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Abstract The origin and existence of life on Earth owe to the presence of radia-
tions that triggered photochemical transformations for sustainable life forms. The
classification of radiations into ionizing and non-ionizing radiations, on the basis of
interaction with matter, distinguishes their role in the evolution of the environment
and its components. With advancement in scientific knowledge, there has been vast
development in technological processes that utilize radiations for human benefits.
But sometimes radiations pose to be potential risk for environment especially when
used as weapon for mass destruction and during human negligence leading to
catastrophic disasters.
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INES International Nuclear Event Scale

1 Introduction

Nature operates nano-devices that generate and sustain all possible life on Earth,
using a clean, free, abundant, and readily available power source, i.e., sunlight. The
organisms on Earth have evolved to sense and respond to solar radiation in several
ways extending from photosynthesis to circadian rhythms and vision [1-4]. EM
fields are omnipresent in today’s world since they are interconnected with electronic
surveillance systems, electricity, and numerous wireless communications. The EM
spectrum is composed of an extensive variety of EM fields, including radio waves,
static fields, visible light, UV radiation, and X-rays. The essential characteristics of
EM fields are the wavelength and frequency. The lower part of the EM spectrum
(low-energy region) is generally referred with respect to the frequency, while the
upper end (high-energy portion) is usually represented in the terms of wavelength
(Fig. 1). The energy (E) of radiation is directly proportional to its frequency (v) and
is described by Planck’s law as:
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Fig. 1 Correlation between wavelength, frequency, and their corresponding measure

E = hv (h is Planck's constant with value 6.626176 x 107* Js)

The EM spectrum is broadly classified, on the basis of interaction with matter,
into high-energy ionizing and weak NIR. The ionizing radiations are characterized
by their capability to disrupt chemical bonds into its constituent ions. In contrast,
the radiation is classified to be non-ionizing, when the energy is feeble to break
chemical bonds. The borderline case of ionizing and NIR lies roughly at the higher
end of the UV band, i.e., a region of 100-200 nm [5].

2 Discovery of Radioactivity

The discovery of radioactivity seems to have been initiated with the origin of the
concept of X-rays by Becquerel that emanated from the portion of bright glowing
Crookes tube due to fluorescence or phosphorescence. Marie and Pierre Curie too
investigated this property of certain materials and named this phenomenon as
radioactivity (Fig. 2). Marie Curie performed many researches on the nature of
radioactivity and recognized that the activity of any given material is unaffected by
any physical or chemical process like chemical or heat and that the activity of any
radioactive salt is directly proportional to the quantity of material [6].

We must not forget that when radium was discovered no one knew that it would prove
useful in hospitals. The work was one of pure science. And this is a proof that scientific
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Fig. 2 Marie Curie and Pierre Curie along with Henri Becquerel

work must not be considered from the point of view of the direct usefulness of it. It must be
done for itself, for the beauty of science, and then there is always the chance that a scientific
discovery may become like the radium, a benefit for mankind.

—Marie Curie

3 Types and Sources of Radiation

All life has evolved in an environment filled with radiation. The literal meaning of
radiation is the type of energy given off from the source of its origin. Thus, radiation
can be redefined as the form of energy propagating as particle waves. Some of the
high-frequency radiations are gamma, X, and UV rays; while lower energy spec-
trum includes micro- and radio waves. The high-energy radiations include cosmic,
gamma, and X-rays are imperceptible and invisible to human are classified as
‘ionizing radiations,” while all low-energy radiations consisting of UV, visible, IR,
pw, and radio waves are categorized as ‘NIR’ and are considered as safe by many
scientists at common exposure levels. NIR is further sub-categorized as: (1) ELF
energy waves that are produced and emitted by power stations, power lines, and
some electrical equipment; and (2) radio and pw frequencies given off by wireless
communication technologies, cordless and cellular phones, and some electrical
materials [7]. Radiations exist in forms, i.e., (a) non-ionizing and (b) ionizing
(Fig. 3). This categorization is based on the energy of radiation for the ability to
ionize matter.
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Fig. 3 Distinction between ionizing and non-ionizing radiations on the basis of wavelength

3.1 Non-ionizing Radiations

The sources of origin for NIR can be:

(a) Natural source (from sunlight and lightning discharges).
(b) Man-made source (from wireless communications, medical treatments, indus-
trial applications, and research development).

The band of NIR is essentially further categorized as optical and EM field
radiations (Fig. 4). On the basis of energy, the optical radiations have been further
sub-categorized into UV, visible, and IR regions; EM fields have been collectively
subgrouped into RF region that has pw, very high-frequency and low-frequency
radio waves [8, 9].

On the basis of frequency, NIR part of the EM spectrum can be divided into five
energy regions [1-5]:

1. Static electric and magnetic fields: 0 Hz.
2. ELF fields: 0-300 Hz.
3. RF and pw radiations: 3 x 10°-300 x 10° Hz.

200 nm 280 nm 320 nm 400 nm 480 nm 550 nm 620 nm 700 nm 800 nm
Uv-C |UV-B| UV-A BLUE | GREEN RED FAR RED
~«— Photosynthetically active radiation — g
<t wavelengths reaching Earth surface >

Fig. 4 Optical radiations as a part of NIR
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4. Optical radiations: infrared (IR): above 3 x 10°-300 x 10° Hz and visible
300 x 10°-1.5 x 10'? Hz.
5. UV radiations: 1.5 x 10"2-30 x 10'? Hz.

NIR region comprises the long-range wavelength (>100 nm) having low pho-
tonic energy (<12.4 eV) of the EM spectrum, with frequency ranging from 1 to
3 x 10" Hz. Most forms of NIR are non-perceivable by any of the human senses,
unless the intensity is high enough to be felt as heat. Most of the health effects of
NIR are dependent upon the penetration power into human body and are
frequency-dependent. The optical radiations are the portion of NIR and are for-
mulated under UV-Vis radiations, while those with subsequently lower energies
form the part of IR region. The origin of NIR is as follows:

(a) The natural source of UV-visible radiation is the sun.

(b) The man-made sources include oxy-gas welding, arc welding, sunlamps, ster-
ilization (germicidal) lamps lasers (UV), low- and high-pressure gas discharge
lamps. Many medical applications utilize UV rays for surgical and neonatal
phototherapy, as lasers in physiotherapy heat lamps.

(c) The sources of IR radiation are superheating processes that include synthesis of
glass, steelmaking, welding, and lasers (IR) [10-12].

3.1.1 EM Field Radiations

They can be subgrouped into RF region that has pw, very high-frequency and
low-frequency radio waves. Most of the electronic gadgets utilize non-ionizing
radiations as in GPS, television stations, cellular telephones, radio stations, cordless
phones, garage door openers, and in many more devices. In some other forms, ELF
and EMF radiations form a part of Earth’s magnetic field, along with the magnetic
field exposure from nearness to electricity transmission lines, electrical machinery,
home appliances, and electric wiring. Moreover, most of the ELF waves do not
pose any health risk [13]. Some of the hazardous risks emerging from overexposure
of NIR are summarized in Table 1.

The biological effects of NIR exposures significantly depend upon some dom-
inant factors like instance energy, intensity and influx of the incident radiations,
characteristics of emission source, distance of source from subject, extent of
exposure, prevailing environmental conditions, biological characteristics, and spa-
tial orientation of the radiation-affected tissues (molecular composition, skin col-
oration). The prolonged exposure of human body to UV rays (from sunlight) can
cause acute or chronic health effect on the immune system, eyes and skin, the most
common being tanning and sunburn.

The qualitative effect of ELF radiations is insufficient, and most of the data
relates IR, visible, and UV radiations to physiological response in animal and plant
tissues. The biological effects which are the consequence of tissue heating by RF
radiation are referred to as ‘thermal’ effects. In majority of the cases, biological
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Table 1 Effect of continuous exposure to different radiations

Radiation Wavelength

Biological Effects

100 nm Skin — Erythema
uve Eye — Photokeratitis
280 nm Skin — Erythema
UVB Skin cancer’
315 nm Eye — Photochemical cataract
UVA Photosensitive skin reactions
Visible 400 — Skin — Erythema
780 nm Skin photo—ageing, Skin cancer’
Eye — Photochemical & thermal retinal injury
IRA Eye — Thermal retinal injury
IRB Eye — Thermal retinal injury, thermal cataract
IRC 14 ym Skin burn’
Eye — Corneal burn, cataract
3 um Skin burn’
1 mm Eye Corneal burn, cataract
Heating of body surface
1-10cm Heating of body surface
uw Heating with penetration depth of 10 mm
1-10 km Raised body temperature
Cumulation of charge on body surface
Disturbance of nerve & muscle responses
Static 100 Mm Magnetic field vertigo/ nausea

Electric field charge on body surface

“Indicates long-term effect on continuous exposure to the radiations for prolonged time

Adapted from Ref. [13]; open-source content for public information
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systems have preventive methods to normalize their body temperature, but in case
of intense exposures, the organism can collapse. Today, research is extensively
based on low RF radiation levels of exposure from mobile phones and their base
stations thereby producing nonthermal effects.

The long-term UV exposure promotes cell degeneration, damage to fibrous
tissue and blood vessels that eventually leads to premature skin aging and
inflammatory reactions to the eye, such as photokeratitis (as in Table 1). Some of
the recent studies prove that with the rise in environmental UV radiation levels,
there is alarming risk of contagious diseases. Thus, there is an urgent requirement
for creating awareness related to the health hazards due to UV rays and to promote
such lifestyle deviations that may inverse the trend in skin cancers [14—-16].

3.1.2 RF and pw Radiations

The long wavelength RF radiations transmitted from the towers of mobile base
stations have received considerable attention. Most common public locations for
exposure are ground-level-facing antennas and the buildings beneath those anten-
nas. NRPB has measured exposure levels at most common public locations around
the base stations, and the average exposure levels were found to be 0.00002% of the
ICNIRP public exposure guidelines, and maximum levels of exposure were found
to be within 0.02% of the permissible limits. The typical power density of radiation
exposure was less than 0.0001 mWem 2 (i.e., less than 0.01% of the ICNIRP
public exposure guidelines). Moreover, indoor power flux intensity was substan-
tially lower than outdoor power flux density.

The key radiation exposure arising at work, home, or school is measured using
electric fields that depends upon the voltage and distance from the source. Any
exposure to magnetic fields is a result of some fluctuations in electric power lines
and the use of electrical appliances. The electric fields from the power lines are
present everywhere and thus expose the whole body, whereas the appliance sources
fluctuate and temporarily expose parts of the body [5, 17-20].

3.2 Ionizing Radiation

The radiation in the form of particles (alpha, beta, and neutron particles) or EM
waves (X and 7y-rays) with distinct energy is capable of ionizing the materials.
These radiations have a symbolic representation as shown in Fig. 5. Owing to the
difference in energy, these particles and radiations have variable penetrating power,
which significantly affects the living tissues (Fig. 6). The more energetic radiations
are capable of striking electrons out the orbits from the nucleus. The source of
ionizing radiation can be both natural as well as artificial radioactive product and
materials. The effect of ionizing radiations along with its destructive power can be
understood in details.



Effects of Radiation on the Environment 9

Fig. 5 Signatory for potentially disastrous radiations

Alpha J’a

Beta [* ]

Neutron

Gamma

Paper Metal Water Concrete Lead

Fig. 6 Penetration power of different types of ionizing radiations

3.2.1 Alpha Radiation (o)

Alpha particles consist of two protons and two neutrons carrying double positive
charge (Fig. 7). Owing to the high mass/charge ratio, they have partial ability to
penetrate matter. The increase in charge signifies the extended interaction with the
surrounding atoms which reduces the energy and hence penetrating power of the
particle. Thus, a-particle rays can be blocked even by a thin paper or even the upper
layer of human skin and do not tend to have any significant radiation hazard. But in
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Fig. 7 Formation of alpha particle, beta particle, neutron, and high-energy gamma rays from
nucleus

case o-particles from emitted nuclear materials are absorbed inside human body (by
inhalation or ingestion), the energy emitted by them is completely absorbed into the
bodily tissues, so they are just an internal hazard [5, 6, 11, 21].

3.2.2 Beta Radiation (f)

Beta radiations comprise negatively charged electron-like particles ejected from the
nucleus of an atom (Fig. 7). Since P-particles carry less charge (in comparison to
alpha particles) and much less mass, they have more charge/mass ratio that provides
them higher penetrating power in comparison with a-particles. These particles can
easily pass through one/two centimeter(s) of any living tissue but still can be
blocked by 1-mm-thick shielding of glass, metal, or plastic. B-particle rays have
sufficient energy to penetrate soft outer walls of plants and animals especially
humans, and they deposit energy at inner layer of skin that can initiate a disease. In
spite of this, B-particles have restricted ability to infiltrate into the deeper tissues and
organs of the body. B-particle discharging nuclear materials are hazardous, if pre-
sent inside the body. For example, if a nuclear emitter like tritium is inhaled, it can
cause some internal radiation damage [5, 6, 11, 21].

3.2.3 Neutron Radiation (N)

The spontaneous fission of an unstable nuclide is the natural source of neutrons (n)
(Fig. 7). One of the highly common neutron sources is the nuclear reactor, where
radioactive isotope of uranium or plutonium is split into stable nuclide that is
associated with neutron emission. The neutrons, produced by the emission from an
unstable nucleus or due to atomic fission or nuclear fusion or has natural occurrence
as a constituent of cosmic radiations, have a very high penetrating power. The
neutrons have tendency to initiate chain reactions where an emission from a fission
bombards the adjacent atomic nucleus and initiates another fission event. The
reaction can go on indefinitely until complete consumption of nuclear material. The
bombarding of nucleus with photon radiation or alpha particles can too lead to
neutron emission. Neutron radiations have the power to infiltrate human tissues and
organs, in case of external radiation source. Neutron radiation can be blocked by
absorption of hydrogen atoms-rich organic/polymer materials, such as paraffin wax
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and plastics, due to alike atomic weights of neutrons and hydrogen atoms and rapid
collisions between them [5, 6, 11, 21].

3.2.4 High-Energy Photon Radiation (Gamma [y] and X-Rays)

The high-energy EM photonic radiation comprises two types of radiations: (a) y-
and (b) X-rays (Fig. 7). The de-excitation of electrons from inner nuclear shells
emits ¥ photonic radiations, while X-rays originate outside the atomic nucleus, and
is much lower in energy in comparison with y-rays. The penetration power of these
photonic radiations is very deep, and the reduction in intensity is feasible only by
the use of thick dense materials, such as steel or lead. Since X- and y-rays are
high-frequency radiations, they can travel to longer distances un-deflected and
easily penetrate all type of tissues and organs, even when in case of external
radiation source. These kinds of radiations have devastating effect on the envi-
ronment, i.e., flora, fauna, and animals. The decay of cobalt-60 (60C0) to nickel-60
(GONi) is associated with y photonic ray emission [5, 6, 11, 21].

4 Natural Sources of Ionizing Radiation

Radiations being omnipresent and invisible have created the evolutionary trend in
life adapting to the environment in substantial way toward ionizing radiations,
creating transformations in human bodies too. The natural occurrence of
radioisotopes is a consequence of cosmic rays’ interaction with atmospheric
molecules. For example, radioisotope of hydrogen, i.e., tritium, is created as a result
of cosmic rays’ interaction with atmospheric hydrogen gas molecules. But most of
the other radioisotopes of thorium and uranium were formed with the origin of
Earth from sun and still exist in our environment. The UNSCEAR identifies four
major sources of public exposure to natural radiation:

4.1 Radon

Radon is another abundant naturally occurring radioactive gas released from
radioactive Earth elements, like uranium present in variable quantities in soils,
water, and rocks. Radon is present everywhere and accounts for the largest pro-
portion of our annual average radiation dose, i.e., approximately 56%. The
unavoidable and longer exposure to radon gas intensifies the risk of lung cancer
[21-24].
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4.2 Cosmic Radiation

Cosmic rays are irradiated by ultra-high-energy solar flare radiations and have very
high energy that penetrates our atmosphere consistently. The only sources of cos-
mic rays are galaxies and the sun and, thus, are also known as GCR. Most GCR
originates from sources external to our solar system that consists of 98% baryons
and 2% electrons. Baryons are the particles that consist of protons (87% of the
baryons) and to some extent of helium ions (11%) and heavier ions like carbon and
iron, possessing energies in the range of 10°-~10?° eV. The cosmic ray interactions
also result in cosmogenic radionuclides (e.g., *H and 14C), which are naturally
radioactive. As a result of these interactions, alpha particles, electrons, muons,
neutrons, pions (charged and neutral), positrons, protons, and gamma radiations are
formed in the air. Several secondary particles are produced by the breakup of
cosmic ions and atoms of interstellar and atmospheric gas. The radiation doses from
these cosmic rays are greater at higher altitudes, and those traveling regularly by
airplane regularly receive an additional dose (discussed in Sect. 7.11) [25, 26].

4.3 Natural Radioactivity in Food

Owing to the existence of radioactive material in soil and oceans, their absorption to
our body is in insignificant quantity from soil and water. The incorporation of
radioactive material into food is accumulated by plant, which at later stages is
passed on to the animals (Fig. 8). The prime contribution to this radiation dose in
plants is in the elemental form of potassium-40 (*°K) which is an essential element
in most of the fruits and vegetables. But due to the limited uptake of potassium in
our body, the effects are not amplified.

Ionizing radiations directly influence the basic structures in tissues like DNA,
proteins, RNA, and carbohydrates. The photochemical degradation of such mole-
cules produces free radicals, which in turn leads to chain reaction in an organism.
The cytochemical effect of overexposure to radiations may be classified as

f+

’/\ by . 'I . B < i _n,
j!g!g! A\ éﬂlﬂ ;;EE; 2 =

T
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radiation radioactivity Radioactivity
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Fig. 8 Natural sources of radioactivity. Adapted from Ref. [33]; open-source content for public
information
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Table 2 Average public

v P Source Radiation intensity (mSv)
exposures by radiation

Natural sources

Food 0.29
Cosmic 0.39
Soil 0.48
Radon 1.3
Artificial sources

Nuclear power plants 0.0002
Chernobyl accident 0.002
Weapons 0.005
Medicine 0.03
Radiology 0.65

deterministic or random leading to cellular damage or in acute case death which is
determined by the threshold radiation dose [27, 28]. The amount of radiations
received from natural sources are listed in Table 2.

5 Artificial (Man-Made) Sources of Ionizing Radiation

Humans are consistently susceptible to synthetically modified radiation sources
which are the result of medical treatment machines and radioactive material-related
research and power generation. Most of the radioisotopes are the by-products
formed from operative nuclear reactors and radioisotope cyclotrons. The extensive
use of radioisotopes in industrial manufacturing, nuclear medicine, and the agri-
culture makes up most of the synthetic application. The common sources of radi-
ation are as follows.

5.1 Medicine

The highest exploited medical application is X-ray machines to diagnose diseases.
The radioactive nuclear isotopes assist in the diagnosis of certain diseases; for, e.g.,
thyroid-related diagnosis requires the use of iodine-131 (**'I) labeled isotope, and
diagnostic imaging procedures use technetium-99 (*’Tc) as radioactive tracer.
The CNSC regulates all these applications related to the use of nuclear products in
medicine and its application for biomedical equipment production. Along with it,
CNSC also certifies all those reactors and particle accelerators that synthesize such
isotopes required for various industrial and medical applications. In industries, the
radiation finds its use in nuclear gauges used during laying of roads and in the
density gauges that channelize and regulate material flow through pipes.
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Radiations
Ionizing Non-lonizing
Gamma rays Electromagnetic and Radiowaves
Nuclear Medicine Magnetic Resonance Imaging
Positron Emission Tomography
Radiation Therapy
Single Emission Photon CT
X - rays Ultrasound
Computer Radiography Ultrasonography
CT Echocardiography
Digital Substraction Angiography Anesthesiology
Fluoroscopy Angiology
Mammography Urology
Radiation Therapy
Duel Energy X-ray Absorptiometry
Radiography
Protons

Proton therapy

Scheme 1 Medical applications of non-ionizing and ionizing radiations

Sometimes, radioactive nuclides find application in smoke sensors and in dark
glowing exit signboards. Some other applications of radiation are listed in
Scheme 1 [29-31].

5.2 Nuclear Fuel Cycle

NPPs require radioactive materials like uranium and plutonium to kick up a chain
reaction that generates energy to produce steam, which in turn drives turbines for
electricity production. NPPs release small and quantified amount of radioactive
material to the surrounding environment in a controlled manner. But in most of the
cases, the radioactive waste release is regulated to confirm the public dose to be
within regulatory limits.

5.3 Atmospheric Testing

The testing of atomic weapons since the World War II till today has released
immense concentrations of atmospheric particulate radioactive content, called
fallout, into Earth environment, most of which have sedimented on the ground, but
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still some percentage it have been incorporated into our biodiversity. Most of the
radioactive fallout was decomposed due to short half-lives, but some of the content
still continues to decay, and people receive dosages from the radioactive fallout
every year but to a much lesser extent [32, 33].

5.4 Chernobyl Accident

The night of April 26, 1986, at Chernobyl Nuclear Power Plant, Ukraine, witnessed
an explosion that released substantial amount of radioactive content into the
atmosphere. The accident uncontrollably released by-products from the decompo-
sition of radioactive uranium-235 (**°U) for ten consecutive days. The principal
content in radioactivity that disrupted population was the short-lived iodine-131
(') and long-lived cesium-137 (¥7Cs). As per emission amounts, the estimation
is that all the xenon gas, about 50% of the iodine and cesium, in Chernobyl from the
core of the fourth reactor (almost 192 ton) was released into the environment. The
radioactivity spread throughout the atmosphere is still present in our environment
[34, 35].

5.5 Radiation in the Workplace

People working with instruments using radioactive materials have numerous
advantages, especially in education/research, medicine, and industry (Fig. 9). But
these people receive radiation doses, which are below the threshold level as shown
in Table 3 [33-35].

Medical Workplace Radioactivity
radiation Radiation in the
environment

Fig. 9 Unavoidable radiation exposures. Adapted from Ref. [33]; open-source content for public
information
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Table 3 Health effect of radiation dosage

Dose Health effect/radiation equivalence
(mSv)
5000 > Immediate death within minutes (found at fourth reactor core of Chernobyl)

5000-2500 | Radiation poisoning, nausea, and vomiting
2500-1000 | Initiation of cancer to death within few days

1000-500 Risk of cancer is very high; radiation from Fukushima Reactor 2

500400 Decrease in blood count that returns to normal in few days

400-250 Radiation levels in Fukushima

250-100 Upper limit for radiation emergency workers

100-50 Radiation dose is equivalent to computed axial tomography (CAT)

50-30 Upper limit for radiation workers in disaster management; smoking two
cigarette packs in a day

30-10 Average annual radiation exposure for workers of nuclear energy plants

10-7 Average radiation experienced by human in Brazil

7-5 CT scan of chest

5-2 Annual radiation exposure of normal human from atmosphere and soil

2-1 Radiation dose from medical care

1-0.4 Gastrointestinal X-ray scan

0.4-0.1 Radiation gained during one complete trip from New York to Tokyo

0.1-0.05 Chest X-ray scan

0.1-0.01 Standard radiation dose at clearance level; eating a banana

6 Radiation Units

Roentgen: It defines the measurement of energy produced by gamma or X-ray in a
cubic centimeter of air. It is abbreviated with the capital ‘R’. One milliroentgen,
abbreviated ‘mR’, is one-thousandth of a roentgen. One microroentgen, abbreviated
‘uR’, is one-millionth of a roentgen.

Radiation Absorbed Dose: It represents the measuring unit for expressing the
absorption of all types of ionizing radiations (alpha, beta, gamma, neutrons, etc.)
into any medium. It is abbreviated as RAD. One RAD has an equivalence of
absorbing 100 ergs of energy per gram of tissue.

Roentgen Equivalent Man: It is the measurement of dose of any type of
radiation that has potential biological effect on tissues. It is abbreviated as REM.
Since different radiations have variable biological effects, the dosage is represented
by ‘quality factor’ (Q). For example, a person receiving a dosage of gamma radi-
ation will suffer much less damage than a person receiving the same dosage from
thermal neutrons, by a factor of three. So thermal neutrons will cause three times
more damage than gamma rays. Therefore, thermal neutron radiation has a quality
factor of three. The Q factor for a few radiation types is shown in Table 4.



Effects of Radiation on the Environment 17

Table 4 Quality factor of

; o Radiation type Quality factor (Q)
various radiations
B, v, and X-rays 1
Thermal neutrons 3
Fast n, o, and protons 10
Heavy and recoil nuclei 20

The only dissimilarity among REM and RAD is that the REM measures bio-
logical effect of absorbed radiation whereas RAD measures the amount of radiation
absorbed by tissue. For general purposes, most physicists agree that the roentgen,
RAD, and REM may be considered equivalent.

6.1 SI Units

The measurement of ionizing radiation can be carried out in four different ways and
expressed in eight different units. The amount of radiation energy absorbed per
kilogram of tissue is called the absorbed dose and is expressed in units called grays
(Gy) named after the English physicist and pioneer in radiation biology, Harold
Gray. The comparison between absorbed doses of various radiations should be
subjected to their potential to cause certain types of biological damage. This
weighted dose is called the equivalent dose, which is evaluated in units called
sieverts (Sv), named after the Swedish scientist Rolf Sievert. The SI units for
radiation measurements are ‘grays’ and ‘sieverts’ for absorbed dose and equivalent
dose, respectively.

The activity of the source can be determined in the units of disintegrations per
second/Curies/Becquerels: the radiation to which an object is exposed in roentgens;
the radiation absorbed by the object in units of RAD or Gy; or the radiation dose in
units of REM or Sv. The Curie (Ci), originally defined as the activity of one gram of
22°Ra, is now defined as 3.7 x 10'" disintegrations per second. The Becquerel
(Bq), which is 1 disintegration/s, is the SI unit for activity, and 1 Curie is therefore
3.700 x 10'° Bq. The roentgen (R) is the quantity of X or y radiation needed to
produce 1 esu of charge per cm® of dry air at STP. The units of roentgen are
however limited to the use with X- or y radiation with an energy less than 3 MeV.
The literal meaning of word radiation only refers to ionizing radiation. Roentgen
was bestowed with Nobel Prize in Physics in 1901 for his recognition of the
extraordinary discovery. This radiating energy is capable of damaging living tissue,
and the amount of energy deposited in living tissue is expressed in terms of a
quantity called dose.

The conversion from one system to another is simple and is given Table 5.

Threshold Radiation Value: The occupational worker can be exposed to a
maximum limit of 5000 mREM/yr, whereas for rest of population, the exposure
limit is set at 500 mREM/yr above background radiation. The long-term exposure
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’;‘able 5 Int.erconv(fj:.rsi.on 1 mSv = 100 mREM
etween various radiation L mSv = 100 mRAD

units

1 mGy = 100 mRAD
1 mGy = 100 mREM
1 mGy = 1 mSv

1 mSv = 114 mR

1 mRAD = 1 mREM
1 mREM = 1.14 mR
1 mRAD = 1.14 mR

for background radiations is set at 1 mSv per year above the background radiation
level.

The calculations for this value give us information about radiation uptake in a
year.

1 mSv to an hourly radiation exposure rate.

There are 365 days/yr x 24 h/day = 8760 h.

1 mSv/8760 h = 0.000114 mSv/h = 0.114 uSv/h.

This in fact is extremely low level of radiation exposure.

But, typical background radiation averages 3.0-3.5 mSv/yr [6, 13, 36].

7 Effects of Radiation to Environment

The deprivation in air quality is among one of the key environmental threats in front
of modern society. The human activities have resulted in the emission of different
toxic chemicals to our atmosphere, which further create lethal compounds on
exposure to appropriate UV rays. UV radiation generates ground-level ozone (O3)
and some particulate matter (PM, frequently called aerosol) that include nitrate,
sulfate, and organic aerosols causing adverse effect on human health and the
environment. UV promotes the formation of hydroxyl radicals that act as cleaning
agents for troposphere. The radicals restrict the lifetime of many gases like
methane, HFCs, CFCs, sulfur, and nitrogen oxides that are important to tropo- and
stratosphere and control the climate change. The ozone layer concentrations in
urban area are determined by some key factors; i.e., the quantity of ozone in the air
of urban environment is essential along with the reactions that involve the chem-
icals, like VOCs and NO, and produce ozone via UV-driven photochemistry. The
origin of these chemicals is from both biogenic and anthropogenic sources. Some
processes like dry deposition (loss at the surface) help in removal of ozone from the
stratosphere. The ozone concentration can be altered by modifying troposphere or
stratosphere exchange along with the modification in worldwide atmospheric
composition, especially the greenhouse gases. The atmospheric cloudiness is
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widely affected by human activity, and the evidence is that uncontrolled air pol-
lution has exaggerated effect of solar radiation at many locations worldwide. These
climate changes have adverse effect on human health and have led to allergic
respiratory diseases including bronchial asthma having direct impact from exces-
sive by-products formed by the interaction of air pollution with UV radiations. The
presence of allergenic pollens in the atmosphere sometimes prolongs due to climate
change and thus can increase the frequency and severity of such diseases [37—41].

The exposure to radiation has been continuously declining due to consistent
physical decay of the radionuclides and their deeper vertical penetration into the
soil. The radiological sciences have made enormous strides for the development of
an accurate assessment of radiation hazards for humans. The past six decades have
made fruitful modifications for radiation protection of humans with respect to dose,
relative biological effectiveness on radiation quality, nuclide-specific distributions
within the body, and the lifetime body burden of the contaminant. The 7% of
radiations emitted from the sun lie in the UV range (200400 nm). Upon traveling
through stratosphere, the composition of the UV radiation gets modified and the
total flux transmitted is significantly condensed. The short UV-C rays (200-
280 nm) are totally absorbed by the atmospheric gases, while UV-B rays (280—
320 nm) get absorbed by ozone cover, thus limiting the transmission to the Earth’s
surface, and UV-A radiation (320-400 nm) completely passes through ozone. The
un-absorbed UV-B rays that reach Earth’s surface cause serious implications for all
living organisms [17, 42, 43].

The exposure to UV(B/C) radiation has both benefits and risks for human health.
The best defined direct benefit is the synthesis of vitamin D from cholesterol. Some
of the indirect benefits include change in food quality and disinfection of surface
drinking water. The depletion of ozone shell has led to an enormous increase in
input of solar UV-B radiation penetrating Earth’s surface, causing major penalties
for human health. The optimal exposure is variable as per individual and region
thus having both direct and indirect effects on health. The adverse effects include
cataracts, skin cancers, and recurrence of some viral infections. The long duration
exposures to UV radiation suppress immune response and may be beneficial for
certain disorders such as for autoimmune disease (e.g., multiple sclerosis) and
allergy, but is harmful owing to initiation of skin cancer. A specific example is the
increase in conjunctival melanomas for population closer location to the equator.
The presence of UV-induced mutations in form of tumors strongly supports UV-B
radiations to be the culprit [16, 44].

The adverse health effects of ionizing radiations were revealed after the dis-
covery of X-rays, in 1895. Higher exposure to ionizing radiation leads to increase in
risk of cancer throughout the lifespan. The exposure to high-energy ionizing
radiations, even at mild dosages, damages genetic material in cells that eventually
results in either radiation-induced cancer at later stage of life or inheritable disease
in the descendants of the exposed individuals. This effect is known as stochastic
effects. The most sensitive organ to these effects is testicles that cause heritable
abnormalities which get induced in the germ cells or gametes [45, 46].
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7.1 Impact of UV Radiations on Atmosphere

All these processes are easily altered by the change in the amount and intensity of
UV radiation, caused by the variation in elevation of the sun levels and diminution
by air pollutants and clouds. Thus, the reduction in ozone concentration has led to
increase in UV-B radiation intensity in troposphere, with increase in the rate of the
photolytic processes. An indirect consequence of this environmental composition
change is the rise in average temperature and increase in rate of several reactions. It
has led to high concentration of ozone in polluted regions, increasing mortality rate.

The solar UV-B and UV-A radiations drive many chemical transformations
occurring in the atmosphere. This wavelength region results in photodissociation of
few atmospheric gases like nitrogen dioxide (NO,), ozone (O3) (Eq. 1), and
formaldehyde (HCHO). This directly links stratospheric ozone depletion, air
quality, and climate change.

hv (32 NIM
0," 220, +o('D) (1)

The hydroxyl radical cleans stratosphere by converting air pollutants into
water-soluble forms and is easily detached from the atmosphere via precipitation.
OH radicals further react with sulfur and nitrogen oxides producing sulfuric and
nitric acids, respectively, and on reacting with hydrocarbons and other VOCs, it
produces alcohols, aldehydes, ketones, etc. (as shown in Fig. 10). Along with UV
radiation, other factors that affect the concentration of OH, O3, and aerosols are
various nitrogen oxides (NO),, VOCs, water vapor, temperature, and meteorolog-
ical transport, some of which are also influenced by changes in climate.

UV rays strongly influence the destruction of ozone layer in troposphere,
through the series of photochemical reactions. Ionizing radiations can easily eject
electrons from any atom, thus creating charged atom. The drastic climate changes in
atmosphere may vary stratosphere or troposphere ozone flux and can lead to
long-term chemical changes in stratosphere and troposphere. UV radiation strate-
gically controls the formation of photochemical smog that initiates the formation of
OH radicals, which in turn controls the climate change and the concentration of

Oxidation

Oxidation

of VOCs

O3 — OH 0,H RO,
Regeneration Regeneration

Fig. 10 Proposed changes in chemistry of OH radical in atmosphere. The arrows represent
reactions in atmosphere
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ozone inhalation gases, such as methane and HCFCs in the atmosphere. The
damage to biomolecules generally occurs via direct photochemical deterioration or
by the synthesis of oxygen-free radical species like hydrogen peroxide and
superoxide, which enhances the oxidative impairment within the cell. The overall
stress is revealed in relation to improved energy requirement for protection and
repair. The fluctuations in the composition of lipid content affect the cellular
nutritious quality for advanced trophic levels. The growth rate impairment is due to
the photochemical damage and increase in energy requirements under severe light
exposures. Moreover, the UV radiations also result in the bleaching of pigmented
cells, at high UV fluxes [41, 47-51].

Stratospheric ozone layer depletion is the most dangerous phenomena arising as
a consequence of anthropogenic interaction with the global environment. The
depletion of the ozone layer is promoted by chlorofluorocarbons and other chlo-
rinated and brominated substances that are directly or indirectly emitted into the
atmosphere. In the troposphere, ozone gas reaches the stratosphere, where UV
radiations break fragments into separate chlorine and bromine molecules, with the
subsequent release of halogen atoms. These halogen atoms/radicals initiate the
catalytic cycles that progressively destroy stratospheric ozone layer; one chlorine
atom has the potential to destroy as many as 100,000 ozone molecules before finally
being removed from the stratosphere.

The effects of UV rays on biotic (microbial) and abiotic (photodegradation)
developments are interdependent, and certain evidence proves that the pho-
todegradation can alter (wholly or partially) compounds in such a way that it can
improve or inhibit consequent microbial decay of litter, known as photopriming.
Thus, the direct photodegradation creates negligible effect on the loss of litter mass,
but the subsequent biological turnover can be interrelated with the extent of pre-
vious exposure to radiation. These UV radiation-mediated modifications in plant
tissue chemistry involve stimulation for the synthesis of phenolic substituents that
protects plants against excess UV rays, though the amount of various chemical
constituents like C, N, P, K, and lignin can too vary [52].

7.2 Implications of Radiation on Human Health

The intense research has been carried out to study the effect of radiation on human
health and its role in the destruction of benign tumor cells with radiation, and this
treatment is popularly known as radiotherapy. The extent of radiation dose required
in radiotherapy treatments depends upon the category and phase of cancer under
treatment. Some of the other effects of radiations on various parts of human body
are given in Table 6.
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Table 6 Effect on body parts in case of radiation overexposure

Organ Effect

Brain Fatigue, nausea

Hair Loss of hair follicles and baldness
Intestine lining Diarrhea and malnutrition

Bone marrow and white blood cells Immune system failure

Uterus Destruction of eggs

Body DNA cleavage

7.3 Delayed Health Effects

The prominent health effects occur after prolonged exposure to the radiations. The
maximum deferred health effects are stochastic effects where the probability of
occurrence depends upon the amount and the type of radiation dose received. In
most of the cases, such health effects are supposed to be due to the changes in the
cellular genetic material upon subsequent to radiation exposure. The radiations
effect is observed especially in the form of leukemia, bone, and thyroid cancer that
starts to appear within few years after exposure. The radiation damages reproduc-
tive cells, especially the sperms or ovum, that can permanently cause heritable
mutant offspring defects.

7.4 Effects on Fetus/Children

A fetus or embryo can be exposed to radiations through the mother via nutrition,
i.e., internal exposure or directly through external exposure. For most radiation
exposure events, fetus is safe inside the uterus, since the radiation dose is signifi-
cantly lower than that received by the mother. But, the embryo and fetus are
predominantly delicate to radiation effect; the health effect of exposure can be
severe or extreme, even at the radiation doses that are much lower than those that
immediately affect the mother. Some of the deformities are impaired brain function,
growth retardation, and cancer. In case, the embryos and/or fetuses get severely
affected, survival is impossible!

The health effects in human beings depend on certain physical factors, i.e.,
anatomical and physiological differences among children and adults. Owing to the
smaller size of kids, the organs are close together and thus the concentration of
radionuclides is intense in specific organ than it would have been for adults. The
epidemiological studies reveal that the people below the age of 20 years are about
twice more susceptible as adults to be infected by leukemia following the same
levels of radiation exposure [52].

The high-energy radiation (X-rays or y-rays) has severe effect on fetus growing
in the mother’s womb. The exposure to X-rays during the first month of onset of
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pregnancy results in miscarriage and abortion. The exposure of fetus to X-rays at
later stages of pregnancy causes severe abnormalities in developing babys; i.e., any
radiation above 200 R creates deformities in newborn. In most of the cases, the
reported abnormalities are microcephaly, oxycephaly, microphthalmia, and optic
atrophy, along with the retarded growth and hormonal imbalance. In such cases, the
risk for development of cancer at some stage of life is quite high.

The risks of prenatal exposure to ionizing radiation vary and are based on the
stage of development. An embryo is most vulnerable to the effects of radiation
during organogenesis, i.e., the duration from two to seven weeks after conception
and in the early fetal period, i.e., two to four months after conception. The effects of
exposure can be mutagenic, carcinogenic, and/or teratogenic and are directly
associated with the level of radiation exposure. The estimation of risk for terato-
genic, i.e., non-cancerous fetal development, and the carcinogenic effect was
considered from the survivors of atomic bomb and nuclear fallout during initial
diagnosis in pregnant women, and other animal studies [53-58]. The effect of
radiation on fetus from the time of conception is elaborated in Table 7.

Table 7 A fact sheet for clinics (open-source content for public information)

Fetal development stage
Fetogenesis
Radiation | 2 weeks 3-7 weeks 8-15 weeks 16-25 weeks 26-38 weeks
dose postconception | postconception | postconception | postconception | postconception
Below Undetected non-cancerous health effects Non-cancerous health effects are
50 mSv unlikely
50— Failure to Chances of Restriction in
500 mSv | implant the egg | major growth along
increases malformations | with decrease
slightly, and increases; in IQ level
the surviving embryo growth | which may be
embryos will may be accompanied
not have any restricted by mental
cancerous retardation
effects
Above High Chances of Restriction in Chances of Incidence of
500 mSv | probability of miscarriage growth along miscarriage; miscarriage
egg implant and high with decrease restriction in and neonatal
and the chances of in IQ level growth along death likely
surviving major which may be | with decrease
embryos will neurological accompanied in IQ level
not have any deformities by severe which may be
cancerous mental accompanied
effects retardation. by severe
Chances of mental
malformation retardation
increase by
20%

Reprinted with permission from Elsevier from Centres for Disease Control and Prevention, Radiation and
pregnancy, Atlanta, USA
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7.5 Effects on Genetic Materials

Many studies have been carried out on cultivated plants after exposing them to
various degrees of ionizing radiations. The effects of high levels of radiation on
plants include damage to DNA molecules that include DNA sequence ‘inversion’
(TCAG converted to GACT) and in few cases sequence deletion or chromosomal
aberrations, i.e., changes observable in growth reduction due to chromosome
structure deformation and is defined by the reduction in the rate of plant growth
along with diminished power of seed germination. DNA is highly sensitive toward
UV-B irradiation thus causing phototransformations and increased production of
cyclobutane pyrimidine dimers and pyrimidine pyrimidinone (6:4) dimers.
Since DNA and RNA polymerases are incompetent to read complete photoprod-
ucts, their exclusion is important for DNA replication and transcription. To cir-
cumvent the cytotoxic effects of UV-persuaded DNA damage, most organisms have
established some multifaceted repair mechanisms including removal, recombina-
tion, repair, and photoreactivation of damaged ribonucleotides (Fig. 11) [59-61].

7.6 Effect on Plants

The elevation in UV-B radiation intensity promotes pleiotropic effects on plant
growth, morphology, and physiology, but plants respond variably to low and high
UV-B radiation, due to stimulation of protective and repair mechanisms that deal
with any change in stress. Plants grown at higher geographical altitudes are more
UV-B-tolerant in comparison with the those sown at lower altitudes having less
UV-B radiation exposure levels. Photomorphogenesis in seedlings is primarily
regulated by red-/far-red-absorbing phytochromes (phy A-E) and by blue/
UV-A-absorbing cryptochromes. Interestingly, the lower dose of UV-B can too
develop photomorphogenesis in etiolated sprouts, since they get initiated by
wavelengths in the range of 250-280 nm. Thus, UV-B rays have potential to
stimulate a broad biosynthetic pathway that leads to disruption in normal
morphogenesis.

The most common defensive mechanism against potentially harmful radiations
is the automatic biosynthesis of high amounts of UV-absorbing phytochemicals that
are essentially secondary phenolic metabolites like substituted flavonoids and

Fig. 11 Extent of damage
caused by different types of
radiations on DNA

o, particles (no effect)
B particles (breakage of single strand)
vy rays (breakage of double strand)
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hydroxycinnamate esters. These secreted chemicals get accumulated in epidermal
cell vacuoles as a response to UV-B rays which diminish the infiltration of the
UV-B rays into deeper cell layers causing minimal effect on the absorption of
visible light region. Thus, the use of sunscreens by human beings to minimize UV
infiltration is mimicking of common plant protection response behavior. Most of
these sunscreens contain high levels of phenolic compounds secreted by plants.

Terrestrial ecosystem is the largest storehouse of active organic carbon-rich
biosphere that includes biomes of variable climate regimes having various organ-
isms accommodated to these conditions. The important ecosystem facilities are
food and fiber, along with the protection of watersheds and regulation of water
quality in the lithosphere. The response is characterized by insignificant reduction
in leaf area and growth rate, since increase in UV-B radiation intensity leads to the
biochemical and physiological changes. The plant exposed to UV-B radiations
modifies frequently and has huge effects on the interactions between plants and
consumer organisms where the expression of several genes are involved in natural
senescence phenomena [48, 51, 58, 59, 61].

7.7 Effect on Animals

Most of the vertebrate animals and insects are well protected from UV radiations by
their external body coverings like fur, feathers, and pigmentation. But, some of the
other species, like amphibians, are much less protected than other vertebrates. On
southern hemisphere region with extreme cold conditions, the reduction in intensity
of solar UV-B radiation has led to the modification in soil microbes that has further
transformed the quality and/or quantity of root exudates. The importance of root
exudations lies in the fact that they offer adequate amount of the energy and carbon
for microbes present in soil. Solar UV-B radiations prevent the plant growth,
though to smaller extent, i.e., less than 20%, and are enhanced in herbaceous
species in comparison with woody perennial species. These radiations provoke
diverse acclimation responses, including increased DNA repair capacity, activity of
antioxidant enzymes, and accumulation of phenolic compounds [51].

In case of mammals, the ionizing radiations produce detrimental effects on
health. Some of the animals investigated are donkeys, pigs, bulls, cows, sheep,
monkeys, dogs, rabbits, and goats. The widely studied radiations are the external
y-rays, a few in vitro studies (administered to the animals via ingestion) using f3
emitters (<10 keV and >10 keV) and neutrons of various energies. The effects on
reproductive system were extensively analyzed that is followed by mutation
induction, mortality, and morbidity. An extensive range of doses and dose rates has
been used in studies with non-human mammals. The procedure considered for
reproductive capacity demonstrated impaired fertility that includes reduction in
fertility span, induction of sterility, declination in female and male reproductive
cells count, or fertility-related parameters like litter number, litter size, embryos
with malformations, sex ratio, preimplantation, or postimplantation death. The
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prolonged exposure to UV radiations results in impairment of immune response in
mammalian systems, including humans. This effect is caused by a variety of his-
tological and biochemical mechanisms that occur due to the induction of inter-
leukins by keratinocytes, reduction in numbers of Langerhans cells in the skin,
change in their response to antigens, and possible DNA damage (Fig. 12) [47].
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Fig. 12 Pathways from UV radiation exposure to cellular stress
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7.8 UV Damage to Aquatic Organisms

Solar UV-B radiation has potentially wide range of detrimental effects in aquatic
species and is usually revealed as reduced productivity on freshwater and marine
organisms, including bacterioplankton and phytoplankton. Most of the UV radia-
tions, till wavelength of 320 nm, get strongly absorbed by ozone and to some extent
by oxygen. The short-term and cumulative times at which the aquatic organisms are
exposed to UV radiations are determined by the duration of time and periodicity
that aquatic organisms spend in and out of the UV photic zone (Fig. 13). This
represents the equilibrium between organism damage and organism repair.

UV radiations have high impact on cellular constituents like biomolecules and
their physiological responses to environment that include mitigating strategies and
repair mechanisms. The duration and altitude of solar UV rays have also modified
the morphology of filamentous cyanobacteria (Arthrospira) which has been
popularly known to have natural resistance against any type of solar radiation
[47, 62, 63].
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7.9 RF-EMFs’ Exposures in Kindergarten Children

Human population is always and continuously exposed to artificial sources of
RF-EMFs. The RF-EMF radiations are classified on the basis of sources of radiation
with respect to human body, i.e., near-field sources (cell phones, iPad, laptops, and
tablets) and far-field sources (Wi-Fi routers, mobile phone base stations, radio/
television, broadcasting towers, and so on). The exposure to RF-EMFs has resulted
in antagonistic health effects as well as biological effects in human beings, espe-
cially the children. The exposure of radiations from mobile phone base stations is
among the biggest source of environmental and far-field individual exposures.
Wi-Fi cellular radiations contribute insignificantly to the overall personal and
environmental RF-EMF exposures in comparison with other RF-EMF sources like
mobile phone stations. The study is really important since it describes the 16 radio
frequency bands detected at the mobile phone base stations. Among all those bands,
GSM 900 MHz frequency band contributes maximum to the total environmental
and personal RF-EMF exposures in kindergartens in Melbourne. Though the
studies have shown no major effect on children, still the investigations are ongoing
to know any type of effect on the kids [64—69].

7.10 Solar UV Exposure in Construction Workers

Short-term UV dosimetric measurements in labors working under direct sunlight
during cloudless periods displayed high radiation exposures. The daily effective
exposure was exceeded, in most cases, and international recommendation for solar
occupational exposure of unprotected skin by several orders of magnitude. As per
the Lucas report findings, the severe consequence of overexposure to UV radiations
is malignant melanoma, which can be treated, if detected at initial stages. UV
radiations are the only major global cause of melanoma and other skin cancers.
Melanoma and skin cancer are rising problems at locations having high perceptions
of UV rays, especially in Spain and the rest of Europe, since its incidence has
amplified significantly in the past 20 years [70-72].

7.11 Effect of Cosmic Radiation on Airline Flyers

The growing mobility of our society is associated with continuous increase of air
travel. This has led to an enormous increase in the number of persons being
exposed to cosmic radiation, essentially the pilots and cabin crews. Moreover, the
number of frequent travelers and astronauts is too exposed to cosmic radiation
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during their travel and mission, simultaneously. In addition to occupational and
non-occupational radiation exposures, cosmic radiation also impacts microelec-
tronic components onboard of aircraft, spacecraft, and space stations. Our atmo-
sphere acts as natural shield for prevention of most of the high-energy radiations
coming from our galaxy. But the jets fly at an altitude of 8—16 km above the sea
level where the atmospheric shield has lesser effect (Fig. 14). Moreover, the impact
of cosmic radiations is enhanced at poles in comparison with equator. The study
indicates that the effective dose rate of cosmic radiations at an altitude of 8 km is six
times higher at poles as compared to equator, while at 16 km the dose rate is nine
times than that at equator [73-75].
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8 Radiation Disasters in History

8.1 Chernobyl Nuclear Disaster

The most severe radiation accident in human civilization occurred at the Chernobyl
Nuclear Power Plant on April 26, 1986. The accident was caused due to human
negligence and resulted in the largest uncontrolled radioactive release into the
environment ever recorded for any civilian operation for about ten days. The ear-
liest signs of contamination included an abrupt change in the short-lived radionu-
clide iodine-131 (**'I) generally found in fresh milk with a half-life of eight days;
subsequent deficiency of rapid counteractions led to high doses to the thyroid gland,
especially in kids. The severe radiobiological effects were recognized in the
Chernobyl, and after 30 years, the radiation levels have plunged to 1% of the
original levels due to continuous decay in radionuclide and the penetration of some
radionuclides into the soil. Till today, many cytogenetic anomalies due to contin-
uous radiation are still being reported from plants and animals within the 30-km
exclusion zone [76-80].

8.2 Fukushima Nuclear Disaster

Another massive nuclear accident befell on March 11, 2011, at the coastal city of
Japan that was triggered by and earthquake with magnitude of 9.0 on Richter scale.
Since the epicenter was 180 km away from the reactor site, it was previously
assumed to be of category 5 nuclear accident by the INES, but later on measuring
the activity and severity of disaster, it was labeled as level 7, the highest after
Chernobyl disaster [72, 81, 82]. The assessment of any nuclear disaster into any
category is labeled in Table 8.

Table 8 Classification of nuclear accidents on the scale

Level Category name Reported accidents Cause
7 Disastrous Chernobyl (1986) Man-made
Fukushima (2011) Natural

6 Major NA NA

5 Serious Three Mile Island (1979) Man-made
4 Large Windscale (1957) Man-made
3 Accident NA NA

2 Incident Medical negligence Man-made
1 Anomaly Research work Man-made

NA Not available
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Table 9 Worldwide estimate of serious radiation accident

Type of accident 1945-1965 1966-1986 1987-2007
Accident at nuclear facilities 19 12 4
Industrial accidents 2 50 28
Orphan source accidents 3 15 16
Accidents in academia and research 2 16 4
Accidents in medicine NA 18 14

8.3 Three Mile Island Nuclear Disaster

The second nuclear disaster was a result of multiple human negligence at unit 2 of
nuclear reactor situated on Three Mile Island, Dauphin County, Pennsylvania,
USA. The incident occurred on March 28, 1979, when the reactor unit was running
to 97%; its capacity was not cooled thermally due to technical and manual snag in
supply of water, which eventually resulted in meltdown of core of the reactor. The
radioactive materials were dispersed into the environment, and the disaster was
categorized under level 5 [83].

8.4 Windscale Nuclear Disaster

The first-ever nuclear disaster was witnessed by Great Britain on October 10, 1957,
when Unit 1 of two-pile Windscale facility caught fire owing to massive over-
heating of reactor beyond 673 K of temperature. The fire continued for three
consecutive days thereby releasing huge amounts of radioactive contaminants into
environment that spread across the UK and Europe. This accident falls under level 4
category that led to significant increase in a number of thyroid cancer patients [84].
During all these radiation disasters, there was enormous release of radioactive
isotopes like 131I, 137Cs, 133Xe, and °°Sr that contaminated Earth’s atmosphere.
The number of radiation disasters occurred in history is listed in Table 9.

9 Summary

Life is impossible without radiations, and the origin of Earth and nature is gift of
radiations. The evolution of life since billions of years was possible owing to
ionizing radiations. The continuous exposure of animals and plants to both natural
and man-made radiations from sources from time to time has induced prominent
effects to either cope up with these radiations or to mutate. There have been
enormous efforts to investigate health effects of radiations, and the results indicate a
striking balance between societal benefits and the risks of radiation toward the
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health and the environment. The role of society is to develop more comprehensive
knowledge of the environment, i.e., from global scale down to the chemical reac-
tions that take place in air, water, and soil and within living organisms. Some of the
novel and more powerful detection methods for analyzing radiations will be
required. Moreover, it will be essential to develop a systematic approach to this
complex networking of chemical, physical, and biological processes that can be
monitored and evaluated.

10 Conclusion

The need of time is the monitoring of environmental radiation via some programs
that must be carried out using nuclear facilities to safeguard people, animals and
vegetation and climate from the ill effects of radiations. There must be certain
government and industry radiation control programs routinely to countercheck the
levels of radioactivity in the air, drinking water, surface water, soil, and food. This
further requires the implementation of science and engineering to resolve and abort
such problems and increase the level of understanding for the relevant issues. The
expansion of knowledge will help in full protection, restoration, and preservation of
our environment.
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Abstract The material properties can be modified/tailored by either of the tech-
niques available such as top-down method, bottom-up method, composite ratio
variation, doping of a suitable dopant, ion beam-related methods and many others.
The modifications by ion beam and radiation treatment are quite effective tech-
niques to calibrate the physical, chemical, surface and structural properties of the
materials. Polymeric materials are highly radiation sensitive and their properties can
be modified by exposing the material to different ions and radiation such as
gamma rays, electron and proton beams as well as swift heavy ions. The focus of
the present discussion is pointed towards the radiation (mainly swift heavy ions and
gamma rays) induced modification of polymeric materials and their physical and
chemical aspects. The fundamental concepts of energy transfer of swift heavy ions
and the post-irradiation effects such as cross-linking and chain scissoring of poly-
meric materials have been discussed in this chapter. The polymeric chain scissoring
and cross-linking are related to the structural, chemical, surface, electrical and free
volume properties of the polymers. The concept of free volume is further related to
gas diffusion and separation properties of some of the polymers. The discussion is
limited up to the radiation-sensitive polymers such as polymethyl methacrylate,
polyethylene terephthalate and polyallyl diglycol carbonate polymers in the present
chapter. The applications related to ion beam technology have been discussed in the
last section of this chapter.
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Abbreviations

CS Crystallite size

E, Band gap energy

FFV Fractional free volume

FV Free volume

LI Intensity of o-Ps

LET Linear energy transfer

0-Ps Ortho-positronium

PADC  Polyally diglycol carbonate
PALS Positron annihilation lifetime spectroscopy
PET Polyethylene terephthalate
PITMs  Polymer ion track membranes
PMMA  Polymethyl methacrylate

p-Ps Para-positronium

R Hole radius

RGA Residual gas analyses

Se Electronic energy loss

SHI Swift heavy ions

Sh Nuclear energy loss

SRIM Strength and range of ions in matter
SSNTDs Solid-state nuclear track detectors
TRIM Transport of ions in matter

XRD X-ray diffraction

Z Atomic number

T3 Lifetime of o-Ps

1 Introduction

P. Singh and R. Kumar

- Positron annihilation

Radiation is simply an energy emitted from a suitable source such as heat and light.
The amount of energy or intensity of the radiation decides its category that whether
it is ionizing or non-ionizing. The ionization potential of atoms ranges from a few
electron volts for alkali elements to 24.5 eV for helium (noble gas) [1]. The
non-ionizing radiation can move the atoms in a molecule or make them vibrate
(called excitation), but unable to remove any electron from those atoms, for
example, sound waves, visible light and microwaves. The ionizing radiations, on
the other hand, have enough energy to ionize atoms, e.g. X-rays, beta rays, alpha
rays, swift heavy ions (SHI) and gamma radiation. Coulomb per kilogram (C/kg) is
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the SI unit of ionizing radiation exposure. Gamma rays are electromagnetic radi-
ation of high-frequency and high-energy photons. Gamma rays are denoted by
Greek letter ‘y’. An unstable nucleus decays gamma rays to get stability. These rays
were discovered in 1900 by a French chemist and physicist Paul Villiard and so
named as gamma by Ernest Rutherford in 1903. The SI units of gamma rays are
grey (Gy) which is measured in J/kg. 1 Gy is the amount of radiation required to
deposit 1 J of energy in 1 kg of matter. Various types of radiation including heavy
ions (in MeV range), light ions (in keV range), highly focused microscopic beams
and high-intensity pulses, soft and coherent X-rays, gamma rays, electron, proton
and neutron beams are used for irradiating the materials depending upon the type of
modification one needs for required applications. Accelerated ions and electron
beam have an advantage over radioactive radiation that the problem of disposing of
the radiation source (or shielding from the environment, when not in use) is
eliminated.

Polymers are already familiar in the industries as well as research fields. There
are hundreds of polymeric materials existing in the market for various applications.
The scientific community is continuously modifying and mixing polymers to
blends, clays or composites to modify their properties. The field of polymer study
and research is broad and the available information is diverse which is too wide to
be explained here. The polymeric properties can be tailored or modified by irra-
diating the polymer with suitable ionizing radiation. The radiation physics and
chemistry of polymeric materials are widely applicable in modifying the structural,
chemical, mechanical, optical, thermal, magnetic, surface, electrical and many other
properties of the polymeric materials.

2 Polymer Ion Interactions

The energy transferred (%) by impinging ion is divided into three main components:

dE (dE) . (dE) . (dE)
dx dx nuclear dx electronic dx radiation

The first one is nuclear energy loss, and the second one is electronic energy loss.
The third component of energy loss is in the form of bremsstrahlung and Cerenkov,
which is negligibly small in case of SHI. The most of energy loss is shared by
nuclear (elastic collision) and electronic (inelastic collision) components.
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2.1 Elastic and Inelastic Collisions

(i) The nuclear energy loss (S,) is caused by scattering of the projectile by the
screened nuclear potential of the target atoms (Rutherford scattering) [2]. The
atoms are displaced from their sites creating vacancies and interstitials. The
nuclear energy loss leads to two main effects mainly: displacement of atoms
and/or creation of phonons. The maximum §,, occurs near the end of ion track
because ion speed becomes comparable to the Bohr velocity (orbital electron
velocity) [3].

(ii) The inelastic collision of SHI with the atomic electrons of the matter is known
as electronic energy loss (S.). In this collision, SHI leaves a trail of changed
material along its path through the medium, which is called latent ion track.
These tracks can have different shapes such as conical, cylindrical and funnel
like and their size varies from micrometer to nanometre range. The mechanism
responsible for ion track creation can be explained by two popularly known
models: Coulomb explosion model and thermal spike model.

2.1.1 Coulomb Explosion Model

When SHI passes through the atoms or molecule of the target, it produces the long
cylindrical zone of positively charged ions. This cylinder containing positively
charged ions explodes rapidly due to Coulomb repulsion of these positively charged
ions. Due to this cylindrical shock wave, ion tracks are formed along the trajectory
of the ion [4, 5].

2.1.2 Thermal Spike Model

The inelastic collision of SHI with target molecules ejects electrons from the
molecular atoms. These ejected electrons have sufficient kinetic energy to induce
electronic excitation by transmitting energy to the lattice through electron—phonon
interactions. Due to this, the local lattice temperature of the material is increased
above the melting point followed by rapid quenching of the molten matter resulting
in the track formation [6-8].

The tracks can be tailored by projectile energy transfer and polymer type to some
extent, and their size and shape can be tailored by controlled chemical etching as a
function of etching time. The schematic of track formation and etching is shown in
Fig. 1 [9]. There are numerous applications based on the size of these tracks which
can be controlled by optimizing the etching time and conditions. Some of the
polymers have been reported for gas separation applications after controlling the
size of these tracks. The details are discussed in this chapter.
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Fig. 1 Schematic for lon Beam Irradiation
preparation of etched tracks in

polymer membrane.
Reproduced with permission
from [9]
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2.2 Stopping and Range of Ions in Polymers

The amount of damage produced by irradiation in solid target, particularly elec-
tronic energy loss (S.), nuclear energy loss (S,) and projected range can be esti-
mated by using Monte Carlo simulation techniques such as stopping and range of
ions in matter (SRIM) and transport of ions in matter (TRIM). This code is based on
the binary collision approximation (BCA) approach and uses statistical algorithms
to calculate how the moving ion loses its energy in the target. The distribution and
ionization energy lost by the ion into the target, backscattered and transmitted ions
and energy transferred to recoil atoms can be calculated using TRIM. In addition to
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it, the detailed calculation with full damage cascades monolayer collision, surface
sputtering calculations, neutron/electron/photon cascades and various ion energy/
angle/positions and multi-layer biological targets can be estimated using TRIM
[10]. There are other computational atomistic methods used for modelling irradi-
ation effects in solids such as molecular dynamics with empirical potentials, density
functional theory (DFT) based methods, tight-binding methods, time-dependent
DFT simulations, phenomenological descriptions of electronic excitation and
kinetic Monte Carlo approach. The discussion of these methods is beyond the scope
of this chapter and can be read elsewhere [2].

The nuclear energy loss dominates in the range of 10 °~10"% MeV of ion energy
(~1 keV/amu), while electronic energy loss is prominent at higher energies in the
MeV to GeV range (~1 MeV/amu or more). The different ions can have different
energy loss ranges depending upon their atomic number (Z), velocity as well as mass
and atomic number of the target material. The S, and S, values increase with the
increase of atomic number (Z) of impinging ion. Heavy Z value ions have the maxi-
mum S, value up to 10,000 MeV energy, which is not practically possible for normal
accelerators to produce such a huge amount of energy. The Fig. 2 explains a typical
example of the variation of dE/dx of different energetic ions in polymethyl
methacrylate (PMMA) polymer (calculated using SRIM code, density of PMMA
1.19 g/cm®) over a wide range of energy (1 eV to 100 GeV). The peak values shift
towards higher MeV range as the Z value of impinging ion is increased. The stopping
power of any compound in SRIM is estimated by linear combination of stopping
powers of its individual elements using Braggs rule [11]. The accuracy of Braggs rule
(and hence SRIM) depends on the detailed orbital and excitation structure of the
matter and the bonding changes may alter the strength of ion’s interaction with the
target medium. Still, the deviation is less than 20% [10]. Hence, a good estimate about
variation of S and S, values can be taken from these energy loss plots for a given ion. It
is clear from Fig. 2a—c that S, value is negligibly small in case of SHI irradiations, so it
has a little effect upon the modifications of the ion irradiations. The peak value of S,
ranges between 10 and 100 MeV energy for most of the ions. The accurate sample
thickness of the target polymer and energy range of the ion to be irradiated can be
estimated by using SRIM projected range and S, calculations, respectively, at the time
of framing the experiment. The Fig. 2 is a typical example of PMMA polymer;
the similar effects can also be estimated for other polymers.

2.3 Irradiation Effects on Polymers

The nuclear and electronic energy losses, i.e. S, and S, values in the target polymer,
lead to certain modifications such as cross-linking (gelling) and scissoring
(degradation) of polymeric chains which affect the physical, chemical, electrical,
surface and many other properties of the material. Table 1 describes the list of
polymers which mostly cross-link or degrade after ion irradiations [12].
Qualitatively, the polymeric chains get cross-linked and scissored simultaneously
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Table 1 Radiation
characteristics of generic
polymers

P. Singh and R. Kumar

Mainly cross-linking

Mainly scission

Polyethylene Polyisobutylene
Polyacrylates Polymethacrylates
Polyvinyl chloride Polymethylstyrene
Polysiloxanes Polymethacrylamides
Polyamides Polyvinylidene chloride

Polystyrene

Polytetrafluoroethylene

Polyacrylamides

Polypropylene ether

Cellulose

Ethylene vinylacetate

Reproduced with permission from [12]

during irradiation of polymers, but the dominance of one factor over the other for a
given polymer depends upon number of factors such as polymer structure, type and
energy of ion, sample thickness and ion fluence (number of ions per unit volume)
[13, 14]. The structural and composition changes in the polymers have been
reported in the last decade by many groups; some reports are discussed below.

Inelastic collisions produce the excitation and ionization of the orbital electrons
of the atoms of the target material and as a result of it, liberation of gasses species
such as hydrogen, carbon dioxide, carbon monoxide, helium, less abundant heavier
molecular species and their reaction products occur [15—17]. The gas liberation can
be estimated from residual gas analyses (RGA) at the time of irradiation. Wang
studied the liberation of hydrogen gas and cross-linking of 50 keV nitrogen
ion-implanted polystyrene-co-acrylonitrile polymer films of thickness in the range
of 500-2500 A [18]. He reported the dissociation of hydrogen atoms from the C-H
bonds near the surface region (0-900 A), thereby producing carbon-based free
radicals due to electronic ionization/excitation. The liberated hydrogen gas diffused
out of the sample, and carbon-based free radicals cross-linked each other as the
matrix cooled down and eventually formed a large three-dimensional (3D) carbon
network near the surface. Similar results of hydrogen gas liberation were reported
by Hnatowicz et al. in their 3 MeV Si**, 3.25 MeV Cu?* and 4.8 MeV Ag**
ion-irradiated polyether-ether-ketone polymer samples [19]. They reported that
gaseous release increased with increase of ion fluence from 10'? to 10'* ions/cm?.
Similar results were reported by their group in earlier reports upon polyimide
polymer by keV ions irradiations [20]. Similarly, the RGA analyses of low-energy
(keV) proton and nitrogen ion-irradiated ethylene tetrafluoroethylene polymer
showed the liberation of H, and HF gasses in another report [21].
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3 Concept of Free Volume

The cross-linking and chain scissoring of polymeric chains actually modify the
polymeric free volume, which is further related to some other properties such as
transport properties, glass transition temperature, ion conductivity, degree of
polymerization and permeability of gasses which are related to the free volume [22—
28]. There are static and pre-existing holes in the amorphous phase of polymers,
which occur due to irregular packing of molecular chains. Another category is
dynamic and transient holes, which occur due to molecular relaxation of polymeric
chains. The density of amorphous polymer decreases by 10% due to the presence of
these types of holes as compared to the density of the crystalline state of the same
material [29]. Thermal, mechanical and relaxation properties of polymers are
affected by the relative percentage of these holes [29]. The volume occupied by
these holes is called free volume, and it can be modified by ion beam treatment
[30]. Depending upon the polymer chains packing; free volume is further catego-
rized into following types [31].

Hole free volume: There is a free space among the perfectly aligned polymeric
chains of a particular polymer; this free space is called hole free volume.
Configurational free volume: The insufficient chain packing causes creation of an
additional free space which is called configurational free volume.

Fluctuation (dynamic) free volume: The movement of polymeric side chains
creates transient gaps, which create an extra free volume called fluctuation free
volume.

Although it is difficult to determine the concentration or type of the defect
generated, the overall change in free volume can be calculated using either of the
techniques available such as positron annihilation lifetime spectroscopy (PALS),
Doppler broadening spectroscopy (DBS) or angular correlation of annihilation
radiation (ACAR). Presently, we will discuss PALS technique.

3.1 Positron Annihilation Lifetime Spectroscopy

Positron annihilation lifetime spectroscopy (PALS) is a non-destructive and reliable
technique used to find free volume of the polymers. This technique is used to find
lifetime of a positron and its bound state with an electron called positronium. The
spin state of electron and positron with respect to each other further divides the
positronium into two categories: ortho-positronium (o-Ps, parallel spin, °S; spin
state) and para-positronium (p-Ps, antiparallel spin, 'S, spin state) [32]. The elec-
tron density is small in an open volume defect (such as vacancy or its agglomerates)
of any material (semiconductor or amorphous), so the lifetime of positron increases
with respect to defect-free region after it is trapped in such defects. The spectrum of
positron annihilation counts obtained from PALS experiment looks like Fig. 3 [33].
After the data analyses obtained from the PALS experiment, three lifetimes (t; for
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Fig. 3 PALS spectra of pristine and C* ion-irradiated PMMA polymer at various fluences.
Reproduced with permission from [33]

p-Ps annihilation, 1, for free positron annihilation and 75 for o-Ps annihilation) and
corresponding intensities (I, I, and I5) are obtained. Annihilation of o-Ps and hence
its lifetime (t3) are directly correlated to polymeric free volume. The intensity (/3)
of 0-Ps is directly related to defect concentration. It represents the o-Ps formation
probability. Hence, the PALS technique gives useful information about kind and
concentration of the defect. The graphical representation of free volume modifi-
cation by ion beam technology is shown in Fig. 4 [3, 34].

The Tao-Eldrup model is used to find the value of hole radius (R) [35, 36] by
using Eq. (1),

iR (2RA ] (1)
o R+AR "2z "™\ R+ AR

The value of 7, is 0.5 ns and AR = 0.166 nm. These values were obtained by
fitting Eq. (1) in holes of known mean radii in porous materials [37]. AR is the
thickness of the homogenous electron layer in which the positron annihilates.

The free volume (FV) in polymers can be calculated using the formula given by
Eq. 2.
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Fig. 4 Graphical representation of free volume modification of polymeric chains by ion
irradiation. Reproduced with permission from [3, 34]

4
FV =3 R} (2)
Here, R is hole radius calculated using Eq. (1) considering the cavities to be nearly
spherical.
Another term which is called the fractional free volume (FFV) is calculated
using the formula given by Eq. 3.

4
FFV =C-FV -5 = C(gnR3)13 (3)

Here, C is a structural constant, and its value is ~0.0018 [38]. All these dis-
cussed parameters (R, FV and FFV) will be used in the next sections.

4 Polymethyl Methacrylate

The polymethyl methacrylate (PMMA) polymer is a thermoplastic polymer with
chemical formula [CsHgO,],. It is a transparent and colourless polymer having a
melting point of 160 °C and approximate density of 1.19 g/cm®. The glass tran-
sition temperature of PMMA varies in the range of 100-105 °C. PMMA polymer is
used by medical accessories manufacturing industries for producing various
products such as acetabular cups, patellar prostheses, cements for fixing hip and
joint prostheses and filler in dentistry or vertebroplasty [34, 39, 40].



46 P. Singh and R. Kumar
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PMMA is a radiation-sensitive polymer. It is considered to be degrading (chain
scissoring) type polymer after irradiation because the increase of its solubility and
high emission rate after ion irradiation is related to chain scissoring [41]. One of the
prominent reasons of this chain-scissoring property is the presence of side chains
around quaternary carbon atom in the structure of PMMA (Fig. 5) which restrict the
chain mobility and hinder cross-linking [34]. Nathawat et al. reported chain scis-
soring after electron beam (10 keV energy) irradiation upon PMMA films of 20 pm
thickness [42]. But prolonged irradiations give contrary results; i.e., it can show
both cross-linking and chain scissoring after ion irradiation [41]. There are other
reports which claim PMMA to be cross-linked after ion irradiation [13, 43—45]. The
emission of volatile gasses plays a vital role in the modification of ion-irradiated
PMMA. In a report, Hossain et al. performed on- line RGA of PMMA while
irradiating with 4.5 MeV/u Au ions as shown in Fig. 6 [46]. Their RGA analyses
showed that the main volatile fragments of irradiated PMMA polymer were H,,
CHj;, CHy, CO and CO,, the latter presumably produced from the unstable
CH30CO radical originating from the side chain scission. This mechanism is
shown in Fig. 7 [46]. This was initiated by homolytic bond breaking by the highly
energetic d-electrons [46].

So, the above discussion implies that both the effects of cross-linking and
degradation occur after ion irradiation, but the overall modifications depend upon

Fig. 6 Outgassing spectra of PMNA
PMMA polymer irradiated '.;i'ﬁf[:_ﬁi beam |
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Fig. 7 A possible mechanism of volatile products formation of PMMA foil. Reproduced with
permission from [46]
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Fig. 8 a Scission yield G (s) and b spur distance as a function of LET for PMMA irradiated by
various radiation sources. Reproduced with permission from [13]

ion fluence, ion energy and its Z value. The linear energy transfer (LET) plays a
vital role in degradation and/or cross-linking of polymeric chains. The high LET
ion irradiation of PMMA can modify surface mechanical properties which can be
used in the industry where highly cross-linked surfaces are necessary [13].

Lee et al. investigated the degree of scissoring and cross-linking in details for
2 MeV He' and Ar® ions, 4.5 MeV e-beam and 1.1/1.3 MeV Co® gamma
radiation-irradiated PMMA samples (for low and high LET ions) [13]. They carried
out gel permeation chromatography (GPC) analyses and measured hardness
changes to analyse the degree of cross-linking. The number density of spurs (a
discrete loss of energy by SHIs) and their separation are the deciding factors for the
degree of cross-linking and degradation for a given LET of irradiated ions [47—49].
In their experiment, the spur distance and scission yield decreased with the increase
of LET as shown in Fig. 8 [13]. It shows that low LET implies widely separated
spurs which means a significant fraction of deposited energy remains within chains,
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leading frequently to chain scissoring, and thus degrades the material. The number
of spurs per unit track length increases with the increase of LET which forms a
continuous column of overlapping radicals and hence cross-links the polymeric
chains. It concludes that low LET affects single molecular chain due to which the
chain scission occurs, but on the other hand, high LET produces a high concen-
tration of free radicals, as a result of which the tracks get overlapped and cross-link
the molecular chains [13].

Our group reported effects of 50 MeV Li** and 70 MeV C”* ions and gamma
radiation exposure upon free volume of the PMMA polymer using PALS analyses
at various fluences and doses, respectively [33, 34]. After data analyses, variations
of R and /5 as a function of ion fluence and gamma dose are shown in Fig. 9. The
value of R and FV for lithium ion-irradiated polymers was observed to be decreased
at fluences of 1.0 x 10'" and 5.0 x 10'" ions/cm?® from pristine value, followed by
a small increment in their values up to maximum increment at a fluence of
5.0 x 10'? ions/cm®. The value of R remained almost unchanged for the case of
gamma exposure as shown in Fig. 9. The carbon ions exposure gave similar results
as those of lithium ions irradiations as shown in Table 2 [33]. The irradiation causes
cross-linking, and the polymer chains come closer due to the free radical formation,
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Fig. 9 Variation of a hole radius and b o-Ps intensity versus ion fluence of the Li*" ions irradiated
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gamma radiation exposed PMMA sample. Reproduced with permission from [34]
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Table 2 Calculated values of radius of free volume hole (R), free volume (FV) and fractional
volume (FFV) in pristine and irradiated PMMA samples

Fluence (ions/cm?) R (A) FV (A% FFV
Pristine 3.04 117.78 6.67
5 x 1010 3.00 113.84 5.92
1 x 10" 2.99 112.16 5.88
5 x 10" 2.97 110.63 5.90
1 x 10'? 2.99 112.52 5.75
5 x 102 2.99 112.62 5.82

Typical errors in the quantities are 0.01A, 1.15 A% and 0.21, respectively
Reproduced with permission from [33]

which results in the decrease of hole radius and hence the free volume [50]. So the
polymeric chains cross-linked at a fluence of 1.0 x 10! jons/cm?. In addition to it,
the increased surface roughness is related to cross-linking of polymeric chains that
leads to change in free volume fraction in modified surface layers [51, 52]. The
value of I3 remained almost constant and decreased at a fluence of 5 x 10'? ions/
cm?, and gamma exposure showed irregular variations of I5. The value of I
depends upon several parameters like the chemical composition of material under
study, the type and energy of incident ion/radiation and mechanical history of the
sample and its polarity [53]. The probability of formation of o-Ps decreased at a
fluence of 5 x 10'? ions/cm. In addition to it, there is a certain probability that
0-Ps could have reacted chemically with molecules either by chemical inhibition
due to which 73 decreased or by chemical quenching which is responsible for
decrease in value of I3 [54]. The free volume increased due to increase in value of
R at higher fluences. There are two factors which may be responsible for the growth
of hole radius. The rise in temperature factor is considerable at a fluence of
5.0 x 10'? jons/cm?, which may increase R and FV [55]. There is another expla-
nation reported, according to which the carbon clusters act as positron scattering
centres and decrease the positron mobility due to which the positron formation
probability increases, thereby increasing the value of FV [53]

In addition to the free volume, the radiation treatment modifies the structural as
well as optical properties of the polymers. The X-ray diffraction (XRD) studies
reveal the modification of crystallite size (calculated using Scherrer formula, see
Appendix). The ion irradiation increased the crystallite size (C.S.) by ~11% (8.7—
9.7 A), while gamma exposure decreased C.S. by ~ 10%. The amorphous nature
increased after SHI and gamma irradiations. UV—visible studies revealed the shift of
optical absorption edge towards longer wavelength leading to decrease in band gap
energy (E,) of the sample gradually with increase of gamma dose and ion fluences.
The value of E, (calculated using Tauc’s relation, see Appendix) decreased by 12%
(from 5.04 to 4.43 eV) in case of lithium and gamma exposure for direct transition
and 24% (from 4.23 to 3.21 eV) in case of carbon ion irradiation for indirect
transitions. These variations are shown in Fig. 10 [34].
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The irradiation conditions can be optimized to obtain cross-linking of PMMA
polymeric chains. Unai et al. reported two-step irradiation method (low flux fol-
lowed by high flux) to achieve short exposure time to induce cross-linking of
PMMA polymeric chains while maintaining the exposed regions free of blisters
[56]. The thin-film transistors can be produced by using cross-linked PMMA gate
dielectrics, which have high carrier mobility and can be operated at low voltages
[57]. Hong et al. fabricated waveguides in PMMA by proton implantation in order
to increase the mode number and refractive index [58].

The surface hardness and conductivity can be tailored/increased by doping the
polymer with suitable metallic nanoparticles followed by ion irradiation. Singh
et al. reported the increase in ac conductivity of copper-doped PMMA after the
radiation treatment of 140 MeV silver ions as shown in Fig. 11 [59]. The Fig. 11
clarifies that ac conductivity increased with increase of frequency, filler concen-
tration as well as ion fluence [59]. This concludes that ion irradiation promotes
metal to polymer bonding by depleting the hydrogen from the carbon network of
the polymer due to the emission of gaseous species [60, 61].

The doping of metal nanoparticles or grafting of the polymers with other suitable
nano-sized materials modifies the material properties significantly in terms of small
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size, surface and quantum size effects as well as macroscopic quantum tunnel effect
[62—64, 66]. The silane coupling agents (having ability to form a bond between

organic and inorganic materials) can be used to
composites doped with magnetic particles; these

cover the surfaces of polymer
composites are used for wave

absorbers for the quasi-microwave band which are thinner (2 mm) than conven-
tional spinel-type ferrite absorbers (6—7 mm) [65]. This property of least thickness
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Fig. 12 Variation of a ac conductivity and b dielectric constant as a function of log frequency for
pristine and irradiated samples [Reproduced with permission from [66]

(or more thinness) results from permeability and permittivity values that are higher
than those of conventional systems [65]. Gavade et al. reported the effects of
lithium ion irradiation on dielectric properties of NiO nanoparticles dispersed in
PMMA polymer matrix [66]. The conductivity and dielectric constant were mea-
sured as a function of frequency (1-10 MHz range) for 2 and 10% NiO doping for
pristine and irradiated samples, respectively. The plots are shown in Fig. 12 [66].
The conductivity and dielectric constant increased with increase of doping con-
centration. The potential barrier depleted due to increase of conduction between
filler particle aggregates in the doped composite, as a result of which conductivity
and dielectric constant increased; both of these properties further increased with ion
irradiation. The gaseous emission during irradiation converts polymeric structure
into hydrogen-depleted carbon network, which promotes metal to polymer bonding
and hence makes the composite more conductive [66].

5 Polyethylene Terephthalate

Polyethylene terephthalate (PET) is a semi-crystalline thermoplastic polyester
derived from polyethylene terephthalate. Its chemical formula is [CoHgO4],. Its
melting point is 260 °C, and the density is approximately 1.31 g/cm®. The glass
transition temperature of PET varies between 67 °C and 81 °C. PET polymer has
commercial applications in the fabrication of various electrical instruments, pack-
aging, X-ray sheets, plastic bottles and blood vessel disease treatments
(atherosclerosis) [67, 68].

PET membranes have great utilization for gas separation applications. The
permeability (rate of flow of gas) and selectivity (ability of a membrane to
accomplish a given separation) are important parameters of a membrane to be used
as a gas separating membrane commercially. The other commercially available
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polymer membranes are polysulfone, polyimides, tetrabromopolycarbonate, cellu-
lose acetate, poly(phenylene oxide), polyimide, silicon rubber, silicon rubber, poly
(trimethylsilyl propyne) and many more [69]. PET membranes have an advantage of
high gas permeability and permeation selectivity among the other commercially
available gas separating membranes such as metal and ceramic membranes. The
permeability coefficient (P) is related to diffusion coefficient (D) and solubility
coefficient (S) by the relation P = DS. The value of P varies in the range of 10 *t0 10*
Barrer in case of polymer membranes [69]. Generally, the permeability of the
membrane increases at the cost of permeation selectivity, but ion beam irradiation
technology for the production of tracks has overcome this limitation. The pore size and
porosity are two parameters in case of track-etched polymeric membranes that make
them distinct advantageous over conventional membranes. Both of these parameters
are independent of each other and can be varied in an easily controlled manner over
several orders of magnitude [9]. Pore size is a function of etching time, while porosity
is a function of irradiation process [70]. The polymeric membrane is subjected to
chemical etching process after the tracks are formed by ion irradiation. The etching
time and irradiation fluence can be calibrated in order to get membranes of desired
pore size and porosity. The membranes with pore sizes from about 10 nm to several
micrometres are commercially available [71]. The conditions of chemical etching
affect the pore shape [72]. The pore size of PET can be controlled by the track
formation by ion irradiation followed by chemical etching. The mechanical stability
and permeability can be increased simultaneously by performing gelation in the pores
of track-etched PET membranes [71, 73]. Further improvements can be achieved
through functionalization of membranes via different routes as explained in details by
Ulbricht et al. [71]. One such example is shown in Fig. 13 [74]. This figure shows the
SEM image of track-etched PET membranes functionalized via ‘grafting from” with
an amino-functional polyacrylate [74].

The pore size of the membranes can be controlled by changing the etching time
for suitable applications. Awasthi et al. increased the permeability of different
gasses by controlling the pore size of 25-um-thick PET membranes after irradiating
with 100 MeV CI°* ions as a function of etching time [9]. They reported outer
diameter of the pores to be 2 pum as shown in Fig. 14 and pore size of 70-120 nm
for different etching times [9]. The etching time affected the permeability of the
gasses. The permeability of different gasses increased with increase of etching time
as shown in Fig. 15 [9].

The free volume and distribution of the effective micropore size of the free
volume elements are interconnected [75, 76]. The gas diffusion properties are
related to amount and distribution of free volume [31]. The gas permeability and
free volume are directly related to each other [30]. So, it is important to study free
volume so that permeation can be estimated. Our group reported the modifications
in the free volume of PET polymer by controlled irradiation of carbon, lithium and
gamma radiation. The value of R and FV increased after lithium ion irradiation as
shown in Fig. 16 [77]. The variations of R and FFV as a function of carbon ion
fluence and gamma dose have been plotted in Fig. 17a—d [78]. The values of R, FV
and FFV were almost unchanged after gamma exposure. The gamma exposure is
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Fig. 13 SEM cross-sectional images of a nanoparticle composite membrane—the base
track-etched PET membrane. a Filled pores before coupling reaction overnight, b cross section
after coupling reaction and complete washing and c cross-sectional detail demonstrating the
distance between neighboured bound nanoparticles. Reproduced with permission from [74]
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Fig. 14 SEM image of track-etched PET membrane. Reproduced with permission from [9]

almost an electronic energy loss process. The nuclear energy loss is almost negli-
gible in this case. It has been reported that nuclear energy loss is responsible for the
defects creations in the target materials. The free volume is a kind of defect which is
almost constant in gamma exposure due to the absence of nuclear energy loss and
hence due to the lack of defects creation.

The PET polymer is semi-crystalline in nature. Its XRD peaks are sharp and
intense as compared to other amorphous polymers. The X-ray diffraction studies
showed amorphization after lithium ion irradiation due to decrease in the intensity
of the diffraction peaks as shown in Fig. 18 [77]. The crystallite size was increased
after ion irradiations (from 36.5 A for pristine value to 64.6 A for fluence of
5 x 10'? ions/cm?). However, the polymer crystalline nature was observed to be
improved after carbon ion irradiation and gamma radiation exposure, although the
improvement was independent of the ion fluence. The band gap energy (E,) was
analysed to be decreased by 15.8% (at 5 x 10'? ions/cm?), 16.4% (at 5 x 10"
ions/cmz) and 12.3% (1250 kGy) in case of lithium ion, carbon ion and gamma
radiation exposure, respectively, for direct transitions. Awasthi et al. reported
decrease in crystalline nature of PET in XRD studies after 100 MeV oxygen ion
irradiation [79]. They reported decrease in the value of E, by 11.3%. Ramola et al.
also observed decrease in peak intensity of XRD after 120 MeV nickel ion irra-
diation and decrease in E, by 39% in UV-visible studies [80]. Biswas et al.
reported decrease in peak intensity of X-ray diffraction after 180 MeV silver ion
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Fig. 15 Gas permeability of PET membrane at different etching times. Reproduced with per-
mission from [9]
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Fig. 18 X-ray diffraction
patterns of pristine and Li**
ions irradiated PET polymer
samples. Reproduced with
permission from [77]
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irradiation [81]. Prasad et al. observed no changes in the XRD studies after gamma
exposure (50, 90 and 135 kGy doses) to PET polymer [82].

PET polymer has advanced applications in medical science. It is used as a
sewing cuff around the circumference of heart valves to promote tissue in-growth
and to provide a surface to suture the valve to the surrounding tissue [83].
Endocarditis is an infection of the heart’s valves or inner lining. It occurs when
germs get into the bloodstream and settle inside the heart, often on a valve. The
infection is usually caused by bacteria (in rare cases, it is caused by fungi [84]). The
silver coating of prosthetic valve sewing rings is used to protect against prosthetic
endocarditis [85, 86]. Jin et al. reported that toxic effect exerted through the release
of silver ions into the tissues or body fluid is the important parameter which decides
the clinical potentiality of PET modified by Ag ion implantation (Ag-ion-PET)
[87]. They observed that Ag-ion-PET sample has a large potential to kill bacteria,
and the adhered colonies of a particular species of bacteria [called staphylococcus
epidermidis (SE)] on the surface of Ag-ion-PET sample were as less as 24% on the
control PET surface. Similar bacterial adhesion behaviour of Ag-implanted PET
was studied by Li et al. [88]. They also reported 24% less concentration of SE on
the surface of Ag-implanted PET.

6 Polyallyl Diglycol Carbonate

Polyallyl diglycol carbonate (PADC) is used as solid-state nuclear track detector
(SSNTD) due to its ability of ion track detection [89]. Its trade name is CR-39. The
literature of gamma and neutron ray’s exposure on CR-39 polymer with various
fluences and doses is available. Ramola et al. reported the increase in polymer
crystalline nature and decrease in band gap energy from 4.8 to 3.4 eV after oxygen
ion irradiation of PADC [90]. Although, in a recent study by El-Saftawy et al., the
polymer crystalline nature was reported to be decreased by 20%. In addition to
decrease in the band gap energy, they reported colour transformation due to the
trapped free radicals or charged species in the polymer [91]. In a similar study, Singh
and Prasher observed 22% fall in band gap energy as well as shift of absorption edge
towards visible region after 40 MeV lithium ion irradiation of PADC polymer.
A minute decrease in band gap energy (3.88 to 3.85 eV) of PADC polymer by
neutron irradiation has been reported [92]. Zaki irradiated PADC polymer samples
of thickness 500 pm with gamma radiation (Co-60 source, 7.5 kGy/h dose) up to
quite a high dose of 5715 kGy and reported the decrease in band gap energy from 3.6
to 1.9 eV in case of indirect transitions (47.2%) and 4.2 to 2.7 eV in case of direct
transitions (35.7%) [93]. El-Badry, a year later, reported similar results with keV
ions irradiations upon PADC polymer samples. He reported 40.4% (4.2 to 2.5 eV)
and 64.8% (3.7 to 1.3 eV) decrease in direct and indirect band gap energies,
respectively, after 320 keV Ar ion irradiations as well as 47.5% (4.0 to 2.1 eV) and
66.6% (3.6 to 1.2 eV) decrease in direct and indirect band gap energies, respectively,
after 130 keV He ion irradiation [94]. In addition, he reported the decrease in
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photoluminescence intensity due to defects and clusters induced by these ions. In a
reported study by our group, 125-pum-thick and 250-um-thick PADC films were
irradiated by 50 MeV Li** and 70 MeV C”* ions, respectively. A sharp decrease in
the band gap energy was observed in both cases of irradiations due to the formation
of conjugated system of bonds. The carbon ion irradiation showed a 24% (3.98 to
2.82 eV) decrease in band gap energy as compared to 19% (3.98 to 3.03 eV)
decrease in case of Li ion irradiation for indirect transitions [95]. The Li**
ion-irradiated samples showed increase in the amorphous nature at higher fluences as
shown in Fig. 19 [96]. The free volume was observed to be decreased with increase
of ion fluence due to cross-linking of polymeric chains. The cross-linking effects in
polymeric chains find applications in the field of microelectronic devices and
printing process [89]. Kader reported decrease in the band gap energy for silver
ion-irradiated PADC polymer samples from 4.2 to 3.6 eV and 3.2 to 2.5 eV for
direct and indirect transitions, respectively [89].

7 Applications

Polymers have wide applications in radiation dosimetry, a field of health physics
and radiation protection, such as PADC which is used in SSNTDs as explained
earlier.

Polymer ion track membranes (PITMs) have applications in the processes of
filtration, drinking water treatment, extractive industrial water processes and
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effluent treatment, industrial gas separation, domestic air filtration, biochemical
sensing, cell culture and fuel cells [97]. Nowadays, the PET, polypropylene and
polycarbonate membranes are commercially available in a wide range of pore size
diameter (10 nm—few microns). The use of these PITMs reduces environmental
contamination as well as consumption of energy and natural resources. In recent
developments, the PITMs are composited with other nanomaterials for fabrication
of microfluidic sensor and photocatalytic reactor elements designed for the detec-
tion and deactivation of biological hazard substances in solutions [98].

The ionic conductivity of polymer electrolytes can be increased by electron
beam irradiation [99]. The mechanical properties, tensile strength and rigidity of
Teflon and polyester can be improved by ion-induced cross-linking. Radiation-
induced cross-linked chains of polymers have applications in the development of
cables, wires and rubber tires [77, 100].

The gaseous emission during irradiation can affect certain properties of poly-
mers. The emission of hydrogen followed by oxidation of surface layers of poly-
ethylene by ion implantation increased wet ability and can be used for biomedical
applications (revealing bacteriostatic effect) after doping with some impurity atoms
[101]. The dielectric properties of polymers due to the emission of volatile and low
molecular gasses have been studied by Singh and his group [102-107].

The band gap energy can be decreased and controlled with ion irradiation. The
optical modifications occurring in the ion beam-modified polymers may produce
new electronic levels in the forbidden gap of the electronic band structure, which
enhances the electrical conductivity of the target polymer. This property can be
utilized in producing special materials for electronic applications [108]. The ion
beam irradiation induces defects in the polymers which may improve the transport
property of protons and may promote the dissociation of water molecules at the
surface, resulting in an increase of proton concentration, thereby increasing the
electrical properties as per the reports available [109, 110]. The increase of elec-
trical conductivity of polycarbonate after He and Ar ion irradiation has been
reported [110]. The polymeric material with good surface conductivity and the poor
bulk conductivity can be utilized as frames for sensitive measuring systems to
overcome the problem of static charge accumulation [110]. Ion-implanted PMMA
can be used in biosensors and biomedical fields for electrical applications [111].
The enhanced electrical properties of PET membranes by ion irradiation have been
reported [112, 113]. The effects of electrons and proton irradiations upon the
electrical and optical properties of some other polymers are reported [114—117].

The surface modifications of polymers by radiation treatment improve their
adhesion, friction, wetting and biological compatibility. The use of ion beam has
been reported for the evolution of nanostructures which are essential in the
development of devices that incorporate nanoscale functionality for mechanical,
chemical and optical features [118-123].
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8 Summary and Conclusion

The polymeric properties can be tailored/modified by radiation treatment-swift
heavy ions (MeV range), electrons, protons, low-energy ions (keV range) and
gamma rays. The radiation physics and chemistry of polymeric materials are widely
applicable in modifying the structural, chemical, mechanical, optical, thermal,
magnetic, surface, electrical and many other properties of the polymeric materials.
ITon irradiation leads to excitation, ionization and gas liberation. All these modifi-
cations are related to cross-linking (gelling) and scissoring (degradation) of poly-
meric chains which occur simultaneously during irradiation of polymers, but the
dominance of one over the other depends upon polymer structure and other factors
such as ion energy and fluence. The linear energy transfer (LET) plays an important
role in degradation and/or cross-linking of polymeric chains. There are certain other
parameters which can optimize the yield of modification such as type and energy of
ion, sample thickness and ion fluence (number of ions per unit volume).

Ion implantation can increase the mode number and refractive index of a
polymer for the use of waveguides. The polymer doping or grafting with other
nano-sized materials can be used to tailor or calibrate the certain properties. The
surface hardness and conductivity can be tailored/increased by doping the polymer
with suitable metallic nanoparticles followed by ion irradiation. The structural
modifications occurring in the ion beam-modified polymers may produce new
electronic levels in the forbidden gap of the electronic band structure, which may
enhance the electrical conductivity of the target polymer. So, the ion beam tech-
nique can be utilized in producing special materials for electronic applications

Polymer ion track membranes (PITMs) have a wide range of industrial and
commercial applications. These membranes have advantage of high gas perme-
ability and permeation selectivity among the other commercially available gas
separating membranes such as metal and ceramic membranes. The polymeric
material is subjected to chemical etching process after the tracks are formed by ion
irradiation. The pore size of the membranes can be controlled by changing the
etching time for suitable applications.

Conducting polymers can be doped with nanofillers such as carbon nanotubes
(CNT) for advanced applications such as supercapacitors. The controlled dopings of
ternary composites of polymers and CNT graphene may increase the cycling
capacity of the supercapacitors. These composites can be further tested by ion beam
modification (using low- and high-energy ions) The composites of CNT, ethyl vinyl
acetate and PANI with a 3D co-continuous phase structure having SC of 1105 Fg™'
and excellent cycling performance over 45,000 cycles have been reported [124].
The future perspective of the nanocomposites with high surface area lies in the
ternary composites of graphene, CNTs and CPs which can have high cyclic stability
as well as effective in accession of the electrolyte to the electrode in the redox
mechanism [125].
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Appendix

The crystallite size (C.S.) can be calculated using Scherrer formula given below
[126]:

I kA
" bcosH

Here, b is the full width at half maximum (FWHM) of the XRD peak (in radian), A
is the wavelength of the X-rays used (1.54 A in most of the cases for Cu K,
radiation), and 6 is the angle which is calculated by taking % of 20 value in above
equation. k is a constant of proportionality (called the Scherrer constant), and its
value depends on how the width is determined and the shape of the crystal. The
value of k is 0.9 for polymeric samples.

The optical band gap energy (E,) can be calculated from the absorption spectra
by extrapolating the linear portion of the plot of (ohv)" against (hv) to the energy
axis. The value of E; is calculated using Tauc’s relation given below [127]:

(ohv)"= B(hv — Eg)

Here, E, is average band gap energy of the material. B in the above equation is the
band tailing parameter that depends on the transition probability and can be
assumed to be constant within the optical frequency range. The value of n char-
acterizes the transition processes in K-space. Its value is 2, 3, % and % for direct
allowed, direct forbidden, indirect allowed and indirect forbidden transitions,
respectively. Here, o is known as the optical absorption coefficient and its value is
calculated from the absorbance (A), after correction for reflection losses using the
equation: o(v) = %. Here, [ is the sample thickness in centimetres.
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High-Fluence Ion Implantation M)
of Polymers: Evolution of Structure Lk
and Composition

Vladimir N. Popok

Abstract The chapter presents an overview of the effects and phenomena leading
to structural and compositional evolution of polymer materials under high-fluence
ion implantation. Ion stopping mechanisms and degradation of polymer structure
due to radiation damage are discussed, giving examples for different ion species and
polymer types mostly focusing on the low- to medium-energy regimes. Typical
depth profiles and tendencies in depth distribution of impurities as well as the
related changes in composition of the implanted layers are analysed. The emphasis
is put on the high-fluence implantation of metal ions leading to the nucleation of
nanoparticles and formation of composite materials. A special case of cluster ion
implantation is also discussed. Change in mechanical, electronic, optical and
magnetic properties of the ion-implanted polymers is under the consideration in the
final part of the chapter also including a brief overview on applications of these
materials.

Keywords Ion implantation - High fluences - Polymers - Radiation damage -
Metal-polymer composites - Metal nanoparticles - Applications of ion-implanted
polymers

1 Introduction

Ion implantation has become a widely used research and industrial method for
doping of semiconductors since the late 1960s—early 1970s [1-4]. About the same
time, the study of ion beam treatment of metals and alloy has been started in order
to improve wear resistance of surfaces and later to form protection layers [5]. In the
1980s and 1990s, the ion beams have begun to be applied for surface analysis as
well as synthesis and modification of a wide range of materials, among which the
ion beam-treated dielectrics have shown an increasing interest [5—7]. In particular,
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ion implantation was considered to be one of the effective technological approaches
to modify electrical, optical, magnetic and mechanical properties of polymers [8—
17]. It became a hot topic in the late 1990s quickly reaching the level of over
hundred papers published every year. Since then, the number of publication has
been gradually increasing demonstrating a keen interest to the subject. Since the
area of research on ion implantation of organic materials is very wide, the focus of
the chapter will be on polymer modification using low-to-medium-energy beams
covering the interval from approximately a few tens to few hundreds of keV. Thus,
the effects caused by swift ions will be excluded from the analysis. The chapter will
also predominantly discuss the cases of high-fluence (>1 x 10" cm™)
bombardment.

One of the primary interests in ion implantation of dielectric polymers is based
on turning them into semiconductor materials [8, 9]. It is realised by the disruption
of chemical bonds in atomic collisions leading to cross-linking and formation of
conjugated systems favouring the charge carrier transport [12, 14, 17-19]. Since the
majority of polymers are carbon based, the radiation damage introduced by ener-
getic ions can lead to escape of volatile chemical elements (degassing) from the
implanted layer causing enrichment by carbon (carbonisation) which also facilitates
higher conductance. Controlling the ion fluence allows rise in the conductance of up
to approximately 20 orders of magnitude. Thus, ion beam modification of polymers
opens a way for passive and active electronic element fabrication [15, 20-23].

Modified by implantation, organic materials are also attractive for applications in
optics as passive devices, for example light filters and waveguides [24-29]. It is
found that the optical properties correlate well with electrical and mechanical
parameters of the ion-modified polymers [30, 31], thus allowing to use these
materials for electro-optical modulators, stress gauges, etc. The radiation-induced
phenomena also cause changes in surface properties, for instance, smoothness,
adhesion, wear resistance and chemical resistance [32-35]. Hence, ion bombard-
ment is suggested to be one of the possibilities to control bio-compatibility of
polymers by the formation of appropriate surface topography and creation of
centres for cell adhesion [36—42].

High-fluence metal ion implantation into polymers has become an area of special
attention and interest because the embedded metal atoms are tended to aggregate
into nanoparticles (NPs), thus forming metal-polymer composite materials with
properties attractive for many applications. It is worth mentioning that this potential
was already recognised in the beginning of 1980s [11, 43]. An implantation with
high fluences leads to increase in metal concentration originating nucleation and
growth of NPs due to very large difference in surface energies of metals and
polymers [44]. Development of nanotechnologies in the 1990s caused intensive
research on the formation of metal NPs in organic matrixes with an aim to fabricate
composites with attractive electrical, optical and magnetic properties [45-53].
These activities have led to high level of understanding of fundamental physical and
chemical aspects of radiation-modified polymers [19, 54-57]. On the other hand,
these studies indicated a number of challenges in the production of polymeric
materials with required properties.
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Thus, a considerable level of understanding on ion stopping as well as related
compositional and structural alterations in organic matrixes has been acquired in the
past 20-30 years. A number of application-oriented research results on
ion-implanted and radiation-modified polymers have been published. The intension
of this chapter is to provide an analytical overview of these studies.

2 Jon Stopping and Change of Polymer Structure

2.1 Latent Tracks and Thermolysis

Polymers are formed by long macromolecules or their networks. Every macro-
molecule consists of hundreds or thousands of joint monomers which are units of
the polymer chain. The monomers can be of different types ranging from the
simplest unit -CH,—CH,—, which is a basis for polyethylene (PE), to complex
structures including benzene rings and different functional groups like poly(ethy-
lene terephthalate) (PET), polyimide (PI) or polycarbonate (PC) [57]. Polymers are
characterised by strong (typically covalent) bonds between atoms in the macro-
molecule but weak intermolecular interactions.

Under implantation, the bonds become broken in the collisions with incoming
ions and formed recoils (due to elastic nuclear collisions) as well as in the inter-
action of electronic system with charged projectiles (due to inelastic electronic
interactions) [55]. These processes depend on the implantation energy and ion
species as well as on the composition and structure of the polymer. Even for
low-implantation energies, the density of energy can reach a few hundreds of
eV/nm of ion track length. Since typical bond dissociation energy in polymers is
below 10 eV [19], the energy transferred to the matrix by the projectile causes
massive rapture of chemical bonds, i.e. displacement of atoms from their positions
in chains. Some of them form volatile molecules or compounds (H,, CH4, C,H,,
CO, CO,, etc.) and leave the polymer by diffusion. Thus, so-called latent track
along the ion trajectory is formed with the core (between 1 and 10 nm in diameter)
of lower density compared to the pristine material. The core is surrounded by
penumbra representing the less damaged, usually cross-linked material [58—-60].
The phenomenon of radiation-induced degradation of polymer structure is often
called a radiolysis [19].

Ion stopping leads not only to bond breakage and scission of macromolecules
but also to the vibration excitation of the polymer atoms on the femto- to
pico-second scale after the impact causing the energy transfer in the form of heat
[14, 18]. This phenomenon is called thermalisation or thermolysis, and it causes
abrupt temperature (7) increase around the ion track [16, 19]. The phenomenon can
be described using the “thermal spike” model developed by Seitz and Koehler [61]
with further refinements implemented by Sigmund [62], Kelly [63] and Bitensky
with co-workers [64]. According to the model:
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_ Iy (r/ro)’
T(r,t) = Wexp{—m}, (1)

where ry is the track core radius, ¢ is the thermal diffusivity of the medium and Ty, is
the initial temperature given by
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where p is the polymer density, Cy is the heat capacity, S is the total stopping
power (it will be described in more detail below) and 7 is the part of the deposited
energy converted to heat in the collision spike. The dependence of normalised
temperature on the distance from the track core and its time evolution evaluated
using Eq. (1) is presented in Fig. 1. This is a qualitative approach. There is
widening of the heated zone with time. T}, values corresponding to the implantation
of ions with energies of a few hundreds of keV are found to be ranging between 10°
and 10* K, while quenching of the track down to the typical temperature of a
polymer target under implantation (350-400 K) occurs for 107107 s.

As a particular example, the molecular dynamic simulations of 240 keV
implantation of C* ions into makrofol E (C;sH403) show temperature of up to
1300 K in the track core [60]. The area around the track axis cools down to 370 K
at radial distance of 7-8 nm. Thus, the polymer within the cylindrical area just
around the core can also degrade due to the pyrolysis-like effects. Actually, both the
radiation and thermal mechanisms interplay, and therefore, the chemical modifi-
cation of the polymer structure and composition during the ion implantation rep-
resents a joint process of radiothermolysis.

Fig. 1 Dependence of 1,0
normalised temperature (7/7()
on normalised track radius (#/
ro). T = 415/r* has meaning of
specific time

Normalised Temperature
o
(1]

Normalised Radius
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Polymer disorder decreases with increasing distance in radial direction and also
along the track (in longitudinal direction) due to energy loss by the projectiles.
Thus, every ion produces a relatively narrow in width damaged region which can
be developed into an individual pore by etching [65]. However, under fluence
increase, the tracks start overlapping. This transition occurs in the fluence range of
5 x 10”25 x 10" ¢cm ™2 in the case of light ions, while for heavy ions, the flu-
ences can even be lower because the tracks are larger in diameter [14, 66]. Thus, at
high fluences, a continuous layer of radiation-modified material is formed.
Thickness of the layer depends on the ion energy and mass as well as on the
structure and density of the polymer. These effects should be discussed in terms of
ion stopping power.

2.2 Structural Changes Due to Nuclear and Electronic
Stopping

The ions under embedding into material lose energy in elastic nuclear and inelastic
electronic interactions which are characterised by the nuclear and electronic stop-
ping power, S, and S., respectively. The ratio between the nuclear and electronic
stopping depends on the mass of the projectile which can be arbitrary divided into
heavy and light (with masses approximately below 20 a.m.u.) ions. Examples of the
stopping power depth profiles for C* (light) and Ag* (heavy) ions in PE calculated
using Stopping and Ranges in Matter (SRIM) code [67] are presented in Fig. 2.

(a) (b)
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< 1004 N
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g \ ©
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/\ 100
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Fig. 2 Calculated depth distributions of electronic (S.) and nuclear (S,) stopping power for
a 50 keV C" and b 150 keV Ag" ions implanted into PE
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One can see that the loss on electronic interaction dominates in the beginning of
tracks and its ratio to nuclear stopping is higher for light ions. For heavy ions, the
energy loss on nuclear collisions prevails with maximum at the depth near the mean
projected range (R}, of ions.

The primary energy transfer from an impinging ion to a target atom leads to the
displacement of the latter causing direct bond rupture. The ion can impart enough
energy to the replaced atom (recoil) to generate next atomic displacement, thus
producing a nonlinear collision cascade [55]. The energy transfer through electronic
interactions results in electronic excitation of polymer units. This excitation can
propagate from the track core forming a kind of penumbra [16]. Relaxation of the
excited states can cause selective scission of the weakest bonds. Thus, both the
nuclear and electronic stopping mechanisms lead to the bond termination with two
possible scenarios: scission of macromolecules and cross-linking. The scission has
meaning of polymer chain breakage into smaller fragments as schematically shown
in Fig. 3a, thus resulting in depolymerisation. The cross-linking occurs due to the
formation of free radicals and causes bond conjugations. An example for PE is
presented in Fig. 3b. A recoiled carbon atom can react with a macromolecule that
leads to a cross-link with the neighbouring one. Efficiency of the scission or
cross-linking depends on the polymer structure. For instance, the chain fraction
formation is found to be the most typical for polyisobutylene and poly(methyl
methacrylate) (PMMA), whereas in PE and polysterene (PS), the cross-linking
dominates [57, 68, 69]. When the number of cross-links reaches a critical value, the
gel fractions characterised by a 3D network of bonds between macromolecules can
form [69].

The bond scission can also be caused by electron excitations. This is found for
polymers with heteroatom-containing functional groups [19, 70]. For example, the
implantation of Ne* or N* ions into PI (in this case S./S, > 6.5) first leads to
degradation of the ether linkages and then to conversion of the imide groups into
amide ones. In this case, CO is found to be the main released gaseous product
[71-73]. The aromatic rings in PI are more stable against the electronic stopping
and typically do not degrade [13, 14]. This is an important finding in terms of
polymer evolution towards the formation of polyaromatic structures, in which
n-electrons promote the conductance. Radiation damage of polyethersulphone

CH

CH; Cross-link

Fig. 3 Schematic pictures of a scission of macromolecules in a polymer and b cross-linking in PE
under ion implantation
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Fig. 4 a Chemical formula (a)
of PI unit and b structural
transformation of PI under ion M O . @
beam modification. Reprinted n

with permission from [70]

(b)

(PES) under dominating electronic stopping leads to selective reduction of sulphone
groups to sulphoxide ones and further to sulphide groups for the high-fluence
implantation [13, 14]. In PET, the heterocyclic groups are found to be more stable
against the electron excitation but, nevertheless, can also be transformed due to the
asymmetric system of delocalised m-electrons [74]. In the electron beam-irradiated
poly(2-vinylpyridine), the pyridine rings are found to degrade towards amino
groups [13]. In general, it can be concluded that the energy transferred to the
polymer host during the electronic stopping of ions mainly affects weak bonds
yielding low-mass fragments: this process becomes more efficient with increase in
the electronic stopping power [75].

Under the implantation of heavy ions, contribution of the nuclear stopping
increases and S./S, ratio becomes smaller than unity. Elastic collisions lead to
massive rupture of strong chemical bonds. For example, in PI, the phenyl rings
become disrupted and imide groups degrade towards iminic and pyridinic-like
groups as well as tertiary amines [76]. Under very higher fluences, the formation of
extended polycondensed structures is proposed, as can be seen in Fig. 4, providing
network of conjugated bonds for charge carrier transfer [70]. In PES implanted by
50 keV As™ ions (S./S, < 0.2), the sulphone groups become broken and acetylene
splits out leading to the formation of 1.4-substituted butadiene [77]. For more
details about mechanisms of ion beam modification of different types of polymers,
one can refer to Sect. III of Ref. [16] or Chap. 4 of Ref. [57].

2.3 Degassing, Carbonisation and Oxidation

The above-mentioned implantation-induced processes change both the polymer
structure and composition. The major structural changes are already discussed. The
evolution of composition is first of all caused by the degassing. This phenomenon is
especially strong in the case of low-energy beams when the material is modified to
low depth. Gaseous products can easily diffuse towards surface through a thin
disordered layer, for example by the latent tracks, and escape from it due to the
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pressure difference because implantation is typically carried out in vacuum.
Residual gas analysis during the ion implantation gives an answer to the gasses
which are “emitted”. For the cases of implantation of PE and PS with 100 keV He"*
and 200 keV Ar" ions, H,, CH,, C,H, and C;Hs are detected [7]. Saturated
hydrocarbons (methane, ethane) are found to be emitted under ion irradiation of
polypropylene (PP) and polybutylene [78]. Typical molecules escaping from the
implanted PI are H,, C,H,, CO and CO, [59]. Therewith, the degassing of H,
results in dehydrogenation. Elastic recoil detection is one of the methods for direct
observation of hydrogen depletion in radiation-modified layers which is found, for
example, in Ni-implanted PI, PET and polyetheretherketone (PEEK) [79].
Dehydrogenation is also observed in the N-implanted CR-39 polymer [80]. Oxygen
can degas too from the oxygen-containing polymers. The near-surface depletion of
oxygen is found, for example, in PI implanted by 40 keV Fe™ ions [81].

As a result of degassing, the carbon ratio increases in the ion-treated layer, i.e.
carbonisation of polymers takes place [17, 54]. Since the nuclear stopping is more
efficient in bond breakage compared to the electronic one, it favours the degassing
and following carbonisation especially in the case of heavy ions. If one, for
example, compares the implantation of F* and As™ ions into PE, the carbon con-
centration saturates at about 40 at. % (33 at.% in the pristine polymer) for the light
ions, while it reaches 65-85 at.% for the heavy species embedded with the same
fluences [72, 82—-84]. The level of carbonisation is very much dependent on the type
of polymer. If the concentration of carbon is high in the pristine polymer like in PI
(78 at.%) or polyamide-6 (PA) (77.5 at.%), the carbon content after the implantation
can reach almost 90 at.% even in the case of light ions. This is proved for the cases
of 100 keV B ion implantation with high fluences (5 x 10'°-1 x 10'7 cm™?)
[85]. It is worth mentioning that the carbonisation process is practically accom-
plished (carbonisation is saturated) at the fluence level of (1-5) x 10" ¢cm ™2 for
heavy ions, while higher fluences are required for light ions [86-89].

Depth profiles of carbon “excess” can be obtained by RBS measurements. As
found in [90] for the case of 100 keV Sb* ions implanted into PE, the carbon
concentration increases with depth, reaches maximum and then decreases to the
value of pristine polymer. The obtained profile is found to be very close to the depth
distribution of energy losses on the nuclear stopping of ions. This correlation makes
sense because in the case of heavy ions, the bond breakage is predominantly caused
by the elastic collisions causing the hydrogen release and, thus, drastic
carbonisation.

Carbonisation also leads to structural rearrangement. With fluence increase, a
significant number of carbon atoms become unbound; they can meet free radicals
causing the formation of unsaturated fragments, aromatic six and fifth atom rings as
well as conjugated structures with sp*-bonded carbon. One of such transformations
is shown in Fig. 4b. Thus, one can talk about carbon-rich zones or carbon clusters
[57, 86, 88]. Their formation is confirmed by neutron scattering and transmission
electron microscopy (TEM) investigations; cluster sizes vary from a few to few tens
of nm depending on the implantation conditions.
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Cluster sizes can also be estimated from optical spectroscopy measurements [29,
80, 91]. In this case, the absorption spectra of implanted polymers are plotted in the
so-called Tauc co-ordinates allowing to find optical band gap (E,) through
extrapolation of the absorption edge on the photon energy scale as shown in Fig. 5.
Typical gap values of untreated polymers can vary between approximately 2 and
4 eV, indicating insulators with very low conductance. However, in the implanted
polymers, the optical gap decreases with fluence increase and can reach values
around 0.5 eV, which is typical for amorphous carbon being relatively good con-
ductor [92]. Thus, one can adopt an equation developed by Robertson and O’Reilly
for disordered graphite [92], which allows to calculate the average number of
aromatic rings () belonging to the conjugated carbon clusters and to estimate their
mean sizes:

_2IAl
\/Nv

where f is the parameter characterising the nearest neighbour interactions between
the m-orbitals in the one-electron tight-binding model and it is estimated to be
2.9 eV [92]. For example, in the implanted PS, PE and PA, the optical gap is found
to saturate at about 0.6 eV [29, 94, 95]. This value corresponds to a carbon cluster
consisting of around 100 benzene rings, thus to be ~2.0-2.5 nm in diameter [29,
88]. The provided estimate is approximate because the equation is developed only
for compact clusters. Moreover, the Hiickel theory involved in this calculation can
overestimate the optical transition energies of the m-systems. Nevertheless, using
optical spectroscopy, one can monitor the evolution of carbonisation in polymers
depending on the implantation parameters.

The n-bonded carbon clusters have a tendency to grow in size and aggregate
forming a network of conjugated C=C bonds with fluence increase. At some point,
this networking can lead to the formation of a quasi-continuous carbonaceous layer
with enhanced conductance. Depending on the implantation energy, this layer can
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form at different depths below the surface, i.e. be buried [21]. Carbonisation also
leads to the compaction of the radiation-modified layer: for high fluences, its
density can increase by a factor of 2 compared to the pristine polymer [96].

So far, only parameters such as ion fluence and implantation energy have been
mentioned to affect the modification of polymer structure and composition. It is
worth noting that an ion current density is one more important implantation char-
acteristic. Use of higher current density allows decrease in the implantation time.
However, a high rate of power transferred to the polymer in this case can cause
significant temperature rise and thermal degradation. It is found that for the ther-
mally resistant polymers (materials with high glass transition temperature), high ion
current densities can be used. For example, for PI implanted by Ar" ions, the value
of 16 uA/cm2 is reached without visual thermal degradation [70]. Nevertheless, the
structure and properties are found to be strongly dependent on the ion current
density despite the same accumulated fluence as can be seen in Fig. 6. Thus, it can
be concluded that the thermolysis becomes more pronounced at high ion current
values providing significant polymer modification towards amorphous carbon
characterised by very low value of optical gap and high conductivity.

One more important phenomenon to be mentioned in connection to ion-induced
polymer modification is oxidation. After implantation completion, the produced
free radicals can survive for a long time: some days or even weeks depending on the
polymer type [57]. Since implanted polymer samples are typically taken from
vacuum chamber, where the treatment is performed, into air, the species present in
ambient atmosphere can diffuse into the modified layer and react with the free
radicals. Penetration of oxygen is the most typical phenomenon. For example, in
PE, the reactions involve formation of peroxide radicals which can interact with
free alkyl radicals yielding peroxide cross-links. Formation of hydroperoxide and
hydroxyl groups is also detected [19, 57]. In the case of severe carbonisation, free
radicals reside on the edges of the condensed aromatic cycles and hydroxyl,
aldehyde, carboxyl, ether and peroxide groups can be produced [19, 57]. In some
implanted polymers, for example PE, the oxidation is found to be carried out very
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quickly [82, 83, 90], while in others, for instance, in the ion-modified PP, it takes a
several weeks to be completed [83, 97]. RBS spectroscopy shows that the con-
centration of incorporated oxygen increases with ion fluence until reaching a
threshold at (1-5) x 10'* cm™2 for heavy and (1-5) x 10" ecm ™2 for light ions
[82, 83, 86, 88, 90, 97]. The depth distributions follow well the profiles of energy
loss on either electronic or nuclear stopping (depending on ion species), indicating
the oxygen trapping on free radicals, thus “decorating” the radiation damage.
Above the threshold, the oxygen depletion is found with minimum correspondence
to the carbon “excess” maximum (see Fig. 7). Formation of carbon clusters with
limited number of free radicals prevents catching of oxygen.

Depth profiles of radiation damage can also be decorated on purpose using
post-implantation diffusion of special chemical elements or compounds. Such
experiments are carried out, for example, using molecular iodine and metallo-
carborane in F- and As-implanted PE [98—100] and LiCl in Ar-implanted PET [101].

3 Depth Distribution of Implanted Impurities

Due to the electronic and nuclear collisions, the ions penetrating into a matter lose
their energy, slow down and stop at some depth which is characterised by Ry,. This
process can be modelled, for example, using Monte Carlo or molecular dynamics
methods. One of the widely used simulation codes is SRIM [67]. It can predict a
number of implantation parameters for various ions in different solid-state materials.
However, in polymers, the simulated depth distributions of implanted species can
significantly deviate from the experiments. This problem is related to the dynamical
change in structure and composition of organic matrixes under ion treatment.
The changes introduced at the earlier implantation stages significantly affect the
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stopping of later coming ions. In the case of high fluences, one should also take into
account sputtering of surface atoms and incorporation of implanted impurities into
the polymer host. The former is proved, for example, for ion-implanted PMMA
where the decrease in the sample thickness for 300—-600 nm is found for fluences of
(1-5) x 10" cm™ in the cases of H", B* and N* ions [28]. The filling with
impurity atoms can reach about 20-25 at.% at the maximum depth distribution for
very high fluences (1 x 107 cmfz) as shown, for example, for 40 keV implanta-
tion of Fe* and Co" ions into PI [102, 103]. Such high metal concentration sig-
nificantly increases the polymer density and, therefore, changes the stopping of ions
penetrating into the layer already containing the impurity atoms. One of the
examples is presented in Fig. 8 showing the evolution of Ni depth profiles with ion
fluence in PEEK [79]. It can be seen that the concentration maximum is shifted to
the surface, the profiles broaden out and their shapes are converted from the
Gaussian-like to asymmetric ones with fluence. This happens due to the polymer
compaction (carbonisation and restructuring), change in composition (degassing of
volatile compounds and significant increase in metal fraction) and surface sput-
tering. Similar changes in the impurity depth profiles are found for various metal
ions and different types of polymers [50, 102-106].

It is worth mentioning that the dynamic changes in target composition can be
taken into account in modelling. One such code is called TRYDIN [107]. It allows
improvement of the predicted projected ranges. Nevertheless, the experimentally
obtained distributions still show significant difference as can be seen in Fig. 9 by
the example of 30 keV Ag* ion implantation into PMMA [106]. In the same work,
it is found that about 500-nm-thick polymer layer becomes sputtered under fluence
of 1 x 10" cm™.

One more phenomenon affecting the final depth distribution of the implanted
atoms is diffusion. It is especially pronounced for the implantation of gas ions. For
example, in the case of 50 keV xenon, the projected range of ions is short; thus, the
gas atoms can undergo diffusion towards surface and escape from the polymer that

Fig. 8 Depth profiles of Ni
implanted into PEEK with
energy of 40 keV and various
fluences. The profile
calculated using SRIM is
presented as dashed line.
Reprinted with permission
from [79]
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Fig. 9 Experimentally
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leads to significantly lower concentration of the impurity compared to the expected
one [108]. The same effect is observed for Ar" ions implanted into PI [70]. For
implantation energy of 80 keV and very high fluences, the argon concentration is
found to be much lower than the expected one, while for the 40 keV implantation,
Ar is not found in the polymer at all [70]. In this case, the implantation depth is low
and the diffusion-stimulated escape of the impurity is also accompanied by heavy
sputtering of the polymer. As found by atomic force microscopy (AFM), the surface
is highly disordered with roughness of about 30 nm which is comparable with R,
for 40 keV Ar* ion implantation. The phenomenon of “missing Ar” is also
observed for low-energy and high-fluence implantation of polytetrafluoroethylene
[109].

Diffusion of light atoms implanted into polymers is also found to be consider-
able. One of the examples is °Li* and '°B™ ion implantation. In these experiments,
the impurities diffuse towards the surface and the depth profiles are observed to be
very similar to those simulated for the electronic stopping. Since the electronic
stopping dominates in the total energy loss of light ions, one can suggest that the
diffused atoms become trapped by the defects created in ionisation [110, 111]. With
fluence increase, the depth distribution can be converted to bimodal with one
maximum at the surface and the second one in a bulk, as shown for 100 keV
implantation of boron into different polymers (see Fig. 10) [88, 112]. The bulk part
of the profiles resembles the ions stopped at the end of range, while the surface peak
can be related to the atoms diffused to the surface and trapped on the free radicals.
The concentration minimum between these two maxima is most probably caused by
the carbonisation area with polycondensed network having limited number of free
radicals and, thus, less efficient in capturing the diffusing boron atoms.
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4 Metal Nanoparticle Formation Under High Fluences

Under high-fluence implantation of metal ions, concentration of the impurity (filling
factor) reaches very high values in the implanted layer leading to the formation of
NPs. The driving force for the particle nucleation is the high surface energy of
metals, which is one to two orders of magnitude larger compared to polymers
[113-116]. Hence, for the high filling factors, when the distances between the
impurity atoms are small, it is energetically more favourable for them to bind to
each other than combine with free radicals or other polymer constituents. Thus, at
the initial stage, nuclei of a few atoms in size are formed which then grow into
nanoscale particles by adding more metal atoms. The NPs typically have spherical
or close to that shapes which follow the classical nucleation theory. Under ion
implantation, the particle formation and growth are statistical processes leading to
the spread of NP diameter, from a few to few tens of nm. In most cases, for
example, for Ag, Cu, Au, W, Ti and Ni implantations, NPs are found to be on the
scale of up to 10-15 nm in diameter in different polymers such as PMMA, PI, PET,
PS, PC, epoxy resin and polydimethyloxane [47, 52, 105, 117-123]. Under
implantation of the same metal into different organic matrixes, the particles have a
tendency to decrease mean sizes with increase in the polymer specific density [124].

The size dispersion occurs both in lateral and transverse directions, i.e. parallel
and perpendicular to the surface plane under the conditions of normal ion incidence.
Examples of TEM images are shown in Fig. 11a, b. Typically, the larger NPs are
nucleated at the depth corresponding to highest metal concentration, i.e. around Ry,
and then sizes decrease both towards surface and bulk inwards. On the one hand,
the size dispersion can be considered to be a disadvantage of the implantation
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(a)

Fig. 11 a TEM cross-sectional image of polycarbonate implanted by 60 keV Cu™ ions with
fluence of 1.5 x 107 ¢cm™2. b, ¢ In-plane TEM images of viscous epoxy after implantation by
40 keV Co* ions with fluences of 3.0 x 10'® cm™2 and 2.5 x 10'7 cm ™2, respectively. Panel
(a) is reprinted with permission from [123], and panels (b) and (c) are reprinted with permission
from [120]

method. On the other hand, varying the ion energy allows to form buried layer of
NPs at different depths in the polymer matrix which is obviously an advantage of
ion implantation in comparison with other synthesis methods.

In some cases, for example, for very high-fluence implantation of iron into
PMMA and PI, the particle sizes are found to reach a few tens of nm [125]. In this
case, the NPs can also start percolating forming labyrinth-like structures [117, 125—
127]. One such example is shown for the cobalt implantation in Fig. 11c where the
dark areas are the agglomerated particles and small dark spots represent the NPs
which are still individual.

Threshold fluences of NP nucleation are found to be between approximately
(0.5-1.0) x 10"® cm™? depending on the ion species and polymer type. For the
case of low implantation energies, the accompanying sputtering can lead to baring
of the particles formed in the shallow layer. In this case, NPs are easily recognised
using AFM, and good correlation between AFM and other microscopy techniques
such as TEM and SEM has been obtained [127, 128]. One of the examples of AFM
measurements is shown in Fig. 12 where an ordinary topography (height) image is
presented together with the phase scan for PMMA with silver NPs formed by
30 keV implantation with fluence of 7.5 x 10" cm 2. Comparing these two
images allows to conclude that small bumps (bright spots) in panel (a) are the partly
naked NPs because they show very different contrast (dark spots) compared to the
surrounding polymer in panel (b). One can also see in panel (b) the bright vertical
strips in association with some of NPs. These stripes indicate that the cantilever
interacts with the particles and pushes them a bit in vertical direction at every
horizontal scan until they come to rest at some point. Thus, these measurements
also indicate low adhesion of the surface-located silver NPs.



Fig. 12 AFM a height and b phase images of PMMA implanted by 30 keV Ag" ions with fluence
of 7.5 x 10" cm™2. Reprinted with permission from [106]

5 Nanoparticle Implantation Using Cluster Beam
Technique

One more approach for the formation of polymer films with embedded metal NPs,
which is worth to mention in this chapter, is the cluster beam implantation. This
method is already known for a few decades as a versatile tool with a number of
unique capabilities for material synthesis and manipulation on the nanoscale
[129-136]. Using this technique, the clusters (aggregates of atoms) are formed from
a gas phase (vapourised or sputtered materials) and collimated into a beam which
can be used for deposition on a surface or implantation into a matter. For more
details about the cluster production, one can refer to [134, 137-141]. The advan-
tages of the method are (i) a very good control of cluster composition because the
particles are formed in vacuum from ultra-pure targets or sources, (ii) a possibility
of cluster size (mass) selection and (iii) tuning the cluster kinetic energy to adjust
the mechanisms of cluster—matter interaction [141]. However, only recently the
experiments with metal clusters and polymers have been performed showing great
capabilities in producing thin composite layers [142—144].

A big difference in cluster beam method compared to traditional ion implantation
is that NPs can be embedded almost without radiation damage of polymer matrix,
which is important for a number of practical applications. To explain why it hap-
pens, one needs to consider that a cluster can contain hundreds or thousands of
atoms. If kinetic energy of the cluster is on the keV scale when divided by the
number of constituents, it is reduced to a fraction of eV or even to meV per atom
(for large clusters). Such energy level minimises radiation damage of organic
matrix. For example, a gold cluster of 3 nm in radius would consist of approxi-
mately 6000 atoms in spherical approximation. If this particle is accelerated with
energy of around 10 keV, the energy per atom will be below 2 eV, which is a very
low value to produce any considerable number of radiation defects. However,
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one should remember about the phenomenon of collective stopping on cluster
impact, i.e. all cluster constituents will transfer the energy to the target very locally
and almost simultaneously (on the very short, ps time scale). This can lead to
significant local thermal spikes. For instance, in the case of 3 nm in radius gold
particle having energy of 2 eV/atom, the impact with polymer can cause local
heating up to 600 K (see Fig. 13) [145]. This temperature is above glass transition
point for majority of polymers. Thus, chain mobility becomes significantly
increased and since polymer specific densities are relatively low (approximately
between 0.9 and 1.5 g/cm’), these conditions facilitate the NP embedding into the
organic host. The driving force for the immersion has been thermodynamics nature
originated from an intension to reduce the surface tension at the particle/polymer
interface [116, 146].

The experiments show that the palladium clusters of a few nm in diameter
having equivalent kinetic energy per atom of about 0.5 eV can become embedded
into approximately 50-nm-thick PMMA layers [142]. Additional heating of the
polymer target up to 95 °C during the implantation leads to increased penetration
depth of NPs up to 70 nm that supports the above-mentioned thermal nature
phenomenon. Even higher penetration depth (90-135 nm) at room-temperature
implantation is shown for gold clusters in polydimethylsiloxane (PDMS) which has
lower density compared to PMMA, thus facilitating deeper NP embedding [147].

Metal clusters can also be soft-landed on polymer surface with extremely low
kinetic energy on the level of meV per atom or below, and thus, no radiation
damage is introduced. In this case, the NPs preserve their almost spherical shapes
and original sizes. Their immersion into the polymer is initiated by the
post-deposition thermal annealing at temperatures just above the glass transition
one. Such experiments have been carried out with silver and copper NPs on a few
different types of polymers [115, 148, 149] showing that the degree of embedding
into the polymer can be controlled by the annealing time. An example can be seen
in Fig. 14 where the same copper clusters on PMMA are monitored by AFM under
the annealing.

t=36 ps

Fig. 13 Time evolution of temperature in polydimethylsiloxane during the implantation of Au
cluster (radius of 3 nm) with energy of 2.0 eV/atom. Reprinted with permission from [145]
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Fig. 14 AFM images of the same area of PMMA with a as-deposited Cu NPs (mean height of
17 nm) and b after thermal annealing at 125 °C for 5 min. Embedding of individual clusters can
be identified by comparing panels (a) and (b)

6 Properties of Polymers Implanted with High Fluences

6.1 Surface Properties and Mechanical Characteristics

Ion implantation especially with high fluences drastically changes the composition
and structure of polymers, thus leading to the evolution of mechanical, electrical,
optical and magnetic properties.

It has been shown that surface morphology is significantly affected by ion
impacts which can cause sputtering of the target atoms. Even in crystalline poly-
mers, some amorphous areas are present. Thus, in any polymer, one can expect
significant variations in local surface density, composition and structure leading to
changes in sputtering yield from place to place and, thus, causing quite uneven
topography after the high-fluence ion treatment. An example for the surface evo-
lution of PI under 40 keV Ar" ion implantation with fluence increase is shown in
Fig. 15 [70]. As can be seen, for fluence up to 1 x 10'° cm 2 the surface
roughness is low but craters are observed which can be related to pore openings
through which Ar diffuses out. With fluence increase up to 1 x 10'® cm™2, the
swelling areas are observed. And finally, for fluence up to 7.5 x 10'® cm ™2, the

(b)

Fig. 15 AFM images of PI implanted by 40 keV Ar* ions with fluences of a 1 x 10" cm™2,
b 1 x 10" cm™> and ¢ 7.5 x 10'® cm™ at ion current density of 8 pA/ecm? Circles in panel
(a) show the craters described in the text. Reprinted with permission from [70]
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surface becomes very rough. Similar increase in surface roughness is observed for
PET implanted at 100 keV N* ions with fluences up to 1 x 10 cm™2 [150].

Treatment of polyurethane using 20 keV nitrogen plasma immersion ion
implantation leads to the formation of well-pronounced wrinkles, which are asso-
ciated with deformations of the surface layer due to the stresses introduced by
carbonisation and cross-linking [22]. The carbonisation changes the solubility of
polymers. For instance, PS is easily solvable in toluene, but after the implantation,
the films become insoluble or selectively soluble, yielding swelled or wrinkled
structures after the treatment in toluene and drying (see Fig. 16) [151]. Depending
on the polymer type and ion beam treatment conditions, the morphology can
become bizarre: parallel wrinkles in PE or worm and star structures in ethylene—
propylene diene monomer rubber [57].

Significant modification of surface under implantation, in particular, change in
polar component of the surface energy, formation of stable radiation defects (free
radicals), new chemical states and adsorption centres lead to increase in chemical
reactivity and adhesion of surface as well as better wetting [57].

Mainly untreated polymers have low surface energy. Thus, a water droplet
should have a high contact angle ¢ when deposited on an organic film. ¢ is found
to be around 90° for PE, 120° for polytetrafluorethylene (PTFE) and as large as
150-160° for expanded PTFE having a fibre structure [57]. After ion implantation,
polymer surfaces become more polar and polar liquids wet the surface better
leading to decrease in wetting angle. This tendency is found for a number of
different implanted polymeric materials: PE, PS, PTFE, PA, etc. [152—-155].

Specific surface centres created by ion impacts favour cell adhesion and promote
the implanted polymers as biocompatible materials as they also show low toxicity,
long lifetime in organism media and comparable elastic properties to bio-tissue. The
studies show a possibility of efficient cell adhesion and protein coating [36, 37, 156,
157]. Good overview on the biological and medical applications of ion
beam-treated polymers can be found in Ref. [57, 158, 159]. It is worth mentioning
that in the last years, polymers with metal NPs have attracted a special attention in

Fig. 16 SEM micrograph of
PS surface after plasma ion
immersion implantation of

5 keV Ar" ions with fluence
of 1 x 10" ecm™ and
following treatment in
toluene. Reprinted with
permission from [151]




88 V. N. Popok

biological and medical research not only due to improved surface adhesion but also
because of antibacterial properties and biosensor applications [160-162].

Evolution of structure and composition of organic materials under ion implan-
tation causes significant change in mechanical characteristics such as hardness,
elasticity, brittleness and related parameters. In the beginning of the 1990s, special
study of the mechanical properties was started by a few groups. Rao, Lee and
co-workers published quite a few papers showing the significant change in hard-
ness, elastic modulus, friction coefficient and wear resistance for a number of
polymers implanted by different ion species under various conditions [32, 163—
166]. The hardness is found to rise for tens times reaching the values typical for
stainless steel (3—12 GPa) for some implantation conditions [32, 166]. And the
hardness value is shown to be a function of ion fluence and beam energy [165, 167]
because these parameters significantly affect the structure and composition of
polymers. Main factors for the increase in hardness and elastic modulus are the
formation of three-dimensional conjugated networks through the carbonisation and
cross-linking of polymer chains in the implanted layer. Thus, these mechanical
parameters vary with depth. As shown for CR-39 polymer implanted by 130 keV
Ar" ions when the load is increased and the depth of indentation becomes more than
the thickness of the ion-modified layer, the measured microhardness suddenly drops
to the values close to that of the pristine polymer [31]. The increase in polymer
hardness and stiffness leads to improving of such tribological characteristics such as
abrasive wear resistance [34]. Higher adhesive wear resistance is also conferred
because of the limitation of plastic deformation and the promotion of elastic
deformation as well as due to the augment of wettability improving lubrication
[168]. However, the carbonisation may also lead to rise in brittleness that decreases
the abrasive wear resistance. It is also found that there is no specific correlation
between friction values and improvements in wear behaviour for implanted poly-
mers: boron implantation into PE exhibits reduction in the friction coefficient while
oxygen implantation into PC leads to its rise [34]. Hardening effect is also
dependent on ion species and type of polymer. It is observed that in the case of
metal implantation, the nucleated metal NPs dramatically change the surface
mechanical parameters [164, 169]. Under high filling factor, NPs can start perco-
lating leading to increase in Young’s modulus, as shown for low-energy Ti* and
Au” ion implantation into PDMS [170, 171].

Metal implantation under conditions promoting aggregation of NPs and for-
mation of percolating network allows correlation of electrical properties with
mechanical loads applied to the polymer. It is shown in Fig. 17 that the load-unload
cycles are reproducible and represent only very small hysteresis effect, thus sug-
gesting the metal-implanted organic films as simple strain gauges [122]. The similar
effect of resistance correlation with applied mechanical strain is demonstrated for
PDMS implanted by Au clusters [147]. Since the polymer structure is almost not
damaged in this case, the produced composite films keep the elasticity close to that
of pristine polymer and, thus, they are characterised by superior capability to
sustain very large deformations (up to 40%) under 50,000 of cycles. Since the
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cluster implantation can be combined with shadow masking, it opens a way for
microfabrication of elastomeric electrodes.

6.2 Electrical Conductance

Implantation-induced evolution of polymer towards formation of polycondensed
structures with networks of conjugated bonds at high fluences drastically changes
the electronic properties. An increase in conductance is associated with the
carbonisation-related and restructuring effects rather than doping except the cases of
metal implantation when at high filling factors, the conductive channels build up
through the percolating metal clusters. These examples will be discussed separately
at the end of this section.

For implantation of non-metallic species, the conductance only slightly depends
on the nature of embedded chemical element being mainly affected by the structural
and composition modifications of the organic target, thus, determined by the energy
transferred to the matrix under the implantation. By choosing appropriate polymers
and varying the implantation parameters (fluence, energy, ion current density and
temperature), it is possible to tune the resistivity within approximately 20 orders of
magnitude from ca. 10" to 10'® Q cm typical for pure dielectrics to approximately
107'-107 Q cm which are the values typical for not very good but conductors. An
example of how the resistance changes with ion fluence can be seen in Fig. 18 for
PI implanted by 80 keV Xe* ions [172]. The dependence shows no change in low
fluences (region I) and a quite sharp decrease in resistivity for fluences above
1 x 10" ecm™2 (region II) with saturation at fluences >1 x 10" ¢cm™ (region IIT)
corresponding to completed carbonisation of the implanted layer. The resistance
decreases for about 8 orders of magnitude. Very similar types of resistance/
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Fig. 18 Fluence dependence 104
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conductance dependences on ion fluence are obtained for different polymers and
various ion species [54, 70, 128]. It is worth mentioning that ion current density
also plays role in change in resistance. At higher values of ion current, the energy is
transferred to a target at higher rates leading to more dramatic thermalisation effects
affecting the structural modification and, hence, electronic properties. As shown in
Fig. 6, the resistance decreases with ion current density for the same fluence value.

As discussed in Sect. 2, the carbon atoms have the tendency to formation of
conjugated structures with sp” hybridisation under high-fluence implantation of
polymers. In these structures, n-electrons can become charge carriers [173]. At low
density of conjugated structures (carbon-rich clusters), the charge carrier transport
occurs by hopping or tunnelling [108]. With increasing density of discrete clusters
(fluence increase), the percolation transition in conductance takes place for
approximately the same fluence range as for the track overlapping regime. This
percolation behaviour is found in the early publications about implanted polymers
[7, 174, 175] and discussed in detail later, for instance, in [16, 19]. An example of
quite abrupt change in the resistivity with fluence increase above 1 x 10'* cm™
corresponding to the percolation transition is illustrated in Fig. 18.

Evaluation of temperature dependence of conductance allows to get deeper
insights into the mechanisms of charge carrier transport. The temperature depen-
dence of conductivity ¢ can be described by following equation:

a(T) = agexp(—(To/T)"), 4)

where o is the conductivity at temperature 7 — ©0 and T is the characteristic
temperature. The power m determines possible conduction mechanisms. For band
conduction, i.e. extended electronic states, m = 1. m can be equal to unity also for
the cases of Andersen localisation facilitating a nearest neighbour hopping [108].
A few papers reported the conduction behaviour with m = 1 for MeV energy [176]
or high-fluence (10" cm™?) [177] implantation of polymers. It has been also shown
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that m value can approach 1, for example be 0.7-0.8, at very high fluence of
1 x 10'7 cm™ [21]. However, in majority of cases studying polymer implantation
within wide range of fluences, m takes values of 1/4, 1/3 or 1/2.

Such temperature dependences can be well explained by an approach suggested by
Mott and Devis for disordered materials and describing a variable range hopping
(VRH) of electrons between the localised states [178]. In this case, m has the
following relation with the dimensionality D

m=1/(1+D). (5)

A three-dimensional (3D) VRH, thus, corresponds to m = 1/4. 2D and 1D models
give the power equal to 1/3 and 1/2, respectively. Thus, by obtaining m from the
experimental dependences, one can judge about dominant mechanisms of charge
carrier transport in the radiation-modified polymers.

In many publications discussing implantation with low-to-medium fluences
(10"°-10" cm™?), the temperature dependence of conductance is well described by
Eq. (4) with m = 1/2 [77, 174, 179]. However, it is hard to believe that the
structures providing pure 1D conductance are formed in the radiation-damaged
polymers. To explain this inconsistency, Wang and co-authors [46] assumed that
the charge transfer can be 1D along the ion tracks, but at the depth corresponding to
the maximum of energy transfer (highly disordered region), the contribution should
be 3D. This model allowing to mix VRH of different dimensionalities gives rea-
sonable agreement with the experimental data.

With fluence increase, the experiments show transition to temperature depen-
dences with m reducing to 1/3 or 1/4, for example in the PI implanted by N* and
Ar" ions [72, 180] as well as in PE and PA irradiated by B* and Sb* ions [21, 181].
It is suggested that the dependences described by m = 1/3 can correspond to the
cases of a quasi-2D electron gas formation in the relatively thin carbonised by
implantation layers [88]. For the thicker highly disordered polymer layers, 3D VRH
dominates [72, 172].

Metal-implanted polymers represent a special case in terms of electrical prop-
erties. Under the implantation, conductance of these polymers changes due to both
the carbonisation and filling the matrix with conductive metal inclusions which
after the percolation introduce additional channel for charge transport [182]. Thus,
resistivity of layers implanted by metal ions can decrease to much lower values
compared to the cases of non-metal species. For example, 1.5 x 107 Q cm is
measured for the high-fluence Cu- and Ag-implanted PET [183]. Similar values of
ca. 1 x 107" Q cm are reported for the streaming plasma implantation of Au into
PMMA with fluence of 3.2 x 10'® cm™ [184]. For Au- and Ti-implanted PDMS,
the conversion of the published values into bulk resistivity gives 2.2 x 10”® and
42 x 107> Qcm for gold and titanium, respectively, for the fluences above
2 x 10'® cm™2 [171). Values between 1 and 1000 Q/square are measured for
Co- and Fe-implanted PI, PET and PEEK at high fluences [104, 185].

Theory tells us that in metals, the electrons are delocalised and conductance is
not limited by energy barriers, but the electron transport is affected by scattering.
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In the disordered systems, the electrons also have a high opportunity to interact.
Thus, the conductivity can be expressed by

o(T) = oo +AT'/?, (6)

where the first term describes the temperature-independent conductivity, while the
second one represents the term related to phonon scattering or electron-electron
collisions which are both temperature dependent and at low T the term with power
% dominates [186]. Thus, under increase in metal ion fluence, one should expect a
transition from the exponential dependence given by Eq. (4) to the square root one
as in Eq. (6) if the conductance through the metal channel starts prevailing.

For the PI implanted by Co® ions in the fluence range 2.5 x 10'°-
1.25 x 10'7 cm ™2 at ion current density of 4 pA-cm_z, VRH is found to be the
dominating mechanism [187]. Despite the high metal concentration in the relatively
thin layer (implantation energy of only 40 keV), the results do not show evidences
for insulator-to-metal transition (IMT) even for the highest fluence used. However,
Co* ion implantation with fluence of 1.25 x 10'” cm™ but at higher j = 8 and
12 pA-cm™? leads to a drastic change in the temperature dependence [187].
Calculation of the local activation energy suggests the metallic type of electron
transport, thus, indicating IMT. The transition occurs due to the local heating
induced by higher ion currents facilitating agglomeration of Co NPs and formation
of percolation pass (quasi-continuous metal layer) with metallic type of conduc-
tance. Additionally, the measurements of temperature dependence of conductance
show the presence of quantum effects of weak localisation and electron—electron
interaction brinning a significant contribution to the final equation

o(T) = 6o +AT'> +BInT (7)

having additional logarithmic term compared to Eq. (6) describing the contribution
of 2D quantum effects. The IMT is also found in PET implanted by 40 keV Fe*
ions with high fluences [188].

According to the theories developed for electron transport in isotropic perco-
lating materials, the conductivity of a composite representing an insulator with
metal inclusions at concentrations near the percolation can be given by the
formula

o =0do(¢—.), (8)

where ¢ and ¢, are the normalised metal concentration and the critical concen-
tration corresponding to the percolation, respectively. Power value ¢ is predicted to
be less than 2 for the percolation regime [189]. The percolation threshold signifi-
cantly depends on the material composition and can vary in rather wide intervals
between 0.05 and 0.5 [189]. For the above-mentioned cases of cobalt and iron
implantation into PI and PET, ¢, is estimated to be approximately 0.20-0.25. For
the streaming plasma ultra-shallow implantation of gold into PMMA, ¢, is
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Fig. 19 Electrical conductivity of PDMS implanted by 2.5-10 keV gold and titanium ions as a
function of a dose (fluence) and b corresponding volume (filling) factor of the metals. Two lines in
panel (b) show fitness of the data with Eq. (8) for 5 keV gold-implanted and 10 keV
titanium-implanted samples. See text for more details. Reprinted with permission from [171]

determined to be around 0.47 [184]. However, lower values of 0.06-0.08 for gold
and 0.11-0.13 for Ti are found for the cases of implantation into PDMS [171]. One
can clearly see a sharp increase in conductivity with fluence (volume filling factor)
in Fig. 19. In panel (b), two fit curves utilising Eq. (8) with ¢, = 0.064 and 0.11
and # = 1.0 and 1.6 are presented for the gold and titanium cases, respectively.

Study of electrical properties of implanted polymers, especially those filled with
metals, is of significant importance for plastic electronics, formation of stretchable
electrodes [147] or devices combining electrical properties with either mechanical
(strain gauges, which are already mentioned in Sect. 6.1 [122]) or optical ones. The
latter will be discussed in more detail below in Sect. 6.3.

6.3 Optical Properties

Optical properties of implanted polymers undergo significant changes. Transparent
films change colour with fluence increase from pale yellow to deep brown. At
fluences >1 x 10" cm ™2, metallic lustre typically appears. This phenomenon is
consistent with the shift in absorption edge towards higher wavelength in optical
spectra and corresponding change in optical gap as discussed in Sect. 2.3 in relation
to the implantation-induced carbonisation.

Absorption and reflection spectra allow to calculate refractive index and
extinction coefficient showing considerable change in these parameters in
ion-implanted polymers [190]. Refractive index increases with fluence, and it also
depends on the implantation energy [28, 191]. Thus, tuning the refractive index can
be used for formation of planar waveguides combing ion implantation with masking
or photolithography [27, 28]. An example of specimens of Y-branches and inter-
ferometers produced by ion implantation is shown in Fig. 20 [27]. Reactive ion
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Fig. 20 Schematic pictures of a 1:2 ray splitter planar device form in the shallow layer and
b Mach—Zehnder interferometer buried in polymer film. Reprinted with permission from [27]

Fig. 21 Maximum of PL T T T T

intensity versus implantation — Si't PMMA @
fluence for 30 keV 30 KeV
Si-implanted PMMA.. The | by = 650 nm

open symbols are for
excitation by laser power of
10 mW, the solid symbols—
30 mW. Reprinted with
permission from [193]

150 1

;
/
2

PL Intensity [arb. units]
o
/E

50 O -

Fluence [ionsicm™)

beam etching of PI is suggested as a means for the formation of Mach-Zehnder
modulator [26]. Conjugation systems sharing 7m-electrons formed in ion-implanted
organic materials can cause high polarisability and lead to nonlinear properties such
as an electronic nonlinear refractive index and high values of a third-order sus-
ceptibility, thus, showing potential for utilisation of Kerr effect in an intense electric
field [25]. Increase in reflectivity of implanted polymers (acquire metal lustre) is
also of practical interest: in some organic matrixes, the reflectivity can rise up to
five times after the high-fluence implantation [192].

Ion implantation can also be used as a method to create optically active centres
in polymers. For instance, the high-fluence embedding of Si into PI causes pho-
toluminescence (PL) as shown in Fig. 21 [193]. The PL intensity is found to be a
function of fluence increasing up to 3 times in the case of 30 keV implantation.
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For the case of 50 keV, an increase in PL intensity up to 5 times is observed.
However, it is not clear from the study if the PL enhancement is mainly related to
the formation of Si NPs or to some other effects.

The phenomenon of localised surface plasmon resonance (LSPR) of metal NPs
in dielectrics attracts special attention [194, 195]. It gives rise to characteristic
absorption, nonlinear optical effects and strong local field enhancement. Plasmonic
structures are widely used as optical transducers in sensing of gases, environmental
species and various bio-objects as well as for surface-enhanced Raman scattering
(SERS) [196-200]. Utilising LSPR of metal NPs also allows designing the meta-
materials with either almost perfect absorption of visible light [201] or fully
transparent in the visible interval of wavelengths [202]. Last couple of decades,
LSPR is intensively studied on NPs embedded into polymers. Interest to polymers
as host medium is caused by plasticity allowing to easily form or even print the
devices of required configurations as well as at low cost.

Noble metal NPs exhibit the most pronounced LSPR. For example, for gold NPs
formed in PI by implantation with fluence of 5 x 10'® cm™2, one can see a char-
acteristic absorption band at around 600 nm related to LSPR in Fig. 22a [52].
Formation of NPs in the implanted layer is confirmed by TEM cross-sectional
micrograph [52]. Graphs presented in panel (b) show the calculations of optical
density for pure gold NPs in a nonabsorbing medium with refractive index n = 1.6,
in pristine-absorbing PI and Au(core)-C(shell) structures in nonabsorbing medium
with n = 1.6. The last simulation is the closest one to the experimental data, thus,
indicating strong carbonisation of the implanted polymer.

Plasmonic absorption bands are also found for Ag-implanted epoxy resins [47],
PET [183, 203], PMMA [48, 50, 106] and PC [204]. Silver NPs in different
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Fig. 22 a Optical absorption spectra of pristine PI and PI implanted with various fluences.
b Calculated spectra for Au NPs in nonabsorbing medium with refractive index n = 1.6 and in
pristine-absorbing PI and Au(core)-C(shell) structures in nonabsorbing medium with n = 1.6. The
experimentally obtained spectrum for fluence of 5 x 10'® cm™2 is also shown for comparison.
Reprinted with permission from [52]
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polymers typically demonstrate LSPR bands at around 400-450 nm for the
threshold fluences just corresponding to the particle nucleation. With fluence
increase, the bands become red shifted (up to ~550-600 nm). Cu ions implanted to
high fluences into high-density PE, PS and PC [123] as well as into PMMA [50]
show the LSPR bands at around 610-640 nm. However, the extinction efficiency of
copper NPs is lower than that of silver ones, and therefore, band intensities are very
low: one needs to implant with fluences >5 x 10"® ¢cm 2 to resolve them. Hence,
it is difficult to make any conclusions about the red shift.

In general, the red shift of the plasmon band with fluence increase can be related
to the formation of larger particles due to higher local concentration of the
embedded metal and Ostwald ripening. Another important factor is the carboni-
sation. It is shown by simulations using the Mie theory [48] that in the case of Ag
(core)-C(shell) structures, the plamon band undergoes significant red shift com-
pared to the case of pure Ag NPs in the same dielectric medium. Simultaneously,
the LSPR band intensity decreases. Thus, increase in the carbonisation level at high
fluences is obviously very significant or maybe even a dominant reason for the red
shift in the optical spectra. It is also worth mentioning that the intensity of plasmon
bands in the metal-implanted polymers is typically lower compared to LSPR
intensities in other materials, for example glass or SiO,, for the same fluences [205—
207]. This difference is also related to the carbonisation of polymers accompanied
by the formation of conjugated systems, thus conductive medium. Electrons of the
NPs become poorly localised, and they can be transferred to the surrounding
material that leads to weakening of the plasmon resonance.

One of the solutions to remove the carbonisation problem is cluster beam
implantation as already discussed in Sect. 5. As described in Sect. 6.1, the plasticity
of polymers brings an advantage to fabricate devices in which the conductance
correlates with the applied mechanical stress. The similar approach is possible in
relation to optical properties opening a way for systems with stable plasmonic
tuning under cyclic strain conditions. Such systems, for example, are made by gold
cluster implantation into PDMS forming a near-surface layer filled with NPs [208,
209]. Figure 23 shows the evolution of the plasmon band position and intensity for
the film filled with 31% volume fraction subjected to a given number of stretching
cycles with different elongation represented in per cent. The longitudinal (in-plane)
stretching of the film leads to the red shift of the peak position that is explained by
compression of the film in the other direction leading to the decrease in mean
distance between the clusters along the wave propagation (normal to the surface)
causing stronger plasmon coupling. An advantage of the cluster beam technique is
in well-controlled cluster volume filling factor allowing to find the implantation
regimes providing stability in tuning the peak position after thousands of cycles.
Thus, one can conclude that the polymer nanocomposites produced by implantation
of noble metal clusters are promising media to be used as mechanically tuneable
optical filters or as components for stretchable optical devices.

Polymer films with partly embedded silver and copper clusters are reported to
have excellent plasmonic properties [115, 148, 149]. The clusters are soft-landed on
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Fig. 23 Absorbance spectra
of PDMS film filled with 31%
volume fraction of Au NPs at
different applied uniaxial
strains represented as
stretching in % compared to
original non-stretched film.
Reprinted with permission
from [208]

Fig. 24 Extinction spectra of
PMMA film with as-deposited
size-selected silver clusters
(approximately 13 nm in
diameter) and that after
thermal annealing at 125 °C
for 10 min. Reprinted with
permission from [148]
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PMMA and PS, and their embedding is achieved by following thermal annealing at
temperatures slightly above the glass transition point. As shown in Fig. 24, the
intensity of the band is significantly increased and the peak assigned to the plasmon
resonance on individual particles undergoes a red shift from 375 to 413 nm due to
partial immersion of the NPs into the medium with higher dielectric constant than
that of air [148]. PMMA films with silver NPs are tested as optical transducers for
protein sensing [210]. The procedure to attach antibodies and antigens to the NPs is
developed, and a detectable shift in the LSPR band is registered allowing to
recognise an antigen of interest. The composites also show very good stability
against wet chemistry procedures involved in the protein incubation on the

transducers.




98 V. N. Popok

6.4 Magnetic Properties

Typically, unmodified polymers are diamagnetic materials. Only some of them, for
example PI and poly(ether sulphone), can reveal a weak paramagnetism due to a
nonhomogeneous electron interaction caused by the presence of heteroatoms in the
macromolecules [77, 211]. Since ion implantation of polymers results in significant
structural and compositional evolution, the electronic structure is changed leading
to paramagnetic behaviour. An isotropic singlet with g-value of 2.0025 which is
close to that of free electron (2.0023) is registered in electron paramagnetic reso-
nance (EPR) spectra of polymers implanted with high fluences [57, 179, 212]. This
value also almost coincides with 2.0026 and 2.0027 reported for conducting and
pyrolised polymers [213-215]. These facts indicate the similarity of the paramag-
netic centres’ nature under different methods of treatment. However, the discussion
of this nature in the implanted polymers goes beyond the scope of this chapter. The
interested readers can be redirected to Ref. [54, 57]. Below, the focus is put on the
change of the magnetic properties in the metal-implanted polymers.

The first publications on ferromagnetic properties of metal-implanted polymers
in the middle of the 1980s [11, 216] were followed by about ten years pause and
only after that a series of papers studying various polymers with NPs of ferro-
magnetic metals formed by high-fluence implantation have been published
[49, 118, 125-127, 188, 217-222]. Ensembles of Ni, Co or Fe NPs produced in the
implanted layers are found to behave similar to a thin layer of ferromagnetic
continuum due to strong magnetic coupling between the particles. The ferromag-
netic resonance (FMR) measurements show a magnetic percolation transition
occurring at concentrations of the magnetic NPs which are high enough for inter-
particle coupling comparable with Zeeman energy in the external magnetic field
[223-225]. Let’s look into this phenomenon in more detail by the example of iron
NPs.

For the iron-implanted polymers, FMR signal is found for the fluences > 2.5

10" cm™? that is in good agreement with the observations on NPs nucleation using
TEM and other methods. The effective g-value is found to be 2.1 £ 0.1, which is
close to the g-value of bulk iron film [124]. The FMR signal intensity increases with
fluence, while the spectra become strongly anisotropic as shown in Fig. 25 for the
Fe-implanted PI [125]. The line intensity changes non-monotonically, and the
resonance position shifts to low or high fields depending on the orientation of
magnetic field. The data obtained on angular dependence of the effective anisotropy
allow the authors to conclude about uniaxial out-of-plane type of anisotropy;
magnetisation is in plane of the implanted (composite) layer [124]. The FMR
spectra demonstrate hysteresis and the presence of remanent magnetisation allow-
ing to conclude about the magnetic percolation transition in the samples implanted
with fluences above 6.0 x 10'¢ ¢cm ™2 [124, 125, 127].

The SQUID studies of the iron-implanted PET show the transitions between the
ferromagnetic and superparamagnetic states at blocking temperature 7y, [220]. This
temperature is found to be increasing function of fluence, i.e. the metal filling factor,
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Fig. 25 FMR spectra of PI implanted by 40 keV Fe® ions with fluences: a 2.5 x 10'® cm™2,
b5x10%cem™> ¢75 % 10 em™ d 1.0 x 10" cm™2 and e 1.25 x 10'7 cm™2. Left panel
corresponds to the field applied parallel to the film surface, while right one corresponds to the field
normal to the surface. Reprinted with permission from [125]

and for the samples implanted with fluences >1.0 x 10" cmfz, when a
quasi-continuous iron film is formed in the implanted layer, the dependences show
ferromagnetic behaviour for the entire range from cryogenic to room temperature.
Magnetoresistive measurements indicate good correlation between the electrical
and magnetic properties of these samples and percolation of the iron NPs at fluences
above 7.5 x 10'® cm ™2 [188].

Magnetic response formed by implantation of Co NPs is found to be weaker than
the Fe ones, which is in correlation with bulk magnetic properties of these mate-
rials. To obtain room-temperature FMR signal for the cobalt-epoxy nanocompos-
ites, the implantation fluences as high as 1.8 x 10'" cm™ is required [223, 226].
The Co-PI film obtained by implantation with similar fluence represents the fer-
romagnetic properties only after post-implantation thermal annealing or in the case
of implantation at high ion current densities (8 and 12 pA/cmz) [227]. At high ion
current, the film is heated up during the implantation which is in some analogy to
the annealing. To register FMR in Co-implanted samples without thermal treat-
ments, low temperatures are required to dump the thermal fluctuations in the
magnetic moments of the superparamagnetic particles. The FMR studies of these
samples show a good agreement with the magnetoresistance measurements
revealing “positive” magnetoresistive effect (dielectric side of the IMT) for the PI
samples implanted at ion current density of 4 pA/cm?, while the samples implanted
at high ion currents demonstrate “negative” magnetoresistive effect (metallic side of
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the IMT) [219]. “Negative” magnetoresistive effect is also shown for PI implanted
by cobalt at similar conditions by another group, thus, demonstrating very good
correlations of the results [228].

7 Conclusion

The chapter presents an overview and analysis of data on different aspects of ion
beam treatment of polymers with focus on use of high fluences. The structural and
compositional changes induced by energetic interaction of ions with organic
materials are discussed in detail explaining the effects arising from stopping of
projectiles and related energy transfer. Both radiation and thermal-induced phe-
nomena are considered in the unified process of radiothermolysis. Detailed analysis
of the macromolecular scission and cross-linking allows foreseeing evolution of
various types of polymers under implantation by different ion species.

Considering the degassing, carbonisation and oxidation effects strongly affecting
the structure and composition of the implanted layers provides insights into the
practical ways for the modification of materials properties. Specificity of doping
and distribution of the implanted impurities are overviewed showing the difference
between polymers and other solid-state materials. One needs to consider dynamical
change in the structure and composition as well as diffusion in order to correctly
predict the final distribution of implanted ions in organic matrixes.

Special attention is paid to nucleation of metal nanoparticles under high-fluence
ion implantation as a practical means for the formation of metal/polymer
nanocomposites. Novel approach on cluster beam implantation allowing to avoid
a number of negative phenomena typical for conventional implantation and, thus,
facilitating production of composite layers with minimum of radiation damage is
presented.

Final part of the chapter overviews the possibilities to change mechanical,
electrical, optical and magnetic properties of polymers using implantation in order
to produce materials with required properties applicable in electronics, for
bio-medical purposes, as transducers for optical sensors, strain gauges, etc., thus
showing great potential of implanted polymers for practical use as well as the
present-day research challenges.
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Ion Beam Modification of Poly ®
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Raquel Silva Thomaz and Ricardo Meurer Papaléo

Abstract In this chapter, we review fundamental issues related to the damaging
processes of PMMA films induced by high-energy ions with kinetic energies from a
few keV to a few GeV, covering the regimes of energy deposition dominated by
nuclear collisions and by electronic excitation. Emphasis is given to present an
overview of the bond-breaking processes, the changes in the polymer chemical
structure, and the corresponding modifications in selected macroscopic physical
properties (optical, mechanical, and electrical).

Keywords Ion beam - PMMA - Physicochemical properties -+ Mechanical
properties

1 Introduction

Poly(methyl methacrylate) (PMMA) is one of the most important polymeric
materials available commercially. Due to its excellent mechanical properties,
chemical resistance, and optical behavior similar to glass, it has been widely utilized
across several industries, mainly as shatterproof windows, illuminated signs, and
optical parts, but also as a structural material for different electronic, construction,
and household goods [1]. The high biological compatibility made PMMA a com-
mon material for biomedical applications in ophthalmology, prosthetics, orthope-
dics, and dentistry, to name a few [2]. Resins based on PMMA have also been
widely used in microlithography with UV photons, X-rays, or electron beams [3-6],
or in direct micro-structuring processes such as proton-beam writing [7, 8]. More
recently, in the growing field of proton radiotherapy [9, 10], PMMA has been used
as a material for phantoms and beam-monitoring devices [11]. Therefore, the
interaction of various forms of radiation with PMMA has been a persistent topic of
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investigation for more than four decades [3, 12—14]. A deep understanding of the
radiation effects in PMMA is important not only to evaluate the stability and
behavior of this material under various high-energy radiation fields, but also to
optimize procedures in modern ion-beam-based processing techniques, where
PMMA plays an important role [5-8, 15].

In this chapter, we review fundamental issues related to damaging processes of
PMMA films induced by high-energy ions with kinetic energies from a few keV to
a few GeV, covering the regimes of energy deposition dominated by either nuclear
collisions or electronic excitation. Emphasis is given to present an overview of the
bond-breaking processes and the corresponding changes in macroscopic physical
properties, and their dependence on the energy loss of the ions.

2 Chemical Modification of PMMA by High-Energy Ions

Polymer degradation encompasses many reactions that change the material’s
structure, such as irreversible cleavage of bonds in the main chain, intermolecular
crosslinking, and formation of unsaturated bonds and of volatile products [16—18].
Both crosslinking and scission may occur simultaneously during irradiation of
polymers, but the relative magnitude of crosslinking to scission events depends on
the structure of the polymer [1], on the ion stopping power, and ion fluence [19,
20]. In this section, we review the degradation pathways of PMMA by high-energy
ions, starting with a discussion of the balance between scission and crosslinking and
how it is affected by the stopping power, dE/dx. We then review the radiolysis of
PMMA, the main degradation compounds formed, and the structure of highly
irradiated PMMA.

2.1 Chain Scission and Crosslinking

The chemical structure of the poly(methyl methacrylate) (PMMA) repeating unit is
shown in Fig. 1. For the majority of irradiation conditions, ion-bombarded PMMA

Fig. 1 Chemical structure of CH 3
the repeating unit of PMMA |
£°"3_ i
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undergoes main chain scission, which leads to a decrease of the average molecular
weight [19, 21-24]. Chain scission is also dominant in the irradiation of PMMA
with y-rays, electrons, and UV photons [25-27]. The propensity of degradation has
been attributed to a steric hindrance due to the methyl ester (CH;00C-) groups
attached to the PMMA backbone structure [19, 28]. Large pendant groups restrict
chain mobility and thus hamper crosslinking. The presence of a tetra-substituted
carbon atom in the main chain also favors degradation [29, 30].

Figure 2 shows the molecular weight distribution extracted from PMMA films
irradiated with 200 keV He" [31]. Even at low fluences (2.5 x 10'2 ions/cm2), the
molecular weight distribution (MWD) of bombarded PMMA exhibits a pronounced
tail at the low-mass side due to scission products. For higher fluences, the MWD
continues to shift toward lower molar masses, but a small fraction of high molecular
weight crosslinked molecules is also seen (Fig. 2a).

The solubility of irradiated PMMA increases with fluence (because of chain
scission) only until a certain maximum dose (Fig. 2b). For larger fluences, solu-
bility decreases progressively until an insoluble gel is eventually formed. Thus,
even for an easily degradable polymer as PMMA, crosslinking of the chains will be
extensive at large fluences. The change to a crosslinking dominant behavior occurs
in the first place due to the higher concentration of macroradicals at high fluences,
which favors bonding in between chains. In addition, at high fluences, PMMA is
transformed to a material resembling a sort of disordered polyethylene [32], a
polymer for which the probability for crosslinking is higher than for scission [21].
In general, the larger the dE/dx or LET of the ion beam, the lower is the fluence
required for the onset of crosslinking in irradiated PMMA. Table 1 illustrates this
for beams of H, He, and O ions of 1.5 MeV. The ability of PMMA to crosslink at
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Fig. 2 a Molecular weight distribution of 24 kDa PMMA irradiated with 200 keV He".
b (1/M, —1/M?) as a function of dose for samples of 95 and 24 kDa PMMA irradiated with
200 keV He". A fluence of 6 x 10" ions/cm? of 200 keV He* corresponds to a dose of ~23 eV/
g. M, is the number-averaged molecular weight. Adapted from Ref. [31]
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Table 1 Regions of dominance of scission and crosslinking for ion beams of various LET values

Radiation |LET Scission regime (solubility Crosslink regime (solubility
source (eV/nm) | increases with fluence) decreases with fluence)
20keVe |2 <10"® m™2 No decrease in solubility
1.5MeV |20 <10 m™ >10" m™

H+

1.5 MeV | 200 <10 m™ >10"% m™

He*

1.5 MeV | 800 <10 m™2 >10"" m™?

O+

Reprinted with permission from [19] by Publisher

high doses is also seen in electron beam irradiated PMMA, which changes from
positive to negative resist behavior (insoluble in the developer) at sufficiently large
exposures to the e-beam [33].

Several studies have been conducted to investigate the effect of dE/dx on the
yield of chain scission and crosslinking [19, 22, 24]. This is usually quantified by
the respective G-values (the number of crosslinks G(x) or chain scissions G(s) per
100 eV of absorbed energy). For irradiation with °°Co gamma rays (dE/dx =
0.2 eV/nm), for example, G(s) ~ 1.2 [24]. Similar G(s) values were observed for
low LET ion beams (Fig. 3). However, G(s) starts to decrease for beams with LET
larger than about 15 eV/nm [19, 22]. G(s) values as low as 0.3 was found at
LET = 577 eV/nm (90 MeV O*') [24]. The lower yield of scission at high LET
were attributed to the reduced distance between radical pairs or dangling bonds,
which increases the probability for two neighboring radicals to be close enough for
crosslinking.

Fig. 3 G-value of chain 2
scission, G(s), for PMMA as a
function of LET. Irradiations
were performed with different
ions and velocities. Reprinted
with permission from [19]

G (scission)
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An interesting effect related to the degradation of PMMA is ion-beam-induced
depolymerization (unzipping) [34]. Unzipping is the main mechanism of thermal
degradation of PMMA [35] and is characterized by sequential scissioning of the
chain ends, resulting in the preferential emission of the monomer methyl
methacrylate [36]. The monomer is found to be the most abundant product
(yield > 85%) in the pyrolysis of PMMA [21]. This phenomenon starts at the
so-called ceiling temperature (around 220 °C) [34] in the conventional thermal
degradation of PMMA. However, when the polymer was exposed to a beam of
200 keV He" while heated, unzipping initiated at temperatures as low as 105 °C,
slightly above the glass transition temperature (7) [34, 37-40]. Thus, irradiation of
PMMA at temperatures above T, may result in a stronger degradation rate and a
pronounced reduction in the polymer molecular weight. Up to now, irradiation-
induced depolymerization of PMMA has not been detected at room temperature, or
using swift heavy ions.

2.2 Radiolysis, Volatiles, and Changes in the Chemical
Structure

The radiolytic decomposition mechanisms of ion-beam-irradiated PMMA have
been extensively investigated, using beams in a wide range of energies and stopping
powers [19, 40-42]. While several details have yet to be clarified, especially at the
very large dE/dx of swift heavy ions, the general degradation scheme has been
established and is not very different from those obtained from “conventional” forms
of radiation such as X-rays, electrons, and y-rays.

A simplified scheme of the mechanism of PMMA degradation is shown in
Fig. 4. High-energy irradiation is very efficient for inducing backbone chain scis-
sion (Fig. 4-path II) compared to photoexcitation process (path I). Both processes
can provoke hydrogen abstraction from the polymer main chain (Fig. 4-path VI)
and main chain scission (Fig. 4-path III). Besides main chain scission (and the
consequent formation of unsaturated bonds), rupture and decomposition of the
side-chain methyl ester groups CH;COO- are the dominant events (Fig. 4-path IV—
V). The main volatiles formed from the decomposition of the pendent group are
CO, CO,, and CH4 [19, 32, 40, 43]. The amount of such gases will vary depending
on the stability of the fragments generated, and on the type of beam.

Figure 5 shows the G-values for CO, H,, CO,, and CH, production as a function
of the track average LET. Again, at low LET, the G-values for ion beams are similar
to gamma rays. The G-values start to increase strongly with LET above a LET
around 10 eV/nm. Since most of the analyzed gases have the same precursor
(-COOCH3;), the data of Fig. 5 indicate that the amount of the methyl ester radical
must increase with LET [44]. Studies of PMMA irradiated with gamma rays show
that the amount of CO, CO,, and CH, are also temperature-dependent [44]. CO and
CO, yields at T =40 °C are 2.5-3 times larger than the values found at room
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Fig. 4 Radiolysis pathway of PMMA and main volatile products formed. Reprinted with per-
mission from [40]

temperature. On the other hand, molecular hydrogen is produced from radicals that
are not thermally dependent.

Many other small molecules originating from the breakage of the chains or from
the subsequent decomposition of intermediate species are usually observed by
in situ mass spectrometry. Figure 6 shows an example of an in situ residual gas
analysis (RGA) of a PMMA film irradiated by 4.5 MeV/u Au ions [45], illustrating
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Fig. 6 Outgassing spectra of PMMA irradiated with 4.5 MeV/u Au ions. Mass spectra recorded
before and after irradiation. Reprinted with permission from [45]

the multiplicity of emitted species. This includes H,, CH,, CHj; CH;O-,
HCOOCH;, and unsaturated hydrocarbons, such as H,C=CH,, -CH=C=CH,,
CH,=C=CH,, and CH;CH=CH [40, 45, 46]. The abundant emission of
oxygen-containing small molecules is a clear indication that a significant fraction of
methyl ester groups is broken and easily eliminated by outgassing. The emission of
numerous unsaturated hydrocarbons supports the observation of significant scis-
sioning of the macromolecular chains [26, 32].
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The decomposition scheme described above is also supported by several spec-
troscopic studies [20, 31, 32, 40, 47-50]. In particular, infrared vibrational spec-
troscopy (FTIR) was widely used to probe bond breaking of irradiated PMMA. An
example is given in Fig. 7, where FTIR spectra of PMMA bombarded by ions of
low (500 keV He) and high dE/dx (~886 MeV Au) are shown. The reduction of
the peaks associated to the vibrational modes at 1150 and 1190 cm™' (C-O
stretching vibrations) and the carbonyl (C=0) band at 1720 cm ! are consistent
with the gradual elimination of the pendent methyl ester groups (Fig. 7) [20, 26, 47,
48, 51]. The diminishing of carbon—oxygen bonds (C=0 and C-O-C) is also shown
in the XPS spectra of irradiated PMMA [27, 32, 52, 53] or in measurements of the
fraction of oxygen atoms derived from RBS data [26] (Figs. 8 and 9). It is inter-
esting to note that the ratio of oxygen to carbon in a sample irradiated with a beam
of low dE/dx ions (2 MeV H", dE/dx ~ 0.019 keV/nm) is smaller by ~20% than

PMMA  HE 500 KEV

absorbance

TRANSMI 5SS I OMCX)

4000 3500 3000 2500 2000 1500 1000
3000 2000 1600 1200 8O0  KCM-1: wavenumber / cm™

Fig. 7 FTIR spectra of PMMA films bombarded by a 500 keV He and b 886 MeV Au ions.
Reprinted with permission from [45, 54]

Fig. 8 Cls XPS spectra of
PMMA films irradiated by

2 MeV H" and 2.1 GeV Bi at
similar deposited energy
densities. The peaks
associated to C atoms directly
bound to oxygen are labeled
in the figure. These are C;
(O—CHj3) and C4 (C=0). All
spectra were normalized to
the peak intensity of the C
line (C-H) at 285 eV.
Reprinted with permission
from [52]
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in a film irradiated with a high dE/dx ion (2.2 GeV Bi, dE/dx ~ 14 keV/nm) at a
similar dose (in the case of Fig. 8 close to 100 eV/nm®) [52]. This suggests a
greater importance of particle ejection unzipping by PMMA chains at high dE/dx,
which would keep the O/C ratio closer to the pristine value.

FTIR [45,47,49], Raman [27], and UV spectroscopy [45, 49] reveal the formation
of conjugated C=C bonds in the irradiated polymer. In FTIR, this is seen by the
appearance of a new absorption band at 1600-1670 cm ™. In one study, the number of
C=C bonds generated in the films was similar to that of C=0 groups removed by the
same incident dose, suggesting that removal of an ester group generates also a C=C
bond by main chain scission and H abstraction [40]. For low dE/dx, the efficiency of
C=C bond formation is smaller than that found at high dE/dx (Fig. 7).

At high irradiation fluences, the pristine polymer chemical structure is virtually
lost and FTIR spectra are almost featureless due to generalized bond breaking [21,
31, 32, 47, 49]. Carbonization is the fate of all heavily irradiated polymers, but the
type of carbonaceous material that is eventually formed depends on the monomer
structure and dE/dx of the ions. Most of the studies indicate that PMMA films
eventually turn into a form of hydrogenated amorphous carbon material a-C:H [27,
49]. The Raman spectra of PMMA irradiated by 400 keV Cr* ions (Fig. 10) show
clearly the development of the characteristics broad peaks corresponding to the D
and G band of disordered carbon.

Although the general scheme presented above for the radiolysis of PMMA is
observed for irradiations with ions in a wide range of stopping powers, there are
some effects that are only observed at very high dE/dx due to swift heavy ions. For
example, GeV heavy ion irradiation of PMMA leads to the formation of various
aromatic compounds [56, 57], including large mass pure carbon clusters [58] that
are not observed at low dE/dx [51]. It was suggested that in the core of swift heavy
ion tracks, as a result of the very high transient temperatures a gas of electrons and
free carbon ions is formed. Carbon clusters and aromatic rings would form during
the subsequent expansion and cooling of this highly excited region [58]. The
proposed scheme is shown in Fig. 11.
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Fig. 10 Raman spectra of pristine and irradiated PMMA samples. The irradiation was performed
using 400 keV Cr* ions with fluences up to 5 x 10'° cm™2. The solid lines indicate the measured
Raman spectrum, while the dashed lines indicate the two Gaussian-fitted D and G bands. Reprinted
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Fig. 11 Suggested mechanisms for the decomposition of PMMA and carbon cluster formation in
the core of swift heavy ion tracks. Reprinted with permission from [58]



Ion Beam Modification of Poly(methyl methacrylate) (PMMA) 123

2.3 Damage Cross Sections

In the previous section, the changes introduced in the chemical structure of irra-
diated PMMA were reviewed. Here, we discuss the problem of the degradation
efficiency and the rates of destruction (or formation) of various chemical bonds. The
damaging efficiency is usually quantified extracting the damage cross section ¢ for
a certain process of interest. ¢ is a probability of occurrence, which is interpreted as
an effective area around the ion path where a certain modification takes place. For
the quasi-continuous cylindrical damage track of a swift heavy ion, the geometrical
interpretation of ¢ is intuitive. The value of ¢ can be obtained by monitoring the
changes in the intensity I(¢) of a given signal (a FTIR band, UV absorbance, XRD
peaks, etc.) as a function of fluence. In most of the situations, an exponential
behavior is observed experimentally, which allows the extraction of a damage cross
section by fitting the data with the expression:

I(¢) = Ipe " (1)

where [ is the intensity of the investigated signal for the pristine sample. If radi-
ation induces the creation of new structures, then the signal intensity can usually be
expressed as:

I(d)) = sat(l - eiwb), (2)

where I, is the signal obtained at high fluences.

Table 2 provides a compilation of cross-sectional values obtained from the lit-
erature. Some of them were already extracted in the original references, while
others were obtained by us from fittings of the available data. Cross sections for the
processes of chain scission, loss of various functional groups, decrease in oxygen
and hydrogen content, and formation of conjugated double bonds (chromophores)
are shown. The magnitude of the cross sections depends on the technique used to
probe the damage (e.g., chemical composition, optical properties, secondary yields)
[59], and on the dE/dx and ion velocity. Hence, a direct comparison between cross
sections of different processes is only meaningful when similar irradiation condi-
tions are used in the experiments. Despite the large amount of papers on ion beam
modification of PMMA, there is, unfortunately, no systematic study comparing
cross sections of different processes under similar irradiation conditions, similar to
those found, for example, for PET [60], PPS [61], or PC [62]. Yet, some general
considerations can be drawn.

The largest damage cross-sectional values are found for processes related to
changes in the polymer crystallinity and average molecular weight [60]. For these
processes, either the activation energies or the required number of hits by secondary
electrons to induce an observable effect is small. However, PMMA is usually in an
amorphous configuration (or semi-crystalline structure with high amorphous con-
tent). Hence, there are only few studies investigating the changes induced in the
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Table 2 Ion energy, velocity, electronic stopping power (dE/dX),, nuclear stopping power (dE/
dX),, and cross sections (o) extracted from ion bombardment of PMMA films

Ton Energy | Velocity | (dE/ (dE/ Technique o (cm?) Refs.
(MeV) | (cm/ns) | dX), dX),
eV/ (eV/
nm) nm)
Bond breaking
He 5 1.6 1.7 0.0027 | FTIR*® 5.1 x 107'® | Fink [20]
Li 5 1.2 33 0.0014 | FTIR™® 2.2 x 107" | Fink [20]
B 25 0.7 5.9 0.1 FTIR*® 22 x 107 | Fink [20]
H* 2 1.2 19 0.012 XPS (C-0) ~4 x 107'® | Thomaz
[66]
Art 0.005 |0.01 69 432 XPS* (C-0O) 4.1 x 107" | Pignataro
(32]
He* |02 0.3 200 1 MWD 9 x 107 Fragala [21]
He* 0.2 0.3 200 1 MWD 3x 107" Licciardello
(641
He* 1.0 0.7 250 0.7 Carbon erosion” 6 x 107" Calcagno
[68]
He** |05 0.5 270 0.6 Dehydrogenation 2.6 x 107" | Davenas
[49]
Xe* 0.7 0.1 580 1220 Dehydrogenation ~1071% Davenas
[54]
Bi* | 2200 45 14,000 | 14.4 XPS (C-0) ~3 x 107" | Thomaz
[66]
Au®T | 887.0 |29 15,000 |35 FTIR® (2994 cm ™) 1.5 x 1072 | Hossain [45]
Au®tt | 887.0 |29 15,000 |35 FTIR® (2842 cm™") | 9.2 x 107" | Hossain [45]
Formation of new bonds
c* 1700 33 300 0.2 UV-Vis™* 9.6 x 10™'* | Singh [50]
Ne®* | 145.0 3.7 690 0.4 UV-Vis*® 5.5 x 107" | Kumar [69]
Si* 11000 |26 1730 1.3 UV-Vis** 5.6 x 107 | Kumar [65]
Au®* | 887.0 29 15,000 |35 FTIR (1641 cm™ ') 1.3 x 107! | Hossain [45]
U 1980.0 |4.0 18,000 |21 UV-Vis*® 2.5 x 107" | Hossain [45]

“The cross sections were extracted from the data presented in the referred references
“Data extracted from the whole FTIR spectra
“Data extracted from the absorption in 375 nm of the UV-Vis spectra

PMMA crystallinity and cross sections were not extracted [50, 63]. The rates of
amorphization nevertheless appear to be similar to those found for molecular weight
changes described below. Fragala et al. [21] investigated the number-averaged
molecular weight M,, of PMMA irradiated by 200 keV He™. Figure 12 shows the
values of 1/M, as a function of fluence. The fitting (dashed line) gives a cross
section of 9 x 107'* ¢cm?. In another study, also with 200 keV He bombardment, a
cross section of ~3 x 107! cm? was extracted [64]. The major difference between
those two measurements was the procedure used to quantify the signal. While in
Ref. [64] only the low-mass portion of the MWD chromatogram was used; Fragala
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et al. [21] used the average over the complete molecular weight distribution. This
example illustrates how easily cross sections may be influenced by the procedure of
data quantification. In any case, both cross sections are relatively large, considering
the low stopping power of the He beam. We found no study on damage cross
sections for chain scission of PMMA using swift heavy ions in the literature to
compare with.

Cross sections for bond breaking and formation of new bonds in irradiated
PMMA are the most abundant in the literature. They typically range from
~107'® cm? for light ions up to ~10~'" cm? for swift heavy ion projectiles (see
Table 2). By monitoring the changes in the intensity of the FTIR bands of PMMA
irradiated with MeV light ions (5 MeV He and Li and 2.5 MeV B), Fink et al. [20]
found damage cross section of the order of 10~ '°~107"* cm?). This corresponds to
effective track radii of chemical damage of about 0.4 A for He or 3 A for B. On the
other hand, the damage cross section of 887 MeV Au ions is roughly three orders of
magnitude larger [45]. Figure 13 shows the evolution of three different FTIR bands
at 2994, 2842, and 1641 cm™ ! of PMMA irradiated with 887 MeV Au ions. Both

Fig. 13 Peak intensity of 1
absorption bands at 2994, 100 - =y 4 A
2842, and 1641 cm ™ as a R S, SO
function of the fluence for £ 304 T e . .
PMMA films irradiated with "‘E‘ e
887 MeV Au ions. Reprinted 3 - .
with permission from [45] E 60 . i‘r;“t:;\% e/
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processes of bond destruction and new bond formation are shown. The loss of CH,
and CH; groups (bands at 2994 and 2842 cm ™', respectively) occurs with a cross
section of Gagur em-t = 7.8 X 10713 cm? and 02994 ¢t = 1.5 x 10712 cm?. The very
large cross section obtained for the new band appearing at 1641 cm™" (Cleatem-! =
1.3 x 107" ¢m?) demonstrates the efficiency of such high dE/dx ions to create
carbon—carbon double bonds, which was larger than the breaking of C—H bonds.

Another process investigated is chromophore formation by the conjugation of
unsaturated carbon bonds. This is usually extracted from UV—-Vis spectra, as shown
in Fig. 14. The absorbance of irradiated samples in the UVA and visible region
increases with irradiation fluence. Figure 14b shows the increase in absorbance at
375 nm after irradiation with 100 MeV Si®* ions, depicting an exponential growth
typical of Eq. 2. The resulting cross section was about 5.5 x 10™"* cm?.

Overall, the various damage cross sections extracted for PMMA are comparable
to those observed in other polymers, with differences in magnitude that stem from
the degree of radiation stability of each material. For example, cross sections for
emission of volatiles in polystyrene (a more radiation-resistant polymer) bombarded
by 500 keV He, were more than 50% smaller than in PMMA, under the same
experimental conditions [49]. On the other hand, heteroatom emission in
ion-bombarded PVC, a highly degradable polymer, is even larger than those found
for PMMA [66].

Although cross sections are important parameters quantifying the sensitivity of a
polymer to radiation damage, care must be taken when comparing data probed by
different techniques, because of their specific spatial sensitivity and probing signal.
XPS, for example, tends to give smaller cross sections than FTIR, although both
techniques are probing the amount of chemical bonds. This is related to the fact that
XPS is very little affected by long-range changes in the chemical environment and
gives information of modification occurring mostly close to the ion path where
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Fig. 14 a Optical absorption spectra of pristine PMMA and PMMA after irradiation with
100 MeV Si®* ion beam. b Peak intensity of absorption at 375 nm of the spectra shown in (a) and
its resulting damage cross section. Reprinted with permission from [65]
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bond disruption is severe. In addition, the signal from spectroscopic techniques
such as UV-Vis and FTIR are proportional to the optical path of the probing beam
in the sample. This means that the signal may change not only because specific
bonds are broken, but also due to reductions in the sample thickness. As discussed
in the next section, PMMA thinning by ion irradiation is very efficient [67].
Therefore, many of the cross sections reported in the literature may be the con-
volution of chemical damage with effects that cause thickness reductions (sput-
tering, densification, etc.).

2.4 Changes in Physicochemical Properties

Bond breaking, formation of new bonds, and preferential emission of oxygen and
hydrogen in bombarded PMMA result in irreversible changes in its macroscopic
physicochemical properties. In this section, the main changes observed in mechanical,
optical, and electrical properties of ion-bombarded PMMA are reviewed.

2.4.1 Density Enhancement and Compaction

PMMA films and foils irradiated by ion beams become remarkably thinner after ion
bombardment [26, 43, 70-72]. The thickness decrease was mainly attributed to
outgassing of volatile products [73, 74]. Sputtering is a small component, especially
for light ions and low dE/dx, but cannot be neglected for swift heavy ions. The
crater volume of a single 600 MeV Au ion is approximately a half sphere of 10 nm
radius [75, 76]. In addition, main chain scission results in shorter and more mobile
molecules, what facilitate spatial rearrangements and local conformational changes.
This eventually leads to the compaction of the layers and increase in density
[77, 78].

Figure 15 presents the compaction induced in 1-mm-thick PMMA foils irradi-
ated with 350 keV H* (the ion range is 4.2 pm) as a function of the fluence. The
compaction reached values as high as few micrometers at high fluences. The
shrinking rate was not steady, but decreased with fluence, until a saturation level is
reached at very high fluences [67, 71, 78]. This occurs because of the cumulative
effects of track overlap. At large fluences, the probability of ions hitting regions
already modified by the ions increases, reducing the gas yield per ion impact.

Swelling, however, may precede the shrinking process. Due to the long pro-
jected range of swift ions, gaseous products are formed in deep regions of the
polymer and cannot escape from the material as quick as they are produced. As
a consequence, a high pressure of gases is built up in the polymer, resulting in a
transiently swollen surface [74]. In a foil of PMMA irradiated through a
micro-patterned mask with 1.8 MeV H* (¢ = 6 x 10'? jons/cm?), within a time of
12 min after the irradiation the surface swollen about 70 nm with respect to the
non-irradiated region (Fig. 16a). Only later, 200 min after the irradiation,
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Fig. 15 Compaction of a
1-mm-thick PMMA foil as a
function of fluence of

350 keV H" ions. Reprinted
with permission from [26]

Fig. 16 Surface profiles of
the irradiated sample
measured by profilometry,

a 12 min after the irradiation
and b after 200 min.
Reprinted with permission
from [74]

Compaction [um]

(a)

z (nm)

(b)

z(nm)

R. S. Thomaz and R. M. Papaléo

3
PMMA 350keV H*

2.
14
0 T T ¥ -

0 4 6 8 10 12

Fluence [ x10" ions/cm?]

80

" 1’ \\ f{ e

ad | W | 17 \—

Maral ‘o 7
-40 “_\‘_
0 200 400 600 800
x (pm)
L
=100 {
— A, et
200 X, Y 1
0 200 400 600 800
x (um)

profilometry of the same region revealed that the surface retracted to more than
200 nm below the original surface level (Fig. 16b). It was noted by the authors that
if the ion current was low enough, swelling was not observed.

A discrepancy between compaction values is found in the literature, even when
similar irradiation conditions are used [43, 74]. These differences can be explained
by the distinct times after irradiation that the depth profile was measured. The
shrinking due to outgassing is diffusion-limited and may continue over several
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Fig. 17 Shrinking of the surface (z;) of 1-mm-thick PMMA foils bombarded with 1.8 MeV H*
ions as a function of time ¢ after irradiation to a fluence of 6 x 10'* ions/cm® Measurements were
performed at different temperatures 7 ranging from 23 to 130 °C. The solid lines are fittings with
a diffusion model. Reprinted with permission from [74] by Publisher

weeks if the effective diffusion coefficient, D.g is low (Fig. 17). At room temper-
ature, the Dy extracted for PMMA after irradiation with 1.8 MeV H" ions to a
fluence of 6 x 10" cm™ was 8.3 x 107'" cm?/s. Gas diffusion is accelerated at
higher temperatures, increasing the shrinking rate. At temperatures just below the
glass transition, 7, (~ 105 °C), the effective diffusion constant found by Schrempel
et al., is about six orders of magnitude higher than the value found at room tem-
perature [74]. At 130 °C, thermal degradation also plays an important role, being
gas diffusion no longer the predominant effect.

2.4.2 Optical Properties

There has been a great practical interest on the investigation of optical properties of
irradiated PMMA, because of the wide range of potential photonic applications and
the widespread use of PMMA in optical components. Proton-beam writing has been
used for the fabrication of microphotonic devices (waveguides, gratings, microlens
arrays, etc., Fig. 18). For such applications, knowledge on ion-induced modifica-
tions in the absorption coefficient and refractive index are of utmost importance.

As discussed in the previous section, the damage produced by ion irradiation
leads to the formation of absorption centers in PMMA at the UV and visible regions
of the spectra due to the increase in conjugated C=C double bonds, which provides
more optically active electrons. This process changes the polymer color gradually
from transparent to yellowish-brown. The color change is usually irreversible, but
there are reports of transparency recovery depending on the beam conditions and
storage environment [28].
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Fig. 18 a Optical image of waveguides fabricated in 3-mm-thick PMMA. Electron microscopy
images of a b surface relief gratings fabricated in 800 nm layer of PMMA spin coated on a Si
wafer and ¢ a microlens array. Adapted from [79]

Accompanying the changes in UV absorption, there is an increase in the
refractive index with ion fluence (Fig. 19) [47, 71, 72, 80, 81]. The refractive index
enhancement was attributed as well to the formation of unsaturated bonds along the
irradiated layer [28]. Compaction and densification of the irradiated material are
also associated to the increase in the refractive index [77]. It is remarkable in the
study of Kallweit and Biersack [80] that An increases steadily with fluence, with no
saturation yet visible (Fig. 20). The relatively large changes in An of up to 0.3 is an
interesting feature for waveguide fabrication.

Several experiments were performed to investigate the correlation between the
ion range and the changes of An with depth. When 2 MeV H* was used to bombard
a block of PMMA (Fig. 21), the highest increase of the refractive index occurs at
the end of range, i.e., at the Bragg peak of the energy-loss curve [81].

The use of irradiated PMMA in waveguides was also tested. The main problem
was the optical losses. The measured intensity attenuation of waveguides fabricated
using a 3-mm-thick foil irradiated by 2 MeV H* at fluence of ~ 50 nC/mm? is
shown in Fig. 22. In this case, the mean attenuation coefficient was found to be
1.4 £ 0.2 dB/cm [70]. Propagation losses are, additionally, very dependent on the
ion dose [72]. For PMMA blocks irradiated with Li* ions in the energy range of
100-130 keV with fluences up to 10'* cm™2, waveguides with total loss values of
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Fig. 19 Change in refractive index, An, of PMMA irradiated by N ions with kinetic energies
between 100 and 350 keV. a An versus ion fluence for 300 keV N*. b An versus ion energy
(constant fluence of 2 x 10 jons/cm?). Reprinted with permission from [80]
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<2 dB/cm could be fabricated [47]. At higher fluences, because of
ion-beam-induced damage, the propagation loss increases by more than a factor of
two. Optical losses are also a function of the beam energy. Other studies show that
attenuation measurements of waveguides obtained after 1-2 MeV proton irradiation
showed loss values as high as 5 dB/cm up to 8 dB/cm, depending on the beam
conditions [71].

Another complication of using ion irradiation to prepare waveguides is aging. In
one study, long-term stability of n was investigated in PMMA bombarded by
1 MeV He" ions and stored at 70 °C in vacuum or at ambient conditions (Fig. 23).
Both samples show a decrease of the initial index of refraction during the first
60 days and become stable after 3 months. The aging effect was more pronounced
for the samples stored at ambient conditions [71].
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Fig. 22 Loss value of
irradiated PMMA waveguides "
for different fluences of Li* 5 o
ions in the energy range of L /o
100-130 keV. Reprinted with Loty ;"‘
permission from [47] 'g /
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2.4.3 Mechanical Properties

Figure 24 shows the results of the changes of flexural strength of 3-mm-thick sheets
of PMMA irradiated by 45 and 30 MeV proton beams and y-rays as a function of
the absorbed dose. The decay in flexural strength is similar for all types of such low
LET radiations (LET ~ 1 eV/nm for the three beams). It is well known that such a
decrease of the strength is induced by chain scission of PMMA [82].

Hardness, scratch resistance, and elastic modulus of the polymer are also affected by
crosslink and chain scission [23, 83]. Figure 25 shows averaged values of indentation
elastic modulus versus maximum indentation depth for bulk PMMA implanted by
40 keV B" ions. The maximum penetration depth of B*-ions into PMMA is about
400 nm. However, implanted PMMA showed an increased elastic modulus with
respect to the pristine material at much larger depths (up to 1100 nm [84]).

Figure 26 illustrates the changes in hardness of PMMA irradiated by 2 MeV Ar
ions (LET = 1134 eV/nm) and 2 MeV He ions (LET = 242 eV/nm) as a function
of ion fluence. Hardness increased significantly with increasing fluence, especially
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Fig. 24 Flexural strength of
PMMA as a function of dose
(O gamma ray; 00 45 MeV
proton; M 30 MeV proton).
Reprinted with permission
from [82]

Fig. 25 Indentation elastic
modulus versus maximum
indentation depth for
un-implanted PMMA
(squares) and PMMA
implanted by 40 keV B* ions
(circles) samples. Reprinted
with permission from [84]

Fig. 26 Hardness changes as
a function of fluence for
PMMA irradiated by 2 MeV
He* and Ar" ions. Reprinted
with permission from [19]
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for the larger dE/dx Ar beam, where it jumped from the pristine value of 0.45 GPa
to over 10 GPa after irradiation to a fluence of 1 x 10'> cm™2. The improvement in
hardness was greater at larger dE/dx [19]. In fact, under low LET radiations, such as
e-beam and y-rays, the material becomes extremely brittle, but there is no appre-
ciable change in hardness [19]. However, it has been shown that at high electron
doses (7.5 x 10" cmfz), the surface hardness of the irradiated PMMA increased to
2.8 GPa, and the elastic modulus from 5.6 to 22.9 GPa [27].

As hardness of polymers increases with increasing crosslinking density [83], this
difference in mechanical behavior of PMMA irradiated by ions of low and
high LET reinforces that scission is dominant for low LET and low fluences,
whereas crosslinking becomes more important with increasing LET and at high ion
fluences.

2.4.4 Changes in Electrical Properties

In general, polymers are highly insulating materials with wide band gaps [28]. Ion
irradiation or implantation can be used to increase the polymer conductivity by
several orders of magnitude. The possibility of preparing conducting regions in a
highly insulating polymeric matrix was one of the first exciting effects of ion
bombardment of polymers to be explored [85]. Figure 27 presents data on the
electrical conductivity of irradiated PMMA as a function of 400 keV Cr* ions. An
increase in electrical conductivity from ~2 X 10719 S/em (pristine) to
~7 x 107° S/cm (at 5 x 10" ions/cm?) was observed. In another study, using
beams of 150200 keV Si* ions at much larger fluences (3.2 x 10'¢ Si*/em?), the
conductivity reached values of almost 11 orders of magnitude higher than that of
pristine PMMA [86].

Fig. 27 Electrical 8
conductivity of 400 keV Cr*-
implanted PMMA versus ion
fluence. The line was drawn
to guide the eye. Reprinted
with permission from [55]
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The conductivity increase reflects the carbonization process discussed in the
previous sections. Conductivity rises sharply only after the material has been
extensively damaged by the beam and significant amounts of carbon clusters are
formed in the material. The formation of a network of carbon clusters provides a
charge transportation system in implanted PMMA [55, 85]. In the early work at the
Bell Laboratories [85, 87], 2 MeV Ar" was used to irradiate several nonpolymeric
and polymeric organic compounds, including PMMA. The temperature dependence

of the resistivity p(T) of the irradiated material was found to follow p(T)

exp { + (To/ T)l/ 2} over a wide range of fluences and temperatures. Based on this

dependence, it was proposed that conduction of electricity at intermediate irradiation
fluences involves hopping of carriers between isolated conducting islands. At very
high fluences, (>10'® cm™?), conducting islands interconnect and the resistivity
becomes temperature-independent. In general, ion bombardment of organic thin
films leads to the production of a carbon-enriched material with some properties
similar to those found for amorphous carbon, but with electrical characteristics that
are unique [87]. Conductivity also depends on the initial monomer structure. The
value found for heavily irradiated PMMA (9.5 x 10™* S/cm, after 10'® ions/cm?” of
1 MeV Xe*) was smaller than for other polymers like PS (1 x 1074 S/cm) and PE
(1.5 x 10™* S/cm) irradiated under similar conditions [54].

3 Concluding Remarks

In this chapter, fundamental issues related to damaging processes of PMMA
induced by high-energy ions were reviewed. The different steps in the polymer
modification, from the identification of the main bond-breaking pathways and
chemical changes to the corresponding modifications in the macroscopic physical
properties are reasonably well established, and are not very different from those
obtained from “conventional” forms of radiation, for which the available data is
much more abundant. The similarities are more evident for low LET particles, such
as fast H or He ions. In this regime, G-values for X-rays, y-rays, electrons, and ions
are similar and the mean dose is the main parameter determining the level of the
final effect (chain scission, hydrogen release, etc.). However, several details of the
complex chain of events induced by high-energy ions in PMMA have yet to be
clarified, especially at the very large dE/dx of swift heavy ions (SHI).

In fact, already at intermediate dE/dx (e.g., of 1 MeV Ar, ~800 eV/nm), the
dose/response curve might become nonlinear. Certain degradation products are
clearly produced at much higher yields at large dE/dx. This includes the formation
of triple bond carbon clusters, and sputtering of macromolecular fragments. Thus,
although carbonization is the fate of all heavily irradiated polymers, the type and
properties of the carbonaceous material that is eventually formed will depend on the
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dE/dx of the ions. The balance between scission and crosslinking and
ion-beam-induced unzipping are also expected to alter at large dE/dx. Systematic
studies aiming a better understanding of transformations specifically induced by
energetic heavy ions are necessary. Even the basic effect of the changes in M,
distribution of PMMA after SHI irradiation is lacking in the literature. Of the major
physical properties of materials, thermal property is one of the least investigated
after ion irradiation of polymers, including PMMA. Studies on the changes in
thermal properties like thermal expansion or heat conductivity are practically absent
in the literature and need to be conducted. There are scattered data on damage cross
sections for bond-breaking of PMMA in the literature. However, there is no sys-
tematic study comparing cross sections of different modification processes (chain
scission, bond breaking, chromophore formation, carbon cluster formation, etc...)
under the same irradiation conditions. This will allow a detailed view of the spatial
(radial) distribution of different types of structures/defects created around the ion
track.

The effect of irradiation temperature is also worthy of further investigation. We
have shown examples where temperature alters the effects produced by ion irra-
diation of PMMA (e.g., in irradiation-induced depolymerization or in the kinetics of
volatile emission). However, it is unclear at present how temperature alters the
profile of intermediate products produced by ion irradiation or the final properties of
the bombarded material. It is expected that, near and above Ty, all processes which
are diffusion-controlled will be enhanced. The temperature effects may also be
different for ions of high and low dE/dx, as recent studies on the surface mor-
phology of ion-irradiated PMMA thin films suggest [88]. Irradiations at low tem-
peratures with subsequent in situ annealing and spectroscopic characterization will
allow obtaining valuable information on the creation and stability of different
chemical groups formed by irradiation. This has been explored in a few polymers,
like polyethylene, but not in PMMA.

The vast majority of irradiation experiments are performed in vacuum. It would
be interesting to study the effect of ion irradiation in different atmospheres,
including oxidative environments, and how they affect the yield and type of
degradation products.

Additionally, the influence of the sample conditions themselves needs to be
carefully addressed. For example, there is no systematic investigation comparing
irradiation effects on samples prepared from monodisperse standards in a broad
range of molecular weights. How much the molar mass influence radiation chem-
istry and properties changes induced by energetic ions? PMMA is also used in the
form of composites with various fillers or polymer blends. A systematic investi-
gation of the ion beam modification of such systems is also scarce and needs to be
examined in closer detail.

Overall, in spite of the importance of PMMA as an engineering material, the
volume of data available on ion modification of PMMA is still relatively limited,
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compared to other important polymers such as polystyrene, polyethylene, or poly
(ethylene terephthalate). Thus, PMMA needs for sure an expanded and reliable
database, built from “targeted” experiments with well-controlled irradiation and
sample conditions to help answering some of the open issues raised above.
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Abstract This chapter primarily includes the fundamental concepts related to
metal nanoparticles with their unique features followed by importance of incor-
porating them in polymer matrix and finally considering irradiation as a novel tool
to tailor the properties of metal-polymer nanocomposites. These nanocomposites
are one of the promising materials which have been used in a wide variety of
applications ranging from biomedical to optical and electrical devices to aerospace
applications. Ionizing irradiation technique is among the most promising strategies
for synthesis as well as to amend the changes in composite material because of the
advantage of irradiation process compared to conventional synthesis like chemical,
vapour deposition, etc., the process is simple, clean and controlled, carried out
without producing undesired oxidants products of reducing agents, avoids the
addition of undesirable impurities and produces composites which are highly stable.
Irradiation-induced effects on polymer-metal nanocomposites provide unique
pathway to control and modify the structural, optical and electrical properties of
composites basically required for various applications as per desire. Thus, utilizing
irradiations as a novel tool, a systematic study has been done to tune the properties
of polymer-metal nanocomposites. Induced changes on structural, optical, and
electrical properties have been conferred in this chapter.
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1 Introduction

These days the whole world is breathing with the word “Nanotechnology”. All the
expansions in this direction probably germinate from the seed sowed by the famous
Physicist Richard Feynman on 29 December 1959 through his historic lecture
“There’s Plenty of Rooms at the Bottom” [1-3]. Although ancient and medieval
world were not fully ignorant of concept of nanotechnology yet it gathered steam
primarily from the discoveries of decisive work of coloured window glass during
1980s [4-6], on which strong platform was built to uplift the future course of
developments in this field. The massive developments in this field with every
passing year were led by the fundamental works due to augmented people’s
research interest in this field followed by the myriad of applications resulted in
growing communal awareness across the globe. As a result, now we can realize the
exploration of nanotechnology in almost all the sectors and disciplines. There has
been phenomenal growth in basic and applicative scientific research in the field of
nanotechnology projecting applications in catalysis, sensors, drug delivery, imag-
ing, aerospace, regenerative medicines, tissue engineering, etc. [7-11].

Working in the field of nanotechnology, the interest of the researchers is also
growing in polymer-based nanocomposite materials embedded with inorganic
nanoparticles. The wide corridor has been offered by such nanocomposites due to the
synergic effect of inherent properties of both dispersed inorganic nanoparticles and
host organic polymers [12, 13]. These nanocomposites can easily be processed and
moulded into the desired shape and size due to the huge flexibility associated with
polymers as base materials. Therefore, the drawbacks associated with the handling
of nanostructured materials can be overcome by employing a polymer as a host
matrix for embedding nanoparticles. Moreover, enhanced optical, magnetic, thermal
and electrical properties of such inorganic—organic hybrid nanocomposites provide
broad applications perspectives in many disciplines [14—16]. For the efficient inte-
gration of such nanocomposites for technological applications, the prerequisites
include the selection of host matrix and embedded nanoparticles along with the
control on their size, shape, concentration and distribution within the matrix [17-19].
It is well quoted in the literature [20, 21] that the properties of such nanocomposites
can further be regulated through various treatments like neutron irradiation, gamma
irradiation, energetic ion irradiation, UV irradiation, annealing, etc.

With this background, the present chapter provides the brief overview of
nanomaterials, their properties and synthesis approach. The concise history of
polymer nanocomposites has also been discussed. This chapter provides a back-
ground in the area of metal nanoparticles describing their history and surface
plasmon behaviour. In the next section, a brief and insightful understanding of
ionizing radiation and their interaction with matter has been provided followed by a
survey of some pertinent literature related to effect of different ionizing irradiation
on polymer—-metal nanocomposites. The aim of this section is not to cover all the
existing literature, but rather to present some of the relevant achievements in this
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direction. Further, discussing the importance of PVA polymer and silver
nanoparticles, this chapter deals with PVA-Ag hybrid nanocomposites synthesized
by in situ reduction method in our laboratory. The morphological, structural and
optical behaviour of the hybrid nanocomposite and effect of gamma, UV and SHI
irradiation have been discussed with citing our results.

2 Nanoparticles

The prologue of nanoparticles begins with the scale defining at least one external
dimension of material in nanometer (nm), scientifically ranging from 1 to 100 nm
[22]. This scale is incredibly important because in this size range materials show
distinctly unique properties compared to their bulk counterpart. The primarily
reason of such unique features in nanometer range are surface-to-volume ratio and
quantum size effect [23]. These factors bring significant change in physical,
chemical, electrical, optical and thermal properties of materials; rather we can say
properties of material become size dependent in nanometer regime [23-25]. The
ratio of surface area to volume is actually a measure of the percentage of molecules
or atoms that are on the surface of the material as compared to the total number of
molecules or atoms in the entire piece of material. As size of particles constituting
the material decreases, large proportion of atoms are found at the surface compared
to inside. Thus, nanomaterials have greater surface area per unit mass compared to
large particles, therefore, are profound of more reactive and catalytic [26]. In
nanomaterials, with surface effect quantum size effect also comes in picture and
directs the properties of these materials. When the particle size is reduced and
attains the limit of the Bohr’s radius, its electronic energy structure (shown in
Fig. 1) changes from continuous energy bands to discrete energy levels and the
continuous optical transitions between the electronic bands become discrete and the
properties of the nanomaterials become size dependent [27].

2.1 Synthesis of Nanoparticles

The bottoms-up and top-down approach are two approaches through which
nanoparticles can be synthesized. Under the situation, when both top-down and
bottom-up processes are involved, the approach is referred to as hybrid approach.
Figure 2 highlights a schematic representation of bottom-up and top-down
approach.

Top-down manufacturing starts with bulk materials which are then whittled
down, until the features that are left are nanoscale. The top-down approach [28-30]
often involves the methods like ball milling, sputtering, etc. However, the limit up
to which the size can be reduced depends on the process involved. On the other
hand, in bottom-up approach constituents of the material are arranged into more
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Fig. 1 Schematic representation of electronic energy levels in atoms, molecules, clusters,
nanoparticles and bulk

complex assemblies’ atom-by-atom or molecule-by-molecule or cluster-by-cluster
[28], till the desired dimensions of the material are achieved. All types of chemical
synthesis, self-assembly and molecular fabrication also fall under the ambit of
bottom-up approach viz. electro-deposition, vapour phase deposition, sol-gel, ion
beam epitaxial technique, etc. for the growth of nanoparticles.

2.2 Stabilization of Nanoparticles

As nanoparticles exhibit extraordinary large surface area, they are thermodynami-
cally unstable and possess tendency to coalesce by decreasing surface energy and
form thermodynamically stable bulk nanoparticles [31]. This is done in the absence
of any counteractive repulsive forces, and van der Waals interaction would lead to
aggregation. Therefore, the basic challenge in nanoparticle synthesis is stabilization
of nanoparticles without losing its unique properties. The steric stabilization and
electrostatic stabilization are the most common approaches implemented during the
synthesis of nanoparticles [32]. Capping agents, e.g. polymer, surfactant or a ligand
having suitable functional groups, are used to perform the steric stabilization;
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Fig. 2 Schematic representation of Bottom—up and Top—down approach

these capping agents get adsorbed onto the colloidal particles prevent them to
agglomerate. On the other hand, in electrostatic stabilization negatively charged
ions adsorb onto the metal nanoparticles surface, resulting in the formation of an
electrical charged layer around the particles which counterbalanced the attractive
van der Waals forces by repulsive Coulombic forces acting between the negatively
charged colloidal particles. Another important way to resolve the stabilization
problem is embedding the nanoparticles into suitable host matrix supplementing the
additional benefit of manipulating the shape and organization of nanoparticles. This
new class of materials, generally named as nanocomposites, takes the advantage of
both the host matrix as well as of the embedded nanoparticles [33].

3 Nanocomposites

In general, composites materials are defined as materials comprising of two or more
constituent materials with significantly different physical or chemical properties,
and the produced material possess properties different or superior to those of the
individual components [34, 35]. Polymer nanocomposites, in particular, are com-
posite materials in which nanoscopic inorganic particles, with at least one dimen-
sion in the nanoscale regime, are dispersed in a polymeric matrix in order to
dramatically alter or improve the properties of the polymer. The properties of a



146 S. Mahendia et al.

nanocomposite significantly depend on the size of the filler nanoparticles, interface
area and the degree of mixing between the two phases [35]. Depending upon the
chemical nature of the host material and embedded nanoparticles, nanocomposites
are generally classified into the three combinations, i.e. organic—organic, organic—
inorganic and inorganic—inorganic. Polymers, due to their extraordinary properties
such as their easy processability, light weight, flexibility and mouldability, etc., are
best suited materials to be utilized as host matrices for the synthesis of nanocom-
posites. Further, due to high chemical reactivity, the oxidation of nanoparticles
occurs readily leading to their agglomeration, which finally results into their larger
structures. Therefore, any stabilizing agent is required to enhance their chemical
stability retaining their basic properties [36]. A proper choice of the polymer
facilitates environmentally safe synthesis without the requirement of any additional
stabilizing agent [37, 38]. Conventional polymer matrices include polyurethanes,
aliphatic and aromatic urethane acrylates, LDPE, nylon, poly ethylene terephthalate
(PET), etc. [39-42], whereas the most commonly used fillers are nanoclays
(montmorillonites), metal nanoparticles, nanosilica, CNTs, graphene [43—45], etc.
Among the various types of nanocomposites, the polymer—metal nanocomposites
have gathered a lot of interest because of their potential applications in many
diverse fields of science and technology. This is due to the synergic effect of host
polymer matrix and unique features of metal nanoparticles [46, 47]. The
polymer-based hybrid nanocomposites can be synthesized via one-pot synthesis, in
situ/ex situ synthesis, interfacial polymerization, vapour phase synthesis and elec-
trochemical synthesis. These different synthesis processes have been adopted to
control various properties like shape, size and dispersion of the secondary phase
within the polymer matrix [47, 48].

4 Metal Nanoparticles

The fascinating chromic effect of metal nanoparticles has continuously pulled the
attention of scientists and physicists from the year about 1700. A German scientist,
Georg Christoph Lichtenberg (1742—-1799) [48], who had nothing knew about
polymers and nanoparticles had seen and felt attracted towards the coloured glasses
with embedded metal nanoparticles (presently known as ruby glasses) created by
Kunckel [48, 49], a German alchemist (ca. 1630-1730). Kunckel himself could not
realize that the deep purple colour of these ruby glasses created by him was a result
of embedded gold nanoparticles. Though, there were no equipments available to
characterize the structure of such materials; even then these materials remained a
matter of continuous thrust for the scientists and researchers. Micheal Farady
(1857) made the first experiment with nanoparticles (gold colloids) and initiated the
field of nanoscience and nanotechnology [48, 50]. And the first application of Mie’s
theory was therefore the interpretation of the experiments of Steubing on colloidal
gold particles [51]. This opened the boom for the researchers to advent the tech-
nology for the synthesis and characterization of nanostructured materials for their
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basic understanding and scientific applications. Afterwards, there have been con-
tinuous efforts to develop nanofunctional materials for their applications towards
the development of sophisticated technology.

Metallic particles in the nanometer size regime show characteristic physical and
chemical properties that differ significantly from those of their bulk counterpart
[52]. Metal nanoparticles (typically, copper, silver and gold) show unique feature of
strong absorption in visible region known as surface plasmon absorption, when
interact with the incident electromagnetic radiations. Basically, the surface plasmon
absorption is a quantum optical-electrical phenomenon arising from the interaction
of light with a metal surface. Incident electromagnetic wave creates the oscillations
in conduction electrons on the surface of the nanoparticles with the absorption of
electromagnetic radiation [51, 52]. A schematic representation of the interaction
between an incoming electromagnetic field and metallic particle is shown in Fig. 3.

Electric field associated with the incident electromagnetic radiation drives the
conduction band electrons of metal nanoparticles with respect to their fixed positive
lattice ions as shown in Fig. 3. As a result, a net charge difference appears on the
surface of the nanoparticles, whose attraction with lattice ions on the opposite side
leads to a restoring force. Consequently, this net charge difference oscillates with
the incident electric field known as plasmon oscillations and being a surface phe-
nomenon, more appropriately called surface plasmon oscillations. When a reso-
nance is formed between these plasmon oscillations with the frequency of the
incident light, electromagnetic radiation get absorbed by the particles characterized
as the surface plasmon resonance band. This band occurs in the visible region of
electromagnetic radiation for noble metal nanoparticles. The resonance frequency is
mainly determined by the strength of the restoring force, which is the function of
particle dimension, polarizability (separation of the surface charges) of the medium
between the charges and around the charges [S1-54]. The interaction of light with
spherical metal particles can be described using Drude model and Mie theory. Mie
theory (1908) predicted that what fraction of the intensity of incident electromag-
netic radiation is absorbed and scattered during its interaction with spherical

Electric Field
A

Fig. 3 Schematic illustration of the collective oscillations of free electrons under the effect of an
electromagnetic wave
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particles by solving the Maxwell’s equations for spherical particles of arbitrary size
embedded in a homogeneous medium [55]. The surface plasmon resonance band
corresponds to the extinction of incident light (absorption and scattering).

According to Mie theory [51, 54], the electric field of a propagating incident
electromagnetic wave can be expressed as

E = Eyexpli(kex + k,z — wt)] (1)

where k is the wave number and o is the frequency of the electromagnetic wave.

For this electromagnetic wave (Eq. 1), Maxwell’s equations were solved for the
interface between two materials with relative dielectric functions € (metal particle)
and ¢, (surrounding medium), under the boundary conditions:

ki k 2
Zl+£:0andk§+k§:s§(w) i=1&m (2)

& Em c

where ¢ is the speed of light in vacuum and k, is same for both media at the
interface for a surface wave.

Accordingly, the dispersion relation (k,) and the extinction cross section (Cexy)
for a wave propagating at the interface have been found to be
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For particle size (d) less than 50 nm, scattering can be neglected and Cey,
approaches to C,,. The dependence of metal (free electron system) dielectric
function (¢) on oscillation frequency can be obtained from Drude model as

2 2
w W, Wg
d=1-—7>"+ and ¢ =—>7~"—+ (5)
(0 + oF) w(w+ wy)

1/2
with w, = (;ij) bulk plasmon frequency, where N is the number density of

electrons; e and m, are the charges and effective mass of an electron, respectively.
The quantity w, is the damping frequency, which depends upon the particle size
and increases, when the particle size decreases. After substituting the values of &'
and ¢" which are dependent on frequency as per Eq.5 in Eq. 4, the
frequency-dependent Cey, has been found to be
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Above expression indicates that the important intensity of surface plasmon
absorbance band (C.y,) is dependent on the diameter of the nanoparticles (d) and the
dielectric constant of surrounding medium (¢,,). Further, the position and bandwidth
of SPR band also depend on particle size (d) through the w, (the size-dependent
damping frequency of metal particle).

Because of novel properties like surface plasmon resonance effect,
surface-enhanced Raman scattering, super-paramagnetism, etc., noble metal
nanoparticles find applications in many fields like catalyst science, biomedical
science, fabrication of opto-electronics and optical devices, etc. [55-60]. However,
the direct use of nanoparticles to such applications is scarce because of difficult
handling of such tiny objects; instability due to their high surface-to-volume ratio/
high surface energy; easily oxidizing nature and contamination to impurities, etc.
Such limitations can be resolved by embedding the metal nanoparticles into suitable
dielectric matrix which supplements the additional benefit of manipulating the
shape and organization of embedded metal nanoparticles.

5 Polymer-Metal Nanocomposites (PMN)

The technique for the preparation of PMN was reported for the first time in liter-
ature in an abstract form in the year 1833 [61]. Maxwell Garnett for the first time in
1900 explained the theory behind the shifting of colour upon variation in particle
size and volume fraction of particles embedded in a medium [62]. Such dichroism
effects for the nanocomposites of stretched poly(vinyl alcohol) film embedded with
silver, gold or mercury was reported in 1946 [17, 63]. Because there had been
continuous interest towards the developments of such nanocomposites, over the last
two decades, a lot of achievements in this direction have been reported. It has been
established that such nanocomposites can be applied for the development of
advanced functional devices because:

e Depending on the shape, size, distribution and type-based surface plasmon
resonance effect, such nanocomposites are used in optical devices applicative in
colour sensors, colour filters, etc.

e Polarization direction dependent colour properties of embedded array of metal
nanoparticles can be used in fabrication of flexible liquid crystal colour displays
and many electro-optical devices.

e Tunability of SPR in the presence of analyte in such nanocomposites (due to
high surface-to-volume ratio of embedded metal nanoparticles) leads to their
applications as sensors for immunoassay, gaseous, liquids, etc.
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e Surface-enhanced Raman scattering (SERS) observed in such nanocomposites
leads to their application as active Raman scattering substrates.

e Due to the integration of low refractive index of the polymer matrix and high
refractive index of metal in such nanocomposites, extreme refractive index
materials can be fabricated which find applications in planer wave guides,
optical fibres, etc. [64—68]

e Nonlinear optical polarizability of such composite materials finds application in
nonlinear optical devices, photonics and electro-optics.

e Due to magento-optical properties for example ferromagnetism of embedded
silver nanoparticles, such materials are used in magento-optical modulators,
optical shutters, etc.

e Controlled transient nature of electronic properties of polymer-embedded metal
nanoparticles from insulating (coulomb blockade effect) to conducting (perco-
lation effect) depending upon the concentration of embedded metal nanoparti-
cles can be used in micro-electronic and quantum electronic devices.

Research into PMN-based functional devices is still under in its developing
stage. Nevertheless, striking progress has been made in various aspects, like in
improving the processability, the quantum yield and in tuning the optical and
electrical parameters as per requirement of such nanocomposites for device appli-
cations. Various combinations of polymers and metal nanoparticles have been tried
for optimal performance of such nanocomposites for suitable applications.
Polyvinyl alcohol (PVA) is considered to be one such polymer, appropriate for
many optical and electrical device applications, along with the benefit that it pro-
vides an excellent capping and stabilizing host matrix for the embedded nanopar-
ticles [69].

6 PVA as a Host Matrix and Silver as Nanofiller

Poly(vinyl alcohol) (PVA) is an artificial polymer, made from poly(vinyl acetate)
(PAA) through hydrolysis, and 1is a thermoplastic, water-soluble and
semi-crystalline polymer. It has been widely used in the industrial, commercial,
medical and food sectors [70, 71]. This polymer is widely utilized for various
industrial applications to enhance the mechanical properties of films because of its
compatible structure and hydrophilic properties by blending with other polymer
compounds and nanofillers [69]. It is highly used in field of biotechnology because
it is very benign to living tissues, harmless and nontoxic. PVA is a biodegradable
polymer, and its degradability is enhanced through hydrolysis because of the
presence of hydroxyl groups on the carbon atoms; however, rates and environ-
mental conditions for degradation may vary for PVA. These conditions include
composting in the presence of oxygen, underneath soil layers, in aqueous media,
and even in anaerobic circumstances [72, 73]. Further, PVA is among the most
versatile polymers for making composites due of its dopant dependent optical,
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electronic and dielectric properties [74]. Subsequently, coalesce PVA with metal
nanoparticles can be a good option to figure out new composite material.

Among various types of metallic nanoparticles, silver nanoparticles gained
significant importance [75] due to their unique optical, electrical and thermal
properties projecting its use in wide range of applications, ranging from photo-
voltaic to biological to chemical sensors to food packaging. High electrical con-
ductivity, stability, low sintering temperature utilize their use in conductive inks,
paste and fillers [75, 76]. Their novel optical behaviour provides the benefits in
photovoltaic and molecular diagnosis. Further, the increasing common applications
of antimicrobial activity of silver nanoparticles [77, 78] include antimicrobial
coating, textiles, wound dressing, biomedical devices, etc. Further, for critical
optimization of performance of any application, understanding of size, shape and
aggregation state of the silver nanoparticles change after integration to the target
application is important. Again, for making silver nanoparticles ideal for research
development and implanting them for various applications, it is essential to make
them free from agglomeration.

7 lonizing Irradiation-Induced Effects

The properties of polymer—metal nanocomposites can be regulated through various
treatments like gamma, ultraviolet, X-rays, ion beam irradiation, etc. Due to the
complexity of the phenomenon involved, it is not possible to probe the overall
damage directly; rather one can study individual effects of radiation damage, e.g.
chemical changes, structural changes or changes in its mechanical, optical, elec-
trical properties, etc. To understand the basic mechanism responsible for these
changes, one must know the interaction process of ionizing radiations with matter.
The ionizing radiations include all kinds of electromagnetic and corpuscular radi-
ations, e.g. UV-rays, X-rays, gamma rays, ion beam, etc. with energies appreciably
greater than the dissociation energy of the bonds present in the material.

7.1 Electromagnetic Irradiation

Electromagnetic radiations, while traversing through a material medium, transfer
their energy to the medium as a result of photoelectric absorption, Compton scat-
tering and pair production processes [79-81]. These radiations do not produce
ionization directly but lose their energy to the target material by the absorption of
photons through any of the processes mentioned above and results into the creation
of fast moving electrons. These electrons as a result of their interaction inside the
medium produce secondary electrons and so on. Since electromagnetic photons do
not lose their energy in a continuous manner and are simply attenuated, the entire
bulk structure of the material gets modified after electromagnetic irradiation.
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The energy transferred by the electromagnetic rays, especially in polymers, is
responsible for the changes at molecular level, such as chain—scissoring,
cross-linking, free radical formation, elimination of volatile species, reordering the
chemical bonds, etc., which are finally responsible for the modification in their
properties [81-84]. Such effects are responsible for reduction in size and variation
in distribution of embedded nanoparticles inside polymer matrix, and schematic of
this is shown in Fig. 4.

7.2 Swift Heavy Ions Irradiation

When an energetic ion penetrates through the material, it loses energy mainly by two
nearly independent processes: (i) elastic collisions of the incident ion with the nuclei
of the target atoms, usually referred to as nuclear energy loss (—dE/dx)n (ii) inelastic
collisions of the incident ion with the atomic electrons of the target atoms, generally
expressed as electronic energy loss (—dE/dx)e [84—86]. Figure 5 represents the path
followed by the incident energetic ion with different energy when interact with solid
target material. Depending upon the energy of the incident ions, their interaction
with solid material becomes dominated by electronic or nuclear energy loss or
stochastic nuclear interactions. As shown, highly energetic ions tend to follow nearly
straight paths, whereas less energetic ions follow more random paths [87].
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Fig. 5 Scheme of energy deposition when ion projectiles interact with solids: a slow singly or
low charged ions of keV-MeV Kkinetic energy: small range, energy loss dominated by elastic
collisions (nuclear stopping), b swift ions of MeV-GeV kinetic energy, large range, energy loss
dominated by electronic excitations, and ¢ very slow highly charged ions, large potential energy
(keV), very low (eV-keV) kinetic energy, very limited range. The trajectories of recoils are
indicated in ‘red’; electron-induced electronic excitations of the solid are marked in ‘blue’ (Ref.

[87D)

The relative contribution of the energy loss through these two processes depends
upon the nature of the incident ion and the target material parameters. For MeV
heavy ions, usually the electronic energy loss dominates while the nuclear energy
loss remains almost negligible. However, when the ion velocity reduces to the
extent that the ion behaves almost as a neutral atom, the ion—matter interaction
occurs via hard sphere scattering, and under this situation, the nuclear energy loss
starts dominating over electronic energy loss. Nuclear energy loss process leads to
atomic displacements, and lattice vibrations in the target (phonons) causes the
collision cascade. The low kinetic energy of the incident projectile limits its total
path length and therefore the region where energy is deposited to a few layers close
to the surface [88]. For swift heavy ions, where the ion velocity remains consid-
erably higher than that for its orbital electrons, the electronic energy loss remains
into picture with nuclear energy loss to be almost negligible. The dominant elec-
tronic energy loss leads to a high ionization density around the ion tracks, which is
practically straight path. Fast delta rays produced due to inner shell ionization
processes can considerably extend the region where electronic excitation/ ionization
of the target take place. Finally, the energy deposited by the swift heavy ions during
their passage, particularly in polymers, leads to the processes of macromolecular
destruction, chain-scissioning, cross-linking, free radicals formation, carbonization,
oxidation, etc. These processes are responsible for the modification in the optical,
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electrical, thermal, mechanical and chemical properties of the polymeric material.
Figure 6 represents the schematic for basic ion—solid interaction process.

Further, these energetic ions are useful in the formation of nanostructure and
their modification. As discussed, SHI follows the narrow cylindrical path inside the
target and transfer their large K.E via electronic energy loss. This process of energy
transfer is accompanied with formation of surface nanostructure. However, similar
nanostructures near to the surface can also be produced using slow energetic highly
charge ion [87] due to deposition of large potential energy near to the surface causes
by high charge state of ion. Thus, despite different primary mechanism, the simi-
larity between the nanostructures produced by slow energetic ion with high charge
state and SHI is striking and strongly points to a common mechanism related to the
energy transfer from the electronic to the lattice system of the target.

In addition to these, ion beam implantation has been used widely for embedding
of elemental nanoparticles into a surface of the target materials The embedding
material is transformed into form of an accelerated ion beam, and in a controlled
manner, these energetic ions get deposited into target accompanied by alteration of
its physical, chemical, structural and surface properties in a controlled manner.
Further, using ion beam irradiation is used for nanopatterning of noble metal NPs
on the top of the various substrates [§9]. This can be achieved by depositing the thin
metal film on the surface of the target polymer followed by SHI irradiation. The
high-energy ions cause materials modification by inducing a high degree of
localized electronic excitation by evolution of the various gases through the ion
track and cause the ion beam mixing of materials at the interface and generate the
embedding driving force.
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Fig. 6 Basic ion—solid interaction process
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8 Some Past and Future Trends in Ionizing Irradiated
Polymer-metal Nanocomposites

The interaction of radiation greatly influences the synthesis and properties of
polymer nanocomposites. The increasing interest in the irradiation-based techniques
follows from the obvious advantages associated with this technique like it is simple,
clean and green technology and the synthesized nanostructures are produced in a
controlled manner with lesser number of impurities [90]. The various probes
belonging to the irradiation-based techniques are heavy ions, UV irradiation,
gamma irradiation, etc. The synthesis employing gamma rays is one of the major
pillars in the irradiation-based techniques. As far as our knowledge concerns, credit
for first ever synthesis of micro-aggregates of gold employing gamma rays was
given to Fujita et al. [91]. They synthesized gold particles with average size 80 nm
from chloroauric acid solution by gamma irradiation. After that, Marigner et al. in
1985 used gamma rays to synthesize clusters of noble metal nanoparticles and
extended the synthesis to nanostructure of metals like Co, Ni, Zn or Pb and also
their alloys [92]. Further, besides controlling structures and shapes of dispersed
nanoparticles in polymer matrix, the gamma rays also have the ability to convert
monomeric and oligomeric liquids to solid polymers [93]. Among the numerous
reports that are dealing with the synthesis of polymer nanocomposites [94-98], few
of them are mentioned here, viz. in the year 2003, Choi et al. [97] have synthesized
Ag/Poly(ester) and Ag/nylon nanocomposites and studied their application as
effective EMI shield or antibacterial fibre. In 2004, Choi et al. also synthesized
PVP-stabilized CdS and CdS-polyacrylonitrile [poly (An)] nanocomposites and
studied their behaviour as active photo-luminescence or electro-luminescence
materials [98]. Further in the year 2006, a similar group, Kang et al., synthesized
PAni-Ag nanocomposites with the aid of gamma irradiation, with controlled
morphology of Ag nanoparticles to either spherical or hexagonal type by altering
the synthesis route [99]. Rao et al. have employed gamma irradiation for in situ
synthesis of Ag nanoparticles of re-dispersible nature capped into Natural polymer
(gum-acacia) [100]. Our own group, Chahal et al., also studied the effect of
gamma-ray irradiation on the structural and optical properties of PVA/Ag
nanocomposites films for optical applications. In our study, we have found that
gamma irradiation greatly affects the optical properties of PVA/Ag nanocomposites
films, thereby making them suitable for optical device fabrication [13]. Ali et al. in
2014 studied the 1.25 meV Co-60 gamma radiation with doses ranging from 500 to
1500 kGy on electrochemical synthesized Au-polypyrrole (Au-PPy) composite
films. They found formation of an ordered system in the irradiated composite films
[101]. Recently, Kim et al. studied gamma rays sterilization of polypyrole
(PPy) bioelectrodes. They found gamma-ray irradiation of the PPy (y-PPy)
increased the oxygenation and hydrophilicity of the surfaces. Interestingly,
gamma-ray irradiation did not alter the electrical impedances and conductivities of
the PPy substrates, thus concluded that gamma ray sterilization is a viable method
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of sterilization of conducting polymer-based biomaterials for biomedical applica-
tions [102].

In addition to gamma irradiation, UV-initiated synthesis and curing of
polymer-metal nanocomposites is also a quite popular technology and has found
many industrial applications [103]. UV irradiation synthesis comes under the cat-
egory of green synthesis although it is popularly known for the dangerous effects
produced on organic tissues with sunlight exposure. The prolonged exposure of UV
light on polymers will result in breaking the chemical bonds which would result in
the change of chemical and optical properties of polymers. This band-breaking
property of UV irradiation is further helpful in the initiation of polymerization by
providing reactive chemical sites [104]. J.P. Ravijst in 1990 and C. Decker in 1997,
respectively, produced two interpenetrating polymer networks of epoxides and
acrylates and ethers and acrylates with few seconds of UV irradiation [105, 106].
Pappas et al. describe the formation of cross-linking polymer network by UV curing
of monomer unit with the help of photoinitiator which effectively absorb incident
radiation energy and produce free radicals or ions of high quantum yield escort the
process of polymerization [107]. Balan et al. in 2006 used UV-initiated in situ
polymerization of di-functional acrylate monomers containing small amounts of
bismuth nanoparticles to increase hardness of polymer nanocomposite [108]. Lu
et al. have synthesized Ag nanoparticles in spherical polyacrylic acid brushes by
employing UV irradiation, and the produced PS-PAA-Ag nanocomposites show
high catalytic activity for the reduction reaction of 4-nitrophenol in the presence of
sodium borohydride [109]. Shameli et al. utilize UV irradiation for Green, fast and
reducing agent free in situ synthesis of binanocomposites of Silver/montmorillonite/
chitosan, which also show catalytic properties [110]. Further, UV irradiation also
has great impact on the properties of polymer nanocomposites. Chahal et al. have
shown that UV-exposure on PVA/Ag nanocomposites convert them to narrow pass
filter at 320 nm [12]. Irrespective of any other factor like cost availability, etc. ion
implantation is chosen widely as one of the most powerful technique to modify
polymeric materials.

Forrest et al. in 1982 found increases in 14 orders of conductivity of organic thin
films of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), 1.4,5,8-
napthalenetetracarboxylic dianhydride (NTCDA) and Ni phthalocyanine (NiPc),
using 2 meV Ar" ion implantation [111]. Hioki et al. in 1983 use high-energy
(~ MeV) N," ions to increase the 20 orders in conductivity of implanted Kapton H
films [112]. D. Fink et al. in 1988 have tried to explain the change in properties of
organic polymers by varying the dose and mass of incident ion. They provide
experimental evidence of the generation of carbon recoils which supports the theory
of the “hot carbon atom and their work is among the most cited literature [113]. In
fact, there are numerous reports available which deals with the effect of ion irra-
diation on the properties of polymers and it is not possible to mention them all. The
importance of this topic could be understood from the fact that while started in
somewhere in 1980s, there is a lot more to explore in this field. Goyal et al. have
reported increase in electrical conductivity of polycarbonate by irradiating it with
100 keV N* ion [114]. The ion irradiation not only modifies the optical and
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electrical properties of polymers and their nanocomposites, but also helps in
improving the dispersion of inorganic nanoparticles inside polymer matrix [115].
Prakash and co-workers reported the synthesis of Au nanoparticles at the surface
through 150 keV Ar ion beam irradiation of thin metal film on polymer surface and
embedded in carbonaceous matrix by controlling the ion fluence [116]. They also
demonstrate the formation of polymer nanocomposite with thin metalized layers
induced by ion beam-induced mixing of metal film deposited on polymer surface
[117, 118]. Wang et al. and Zaporojtchenko et al. study the ion—polymer interaction
which promotes adhesion of noble metal with polymer surface as an effect of low
energetic ion irradiation and heat treatment [119-121]. These groups demonstrated
that pre-treatment of polymer surface by ion irradiation followed before deposition
of metal thin film on their surface induces enhanced mechanical and wetability
properties of polymer surface which increase in metal adhesion on polymer surfaces
as an effect of energetic ion bombardment. In case of metal-polymer system, ion
irradiation causes the formation of carbonaceous clustered matrix induced by
evolution of chemical species and outgassing of volatile chemical species leading to
synthesis of metal NPs in composite materials. Such effects are reported by Prakash
et al. and Biswas et al., and they explained the ion track chemistry induced by ion
beam irradiation to demonstrate the formation of nanostructure inside the polymer
matrix. Aggarwal et al. [Nucl. Instrum. Methods Phys. Res. B 244 (2006) 136] have
reported effect of energetic ion of high charged state on the properties of ZnO films,
and they reported the enhancement in the optical absorption of ZnO films under
100 meV Au®* ion irradiation; however, they also found a decrease in electrical
resistivity and an increase in carrier concentration when the films were irradiated
with slightly higher energy of 120 meV Au ions. Ren et al. (2007) investigated the
room-temperature ferromagnetism in Fe-doped PbTiO; nanocrystals sample pre-
pared by a modified hydrothermal method. Mishra et al. (2008) studied the effect of
100 meV Ag®* ion beam at different fluences on the Ag-Teflon nanocomposite thin
films prepared by co-sputtering. Further, the effect of MeV ion beam irradiation has
been studied on the size and distribution of Ag NPs embedded in Teflon matrix.
After irradiation, the SPR peak is broadened and shifted towards higher wavelength
and with increasing ion fluence, the broadening and shift of SPR band become
prominent. The average size of embedded nanoparticles reduces and distribution of
particle size narrows down with the increase in ion fluence. The energy of ion and
its fluence were observed the important parameters for controlling the particle size
and size distribution. Pivin et al. in 2005 have studied in detail about contribution of
ionizations and atomic displacements to the hardening of ion-irradiated polymers.
They extended their study on metal nanocomposites and modification in their
structure and study the effect of 100 meV Au ion beam irradiation on silica films
containing Ag particles of different low volume fraction. They found that if volume
fraction of embedded particles is low with their size small as compared to that of
ion tracks, then low-energy ions are not able to produce thermal spikes but they
promote the desorption of Ag ions and their diffusion in silica through enough
ionizations at the surface of the particles. For slightly larger volume fractions of Ag
particles, rearrangement of the particles in arrays aligned along the ion beam
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direction was observed after irradiation with higher energy MeV beam. The array
like arrangement of nanoparticles lead to an increase in the dipolar interaction
between the nanoparticles, with interesting effect a splitting of their surface plasmon
resonance peak under polarized light. Mishra et al. in 2008 studied the controlled
reduction in the size of Ag nanoparticles embedded in Teflon matrix by MeV ion
irradiation [122]. They report tuning of shape and size of nanoparticles not only on
the surface but also inside the polymer matrix. Similar studies also done by other
groups like Prakash et al. study the synthesis of Ag nanoparticles on polymer
surface using 150 keV Ar ion irradiation of bilayer of Ag and PVC [123]. Biswas
et al. demonstrate the formation of nanoparticles architecture in carbonaceous
matrix as a result of SHI irradiation [124]. Singh et al. [125] demonstrated the
120 meV Au ions irradiation-induced shape deformation of 8-10 nm Ag
nanoparticles embedded in silica matrix. Minor elongation to an aspect ratio of
about 1.5 from spherical shape was reported. The nanoparticles smaller than the
track size dissolve while the nanoparticles larger than track size show deformation
with major axis along the ion beam direction. The aspect ratio of elongated
nanoparticles is found to be the function of electronic energy loss and ion fluence.
Ali et al. [126] studied the effect of 40 meV carbon ion beam at various fluences on
Au-polyaniline composite films, and reasonable improvement has been found in
surface morphology of Au-polyaniline composite films after irradiation. Formation
of clusters with porous structure after irradiation was obtained subjective their use
in chemical as well as bio-sensing applications. Also in the year 2016, Singhal et al.
have shown that swift heavy ion irradiation is an effective tool for the dispersion
of carboneous material like nanographitic plates in PEDOT:PSS polymeric
matrix [127].

Though lots of works have been available related to modification in the prop-
erties of polymer nanocomposites through ionizing irradiation, still their pure
practical application is not up to the mark. Till the day, researchers are not able to
tailor the morphology (shape, size, and distribution) of nanocomposites properly in
a controlled manner. By controlling the morphology of nanocomposites, we can
calibrate the properties and reach the desired level of application of nanocompos-
ites. Therefore, future work should concentrate onto the development of synthesis
method for metal-based hybrid nanocomposites with control parameters and mor-
phology and utilization of various ionizing irradiation in a proper manner. Ion
impanation of composites is targeted used for the designing the antireflective
coating used in aerospace crafts. Another exciting field related to polymer-metal
nanocomposites is sensors, based on the biocompatibility of polymers and sensing
capability of metal nanoparticles, which could be enhance through different ion-
izing irradiation. However, many efforts are needed for targeting such composites in
desired application and to bring them to daily purpose objects.
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9 Optical Properties of Metal Embedded Polymer
Nanocomposites

Being an optically active material, polymers are used in fabrication of optical fibres,
optical lenses, and waveguides. In these applications, they should have high
transparency. Although attenuation may be very small, it should be measured
accurately for specific application. This can be done using the spectroscopy; also it
helps in understanding the origin of attenuation in polymeric material. Light
attenuation in polymeric system is attributed to be due to two factors: absorption
and scattering [128, 129]. In general, any spectrometer measures the reflecting and
transmitted portion of the incident light when allows to fall on the material.
According to conservation of energy, when light incident onto the material (Fig. 7)

T+R+A+S=1 )

where T is the transmittance, R is the Reflectance, A is the absorbance of the sample
and S is the scattered portion of the incident light.

Both absorption and scattering effects cause the attenuation of light through a
medium. The absorption coefficient, o and the scattering coefficient, o, can be
defined as [128]

T = exp[—(o+ 0)d| (8)
Hence,
(w0 =2 ©

The quantity (o + o) is known as the attenuation/ extinction coefficient. For
polymers, o > &, so absorption coefficient can be expressed as

4k
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In essence, any spectrophotometer recording the portion of reflected and trans-
mitted part of incident light when passes through the material, from which the
optical parameter like refractive index (N = n — ik) can be calculated by solving the
Fresnel’s equations for reflection and transmission. But the recorded transmission
and reflected values do not incorporate the reflection losses at the air—sample
interfaces [115, 129]. Therefore, it is desirable to first correct the recorded trans-
mittance and reflectance intensities. The correction has been employed by con-
sidering the model, presented in Fig. 8.

The present model describes the various transmission and reflection of incident
light for its single pass from the sample. I, is the intensity of the incident beam at
the top surface of the sample. A portion of it gets reflected from air—sample
interface and its reflection coefficient, represented by ‘7’ and the remaining portion
of I, gets entered into the medium and is represented by F; in figure. Then the
component F¢ passes through the sample of thickness d and reaches at the bottom
surface of the sample, where t is the transmission coefficient for single pass of light
through the sample. After reaching to the bottom surface, again one portion of this
component of light (F7) gets reflected from the sample—air interface in terms of
Fitr and represented by F, and another portion is transmitted out of the sample
from bottom surface, represented by I = Fi#(1 —r). Now, a fraction of reflected
back component F, from the bottom surface will reach the top surface, represented
by F,t, which again faces transmission (F,#(1 —r)) and reflection (F,tr) at the
interface. This transmission gets added into the primary reflection ‘7’ and reflected
portion contributed to the F;. This process continues till total portion of light get
consumed. So, in order to take the contribution of these multiple reflection from the
sample—air interface from the both top and bottom portion, the recorded transmitted
(T) and reflectance (R) values are correlated with the transmission t for single pass
of light and reflection » form the air—sample interface, through the following
equations:

T=Ftl-r) (11)
R=r+F(l—r) (12)
Fig. 8 Schematic R
representation of the I, r
transmission and reflection of Al Et(l-r)
light passes through the l I
material i 20 a0 w g p : ,l T

Air I=F,t(11) T
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Fi=(1—r)+Fur (13)
F, = Fitr (14)

After solving these equations we get

(L-r)
F, = 1-2r2 (15)
(1-— r)2t2r2
11— r)2
T=1"27 an

From these, the values of r and ¢ are expressed as

r= 2R (18)

142+ \/(1 +2)? —42R(2 — R)

t= = (19)

(1 =744/ (1 =r)*+4122

Further, it is clear from the above expressions that r and t are inter-dependent,
which clearly depict the contribution of multiple reflection and transmission from
the air—sample interface from both top and bottom surfaces [130]. Therefore, values
of r and t are obtained by solving these equations through iterative process for
which initially ¢ is taken to be 1 in the expression of r.

Now, values of r and ¢ so obtained are utilized for calculating the absorption
coefficient, o and refractive index, n(A) of the sample, using the expressions [131]

o= éln G) (20)

4 ER
n(l) = Lr _’1)2 k2] ’:_1 (21)

Further, the optical energy gap (E,) of polymer nanocomposite films has been
determined using Tauc’s relation [132-134]

ahv = A(hy — E,)’ (22)
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where hv is the photon energy, o is the absorption coefficient, A is the band tailing
parameter and exponent s = 1/2 for direct energy gap and s = 2 for indirect energy
gap. The value of optical energy gap has been determined from the extrapolation of
best fitted straight line in plots of (ahv)® versus (hv) on the hv axis. One can measure
such disorder content and irregularities between the energy gaps in the polymers in
terms of Urbach’s energy. Below the energy gap edge, the exponential absorption
sub-edge corresponds to Urbach’s energy (E,) and determined through the relation
[134, 135]:

a(v) = ogexp(hv/E,) (23)

where, o is a constant. From this equation, it is obvious that the plot of In(c) versus
hv should follow the linear behaviour.

10 Experimental Section

10.1 Sample Preparation

The polyvinyl alcohol-silver (PVA/Ag) nanocomposites through in situ chemical
reduction method was synthesized; the detailed method of which were already
explained elsewhere [12, 13, 179]. Polyvinyl alcohol (M,, = 125,000) and silver
nitrate (AgNO3) have been procured from S.D. Fine Chem Ltd. (India) and Loba
Chemical Pvt. Ltd. (India), respectively. PVA and PVA/Ag nanocomposite films
were prepared at room temperature by solution casting method. For this purpose,
3gm PVA was dissolved in 120 ml of de-ionized water under continuous stirring at
65-70 °C to form aqueous solution of PVA. Then, freshly prepared cold aqueous
solution of AgNO; (0.01M) was added dropwise in as-prepared PVA stock solution
followed by heating for few minutes. This results in change of colour of solution
from colourless to light yellow giving evidence of formation of Ag nanoparticles.
The functional groups of PVA itself act as reducing as well as stabilizing agent for
the control growth of Ag nanoparticles inside it. Further, no other additives were
used to promote the reaction, thereby avoiding the effects from associates or
impurities. In order to prepare free standing film, the synthesized composite solution
was poured to plastic perti-dishes and allowed for solvent evaporation at ambient
room temperature and films were peeled off after drying of the solution. The con-
centration of embedded Ag nanoparticles in PVA-Ag nanocomposite films was
prefixed to 0.7% by weight by calculation. Using digital micrometer screw gauge
with least count 1 pm, the thickness of the films was measured and found to be
~50 £ 5 pum. Afterwards, in order to study the effect of various ionizing irradiation
on the optical and structural properties of the nanocomposite film, pieces of
1 cm X 1 cm were cut and exposed to various ionizing radiation at different doses.
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10.2 Different Irradiation to PVA/Ag Nanocomposites

The prepared nanocomposite films were exposed to gamma rays in the gamma
chamber 1200A from Cobalt-60 source for different doses 5, 10, 30 and 50 kGy at
the dose rate of 8.33 kGy/hr.

A handheld UV lamp (UVGL-58, UV product, San Gabriel, USA), emitting
peak intensity at 254 nm, was used for UV exposure at room temperature. One
minute of UV exposure from this lamp corresponds to irradiation dose of 5.8
chmf2 (at a distance of 10 cm). UV irradiation to nanocomposite films was done
by maintaining a distance of 10 cm between the sample and the source, for, 60, 180
and 300 min.

For ion beam irradiation, 15 UD Pelletron accelerator facility available at Inter
University Accelerator Center (IUAC), New Delhi, was utilized. Utilizing this
facility, the synthesized nanocomposite films were irradiated to 90 meV O°* ion
beam at the fluence of 3 x 10'° and 1 x 10! jons/cm>.

11 Characterization

In order to confirm the formation of Ag nanoparticles and observe the effect of
different ionizing irradiation, the composite films were characterized using
Shimandzu double-beam double monochromator UV-Visible spectrophotometer
(UV-Visible 2550), operated in the wavelength range 190-900 nm with the reso-
lution of 0.5 nm, equipped with integrating sphere assembly ISR-240A. In order to
record the transmission (7)) spectra and reflection (R) spectra, the sample was placed
at the requisite positions in the integrated sphere assembly. The recorded 7 and
R spectra take into account the reflection from interface between air and sample at
the top and bottom surfaces.

The resulted structural changes have been analysed through transmission elec-
tron microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD) and Raman spectroscopy. For TEM measurement, Hitachi
“H-7500” TEM instrument operated at 120 kV was used. To record the TEM
images, a small part of the respective films were cut and re-dissolved in double
distilled water and then dropped on to the carbon-coated copper grid. The FTIR
study was carried out using PerkinElmer ABB spectrometer working in the range
700-4000 cm™'. The XRD and Raman measurements were carried out employing
an X’ Pert ProAnalytical X-ray diffractometer with a filtered 0.154 nm CukK,,
radiations and Jobin—Yvon Raman spectrometer (He—Ne laser with wavelength
632.8 nm) and Shimadzu-IRAffinity—1 spectrometer, respectively.
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12 Results and Discussion

12.1 TEM Analysis

The formation and morphology of nanoparticles in hybrid nanocomposites before
and after gamma irradiation were determined by TEM images presented in Fig. 9.
From Fig. 9a, it is clearly apparent that the embedded Ag particles are of nanosize
of and their well distributed within the PVA matrix. The observed nanoparticles are
nearly spherical in shape with average diameter of the order of 13 + 5 nm.

After exposure to different radiation, an increase in embedded particle density
and a decrease in particle size have been observed as shown in Fig. 9b—d,
respectively, for gamma, UV and SHI irradiation. From these images, size of the
embedded nanoparticles was estimated and found to be reduced from 13 £ 5 to
7 £ 3 nm on the exposure of gamma radiations at the dose of 50 kGy and reduced
to 8 & 2 nm after 300 min UV irradiation. However, irradiation at the fluence of
1 x 10'? ions/cm® causes reduction in size of embedded silver nanoparticles to

(a)

(131 5) nm . el

Fig. 9 TEM image of PVA/Ag nanocomposite film a before irradiation b after gamma irradiation
at a dose of 50 kGy, c after 300 min UV irradiation and d after 0% ion beam irradiation at fluence
of 1 x 10" jons/cm?. Ref. [12, 13, 179]
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6 £ 1 nm. The reduction in the size of Ag nanoparticles is more effective in case of
SHI irradiation than gamma irradiation than UV irradiation, which can be cor-
roborated through different structural characterizations discussed in next sections of
this chapter.

12.2 Proposed Mechanism of Formation of Silver
Nanoparticles

The silver nanoparticles in solution phase synthesis are generally produced by
reduction of silver ion into metallic silver (i.e. Ag* to Ag®) followed by their
controlled nucleation [136, 137]. The process is stepwise, primarily hydrated
electron rapidly complexed with the silver ion and reduces it into silver atom. The
silver atoms then start nucleated to form dimmer cluster and the dimmer then
combines with another dimmer cluster to be tetramer cluster and so on [138]. The
atoms formed dimerize when encountering or associate with excess Ag” ions by a
cascade of coalescence processes; these species progressively coalesce into larger
clusters:

Agt +ey — Ag°
A’ +Ag" — Ag,s
Agn+Ag" — Agl,
Ag,;"+1 +ey = Agnti

For the cluster growth mechanism, the rate of fast reactions of ion association
with atoms or clusters (Ag,fﬂand Ag,+1) plays an important role. The rate of
reducing radical formation controls the competition between the reduction of free
silver ions and absorbed ones. Some stimuli are desired to control the smaller size
cluster formation by direct reduction followed by coalescence. Therefore, nucle-
ation and growth mechanism are two key steps to control for the formation of
mono-dispersed nonagglomerated metal particles with a well-defined shape, size
and narrow size distribution [139]. The concentration of metal precursor also plays
very important role, if concentration of the reduced metallic atom during the
reaction reaches a critical super-saturation level then spontaneous nucleation may
occur. If the nucleation rate is high enough, then the sudden nucleation lowers
almost immediately the concentration below this critical super-saturation level. If
the rate of formation of the metal is not too high this nucleation step is followed by
the growth of the particles from the original nuclei without formation of new nuclei
as long as the metal is slowly generated provided that coalescence is prevented. On
the contrary, if the particle growth occurs by coalescence of primary particles,
secondary particles with irregular shape and large size distribution would be
expected. With these ideas in mind, in the next step of nucleation and growth some
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stabilizing agent or some ionizing irradiation exposure is needed which breaks help
in formation of free radicals to reduces the silver ions into silver atoms [140-142].
During the ionizing radiation exposures, the already reduced metallic atom serves
as pre-organized seed points, or nucleation sites which initiate the growth of silver
nanoparticles directly on the polymer backbone [135, 138, 143]. Moreover, the
more effective is ionizing irradiation (dose, exposure time), the smaller is the
nanoparticles size. The narrow size distributions of the particles with increasing
irradiation dose (as can be seen from the increase intensity of SPR band in
UV-visible spectra) indicate that steps of nucleation and growth mechanisms are
separated. The increasing dose rate of irradiation may result in a multiple nucleation
events, which result in the appearance of new, smaller nanoparticles. During the
whole process, PVA itself acts as physical barrier to inhibit further aggregation of
silver nanoparticles to form larger particles and/or agglomerated silver nanoparti-
cles. The results presented here demonstrate the example of the seeded growth of
Ag nanoparticles within a polymer matrix.

12.3 UV-Visible Spectroscopy

12.3.1 Surface Plasmon Absorption Band

Figure 10 represents the UV-Visible absorption spectra of PVA and its nanocom-
posite with embedded Ag nanoparticles at different ionizing irradiation doses after
normalizing the respective data. Figure 10i (curve ‘a’) clearly depicts a small
absorption peaking at around 276 nm corresponding to be due to the n — n*
transitions of the C=0 group of PVA [125]. Further, from curve ‘b’ of Fig. 10i, a
new absorption band peaking at around 425 nm is also observed attributing to the
nanosize silver in PVA/Ag nanocomposites as confirm through TEM results also.
This band in visible range of spectrum originates due to the resonance of collective
oscillations of conduction band electrons of silver nanoparticles, when interacted
with the incident electromagnetic radiations and thus corresponds to the surface
plasmon resonance (SPR) absorption band of embedded metal (silver) nanoparticles
as discussed in the former section. The alcoholic group of PVA acts as reducing
agent which helps in converting the silver ions into the metallic silver and control
the kinematics of nucleation and growth during the formation of silver nanoparti-
cles inside PVA [138]. The broadened nature of SPR band corresponds to the
formation of poly-dispersed silver nanoparticles within PVA matrix with average
diameter of 13 &+ 5 (Fig. 9a), with larger dispersion [144].

Further, as observed from Fig. 10ii (curve ‘a’-‘d’), there is a continuous
enhancement in the intensity and decrease in full width at half maximum (FWHM)
of the corresponding SPR peak as an effect of increasing gamma irradiation at
different doses. As observed from TEM image also (Fig. 9b), there is a decrease in
particle size distribution after gamma irradiation (i.e. 7 = 3 nm at the gamma dose
of 50 kGy); thus, we can conclude that gamma irradiation further acts as the
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Fig. 10 UV-Visible absorption spectra of PVA and PVA/Ag nanocomposite films (i) after
gamma irradiation for different doses (ii) irradiated for different time with UV radiations;
(iii) before and after 90 meV 0% jons irradiation at fluence of 3 x 10'° and 1 x 10'! ions/cm>.
Ref. [12, 13, 179]

stimulus for decrease in the size of embedded nanoparticles. The physical bass of
this can be explained on the basis that the embedded silver nanoparticles act as
pre-organized seed points, or nucleation sites, which further initiates the reaction of
growth of silver nanoparticles induced by gamma irradiation through
electron-surface scattering effect and dynamic charge transfer process between the
metal clusters and the surrounding matrix [145]. This results in an increase in
particles density with reduced particle size with an increase in gamma irradiation
dose. Further, the broadening of the SPR band mainly depends upon the sur-
rounding medium refractive index and particle size distribution [146, 147], i.e. the
larger the size dispersion, the wider the plasmon absorption band.

Similar to gamma irradiation, an increase in SPR peak intensity has been
observed after UV irradiation and SHI irradiation. The continuous increase in
intensity of SPR band with increasing exposure time to UV radiations (Fig. 10ii)
indicates the increase in number density of Ag nanoparticles within PVA matrix at
increasing UV dose. Such an enhancement in the number density of embedded Ag
nanoparticles can be explained on the basis of the fact that carbonyl group present
in PVA chains can absorb the electromagnetic radiation at wavelength 254 nm and
gets excited. These excited species (>C=0") reduce Ag ions into metallic Ag
[138, 148]. Also, it is clearly depicted from the figure that the symmetry of SPR
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band improves with increasing exposure time to UV radiation predicting the better
uniformity in size distribution of Ag nanoparticles inside PVA matrix. In similar
fashion, after irradiation to 90 meV O°®" ion beam (Fig. 10iii), the intensity of
surface plasmon absorption band increases with an increase in the ion fluence. In
this case, as the ion passes close to the embedded nanoparticles, these may be
fragmented to smaller nanoparticles depending upon the energy loss by the incident
ion [149, 150]. Also, the interaction of the ion with the polymer chains results in the
electronic excitation and breaking of polymer chain and ionization which helps in
the reduction of Ag* into the metallic silver [150, 151]. Both fragmentation of the
embedded nanoparticles and reduction of Ag ions into metallic Ag as a result of ion
irradiation are responsible for the increased concentration of Ag nanoparticles in the
host matrix which in turn causes the increase in intensity of surface plasmon
absorption band after ion irradiation. Further, a noticeable decrease in FWHM of
SPR peak on account of SHI irradiation follows similar trend as for gamma and UV
exposure, as already explained.

In addition to the above, a continuous red shift in the absorption edge corre-
sponding to PVA—Ag nanocomposites has been observed with increase in irradi-
ation. Such a shift in the absorption edge is a result of generation of trap levels
between highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the nanocomposites on different irradiation and is
responsible for the change the optical energy gap.

12.3.2 Optical Energy Gap and Urbach’s Energy

Using Tauc’s relation discussed in detail in previous section (Sect. 9), the value of
optical band gap can be determined from the UV-Visible spectrum. The exponent
s in this relation gives the detail of the direct or indirect band gap; in our case, we
find the s = 2 fits good for our experimental data, thus suggesting the existence of
indirect band gap for PVA, which is also confirmed from the literature. The plot
between (ohv)"? and photon energy (hv) as per Tauc’s relation for pure PVA is
shown in Fig. 11i curve ‘a’, from which the value of indirect optical energy gap
(E,) for pure PVA has been determined by extrapolating the linearly fitted line on
x-axis. Similarly, the value of E, for nanocomposite films after exposure to gamma
and SHI radiation at different doses has also been determined, and the obtained
values have been tabulated in Table 1. It has been well noticed that embedding of
silver nanoparticles and effect of different ionizing radiation produces no change in
the nature of optical transition behaviour of PVA, i.e. there exist an indirect optical
band gap in virgin and exposed nanocomposite films.

A decrease in optical energy gap (E,) value from 4.92 eV (pure PVA) to
4.57 eV (PVA/Ag nanocomposite, Fig. 11i, curve ‘b’) has been observed. The
alcoholic group of PVA which helps in reducing the silver ions into silver metallic
atom and their nucleation form some chemical bonding around nucleated silver
nanoparticles in order to stabilize them are responsible for lower value of E, for
PVA/Ag nanocomposite films as compared to that for pure PVA. In fact, such
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Fig. 11 Plots of (athv'”?) versus energy (hv) for (i) pure PVA and PVA—Ag nanocomposite films
after gamma irradiation for different doses (ii) irradiated for different time with UV radiations;
(iii) before and after 90 meV O® ions irradiation at fluence of 3 x 10'® and 1 x 10'! jons/cm?.
Ref. [12, 13, 179]

Table 1 Calculated values of optical band gap for pure PVA, PVA/Ag nanocomposite film and
after different ionizing irradiation at various doses

y doses | Optical Energy | UV doses Optical Energy | SHI doses Optical Energy

(kGy) Gap (eV) (minutes) Gap (eV) (ions/cm?) Gap (eV)

5 4.42 £ 0.01 60 4.50 £ 0.03 3 x 10'° 3.98 + 0.05

10 4.30 £ 0.04 180 4.32 £ 0.01 1 x 10" 3.05 + 0.03

30 4.04 £ 0.02 300 4.10 £ 0.02

50 3.71 £ 0.03 For pure 4.92 £ 0.02 PVA/Ag 4.57 £ 0.02
PVA (eV) nanocomposite (eV)

chemical bonding between PVA chains and Ag nanoparticles causes the a gener-
ation of localized states (charge transfer complexes, CTCs) between the HOMO and
LUMO energy bands, which allows the feasibility of lower energy transitions, thus
decreases the value of E,.

As an effect of gamma irradiation and with increasing exposure dose, a further
decline in the value of E, for PVA/Ag nanocomposites to 3.71 eV at the dose of
50 kGy (Fig. 11ii) has been observed. The physiochemical reason for such a
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decrease in band gap relies in the stimuli created through gamma irradiation which
further proceed the nucleation and growth process by taking already formed silver
nanoparticles as pre-organized seed for reduction process of remaining metal ions
embedded inside the polymer matrix into metallic clusters [152]. This stimuli
causes the creation of unsaturated bonds [153] in between HOMO and LUMO,
which are rich in charge carriers (delocalized 7 electrons) and thus endorse elec-
tronic transitions which needs less energy, thus lowers the band gap value. Thus, in
our case, enhancement in the number density of embedded Ag nanoparticles as an
effect of increasing the exposure doses of gamma irradiation gives the evidence of
increased conjugation between these particles and unsaturated bonds of PVA,
which clarifies the observed reduction in energy gap as a result of gamma irradi-
ation. However, no such change has been observed in pure PVA even after
exposure to gamma irradiation up to a dose of 50 kGy [154].

Thus, we conclude that PVA being wide bandgap material easily allows the
bandgap engineering as a consequence of the generation of new energy levels
(traps) between the HOMO and LUMO after embedding metallic nanoparticles and
subsequent gamma irradiation, thus, making the optical transitions feasible at lower
energies. The observed bandgap tunability property of pure PVA after embedding
Ag nanoparticles and after exposure to different irradiation at various doses make
them efficient materials for optoelectronic devices.

Further, as an effect of UV radiation with increasing exposure time for 300 min,
the band gap value reduces to 4.10 eV (Fig. 11ii). In this case, UV irradiation
stimulates the reduction of silver ions into metallic silver inside the polymer matrix,
with increased number of CTCs between the HOMO and LUMO of host matrix
thereby reducing the optical energy gap [14, 74]. However, the reduction in band
gap value for PVA/Ag nanocomposites is maximum in after SHI irradiation and
attains a value of 3.05 eV for the dose of 1 x 10'! jons/cm? (Fig. 11iii). Such a
decrease in optical energy gap may be explained on the basis of the fact that the ion
beam irradiation causes chain scissoring, cross-linking, rupture of ionic bonds,
release of ions, electrons and free radicals, etc., thus enhancing metal-polymer
interaction [151] and thereby increasing the localized states between the HOMO
and LUMO bands of PVA, which makes the lower energy transition feasible and
leads to the observed changes in the optical energy gap, like that for gamma and
UV-irradiated samples.

The number of carbon atoms per cluster in the sample formed as an effect of
ionizing irradiation can be correlated with the values of optical energy gap (E,)
through the expression [155]:

4
VM

where M is the number of carbon atoms in carbonaceous cluster. Using this relation,
the value of M has been found to be around 48 for PVA and which increases to 53
for unexposed PVA/Ag nanocomposite. The formation of chemical bonding
between monomer units of PVA matrix and embedded silver nanoparticles causes

Eq
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the chemical conjugation which may cause the increased value of M. This may be
directed from the reducing action of alcoholic group explained in Sect. 12.2, which
helps in reduction and growth process in the formation of silver nanoparticles.
Further, the value of M taking in account of number of carbon atoms taking part in
carbonaceous cluster in PVA/Ag nanocomposite rises to 86 as an gamma irradiation
for a dose of 50 kGy, to 70 after 300 min of UV irradiation and to 127 after
1 x 10" jons/cm? dose of SHI irradiation. The ionizing irradiation causes the
dehydrogenation in the irradiated sample which further stimulates the nucleation
and growth of pre-organized silver nanoparticles already embedded in host matrix,
thus increasing the number of carbon atoms in carbonaceous cluster in host polymer
matrix and thereby increasing the complexity in conjugation of PVA chains upon
irradiation. However, SHI causes a maximum decrease in optical band gap and
therefore a maximum increase in number of carbon atom in carboneous cluster
formation inside nanocomposite films after irradiation.

As discussed earlier, the formation of Ag nanoparticles by self-reducing action
of PVA and the various irradiations provoke disorderness in the base matrix which
further also help in nucleation and growth mechanism of the embedded nanopar-
ticles. The disorderenss is created in terms of breaking of bonds, formation of free
radicals, and unsaturated bonds which may generate the localized states (CTCs)
between energy levels. In order to quantify the disorder content and irregularities
between the energy gaps in the polymers, the value of Urbach’s energy has been
measured using the formulation discussed in Sect. 9. The obtained values of
Urbach’s energy for different samples are enlisted in Table 2. As observed from this
table that value of E, for pure PVA is 0.35 eV which increases to 0.91 eV after
embedding Ag nanoparticles in it. As an effect of gamma irradiation to 50 kGy, this
value increases to 1.48 eV, thus clearly corroborate the increased disorderness in
PVA/Ag nanocomposite as an effect of irradiation.

Further, the link between the optical energy gap values and Urbach’s energy for
gamma-irradiated PVA/Ag nanocomposite films is shown in Fig. 12. It is evident
from the figure that decrease in optical energy gap value corresponds to the rise in
Urbach’s energy. This clearly supports the formation of number of trapping levels
due to the self-reducing action of PVA which helps in the formation of nanopar-
ticles within it and increase in these levels as an effect of gamma irradiation dis-
cussed above. These levels result from the disorders created inside the polymer

Table 2 Calculated values of Urbach’s energy (E,) for pure PVA, PVA/Ag nanocomposite film
before and after different ionizing irradiation at various doses

7y doses E, (eV) UV doses E, (eV) SHI doses E, (eV)

(kGy) (minutes) (ions/cmz)

5 1.25 + 0.02 60 0.98 + 0.02 3 x 10" 245 4+ 0.03

10 1.29 + 0.02 180 1.18 £ 0.01 1 x 10" 2.57 £ 0.02

30 1.34 + 0.01 300 1.24 £+ 0.02

50 1.48 £ 0.01 For pure 0.36 £ 0.01 PVA/Ag 091 £ 0.02
PVA eV) nanocomposite eV)
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Fig. 12 Variation in optical energy gap (E,) versus Urbach’s energy (E,) for gamma-irradiated
PVA/Ag nanocomposite films. Ref. [13]

matrix which increases the feasibility of transitions of lower energy thus reducing
the values of optical energy gap. The value of Urbach’s energy calculated for
UV-irradiated and SHI-irradiated PVA/Ag nanocomposite films at various doses
are also tabulated in Table 2.

12.3.3 Refractive Index

The variation of refractive index ‘n’ as a function of wavelength ‘4’ for PVA and its
nanocomposites before and after different ionizing irradiation at various doses has
been determined (Fig. 13) using the recursive relation discussed above, from the
values of transmittance T and reflectance R directly measured from the instrument.
It is well clear from the figure that initially the refractive index decreases slightly
with an increase in wavelength and finally, it saturates for all the samples. For pure
PVA (Fig. 13i, curve ‘a’), the value of refractive index initially decreases gradually
with wavelength and almost saturates in visible range, signifying the normal dis-
persion behaviour in this wavelength region. Similar behaviour is observed for its
unexposed (Fig. 13i, curve ‘b’) nanocomposite film. With the help of Sellmeier
dispersion theory [156—-159], such normal dispersion behaviour of refractive index
can be explained. According to this theory, in the region of maximum transparency,
dielectric response and therefore refractive index behaviour of the atomic oscillators
can be modelled as one or more Lorentz oscillators with almost zero broadening;
due to which n(A) shows the normal dispersion behaviour with wavelength A.
However, after embedding Ag nanoparticles in PVA matrix, the value of refractive
index for all wavelengths has been found to be increased, which may be due to the
formation of intermolecular bonding between Ag with the adjacent OH group of
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Fig. 13 Refractive index (RI) values for (i) PVA and PVA/Ag nanocomposite films (ii) without
and with gamma irradiation for different doses (iii) irradiated for different time with UV radiations;

(iv) before and after 90 meV O°" ions irradiation at fluence of 3 x 10'® and 1 x 10! jons/cm>.
Ref. [12, 179]

PVA. Such observations are in line with our previous observations which have been
reported earlier [14] and explained on the predictions of the Bhar and Pinto model
[160] developed through simulation of Lorimar’s theory [161].

The value of RI increases further as compared to PVA/Ag nanocomposite films
after gamma irradiation, and this enhancement is continuing with the increase in
dose of gamma irradiation (Fig. 13ii). The irradiation causes the formation of
dangling and unsaturated bonds and also augments the number of inter-chain
interactions. These result in the change in packing density, molecular distribution,
etc., thereby increase in refractive index with irradiation dose. This increase in
refractive index of nanocomposite films after treatment extends the application of
such materials in making antireflection coating for solar cells and high refractive
index lenses.

Further, the effect of UV irradiation on the behaviour of variation of refractive
index n(4) as a function of wavelength for PVA/Ag nanocomposite films has been
represented in Fig. 13iii. As observed from this figure (curve ‘b’-‘d’), a hump has
been observed in RI behaviour followed by the normal dispersion after UV
exposure. The heightened SPR response of embedded nanoparticles as an effect of
UV exposure as mentioned in the earlier section may attribute to the reason of
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observed hump. Again, the overall value of RI for whole wavelength region has
been found to increase with the increasing UV exposure. The increased RI in the
composite is generally referred to be due to the increased packing density and
molecular weight distribution as a result of chain-scissioning, cross-linking, etc.,
[160-162]. The effect of SHI irradiation on RI of nanocomposite films has been
represented in Fig. 13iv. Similarly, it is clear from the figure that the value of
refractive index decreases continuously with wavelength for all the samples. It is
also evident from the figure that with an increase in dose of SHI to such
nanocomposites, refractive index increases consistently. The value of refractive
index, which was found to be 1.68 for PVA/Ag nanocomposite, has been found to
be increased to 1.86 after irradiation at fluence of 1 x 10'? ions/cm® and at the
wavelength 632 nm. Such an enhancement in refractive index may be attributed to
the increase in the intermolecular hydrogen bonding between Ag with the adjacent
OH group of PVA resulting in the change in packing density, molecular weight
distribution, etc., as a result of ion irradiation, on the similar lines as that after
gamma and UV irradiation.

12.4 X-Ray Diffraction (XRD)

Figure 14i shows the XRD patterns for pure PVA and PVA/Ag nanocomposites.
The diffraction pattern of PVA (Fig. 141, curve ‘a’) indicates the diffraction peak
around 19.4° depicting its semi-crystalline nature. This may be due to the presence
of strong intra-molecular hydrogen bonding in the individual monomer unit in PVA
as well as between different monomer units. After embedding Ag nanoparticles,
new peaks in XRD pattern (Fig. 14b) at 17.4°, 36.3°, 45.8° and 55.5° have been
observed with decrease in intensity of peak at 19.4°. The peak originated at 17.4°
may be due to the diffraction from (100) and (001) planes of host matrix [162]. The
values of XRD peaks corresponding embedded Ag nanoparticles in PVA-Ag
nanocomposites and after various irradiations at different doses are tabulated in
Table 3. On account of Ag nanoparticles embedding and further with gamma
irradiation, the H-bond and —OH group of the PVA chains may break and molecular
chains are free to rotate; thus, the change in the intensity of the diffraction peak at
17.4° after increasing gamma irradiation dose may be understood. The peaks at
36.3° and 45.8° corresponds to & k [ parameters (111) and (200), respectively, for
silver existing in the fcc structure, thus corroborate the presence of Ag particles
[163]. The peak observed at 55.5° might be due to some disorder created in the
matrix after embedding Ag nanoparticles.

Further, effect of different ionizing irradiation on XRD pattern of PVA/Ag
nanocomposites at various doses has been depicted in Fig. 14ii. As observed from
this figure that gamma irradiation of dose 10 kGy results in the rise in intensity of
the peaks at 36.3° and 45.8° depicting the increase in the crystalline phase, i.e.
content of Ag nanoparticles in PVA/Ag nanocomposites. This might be due to an
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increase in particle density of embedded Ag nanoparticles results from the stimuli to
nucleation and growth mechanism of pre-organized seed nanoparticles embedded in
PVA matrix through gamma irradiation. However, a decrease in the intensity of
these peaks with little broadening has been observed with a further increase in
gamma irradiation dose. This causes the increase in FWHM of these peaks which
clearly signifies the decrease in particles size [163], thus supporting the TEM and
UV-Visible spectroscopy analysis. The peak position, their peak intensity and
FWHM of various XRD peaks are tabulated in Table 3.

On account of UV exposure, the H-bond and —OH group of PVA chains may
break and molecular chains becomes free to rotate resulting in the variation in the
number of atoms in the direction (001). This may cause the change in the intensity
of the diffraction peak at 18° after UV exposure (Fig. 14iii). The diffraction peak
around 19.7° is the characteristic peak of PVA depicting its semi-crystalline nature
and remains almost unaffected. The intensity of the peaks at 36.3° and 45.8°
increases up to exposure time of 180 min, which indicates the increase in the
crystalline phase in nanocomposites due to increase in the concentration of Ag
nanoparticles in the PVA matrix by means of UV irradiation. With further increase
in UV exposure time to 300 min, the intensity of these peaks nearly saturates
(Fig. 14iii, curve ‘c’).
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Table 3 Position, intensity and FWHM of diffraction peaks corresponding to embedded Ag in
PVA-Ag nanocomposite films before and after various irradiations

Samples 20 (deg) FWHM (deg) Intensity (%)
PVA-Ag 36.3 0.356 10.27
45.7 0.376 20.27
PVA-Ag 36.3 0.344 29.35
(10 kGy gamma irradiated) 457 0.362 40.88
PVA-Ag 36.2 0.394 29.16
(30 kGy gamma irradiated) 457 0.394 30.68
PVA-Ag 36.3 0.443 13.04
(50 kGy gamma irradiated) 45.74 0.576 21.46
PVA-Ag 36.4 0.576 14.24
(60 min UV irradiated) 45.8 0.288 24.73
55.7 0.384 19.98
PVA-Ag 36.3 0.384 21.65
(180 min UV irradiated) 45.8 0.288 39.8
55.6 0.48 21.81
PVA-Ag 36.4 0.376 239
(300 min UV irradiated) 45.9 0.384 37.99
55.7 0.288 26.12
PVA-Ag 36.4 0.376 12.21
(3 x 10' jons/cm? of SHI) 458 0.382 20.72
PVA-Ag 36.4 0.456 13.93
(1 x 10" ions/cm? of SHI) 45.9 0.576 21.97

However, after ion beam irradiation, intensity as well as FWHM of the peaks at
36.3° and 45.8° is found to increase continuously with increasing ion beam dose,
indicating the increase in concentration and decrease in particle size [164] of
embedded Ag nanoparticles (Fig. 14iv).

Further, a new peak has been found to be originated at 32.1° on ion beam
treatment of PVA—Ag nanocomposite film at a fluence of 1 x 10" ions/cm?,
intensity of which increases with an increase in ion beam fluence. The appearance
of this new peak may be due to some disorder produced in host matrix after ion
beam treatment and this disorder increases with increase in ion beam fluence. These
observations indicate that ion beam irradiation causes the structural rearrangements
in a significant manner in the nanocomposite films.

12.5 Fourier Transmission Infrared (FTIR)

The FTIR spectra of pure PVA and PVA/Ag nanocomposite film in the
wavenumber range 700—4000 cm™ ' have been represented in Fig. 15 and those of
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PVA/Ag nanocomposite film after exposure to different ionizing radiation at vari-
ous doses have been shown in Fig. 16i—iii. Table 4 presents the wavenumber and
corresponding assigned functional group or bond in case of pure PVA [165, 166].

As observed from curve ‘b’ of Fig. 15 that the band at 1660 cm™' completely
disappear and the intensity of the band at 1720 and 851 cm™ ' decreases as a result
of embedding Ag nanoparticles in PVA, suggesting the formation of chemical
conjugation between Ag nanoparticles with PVA molecules. Further, there
observed an almost disappearance of the band at 1380 cm ', indicating the
decoupling between O-H and C-H vibrations due to the bonding interaction with
O-H and Ag nanopatrticles.

However, as an effect of gamma irradiation (Fig. 16i), the intensity of bands at
2920, 1720, and 850 cm ™! has been observed to decrease further along with the
disappearance of bands in the wavenumber region of 1250-1500 cm™', with
increasing gamma dose. This indicates that gamma irradiation subsequently causes
the structural rearrangements in PVA chains on embedding of Ag nanoparticles.
These structural modifications in host PVA matrix after embedding Ag nanopar-
ticles and further, with exposure to gamma radiations, are in conformity with the
observed changes in optical behaviour.

After UV irradiation, variation in vibrational spectra in the range 3500-
3200 cm™ ' (Fig. 16ii) may be due to the chemical conjugation of silver nanopar-
ticles with the chains of PVA molecules. The decrease in intensity of bands at
1720 cm™' in the wavenumber range 1000-1140 and 837 cm™' indicates the
interaction of Ag nanoparticles with PVA chains. Further, change in the intensity of
vibrational band at 1380 cm™ ' indicates the decoupling between O-H and C-H
vibrations due to the increase in interaction of Ag nanoparticles with O and H atoms
of PVA chains after UV irradiation [75, 149]. These observations indicate that the
interaction of embedded nanoparticles with the host polymeric matrix increases
after UV exposure. Such changes in the vibrational bands indicate that UV irra-
diation substantially causes the structural rearrangements in PVA chains and Ag
nanoparticles in nanocomposite films.
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Fig. 16 FTIR spectra for
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Ion beam irradiation indicates the structural rearrangements of silver nanopar-
ticles with the chains of PVA molecules through the decrease in the intensity of
absorption band in the 3500-3200 cm™ " region (Fig. 16iii). Further, after ion beam
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Table 4 .\./arious vibratism Wavenumber (cm ™) Functional bond/group
band positions observed in 35003200 O-H stretching
FTIR spectrum corresponding
to functional bond/group 2920 C-H stretching vibrations
present in pure PVA 1720 C=0
1660 C=C stretching
1380 O-H in plane vibration
1430 C-H wagging vibrations
1140-1000 C-0 and C-O-C groups
850 out-of-plane vibration of C—H group

treatment, the decrease in intensity of bands at 2928 and 1720 cm ™' and generation
of new peaks in region 1250-1450 cm ™" indicate the decoupling between O—H and
C-H vibrations due to the increase in interaction of embedded Ag nanoparticles
with O and H atoms of PVA chains [75, 166, 167]. The effect becomes more
enhanced with increasing ion fluence. The appearance of small absorption band
around 1637 cm™!, corresponding to C=C stretching, indicates the formation of
carbonaceous structure in host matrix after ion beam irradiation [167]. The decrease
in intensity and broadening of band at 837 cm ™', assigned to out of plane vibrations
of C—H group, signifies the increase in interaction of embedded Ag nanoparticles
with PVA chains at higher fluence. These observations indicate that ion beam
irradiation substantially causes the structural rearrangements in PVA-Ag
nanocomposite films.

12.6 Raman

The Raman spectra of pure PVA and un-irradiated PVA-Ag nanocomposite film
are presented in Fig. 17. It is clear from this figure that PVA-Ag exhibits a weak
Raman band observed at 667 cm™ ' assigned to O—H wagging and C—H out of plane
vibrational mode. The Raman bands observed at 817 and 849 cm™' are corre-
sponding to C—C stretching vibrational modes [168]. The appearance of strong
Raman band at 936 cm™ ' is a sign of conjugation of Ag nanoparticles with the
atoms of the host matrix, which affects the natural vibrations of the bands of host
matrix. Further, the bands observed at 1352 and 1409 cm™ ' correspond to the
mixture of C—H bending and O—H bending vibrations [168—172]. The occurrence of
Raman signal at 1540 and 1610 cm™' in PVA—Ag nanocomposite may be due to
surface-enhanced Raman scattering (SERS) effect of embedded Ag Nanoparticles
[154].

As an effect of gamma and UV irradiation, the decrease in intensity of bands at
667 and 936 cm ™' and the disappearance of bands at 817, 849 and 1610 cm™ ' have
been observed (Fig. 18i, ii). With increasing gamma and SHI irradiation dose, the
bands in the region 600-1300 cm™' have almost disappeared indicating the
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Fig. 17 Raman spectra for
PVA and PVA/Ag
nanocomposite films. Ref.
[179]
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structural rearrangements between host matrix PVA and embedded Ag nanoparti-
cles. However, such changes are not so significant after UV irradiation. Further, the
presence of Raman signal at 1365 and 1572 cm ™' corresponding to D and G bands
of graphitic like structure may occur in the irradiated samples due to the evaporation
of residual volatile species as an effect of irradiation. With increasing gamma and
SHI irradiation dose, an continuous increase in intensity of these D and G band has
been observed; however, no substantial change in the intensity of these bands has
been observed in case UV irradiation. Such an enhancement in the intensity of D
and G bands with increasing gamma and SHI irradiation dose may be as a result of
increased chemical bonding of the embedded nanoparticles with the PVA mole-
cules and can be attributed to the increased SERS effect of embedded Ag
nanoparticles in PVA matrix. These significant changes in the Raman vibrational
bands may be associated with the breaking of PVA intra or inter-molecular bonds
with simultaneous inclusion of new bonds between PVA and Ag nanoparticles.
Further, an increase in intensity of band at 1576 cm™' with increasing dose of ion
beam irradiation suggests the increase in the carbonaceous phase of PVA. Thus,
Raman spectroscopy clearly predicts the considerable structural modifications in
PVA-Ag nanocomposites after gamma and SHI irradiation as compared to UV
irradiation.

13 Applications of Prepared Nanocomposites

13.1 Band Pass Filter

Figure 19 depicts the transmission spectra of the PVA/Ag nanocomposite films
before and after UV exposure for different times. As clear there is a transmission
band peaking around 320 nm, originating in the blue region of the SPR band of the
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Fig. 18 Raman spectra for
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after (i) gamma irradiation for
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for different time with UV
radiations; (iii) before and
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Fig. 19 Transmission spectra of the PVA/Ag nanocomposite films before and after UV exposure
for different time. Ref. [12]

embedded nanoparticles. However, with an increase in UV exposure time, decrease
in width of this band has been noticed whereas there is an increase in attenuation of
transmission intensity. Such observations clearly justify the possibility of these
nanocomposites for band pass filter application at around 320 nm. Moreover, for
gamma-irradiated and SHI-irradiated nanocomposites, such attenuation of trans-
mission intensity is qualitative small. This leads to the possibility of using
UV-irradiated nanocomposites as a band pass filter around the desired wavelength
by the proper choice of host matrix, embedded nanoparticles spices, their size
distribution, concentration and exposure time to UV radiations.

13.2 Antireflective Coating

The possibility of these nanocomposites for antireflective coating has been explored
by examining their reflection spectra obtained from UV-Visible spectroscopy [12].
Figure 20 depicts the reflection spectra for UV treated PVA/Ag nanocomposite
films. As observed from this figure, the values of reflectance (R%) have been found
to decrease continuously in whole studied wavelength region after embedding Ag
nanoparticles in PVA and further with UV exposure. The values of R% corre-
sponding to certain wavelengths have been tabulated in Table 5. This table clearly
depicts that the value of R decreases average to ~6% at nearly all wavelengths
after 300 min exposure to UV radiation.

This feature of minimizing the reflection of incident light from the surface
enables the use of such UV treated nanocomposites for making the antireflective
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Fig. 20 Reflectance spectra of the PVA/Ag nanocomposite films before and after UV exposure
for different times. Ref. [12]

Table 5 Values of

p (R%) at diff Samples (nm) 400 500 600 700
reflectance (R%) at different
wavelengths for PVA/Ag PVA (%) 16 16 17 18
nanocomposite films before PVA/Ag (%) 12 14 15 15
and after UV exposure for PVA/Ag (%) 10 11 11 12
different times (60 min UV exposure)
PVA/Ag (%) 9 8 8 9
(180 min UV exposure)
PVA/Ag (%) 6 6 6 8
(300 min UV exposure)

(AR) coating, also the graded index material for solar cells, glass windows, organic
photovoltaic, etc. in order to utilize the full spectrum of incident light by sup-
pressing the Fresnel reflection. In order to explore the full utilization of any material
for reflective or antireflective coating, the functionality of reflection on thickness
(d) as well as the refractive index (n) of the coating material is needed to examine.
Therefore, for fabricating the graded index AR coatings using these nanocompos-
ites, a careful calibration on both factors (d and »n) is indeed [12]. The traditional
quarter wavelength antireflective coating lowers the wavelength in a dielectric
medium, thus minimizing reflection to one quarter of the incident wavelength (1)
given by the formula d = A/4n. Fundamentally, it allows the destructive interference
of the reflected light from the surrounding medium/AR coating interface and that
from the AR coating/substrate interface as depicted from scheme given in Fig. 21.
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Fig. 21 Schematic representation of antireflective coating to counter surface reflection

However, when the light meets the interface at normal incidence, the intensity of
the reflected light (Ir) is given by the reflection coefficient, R, and can be found
using the Fresnel equation [12, 173, 174] given as

k=R = (—”O _ ”5)2
no + ng
where n, and n, are the refractive indices of the material on either side of the
coating, i.e. surrounding media and substrate, respectively.

Further, if the refractive index of thin film coatings is gradually changed from
substrate to exterior medium, the refractive index interface will be eliminated and
the interface reflection will not take place. However, it is quoted in the literature that
the reflection from the surface can be minimized by choosing the material having RI

as the geometric mean of the refractive indices of the material on either side of the
coating [12, 173, 174], i.e.

n=./ng-ng

Therefore, if we deposit the thin films of the coating material of given RI with
gradual change in its thickness or vice versa [175-177], and then, an interlayer can
help in further reduction in light reflection and its optimum RI value is given by the
geometric mean of the two surrounding indices.

As an instance, for the combination of silicon (n;, ~ 3.5) and air (ng ~ 1), the
refractive index of the best AR coating isn ~ 1.871 [178] while that for Indium tin
oxide (ng ~ 2) and glass (ng; ~ 1.5)is n ~ 1.73. From Table 4, it is clear that in
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our case, the refractive index of the nanocomposite films for 180- and 300-minute
exposed sample is similar to the optimum refractive index of 1.871. Therefore,
these nanocomposites can be used as AR coating for silicon-based solar cells so as
to obtain the best photoelectric conversion performance [175] and also used in
devices where minimum reflection and full utilization of solar spectrum is desired.

13.3 UV Blocking Device

Figure 22 presents the recorded transmission spectra of PVA, PVA/Ag nanocom-
posite and 90 meV O®" SHI-irradiated PVA/Ag nanocomposite films at a fluence of
3 x 10" ions/cm® and 1 x 10'" ions/cm?. It is evident from this figure that PVA
shows almost transparent nature in the entire visible region (~ 400 to 800 nm)
with approximately 95% of transmission and a small reduction at lower wave-
lengths. As an effect of embedded Ag nanoparticles, the value of transmission
reduces drastically. The value of the percentage transmission intensity has been
found to be ~1.86, 35 and 8.56%, respectively, at 200, 300 and 400 nm. Also,
appreciable change in the colour of the samples from transparent (PVA) to light
yellowish (PVA/Ag film) has been observed upon the visual inspection of these
samples. Such colouration and reduction in transmission intensity may be due to the
formation of some chemical bonding between Ag nanoparticles and PVA chains
[179]. Such chemical interaction results in the formation of conjugate structure in
polymer after embedding nanoparticles which are clearly reflected in change in their
optical and structural properties.
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Fig. 22 Recorded transmission spectra of PVA, PVA/Ag nanocomposite and 90 meV 0%
jon-irradiated PVA/Ag nanocomposite films at a fluence of 3 x 10'® jons/cm® and 1 x 10" jons/
cm’. Ref. [179]
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Further, after SHI irradiation at the fluence of 3 Xx 10'° ions/cmz, the trans-
mission reduces drastically again and attains the values of ~0.80, 6.38 and 0.14%
at 200, 300 and 400 nm respectively (curve ‘c’). With increase in ion fluence to
1 x 10" ions/cm? (curve ‘d’), the transmission reduces further to ~0.73, 3.22 and
0.03% at the respective wavelength mentioned above [179].

Also, with increasing ion fluence, the colour of nanocomposite films which was
light yellow changes to pale yellow and then become wine reddish after irradiation.
The SHI irradiation causes the formation of conjugated bonds with loosely bound 7
electrons. These 7 electrons can be easily excited by incident light and leads to the
observed changes in transmission spectra and colouration of nanocomposite films.
Figure 20 clearly indicates that at fluence of 1 x 10"! ions/cm?, the transmission is
as good as zero in UV and near UV regions, suggesting utilization of these
nanocomposite after irradiation for shielding purposes from UV photons [176-178].

14 Conclusions

In the present chapter, brief history of the nanotechnology has been reviewed along
with its fundamental importance. Concepts of nanoparticles, essentials of basic
physics which make this more important viz. quantum size effect and
surface-to-volume ratio, top-down and bottom-up approach for their synthesis and
method of their stabilization have been discussed in brief. In order to provide
application-based platform to nanoparticles, the primary choice is embedding them to
suitable matrix which could provide a suitable stabilization without losing inherent
characteristics of nanoparticles, therefore enhancing the properties of nanocompos-
ites. To such choice, polymers are selected mostly because of their intrinsic features
like good mechanical strength, flexibility, solution processing, dopant dependent
property and above all good capability of stabilization metal and semiconductor
nanoparticles. The polymer-based hybrid nanocomposites can be synthesized via
one-pot synthesis, in situ/ex situ synthesis, interfacial polymerization, vapour phase
synthesis and electrochemical synthesis. These different synthesis processes have
been adopted to control various properties like shape, size and dispersion of the
secondary phase within the polymer matrix. Metal nanoparticles are chosen as among
the best possible nanofillers in polymer-based nanocomposites. While going through
brief history of metal nanoparticles, fundamental of fascinating surface plasmon
resonance (SPR) of metal nanoparticles observed in visible region of EM spectrum
has been discussed. Mie theory has been deliberately explained in order to provide
theoretical basis of occurrence and calculation SPR. Importance of polymer-metal
nanocomposites was conveyed from the seventeenth century by various scientists
and researchers. And nowadays, such nanocomposites have been used in wide fields
of progressive applications optical devices like colour sensors, colour filters;
electro-optical devices like flexible liquid crystal colour displays; micro-electronic
and quantum electronic devices; sensors and immunoassays, etc. In spite of this
exciting development in the field of polymer-metal nanocomposites-based hybrids,
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proper choice of polymer and nanofiller and their control synthesis are still a chal-
lenge. In the present chapter, we focus on combination of PVA and Silver
nanoparticles as polymer-metal nanocomposites. Effect of ionizing irradiation on the
properties of polymer-based nanocomposites has been discussed while giving the
brief introduction of various ionizing radiation like electromagnetic (UV, gamma)
radiation and swift heavy ion radiations. Some important existing literature
describing the effect of ionizing irradiation on the modification of polymer- and metal
nanoparticles-based composite materials have been described. For development of
practical application of such nanocomposites, some efforts are indeed necessary.
Therefore, future work should concentrate onto the development of synthesis method
for metal-based hybrid nanocomposites with control parameters and morphology and
utilization of various ionizing irradiation in a proper manner in order to modify or
calibrate the properties of nanocomposites as per desired. This chapter focuses on the
optical application of polymer-metal nanocomposites; therefore, calculation of
optical parameter like transmission/reflection coefficient, refractive index, optical
band gap, etc. have been discussed in detail.

In addition to these, nanocomposites of PVA and silver nanoparticles prepared
via in situ chemical synthesis have also been discussed. Formation of nanocom-
posites has been confirmed through TEM, UV-Visible absorption spectroscopy and
XRD. Embedded Ag nanoparticles are found to be 13 + 5 nm of size and spherical
in shape as depicted through TEM image. UV-Visible absorption spectrum exhibits
the SPR band of embedded Ag nanoparticles peaking at 425 nm. Further, effect of
gamma, UV and SHI (90 meV O°®") on prepared nanocomposites has been dis-
cussed. TEM analysis describes the reduction in the size of nanoparticles after
various ionizing irradiation. Possible mechanism of reduction and increased particle
density after various ionizing irradiation has been discussed. Through UV-Visible
spectroscopy refractive index, optical band gap and Urbach’s energy of the
nanocomposite sample before and after ionizing irradiation have been determined.
Increase in refractive index, decrease in optical band gap and increase in Urbach’s
energy have been found after increasing the dose of the different ionizing irradia-
tion. All such effects are corroborating each other depicting the increased metal—
polymer interaction through chain scissoring, cross-linking, rupture of ionic bonds,
release of ions, electrons and free radicals, etc. as an impact of ionizing irradiation.
Thereby, increasing the localized states between the HOMO and LUMO bands of
PVA, this makes the lower energy transition feasible and leads to the observed
changes in the optical parameters. Further, number of carbon atoms per cluster
calculated before and after ionizing irradiation also brief the quantitative effect of
various ionizing irradiation. However, this number is largest in case of SHI irra-
diation, and also as observed through various optical parameters, the effect of SHI
irradiation is maximum as compared to gamma and UV irradiation. Such effects
have also been confirmed through structural characterization techniques like FTIR
and Raman spectroscopy. The possible application of the prepared PVA-Ag
nanocomposites films have been discussed in detail. Such nanocomposites can be
effectively used for making band pass filter for example as explained UV-irradiated
nanocomposites show drastic attenuation of transmission intensity around 320 nm.
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After detailed analysis of reflection spectrum and refractive index, these
nanocomposites can be used as AR coating in solar cells so as to obtain the best
photoelectric conversion performance and also used in devices where minimum
reflection is desired. As discussed, the transmission of SHI-irradiated nanocom-
posites is falling to almost zero in UV and near UV regions, suggesting utilization
of such nanocomposites after irradiation for shielding purposes from UV photons.
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Swift Heavy Ion Irradiation Effects M)
on the Properties of Conducting e
Polymer Nanostructures

J. Hazarika and A. Kumar

Abstract This chapter presents the basic concepts of conducting or m-conjugated
polymers and their different nanostructures and physico-chemical properties, which
ushered in a new era of functional organic materials with potential applications.
Most importantly, they can replace the traditional metallic conductors owing to
their excellent properties of high conductivity, thermal stability, light weight, low
corrosion, high flexibility, ease of synthesis and low cost. The first studied con-
ducting polymer was polyacetylene, and in the last two decades, the most exten-
sively studied conducting polymers are polyaniline (PAni), polypyrrole (PPy) and
polythiophine (PTh) and their derivatives owing to their interesting physico-
chemical properties. Irradiation on polymers with energetic heavy ions is used to
tailor their different physico-chemical properties. The energetic heavy ion
irradiation-induced modifications on various properties of polymers depends on
various parameters viz. type of energy transferred (i.e., nuclear or electronic) to the
target, species of ion and ion fluences. The ion-matter interaction with low energy
(eV to keV) range causes implantation of the ions, while ions with high energy
(keV to MeV) interaction cause irreversible structural modification along the
cylindrical ion track, which is of the order of few nanometers in diameter. The
fundamental aspects of ion-solid interaction, different related parameters and
models governing the ion-solid interaction have been described in details in this
chapter. PPy nanotubes, potential candidate of highly conducting m-conjugated
polymers, have been chosen for irradiation at different ion fluences to enhance their
structural, morphological, electrical, optical and thermal properties. Room tem-
perature swift heavy ion (SHI) irradiation on thin PPy films (thickness ~30-
35 um) was investigated under high vacuum (~ 107> Torr) condition by 160 MeV
Ni'%* SHI using various irradiation fluences such as 1010, 5 x 109,10, 5 x 10
and 10'? jons/cm?. High-resolution transmission electron microscopy (HRTEM)
was used to investigate the morphological changes of SHI-irradiated PPy nan-
otubes. The irradiated nanotubes exhibit denser structure, and density is highest at
5 x 10" ions/cm? irradiation fluence. However, on irradiation with the highest ion
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fluence of 10'? jons/cm?, the density of irradiated PPy nanotubes is decreased. Up
to the ion fluence of 5 x 10'! ions/cm?, reduction in optical band gap energy (Eg)
of irradiated PPy nanotubes is observed; however, at the investigated highest
irradiation fluence of 10'? ions/cm?, value of E, is found to be higher as compared
to the unirradiated PPy nanotubes. Micro-Raman studies exhibit that upon SHI
irradiation up to the ion fluence of 5 x 10'! ions/cm?, the m-conjugation length and
crystallinity of PPy nanotubes are increased. Thermogravimetric analysis
(TGA) shows enhanced thermal stability of irradiated PPy nanotubes with
increasing ion fluence, while thermal stability of PPy nanotubes decreases at the
highest irradiation fluence. The current-voltage (I-V) characteristics for the irradi-
ated PPy nanotubes get enhanced with increasing ion fluence, while their I-
V characteristics decrease at the highest irradiation fluence of 10'? ions/cm®. The
scaling of modulus spectra of irradiated PPy nanotubes at different irradiation
fluences depicts irradiation fluence-independent relaxation dynamics of charge
carriers. At the end of the chapter, the challenges in the field of ion-matter inter-
action in pre-/post-irradiation as well as the processing, characterization and
application of the target materials have been discussed.

Keywords Conducting polymer nanostructures - Polypyrrole (PPy) nanotubes -
Ion-matter interaction - Swift heavy ion irradiation - Dielectric properties + AC
conductivity

1 Introduction

Conducting or m-conjugated polymers with additional functionality having elec-
trical conductivity ranging from insulating to metallic regime have brought
remarkable attention because of their exciting physical properties of light weight,
flexibility, low cost, good mechanical and thermal stability [1]. The most exten-
sively studied various conducting polymers are polyaniline (PAni), polypyrrole
(PPy), polythiophene (PTh) and poly(3, 4-ethylenedioxythiophene) (PEDOT) with
electrical conductivities ranging from 107'° to 10° S/cm [2]. Figure 1 depicts the
structures of the mostly studied conducting polymers. Among the various m-con-
jugated polymers, polypyrrole (PPy) has been studied widely because of their
various potential applications in chemical and biosensors, corrosion protection,
actuators, drug delivery devices, super-capacitors, microwave shielding, advanced
polymeric batteries, electrochromic windows, etc. because of their excellent prop-
erties of ease of synthesis, remarkable electrical conductivity, redox reversibility,
good thermal and environmental stability, good optical transparency, biocompati-
bility, high flexibility and low toxicity [3—7]. Compared with bulk counterparts,
nanostructured conducting polymers exhibit high performance in various potential
devices due to their high surface to volume aspect ratio, electrical conductivity and
light weight [8]. Various methods are used for the synthesis of nanostructured
conducting polymers which can be used as the building blocks for nano-electronic
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devices. Being a one-dimensional (1-D) structure, synthesis of PPy nanotubes has
gained remarkable attention in fundamental research and industrial application due
to their comparable metallic conductivity and possible application as molecular
wires [9]. In recent application, PPy nanotubes have been used in biosensors which
include glucose biosensor based on nanohybrids of carboxylated polypyrrole
nanotube wrapped on graphene sheet transducer [10] and PPy nanotubes embedded
on reduced graphene oxide transducer for HO, biosensor [11]. Various methods
can be used to synthesize PPy nanotubes which include primarily the template
synthesis [12], reactive self-degradation [13], electrochemical approach [14] and
self-assembly polymerization [15]. Using hard template polymerization, nanotubes
of conducting polymers with controllable morphology can be synthesized suc-
cessfully, however, not because of the dissolution of external template after poly-
merization; this synthesis method suffers a serious disadvantage. This may lead to
the destruction of the resulting conducting polymer nanotubes thereby limiting their
applicability in various potential applications. Although high-quality nanotubes of
conducting polymers can be synthesized using reactive self-degrade approach, this
method is a costly one due to the use of reactive template. To overcome the
disadvantages of the above-mentioned synthesis methods, an alternative
template-free self-assembly method has gained more attention owing to its sim-
plicity, cost effectiveness and large-scale production. Besides the various advan-
tages of self-assembly method, another additional important advantage of this
synthesis method is that the soft template used to guide the formation of nanotubes
also acts as dopant [16, 17].

In previous studies, many researchers have reported on the self-assembled
synthesis of high-quality 1-D nanotubes of conducting polymers doped with vari-
ous dopants such as naphthalene sulfonic acid (NSA) [18], azobenzene sulfonic
acid [19] and p-toluene sulfonic acid (p-TSA) [18], which also act as a soft template
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during the polymerization. The morphology, diameter and length of the nanotubes
of conducting polymers depend on the various factors of the synthesis conditions
viz. dopant to monomer ratio, types of dopant used and their concentration, and also
on the reaction temperature [20]. However, the permanent entrapment of larger-size
macromolecules as dopant within conducting polymer nanostructures can confer
additional functionalities for building specific recognition sites to show improve-
ment in various properties. In a previous study, the oxidative polymerization of
PAni nanotubes by self-assembly approach using various dopants such as poly
(4-styrenesulfonic acid) (PSSA), poly(acrylic acid) (PAA) and poly(methyl vinyl
ether-alt-maleic acid) (PMVEA) was reported by Zhang et al. [21]. This study
clearly showed that use of the polymeric acids as dopants greatly affected the outer
diameter of the resulting PAni nanotubes. In a different study, the self-assembled
synthesis of CSA-doped PAni nanotubes having diameter range 80—180 nm and
electrical conductivity range 3.4 x 107°-3.5 x 107" Sem™' was successfully
reported by Wan et al. [22], which also investigated that the various synthesis
conditions, especially the molar ratio of CSA to aniline and the concentration of
CSA affected the formation probability, morphology and size of the PAni nan-
otubes. This chapter presents the irradiation effects of swift heavy ions (SHIs) on
various properties of PPy nanotubes synthesized by self-assembly method.
Different irradiation fluence-dependent modifications on the structural, chemical,
thermal and optical properties of the irradiated PPy nanotubes have been investi-
gated in this chapter. Studies on the dielectric properties and ac conductivity of
SHI-irradiated PPy nanotubes at different ion fluences also have been reported in
comparison with the properties of the pristine PPy nanotubes.

2 JTon-Matter Interaction

The unique technique of irradiation with energetic heavy ions is extensively used to
engineer the properties of materials on the micro- and nanoscale level by suitable
selection of the ion beam parameters viz. ion type and energy, mass and ion fluence.
Modification in materials by swift heavy ions (SHIs) has a wider range of appli-
cation in industry that includes the creation of nanopores in polymeric materials
[23]. The devices based on irradiated polymeric membranes allow controlled drug
delivery in biomedicine [24] or filter out the bacteria from water. Numerous
experiments have been carried out in the last few decades using the large-scale
facilities for a good understanding of the interaction of SHI with materials. An
energetic heavy ion with MeV energy range and very high velocity comparable to
the Bohr’s electron velocity produces a continuous cylindrical permanent damage
of the material with a few nanometers width and typically several tens of
micrometer scale. Various kinds of solids are SHI irradiation sensitive, typically
almost all the insulators including inorganic solids and polymers, semiconductors
and also a few types of metals. For irradiation-induced modifications in materials,
in general, the sufficient range of ion fluence lies from 10° to 10'" ions/cm?,
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which can be achieved with projectile ion beam intensity of few nA current that
corresponds to 10'? ions/s or even less. The energetic projectile ion interacts with
the target atoms primarily by the process of collision which causes excitation and
ionization of the target electrons resulting in permanent modification of the mate-
rials. The energy transfer by the projectile ion to the target material takes place via
two fundamental processes: (a) nuclear energy loss (S,,), which is due to the direct
collision of ions with the lattice atoms, and (b) electronic energy loss (S,), which is
due to the excitations and ionization of the target atoms or electrons. These two
processes exhibit a distinct dependence on incident ion energy, as depicted in
Fig. 1.

The process of nuclear energy loss is dominant at sufficiently low energy
(~1 keV/u), whereas the process of electronic energy loss is dominant at a larger
energy than ~ 100 keV/u. For projectile ion beam energy ~1 MeV/u, value of
electronic energy loss (S,) is almost two orders higher as compared to nuclear
energy loss (S,). For SHI irradiation on materials, the energy of heavy projectile
ions mainly deposits on the electronic subsystem of the irradiated sample. The total
number and mobility of the excited and ionized electrons due to SHI irradiation
play a crucial role in inducing irreversible modifications of the structural properties
of the irradiated material [26]. The situation is much more complex in which the
transfer of ion energy to the lattice is by the process of atomic collisions. However,
the deposition of ion energy in solids is an inhomogeneous process, rather the
deposited energy follows a radical distribution of 1//%, where r represents the radial
distance from the cylindrical ion trajectory [27]. The deposited energy density on
the irradiated material also depends on the velocity of projectile ion beam, espe-
cially for higher-velocity projectiles, the deposited energy is smeared out into a
large radius of few nanometers. The interaction mechanism of a SHI and a slow
highly charged ion with a solid target is depicted in Fig. 2. In both the interaction
processes, the excitation of the electronic subsystem takes place in the time scale of
femtosecond, wherein the motion of atoms and induced structural disorder occur on
the time scale of a few picoseconds. The disorder produced in the atomic subsystem
is quenched due to rapid thermal cooling after the passage of energetic ion, and
hence, the induced damage caused by SHI irradiation extends deep into the bulk
material. During the passage of SHI through target, it also causes the ionization of
the atoms in a cylindrical zone of few nm in diameter. However, the neutralization
of charges takes place on the time scale of femtosecond.

The process of electronic stopping in the irradiated target is governed due to the
inelastic collisions of the heavy energetic ion with the target electrons which may
be either in free or in bound state. In electronic stopping, various physical mech-
anisms are associated, namely the excitation of target electrons into the conduction
band, ionization of target atoms, collective electronic excitations such as plasmons
[28-31]. During the passage of SHI through a material, heat energy is generated
owing to the electronic excitation along the cylindrical latent track which as a result
greatly affects the electronic structure of the material as the outcome of the ion
irradiation. In particular, in case of a metal, the electronic excitations induced
by SHI irradiation are delocalized due to the presence of conduction electrons,
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Fig. 2 Schematic diagram of the interaction of a SHI with a solid target

which may lead the excitations less likely to cause the atomic motion so that the
irradiation-induced damage results mostly from the knock-on atom displacements.
However, in case of an insulator, the deposition of electronic energy above a certain
critical energy value, called the threshold energy [32], the excitations produced may
lead to strong heating and damage of the lattice [33]. The cylindrical form of heat
spikes in SHI-irradiated material is called the “latent tracks” produced in the
amorphous regions that appear along the ion trajectory. In general, the generated
cylindrical ion tracks arrange themselves in an ordered way along the direction of
projectile ion beam and can be viewed in the form of patterned nanostructures
inside the bulk material. Because of various associated physical processes, the
effects of ion-solid interactions on target material may extend beyond the initial
collision process. The various induced defects during the course of SHI irradiation
migrate arbitrarily far in the sample rather their recombination during the cascade
development with each other.

Nuclear stopping mechanism originates from the ballistic collisions of the pro-
jectile ions with the nuclei of the target atoms, so that whole of the ion’s kinetic
energy is transmitted to a target atom resulting in the translational motion of atoms.
The dominant nuclear energy loss is determined by the screened Coulomb inter-
actions and momentum transfer. The occurrence of the nuclear collisions at higher
energies is due to the sequence of independent binary collisions of atoms, in which
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the projectile ion moves almost in a straight path, and the predominant energy loss
of the ion is by electronic stopping. For independent collisions, distance between
the successive collisions must be at least two inter-atomic spacing of about 2-3 A.
The system does not attain thermodynamic equilibrium at the initial stage of a
cascade since all the induced atomic motion takes place in the time scale of 100 fs
which is much faster than that of the thermodynamic relaxation time. Upon
deposition of enough energy of the ion, several collisions take place in the close
vicinity of each other in which the concept of binary collision does not apply
anymore; rather the cascade becomes a complex many-body problem thereby
leading to the complete breakup of the lattice. With higher kinetic energy of the
recoils, the region of overlapping collisions is called as a “heat spike” or “thermal
spike.” In denser materials, the heat spikes are important for heavy projectiles, and
in bulk materials, the hotter region cools down immediately because of the rapid
heat conduction to the surrounding lattice [34].

The ion-solid interaction induces irreversible macroscopic modifications of
structural, chemical, morphological, electrical, optical, thermal properties of the
ion-irradiated material. These modifications can be attributed to the transformations
at microscopic scale through the various processes of electronic excitation, ion-
ization, cross-linking, chain scissioning, bond breaking and formation of clusters as
well as mass losses in the material due to large electronic energy deposition [35,
36]. The SHI irradiation-induced modifications in physico-chemical properties of
materials depend on the various parameters of the projectile such as ion species, ion
energy, and fluence and also on the target. For lower ion fluences, the
irradiation-induced damage zone is localized in a region with diameter of the order
of few nanometers (nm) [37]. However, for higher irradiation fluence, the
irradiation-induced damage is of the order of few micrometers which can cause
mass transports of the irradiated zone. The various kinds of interactions that take
place in the damaged zones play a crucial role in making irreversible modifications
of various properties of the material under SHI irradiation. For lower ion fluences,
there is no overlap of the induced damaged zones with each other, while the
induced damages increase linearly with ion fluence, and beyond certain ion fluence,
the damage zones start to overlap with each other.

Inelastic collision is the dominant mechanism for energy transfer by SHI to the
target material for producing cylindrical latent track when its energy overcomes the
threshold value for the formation for ion track. However, the diameter and length of
the latent track depend on the energy and type of ion beam and also on both
electrical and thermal conductivity of the target material [32]. The modifications in
the properties of the material irradiated by SHI are of irreversible nature which may
be caused due to the high deposition of localized energy density within a confined
region, and this whole process is far from the thermal equilibrium [38, 39]. The
irradiated material can attain a very high temperature during the passage of SHI so
that the target starts to melt in few picoseconds. The trail of the cylindrical latent
track results due to the rapid solidification (~ 10-100 ps) of the melting portion in
the SHI-irradiated material along the ion trajectory. Figure 3 depicts the block
diagram for SHI irradiation in materials.
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The ion-solid interaction mechanism is a complicated process that involves both
the primary and secondary phenomena. To explain the formation of ion track, two
basic models have been proposed: (i) thermal spike model and (ii) Coulomb
explosion model. The number and mobility of electrons are the key parameters in
both the models. The fundamental details of two models are discussed in the
following section.

2.1 Thermal Spike Model

To analyze the ion-solid interaction mechanisms, two thermal spike models, namely
(a) inelastic thermal spike model (ITSM) and (b) analytical thermal spike model
(ATSM), have been widely used.

(a) Inelastic thermal spike model (ITSM)

During its passage though a solid, a swift heavy ion along its path produces high
ionization in a small localized cylindrical zone. Upon SHI irradiation in solid
material, the excited primary electrons and generated induced lattice ions subse-
quently produce the excitation of many secondary electrons along the ion trajectory.
If the time needed for the charge neutralization is sufficiently large, then the strong
electric interaction among the ions results in the enhancement of their kinetic
energies. However, if the repulsive interaction among the highly charged lattice
ions is much larger than that of the mechanical strength of the solid, this interaction
may lead to the destruction in the original structure of the target solid material.

The irradiated ion deposits its energy mainly in the electric subsystem of the
material. Primarily the deposited energy transfers to the lattice atoms in the
relaxation process, which leads to the formation of a high-temperature regime called
the thermal spike. According to the ITSM [40], the energy transfers and SHI
irradiation-induced damage formation can be explained using two-temperature
model (TTM) [41]. In this model, a local equilibrium is established in both the
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electron and phonon subsystems of the material, which are characterized by the
electron temperature (7,) and lattice temperature (7,). Two coupled Fourier equa-
tions can be used as mentioned below to describe the nature of heat flow in both the
electronic and lattice systems and also between them.

of, 10 aT.
CETeﬁ_;E |:rKe(T€) ar:| —G(Te —Ta>+A(r,t) (1)
o, 19 T,
en 5 =10 |t | + 61, - 7, @)

where the parameters C, K and T represent the volume-specific heat capacity,
thermal conductivity and temperature, respectively, and r gives the radial distance
from the trajectory. The term G(T, — T,) represents the coupling between the
systems which arises due to the electron-phonon interaction and A(r,?) represents
the energy density per unit time of the target electrons. The actual form of A(r, f)
can be understood in terms of the distribution of radial energy of the secondary
electrons as explained by Waligorski [42]. The most crucial features of ITSM are
pointed out as follows [40]:

(i) The relaxation of the excited electron in the irradiated system is controlled by

the electron-phonon coupling in the time limit, # < 1 fs.

(i) The thermal energy of the generated spike increases up to the electronic
stopping power S, of the material.

(iii) Size of the latent track is defined by the maximum radial zone which asso-
ciates with sufficient energy for melting.

(iv) Both the mean free path 1 of the electron-phonon coupling and heat of fusion
L are the free parameters of the model.

This model can be successfully applied to understand the various
irradiation-induced effects in insulators, semiconductors, metals and also to mate-
rials with highly anisotropic conduction [43].

(b) Analytical thermal spike model (ATSM)

According to ATSM, the increase in temperature V7' (r,t) upon ion-solid irra-
diation is given by a Gaussian distribution function [44—46] as follows:

0 &

VT(r,t)= me#m (3)
where VT is the increase in temperature of solid target at a distance r from the ion
trajectory, and the time is zero when the spike temperature reaches its maximum
value. The increase in temperature VT is localized into a small cylindrical region
and it lasts for a particular time period of the order of 107'>~107"" s depending on
the radius of cylinder and thermal diffusivity of the target. This time scale is
sufficient for damage of the lattice, and as a result, an amorphous phase can be
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quenched due to the high cooling rate. The time ¢ is typically less than picoseconds
after the passage of the ion [47]. The temporal coherence that contains in a(?) is
related to the full width at half maxima (FWHM) of the thermal spike. The heat
conduction broadens the thermal spike, and it lowers the temperature in the center
of the track. The amplitude of the thermal spike (Q) can be calculated from the
conservation of energy as given below:

8Se = pcQ + prR°L = pcQ (4)

Here, p is the density, and the specific heat capacity (c) of the material can be
calculated using the Dulong—Petit formula. A fraction of the deposited energy that
equals to the kinetic energy of the projectile ion is utilized to heat the lattice
subsystem and can be calculated by the parameter g in Eq. (4). The radius of the ion
track can be estimated from the largest radius of the melting region. The two
solutions can be obtained as follows:

R2:a2(0)ln§—i, 1§S, <e (5a)
a20)S., S
RR=—7222 2> 5b
e Set’ et =¢ ( )
2(0)VT,
S, — pcra*(0)V (50)
g

where e is Euler’s number and S,; is the threshold energy loss for the formation of
the latent track. At higher values of S,, the melting extends during cooling, while at
lower values of S, the initial radius is the largest radius of the melt. The threshold
energy loss can be obtained from Eqs. (3) and (4) by putting »r = 0 and t = 0 by
designating V7, as the minimal temperature increase needed for melting. By
knowing the basic parameters of the target viz. density, melting temperature and
specific heat, radius of the ion track can be estimated on assuming the constant
parameters a(0) and g for a given target material and the projectile ion energy
range. In an alternative approach, values of a(0) and S,, can be calculated from the
linear fit of the plot of the square of ion track radius versus energy loss. However,
the value of g can be calculated by the process of data analysis in the linear regime
by combining Eqgs. (5b) and (5¢). The most crucial features of the ATSM are stated
as follows:

(i) The temperature VT (r,t) in the ion-irradiated lattice increases approximately
by a Gaussian function for # > 0, whereas the peak temperature reaches its
maximum value when ¢ = 0.

(i) Out of the total energy deposited, only a fraction of the deposited energy gS.
in the lattice appears as the thermal energy of the spike.
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(iii) The size of the latent track is proportional to the maximum volume of the
melting region defined by the maximum radial zone with T = T,,,.

(iv) The threshold S,, for the formation of latent track and track evolution Rg —
S.. can be determined from the analytical equations.

(v) The initial (r=0) Gaussian width a?(0) = dInR?/dS, (R, <a(0)) and
efficiency g are the two basic parameters of the model.

(vi) The velocity of the irradiated ions changes due to the change of thermal
energy ¢ = gS, with specific ion energy, E.

The ATSM can be successfully applied to explain the ion-matter interactions in
insulators, polymers, semiconductors and materials with highly anisotropic con-
duction [43].

2.2 Coulomb Explosion Model

The basic of the Coulomb explosion model is the formation of an unstable zone in
which atoms are ejected into the non-excited part of the solid by Coulomb repulsion
which results from the intense excitation and ionization along the trajectory of the
ion during the passage of the energetic ion repulsion [48, 49]. The Coulomb
explosion model was first proposed by Fleischer et al. [49], according to which
upon SHI irradiation on the target, electronic excitations produce positive ions
which are mutually repulsive in nature, and this is the reason for the formation of a
cylindrical latent track within the material. The positively charged ions within the
latent track repel each other resulting in vacancies and interstitials (i.e., Coulomb
explosion) such that the time needed for electron-ion recombination is longer as
compared to the Coulomb explosion time. The atomic collision range defines the
core of the ion track with diameter less than 10 nm. The most crucial features of the
Coulomb explosion model are pointed out as follows:

(i) Formation of tracks in the irradiated target material is possible with lower
value of dielectric constant, mechanical strength and small inter-atomic
spacing. The value of electrostatic stress has to be larger than the mechanical
strength, and this happens only when

n* > R = Ezaj/10¢* (6)

(i) The resultant latent track must be continuous which requires at least one
ionization per atom, i.e., n > 1.

(iii) According to the Coulomb explosion model, the requirement for the for-
mation of latent track is that the availability of electrons for replacing the
ejected ones upon irradiation must be lower in number and they must not be
able to replace the ejected electrons within a time scale of less than ~ 107" s
and hence
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n, <eng/apu,nkpTt (7)

where n, and n, represent the number of free electrons and number of
ionizations per atomic plane, p, is the mobility of the electron and kp is the
Boltzmann constant.

(iv) For track formation, the mobility of the holes created by the ejected electrons
along the ion track must be smaller during irradiation, i.e., u, <a%e/ tkpT.
Bringa et al. [50] have elucidated that the two models, the Coulomb
explosion and thermal spike, can define the early and late aspects of the
ionized cylindrical tracks produced in the irradiated solids due to the passage
of energetic ions. No matter whether the Coulomb explosion and thermal
spike are used, both work successfully to explain the irradiation-induced
effects since at higher excitation densities, the repulsive energy in the track
produces a spike [50]. However, both the models have been used extensively
in wider range to explain the formation of ion track, still there is a debate
regarding the applicability of these models.

3 Ion-Matter Interaction Parameters

(1) Fluence (¢)

Ion fluence is one of the most crucial parameter related to ion beam irradiation.
Fluence (¢) is defined as the total number of irradiating ions incident per square
centimeter (ions/cm?) on the target. The ion fluence can be estimated by beam
current and the time of irradiation as follows:

I=0Q/T = Dqe|T = ¢pAqe/T (8)
- T = pAge/l )

where [ is the ion current (nA), Q is the total charge, D is the dose, ¢ is the charge
state, e is the electronic charge and T is the time of irradiation (in sec). Since the
number of particles per nano-ampere of beam current = I/ge (pnA),

.. T = ¢A/beam current (pnA) (10)

(ii) Ion energy

The projectile ion energy depends on the charge state (g) of ion and terminal
potential V7 as follows:

E(MeV) = (q+1)Vr + Viy (11)
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4 TIon Irradiation Effects on Polymers

The ion irradiation technique has been widely used to study the irradiation-induced
modifications in the physico-chemical properties of polymeric materials [51, 52].
During the passage of SHI through polymeric materials, modifications in their
intra-chain or inter-chain occur to alter their properties irreversibly. Due to large
deposition of electronic energy in polymeric materials by the irradiated ions, var-
ious primary phenomena such as the chain scissioning, cross-linking, formation of
double and triple bonds, production of ionized species, emission of gaseous
products and free radicals [53] result in the irreversible changes in the physical,
electrical, dielectric, optical, thermal and mechanical properties of the polymeric
materials. The changes caused in the irradiated target depends on the parameters of
the projectile ion beam such as ion energy and type, mass and fluence and also on
the composition, molecular weight, temperature, etc. of the target polymer.
Moreover, the irradiated polymer films produce carbon clusters and sometimes
nanoclusters which modifies their physical properties drastically [54, 55].

4.1 Interaction Mechanisms

The irradiation-induced modifications in the structural, compositional and surface
properties of the irradiated material can take place in two ways: introduction of ion
species (i.e., doping effect) and irradiation-induced defects (defect or radiation
effect). For surface modification in polymers, the irradiation-induced defect is more
important than that for the metals and may suppress any kind of doping effect. This
arises due to the following reasons as mentioned below:

(a) In the doping effect, the implanted ion concentration is relatively lower, while
the radiation effect extends throughout the whole region of the latent track and
produces a high yield.

(b) Breaking of various chemical bonds in the irradiated organic substances results
in the formation of ensemble of smaller molecules along with the volatile
products.

(¢) The damage produced by ion implantation is progressively worse in the order
of metals, inorganic insulators and polymers [56].

ITon irradiation can lead to the irreversible modifications in different properties of
polymers, and hence, it is crucial to understand their damage mechanism. Typically,
irradiation-induced defects in polymers are produced because of the high deposition
of electronic energy in which the energetic projectile ions are slowed down by
momentum transfer to the target atoms, called the “nuclear stopping,” and by the
process of exciting the electronic subsystem of the irradiated target, called the
“electronic stopping” [57-59]. The permanent displacement of target atoms or
molecules due to transfer of energy density causes the permanent damage in
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Fig. 4 Chain scission and cross-linking in the irradiated polymer

polymer materials along the ion trajectory, which is mainly due to the chain scission
by displacing atoms from polymer chains (Fig. 4a).

However, the formation of free radicals that results from electronic excitation or
ionization can make the cross-linking in the polymer chains (as shown in Fig. 4b),
resulting in increased molecular weight, wear resistance and hardness [60] of the
irradiated polymer. The phenomena of chain scission and cross-linking in the
irradiated polymers can be understood from a general empirical rule based on
the structure of the polymers, although it is not completely satisfactory. As, for
example, in case of a vinyl polymer in which each carbon atom in the main polymer
is associated with at least one hydrogen atom (or either R; or R, is hydrogen), then
the polymer chains undergo cross-links upon irradiation (Fig. 5).

On the other hand, if a tetra-substituted carbon atom is present in the monomer
unit (or neither Ry nor R, is hydrogen), then there is the degradation in the polymer
chains and chain scission upon energetic ion irradiation. Upon irradiation, the high
deposition of electronic energy by the energetic ion plays a vital role in cross-linking
the polymer chains, which is primarily responsible for their modification of surface
properties in both keV and MeV energy ranges [61, 62]. The cross-linking in
the polymer chains can increase the surface mechanical properties of the ion

Fig. 5 Structure of a vinyl
polymer
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beam-modified polymer. Irradiation in polymers has been extensively used to alter
their surface properties, including films, powders and fibers. Irradiation in polymeric
materials by SHI has been carried out on non-polar polyolefins (polar groups at
surface) to enhance their different properties such as the printability, wettability,
adhesion with other materials or with the biological components, compatibility or
further physico-chemical modifications [63, 64]. In general, the surface modifica-
tions of polymer films with ions involve fluences of ~10°~10"* ions/cm? [65], or in
some cases, higher fluences of 10" ions/cmz, which can lead to the destruction of
the polymer material through carbonization [65].

The different parameters that affect the ion irradiation in polymers are (a) ion
energy, (b) ion mass, (c) ion fluence and (d) composition of the polymer that
determine the energy transferred to target, mechanism of energy deposition, and
penetration range of the projectile ions in the SHI-irradiated polymer. The ions with
higher electronic stopping energy produce more ionization-producing enhancement
in the hardness of the irradiated polymer confirming that the cross-linking is the key
factor that controls the surface-sensitive mechanical properties [57]. The profile of
the electronic and nuclear energy losses can be estimated using the Monte Carlo
simulation-based TRIM (transport of ions in matter) program [66]. Moreover, it is
found that the ion irradiation that induces ionization in target materials varies with
the atomic number of the ion and with increasing ion energy; the irradiated ions
penetrate to a greater depth to the target and produce more ionization in damaged
region [67].

During ion-matter interaction, many defects are produced along the ion track in
which the defects formed by low-energy ion irradiation are less stable as compared
to induced defects produced by high-energetic ions. At ambient temperature, a large
fraction of the low-energy-induced damages anneals such that more numbers of
stable but much less abundant nuclear defects are dominant. However, for
high-energetic ion irradiation, this effect vanishes because of the generation of more
stable defects resulting from the huge electronic energy deposition in the target.
Especially for polymers upon SHI irradiation, the breaking (chain scission) and/or
formation of chemical bonds (cross-linking) take place [68], in which the
irradiation-induced chain scission of the polymer chains leads to an enhancement in
chemical etchability of the irradiated synthetic polymers. However, the irradiated
polymer films result in the formation of nano- or micropores, the so-called etched
tracks that critically depend on the projectile energy transfer, polymer type and ion
fluence.

Despite various studies on the formation of latent tracks in the irradiated poly-
mers, there needs more detailed study for complete understanding of the formation
mechanism about the ion tracks. The best explanation regarding formation of ion
track is basically the process of energy transfer from the projectile ion to the
electronic subsystem of the irradiated polymers which results in a high concen-
tration of excited and ionized atoms along the ion trajectory. The released electrons
are associated with a wider spectrum of kinetic energies and trigger a considerable
number of ionizations on their own. Most of the primary excitations and ionizations
occur close to the ion path with a few nanometers diameter. The energy deposited in
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such a small cylinder produced along the ion trajectory is considerably higher, and
the deposited energy on the target can attain the value up to several hundred eV/ .
At a larger distance, in the so-called latent track, the excitations and ionizations are
caused by the energetic electrons, and the maximum range of electron cascade
depends primarily on the velocity of the projectile ion, and it can reach up to about
1 pm. Various modifications in the physical and chemical properties of the irra-
diated polymers result because of the different types of defects that are produced in
the isolated or overlapping latent tracks. The nature of the SHI irradiation-induced
defects and the relative radiation sensitivity of different polymers depend on the
molecular weight and composition of the irradiating polymer as well as the irra-
diated ions and on the environmental conditions during irradiation experiment.
Recent studies have reported various irradiation-induced mechanisms such as the
atomic displacements, breaking of the molecular chains and production of free
radicals, which are primarily responsible for causing different modifications of
properties in the SHI-irradiated polymers.

Studies on SHI irradiation effects on polymers and their different nanostructures
have been performed extensively from last few years because of their enhanced
physico-chemical properties such as the electrical conductivity, electrochemical
stability, sensing properties, energy storage device, antioxidant activity and bio-
compatibility. [69, 70]. Ion irradiation with energy range from 100 to 300 keV and
fluence range 10"'-10" jons cm™? produced optical defects in the irradiated
polystyrene [71]. A drastic increase in the electrical conductivity has been inves-
tigated in 2 MeV Ar" ion-irradiated organic molecules by Forrest et al. [72]. The
100 MeV silver ion irradiation effect on the charge transport properties of the
polypyrrole and poly(3-hexylthiophene) has been investigated [73], in which
the electrical conductivity of polypyrrole was observed to increase with increase in
irradiation fluence (from 10'° to 10'? ions cm™2) without any significant changes in
surface morphology and that for irradiated poly(3-hexylthiophene), the conductivity
was observed to increase up to the ion fluence of 10'" ions cm ™2, while beyond this
ion fluence, there was a decrease in electrical conductivity. Kumar et al. [74]
studied the 40 MeV Li** SHI irradiation-induced modifications in the surface
properties of silver—polypyrrole composite films at different ion fluences in the
range of 10''-10"% ions/cm®. A significant enhancement in the surface properties
has been observed upon ion irradiation, which indicates their proper use in chemical
sensing applications. Ramola et al. [75] have investigated 100 MeV oxygen ion
irradiation effects on both polypyrrole and CR-39 (DOP) polymers, in which the
crystallinity of irradiated polymer films increased with ion fluence. The grain-like
structure of the pristine PPy increased upon SHI irradiation. In previous studies,
Chandra et al. [76] investigated the enhancement in structural properties and
crystallinity with 80 MeV oxygen ion-irradiated polyaniline films. Furthermore,
Hussain et al. [77] reported the nickel ion irradiation effects on the enhancement in
the electrical conductivity, crystallinity and electrochemical stability of polyaniline.
Ramola et al. [78] reported the 50 MeV Li** and 90 MeV C®* SHI irradiation-
induced effects on various properties of PPy films. The study showed that upon C®*
SHI irradiation, irradiated PPy films became more amorphous even at lower ion
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fluence. However, on irradiation with Li** ions in the polypyrrole film, both the
crystallinity and conductivity of the irradiated PPy films increased up to particular
ion fluence, while both their crystallinity and electrical conductivity decreased at
the higher irradiation fluence. In a different study, Kaur et al. [79] reported the
effects of 100 MeV Ag8+ ions on the morphology and electrical properties of
polypyrrole, whereas the surface of the irradiated PPy films became smoother and
its electrical conductivity increased by two orders of magnitude. However, Chandra
et al. [80] investigated the increased crystallinity and decreased optical band gap
energy in the 100 MeV O’* ion-irradiated PPy films.

4.2 Latent Ion Track Chemistry

The formation of latent track in irradiated polymers is characterized by two effects,
namely (i) destruction of the existing components and (ii) formation of new
materials. Upon SHI irradiation, the breaking of different chemical bonds in the
irradiated polymers takes place when the deposited energy by the ion energy
exceeds the inter-atomic bond energy of the target material. In general, the
inter-atomic bonding energy is in the range of few eV, (e.g., CH3;—CHj: 3.7 eV,
H-CH: 4.3 eV) [22]. It is well reported that upon SHI ion irradiation, different types
of chemical bonds do not break at a random fashion owing to high deposition of
electronic energy to the polymer. However, irradiation experiment predicts that
certain selectivity rule is followed for breaking of bonds, which may not consider
the bond energy linearly with that of the ion beam energy. For example, in linear
hydrocarbons, the C—H bonds break more prominently under irradiation than that of
the C—C bonds instead of greater bond strength in C—H [22]. The breaking of
chemical bonds during irradiation is strongly preferred in the core regime
of cylindrical track in which electronic energy is transferred, whereas it occurs
rarely in the penumbra of the ion track because of the less transfer of energy transfer
densities into these regions.

Calcagno et al. [71] studied the optical and rheological properties of 100 keV H
and 300 keV He ion irradiation effects on PS film in the single ion track regime.
The calculated cross-link production and defect yields were 12 cross-links/ion and
100 defects/ion, respectively, corresponding to the chemical yields of 0.07/100 eV
and defects of 0.28/100 eV, respectively, of the deposited energy. These studies
concluded that the energy distribution inside the single ion tracks is the controlling
factor for the production of chemical yields.

It has been observed that during modifications of polyvinylidene fluoride
(PVDF) by the energetic ions such as O, Kr and Xe in the energy range of
1-50 MeV/u and irradiation fluences of 10''-10'2 ions/cm? [81], it was obvious
that the atomic mass of the projectile ion was the major parameter for modifications
in the polymers. The degradation remains stable along the ion path, and it is highest
for the heavy ions. The activated centers produced by the lighter ions tend to
migrate toward the surface of the irradiated substance, and the rearrangement of the
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different reactive species finally can modify the structure of the polymer [81]. This
study makes the conclusion that the ion beam with higher energy can result in long
life device stability than that of the lighter ions.

The process of electronic energy transfer to the target initially leads to the
excitation and breaking of different chemical bonds with consequences of
cross-linking, chain scission and/or formation of new chemical bonds (e.g., C=C),
depending on the structure of the irradiated polymers. Experimentally, it is possible
to distinguish between the intra-chain and inter-chain bonds cross-linking in the
ion-irradiated structure [82]. It was observed that upon ion irradiation, the soluble
polymers transformed into the non-soluble gel upon introducing one cross-linking
per macromolecule [82]. The low-energy ion beam-irradiated aromatic polymers act
as efficient “energy sinks” as the aromatic rings can dissipate a large amount of the
excitation energy [71] upon irradiation. However, upon high-energy ion irradiation
on such polymers, the loss of aromatic conjugation is one of the predominant
destruction processes [83, 84]. Moreover, the evolution of large volatile irradiation
products with subsequent release of residual gas is one of the most characteristic
effects in the irradiated polymers. Since the release of volatile gas is diffusion-
controlled process, the degassing is strongest at the surface and slowest near the ion
track end, which results in the evolution of an inhomogeneous distribution of the
residual volatile species along the ion trajectory. With further increase in projectile
energy, the transferred energy density increases up to a threshold value, resulting in
breaking of all the chemical bonds along the central region of the latent ion track.
Therefore, an energetic heavy ion is capable to result completely in a new material
with different or modified physico-chemical properties with no connection to the
unirradiated substances. For higher deposition of the electronic energy by the
projectile ion, it will take more time for dissipation of the excitation energy of the
target atoms, and hence, the compounds will be more complex which may be newly
formed in the core of ion track [85].

5 Practical Applications of Ion Irradiation

5.1 Applications of Low-Energy Ion Irradiation of Solids

The low-energy ion beams, called the ion implantation, is widely used in electronics
for doping of semiconductor through polymeric photoresist masks [86].
Low-energy ion irradiation exhibits oxidation of the resist and improves the thermal
stability. The ion implantation technique can also be used to render polymer films in
space research vehicles more radiation resistance during their passage through high
radiation zone, as, for example, the Van Allen radiation belt.

The corrosion resistance of metals and alloys can also be made possible by
means of high-energy ion irradiation fluence (e.g., nitrogen ion implantation).
Another direct application includes an immediate improvement in the adhesion of
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immiscible material layers (e.g., metal and polymers), which can be carried out by
ion beam mixing, reactive ion implantation or ion beam-assisted deposition of the
materials. Furthermore, low-energy ion beam irradiation can be used in optics,
especially for fabrication of waveguide.

The low-energy ion impact results in significant effects at the surface and in the
subsurface region of an irradiated target. If a low-energy projectile ion enters a
target, it is backscattered, called the “Rutherford Back Scattering” from a
near-surface atom. The energy loss depends on both the depth of collision and mass
of the target. This technique, in which protons or a-particles comprise the ion beam
“probe,” can be used as the analytical method for determining the composition of the
depth of solid targets and depth distributions of radiation damage impurity atoms,
defect aggregates, etc. However, this technique is valid only for the heavy target
atoms.

The ion beam modification of polymeric surfaces has one of the most important
applications in medicine. The biocompatibility and bioadhesion of the irradiated
polymers can be enhanced by enriching their surfaces with polar moieties, espe-
cially carboxyl groups, which seem capable of bonding most strongly to living
biomass. Moreover, the surfaces of surgical apparatus can be efficiently sterilized
using ion irradiation technique.

5.2 Applications of High-Energetic Ion Impact onto Solids

It has been observed that most of the synthetic polymer films are excellent materials
for the chemical etching of latent ion tracks. This method is inexpensive and simple
one for detection of the energetic particles. The etched tracks of the irradiated target
materials have lots of potential applications in developing new nanosensors such as
in physical (e.g., temperature, pressure, light intensity), chemical (e.g., moisture,
alcohol, acetone, hydrogen, ammonia) and biological (e.g., germs, viruses, hor-
mones, enzymes, sterilizing efficiency) applications. Furthermore, the latent
track-based nano-electronics is one of the rapidly developing cutting-edge resear-
ches in the present century.

In recent years, the SHI irradiation-induced polymeric materials have brought
significant interest for the sake of their various novel applications. Due to high
deposition of electronic energy (~MeV) inside the target volume via the formation
of ion track (~107">"'* ¢m?) within an extremely short interval of time of the
order of ~107"7+7'5 s it undergoes dramatic transient irreversible modifications
in the chemical and structural properties of the polymer with accompanying heat
and pressure pulses. During the passage of the energetic heavy ions, the energy is
deposited in cylindrical zones (“thermal spike,” ~107'%7'! ), called the “latent
track.” The dissolution of the latent track by suitable agents (“etching”) leads to the
formation of pores, the so-called efched tracks. The irradiation-induced latent tracks
in polymers are characterized by the changing of (1) structural free-volume, car-
bonaceous clusters, (2) density of free radicals, (3) chemical modifications such as
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unsaturation, double bonds, and (4) phase transformation of the polymer. These
undergoing irreversible changes are responsible for the four major strategies that
have emerged for latent track in various potential applications: (1) exploitation of
the modified transport properties along ion tracks, (2) trapping of mobile ions,
atoms, molecules or clusters along the ion tracks, (3) exploitation of the material’s
chemical changes and (4) making use of ion-induced phase transitions.

The size of the pores in the irradiated track membranes can be controlled by
etching conditions and by choice of irradiation treatment. Cylindrical pores with
diameter in the range 0.02-5.0 um are readily obtained with lengths of 10-50 pm
[87, 88]. However, formation of pores in nanometer diameter 10-100 nm has also
been reported [89, 90] by the process of SHI irradiation. The thin polymer mem-
branes with highly uniform pore size have been made commercially available,
which have been primarily used for laboratory filtration applications. Such high
regular geometry polymer membranes called the “intelligent” membranes generated
by ion tracks are mechanically stable and they have great commercial applications
in industry such as for separation or purification of liquids and gases. Irradiation of
polymers by energetic heavy ions can convert them from dielectric materials to
materials having moderate or high electrical conductivity and improved thermal
stability, which explores the opportunities for use of radiation in producing mate-
rials especially for the polymer-based electronic applications. The SHI irradiation in
conjugated polymers, such as polyaniline (PAni), polypyrrole (PPy) and poly-
thiophine (PTh), has been investigated as an alternative approach to chemical
doping to render them highly electrically conductive. The generated
sandwich-layered structure of dielectric materials formed by ion irradiation is being
intended for the fabrication of transistor-like switches [91], or of nanoscale devices
from irradiation of self-assembled monolayers [92]. However, the etched tracks in
irradiated materials have many advanced applications, such as in light-emitting
diodes, formation of nanosized or microsized diodes, field effect transistors,
miniaturized Li batteries and sensors (e.g., temperature, pressure, humidity and
ammonia) [93, 94].

6 Experimental Setup for Ion Irradiation

Figure 6 depicts the schematic diagram of Pelletron Accelerator at Inter-University
Accelerator Centre (IUAC), New Delhi. The Pelletron Accelerator has pulsed ion
beams of several elements having energy up to 15 MeV per charge state [95]. In the
Pelletron, the negative ions of the projectile can be produced from the
Multi-Cathode Source of Negative Ions by Cesium Sputtering (MC-SNICS).
The beam of negative ions, generated by Cesium Sputtering, is first analyzed by a
90° injector magnet so that the produced ions with the negative (—ve) charge state
are separated from other contaminated isotopes and charge states. The analyzed
beam is then injected into a strong electric field inside an accelerator tank filled with
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Fig. 6 Schematic of Pelletron Accelerator at Inter-University Accelerator Centre (IUAC) showing
the ion acceleration principle

insulating SF¢ gas. High terminal voltage of up to 15 MeV is generated in the
middle of the tank. Inside the tank, the negative ions are accelerated while traveling
from the column top of the tank to the positive terminal, through the accelerating
columns. The terminal is charged by a set of double Pelletron chains. The
corona-based voltage grading system provides strong electrical potential to the
negative ions and accelerates them. Inside the terminal, the negative ions pass
through either a gas stripper or a carbon foil where some of the electrons are
stripped from the negative ions due to collisions with gas or carbon atoms. The
positive ions thus formed are repelled away from the positive terminal and accel-
erated further to the ground potential at the bottom of the tank. After the ions leave
the Pelletron Accelerator, a particular beam of ion is selected using a 90° analyzing
magnet which bends the beam into the horizontal plane. Finally, with the help of a
switching magnet, the highly charged high-energy ion beam is directed into one of
the beam lines in different experimental areas of the beam hall.
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7 Experimental

7.1 Sample Preparation

The chemicals monomer (pyrrole) and oxidant (ammonium persulfate, APS) were
purchased from Sigma Aldrich. The dopant cum surfactant (camphorsulfonic acid,
CSA) was purchased from Merck. Before using Pyrrole monomer, it was distilled
under reduced pressure. All other chemicals were used as received without
purifications. The chemical oxidative self-assembly polymerization was used to
synthesize the nanotubes of PPy, and this method is described as follows.

PPy nanotubes have been synthesized using the chemical oxidative
self-assembled method of polymerization at different molar ratios of CSA/Py
(dopant/monomer) keeping molar concentration of APS oxidant fixed. In this
method, initially in 40 ml of double distilled water, 0.15 M pyrrole (Py) and
0.075 M CSA was mixed and stirred for 30 min. A transparent solution of CSA-Py
salt was formed, and this solution was kept in an ice bath up to 0-5 °C.
A pre-cooled solution of 0.15 M APS was added into the solution of CSA-Py, and
this mixture was allowed to react for 15 h at room temperature. After the poly-
merization was over, the precipitate was collected, filtered off and washed several
times with methanol, acetone and double distilled water to remove the impurities
from the resulting products. The filtered precipitate was dried under room tem-
perature for 72 h. The block diagram for synthesis of PPy nanotubes by
self-assembly polymerization method is shown in Fig. 7.

[(0.15 M pyrrole (monomer) + 0.075 M

CSA (dopant) were mixed in a 40 ml A pre-cooled (up to 0-5 °C) aqueous
double distilled water and stirred for solution of APS (0.15 M) in 20 ml

30 min. Then the mixture was cooled double distilled water
\in an ice bath up to 0-5°C \

I —

The mixture was left to reactfor 15 h at room
temperature under constant stirring

—

times with methanol and double distilled water and finally dried at room

" After complete polymerization the precipitate was filtered off and washed several
temperature for 72 h

Fig. 7 Block diagram for synthesis of PPy nanotubes by self-assembly polymerization method
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7.2 Formation Mechanism of PPy Nanotubes

The formation of one-dimensional PPy nanotubes by the self-assembly polymer-
ization is described as follows: Initially before the oxidative polymerization to
occur, the mixture of CSA and Py form CSA/Py salt through the acid base reaction.
Due to the presence of a polar head group (hydrophilic —SO3;H group) and a
non-polar tail (hydrophobic C,oH50-group), the CSA/Py salt can self-assemble into
the micelles in aqueous solution, and these resultant micelles act as soft template for
polymerization. A double layer is formed in the micelles due to the coexistence of
the CSA anions with the Py cations. The pyrrole monomer diffuse into the core of
the micelles and the micelles provide the necessary reaction medium to guide the
polymerization. The pyrrole-filled micelles act as soft template during the
self-assembly polymerization, and pyrrole cations may solubilize into the micelle/
water interface as depicted in Fig. 8. On addition of the oxidant (APS), the poly-
merization occurs only at the micelle/water interface adjacent to the polar head
groups of CSA, since the hydrophilic APS molecules cannot penetrate into the
micelle surface [96]. During polymerization, the self-assembled micelles become
bigger by accretion [97] or tubular structure by elongation [98] depending on the
surfactant concentrations.

Fig. 8 Schematic of (+] (+]
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8 Irradiation Effects on PPy Nanotubes
with 160 MeV Ni'**

The synthesized PPy nanotubes have been irradiated by 160 MeV Ni'** SHI with a
view to enhance their physico-chemical properties of structural, optical, thermal,
dielectric and ac conductivity. For SHI irradiation, films of PPy nanotubes have
been prepared by dissolving and ultra-sonicating the dried precipitate into 2% of
PVA (polyvinyl alcohol) solution. The PVA (M,, = 145,000) has been used as
plasticizer for making films of PPy nanotubes for SHI irradiation and the usage of
PVA as plasticized did not affect significantly on the properties of PPy nanotubes.
The SHI irradiation was performed at the 15 UD Pelletron Accelerator available at
the Inter-University Accelerator Centre (IUAC), New Delhi, India, using the
Materials Science beam line facilities. Five different irradiation fluences 1 x 1010,
5 x 1010, 10'%, 5 x 10'! and 10'? ions/cm? were used to irradiate the films of PPy
nanotubes at a constant current of 0.5 pnA (particle nano-ampere). The energy of
Ni'?* jon beam was selected as 160 MeV so that the ion beam completely pene-
trated the PPy films. The projected range of Ni'?* ions in PPy films as calculated by
using the SRIM (stopping and range of ions in matter) software was found to be
42 um, which was larger than thickness (~30-35 um) of the PPy films. The
different studies on the 160 MeV nickel ion-irradiated PPy nanotubes have been
discussed under the following sections.

8.1 High-Resolution Transmission Electron
Microscopy Studies

Figure 9 depicts the HRTEM micrographs of pristine and irradiated PPy nanotubes
at different irradiation fluences. Upon SHI irradiation, PPy nanotubes irradiated at
ion fluence of 5 x 10'" ions/cm® become more aligned and denser than that of the
pristine nanotubes of PPy. However, PPy nanotubes irradiated at the highest ion
fluence of 10'% jons/cm® show the breaking or degradation of PPy nanotubes,
which results in the random alignments of PPy nanotubes because of the large
energy deposition in the irradiated PPy nanotubes.

8.2 X-Ray Diffraction Studies

Figure 10 depicts the XRD patterns of the pristine and irradiated PPy nanotubes at
different ion fluences. The characteristic broad diffraction peak is observed at
around 260 = 19.96° for the unirradiated PPy nanotubes. A new diffraction peak at
20 = 15.90° is observed for the irradiated PPy nanotubes at the ion fluence of
5 x 10" jons/cm?, which grows in intensity with increasing the ion fluence up to
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Fig. 9 HRTEM micrographs of (a) pristine and irradiated PPy nanotubes at ion fluences of (b)
5 x 10" and (¢) 10'? ions/cm?

5 x 10" jons/cm®. The appearance of the new peak suggests the formation of new
crystalline domains with higher d-spacing (~5.41 ) in the irradiated PPy
nanotubes.

Furthermore, the diffraction peak that appears in the pristine PPy nanotubes at
20 = 19.96° undergoes a shifting to a higher angle of 20 = 22.95° upon irradiation
with the ion fluence of 5 x 10'* jons/cm?. This indicates the formation of denser
crystalline domains in the PPy nanotubes upon SHI irradiation. However, with
further increase in irradiation fluence up to 5 x 10" jons/cm?, the position of the
diffraction peak does not change suggesting that there is no change in density of
irradiated PPy nanotubes, but the increased intensity of the diffraction peak with
increasing fluence up to 5 x 10"! jons/cm?® suggests the increase in volume of the
denser crystalline domains. The formation of crystalline domains of two different
d-spacings in the irradiated PPy nanotubes at the moderate and higher irradiation
fluence (5 x 10'°-5 x 10" ions/cm?) could be attributed to the hollow tubular
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morphology of the PPy nanotubes. Two different crystalline domains with larger d-
spacing (low density) and lower d-spacing (high density) may form in PPy nan-
otubes upon SHI irradiation. High-density crystalline domain with lower d-spacing
may form due to rearrangement of the adjacent PPy nanotubes by cross-linking.

At the highest irradiation fluence of 10'? jons/cm?, the degradation or breaking
of PPy nanotubes occurs due to deposition of huge electronic energy
(~4.5 x 10* eV/A) along the ion track and whole crystalline domain structure is
disrupted. The broad hump showing amorphous structure is observed, which may
originate either from the ion beam-induced defects and dislocations or the grain
splitting effect at the ion fluence of 10'? ions/cm?, and these effects dominate over
the induced crystallization process. Upon SHI irradiation at the low and moderate
ion fluences, there is an increase in total intensity of the diffraction peak with
increasing ion fluence which reveals the enhanced crystallinity in the PPy nan-
otubes. But there is a sudden decrease in intensity (less than the pristine sample) of
the diffraction peak at the ion fluence of 10'* ions/cm” which is a direct consequent
of reduction of crystallinity of irradiated PPy nanotubes at highest fluence. The
ordering of the polymer chains (Xc) can be calculated using Eq. (12),

AI
Xe = 7 % 100% (12)

The increase in crystallinity of PPy nanotubes after SHI irradiation can be
ascribed to the systematic arrangement of the polymer chains by chain folding or by
formation of single or multiple helices along the ion path. However, the observed
decrease in crystallinity of PPy nanotubes irradiated at the highest ion fluence can
be thought of scissioning of polymer chains due to tremendous electronic energy
deposition. Upon SHI irradiation, shifting of the diffraction peak toward higher
angular side is due to the contraction of polymer lattice [99]. The increased density
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makes the polymer chains more compact and produces closely packed regions by
cross-linking, chain folding of the polymer chains or due to formation of single or
multiple helices resulting in more crystalline structure in the irradiated PPy nan-
otubes. The increased crystallinity makes the transport of the charge carriers more
easy and therefore results in an increase in electrical conduction into the irradiated
PPy nanotubes. The extent of order (L) of pristine and irradiated PPy nanotubes has
been calculated using Eq. (13),

KA

~ BcosO (13)

The calculation shows that after irradiation, the extent of polymer chain (L) in PPy
nanotubes increases with increasing irradiation fluence up to 5 x 10'! ions/cm?.
However, beyond this ion fluence, extent of polymer chains decreases than that of
the pristine sample. The decreased extent of chain order, at the highest irradiation
fluence employed in the present work, results in the formation of disordered
structure in PPy nanotubes [100].

The hopping distance (R) of both unirradiated and irradiated PPy nanotubes has

been calculated using Eq. (14),
5T 4
R=-|— 14
: 7] (14)

sin 0

The d-spacing of both pristine and irradiated PPy nanotubes is calculated using
the Bragg’s diffraction formula [101],

2dsinf = A (15)

It is also observed that d-spacing of irradiated PPy nanotubes decreases with
increasing ion fluence up to 5 X 10'! ions/cm?; however, at the fluence of
10'? jons/cm?, d-spacing of the irradiated PPy nanotubes increases as compared to
the pristine PPy nanotubes. The angle of diffraction (20), ordering of chains (X¢),
inter-planar spacing (d) and extent of chain order (L) of the pristine and irradiated
PPy nanotubes at different ion fluences are recorded in Table 1.

8.3 Fourier Transform Infrared Spectroscopy Analysis

The FTIR spectral analysis has been carried out to study different structural changes
in the SHI-irradiated PPy nanotubes. The changes have been estimated from the
relative increase or decrease in the band intensity associated with the respective
functional groups. Figure 11 depicts the FTIR spectra of the pristine and irradiated
PPy nanotubes at different ion fluences. The stretching vibrations in C=C and C-N
bonds in pyrrole rings are observed in vibrational frequencies of 1575 and
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Table 1 Angle of diffraction (20), ordering of chains (X¢), inter-planar spacing (d), hopping
distance (R) and extent of chain order (L) of pristine and irradiated PPy nanotubes at different ion
fluences

Fluence (ions/cm®) | Diffraction Ordering of Inter-planar Hopping Extent of

peak 20 (°) chains X¢ spacing distance chain order

(%) d(A) R &) L(A)

20, 20, X0 | X d, d> R, R, L L,
Pristine - 19.96 |- 2572 |- 444 | - 556 |- 5.57
1 x 10" - 2045 |- 2620 |- 434 |- 542 |- 7.71
5 % 10" 1590 |2295 |3.0 |24.19 |557 |387 |696 |483 |20.56 |6.50
1 x 10" 1637 2295 |3.6 |27.15 |541 |387 |6.77 |484 |21.26 |6.67
5 x 10" 1637 |23.10 |75 |2444 |541 |385 |6.77 |481 |18.73 |8.32
1 x 10" - 2075 |- 2340 |- 428 |- 534 |- 4.12

N. B.: 20;: broad diffraction peak at lower angle, 20,: broad diffraction peak at higher angle, X¢;: ordering of
chains calculated taking peak position at 20, X: ordering of chains calculated taking peak position at 20,, d,:
inter-planar spacing due to 20;, d,: inter-planar spacing due to 20,, R;: hopping distance due to 20,, Ry:
hopping distance due to 20,, L;: extent of chain order due to 20, L,: extent of chain order due to 20,

Fig. 11 FTIR spectra of
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1430 cm™ !, respectively. The strong vibration bands at 912 and 1040 are attributed
to the C-N and C-H in-plane deformation vibrations, respectively. The vibration
band at about 790 cm ™" is due to the C—H wagging vibration, whereas the vibration
at 1270 cm™ ! is ascribed to the C-H or C-N in-plane deformation modes [102].
The N—H stretching vibration appears in the strong vibration bands in the range of
3000-3500 cm™'. The presence of vibration bands at 2926 and 2858 cm ™" corre-
sponding to the vibration of aliphatic -CH3 and —CH, groups related to the sul-
fonate anions confirms the incorporation of the dopant counter-anions into the PPy
chains [103]. The vibration band at 702 corresponds to the C—S vibration, which
also indicates the doping of CSA into the PPy nanotubes.
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The presence of the same main vibrational bands in the SHI-irradiated PPy
nanotubes at all the ion fluences indicates that the structure of PPy nanotubes is not
destroyed upon SHI irradiation. However, upon SHI irradiation, intensity of the
vibrational bands increases as compared to the pristine PPy nanotubes up to the ion
fluence of 5 x 10! ions/cmz, while at the highest ion fluence of 10'? ions/cmz, the
intensity of the vibration bands again decreases. The increase in vibration band
intensity of the SHI-irradiated PPy nanotubes indicates the irradiation-induced
cross-linking which as a result increases their crystallinity. The decrease in vibra-
tion band intensity at the highest irradiation fluence of 10'? ions/cm? indicates the
breaking of bonds and degradation of PPy nanotubes upon irradiation with SHI.

8.4 UV-Vis Absorption Spectroscopy Studies

Figure 12 depicts the UV-Vis absorption spectra of the pristine and irradiated PPy
nanotubes at ion fluences of 1010, 5 x 1010, 10“, 5 x 10" and 10" ions/cmz,
respectively. The UV-Vis absorption spectra of pristine PPy nanotubes show three
absorption bands: the first absorption band at 340 nm is due to w-7* transition, the
absorption band at 484 nm is attributed to the transition from valence band to
polaron band and a free tail above 670 nm corresponds to the transition from
valence band to the bipolaron or anti-bipolaron state of the oxidized form of PPy
nanotubes. Upon SHI irradiation, position of the n-7* band remains unaffected,
while at low and moderate ion fluences (1010—5 x 10" ions/cmz), the polaron band
undergoes a red shifting with increase in the ion fluence up to 5 x 10'! ions/cm?.
However, at the highest ion fluence of 10'? ions/cm?, the polaron band makes a
blue shift, i.e., to the smaller wavelength region. The shifting of the absorption band
to a higher wavelength with increasing fluence can be related to the structure of the

Fig. 12 UV-Vis absorption
spectra of (a) pristine and
irradiated PPy nanotubes at
ion fluences of (b) 10,

(©) 5 x 10, (d) 10},

(e) 5 x 10" and

(® 10'? jons/cm?
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494 nm

Absorbance (a.u.)
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energy gap of the polymer [104]. The SHI irradiation in PPy nanotubes induces the
cleavage of -C—C- bonds and dehydrogenation of the PPy chains, i.e., evaluation
of the hydrogen atoms as hydrogen molecules, and this in turn produces conjugated
—C=C- bonds.

The SHI irradiation causes the loss of gaseous atoms in the polymeric materials,
and hence, the enhanced carbon atoms result in the formation of a hydrogenated
amorphous carbon with optical band gap energy depending on the H/C atom ratio
[105]. The shifting in the absorption edge of PPy nanotubes upon irradiation can be
correlated with their optical band gap energy. The optical band gap energy for a
material can be defined as the difference between the bottom of the conduction band
and top of the valence band. The optical band gap energy for materials can be
determined using Eq. (16),

2(v) = Ba(hvh; E,)" (16)

The variation of (ohv)> with v and (ahv)'/? with hv of the pristine and irra-
diated PPy nanotubes is depicted in Fig. 131, ii, respectively. The optical band gap
energy E, can be calculated from the intersection of the extrapolated lines from the
linear portion of the curves, from the photon energy axis. For direct optical tran-
sition, the electron transfers vertically from the top of valence band to the bottom of
conduction band without any change of momentum [106]. In case of an indirect
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o o >
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Fig. 13 Plots of variation of (i) («hv)? versus hv and (i) («hv)"/? with hv of pristine and
irradiated PPy nanotubes at different ion fluences
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transition, the irradiation-induced species such as bond rapture and free radicals
increases the electronic disorder that produces a permitted state in the forbidden
band or the deformation of valence band.

Figure 14 compares the values of direct and indirect band gap energies both for
the pristine and irradiated PPy nanotubes at irradiation fluences of 10'°, 5 x 10",
10", 5 x 10'! and 10'? ions/cm?. For irradiated PPy nanotubes, both the direct and
indirect band gap energies decrease with ion fluence up to 5 x 10" ions/cm?;
however, at the investigated irradiation fluence of 10'? ions/cm2, the value of both
the direct and indirect band gap energies increase than that for the unirradiated PPy
nanotubes. These results strongly suggest the simultaneous existence of both the
direct and indirect band gaps in PPy nanotubes with a decreasing tendency at low
and moderate ion fluences (10'°-5 x 10'! jons/cm?) and increasing tendency at the
highest ion fluence (10'? ions/cm?). Furthermore, both in the pristine and irradiated
PPy nanotubes, value of indirect band gap energy is found to be lower than its
corresponding direct band gap energy. The decrease in optical band gap energy
upon SHI irradiation is ascribed to the formation of defects and/or enriched carbon
clusters due to partial evaluation of hydrogen molecules. These clusters influence
the optical properties of the irradiated PPy nanotubes. The number of carbon atoms
per conjugation length (N) for linear structure can be correlated with the optical
band gap energy (E,) which can be determined from the modified Tauc’s equation
[104] as follows;

N =2pn/E, (17)

where 28 represents the band structure energy of a pair of adjacent 7 sites. The
value of f is taken to be —2.9 eV as it is associated with the 7-7* optical transitions
in —C=C- structure. The red shifting of the absorption band can be attributed to the
increase in conjugation length. Upon SHI irradiation, number of carbon atoms per
conjugation length (N) and number of carbon atoms per cluster (M) increase with
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Table 2 Direct and indirect band gap energies (E,) and number of carbon atoms per conjugation
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length (N) of the pristine and irradiated PPy nanotubes at different ion fluences

Fluence Band gap energy, E; (eV) Number of carbon atoms per
(ions/cmz) conjugation length (N)

Direct Indirect Direct Indirect
Pristine 2.62 £ 0.002 2.21 £+ 0.002 ~6.95 £ 0.002 ~8.24 £ 0.002
1 x 10" 2.59 £+ 0.002 2.11 £+ 0.002 ~7.03 £ 0.002 ~8.63 £ 0.002
5 % 10" 2.57 £ 0.001 2.03 £+ 0.001 ~7.08 £ 0.001 ~8.97 £+ 0.001
1 x 10" 2.52 £+ 0.002 1.95 £+ 0.002 ~7.22 £ 0.002 ~9.33 £ 0.001
5 x 10" 2.49 £+ 0.001 1.78 + 0.001 ~7.31 £ 0.001 ~10.23 £ 0.001
1 x 10" 2.64 £+ 0.003 2.26 £+ 0.003 ~6.89 £ 0.003 ~8.05 £+ 0.003

increasing irradiation fluence from 10" to 5