.

The radiolysis of olefinic monomers produces cations, anions, and free
radicals. Such species are capable of initiating chain polymerization. The cat-
ionic polymerization of isobutylene, of vinyl ethers, of epoxies, and of styrene
and the anionic polymerization of acrylonitrile have been observed in the ab-
sence of additional initiators under controlled laboratory conditions. Long-lived
cationic chain reactions involving carbenium or oxonium intermediates are
unlikely because of the high reactivity of active centers that make transfers and
deactivation reactions very fast unless special conditions (purity of involved
chemicals, low temperature) are maintained throughout the process. For that
reason, onium salts are used in the monomer composition.
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From a practical perspective, most radiation polymerizations are mediated
by free radicals, since at temperatures of technical relevance ionic species are
not stable and dissociate to yield radicals.

Pulse radiolysis experiments on various mono- or multiacrylate monomers
monitored by time-resolved spectroscopy have permitted a better understand-
ing of the various pathways that lead to initiation. The mechanism [9] involves
the attachment of a thermalized electron to an acrylate carbonyl group, and the
subsequent formation of a radical anion dimer under the form of a charge
transfer complex, or of a covalent adduct (Scheme 8). Protonation of the rad-
ical-anions yields the effective initiators for propagation. On the basis of ex-
perimental data, this model considers the direct formation of free radicals by
homolytic dissociation of electronically excited molecular segments as a minor
pathway, based on acrylates that were studied.
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Scheme 8. Initiation mechanism for acrylate polymerization under high energy radia-
tion [9].

The subsequent steps of the free radical polymerization follow the same path-
way as that of conventional crosslinking polymerization initiated by thermal
or redox processes. The specific aspects of the cationic polymerization of
epoxies are discussed below. Contrary to the mechanism of onium salt photo-
lysis upon selective absorption of ultraviolet radiation, the dominant pathway
under ionizing radiation in a medium rich in monomers is the production of
free radicals which can reduce the onium salt, and generate in a second stage
carbenium cations (Scheme 9). Reduction of the onium salt can also occur from
its interaction with solvated electrons (reduction pathway). This mechanism
was confirmed by pulse radiolysis experiments on diglycidyl ether of bisphenol
A (DGEBA) in the presence of an iodonium salt [7].
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Cationic chain propagation results from the reaction of oxonium ions with
epoxy monomers by activated chain end (ACE) or activated monomer (AM)
mechanisms. The ACE mechanism consists of the repeated addition of the
monomer on the growing chain by the nucleophilic attack of the oxygen from
the epoxy monomer on the carbon atom adjacent to the oxonium ion (Scheme
10). The AM mechanism takes place in presence of hydroxyl containing species
and involves their addition to the protonated monomer followed by a charge
transfer. The activated monomer is then regenerated and can react again with
a hydroxylic compound. As the epoxy ring opens, hydroxyl groups are formed
which favor the AM mechanism. Other transfer reactions can take place between
an active chain and nucleophilic species such as water, alcohol or any other
hydroxylic compounds resulting in the liberation of a proton and an inactive
oligomer.

Two cationic species cannot react together. Thus, no termination reaction
occurs by self-quenching of the active centers, as in the case of free radical
processes. Once irradiation has ceased, cationic polymerization will continue
to propagate without new initiation, by the so-called dark cure phenomenon,
until the active centers are trapped in a glassy network or quenched by some
inhibitor entering the material. This behavior enables further thermal activa-
tion giving rise to some benefits of post-curing.

3.3. GENERAL AND SPECIFIC FEATURES
OF RADIATION-INDUCED POLYMERIZATION

One of the attributes of radiation as an alternative mode for activating
chemical reactions is the immediacy and the control of the spatial distribution
for generating active centres. The ability to trigger polymerization reactions
independent of temperature is of interest for decoupling the influence of thermal
activation on the various steps of the chain polymerization mechanism that
follow initiation. This last feature can be exploited both from a fundamental
perspective (mechanistic studies, determination of activation energies, pulse
laser polymerization) and for technical reasons (design of low cost molding
equipment, use of temperature sensitive substrates, design of thermal post-
-treatments).

The crosslinking polymerization of multifunctional monomers and pre-
-polymers is by far the largest use of this technology. Various analytic methods
can be used for monitoring the kinetic behavior of polymerizable compositions
exposed to ultraviolet radiation, to light and to ionizing radiation [7] and for
studying the influence of the processing conditions on the properties of the
materials produced. A selection of results illustrates some of the important
aspects of polymerization kinetics and of network formation.
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Fig.1. Kinetic profiles of acrylate consumption in monomer films as a function of EB
radiation dose: nBuA (e), TPGDA (o0) and HDDA (0).

The gel effect associated with crosslinking polymerization is shown by
comparing the kinetic profiles under exposure to increasing EB doses of a
monoacrylate (n-butylacrylate, nBuA) with those of diacrylates (hexanediol
diacrylate, HDDA and tripropyleneglycol diacrylate, TPGDA). All three
monomers exhibit similar initial acrylate functionality content (7-8 mol-kg!).
The plots of Fig.1 clearly show that diacrylates polymerize much faster than
nBuA, as a result of the Trommsdorff effect. The extremely fast polymerization
of compositions including multiacrylates is used in ink formulations for
graphic arts and for coatings for optical fibers, with curing speeds under high
energy radiation as high as 1000 m-min™' on high-performance industrial lines.

The viscosity of solvent-free radiation-curable compositions typically
ranges from 0.5 to 5 Pa-s at application temperatures which facilitates the
spreading of the composition onto a substrate or the impregnation of the com-
position as the matrix in a composite material. Since polymerization is aimed
at converting the monomer and prepolymer blend into a hard material, curing
proceeds with a dramatic evolution of the mobility of monomer functions in
the medium, from the initially fluid state, to a gel, and eventually to a vitreous
network. The viscosity gradually increases by several orders of magnitude until
solidification, being influenced by polymerization kinetics.

An instructive result was obtained by comparing the polymerization profile
of an aliphatic polyurethane triacrylate (APU3), which has an initial acrylate
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Fig.2. Kinetic profiles of acrylate consumption in pre-polymer films as a function of
EB radiation dose: APU3 (A) and EPDA (B).

content of 3.5 mol-kg™!, with those observed for an aromatic epoxydiacrylate
(bisphenol A epoxy diacrylate, EPDA) with an initial acrylate content of about
6 mol-kg !, being subjected to various EB dose increments (as shown in Fig.2).
The polyurethane pre-polymer possesses a flexible backbone that forms a soft
material upon curing. Its kinetic profile shows a steep increase in acrylate
fractional conversion, up to 0.75 for a dose lower than 10 kGy, regardless of
the dose increment (Fig.2A). The profile then gently levels off to reach a con-
version level higher than 0.9. The corresponding plot recorded for the aromatic
epoxy diacrylate shows an initial fast polymerization to a conversion level of
0.2 for a dose of 2.5 kGy, followed by a weak reactivity with a rather small
increase of conversion up to 0.4 at 60 kGy (Fig.2B). At this point, the concen-
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tration of unreacted acrylate functionality is about 3.6 mol-kg !, a value that is
even higher than the acrylate concentration in the unreacted APU3 sample. This
shows the influence of incipient vitrification that limits the propagation step,
in spite of there being a still large concentration of monomer in the partially
cured EPAD samples. These experiments were conducted at room temperature
with small increments of dose using thin films of the curable compositions
which limited any increase in temperature. Under these quasi-isothermal con-
ditions, vitrification took place in the PUA3 material at conversion levels
slightly above 0.7, the critical value at which the kinetics started to level off.
The vitrification phenomenon took place at much lower conversion levels
(typically 0.2) in the more rigid EPAD pre-polymer when cured at room tem-
perature. These observations stress the importance of the relation between the
effective curing temperature and the conversion dependence of the glass tran-
sition on the material networks.

The influence of dose rate on polymerization kinetics can be examined,
provided that isothermal conditions are maintained within the sample. The
results of a series of EB curing experiments conducted with EPAD at different
dose rates ranging from 19 to 110 kGy-s™' are plotted in Fig.3.

The rate of polymerization measured in the initial regime (steep increase) was
shown to be proportional to the square root of the dose rate D, as would be ex-
pected from the bimolecular termination kinetics in a fluid medium (Eq. (13)).

R = SRue o X0 ci(p)” (13)
= = oC =
NS 2.k,

Deviations from this law were observed as soon as the initial slope weak-
ened as a consequence of mobility being restricted. From the lines drawn in
the final regime, a first order dependence of the polymerization rate on D was
observed. This situation corresponds to a chain process with monomolecular
termination by occlusion of the growing free radicals in a vitrified matrix.
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From a practical viewpoint, careful attention must be paid to the thermal
effects within a sample subjected to radiation-induced polymerization. There
should be a finely-tuned interplay between the control of the polymerization
exotherm (typically 80 and 100 kJ-mol!, for acrylates and epoxy functionality,
respectively), the energy conversion from the deposited radiation dose, the heat
and radiative exchanges with the surrounding environment and the conversion
dependence of vitrification.

3.4. APPLICATIONS OF RADIATION-INDUCED POLYMERIZATION

High energy radiation can be used to synthetize linear polymers by emul-
sion free radical polymerization, but is rarely done. The process consists of
irradiating an oil-in-water dispersion of one or several hydrophobic monomers
in the presence of a surfactant. Hydroxyl radicals are produced by water radio-
lysis and are the main species responsible for the polymerization initiation
after entering the monomer micelles. This process results in the formation of
latex particles with the typical dimension of about 100 nm. The particles grow
in size during the reaction since monomers continue to diffuse from reservoir
droplets and to swell the polymer particle. Since initiation occurs at a slow rate
in the aqueous phase, the kinetic chain length inside a single particle is ex-
tremely long producing polymer chains of high molecular weight. Emulsion
polymerization is used to manufacture several commercially important polymers
that find use in adhesives, coatings, paper coatings and textile coatings. Low
dose rate °Co gamma radiation can be used as an efficient initiating process
which can be used as alternative to thermal initiation of peroxides under modest
heating conditions. The radiation process makes it possible to decouple the
thermal activation of the polymerization from the initiation step and thus avoids
affecting the chain length of the formed polymers. This is likely to receive
increasing interest for commercial developments in the coming years.

Solvent-free formulations of adhesives, inks and coatings can be cured by
radiation-induced crosslinking polymerization. This important use is expanding
as a an alternative to solvent-based and/or heat-curing processes which are
being restricted because of their detrimental impact on the environment. Ra-
diation processing brings several important benefits in terms of ecoconception
(energy saving, limitation of volatile organic compound (VOC) emission).
In-situ polymerization of restorative resins infused into damaged archeological
objects made of wood or into weak artistic pieces of porous structure is an-
other illustration of the unique in-depth chemical effects that can be created
using the mild ambient conditions of high energy radiation processing.

Compared to ultraviolet-initiated polymerization, a well-established tech-
nology for the curing of various coatings and inks, high energy radiation pro-
cessing proves to be more efficient than intense ultraviolet for initiating in depth
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the crosslinking polymerization of solvent-free compositions, including un-
saturated monomers and reactive pre-polymers to yield mechanically func-
tional and chemically resistant materials. Printed labels and materials produced
by the packaging industry are fully cured using high energy EB and do not need
initiators for free radical polymerization. This results in lower amounts of un-
reacted monomers and other extractable compounds. Adhesion to substrates can
also be improved by grafting reactions that take place at the substrate-coating
interface. Advances in improved formulations and in process control spur on
developments in food packaging and in industrial coatings (flooring, building
parts with long resistance to long outdoor environment).

Fiber-reinforced polymer composites can also be efficiently cured by high
energy electron beams and offer significant advantages for the manufacture of
a variety of aerospace, ship and ground vehicle components. The EB curing
process is shorter than for conventional thermosets and yields materials with
reduced residual internal stress. Innovative formulation concepts based on
polymerization-induced phase separation achieve higher mechanical perfor-
mance than state-of-the-art thermally cured materials. Advanced studies on
network formation provide an understanding of structure-properties relation-
ships.

Finally, the spatial control of radiation-induced polymerization is used in
making photomasks. These are used in the microelectronics industry for pro-
ducing opaque plates with holes or transparencies for patterning a photopoly-
merizable composition in the domains that are exposed to the frontal beam of
ultraviolet radiation. After development in an appropriate solvent a negative

Fig.4. Scanning electron micrographs of a microchannel made by cationic photo-
lithography (A), and porous polymer monoliths synthetized within a closed micro-
system by EB-initiated polymerization (B).
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photoresist is obtained. Micro- and nanowriting with a laser and/or an electron
beam scanned across the radiation sensitive composition avoids using an opti-
cal mask and produces much finer patterns and lower resolutions.

Figure 4A shows the scanning electron micrograph of a channel fabricated
on a chip by the photomasking process using the cationic photopolymerization
of an aromatic epoxide. In a subsequent step, the channels were covered by a
lid and a porous polymer monolith was polymerized in situ using EB radiation
using an acrylate composition dissolved in a mixture of porogenic and pre-
cipitating solvents (Fig. 4B). The interconnected polymer-sphere morphology
obtained by this technique can be used for producing microreactors and sepa-
ration microcolumns for lab-on-a-chip applications [10].

4. CONCLUSIONS

Ultraviolet radiation and high energy electron beam radiation efficiently ini-
tiate free radical or ionic polymerization depending on the experimental condi-
tions, on the type monomer being used and on the presence of initiators that
may be needed. Besides the specific features of radiation-triggered initiation,
the basic mechanisms and kinetic models of conventional chain polymerization
presented above can be used. However, the specific conditions of radiation
processing, dose deposition, dose rate effects as well as thermal effects should
be carefully considered. Many end uses can benefit from the numerous advan-
tages offered by radiation processing. Some areas of considerable technical
relevance are addressed in specific chapters, such as the radiation synthesis of
nanoparticles, radiation grafting, and composite materials.
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1. INTRODUCTION

The interaction of ionizing radiation with matter results in the formation of
very reactive species (free neutral radicals, cationic and anionic ions, excited
molecules). These can significantly modify the molecular structure of the irradi-
ated material. In particular, irradiation of organic polymers induces molecular
chain branching, crosslinking and molecular degradation or scissioning. Chain
branching and crosslinking increase the molecular weight of the polymer. Cross-
linking forms an insoluble three-dimensional polymer network; while degrada-
tion or scissioning causes a reduction of the initial molecular weight [1, 2].

During irradiation, all these phenomena coexist and their prevalence de-
pends on several factors, such as the initial molecular structure and morphol-
ogy of the polymer and the irradiation environment. If the polymer is irradi-
ated in presence of air, the molecular modifications are different with respect
to the effects of irradiation in vacuum or in presence of an inert gas. During
irradiation in air, the free radicals, produced by interaction of ionizing radiation
and polymers, can also react with oxygen, giving rise to oxidative degradation,
which competes with other reactions that occur in absence of oxygen.

All these molecular modifications can modify the properties of the material.

Studies have been devoted to understanding the mechanisms of the modi-
fication of the molecular structures and of the properties of polymers resulting
from exposure to ionizing radiation.

Such studies are of importance for using polymeric materials in radiative
environments, such as in nuclear power plants, in space or in the sterilization
of polymeric medical disposables or of food plastic packaging [3-8].

The irradiation of polymers is a very useful industrial process, an alterna-
tive to the more traditional chemical processes, which induce or modify some
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material properties. Some industrial applications are the crosslinking of wire
and cable insulation, the formation of heat recoverable films and tubings, foams,
and the degradation of some polymers to help produce powders used in non-
-stick or release applications [9-11].

Regardless of the different kinds of molecular modifications induced by
irradiation, it is possible to divide the polymers in three categories, related to
their resistance to ionizing radiation.

Highly radiation-resistant polymers are characterized by an almost un-
modified molecular structure up to the absorbance of doses in the range of
250-1000 kGy in air. These polymers contain aromatic groups in their molecular
structure, such as polyimides, polyphenyl ethers, polyphenyl ketones, aromatic
polyamides, polysulphones, polyetherimides, epoxy resins, polyphenylene sul-
phide, polyethylene terephthalate, polyethersulphones, polyphenylene oxides.

Aliphatic polyethers, aliphatic polysulphones and polymers containing
C—Cl bonds in the macromolecular structure are highly sensitive to irradiation;
their molecular structures undergo dramatic changes after the absorption of only
a few tenths of a kGy in air.

Polymers such as polyolefines, polyamides and aliphatic polyesters present
an intermediate resistance.

2. MOLECULAR MODIFICATIONS OF IRRADIATED
POLYMERS

2.1. IRRADIATION UNDER VACUUM

When polymers are irradiated under vacuum or in presence of an inert gas,
their molecular modifications depend only on their initial molecular structure
and morphology. Ionizing radiation of polymers causes chain branching, cross-
linking or scissioning (degradation).

—C—C—C—C—C—C—C—

Chain branching

— ==

—C—C—C—C—C—C—C—
I Crosslinking
—Cc—C—C—C—C—C—C—

Fig.1. Scheme of chain branching and crosslinking.
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Chain branching and crosslinking are the predominant effects for polymers
having relatively unhindered main chains, according to the scheme shown in
Fig.1.

When the polymers have highly substituted quaternary atoms, molecular
degradation or scissioning is the main effect.

The molecular modifications are essentially due to the reactions of free
radicals, produced by both the direct action of ionizing radiation on the macro-
molecular structure and the further evolution of ionic and exited species ini-
tially produced by irradiation.

Several mechanisms dealing with the molecular modifications induced by
irradiation have been reported in the literature [1, 2, 12].

For example, in the case of polyethylene (PE), the free radicals formed by
dissociation of C—H and C—C bonds (alkyl, allyl, polyenyl) and the double
bonds formed with H, evolution give rise to either crosslinking or chain branch-
ing reactions:

—CH,CHCH, — + —CHCHCH,— —> 2o
— CH,CHCH, —

— CH,CHCH, — + —CH,CH=CH,— —> —CHzlfHCHz—

CH,CHCH,—

When degradation occurs, the stable free radicals formed by the dissocia-
tion of quaternary carbon bonds do not migrate along the polymer chains and
the steric hindrance favours their further evolution toward disproportionation
and chain scission reactions, according to the scheme reported for poly(methyl
methacrylate) (Fig.2).

The quantitative determination of molecular modifications induced by ion-
izing radiation has been made through the measurement of the G-value, which
represents the number of molecules formed or changed for 100 eV of absorbed
energy. G(X) is the number of crosslinks formed per 100 eV of absorbed energy,

CH; CH; CH: tIZHg
—CH,— CH— CH;—IC— —>» —CH—~ (I: + «CH—C—
éD;CHg CO,CH; C0,CH; CO.CH;
CH; CH; CH,
2 —CH—C- —> —CH— [IZH + —CH— !:I
CO,CH; CO,CH; CO,CH;

Fig.2. Example of chain scission reaction in the case of poly(methyl methacrylate).
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while G(S) is the number of chain scissions formed by 100 eV of absorbed
energy.

As two polymer chains are joined when a crosslink is formed, G(chains
linked) = 2 G(X).

The most common methods used to measure G(X) and G(S) are based on
solubility tests. Crosslinking causes the formation of three-dimensional in-
soluble networks (gel). The “gel fraction” is the ratio of the weight of the in-
soluble part divided by the initial weight of the polymer, while the remaining
part is the “soluble fraction”.

Solubility data are used in the Charlesby-Pinner equation:

1
s+s@ =Py

q qPD

(1

where: s — the soluble fraction, p — the chain scission probability per unit dose
per monomer unit, q — the crosslinking probability per unit dose per monomer
unit, P_— the number average degree of polymerization for the polymer of the
most probable distribution of molecular weight, D — the absorbed dose.

The Eq. (1) can be expressed in terms of G(S) and G(X):

os  G(S)  4.82x10°
+s7 = +
2G(X) G(X)M,D

where M is the number average molecular weight.

Plotting Eq. (2) as function of 1/D allows one to determine G(S) and G(X).
The extrapolation of the curve until 1/D = 0 gives the ratio G(S)/2G(X), while
G(X) is calculated from Eq. (2) the slope of the curve.

In Ref. [9], the values of G(X) and G(S) for the most common polymers
are reported.

Many authors have found deviations in their experimental results from the
Charlesby-Pinner equation which have been attributed to the non-random dis-
tribution of the initial molecular weight.

Other experimental techniques, such as elastic modulus, swelling values
or light scattering and *C NMR measurements can be also used to calculate
G(X).

The extent of chain branching and crosslinking depends on the amorphous
phase content of a polymer, which occurs along molecular chains in the solid
state, where there are amorphous and crystalline regions. Polymers with simi-
lar molecular structure but different degrees of crystallinity give different
values of G(X) and G(S) for the same irradiation conditions. For example, in
Ref. [9], isotactic polypropylene G(X) varies in the range 0.3-0.5, while for
atactic polypropylene G(X) is higher, 0.4-1.1. Similar results are shown in
Ref. [9] for polyethylenes with different degrees of crystallinity.

2




Chapter 7 171
2.2. IRRADIATION IN AIR

When polymers are irradiated in air, the free radicals produced by ionizing
radiation can yield oxidized functional groups (carbonyl, peroxides, hydro-
peroxides, hydroxyl, carboxyl). Oxidized macromolecules can undergo chain
scission with molecular weight decrease.

The oxidative degradation induced by irradiation in air can be studied by
different techniques.

The most common is infrared analysis, which allows one to monitor the forma-
tion of the oxidized groups and other molecular modifications (double bonds,
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Fig.3. IR analysis of LDPE, irradiated at various doses and at constant dose rate: (A)
wavenumber range of 1720 cm™!, (B) wavenumber range of 3500 cm™'.
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terminal methyl group formation, ezc.) resulting from molecular degradation.
The decrease of molecular weight can also be determined by gel permeation
chromatography (GPC) and by the measurement of intrinsic viscosity.

Figure 3 shows the infrared analyses of a low density polyethylene (LDPE)
irradiated in air at different doses, in the wavenumber range of 1720 cm™ (A),
the typical absorption range of carbonyl groups, and in the wavenumber range
of 3500 cm™! (B), the typical absorption range of hydroxyl groups.

Irradiation in air causes the formation of both carbonyl and hydroxyl groups,
and their amounts increase with increasing dose. A useful relative quantitative
determination of the extent of oxidation reactions can be done by measuring
the height of the peaks corresponding to the oxidation functional groups. If the
thickness of the analysed sample is constant, this value can be related to the
oxidized functional group concentration in the irradiated sample and to the
extent of oxidative degradation reactions. The peak generally used for the
evaluation of the oxidation reactions is the carbonyl one at 1720 cm™' wave-
number.

Other indirect techniques can measure the modifications of the physico-
chemical (glass and other molecular transitions), mechanical and electrical
properties due to irradiation.

The formation of oxidized physicochemical groups and the molecular mo-
difications due to irradiation of a solid polymer in air are not uniform within
the material. The extent of the oxidative degradation phenomena is higher in
the external layers of the polymers and a concentration gradient of oxidized
groups, moving from the external surfaces toward the bulk, has been observed.
A similar trend can be also observed for the molecular weight modifications.
This non-uniformity can be more or less marked, depending on the molecular
structure and morphology of the polymer and on the irradiation conditions.

During irradiation in air, a polymer undergoes different reactions depend-
ing on its molecular structure and morphology (chain branching, crosslinking
and degradation or scissioning). These also occur during irradiation under
vacuum or in presence of inert gases. The oxidative reactions due to interaction
of free radicals with atmospheric oxygen dissolved in the solid polymer. For a
given polymer, the prevalence of one or the other depends on the reaction kinetics.

The reactions of free radicals with oxygen are very fast and the free radicals
produced by irradiation react immediately with oxygen dissolved in the solid
polymer. The kinetics of the further oxidative reactions is controlled by the
oxygen diffusion rate through the polymer. Those molecular structures, mor-
phologies and irradiation conditions which favour the oxygen diffusion in the
polymer cause a more uniform oxidation within the material, while a marked
gradient of these phenomena is observed when oxygen diffusion is hindered.
In the first case the material mainly undergoes oxidative degradation, while, in
the second case, a prevalence of the reactions usually occurring during the ir-
radiation under vacuum or under inert atmosphere occurs.
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The study of non-uniform oxidation of polymers during their irradiation
in air can be carried out by microtome cutting very thin polymer sheets moving
from the external surfaces toward the interior bulk. These sheets can be then
analysed by experimental techniques apt to measure the molecular modifica-
tions due to irradiation, and in particular by IR analysis. Also other techniques
such as GPC, solubility, density measurements, calorimetric analysis and me-
chanical property determinations can be used.

In Fig.4, the IR analysis and solubility tests results for a linear low den-
sity polyethylene (LLDPE) irradiated in air are shown. Sheets of the same
thickness were cut by a microtome and the extent of the oxidation reactions
was measured through the carbonyl group absorption peak, while the corre-
sponding molecular weight modifications were measured by gel extraction
tests. The carbonyl concentration and the gel fraction profiles, i.e. measured as
a function of the distance from the external surface of the irradiated polymer,
are shown.
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Fig.4. Carbonyl concentration and gel fractions profiles for a LLDPE sample irradiated
in air at the dose of 170 kGy and the dose rate of 1 kGy/h.

In the outer layers the oxygen penetration favours oxidative degradation
while crosslinking occurs in the bulk, as evidenced by the decrease of car-
bonyl group concentration, accompanied by the increase of gel fraction.

In Fig.5, the IR analysis results for two linear low density polyethylenes,
irradiated in air at the same total dose and dose rate, are shown. The carbonyl
concentration profiles are noted.

Before irradiation the two polymers have different crosslinked densities,
as determined by gel extraction tests performed in xylene (a typical solvent for
polyethylene), which indicate a total solubility of the uncrosslinked sample and
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Fig.5. Carbonyl concentration profiles for two LLDPE. Irradiation conditions: dose
rate — 1 kGy/h, dose — 100 kGy.

a gel fraction of about 80% for crosslinked one. A marked and deeper oxidation
is observed for the first one with respect the crosslinked polyethylene. This can
be attributed to the higher diffusivity of oxygen in the uncrosslinked polymer.

In Fig.6 the effects of irradiation in air on three different types of poly-
ethylene, low density polyethylene, linear low density polyethylene, and high
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Fig.6. Carbonyl concentration profiles for LLDPE, LDPE and HDPE. Irradiation
conditions: dose rate — 0.1 kGy/h, dose — 10 kGy.
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density polyethylene (HDPE), irradiated at the same total absorbed dose and
dose rate, are shown. The difference in the carbonyl concentration profiles can
be attributed to the different oxygen diffusivity in the three polymers. LDPE and
LLDPE have almost the same crystallinity degree and almost the same oxygen
diffusivity, while HDPE has higher crystallinity and a lower oxygen diffusiv-
ity. The thickness of the oxidized layers is almost the same for LLDPE and
LDPE while less interior oxidation is observed for the more crystalline HDPE.

Processing parameters, the dose rate and the total absorbed dose, play an
important role in determining the extent of crosslinking and oxidative degra-
dation phenomena.

In Fig.7, the carbonyl concentration profiles for LLDPE samples irradi-
ated in air at the same total dose but at different dose rates are reported.

At high dose rates, the instant concentration of free radicals in the polymer
is so high that the oxygen, diffusing in the polymer from ambient conditions,
is immediately consumed close to the surfaces. At lower dose rate the lower
instant concentration of free radicals allows for diffusion of the oxygen into
the bulk of the irradiated sample with an increase of the thickness of the oxi-

dized layer.
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Fig.7. Carbonyl concentration profiles for samples of LLDPE irradiated in air at the
total absorbed dose of 675 kGy and different dose rates.

Consequently, the whole effect of irradiation on the same polymer and at
the same dose is different because of changing the dose rate.

At high dose rates the oxidative degradation phenomena are essentially
concentrated in the external layers. As already described, the bulk of the mate-
rial undergoes the same reactions occurring during irradiation under vacuum
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or under inert atmosphere and in particular for polyethylene the main effect is
crosslinking.

At low dose rates the degradation phenomena involve larger parts of the
irradiated material.

These considerations are confirmed by the results shown in Fig.8, where
the carbonyl concentration profiles for samples of LLDPE irradiated in air at
the same dose rate and different total doses are reported.
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Fig.8. Carbonyl concentration profiles for samples of LLDPE irradiated in air at the
constant dose rate of 1 kGy/h and different total absorbed doses.

Since the polymer is always irradiated at the same dose rate, the thickness
of the oxidized layer is always the same, while the concentration of carbonyl
groups increases with the absorbed dose.

Other examples based on the measurement of other properties can be found
in the literature.

In Ref. [13], the density profiles for a non-irradiated LDPE and for LDPE
irradiated in air at different doses and different dose rates are shown. The in-
crease in density is related to oxidation reactions. It is possible to observe, by
decreasing the irradiation dose rate, a generalized increase of density with re-
spect to the non-irradiated starting material. The density profiles show that this
effect is confined to external surfaces at high dose rates and involves deeper
penetration at low dose rates.

In Ref. [14], the molecular weight of nylon-6 wire jacketing irradiated in
air at different dose rates and to different total doses had been measured. De-
creasing the dose rate, increased the extent of the oxidative degradation and
decreased the average molecular weight of the irradiated polymer.

All these results have very important practical consequences.
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For instance, polymer samples with different thicknesses, irradiated in air with
the same dose and dose rate conditions, present a different ratio between oxida-
tive degradation and crosslinking extent. This effect will affect the properties
of the polymeric material, as it will be discussed in the following sections.

For the polymeric materials used in radiative environments for long periods
of time at very low dose rates, as in nuclear power plants or in space, the influ-
ence of the dose rate in the study of the reliability of a material has to be taken
into account. Careful consideration of the dose rate effects is needed for the
extrapolation to the effective working conditions from laboratory results ob-
tained both in short timeframes and at high dose rates [13].

The molecular modifications induced by the action of ionizing radiation
can also occur after irradiation. This is very significant for semi-crystalline
polymers, such as polyethylene and polypropylene. The macroradicals formed
in the amorphous regions rapidly react with each other or with the oxygen dif-
fused into the polymer, while those formed in the crystalline regions in order
to react, need to diffuse to the surface of the crystallites or to the amorphous
phases. The radical diffusion rate can be very low and the irradiated materials
can undergo chemical modifications for long periods of time after irradiation
(up to several days). In Ref. [14], the post-irradiation oxidation of polypropyl-
ene was studied by IR analysis. The results showed that the carbonyl group
concentration increases during storage in air.

2.3. IONIZING RADIATION EFFECTS ON POLYMER
PROPERTIES

The molecular modifications induced by irradiation modify polymer prop-
erties, such as the thermal behaviour and the mechanical and electrical charac-
teristics.

2.3.1. Thermal behaviour

The most common technique used to study the thermal behaviour of poly-
mers is the differential thermal calorimetry (DSC) which determines the melting
temperature and the melting enthalpy for semi-crystalline polymers, and for all
polymers, the glass and other secondary transitions occurring in the amorphous
phases. Other experimental methods are dynamic mechanical thermal analysis
(DMTA) and dielectric tests, performed at different temperatures and frequencies.

The melting behaviour depends on the crystalline properties of the polymer.
The melting enthalpy indicates the amount of the crystalline phase with respect
to the total mass of the polymer (crystallinity degree), while the melting tem-
perature can be affected by the crystallite regularity.

Since molecular modifications induced by ionizing radiation occur most-
ly in the amorphous regions, at low doses irradiation does not appreciably
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modify the crystallinity of the polymer. A modification can occur at higher ir-
radiation doses with introduction of irregularities in the crystallites due to both
crosslinking and degradation which is enhanced by oxidation. In these cases,
the DSC curves show a decrease of both in the melting temperature and in the
enthalpy with the formation of additional small melting peaks at low tempera-
tures, due to the presence of low molecular weight molecules [15, 16].

The glass transition is related to the free movement of the main chains of
the polymers, while the other secondary transitions are related to similar phe-
nomena involving smaller molecular segments. Chain scission and degradation
favour molecular mobility and a decrease of the temperatures of all the transi-
tions, while an opposite effect is caused by chain branching and crosslinking
[17,18].

2.3.2. Mechanical properties

The mechanical properties of polymers can be studied through different
tests: tensile, compression, flexural, efc. Among all, tensile tests are the most
sensitive to the molecular modifications induced by irradiation. Here tensile
mechanical tests are considered, even if similar consideration can be made on
other experimental techniques.

The most significant tensile parameters are the Young’s elastic modulus, the
elongation at break and the breaking strength.

The mechanical behaviour essentially depends on the molecular weight
and on the degree of crystallinity. The increase of the crystallinity and of the
molecular weight due to crosslinking causes an increase in the mechanical
strength, with an increase of the Young’s elastic modulus. For the elongation
at break, which is related to the ductile or brittle behaviour of the material, two
effects can be observed: an increase in the molecular weight increase and a
reduction, up to the start of brittleness, caused by crosslinking and crystallin-
ity. The chemical bonding of polymer chains, in the case of crosslinking, and
the crystallinity act as links which hinder their free movement. All these prop-
erties affect the breaking or ultimate strength, i.e. the stress corresponding to
the breaking of the polymer chains. High elastic modulus values correspond to
a high stress levels and tend to increase the ultimate strength, which decreases
the elongation at break and starting brittleness.

Ionizing radiation mainly affects the molecular behaviour of polymers and
does not modify appreciably the crystallinity, at least up to the absorption of
moderate doses. The mechanical behaviour of irradiated polymers essentially
depends on the relative extent of chain scission, chain branching and crosslink-
ing [13, 19].

As for degradation or scissioning phenomena, a great interest has been
devoted to the worsening of the mechanical properties, which can become
dramatic in the case of oxidative degradation. Defects induced in the molecu-
lar structure can strongly reduce the elongation at break, changing the poly-
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meric properties from ductile to brittle. This is very important when the mate-
rials are used in the presence of ionizing radiation and good mechanical per-
formance is required.

It has been shown above how the different molecular, morphological and
processing parameters involved in ionizing radiation effect the molecular
structure of the materials. In Ref. [14], the effect of the dose rate on the elastic
modulus of a Viton rubber irradiated in air had been studied. Sheets of the same
thickness were cut, starting from the surface and going toward the bulk, and
the tensile elastic modulus was determined. The non-irradiated sample had a
uniform modulus value for all of the tested sheets. For the irradiated samples
a non-uniform profile was observed. Compared to the non-irradiated material,
modulus decreases in the outside layers, while it increases in the bulk. This is
explained by non-uniform molecular modifications induced by irradiation in
air: oxidative degradation in the external layers and chain branching and
crosslinking in the bulk. Decreasing the dose rate, the modulus profile along
the thickness becomes more uniform, with lower modulus values.

According to what has already observed for the ratio between external
oxidized and internal non-oxidized layers of polymer irradiated in air, the me-
chanical strength also depends on the thickness. Under irradiation, thicker
samples present a higher mechanical strength.

Since the elongation at break is very sensitive to degradation phenomena,
its reduction has been used as a reliable parameter for polymers used in radia-
tion environment. For example, in Ref. [14], data corresponding to the reduc-
tion of 50% of the elongation at break of the non-irradiated material was re-
ported for the most common polymers.

In evaluating the effect of ionizing radiation on the mechanical properties
of polymers, also post-irradiation effects have to be considered, which can
cause further worsening of the properties [14].

The improvement of mechanical properties by irradiation has been impor-
tant in applications of radiation processing of polymers, such as the irradiation
of ultra-high molecular weight polyethylene for medical prosthesis devices.

2.3.3. Electrical properties

The modifications induced by ionizing radiation effect both the conductiv-
ity and the dielectric properties of polymers.

The most common polymers are insulating materials characterized by the
presence of a completely full valence band and of a conductive band separated
by a prohibited energy interval. In general, their conductivity is strongly af-
fected by the presence of impurities which cause the formation of additional
bands, which decrease the insulating properties.

The electrical conductivity is increased by irradiation. This is due to the
formation of mobile charge carriers: electrons, holes, ions, which create ad-
ditional energy intervals [9-20].
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There are two different kinds of irradiation-induced conductivity: pulse
and stationary conductivity.

The pulse conductivity is induced by pulse irradiation and is proportional
to the dose rate. It is subdivided into the instant and the delayed conductivity.

The instant conductivity is characterized by a very short lifetime of about
1019,

The delayed conductivity continues also after irradiation. It relaxes down
to a dark value which, for doses causing significant structural modifications
of a polymer, can be appreciably different from the initial value before irra-
diation.

The stationary conductivity is induced by continuous irradiation and de-
pends on dose rate according to the Eq. (3):

c=kD* 3)
where 0 < o < 1, until a saturation value.

The dielectric properties of polymers can be described by a model based
on a set of capacitors and resistance elements.

If an alternating field is applied, the material is crossed by a current out of
phase, in advance, with respect to the applied voltage, of an angle ¢.

The dielectric behaviour of a polymer is described by two properties: €’
and €”; ¢’ is the permittivity (or dielectric constant) and it is related to the ca-
pacity and to the stored energy, while €” is the loss factor and it is related to
the resistance and to the dissipated energy. The ratio €”’/¢” =tan § is the tangent
of the loss angle, complementary of the phase angle ¢, which is also related to
the dissipative phenomena. All of these properties are essentially due to the
presence and mobility of charges and polar groups in the polymer backbone
and depend on polarization phenomena of different types, occurring in differ-
ent times: 10'% s for electronic polarization, 10 '%-10-1? s for atomic polarization,
from 107'° s to seconds or minutes for dipolar polarization due to the presence
of polar groups, and longer times for interfacial polarization effects.

Irradiation mainly affects the dipolar polarization and the effects can be
both transitory and permanent. The transitory effects derive from the short-lived
irradiation products (trapped electrons, peroxide and hydroperoxide groups
during irradiation in air), while the permanent effects derive from the permanent
induced changes in the molecular structure.

Molecular degradation causes an increase in the molecular mobility and
consequently in the permittivity. This effect is enhanced by oxidative degrada-
tion phenomena, which also causes an increase in the oxidized groups.

An opposite effect is observed in the case of crosslinking which reduces
the molecular mobility.

Tan 6 and € are increased by degradation and decreased by crosslinking.

Related to these phenomena is the dielectric strength, i.e. the maximum
applied electrical field before the occurrence of dielectric breakdown. The di-
electric strength can be dramatically decreased by both localized defects due
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to molecular degradation and localized heating due to the increase of conduc-
tivity and of polarization.

As with the mechanical effects, the knowledge of radiation effects on the
electrical properties of polymers is very important for several applications.

This is the case of polymers used as insulating materials in radiative envi-
ronments, where the preservation of their electrical properties is required.

On the other hand, the positive effect of crosslinking on both the dielectric
properties and dielectric strength values is the basis of the electron beam irra-
diation-induced crosslinking of polymer insulating materials, which is one of
the most successful industrial applications of radiation processing.

3. CONCLUSIONS

This chapter dealt with the modifications induced by ionizing radiation on the
molecular structure and on the properties of polymers.

Under ionizing radiation polymers undergo chain scission, chain branch-
ing and crosslinking reactions and their relative extent depends on the initial
molecular structure and morphology of the polymer and on the irradiation
conditions.

In particular the effect of irradiation in air has been illustrated with par-
ticular emphasis on the conditions which cause more or less uniform distribu-
tion of oxidation effects on irradiated samples.

The molecular modifications effect the polymer properties, such as the
physicochemical, the mechanical and the electrical behaviour.

These results are very important for both the knowledge of the reliability
of polymers used in radiative environments and the improvement of the ap-
plicative properties of polymeric materials by radiation processing.
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1. INTRODUCTION

A polymer is a macromolecule formed by the combination of simple molecules,
monomers, of low molecular weight. A polymer molecule usually has at least
2000 atoms linked by covalent bonds.

In general, polymers can be divided into inorganic and organic, and also into
naturally occurring and synthetically produced. Polymers may contain additives
such as dyes, fillers, antioxidants, flame retardant materials and other compo-
nents needed to carry out their use in many application areas. The properties
of polymers largely depend on both their microstructure and macrostructure.

Ionizing radiation excites active species, like radicals. In the radiation
processing of polymers, usually two kinds of radiation are used: (i) high energy
electrons from accelerators, which give continuous and homogeneous radiation,
but have limited penetration depth, and are a source of high doses of radiation
per unit of time, and (ii) gamma rays from radionuclides of cobalt-60 and
cesium-137, which more deeply penetrate materials and give relatively small
doses of radiation per unit of time.

2. THE INFLUENCE OF IONIZING RADIATION
ON THE MOLEULAR STRUCTURE OF POLYMERS

For macromolecules, degradation indicates changes in physical properties
caused by chemical reactions resulting in the breaking of macromolecular
chains. As a result, polymers have shorter chain molecules and a reduced
molar mass.
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Polymer degradation can be induced by thermal, mechanical, photochemi-

cal, biological, or chemical treatments or by ionizing radiation:

Thermal degradation is caused by exposure to elevated temperatures and
takes place without chemical agents.
Mechanical degradation is caused by the application of external factors, e.g.
external stress on moisture diffusion, oxygen, temperature.
Photochemical degradation is caused upon the absorption of light wherein
triplet oxygen converts to singlet oxygen, a highly reactive form of the gas,
which effects spin-allowed oxidations. In the atmosphere, the organic com-
pounds are degraded by hydroxyl radicals, which are produced from water
and ozone.
Biological degradation is caused by the action of enzymes on polymers.
Microorganisms produce a variety of enzymes capable of reacting with both
natural and synthetic polymers.
Chemical degradation is caused by solvolysis and mainly by hydrolysis to
give lower molecular weight molecules. Hydrolysis takes place in the pres-
ence of water containing an acid or a base. Polymers are susceptible to attack
by atmospheric oxygen, especially at elevated temperatures encountered
during processing.
Ionizing radiation causes some chemical degradation in polymers such as
the breaking of the main chains of the macromolecule, changes in the num-
ber and nature of double bonds, and the emission of low molecular weight
gaseous products, as well as oxidation of the polymer.

The interaction between the incident radiation and the irradiated material

is characterized by linear energy transfer (LET). Electrons or gamma rays have
a relatively small value in contrast to the alpha particles [1]. Ionizing radiation
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malecular structure

pressure of oxygen
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Fig.1. Scheme of the impacts of the main factors leading to polymer degradation.



Chapter 8 185

transfers a large quantity of energy towards the irradiated material. The trans-

fer of the energy is not selective and represents a principal difference with the

photochemical processes. Degradation of polymers is a consequence of radical
processes which are generated in a material upon irradiation. The extent of free
radical degradation increases as the dose increases.

There are strong connections between different types of degradation [2].
Usually there is simultaneous and overlapping of several types of degradation.
A typical example of this is the simultaneous action of light, oxygen and other
atmospheric agents, or the simultaneous influence of heat, mechanical stresses
and oxygen. Figure 1 is a diagram of the impact of the most important factors
leading to polymer degradation.

The molecular modifications induced by ionizing radiation are shown in
Fig.2:

* crosslinking reaction forming new C—C covalent bonds between adjacent
molecular chains, increasing the polymer molecular weight up to the forma-
tion of a three-dimensional network;

+ chain scission of a backbone resulting in a decrease of the molecular weight
of the polymer;

» changes in the nature and number of double bonds;

+ oxidation degradation of the polymer during irradiation in the presence of
oxygen.

Radiation induced effects
on polymeric materials

chain scission / \ crosslinking
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Fig.2. Ionizing radiation-induced crosslinking and chain scissioning of polymeric
materials.

Polymers in which ionizing radiation causes crosslinking often have better
mechanical properties. If chain scissioning dominates, e.g. polypropylene, then
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polyisobutylene polypropylene polyethylene
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Fig.3. The pathway of the influence of ionizing radiation on different chain structure
polymers.

low molecular weight fragments, gas evolution (odor) and unsaturated bonds
(color) may appear.

Free radicals determine the initiating centers for scissioning and/or cross-
linking, hence for the induced modifications within the macromolecular
chain (Fig.3). In polymers containing mainly —{CH,~CH, ] — units, crosslink-
ing predominates; if a polymers has a tetra-substituted carbon, as of the type
—[CH,-CR R,] -, chain scissioning (degradation) predominates [3].

The mechanism occurring during irradiation has three distinct stages: ini-
tiation, propagation and termination. The chemical reactions induced by ion-
izing radiation on polypropylene are as follows:

* Initiation
R-H —> R*+H° (1)
R-H+H' - R*+H, (2)
* Propagation
p-scission
—~CH,~C*(-CH,)-CH,-CH—+(CH,)- S -CH,-C(-CH,)=CH, + H-C*(-CH,) (3)
Addition of free radicals to double bonds
R*+-CH,=CH,- — R-CH -H-C* 4)
* Termination
R*+R*— R-R (5)

3. RADIATION-INDUCED OXIDATION OF POLYMERS

By definition, the term “oxidation” occurs when a polymer molecule reacts
with oxygen via peroxide radicals. The irradiation of polymers in the presence
of oxygen gives different results with respect to irradiation under vacuum. The
presence of oxygen affects the quantitative and qualitative degradation pro-
cesses, and increases the rate of degradation and possibly the crosslinking of
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a polymer. The oxidation of aliphatic and aromatic polymers leads to the emer-
gence of alcohols, ketones, carboxylic acids as stable by-products of radiolysis
[4]. The gamma oxidative degradation of a polymer in air, for example, is
described by the following chain reaction scheme:

* Initiation

RH —- R*+H* (6)
* Propagation
R*+ 0O, — ROO* radical conversion (7)
ROO* + RH — ROOH +R°* (8)
ROOH — RO*+*OH 9)
‘OH+RH — H,O +R* } chain branching (10)
RO*+RH — ROH +R* (11)
RO*® — chain scission reactions (12)
* Termination
ZR* —>R-R crosslinking reactions ~ (13)
ROO* + R — ROOR to non-radical products (14)
ROOH — RO +H,0 (15)

It should be noted that the free radicals R* react with molecular oxygen
and/or hydroperoxides thus initiating new chain reaction.

If two carbon-centered radicals recombine with each other, the polymer
can form a three-dimensional network, crosslinking. Crosslinking is effective
in the amorphous phase of polymers since their chains are highly mobile;
whereas radicals in crystalline regions are localized in the ordered crystalline
lamellae and their transfer is very limited.

During irradiation in the presence of oxygen (reaction (7)), radicals react
with oxygen to form highly active peroxy radicals. The resulting peroxides are
thermally stable. Oxidation initiates chain reactions predominantly in the amor-
phous regions, because oxygen is unable to penetrate into the ordered crystal-
line regions. Therefore, in presence of oxygen, with some polymers, chain
scissioning predominates over crosslinking. The rate at which peroxy radicals
of alkyls are produced is very high. Hydroperoxide is a precursor of many
oxygen containing groups, but is not stable and over time leads to oxidation
degradation products which are mainly ketones, esters, and carboxilic acids.
The formation of oxidation by-products is accompanied by chain scissioning
and a deterioration of mechanical properties. The reactions leading to the for-
mation of stable by-products, such as carboxylic acid groups or carbonyl
structures, are slow.

Sometimes, the effect of oxidation is preferred, and even desirable, as in
the process of grafting polymers through peroxide groups to modify surfaces
and some chemical and physical properties. Active superoxide radicals bind
other functional groups of polymers when used for grafting [5].

The study of the oxidative degradation of polymers is frequently con-
ducted through the use of complementary analytical techniques, such as EPR



188 Applications of ionizing radiation in materials processing

00230
a2 | Trans-vinylene vibrations 965 cm-1

—_— d “-I ] o J‘%I:I m, e

“00l0 | . Te— ;'_ - ]\_G}_ S —
0015 | A e 30 kGy
A
60 KGy_ o
V2
B30
040 | UHMWPE Hifax oryvg-—85 % crystal- witioutirradistion-

10475 140 1030 1020 1010 100 G 450 9% G50 a5 aqi a3 820 a0 Q00 500 880
cm-l

Fig.4. FTIR spectra of UHMWPE irradiated to 0 (—), 30 (——), 60 (—), 90 (—) and
120 (—) kGy.

(electron paramagnetic resonance) and FTIR (Fourier transform infrared)
spectroscopy. EPR spectroscopy explores the radicals produced in polymers
upon irradiation and assesses their decay as a function of time. FTIR spectros-
copy estimates the presence and the amount of double bonds and of oxidation
products in a polymer.

For example, the use of ionizing radiation with ultra-high molecular weight
polyethylene (UHMWPE) shows both the formation of radicals and of stable
products. The primary effect is the random scissioning of C—C and C—H bonds.
The scissioning of a C—H bond gives vinylene double bonds, trans-vinylene
double bonds, H* radicals, and secondary alkyl macroradicals in both the crys-
talline and in the amorphous phase of the polymer.

The trans-vinylene yield can be quantified using infrared spectroscopy by
monitoring the absorbance band at 965 cm™. Figure 4 shows the absorbance
spectra of the trans-vinylene unsaturation bond after the irradiation of
UHMWPE at different doses. The increase of the irradiation dose results in an
increased concentration of trans-vinylene groups, which shows that the radicals
were incorporated into the polymer chain. The increase in trans-vinylene groups
is used as an internal dosimeter for crosslinked UHMWPE, when radiation is
used for improving UHMWPE’s wear resistance or sterilizing medical device
made thereof [6]. The content of carbonyl and carboxyl groups and of unsatu-
rated compounds also increases.

In the presence of oxygen, radicals are oxidized. Such radical processes
compete with crosslinking. Figure 5 shows the mutual quantitative relationship
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Fig.5. FTIR spectra of UHMWPE irradiated to 0 (—), 30 (—), 60 (—), 90 (—) and
120 (—) kGy.

of both types of unsaturated bonds present in UHMWPE after irradiation at
different doses. These are precursors which are attacked by oxygen radicals.

The formation of double bonds in the polymer shown in the FTIR tests is
compatible with EPR results when there are alkyl radicals produced by allyl
radicals resulting converted from alkyl ones [7]. Both of these radicals oxidize
and convert to the radicals as indicated in Fig.6.

The FTIR spectra, reported in Fig.7, contain important information on
the reaction of the peroxyl radical population. One of stable products of this
process are ketons which spectra are detected at 1718 cm™, as shown in Fig.7.
The dominant ketonic species probably result from B-scissioning reaction of
alkoxyl radicals.
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4. POST-IRRADIATION OXIDATION

The effect of radiation on polymers can be seen in two ways. First is the direct
action and the second is a delayed action as in the post-irradiation effects ob-
served during storage. The degradation of polymers due to post-irradiation
effects results from the reactions of residual radicals with oxygen in the air [8].
Free radicals trapped in the crystalline regions move toward the boundary re-
gions and to the amorphous phases where they undergo oxidative degradation
reactions with oxygen dissolved in the polymer. In order to avoid this, free
radicals can be removed by thermal annealing. Oxidation can also be inhibited
by suitable additives which act as radical scavengers.

Removing impurities is also a response to the benefits of the oxidation of
polymers. This method, which has been used in environmental protection,
reduces the molecular weight allowing for biodegradation. Oxygen-biodegra-
dation is a two-step process:

+ oxidized polymers are converted into water wettable fragments,
* bioxidative degradation produces CO,, H,O and biomass.
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5. ANTIOXIDANTS

The post-irradiation oxidation of polymers can also be avoided by using anti-
oxidants, such as hindered-amine light stabilizers (HALS) resins. The elec-
tronic structure of piperidyl type molecules acts as radical traps. The effect of
substituents on the antiradical activity is important and determines their prop-
erties. Differences in radioprotection effects are attributed to a variety of reac-
tivity of nitroxides with radiation-induced secondary free radicals. Amine
stabilizers can efficiently scavenge radicals responsible for the oxidative chain
[9]. This efficiency results from the cyclical regeneration of the scavenging
piperidyl species.
For example, the protection of polymers by HALS is as follows:
* Amines are oxidized by superoxide
>NH + ROO* — >NO* + ROH
* Aminoethers nitroxyl radicals are formed by reaction of alkyl radicals
>NO* + R* — >NOR
* Regeneration of nitroxyl radicals
>NOR + ROO* — >NO* + ROOR

The addition of antioxidant additives not only causes the faster decay of
radicals in the amorphous phase, with inhibition of radiation damage, but also
can increase the apparent viscosity in the molten state by increasing crystal-
lization temperatures due to influence of the stabilizers on nucleation, which
can be followed by degradation and exhaustion of the additives.

Another way to achieve resistance to ionizing radiation in polymers could
be to mix them with elastomers. Some elastomers may be more radiation toler-
ant than polyolefins. Elastomers with phenyl rings can increase the stability to
radiation since the ring structure dissipates the energy. A styrene-butadiene-
-styrene (SBS) triblock copolymer in a blend with polypropylene should have
such an effect. Protective role of the elastomer towards polypropylene needs
insight into radiation chemistry of the materials.

Compounds playing the role antioxidants often occur in nature. The use of
natural antioxidants in polymers is encouraging because of their stabilization
effects as well as their non-toxic character. The bioactive form of vitamin E,
a-tocopherol, is a compound with very low toxicity and extremely effective
antioxidant properties for plastics and rubbers, e.g. as used in the melt process-
ing of polyolefins [10]. The recommended concentration of a-tocopherol in
UHMWPE at 0.3 mass% gives comparable results to the addition of synthetic
antioxidants (as BHT and Irganox 1076) used at higher concentrations [11].
Such small additions of vitamin E are effective to protect polymers from ex-
posure to environmental factors after the irradiation treatment.

The use of antioxidants makes possible the radiation sterilization of poly-
mers.
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RADIATION-INDUCED GRAFTING

Marta Walo
Institute of Nuclear Chemistry and Technology, Dorodna 16, 03-195 Warszawa,
Poland

1. INTRODUCTION

For many decades, radiation-induced grafting has been a way to functionalize
the surfaces of existing polymer forms [1] so that they can be used in a variety
of applications, such as biomedical, environmental and industrial uses [2]. Ra-
diation grafting changes the surface of polymeric materials by chemically bond-
ing polar or non-polar monomers having functional groups, such as -COOH,
—OR,-OH, -NH,, —SO,H, -R and their derivatives, to affect surface properties
without influence on the bulk material.

Ultraviolet radiation (UV), gamma rays and electron beam (EB) radiation
can be used to generate active sites (free radicals) on a polymeric surface which
can then react with vinyl monomers to form a graft copolymer.

A graft copolymer can be defined as branched copolymer composed of a
main chain of a polymer backbone onto which side chain grafts (branches) are
covalently attached. The polymer backbone may be a homopolymer or co-
polymer and differs in chemical structure and composition from the graft
material [3].

A simplified structure of a graft copolymer composed of a backbone and
graft side chains is presented in Fig.1.

backbone chain

graft side chains

Fig.1. Simplified structure of graft copolymer.
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The modification of polymer surfaces can be achieved by conventional
grafting or by reversible addition-fragmentation chain transfer (RAFT)-medi-
ated grafting methods. With conventional grafting methods, the molecular
weight and polydispersity of grafted chains cannot be controlled. As a result
the surface is covered with grafted chains of different lengths, as shown in
Fig.2A. To obtain graft copolymers with predetermined graft molecular weight
and very narrow chain length distribution, a novel method using a controlled
radical polymerization (CRP) of reversible addition-fragmentation chain trans-
fer polymerization grafting has been used [4, 5], as shown in Fig.2B.

(A)

Y, EB
P %e® —

[

radical

(B)

Fig.2. Radiation-induced grafting using (A) conventional and (B) RAFT-mediated
polymerization initiated by ionizing radiation.

Surface modification by the conventional grafting method has several

general advantages such as [6, 7]:

+ Itis a simple, relatively clean and repeatable process.

* Any polymer can be the modified surface which can be in the form of film,
membrane, fiber, fabric, or powder and most free radical polymerizable
monomers such as styrene, methacrylamides, acrylamides, methacrylates,
acrylates, acrylonitrile, vinyl acetates, vinyl chlorides, acrylic acid, N-vinyl-
pyrrolidone, can be grafted.

* The graft copolymer is very pure, with no initiator or related impurities
remaining on the modified surface.

* The degree of grafting may be controlled by changes the reaction conditions
(e.g. monomer concentration, reaction temperature, atmosphere, type of
solvent, addition of suppressor of homopolymerization, addition of acid)
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and the radiation exposure parameters (type of radiation, dose rate, irradiation
time, dose).

* In comparison with chemical methods, radiation-induced grafting does not
require heating of the system to initiate the graft polymerization reaction so
that the polymer structure of the substrate is not changed and temperature
sensitive monomers can be grafted.

Key strengths of RAFT-mediated grafting are [8-10]:

 The ability to control the molecular weight of grafted chains to have a narrow
molecular weight distribution.

* QGrafting can be done with a wide range of functional monomers: methacrylates,
acrylates, acrylamides, acrylonitrile, styrene, dienes and vinyl monomers.

» Well-defined polymers with different topologies and molecular architecture
can be synthesized (e.g. gradient, block, star, comb, or hyperbranched co-
polymers).

* Macromolecule chain extension through the addition of other monomers is
possible which can lead to the formation of block copolymers.

From an application perspective, graft surface modification of polymeric

materials has many uses [2, 11, 12]:

* to improve or reduce polymer hydrophicility and/or hydrophobicity;

+ to modify blood compatability of medical devices;

* to influence cell adhesion and growth on scaffolds used in tissue engineer-
mg;

* to improve the lubricity of implants;

* to facilitate the design of membranes used in batteries, fuel cells, chroma-
tography;

* to prepare metal ion adsorbents.

2. METHODS OF RADIATION-INDUCED GRAFTING

Radiation-induced grafting can be performed by two major methods: a mutual
or simultaneous technique or a pre-irradiation technique [13]. Typically graft-
ing is performed in solution or emulsion where the reaction medium is usually
water with a small amount of surfactant (e.g. Tween 20) [2, 14].

The selection of either method depends on the polymer to be modified, the
reactivity of monomer and the radiation source.

The pre-irradiation technique is particularly useful if access to a gamma
source or an accelerator is limited. A polymer surface may be pre-irradiated (in
air or in vacuum) and then even after some storage time can be used to initiate
the graft polymerization.
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2.1. MUTUAL OR SIMULTANEOUS METHOD

In this method, the polymeric material is immersed in the monomer solu-
tion (or in pure monomer) and exposed to ionizing radiation. Irradiation can
be performed in air or in inert atmosphere (e.g. nitrogen) usually using gamma
sources. This is the simplest and a common method chosen for polymeric ma-
terial surface modification and is suitable for substrates that are sensitive to
radiation.

The mechanism for this process is given in the following sequence of equations:

PH —> P +H" (1)
P'+M — PM" )
PM* +nM — PM_ ° (3)

Ionizing radiation forms in the polymeric substrate active sites, PH (Eq.
(1)). The primary radicals of polymer backbone, P, react with a molecule of
the monomer, M, initiating the graft polymerization (Eq. (2)). After the initia-
tion step, the propagation step takes place and the graft chain grows onto the
polymer backbone and continues to occur after successive joining of the
monomer to the macroradical centers (Eq. (3)).

Since the grafting mixture is exposed to ionizing radiation, active sites can
be formed in polymer backbone, in the monomer and in the solvent. Side reac-
tions can also take place which limit the degree of grafting due to the consump-
tion of monomer by radicals other than in the polymeric backbone. In the mu-
tual method, there is, in parallel with the grafting reaction, homopolymerization
of monomers leading to the formation of a homopolymer (Egs. (4)-(6)) [13].

M —— M 4)
M*'+naM —->M__ ° (5)
Mn+1. T Mm. - Mnﬂnﬂ. (6)

Homopolymerization suppresses the degree of grafting by increasing the
viscosity when the homopolymer formed is soluble in the monomer or solvent
used in grafting. The diffusion of monomer to the reactive sites on the poly-
mer backbone becomes difficult. Moreover, due to the consumption of mono-
mer in homopolymer formation, less monomer is available for the grafting
reaction [15].

To reduce the formation of homopolymer, inorganic salts can be added to
the grafting system when water or other media are the solvents.

2.2. PRE-IRRADIATION METHOD

The pre-irradiation method involves a sequence of the following steps:
* The polymer substrate is irradiated in air or in an inert atmosphere to gener-
ate active radical sites.
* Monomer reaction is initiated with the irradiated polymeric substrate.
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» Heating is applied to support the propagation of the reaction when peroxides
are involved.

PH —> P*+ H* (7)
P*+ 0, — POO" (8)
POO* + PH — POOH + P* )
POOH —2— PO* + *OH (10)
PO* + M — POM® (11)
POM* + nM — POM_ * (12)

With polymeric substrates exposed to ionizing radiation in air, peroxide
radicals are generated due to oxidation of alkyl radicals (Egs. (7)-(8)). These
products when in contact with the polymeric substrate convert into the hydro-
peroxides (Eq. (9)). The hydroperoxides decompose under heating to alkoxy
radicals (Eq. (10)). Radicals obtained this way are capable of initiating the graft
polymerization in the presence of monomers (Egs. (11)-(12)).

In the case of this pre-irradiation method in the presence of oxygen, it is
possible to carry out the graft modification of a substrate for some time after
irradiation, due to the stability of the hydroperoxides, especially when the ir-
radiated substrate is stored at 0°C or lower.

Another variation of the pre-irradiation method is to use non-oxidized
reactive radical species generated by radiation. In this case, in order to obtain
a high concentration of radicals, the polymer should be irradiated at high dose
rates, e.g. by high energy electrons, under an inert atmosphere or in vacuum
and the grafting carried out immediately after the irradiation exposure.

An important advantage of the pre-irradiation method is that less homo-
polymer is formed. However, hydroperoxide species can be formed by thermal
decomposition to produce *OH radicals which can be involved in homopoly-
merization [16].

An important parameter that should be taken into account before planning
a grafting process using the mutual or simultaneous method is to compare the
radiation chemical yield G-value of polymeric substrate and of the monomer.
(The G-value is defined as the number of product molecules formed or initial
molecules changed for every 100 eV of energy absorbed; the SI unit of radiation-
-chemical yield is pumol/J, 1 molecule/100 eV = 1.036 x 10”7 mol/J = 0.1036
pmol/J). The reaction proceeds in the favor of graft polymerization when G(R ")
of the irradiated polymer is much greater than for the monomer. In contrast to
homopolymerization which is prevailed when G(R_°*) of the monomer is
higher than for the polymeric substrate [13]. G-values for various polymers
may be found in the literature [14, 17].

In pre-irradiation technique, monomer is not exposed to radiation. Radicals
are generated only on the polymeric substrate. Therefore, this method is rela-
tively free from homopolymer formation.

The most significant differences between the mutual and the pre-irradiation
methods are summarized in Table 1 [13, 14].
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Table 1. Comparison of mutual and pre-irradiation methods of radiation-induced
grafting [13, 14].

Parameter Mutual method Pre-irradiation method
Type of radiation Gamma, EB EB, gamma
Absorbed dose | Low (10 kGy or less) High (100 kGy and more)
Dose rate Low [kGy/h] High [kGy/s]
Irradiation time Long [h] Short [min] or [s]
Atmosphere Inert gas Air/inert gas/vacuum
honsqi)(;)eo{}e;;::r(i);l;t:ion High Low
Irradiation: ambient/low temperature,
Temperature Ambient graft polymerization: high (peroxide

decomposition)

2.3. RAFT-MEDIATED GRAFTING

Research has been carried out in the field of controlled radical polymeriza-
tion, i.e. atom transfer radical polymerization (ATRP) [18, 19], nitroxide medi-
ated polymerization (NMP) [20, 21] and reversible addition-fragmentation
chain transfer (RAFT) polymerization [22, 23]. Each of these methods enables
the synthesis of well-defined graft copolymers with narrow molecular weight
distribution (polydispersity) of the grafted chains. However, only the RAFT
polymerization process can be initiated by gamma or electron beam radiation.
Radiation generates active sites (free radicals) in polymeric substrate which
can further react with monomers in the presence of a RAFT agent to form
grafted coatings. In other methods, heat or a photoinitiator must be used to
generate a free radical on an initiator and then the active center is transferred
to the monomer/polymer backbone.

RAFT-mediated grafting initiated by ionizing radiation can be performed
by the mutual and the pre-irradiation methods as well. The difference compared
to conventional method of grafting lies in the presence of the RAFT agent in
the grafting system. RAFT agents are commercially available thiocarbonylthio
compounds [ZC(=S)SR] such as dithioesters, dithiocarbamates, trithiocarbon-
ates, xanthates [24]. The general structure of a RAFT agent is presented in Fig.3.

Z group modifies addition and fragmentation rates in polymerization
whereas R group can be detached easily to form R* (must also be able to
reinitiate polymerization) [24]. The success of RAFT-mediated grafting depends
on appropriate selection of RAFT agent for monomer. In literature, data on
diverse RAFT agents working appropriately with various monomers is avail-
able (e.g. [24-27)).
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S
M
R—S 7
Fig.3. The general structure of RAFT agent [24].

The key step in RAFT polymerization is chain equilibrium reaction between
the active radicals and dormant propagating polymer chains (Eq. (13)). A rapid
equilibrium between the active propagating radicals (P * and P_*) and the dor-
mant thiocarbonyl thio-capped chains provides equal probability for all chains
grow and allows the synthesis of low polydispersity polymers [9, 10, 28, 29].

s Reversible PMS Fragmentation P“*-s
e + )k addition chain transfer pr
P )\ P A +
n Z S/ m Z S/ m Z S L (13)
active dormant intermediate dormant active
chain chain radical chain chain

To obtain graft copolymer with predetermined molecular weight, M ,
preparation of a solution with appropriate RAFT agent and monomer concen-
tration is necessary.

The theoretical number average molecular weight, M , of grafted polymer
chains can be calculated according to the Eq. (14)[30]:

M
M =M, +———k (14)

IlRAFT
where: M, , .. — molecular weight of the RAFT agent, n — number of moles of
the monomer initially present in the system, n,, .. —number of moles of RAFT

agent, M — molecular weight of monomer, k — conversion.

In RAFT-mediated grafting, the determination of the molecular weight of
grafted chains onto a polymer surface is done by size exclusion chromatography
(SEC). The assumption is made that in the RAFT polymerization process, the
graft chain growth is in a dynamic equilibrium with the free polymer chains in
solution. Therefore, analysis of the free polymer precipitated from the solution
provides information on the molecular weight and polydispersity of grafted
polymer [31].

3. PARAMETERS AFFECTING
THE RADIATION-INDUCED GRAFTING

The degree of grafting depends on many factors, such as the type of polymer
and monomer, monomer concentration, type of radiation, temperature, reaction
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atmosphere, concentration of homopolymerization suppressor and type of
solvent [13, 32, 33]. Therefore, the efficiency of the process can be controlled
by the selection of these reaction parameters.

The following discusses the factors that control the radiation-induced graft-
ing.

3.1. TYPE OF POLYMER

Radiation-induced grafting can be used for surface modification of all
commercially available synthetic and natural polymers. Materials for grafting
have to meet certain requirements since the chemical structure and morphol-
ogy significantly affect the degree of grafting and the final properties of
grafted materials. For radiation degradable polymers, high irradiation dose used
usually in the pre-irradiation method is not recommended. In contrast, radiation
resistant materials may be modified by both grafting methods.

The degree of grafting strongly depends on the amount of radicals in the
irradiated polymeric substrate. Electron paramagnetic resonance (EPR) spec-
troscopy can be used to monitor the radicals in the sample and to identify and
track the conversion of radiation generated paramagnetic species to their sub-
sequent products. This method allows for the comparison of radical amounts
in polymers and is helpful in predicting their behavior in radiation-induced
grafting. For example, for polystyrene (PS), polypropylene (PP) and polyethyl-
ene (PE) irradiated at the same dose by ionizing radiation, the concentration of
radicals stable at room temperature and the radiation yields of radicals (G(R,"))
is in following order: PS < PP < PE. Under comparable conditions, the same
relationship was found for the degree of radiation-induced grafting of acrylic
acid on these polymers using the mutual method [34].

Among many polymers, whose surfaces were modified by radiation graft-
ing, the largest group are polyolefins: polyethylene and polypropylene, often
in the form of filters, films, brushes or powders (e.g. [35-40]). However, there
are many examples of surface modification which were successfully carried
out onto polyamide (PA) (e.g. [41, 42]), poly(ethylene terephthalate) (PET)
(e.g. [43, 44]), polyurethane (PUR) (e.g. [45, 46]), silicon (e.g. [47, 48]), cel-
lulose (e.g. [49, 50]), poly(tertafluoroethylene) (PTFE) (e.g. [51, 52]) or
poly(vinylidene fluoride) (PVDF) (e.g. [53, 54]).

3.2. TYPE OF MONOMER

The degree of radiation grafting (gravimetrically determined by the per-
centage of mass increase) is a function of the reactivity of the consumed
monomer. Monomer reactivity depends on the polarity, the energy of bonds,
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and the chemical structure, etc. The degree of grafting is also influenced by the
monomer concentration and the type of solvent used for grafting. The reactiv-
ity of a monomer depends not only on the kinetics of the process but also on
the diffusion of the reactant to the polymer surface, which affects the rate and
efficiency of grafting [13]. Generally, with increasing monomer concentration,
the degree of grafting increases. However, using too high concentration of
monomer may enhance homopolymerization and decrease the degree of graft-
ing [55]. For every grafting system, the monomer concentration should be
adjusted to avoid this undesired homopolymerization of the monomer.
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Fig.4. Chemical structure of the most frequently used monomers in radiation-induced
grafting.

The most frequently used monomers in graft polymerization are vinyl
monomers such as: methyl methacrylate (MMA), glycidyl methacrylate (GMA),
acrylamide (AAm), acrylic acid (AAc), N-vinylpyrrolidone (NVP), N-isopro-
pylacrylamide (NIPAAm).

The chemical structure of some of the monomers used in radiation-induced
grafting is presented in Fig.4.
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3.3. TYPE OF SOLVENT

Depending on the solvent, its properties and behavior during the grafting
process, the degree of grafting for the same monomer, dose, atmosphere reac-
tion, temperature, etc. can differ significantly. The type of solvent affects not
only the grafting efficiency but also the homogeneity of the grafted chains,
which can be obtained using good swelling solvents [13]. Water and alcohols
are widely used for grafting of hydrophilic monomers. However for every
grafting system, the solvent should be selected experimentally, especially for
the RAFT-mediated grafting processes.

3.4. TYPE OF RADIATION (DOSE, DOSE RATE)

Radiation-induced grafting may be carried out using gamma radiation
(°°Co, *’Cs) and EB radiation as well. Grafting by the mutual method is usu-
ally performed using a gamma source, as compared to the pre-irradiation
method, where the preferred radiation is an electron beam [13, 56]. The main
difference in these two types of radiation is the dose rate defined as dose de-
livered in a specific unit of time. In the case of isotope sources, the dose rate
is relatively low (kGy/h), while for electron beams it is high (kGy/s). Conse-
quently, the irradiation time in a gamma source is much longer (h) than when
using a high energy electron beam (min or s). This factor significantly affects
the degree of grafting. The higher the dose, the greater the amount of radicals
are generated in the polymeric material, which has a direct impact on the
degree of grafting. The dose rate effects the concentration and lifetime of
radicals, the oxidation and time after that the termination of the growth graft
chains occurs. In mutual or simultaneous grafting, for the same dose, increase
in the dose rate results in lower efficiency of grafting, because the high con-
centration of radicals increases their recombination leading to a rapid termina-
tion process and to more homopolymerization.

3.5. TEMPERATURE

Irradiation temperature and grafting temperature are important parameters
influencing the process of radiation-induced grafting.

3.5.1. Irradiation temperature

In the pre-irradiation method, the polymeric substrate might be irradiated
at sub-ambient temperatures (0°C and lower) in order to restrain the combina-
tion of radicals generated during irradiation. Then, even after storage, the trapped
radicals may be used to initiate graft polymerization.
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During mutual grafting, irradiation temperature also affects the degree of
grafting. If irradiation is performed above the glass transition temperature of
polymer, T , due to enhanced mobility of chain segments, the active sites can
migrate to the surface increasing population of the radicals involved in grafting.
On the other hand, below the T irradiated polymers are rigid and thus mono-
mers have access to the active centers produced via irradiation on the external
layer of material. Thus, selection of irradiation temperature determines the final
effect of the grafting process. Thermal conditions influence also diffusion of
monomers in solution.

3.5.2. Grafting temperature

In general, the rate of grafting increases with the increase of the reaction
temperature. The grafting process is also controlled by diffusion, so this effect
could be significant. In the solution there are many competing reactions which
reduce the concentration of radicals and accelerate their termination. Typi-
cally, increasing the temperature is to (i) enhance the process of grafting by
changing the kinetics of the reaction or (ii) decompose peroxides leading to the
formation of active centers that initiate monomers and chain propagation poly-
merization in the process.

3.6. ATMOSPHERE OF RADIATION GRAFTING

Radiation-induced grafting may be carried out under an inert atmosphere
(e.g. nitrogen), in vacuum or in the presence of air. The use of an anaerobic
atmosphere prevents reactions of alkyl radicals with oxygen and the formation
of peroxide radicals, which in consecutive reactions convert to the stable oxida-
tion products. The absence of oxygen reduces the radicals involved in the
grafting process. The presence of oxygen can lead to oxidative degradation of
the irradiated polymeric material, which impairs its physicochemical properties.
Moreover, oxygenated degradation products can be toxic and can affect the
biological tolerance, which is particularly undesirable in materials to be used
in biomedical applications [57]. In pre-irradiation method, the irradiation can
be carried out in the presence of oxygen, to form peroxides and hydroperoxides
which, after thermal decomposition, initiate graft polymerization.

3.7. SUPRESSION OF HOMOPOLYMER FORMATION

The use of homopolymerization suppressors is an important element in the
process of radiation grafting in aqueous systems. During exposure to ionizing
radiation, active centers can be formed in polymeric materials and in the mono-
mer. If the monomer concentration is high and the reactivity of the radicals is
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high as well, the dominant reaction is homopolymer formation. This is undesir-
able since surface modification will not be achieved. Research in this field has
showed reduction and, in some cases, elimination of the homopolymerization
process by adding to the irradiation system a small amount of a suppressor
(usually of a few millimoles). For this purpose, inorganic metal salts are used,
e.g. iron (II) chloride (FeCl,), copper (II) chloride (CuCl,), copper (II) sulfate
(CuSO,), ammonium iron (II) sulfate (Fe(NH,),(SO,),(6H,0)) (Mohr’s salt)
[13, 14]. These additives are used in aqueous solutions of monomers and after
dissolving they become hydroxyl radical scavengers, reducing homopolymeri-
zation. There is a threshold concentration of these salts to prevent homopoly-
merization, above which there is no formation of a homopolymer. Further in-
creasing the concentration of such an inhibitor affects very little of the degree
of grafting. There are a few studies which confirm that the copper and iron salts
not only inhibit the homopolymerization process, but also help to increase the
efficiency of grafting. Such an effect was observed by Dworjanyn et al. [58]
when grafting styrene onto cellulose or polyolefin substrates.

To understand the mechanism of the action of metal ions in aqueous sys-
tems, water radiolysis products are formed during irradiation (Eq. (15)). In
the mutual or simultaneous grafting method, among radical products of water
radiolysis there are some uncontrolled effects resulting from hydroxyl radicals
that are capable of initiating homopolymer chain growth. Also, in the case of
the mutual method in the presence of oxygen, hydroperoxides are formed in
the polymeric substrate, and their degradation at elevated temperatures leads
to the formation of active radicals *OH (Eq. (16)). Therefore, the metal ions
are added to the system to deactivate hydroxyl radicals to inactive OH™ anions
(Eq. (17)) [59, 60]. Metal ions play a role as hydroxyl radical scavengers.

H,0 —*— *OH, H", ¢, 0,, H,0, (15)
POOH — PO* + *OH (16)
Fe** + *OH — Fe*" + OH™ (17)

In the literature [61], it was noted that in aqueous systems in which graft-
ing process is carried out by the mutual method in the presence of Cu?* ions,
the mechanism of suppression of the homopolymerization process can be illus-
trated by the following equations:

Cu* +—-CH,~C*H-R — Cu’ + H' + -CH=CH-R (18)
Cu + H" + —CH,~C*H-R — Cu® + -CH,-CH R (19)
Cu® + *OH — Cu*" + OH- (20)

Cu? *ions are involved directly in the deactivation of homopolymer rad-
icals according to (Eq. (18)). Cu" ions in solution are then oxidized to Cu?*
ions and again participate in the process of inhibiting the homopolymer chain
growth (Eq. (19)). Cu" ions can also deactivate *OH radicals as expressed by

(Eq. (20)).
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3.8. ROLE OF ADDITIVES

The addition of mineral acid (e.g. hydrochloric acid, sulfuric acid) to the
aqueoues solution of a monomer enhances the degree of grafting [13, 62].
Under such conditions (low pH), hydrated electrons generated during water
radiolysis are trapped by protons and converted into hydrogen atoms. The abil-
ity of the species to abstract hydrogen from polymeric material is higher than
their pecursors, i.e. electrons. Therefore, the yield of radicals formed in poly-
meric chains incerases, which results in the enhancement of active sites initiat-
ing grafting. Also, the addition of polyfunctional monomers (e.g. divinyl
benzene, multifunctional acrylates in amount of about 1% v/v) can accelerate
the grafting process and such action is recommended when improved properties
of'the finished product is desired, especially in radiation-grafted fuel cell mem-
branes [63].

4. CHARACTERIZATION OF RADIATION-GRAFTED
COPOLYMERS

Upon completion of the graft polymerization process, prior to the characteriza-
tion of grafted substrate, samples should be extracted by suitable solvents in
order to remove unreacted monomers, free polymer, and additives. Then the
product can be dried to a constant weight. The degree of grafting, DG (wt%)
can be determined gravimetrically using the following equation:

DG =(W-W)/W % 100% (21)
where W and W  are the weights of the grafted and non-grafted polymer, re-
spectively.

There are a number of analytical techniques which can be used to provide
information about the polymer surface, ranging from the micron to the nano-
meter scale. A comparative analysis of non-grafted and grafted samples can
confirm the effects of the grafting process by using several methods: attenu-
ated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy, Ra-
man spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), scanning electron microscopy (SEM), contact angle (CA)
measurements.

Monitoring structural and morphological changes induced by radiation
grafting can be performed as well as by: differential scanning calorimetry
(DSC), thermogravimetry (TGA), dynamic mechanical analysis (DMA), X-ray
diffraction (XRD) and others.

In case of RAFT-mediated grafting, size exclusion chromatography (SEC)
is a key method to evaluate the molecular weight of grafted chains.
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1. INTRODUCTION

Irradiation dose and dose rate affect either the surface properties only and/or
the bulk properties of a material as well. Dose and dose rate should be estab-
lished according to the final end use of the material being irradiated. The bulk
and surface properties of polymers differ in terms of the chemical structure,
the morphology and the surface energy because of the oxidation of surfaces
and the orientation of macromolecules in a way that can enhance their interac-
tions [1].

2. METHODOLOGIES FOR THE CHARACTERIZATION
OF SURFACE PROPERTIES

Surface properties play an important role in a number of applications where
polymeric materials are used. A property, such as surface wetting, is important
in printing and in adhesive bonding and in the manufacture of membranes and
biomedical devices [2, 3]. The covalent bonds of polymers and the mobility of
polymeric chains lead to the unique effects on the surface properties of poly-
mers. Surface layers display compositions and properties that are time-depend-
ent and can vary with the conditions to which a polymer is exposed. When a
polymer is in contact with a solid substrate, the polymer molecular mobility
leads to important differences. The number of chemical elements found in
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polymers is quite limited, with C, H, N, O and Si and sometimes F, Cl, Br, and
S, but the way in which these elements can be assembled into polymeric ma-
terials is unlimited.

The important properties of polymer surfaces are: surface composition,
free surface energy, wettability, roughness, zeta potential, polymer surface
dynamics, aging behavior, wetting transition, adhesion, barrier properties, fric-
tion and wear, biocompatibility, bioadhesion, efc. Methods to determine these
properties are listed in Table 1. The properties of polymers depend on the aver-
age molecular weight, crosslinked density and processing conditions.
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Fig.1. Schematic representation of the measurement of forces between particles and
surfaces: (A) adhesion measurements, (B) peeling measurements, (C) direct measure-
ment of a force as a function of surface separation, (D) contact angle measurement,
(E) equilibrium thickness of thin free films (soap films, foams), (F) equilibrium thick-
ness of thin adsorbed film, (G) interparticle spacing in liquids (colloidal suspensions,
paints, pharmaceutical dispersions), (H) sheet-like particle spacing in liquids. (Adapt-
ed from Ref. [5]).
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Indirect methods for surface investigation are the following: contact angle
methods, atomic force microscopy (AFM), differential thermal analysis (DTA),
differential scanning calorimetry (DSC), molecular mass distribution, nanoin-
dentation, efc.

The methods used to determine specific surface properties are:

+ composition: AES/SAM, XPS (X-ray photoelectron spectroscopy), SEM/EDS
(scanning electron microscopy/energy-dispersive), SIMS (secondary ion
mass spectrometry);

* chemistry: XPS, FTIR/Raman, SIMS;

* morphology/topography: SEM, AFM/STM, nanoindentation.

The principles of several types of measurements are schematically repre-

sented in Fig.1.
Particle detachment (Fig.1A) and peeling forces (Fig.1B) provide information
on adhesion forces that are attractive forces when solid surfaces are in contact.
Figure 1B is a peel test, which has practical use when evaluating adhesive
tapes, material fracture and crack propagation. A spring or a balance can be
used to measure the separation force between two macroscopic surfaces as a
function of the separation distance (Fig.1C). Surface tension and contact angle
measurements give information on liquid-liquid or liquid-solid surface contact
(Fig.1D). This is used for testing wettability and the stability of surface films,
and detergency. The thickness of free soap films and liquid films adsorbed on
surfaces (Figs.1E and F) can be measured and this gives information on the
repulsive forces that stabilize wetting films. Optical techniques, as internal
reflection spectroscopy or ellipsometry, are used to measure film thickness of
about 0.1 nm. Dynamic interparticles separation and motions in liquids can be
measured by nuclear magnetic resonance (NMR), light scattering, X-ray scat-
tering and neutron scattering (Fig.1G). Sheet-like (lipid bilayers) or rod-like
particles are examined applying methods, as illustrated in Figs.1G and H. This
last method is useful in studying the microstructure of soaps and of biological
membranes.

Depending on the measurement principle, each method has some limits wherein

it can be used (Table 2).

2.1. DEPTH PROFILING TECHNIQUES

Depth profiling is used to determine the composition of one or more com-
ponents of a film as a function of depth.

Secondary ion mass spectroscopy (SIMS) (Fig.2) operates on the principle
that bombardment of a material with a high energy ion beam (primary ions)
results in the ejection or sputtering of atoms from the material [10, 11]. In SIMS
analyses, material is removed from the sample by sputtering, and is, therefore,
a locally destructive technique.
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In static SIMS, the primary ion fluence must be kept low enough (< 10"
ions-cm™) to prevent a surface area from being hit more than once. For this
reason, this technique is considered as non-destructive.

Dynamic SIMS is widely used to analyze thin films, layer structures and
dopant profiles.

Time of flight-secondary ion mass spectrometry (ToF-SIMS) uses principles
very similar to SIMS, but removes a very small amount of material from the
sample as compared to the relatively large amount removed by SIMS analysis.
ToF-SIMS identifies elements and bonding states of atoms present on the very
surface of a sample, the outer one or two monolayers. It is used for depth pro-
filing of various organic and inorganic films, including polymer films and
multilayer films and film fragments. The emitted ions are related to the chemi-
cal structure of the materials and usually consist of molecular and quasi-mol-
ecular ions that occur from fragmentation, rearrangement, decomposition and
reaction of the constituent molecules of the material.

SIMS is an excellent tool for surface analysis because of its many advan-
tages, such as: (i) the detection of large organic molecules up to several thousands
of mass units, (ii) fast data acquisition with a time of flight (ToF) analyzer; and
(ii1) chemical information on the top few angstroms layers of material is ob-
tained. SIMS imaging is one of the exciting developments in this field.

Monitoring secondary ion emission in relation to sputtering time allows
for depth profiling of the sample composition. Layers of up to 10 000 A thick
can be depth-profiled using SIMS. SIMS can provide an accuracy of about 6%
and a precision of less than 0.5%.

Analytical information obtained using SIMS are the following:

* Mass spectrum — identifies the elemental and ion composition of the upper-
most 10 to 20 A of the analyzed surface.

* Depth profile — under typical static SIMS conditions (2 keV <ion energy <
4 keV), the primary ions penetrate to a depth of ~3 nm below the surface. A
depth resolution of a few angstroms is possible.

» Secondary ion mapping — measures the lateral distribution of elements and
molecules on the surface. Lateral resolution is less than 100 nm for elements
and about 500 nm for large molecules.

Libraries of static SIMS spectra [12] provide a guide for the interpretation
of results. Careful spectral interpretation combined with fragmentation path-
ways (e.g. on pyrolysis/electron impact mass spectrometry) allows different
classes of polymers to be distinguished as well as individual members of one
class to be identified. The complementary combination of XPS and static SIMS
is a powerful tool in the surface analysis of modified polymers [8].

Gamma irradiation of polystyrene (PS) to 150 kGy leads to surface oxida-
tion of the polymer to depths greater than 10 nm as opposed to =3 nm depth
attained by either plasma or corona-discharge treatment. Peaks indicative of
the presence of aliphatic oxygen containing molecular ions were also observed.
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The data suggests that oxidation by corona discharge is restricted to the top
monolayers of the surface within the SIMS sampling depth (~3 nm). With
gamma irradiation, the oxidized layer is considerably deeper into the bulk of
the polymer [9].

ATR-FTIR and Raman spectroscopy non-destructively identify molecular
species through their vibration states, chemical bond information and molecu-
lar orientation. Very little sample preparation is necessary. An attenuated total
reflection (ATR) accessory operates by measuring the changes that occur in a
totally internally reflected infrared beam when the beam comes into contact
with a sample (Fig.3A). ATR-FTIR spectroscopy reflects more than just the
outermost atomic layers, generally from 1000 A up to 1 pm; but generally,
penetration depth ranges from 40 A to 3 um.

For ATR-FTIR to be successful, the following two requirements must be
met: (i) the sample must be in direct contact with the ATR crystal, because the
evanescent wave or bubble only extends beyond the crystal from 0.5 to 5 um;
(i1) the refractive index of the crystal must be significantly greater than that of
the sample, if not, internal reflectance will not occur. The most popular ATR
crystal materials are zinc selenide (ZnSe), germanium and diamond which,
because of its robustness, is often preferred.

Using the ATR-FTIR method, Gupta ef al. had studied the effect of
gamma irradiation on CR-39 polymer (C ,H O.) (which is a nuclear track
detector and is used in optical devices) [14]. Parparita et al. had studied
gamma irradiation induced changes on polypropylene (PP) biocomposites
containing different bio-additives (Fig.3C) [13]. The results of Gupta et al.
[14] study clearly indicated the lowering of the thermal stability of CR-39 as
an effect of gamma irradiation, as shown in Fig.3B.

The gamma irradiation of PP and PP/biomass composites resulted in the
formation of hydroxyl (mainly hydroperoxides and alcohols) (3350 cm™) and
carbonyl groups (mainly ketones, esters and acids) (1740 cm™) which were
detected by infrared spectroscopy [13] in the 3200-3600 and 1900-1500 cm™!
region, respectively. The carbonyl and hydroxyl indices increased with the
absorbed dose (Fig.3C). It was stated that these changes could be related either
to polymer oxidation or to a higher content of biomass found at composite
surfaces after irradiation.

X-ray photoelectron spectroscopy (XPS) is perhaps the most widely used
surface spectroscopy and one of the more popular spectroscopic techniques
available for the surface characterization of polymers [15, 16]. Samples irradi-
ated with X-rays emit photoelectrons which characterize the binding energies
(BE) of the elements in the sample and the chemical bonding of those elements.
The photoemission peaks in the XPS spectra allow identification of all elements
except hydrogen and helium. Monoenergetic soft X-rays (usually AIK_or MgK )
are used to irradiate a sample material in high vacuum (typically < 10~ torr).
The emitted photoelectrons are collected with an electron lens assembly and
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their energy is analyzed and counted. Since the energy levels in materials are
quantified, the resulting energy spectrum consists of discrete peaks associated
to the electronic energy states in the sample. The peaks of a photoelectron
spectrum are grouped in three categories: (1) peaks due to photoemission from
the core levels of the atom, (ii) those due to photoemission from the valence
level and (iii) those due to Auger emission.

Analysis of the core level binding energies (i.e. measurement of chemical
electron shifts) and of core level intensities, use of shake-up satellites, depth
profiles and spatially resolved studies, and finally valence band spectra, are
shown to produce many different but complementary keys to obtain informa-
tion about the atomic, chemical and structural composition of macromolecular
surfaces. The XPS emission process is represented schematically in Fig.4.
Absolute binding energies (BE) of an emitted photoelectron are the energy
difference between (n — 1)-electron final state (E,) and the n-electron initial
state (E,) in the atom:

Photoelectron 1s

Vacuum level =======wsnmncecnnannax I.‘I; ------
Fermi level ---g~-------g---3-=-- ---.- -------------
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Fig.4. XPS photoemission process (A) and characteristic shape of a photoelectron
peak, with contribution from the inelastic scattering background (B).
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BE=E(n—-1)-E(n) (1)

BE can be obtained by measuring the kinetic energy of the photoelectrons. The

identification of the elements present on the surface is done directly by deter-

mining the binding energies of the core photoelectrons.

For energetic (950-1200 eV) electrons, XPS spectrometry (AIK  X-ray
source) provides an evaluation of the Cls, N1s, and Ols levels (most common
core levels encountered in polymers) by varying the take-off measurement
angle from ~10-90°, which corresponds to the analysis in depth from ~1 to
10 nm. The change in binding energy is known as the chemical shift. The
chemical shift is closely related to the electronegativity of the species to which
the atom of interest is bonded, which makes possible the chemical analysis of
a given sample. Chemical shifts can range from a few tenths of an eV up to
~8 eV. The C1s BE increases monotonically with the number of oxygen atoms
bonded to carbon, that is C—C < C-0 < C=0 < O—C=0 < O—-C=0) O-. Con-
sistent with this, the carbon becomes more positive. The reference photo-
emission peak in polymer XPS spectra is the Cls line (285.0 eV) from a hydro-
carbon chain (C-C, C—H). Typical Cls, Ols, efc. binding energies for covalent
bonds are tabulated and provided in Ref. [17].

The XPS intensity (the integrated area under the photoelectron peak) is
proportional to the atom quantity. Therefore quantitative elemental analysis of
the material can be made. In most cases, the deconvolution of complex experi-
mental peaks is necessary. Standard samples are poly(tetrafluorethylene) (C and
F) and polyethylene glycol (C and O).

Core level information are as follows:

» Shake-up peaks (also called loss peaks because intensity is lost from the
primary photoemission peak) are most apparent for systems with aromatic
structures, unsaturated bonds or transition metal ions.

* Surface derivatization technique has been developed, as a complementary
method, to determine the density of specific species on treated surfaces. This
method allows for precise identification of chemical groups, using a chemi-
cal reaction specific to only the functional group of interest. For example,
examining substances containing functional groups like those below:

o)
| | | I

—C—OH —C—0—C —C—0—C—
| | |
Peaks due to these groups in Cls spectra exhibit almost equal binding
energies (about 286.5 eV) and, hence, cannot be separated using mathemati-
cal procedures, making the derivatization technique absolutely necessary.
After treatment of a surface of non-polar polymers such as polyethylene
(PE) and polypropylene by flame or plasma, with the objective to incorpo-
rate oxygen at the surface in order to improve adhesive properties, it is not
possible to discriminate an ether from an epoxide or an alcohol structure,
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carbon (C—C, peak 1), hydroxyl group (OH, peak 2), and the carboxyl group (COOH,
peak 3) were found) [18].
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since all carbons and oxygens present in C—O bonds exhibit very minor
differences in core level BE. To detect a carboxylic group -(COOH), the
reaction under precise conditions with 2,2,2-trifluoroethanol will produce
CO(OCH,CF,) groups on the polymer surface. Thus, the carboxylic function
is directly titrated by recording the XPS F1s peak, with distinctive advan-
tages, due to the three fluorine atoms replacing one carboxylic group, the
F1s cross-section being larger than the Cls one and the peak area of Fls
unambiguously attributed to the specific reaction. The detection limit in this
case is well below 0.2% groups per carbon atom.

* Surface modification of polymers. XPS is conducted without special prepa-
ration of samples, but is carried out in an ultra-high vacuum environment
(107 Torr). Thus, biomaterial samples must be in a dry state. Some instru-
ments using a liquid nitrogen-cooled stage permit the analysis of frozen
hydrated samples. Although X-rays can penetrate materials to depths of 1 um
or more, XPS provides information about the outermost 5-75 A layer, because
photoelectrons originating deeper in the sample lose energy in inelastic col-
lision and/or do not have sufficient energy to be emitted from the sample.
The depth of analysis is typically 3 to 10 nm, with a lateral resolution of
150 pum. This is used in applications which include: liquid/solid interfaces,
impurity segregation, polymer coatings, transfer films, thin film chemistry.
Using the XPS technique, it was observed [ 18] that the composites reinforced
with the gamma-irradiated carbon fibers showed higher interfacial adhesion
and thus better flexural and shear properties than the composites reinforced
with air-treated fibers (Fig.5). It was suggested that the higher content of
carboxyl groups observed on the surface of the gamma-irradiated carbon
fibers was most likely responsible for the stronger fiber-matrix bonding.

* Neutron reflectivity is ideally suited for determining the structure of the
interface between immiscible polymers. It is also used for solving of other
polymer problems, such as: surface separation in polymer blends, polymer
adsorption from solution, the study of grafted polymer layers, and surface-
-driven lamellar ordering in block copolymers [19]. Neutron reflectometry
coupled with ellipsometry shows details of the thin film morphology and
structure at solid/liquid interfaces and is used in the study of biocompatible
thin films.

Optical and scanning force microscopies (SFM) covers atomic force micro-
scopy (AFM), scanning tunneling microscopy (STM) and near-field scanning
optical microscopy (NSOM). Polymer science has benefited from the continu-
ous development of scanning probe microscopy (SPM) techniques, which allow
full characterization of polymer films at the nanoscale: such as film morphol-
ogy, mechanical properties (i.e. stiffness, deformability, adhesion, and friction),
electrical and thermal properties (i.e. glass-transition, melting and crystalliza-
tion temperatures), and so forth. The capability of studying surface reorganiza-
tions in real time through in situ experiments makes SPM a valuable and ver-
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satile tool, able to give insight on the physicochemical properties of polymer
films with unprecedented detail.

Topographical features of polymer surfaces are easily revealed and material
contrasts can be established either by differences in the mechanical properties
of the materials or by selective removal of one of the two phases using a selec-
tive solvent. A comparison of different optical and SPM surface analysis tech-
niques is provided in Figs.6A and B.

One of the most common techniques used for measurement of the surface
morphology and other mechanical properties is atomic force microscopy. Using
this technique, an oscillating small spring-like cantilever with a sharp tip fixed
on its free end examines the sample surface. Tip radius of curvature can be as
small as a size of one atom and ranges up to 1 um. The deflections of the canti-
lever are determined by the detector and the forces between tip and surface are
estimated. These forces can be as small as 10°-107° N.
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Fig.6. (A) Comparison of different SPMs with surface imaging techniques classified
according to measurable size (STM — scanning tunneling microscopy, SPMs — scan-
ning probe microscopies, TEM — transmission electron spectroscopy, SEM — scanning
electron microscopy, and OM — optical microscopy). (B) Surface force techniques
are classified according to the strength of interactions. (C) AFM images of (a) pris-
tine poly(methyl methacrylate) (PMMA), irradiated with fluencies of (b) 4 x 10', (c)
4 x 10%and (d) 1 x 10" e/ecm? [20].
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Changes in surface morphology of pristine PMMA samples after irradiation
are shown in Fig.6C. The tapping mode of the AFM (TM-AFM) showed the
hills of the nano size surrounded by crater type features in all irradiated samples.
It was found that the root-mean-square (RMS) surface roughness of the samples
increased from 2.7 to 5.6 nm when the electron fluency correspondingly in-
creased from 2 x 10 to 1 x 10'%e/cm? [20].

Care must be taken when topographical features are imaged by tapping
mode AFM in that different phases have very different mechanical properties.
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Fig.7. (a) Emissions produced in a performing SEM analysis. (b) SEM images of
MoO, nanostructures: (A-E) deposited in the pin-to-pin electrode configuration, (F-H)
deposited in the pin-to-plate electrode configuration, (I) porous networks of MoO,
deposited in the pin-to-plate configuration [23].
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Differences in tip indentation into the surface may interfere with the real topo-
graphical features and the interpretation of the apparent surface topography
becomes difficult [21].

Biodegradable polycaprolactone (PCL)/poly-l-lactide (PLLA)/coconut
fiber composites were irradiated using an electron beam accelerator to an ab-
sorbed dose of 100 kGy [22]. Regions with different elasticity indicated the
presence of fibers on the surface of the composites. The spherical structure
sizes decreased on the surface of the composites.

The different kinds of signals and images that are produced using a scan-
ning electron microscope are shown in Fig.7 and described in Table 3. For
the successful examination of a specimen by SEM, the sample must be care-
fully prepared. Embedded liquids and gases in the sample must be removed
by appropriate treatment (e.g. storage at elevated temperatures or in vacuum).
Surfaces of non-conductive samples should be sputtered with a thin conductive
layer. For these reasons noble metals like gold, palladium and platinum serve
as the typical coating materials. In the case of X-ray analysis, the sample is
analyzed according to its composition and should not be coated with the
above-mentioned metals but with carbon. Many thin polymer films, though
non-conductive in bulk, can be imaged without coverage by a conducting ma-
terial (metals, carbon, efc.).

Table 3. Emissions related to SEM operation and features to examine/obtained infor-
mation.

Emission/signal Features to examine/obtained information

Topographical observation of surface, potential contrast,

lect . j
Secondary electrons crystalline structure, magnetic contrast

Backscattered electrons | Compositional observation of surface, magnetic contrast

X-ray Element analysis of specimen
Transmitted electrons Internal structure
Cathodoluminescence Internal characteristics

Scanning can also be done in the transmission mode to circumvent prob-
lems associated with transmission electron microscopy (TEM), such as poor
contrast [24]. X-rays produce an energy dispersive X-ray (EDX) spectrum that
can identify the elements in the imaged area. Some SEM capabilities are: large
depth of field, 3 nm resolution (100 000x), digital imaging and archiving, elec-
tron channeling, efc. Spatial resolution of a few nanometers along all three
spatial axes has been demonstrated. Element analysis using the EDX spectrum
and the wavelength dispersive X-ray (WDX) spectrum is mainly applied to
inorganic materials. These methods are only rarely used in the field of polymer
science, but find applications such as the characterization of inorganic-organic
hybrid surfaces.
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Standard SEM is conducted in a high vacuum environment, which prevents
biological samples from being investigated in their native state. Newer instru-
ments, called environmental scanning electron microscopes (ESEM), allow
visualization of at least partially hydrated samples.

Contact angle measurement is the most common method for determining
the free surface energy of solid surfaces. This provides data on surface ener-
getics, roughness, heterogeneity, as well as on surface dynamics, allowing one
to monitor the behavior at solid-liquid interfaces. There are two main methods
of solid surface tension measurements: (i) the contact angle (the most frequent-
ly used and most accessible technique) and (ii) the inverse gas chromatography
method.

The contact angle method is sensitive to the topmost few angstroms, due
to the forces involved in the wetting process. A liquid drop deposed on a solid
surface will modify its shape under the pressure of different surface/interfacial
tensions until equilibrium is reached. In the thermodynamics of wetting, the
minimization of the free energy of the system imposes one and only one value
for the contact angle. A liquid drop on a solid surface can have many different
stable angles, continuously varying between two relatively well reproducible
values, the maximum being usually called the advancing angle and the mini-
mum — the receding angle. The difference between these two values is known
as the contact angle hysteresis. From the contact angle hysteresis, the fraction
of polar and non-polar surface segments can be estimated. One of the main
disadvantages of the contact angle method is that only ideal surfaces (rigid,
homogeneous, and smooth) can be used to measure the true equilibrium con-
tact angle for a liquid-solid interface.

Young’s equation describes a state of stable equilibrium, being valuable
for an ideal surface:

Y, — Yy =7, cos 0 (2)
where: y_ — the surface tension of the solid (s) in equilibrium with the satu-
rated vapor (v) of the liquid (1), v, — the interfacial tension between the solid
and the liquid, and y, — the surface tension of the liquid in equilibrium with its
saturated vapor, 6 — the equilibrium contact angle between a drop of liquid
deposited on a solid and the respective surface, as shown in Fig.8.

Surface tension has the dimension of force per unit length or of energy per
unit area. The two are equivalent, but when referring to energy per unit of area,
it is common to use the term surface energy, which is the more general term in
that it applies also to solids.

The wetting liquid must be a neutral one, so that neither physical nor
chemical interactions with the solid occur.

The surface tension may be considered as a sum of independent terms. The
geometrical mean could describe polar and dispersion interactions, by the fol-
lowing equation:
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Fig.8. (A) Interfacial tensions at the contact between three media and (B) acid-base
component of the free surface energy vs. epoxidized lignin (LER) content for isotactic
polypropylene (IPP)-based composites, exposed to different irradiation sources [25].

1/2
Yo=Y+ =2(viv) T =2(v0vp) 3)
where: y_and vy, — the total surface tension of the solid (s) and of liquid (1), re-
spectlvely, ¢ (or y*V) and y¢ (or y}V) — dispersive components of surface tension
of'solid and 11qu1d respectively; y? and yP — polar components of surface tension
of solid and liquid, respectively.

Also the harmonic mean method [26] may be used where the dispersion
(I, noted also with y*¥, 1V, respectively — Eq. (5)) and the polar (Ip) terms are
substituted by:

Lo =2(vive )/ (v +v8) and 1 =2(y0y?)/ (v) +77) 4)

In both cases the two components of the free surface energy of solid can
be determined using at least two liquids of having known surface tensions and
of different polarities (generally, water and methylene iodide).

The asymmetric acid-base parts of a bipolar system can be split into separate
surface energy components: the acid (y") and the basic (y) components of the
surface energy. y* is the contribution of the proton donor (electron acceptor),
while y~ that of the proton acceptor (electron donor).

172
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With these considerations, the Young-Good-Girifalco-Fowkes equation
becomes:

" (1 -+ cos 9) _ 2[(YSLWYILW )1/2 N (Y:Yf )1/2 . (Y;Yr )1/2} (5)

The interfacial tension ygb between the 1 and j phases can be expressed as:

1/2 1/2 1/2 1/2
v =2 (v )+ () = () = (i)
or b \12 \12 \l2 \l/2 ©)
¥ :2[(71 ) - () }[(Vi ) -(v) }
where v, . and v; . are the contributions of the proton acceptor (electron
donor) and proton donor (electron acceptor) to the polar component of the free
surface energy, respectively.

Two methods may be applied for evaluation of the different components
of the free surface energy of a system using Eq. (5). The first one requires three
polar liquids having known surface tension components to be deposited on the
respective surface in order to obtain the corresponding contact angles. The
second method requires one non-polar liquid for finding y*V and two other
polar liquids. The acid-base component of free surface energy increased due
to any treatment of IPP/LER blends whether by ultraviolet (UV) irradiation,
plasma exposure or electron beam bombardment (Fig.8B). This acid-base
component increases regardless of the treatment applied [25].

Four commonly used methods for contact angle (surface tension) measure-
ment are: (1) the sessile drop, (ii) the tilting plate, (iii) the captive bubble, and
(iv) the Wilhelmy plate technique.

Work of adhesion (W) is defined as the work required when separating
liquid and solid phases, or the negative free energy associated with the adhesion
of the solid and liquid phases. It is used to express the strength of the interac-
tion between the two phases and it is given by the Young-Dupré equation as:

W =y (1 +cos 0) (7)

Wetting tension, (t) a measure of the force/length or strength of the wetting
interaction, is defined as:

T=7, cos 0 (8)
It is also referred to as adhesion tension or work of wetting.

Chemiluminescence (CL) is the emission of light (luminescence) as the
result of a chemical reaction. Such chemical reactions produce energy in suf-
ficient amount to induce the transition of an electron from its ground state to
an excited electronic state. This electronic transition is often accompanied by
vibrational and rotational changes in the molecule. Given reactants A and B,
with an excited intermediate, the following describes such reactions:

[A] + [B] — [0] — [Products] + light 9)

Chemiluminescence is defined as the emission of ultraviolet, visible or
infrared radiation from a molecule or atom as the result of the transition of an
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electronically excited state. When the reaction occurs in a living system or it
is derived from one, the process is called bioluminescence (BL).

Sometimes, the excited product [0] is an ineffective emitter, but it can
transfer the excitation energy to an efficient fluorophore (F) added to the system:
[0]+F — C + F*

!

F + Light
The emission is then identical with the fluorescence of the fluorophore F. Ana-
lytically, the CL reactions are attractive since they: (i) have excellent sensibil-
ity and wide detection limits due to the absence of source noise and scatter; (ii)
are sometimes highly selective due to the limited number of available reactions;
(ii1) are simple, robust and rely on inexpensive instrumentation suitable to both
batch or flow analytical techniques. CL methods have been used in drug
analysis, in sea water analysis or in determining antioxidant activity in natural
and synthetic products [27]. They have been widely used for sensitive detection
and measurement of reactive oxygen species involved in the oxidative pro-
cesses. Oxidative changes in food are important in terms of nutritional quality,
flavor, odor, spoilage, and potential toxicity resulting from ingestion of oxida-
tion reaction products. Oxidative stress is an important hypothesis in explain-
ing the genesis of several pathologies, including cancer, atherosclerosis, aging
or Alzheimer’s disease. Several components of food and natural products
(phenolic compounds, vitamins, efc.) have protective functions in the afore-
mentioned pathologies. This seems to be due to their ability to scavenge reac-
tive oxygen.

The radiation degradation of polypropylene was studied by measuring the
chemiluminescence from gamma-irradiated samples. The chemiluminescence
emitted by recombination of peroxy radicals was found to increase with the
increasing dose, thus reflecting the degree of oxidation of the polymer. The
degradation of PP is attributed mainly to oxidation, since the degradation of
PP irradiated in air was markedly greater than that in vacuum. The degree of
oxidation was found to be very high at the surface of the films where oxygen
can diffuse during irradiation and was decreased sharply with increasing depth
from the surface. The degradation during PP storage after irradiation was esti-
mated by the decay curves of the chemiluminescence [28].

Chemiluminescence analysis was used to determine the oxidation layer
formed by electron beam irradiation of polypropylene for medical devices.
Oxidation was found to occur near the surface of the film where the diffusion
of oxygen was greater [29].

Ethylene-vinyl acetate (EVA) copolymers undergo thermal degradation
by the macromolecular breakdown after irradiation to a dose of 12 kGy, as
shown in Fig.9 [30]. The oxidation induction period, i.e. time until the CL in-
tensity reached its maximum value, decreased with increasing treatment tem-
perature.
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Fig.9. The time dependence of CL intensity with the treatment temperature for irradi-
ated EVA copolymer at 12 kGy. Measurement temperatures: (8) 200°C, (o) 210°C,
(A) 220°C [30].

Combining several of the surface property methods is recommended in
order to achieve reliable results.

3. METHODOLOGIES FOR THE CHARACTERIZATION
OF SOME BULK PROPERTIES

Industry uses ionizing radiation to modify the properties of polymers for use
in many areas. The irradiation of polymers can lead to crosslinking and/or chain
scissioning reactions, depending on the chemical structure of the polymer and
the irradiation conditions. Generally, crosslinking results in an increase in
tensile strength, hardness, softening temperature, solvent resistance, abrasion
resistance, dimensional stability, and a decrease in elongation at break [31, 32].

Chain scissioning most often leads to reduced tensile strength, hardness
and softening temperature, and increased solubility and elongation. Crosslink-
ing and scissioning occur simultaneously in a polymer during irradiation and
the overall change in properties depends on which process predominates.

For a given polymer, the irradiation conditions that most affect the relative
amounts of crosslinking and chain scissioning are the dose rate, and the pres-
ence of oxygen, additives and solvents and the irradiation temperature.

Several important bulk properties of polymers are affected by irradiation:
chemical composition and structure, average molecular weight, solubility,
mechanical properties (Young’s modulus, tensile, impact, hardness, fatigue,
flexural modulus, etc.), electric and optical properties, crystallinity, transition
temperatures (mainly glass transition related to Vicat softening point and
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brittleness temperature), gas permeability across a polymer film or a membrane,
water absorption, melt viscosity and rheological properties, polymer stability
under aging, biological factors, temperature and UV resistance, weathering
(environmental stress), efc. Descriptions of many methods used to determine
the bulk properties of irradiated materials can be found in Refs. [33, 34].

Several important properties of polymers are related to their bulk morphol-
ogy. Methods used to evaluate surface morphology have been discussed above.
In food packaging, the crystallinity, the glass transition temperature and barrier
properties are of interest including migration phenomena from packaging ma-
terials to food, as possible with the use of nanoparticles. Methods to character-
ize these properties are described below.

3.1. GLASS TRANSITION TEMPERATURE

The glass transition temperature (Tg) is the temperature at which several
physical characteristics of polymers change, such as: specific heat capacity (c ),
coefficient of thermal expansion, mechanical modulus, dielectric constant.

The glass-liquid transition or glass transition is the reversible transition in
amorphous materials (or in amorphous regions within semicrystalline materials)
from a hard and relatively brittle “glassy” state into a molten or rubber-like
state, as the temperature is increased. The reverse transition, achieved by cool-
ing a liquid into the glass state, is called vitrification. The temperature at which
the transition in a material changes between a glassy, hard state to a rubbery or
liquid state is called the glass transition temperature.

Three techniques are generally used for determining T,
 differential scanning calorimetry (DSC),

» thermomechanical analysis (TMA),

* dynamic mechanical analysis (DMA).

In each of these techniques, a change in a sample is determined as a function
of temperature.

Differential scanning calorimetry is a traditional and widely used technique
with many polymeric materials. Depending on the equipment capability, DSC
can be used for a wide range of thermoplastic and thermoset polymers. The
glass transition, as illustrated in Fig.10, appears as a step in the DSC curve and
shows the change of the specific heat capacity (cp) from the glassy/vitreous to
the rubbery phase.

T, can be calculated by using a half-height technique in the transition
region. This procedure is described in the ISO standard 11357-2:1999 [35].

For a given polymer, the glass transition temperature depends on polymer
morphology that includes molecular weight, branching, crystallinity, the amount
and type of additives and traces of solvents/water. For irradiated polymers, T,
also depends on dose [36, 37].
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Fig.10. Typical DSC curve.

Carswell-Pomerantz et al. [38] evaluated the glass transition of fluoro-
polyimide (FPI) samples at different gamma irradiation doses. Before irradia-
tion, the T, of FPI was 280°C. After irradiation to 600 and 1800 kGy, the T, of
FPI increased to 295 and 310°C, respectively. These temperature changes in
T, were attributed to crosslinking of the FPI, which hinders molecular mobil-
ity. The higher T  also indicates an increase in crosslinked density. Different
properties can be obtained if the polymer is irradiated below or above its glass
transition temperature, as it was reported by Sun and Zhong [39] in their study
of tacticity changes of isotactic poly(methyl methacrylate) (PMMA) and syn-
diotactic PMMA samples.

3.2. DEGREE OF CRYSTALLINITY

The crystallization of polymers is a more complicated process than the
crystallization of low molecular weight materials. This is related to the wide
distribution of chain lengths of macromolecules, the high interfacial free
energy associated with the basal plane of the crystallites and to the difficulty
in extracting ordered sequences of macromolecules of sufficient length from
the disordered melt in a finite or reasonable time. The crystallization of long
chain, higher molecular weight molecules will only occur during long cool
down cycles, which gives rise to a complex arrangement of molecules with a
polycrystalline character and to the coexistence of crystalline and amorphous
components.

The degree of crystallinity of a polymer is the relative amount of crystal-
line and amorphous components and can be expressed on either a volume or
mass basis. The degree of crystallinity depends on the crystallization conditions,
the degree of polymer branching, polymer side chain bulkiness, and the regu-
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larity of molecular configuration. The dependence on irradiation dose should

be taken into account when examining irradiated polymers. In particular, the

degree of crystallinity will increase in following order:

+ slow cooling more than fast cooling (this allows time for diffusion to occur
and for polymer chains or segments to align),

* linear more than branched more than crosslinked polymers,

* isotactic and syndiotactic more than atactic polymers,

+ simple repeat units more than bulky side chains in repeat units.

For polymers that crystallize, the crystallinity influences many properties
of some manufactured products (Table 4). More crystalline polymers tend to
be mechanically stronger and more resistant to chemical attack and to softening
by heat.

Table 4. Effect of increase in crystallinity on different polymer properties [40]. 1 rep-
resents increase and | represents decrease (with increasing crystallinity).

S/N Property Effect of crystallinity
1 Density 1
2 Tensile strength 1
3 Clarity l
4 Permeability !
5 Opacity 1
6 Compressive strength 1
7 Impact strength !
8 Tear resistance l
9 Toughness !
10 Ductility l
11 Ultimate elongation !

The degree of crystallinity can be determined using several methodologies
based on density measurement, X-ray diffraction, and the determination of
melting enthalpy. All these methodologies are based on a two-phase model,
having crystalline and amorphous phases.

Using volume (x ) and mass (x ), the degree of crystallinity can be determined
from density measurements using the following equations:
x,=[(p—p)(p.—p,)] * 100 (10a)
X, =[p.p—p)p(p,—p,] > 100 (10b)
where p, p_and p_are the densities of the sample, of the same material in amor-
phous phase and in the crystalline phase, respectively.

A typical wide-angle X-ray diffraction (WAXD) curve for a semicrystal-

line polymer has sharp diffraction peaks resulting from the crystalline phase
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of'a sample material and a broad diffuse halo corresponding to the amorphous
phase of that material. The areas under the “amorphous” halo and the “crystal-
line” peaks are used to determine degree of crystallinity:

Area under crystalline peaks

% Crystallinity = x100% (11)

Total area under all peaks

The degree of crystallinity can also be obtained measuring the melting
enthalpy of the sample and comparing its value with the melting enthalpy of
the polymer having nearly 100% crystallinity. The usual procedure in deter-
mining the degree of crystallinity by DSC involves drawing an arbitrary linear
baseline from the onset of melting to the last trace of crystallinity and deter-
mining the enthalpy of fusion from the area under this endotherm, as illus-
trated in Fig.11. The degree of crystallinity is then defined as:

% Crystallinity = [AH/AH?] x 100 (12)
where AH, is the enthalpy of fusion measured at the melting point (T ), and
AH? is the enthalpy of fusion of the 100% crystalline polymer measured at the
equilibrium melting point (T).
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Fig.11. Melting endotherm for a polyethylene sample after heating.

The relative degree of crosslinking and scissioning in polymers when ir-
radiated are effected by the degree of crystallinity of the polymer. Since cross-
linking usually takes place in the amorphous phase, increased crystallinity in
a polymer reduces its ability to crosslink [41]. At the same time, irradiation
may alter the crystallinity in polymers. Increased crosslinking reduces the abil-
ity of a polymer to recrystallize because the three-dimensional polymer network
produced by crosslinking inhibits crystallite formation. Under certain irradia-
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tion conditions some crystalline polymers can undergo radiation-induced chain
scissioning followed by recrystallization which stops the degradation process
and generates a sample with increased crystallinity.

Table 5. Crystallinity by X-ray diffraction in PLA nanocomposites containing clay
(Dellite D67G) nanoparticles before and after irradiation to 1 and 10 kGy [41].

Sample Xc [%]
PLA/D67G 1% -
PLA/D67G 1% _1 kGy
PLA/D67G 1% _10 kGy
PLA/D67G 3%
PLA/D67G 3% 1 kGy
PLA/D67G 3% _10 kGy
PLA/D67G 5%
PLA/D67G 5% 1 kGy
PLA/D67G 5% 10 kGy

N | O[NP |WIN

The admixture of clay nanoparticles and the influence of irradiation on the
crystallinity of poly(lactic acid) (PLA)-based nanocomposites was investigated
using WAXD [42, 43]. Unmodified PLA remains amorphous after irradiation
to the doses of 1 and 10 kGy [41, 42]. For the nanocomposites containing clay
nanoparticles, however, the X-ray diffraction patterns showed the formation of
a crystalline phase. Some crystals of the a-form were observed in PLA nano-
composite containing 1 wt% of clay (Dellite D67G) and the crystallinity in-
creased for nanocomposites containing 3 and 5 wt% of Dellite D67G. The
values of crystallinity are reported in Table 5.

3.3. BARRIER PROPERTIES

Barrier properties are of importance in food packaging because they control
the ability of a package to preserve its contents from the deleterious effects of
gases, aromas, humidity, efc. UNI (UNI 10534 12/94) defines the limits of
permeability associated with low and high barrier properties (Table 6).

Permeability (P) is defined as the quantity of gas passing through a unit
surface area, of given thickness, under a partial and unitary difference of pres-
sure in the unit of time. The permeability of plastic films is a function of sev-
eral polymer characteristics (chemical type, morphology, and crystallinity), of
environmental factors (temperature, relative humidity, difference of pressure),
of thickness and geometry of the packaging, and the kind and size of permeant
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Table 6. Barrier properties range.

Barrier Permeability [cm?/(m?-24 h)]-(cm/bar)
Very high <0.5
High 0.5-3.0
Medium 3.1-30
Low 31-150
Very low > 150

gas molecules or particles. Permeability is also influenced by the amount, dis-
tribution, and size of such particles because the presence of these particles
affects the path of gas molecules.

Barrier properties are linked to the diffusion parameters. Fick’s laws are
used to study the diffusion parameters of polymers. Fick’s first law is an em-
pirical expression. It states that the flux (mass per unit time per unit area)
traveling through a material is equal to —D (the diffusion coefficient or dif-
fusivity) times the concentration gradient (dc/dx) with respect to the distance
traveled (x) [44]:

j=-D (dc/dx) (13)
Fick’s first law applies strictly to neutral, non-interacting particles only. For
other situations, the coefficient D is not a constant.
Fick’s law in terms of permeability (P) and the pressure gradient (dp/dx) can
be written as:
j=-D (dc/dx) = —P (dp/dx) (14)
Converting dp/dx gradient into actual values, the following equation can be
obtained for the permeability:
P=Qxx/Ax(p,-p,) (15)
where: Q — the fluid flow rate defined as the quantity of fluid or gas (O,, N,
CO,, water vapor) passing through a unit area in the unit of time with the
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Fig.12. Operating principle of a gas permeability tester.
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difference of pressure (p, — p,), A — the sample surface, and x — the sample
thickness. This equation can be used to calculate P from the measurements
performed using a permeability testing apparatus, as shown in Fig.12. The
permeability testing apparatus consists of a double diffusion chamber with the
test film inserted between the two chambers. For the evaluation of oxygen
permeability, oxygen enters into the upper chamber, while anhydrous nitrogen
enters the bottom one as a carrier gas. The chambers are conditioned at 23°C.
As the oxygen gas permeates through the specimen (polymer film) into the
carrier gas, it is transported to the coulometric detector where it creates an
electric current which is proportional to the number of oxygen atoms flowing
into the detector.

This test is performed in accordance with ASTM D3985 which determines the
amount of oxygen that passes through the surface (50 cm?) of the film of a
given thickness, in a certain time (24 h), with precise relative humidity condi-
tions (0%) and temperature (23°C).

3.4. PARTICLES MIGRATION

Packaging protects foodstuff from spoilage. However, the transfer of
chemicals from packaging to food may have a negative impact on the quality
and safety of the food since no food contact material is completely inert and
there is a need to ensure the safety of such materials. The main consumer de-
mand is that the packaging should not be a source of contamination in the food.

Any mass transfer from an external source into food by particle migration
1s important when developing a new packaging material for the market. Such
migration may impact on food in two ways: (i) causes safety problems related
to the migration of harmful substances and (ii) causes quality problems related
to the migration of substances which impart taint or odor. To overcome some
of these problems, polymer-based food packaging is irradiated. When a polymer
packaging materials is subjected to irradiation not only the migration of the
typical additives must be taken into consideration but also the radiolytic prod-
ucts (RPs) generated during the irradiation process. The RPs from some com-
monly used polymers consist of low molecular weight aldehydes, acids and
olefins. In the case on packaging based on nanomaterials the migration of the
nanoparticles must be also assessed.

Typical additives for plastics are: stabilizers, UV absorbers, preservatives,
optical brighteners, foaming agents, release agents, antioxidants, plasticizers,
lubricants, emulsifiers, fillers, flame retardants, impact modifiers.

The migration ability of particles increases with temperature and de-
creases with the dimension of the migrating substance.

Migration tests are usually performed by using food simulants that are in-
tended to mimic the migration properties of different categories of foods. This
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methodology was introduced in the early 1980s along with the rules for using
simulants. The basics for migration tests are reported in the following Euro-
pean Community (EC) documents:
« 82/711/EEC — Basic rules for testing migration,
* 93/8/EEC — 1st amendment,
* 97/48/EEC — 2nd amendment,
e 85/572/EEC List of simulants,
* 10/2011/EU List of simulants.
According to the regulations the following steps need to be performed:
* selection of simulant which is based on a food type (Table 7),
» selection of the exposure type,
 selection of the exposure time and temperature.

Table 7. Types of simulants used for food packaging testing.

Simulant Abbreviation Food
Ethanol 10% (v/v) in water Simulant A Aqueous foods
Acetic acid 3% (w/v) in water | Simulant B Acidic foods (< pH 4.5)

Ethanol 20% (v/v) in water Simulant C | Alcoholic foods (< 20% alcohol)

Foods with an alcohol content
Ethanol 50% (v/v) Simulant D1 |of above 20% and for oil in water
emulsions

Foods with an alcohol content
Vegetable oil Simulant D2 |of above 20% and for oil in water
emulsions

Modified poly(phenylene oxide)s,
particle size — 60-80 mesh, Simulant E Dry foods
pore size — 200 nm

The migration models in different food stuffs are set in EC regulations and
are normally quoted from migration tests using the following values: 600 cm?
of print, 1 kg of food, 10 days at 40°C.

Migration tests may be performed in four ways depending on the form and
the dimensions of the material or article to be tested:

* by using a migration test cell,

* Dby preparation of a pouch,

* Dby total immersion,

* Dby article filling.

For most of the samples the total immersion method is used: the sample (1 dm?)
is immersed in the simulant.

For total immersion tests, different procedures have been adopted accord-
ing to the type of the selected food simulant. In the case of aqueous simulants,
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the overall migration is calculated by determining the mass (M) of the residue
after evaporation of the water in the food simulant.

For fatty food the determinations, the overall migration into vegetable oil
is more complicated. The value of the overall migration is measured by de-
termining the weight loss from the sample. Taking into account that the
sample might have absorbed components of the fatty simulant during contact,
the weight loss of the sample must be corrected for the amount of absorbed
fat [45].

The effect of irradiation on the migration behavior of particles from pack-
aging to food is reported in the literature. Zygoura et al. [46] compared the effect
of irradiation type and dose on the specific migration behavior of poly(vinyl
chloride) (PVC) films. The migration levels of a plasticizer (acetyl tributyl
citrate — ATBC) from PVC into the European Union (EU) aqueous food simu-
lants (distilled water, 3% w/v acetic acid and 10% v/v ethanol) after PVC films
were irradiated to 5, 15 and 25 kGy doses using an electron beam or gamma
rays (Co-60 unit) were studied. The electron beam irradiated films had sig-
nificantly higher ATBC migration as compared to gamma treatment, although
for both types of ionizing radiation the values defining ATBC migration into
the aqueous food simulants were far below the EU limits (1 mg-kg' body
weight). Because of these results, it was concluded that irradiated PVC cling
films may be used in contact with aqueous foodstuffs.

Jeon et al. [47] evaluated the effect of gamma irradiation on the migration
levels of two antioxidants, tris-(2,4-di-tert-butylphenyl) phosphite (Irgafos 168)
and octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate (Irganox 1076),
on linear low density polyethylene (LLDPE) films treated at doses ranging from
0 to 200 kGy. The migration of Irgafos 168 from a LLDPE pouch into food
simulants, distilled water, acetic acid (4 ml/100 ml distilled water) or ethanol
(20 ml/100 ml distilled water), was not detected at dose levels up to 200 kGy
while Irganox 1076 was detected in a decreasing mode with increasing doses.

4. CONCLUSIONS AND FUTURE TRENDS

The use of the main methods to study the changes in the surface and bulk
properties of irradiated polymers was presented, emphasizing the advantages
and limitations of each method. As instrumentation and theory continue to
develop, methods will also improve to facilitate the understanding of the effects
of radiation on polymer structure and morphology which subsequently influ-
ence the final properties of products.
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