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Abstract of Thesis 

The first chapter deals with the Introduction to Solid State Nuclear Track Detection and 

Neutron Dosimetry 

An introduction to the Solid State Nuclear Track Detection describing various aspects of 

this technique is provided in this chapter along with relevant literature survey to neutron 

dosimetry. The chapter ends with statement of objectives for the present work. During the 

last three decades, Solid State Nuclear Track Detectors (SSNTDs) have been developed 

and found effective for the qualitative and the quantitative analysis of the charged particles 

like alpha rays, protons, neutrons, and heavy ions etc. Although, crystals and glasses act as 

track detectors, the synthetic polymers are found to be much superior, mainly due to 

simplicity in use and lower cost in their production. They are also handier as compared to 

the conventional counter-parts like cloud, spark and bubble chambers, nuclear emulsion 

etc. The SSNTDs are currently being used in many fields such as, radon dosimetry, nuclear 

track micro filters, cosmic ray research and specific radiation dosimetry problems in 

chemical, biological and material studies. Poly allyl diglycol carbonate (PADC) has been 

extensively used for detection of neutrons over last few decades. This detection is based on 

10
B (n, α) 7

Li nuclear reaction and therefore has its own limitations with reference to the 

detection sensitivity. Various techniques like use of radiators, coating detector surface with 

Lithium etc. have been tried to improve the detection efficiency and sensitivity. Schultz in 

1970 reported the use of boron as dopant in nitrocellulose for the first time followed by 

Tsuruta. They made some interesting observations towards the effect of addition of boron 

clusters like carborane
 
on neutron detection and ability of polymeric track detectors based 

on the 
10

B (n, α) 7
Li nuclear reaction. Although, boro-polymer chemistry is one of the 

extensively studied topics, its applications in track detection are not known yet. While 

thousands of polymeric materials are known, it is intriguing to note that approximately 

only fifty polymeric materials have been tested for SSNTD applications. Nitrocellulose, 

PADC (CR-39
TM

) is the most commonly used commercial SSNTD materials and have also 

been tested for neutron dosimetry.  

 

Nitrocellulose (commercially available under the trade name LR-115
TM

) is another widely 

used detector for detecting environmental radon. Nitrocellulose is also known as 

explosive/ hazardous material. With its nitrogen content above 12.2%, the storage, 

handling and transportation of nitrocellulose become very difficult. Lower nitrogen content 
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may not result in a detector having better sensitivity.  Further, other cellulosics like 

cellulose acetate have not been much used for nuclear track detection. Especially, there are 

no reports on preparation of thin composite films of cellulose acetate for track detection. 

Hence, we thought of preparing a detector based on cellulose acetate as well as a polymer 

which has lesser quantity of nitrocellulose in it; yet without much compromising the 

radiation sensitivity. 

 

Neutron Dosimetry is one of the important areas in the field of radiation. Using alpha 

sensitive plastics in contact with 
6
Li or 

10
B or by equally distributing 

6
Li or 

10
B in such 

plastics, it is possible to detect low fluxes of thermal or epithermal neutrons. This is 

feasible because the cross sections for (n, α) reactions are considerably higher than the 

thermal neutron fission cross section of 
235

U. By using 
10

B, it is possible to record both 

alpha and recoil 
7
Li fragment in the plastic material. Fast neutron detection by (n, α) 

mainly depends on velocity of the neutron. By embedding recoil nuclei track within the 

detector or from an external radiator, it is possible to use such detectors for fast neutron 

detection. CR-39 is widely used for fast neutron dosimetry but it cannot be used for 

thermal neutron dosimetry without any neutron capturing converter. Till today, only 

boron-doped (using carborane) CR-39 (0.5% Boron) is commercially available for thermal 

neutron dosimetry. India is still importing these detectors. Not a single homogeneous 

polymeric detector made from boronic monomers is available for dosimetry of thermal 

neutrons. Researchers used various solids such as carboranes, decaborane and its 

derivatives as additive; mixing them in CR-39 monomer used the polymer for thermal 

neutron dosimetry. The solid carborane added this way may not remain uniformly 

distributed in the polymer matrix as the polymer formation is a slow process carried out 

over 12-24 hours. Hence, in the present study we have decided to provide for homogenous 

boron/carborane containing polymers for thermal neutron dosimetry.  

 

The second Chapter deals with development of carborane containing polymeric detectors 

for thermal neutron dosimetry 

Boron has high melting point of about 2300 °C and is able to combine with other elements 

to form a variety of boron cluster compounds having unique molecular architectures and 

unusual properties. These compounds include pentaborane, decaborane, and the closo-

dicarbaboranes. The latter compounds are generally expressed by the molecular formula 
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C2BnHn+2 (n=3–10) and include the carba-closo-dodecaboranes, better known as o-, m-, 

and p-carboranes and possess icosahedral geometries.  

                

o-carborane                          m-carborane                        p-carborane 

Structures of o-, m- and p- carboranes 

These compounds exhibit rather specific properties, in particular, high thermal and 

chemical stability, and show unusual chemistry not encountered in other materials.  

Preparation of carborane is always a low yielding process. It requires a high temperature to 

get adequate yield and required time to complete the reaction is of the order of five days.   

Several methods have been reported to prepare Ortho-carborane in good yields. 

Homogeneous silver (I) catalysts, heterogeneous catalyst such as Cu, Ag, Au have been 

used for this purpose. Researchers claimed that, these heterogeneous catalysts prevent 

unwanted reduction/ hydroboration of the alkyne prior to carborane formation. These 

catalysts are compatible with aryl, halo, hydroxyl, nitrile, carbamate, and carbonyl 

functionalized alkynes.  Ionic liquids such as 1-butyl-3-methyl-imidazolium chloride 

(BmimCl) in toluene have been used to get carborane within 7-10 minutes of reaction time. 

Ionic liquids are salts that are liquid at room temperature with low viscosities.   

Carborane-containing polymers may be conveniently divided into two broad classes: (1) 

polymers incorporating carboranyl fragments with the pendent group attached to the main 

chain, and (2) polymers containing carboranyl fragments within their main chain. The 

emphasis for much of the development of boron polymers involves boron’s ability for 

delocalizing electrons because of the presence of an empty p orbital. Furthermore, boron’s 

ability to capture neutrons and its ability to form protective coatings have been driving 

forces to produce polymers. Finally, boron polymers with high percentages of nitrogen and 

boron have been sought as precursors to the ceramic boron nitride and boron nitride fibers. 

Some of the polymers reported show the state-of-the-art developments with respect to 
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boron-containing polymers. It shows the explosive development of these important 

materials in the areas of ceramics coatings, nanomaterials, catalysts, therapeutic agents, 

and especially electronic applications such as nonlinear optical and fluorescent light-

emitting materials.  

The thermal neutron cross-section for the 
10B (n, α)

 7
Li reaction is 3840 barns and 

therefore boron is frequently used for thermal neutron dosimetry. Till today, homogeneous 

materials with boron clusters as integral part of the structure, for thermal neutron 

dosimetry are not available. Very few manufacturers are providing boron doped materials 

for commercial use. Hence, an indigenous development of solid state nuclear track 

detector (SSNTD), especially for thermal neutron dosimetry is the need of the hour. We 

thought that doping of solid boron materials in ADC would not result in a homogenous 

material and thus it can affect the neutron sensitivity of the material. In the present study, 

we tried to use boron clusters like carborane in the form of an allylic monomer so that it 

becomes an integral part of a homogeneous polymer structure. Following monomers were 

thus considered for this study. We also considered synthesizing a molecule like PTPCC. 
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This study was done to develop an indigenous thermal neutron dosimeter material based 

on boron cross-section with thermal neutrons. The polymer does not contain solid boron 

material as an additive.  Detector films containing 1 to 5 % boron concentrations were 

prepared and tested. We have successfully prepared three novel carborane containing 

polymers for thermal neutron detection. Out of these three polymers two were carborane-

carbonate polymers [poly (APCC-co-ADC) and poly (DBDCC-co-ADC) and one is 

having sulfone carborane carbonate containing polymers poly (SDAC-co-APCC-co-ADC).  

All the polymers were prepared using different percentage of boron and irradiated to 

241
Am-Be thermal neutrons to receive a dose of 1mSv. After irradiation poly (APCC-co-

ADC) & poly (DBDCC-co-ADC) copolymers were etched using 7N KOH at 70°C and 

poly (SDAC-co-APCC-co-ADC) was etched using 1N NaOH at 60°C. 

 

The third Chapter deals with development of Cellulose acetate (CA) and Cellulose 

acetate-Cellulose Nitrate (CN) blend detectors for SSNTD applications. 

Not much literature is available on development of thin films of CA for SSNTD 

applications but there is vast literature available for the CN used under the trade name LR-

115
TM

 for SSNTD applications. Till today, use of only ~100 µm thick films of CA has 

been reported for SSNTD applications
.
 The first report on the use of CN plastic as SSNTD 

films was given by Collver in 1965. Three years later, Benton published the report on CN 

based SSNTD film preparation. In this study, he dissolved CN having 12 % N content in 

ethyl acetate to which a mixture of isopropanol, butanol and cellosolve acetate was added 

along with 24% DOP as plasticizer to give 19-20% CN solution. The mixture was 

equilibrated to 3-4 days and then poured on glass plates kept in a slanting manner. The 

solvent was evaporated and films were peeled out next day and dried at 100°C. This was 

followed by a patent from M/s Kodak-Pathe of France who is the main supplier of LR-115 

Type I and Type II CN SSNTD films.  LR-115 films consist of a deep red colored thin 

layer of cellulose nitrate coated on a 100 µm thick polyester base. LR-115 Type I films 

have only 6 µm cellulose nitrate coating while LR-115 Type II films have 12 µm cellulose 

nitrate coating which is sensitive to record alpha particles. The chemical composition of 

cellulose nitrate layer is C6H8O6NO2 and its specific gravity is 1.4. LR-115 records the 

alpha particles having energy between 1.9 and 4.2 MeV. All alpha-particles having 

energies between these two limits and entering the plastic at an angle greater than 45±5° 
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measured with the detector surface, produce 'through-etched holes' when etched for 2 hour 

in 2.5N NaOH at 60°C. This etching reduces the thickness from 12-13µm to 5-6 µm and 

records alpha-particles with 100% efficiency. The LR-115 type II plastic is free from the 

'self-plate-out effect' as it does not record tracks due to self-plating daughters, which emit 

alpha-particles of 6 MeV (
218

Po) and 7.69 MeV (
214

Po) energy respectively. The etching 

time for LR-115 type II is only 2 hour and the tracks are seen as bright circular holes 

against a red background which are easily countable at a magnification of >100X. The use 

of a green filter improves the field of view. Moreover, the 5-6 µm residual thickness of this 

plastic can be stripped and track counting can be done within seconds using a spark 

counter. All these advantages make the LR-115 type II plastic more favorable for 

environmental radon measurements compared to the CR-39 plastic. 

However, one needs to remember that CN is a hazardous, explosive material and its 

transportation and storage is risky as mentioned previously. Thus, any efforts towards 

reducing the quantity of CN, yet maintaining the radiation detection efficiency would be 

welcome. 

Hence, in this chapter, preparation of thin films from cellulose acetate and a blend of CA + 

CN were attempted using different solvents and spin coating technique. Attempts were 

also made to extend the applicability of Damon and Meyerhofer equations for this purpose. 

The films thus prepared were tested for their use as nuclear track detectors.  
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1.1 Radiation: Radiation is the emission or transmission of energy in the form of waves or 

particles through space1,2. The concept of radiation was given by Sir Wilhelm Rontgen in 

1895 with the discovery of X-rays3.After the discovery of X-rays in 1896, Henry 

Becquerel discovered another form of radiation i.e. radioactivity. According to Becquerel, 

Uranium salts give radiation naturally which was discovered by Rontgen. Becquerel 

suggested the hypothesis that “the rays are coming from phosphorescent uranium salts 

after prolonged exposure to the sun”. Becquerel concluded that this material itself emits 

the radiation. For the discovery of spontaneous radioactivity process, Becquerel received a 

Nobel Prize in physics in the year 19034-6. For this phenomenon, the name radioactivity 

was given by Becquerel’s doctoral student, Marie Curie.  Marie Curie and her husband 

Pierre curie discovered three radioactive elements thorium, polonium and radium. She was 

awarded the Nobel Prize twice, once along with Henri Becquerel and later with her 

husband Pierre, respectively for their work with radioactivity (in Physics) and for 

discovery of radium and polonium (in Chemistry)7-9. 

 

 

1.1.1 Classification of radiation
10,11: Radiations are classified into four groups 1) 

Electromagnetic radiations such as microwaves, visible light, radio waves, gamma and X-

rays.2) Particle radiations α (alpha), β (beta), γ (gamma) 3) Acoustic radiations such as 

seismic waves and ultrasound, 4) Gravitational radiations in the form of gravitational 

waves.  Depending on the energy of particle they are again classified into two groups 1) 

Ionizing radiations 2) Non-ionizing radiations.  

a) Alpha rays: In the process of radioactive decay, alpha radiations are formed which 

consist of two protons and two neutrons (the nucleus of Helium atom). Alpha particles are 
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not able to penetrate the outer layer of dead skin cells but if an alpha-emitting substance is 

ingested through food or air causing serious cell damage. 

b) Beta rays:  Beta radiations are in the form of electron or positron which changes the 

original atom by one electron with a positive charge. Due to its smaller mass, it is able to 

travel in the air up to a few meters and it could be stopped by a thick piece of plastic. It can 

penetrate the skin up to a fewcentimeters. 

c) Gamma rays:  Unlike alpha or beta particle, it consists of photon of energy being 

emitted from an unstable nucleus. It can travel long in the air because it doesn’t have any 

mass. Gamma rays could be stopped by a thick or dense enough layer material, with high 

atomic number materials such as lead or depleted uranium being the most effective form of 

shielding. 

d) X-rays: X-rays originate from electron cloud. This is generally caused by energy 

changes in an electron, such as moving from a higher energy level to a lower one, causing 

the excess energy to be released. X-Rays are longer-wavelength and (usually) have lower 

energy than gamma radiation. 

e) Neutron radiation:  Neutrons are generally emitted during nuclear fission reaction. 

Neutrons have very high energy and able to travel hundreds or even thousands of meters in 

the air. They are however effectively stopped if blocked by a hydrogen-rich material, such 

as concrete or water. Neutrons are not ionizing directly due to their lack of charge, but it 

can be absorbed by a stable atom, and can emit ionizing particles. Neutrons are, in fact, the 

only type of radiation that is able to turn other materials radioactive. Comparison of energy 

of particles is shown in Figure 1.1. 

1.1.2 Effect of radiations and nuclear particles: The contact of radiation on living tissue 

is complicated by the type of radiation and the diversity of tissues. Radiation may alter the 

DNA within any cell. Cell damage and death result from mutations in somatic cells take 

place only in the organism in which the mutation occurred and are therefore termed 

somatic or non-heritable effects. Cancer is the most notable long-term somatic effect. In 

contrast, mutations that occur in germ cells (sperm and ova) can be transmitted to future 

generations and are therefore called genetic or heritable effects. Genetic effects may not 

appear until many generations later. 
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Figure 1.1 Energy of alpha, beta, gamma, X-ray and neutron particles 

 

1.2 Radiation Detection and Measurement
12

: Radioactive materials emit radiation 

continuously without any external influence.  Also, some natural elements emit radiation 

(cosmic rays, naturally occurring radioactive material). Before the discovery of X-rays, 

these radiations were not known. Man has no sense, which could directly respond to these 

radiations. So, this emitted radiation can be detected using a radiation detector. Figure 1.2 

figure shows different types of radiation detectors.   

 

Figure 1.2 Different types of radiation detectors. 

1.2.1 Cloud chamber
13: Cloud chamber is also known as the Wilson cloud chamber. This 

is a particle detector used to visualizing the passage of ionizing radiation. Cloud chamber 
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was invented by Scottish scientist Charles Thomson Rees Wilson. Cloud chamber consists 

of a sealed environment contains vapors of alcohol or water. In this detector, charged 

particle interacts with gases mixture by electrostatic forces during a collision, resulting in a 

trail of ionizing gaseous. The cloud chamber played a prominent role from 1920 to 1950. 

Generally, cloud chambers are used in a uniform magnetic field. The charged particles get 

deflected in this field, and the energy of excited charged particles plays an important role 

in the magnitude of deflection. 

1.2.2 Bubble Chamber
14

: Bubble chamber was invented in 1952 by Donald A. Glaser. 

For this invention, he received a Noble prize in physics in 1960. The vessel is filled with 

superheated transparent liquid. Liquefied hydrogen or helium is commonly used to detect 

electrically charged particles passing through it. The function of the bubble chamber is 

similar to a cloud chamber but instead of supersaturated vapor, the superheated liquid is 

used. It is having a bulkier cylinder with a large volume and hybrid systems of additional 

detectors for particle detection. Tiny microscopic bubbles are formed when a charged 

particle enters the chamber. The density of bubbles depends on the energy of the particle.  

1.2.3 Spark Chamber: It is a particle detector used in particle physics to detect 

electrically charged particles. It was the most widely used technique during 1930 to 1960. 

The gaseous chamber contains helium or neon gas or a mixture of both. The experiment is 

done in the sealed box where the stacks of metal plates are placed along with gaseous. It 

ionizes the gas between the plates when the cosmic rays or charged particle passes through 

it. Using a high voltage, the sparks can be developed along the path of the ray to each pair 

of plates before the ionization vanishes and results in the appearance of cosmic ray as a 

line of sparks.  

1.2.4 Proportional counters
12, 15

: It is a type of gaseous ionization detector which detects 

ionizing radiations. This detector detects the ionization energy proportional to the radiation 

energy; hence the name is given proportional counters. It is used in the known radiation 

field i.e. the discrimination between alpha and beta particles, or accurate measurement of 

X-ray radiation dose. This works similar to the Geiger-Muller counter and ionization 

chamber which detects the energy in-between these two detectors. It is filled with inert gas 

i.e. a mixture of gases like 90% argon and 10% methane. The charged particle enters into 

the chamber and collides with an atom in gas and ionizes the electron and positively 

charged ion commonalty known as ion pair. When ionizing particle traverses through a 

chamber, it generates ion pairs along its trajectory; the number of ion pairs is proportional 

https://en.wikipedia.org/wiki/Charles_Thomson_Rees_Wilson
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to the energy of the particle if it is fully stopped within the gas. Typically, a one MeV 

particle will create about 30,000 ion pairs. These detectors are widely applied in the 

detection of neutrons. 

1.2.5 Geiger-Muller (G-M) counters
12,16-17:This is an instrument used to detect and 

measure ionizing radiation. These detectors are used in the field of radiological 

protection, experimental physics, nuclear industry and the radiation dosimetry. It detects 

the ionizing radiations such as alpha, beta and gamma rays using Geiger-Muller tube. This 

is one of the best-known radiation detectors. This was invented in 1928 by Hans Geiger 

Walther Muller. This consists of G-M tube which is filled with inert gases like helium, 

neon and argon at low pressure, to which a high voltage is applied. When a particle enters 

the tube, it interacts with gas which leads to ionization. The ionization is considerably 

amplified within the tube by the Townsend discharge effect to produce an easily measured 

detection pulse, which is fed to the processing and display electronics. 

1.2.6 Scintillation counters
12,18

: The scintillation counter was invented in 1944 by Sir 

Samuel Curran. The scintillation counter measures radiations by analyzing the incident 

radiation excitations of the detector material. Charged particles moving at high speed 

within certain transparent solids and liquids, known as scintillating materials (phosphors) 

causes flashes of visible light. The emitted light is collected and measured to detect the 

amount of incident radiation. The gases like argon, krypton, and xenon produce ultraviolet 

light, and hence are used in scintillation counters. The scintillating material is placed in 

front of a photomultiplier tube, a type of photoelectric cell. The light flashes are converted 

into electrical pulses that can be amplified and recorded electronically. Various organic 

and inorganic substances such as plastic, zinc sulfide, sodium iodide and anthracene are 

used as phosphors. 

1.2.7 Nuclear/Photographic Emulsion
12

: In a nuclear emulsion, Ag+ ions are converted 

to Ag by the action of charged particles. These ions form complexes which are able to 

catalyze the reduction of a whole silver bromide grain to metallic silver by the action of 

the developer. Immature grains are washed out by the fixer in final stage. Nuclear 

emulsions have been developed which have high sensitivity to record even high energy 

electrons. The particle can be recognized on the measurements of track width and length, 

degree of scattering of charged particles while passing the emulsion. The delta ray density 

can be used to determine the charge and energy of the particle. 

https://en.wikipedia.org/wiki/Radiological_protection
https://en.wikipedia.org/wiki/Radiological_protection
https://en.wikipedia.org/wiki/Experimental_physics
https://en.wikipedia.org/wiki/Nuclear_industry
https://en.wikipedia.org/wiki/Dosimetry
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1.3 Solid state nuclear track detection (SSNTD): 

1.3.1 History of SSNTD: 

The tracks of charged particles were first observed in the cloud chamber, followed by a 

spark and bubble chamber. But these detectors were disadvantageous as they could not 

retain these details permanently. The nuclear emulsions could retain the tracks, but they 

could not be handled freely and with ease.  The introduction of SSNTD removed all these 

drawbacks. Solid State Nuclear Track Detectors (SSNTDs) have been developed since last 

few decades and are found highly useful for the qualitative and quantitative analysis of the 

charged particles like alpha rays, protons, neutrons and heavy ions. Nowadays, SSNTDs 

are used in various fields such as radon dosimetry, cosmic ray research, nuclear track 

micro-filters and specific radiation dosimetry problems in chemical, biological and 

material studies19-20.  Very limited efforts have been diverted all over the world to design 

and develop polymeric track detectors that show better selectivity for a particular 

application such as dosimetry from solution, neutron dosimetry, etc. While a relatively 

huge literature is available about applications of SSNTDs, the survey indicates that limited 

literature is available on the development of newer plastics materials for nuclear track 

detection. 

The era of nuclear track detection begun when D.A. Young reported the fission tracks in 

LiF crystal in 1958. LiF crystal is kept in contact with uranium foil, exposed with thermal 

neutrons and etched using HF as etchant. Due to the fission of uranium nuclei by the action 

of thermal neutrons, fission fragments are produced, which are bombarded on LiF crystals 

generating damage inside the crystal. In the etching process, the damaged region was 

found more active than undamaged region21. E.C.H. Silk and R.S. Barnes discovered the 

first fission tracks in 1959 at the British Atomic Energy Research Establishment at Harwell 

(England) by exposing samples of crystalline mineral mica to ions produced by the fission 

of heavy elements. Ions were slowed and finally stopped through a series of interactions 

with the atoms in the crystal lattice of the mineral. They left thin linear tracks that were 

visible at extremely high magnification22. But until 1962 both these papers remained 

unnoticed when a group of investigators, Price and Walker23a working at the General 

Electric Research and Development Centre in Schenectady, New York repeated the 

observations of these earlier workers. They also observed that the latent damage trails in 

mica could be preferentially etched and seen under an optical microscope23b-23c. After this, 

Fleischer et al.24a-24b initiated extensive research on various solid state nuclear track 
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detectors. The first review paper by Fleischer et al.24, encouraged many researchers to 

work on SSNTDs in different laboratories across the world. Various crystal, glasses and 

polymers tested as SSNTDs are shown in Figure 1.3 

 

Figure 1.3 Tree diagram of crystals, glasses and polymers used for SSNTD 

 

Amongst the three major classes of SSNTDs viz. crystals, glasses and polymers; the 

polymers are found to be most efficient as charged particle track detectors.  Nitrocellulose 

films were used as polymeric track detectors for the first time in 1970, and are still widely 

applied for radon dosimetry and related work. In 1978, a polymer, Poly (allyl diglycol 

carbonate) (PADC, commercially available as CR-39TM) was tested for nuclear track 

detection and till today it is the most popular polymeric track detector among the 

researchers in this field25-27. Various copolymers of CR-39 were developed among which 

copolymer with diethylene glycol bis (allyl sulphonate) (DEAS), called SR-86 showed 3 

times more sensitivity than CR-39 for alpha rays28,29. In order to improve the performance 

of CR-39 and its copolymers, some additives such as plasticizers, antioxidants and 

radiation-sensitive materials have been used to stabilize the polymers30-35. 

1.3.2 Advantages of SSNTD: SSNTDs have many useful features which make them 

advantageous over other conventional nuclear detectors like proportional counter, Geiger 

Muller counter, ionization chamber, scintillation counter, cloud chamber, nuclear 
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emulsion, bubble chamber, spark chamber, semiconductor detectors, etc. Some of the 

advantages are: 

- SSNTDs are cost effective and can be formed in small as well as very big sizes and 

they can be used very easily. 

- These are considerably insensitive to sunlight, X,-rays, β-rays, γ-rays, etc. and do 

not require any dark room conditions. 

- Particle tracks can be recorded permanently and can be stored for a very long time. 

They are unaffected by environmental conditions. 

- These are threshold type detectors and this property can be very useful for the 

detection of heavy charged particles. The fission fragments and heavy charged 

particles can be recorded and distinguished in the presence of large amount of 

background of lighter charged particles. 

- These detectors also acquire the charge and energy discrimination properties. The 

motion for high Z-particles formed with plastic detectors has recently been reported 

to be better than that with nuclear emulsions. 

- The etching process for revealing tracks in these detectors is very quick and simple 

as compared to nuclear emulsions. 

- If the detectors are placed in direct contact with the source, very high efficiency 

and sensitivity can be obtained. 

- The detectors have a considerable amount of geometric flexibility and are. 

Therefore, particularly useful in angular distribution measurements.  

 

1.3.3 Disadvantages of SSNTD: 

- In etching process, only total etched track length of the particle route can be 

observable and the remaining part that has been etched off cannot be recovered. 

- Recording of experimental readings with blank/ unexposed detectors may be 

required. 

- Recording of track is subject to a critical angle of incidence and energy of the 

particle. 
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1.3.4 Track formation in SSNTD:  

When the charged particle passes through dielectric insulating solid materials, they deposit 

their energy which causes the damage of insulating material along the path of the particle. 

The size of the damaged region is around 30-100 Å. The alpha particle ionizes all the 

molecules along to its path. This damaged region is called a latent track. This cannot be 

seen by the naked eye but could be observed using a TEM. The damaged region can be 

enlarged with the action of alkali or acid. The aqueous solution of NaOH or KOH is used 

for this purpose. The phenomenon of enlarging tracks with alkali and acid is known as 

chemical etching. The overall effect of the chemical is, it etches the damaged region faster 

than the undamaged region results in the formation of “etched track”.  Later, these could 

be seen under an optical microscope. The overall procedure is called chemical etching. 

This effect is observed in many materials like cellulose nitrate and all polycarbonates. The 

effect is also observed in some amorphous material like glasses. The track effect is 

observed only in dielectric material. Recombination occurs in conductive material and 

semiconductors and therefore latent tracks are not stable. Fleisher et al. explored the 

comprehensive survey on the material which shows the track effect24a-24b.  

Although the track effect is well known, a single theory explaining all aspects of the track 

formation is not available. Ionization and the excitation of molecules of the material take 

place when the charged particles lose their energy. The first ‘‘physical’’ stage in which the 

initial particle gives its energy to atoms surrounding its path is very short in time. The free 

electrons formed in these primary interactions will be deliberated through a series of 

ionization and excitations and will form more and more free electrons. Some of these may 

reflect from the initial particle path creating the so-called delta rays. Different theories 

have been reported to understand this processes36-39. The track formation process by 

chemical/electrochemical etching is shown in Figure 1.4. 

1.3.5 Characteristic of nuclear tracks
40

:  

- Tracks consist of the damaged region along the path ofthe projectile due to atom 

displacement.  

- The particle tracks have reactivity towards chemical reagents due to the availability 

of unstable centers along the trajectory. 

- The particle tracks can be observed whenever needed. 



Chapter 1 

 

Vishal. M. Pawar, Ph.D. Thesis, Goa University Page 10 

 

- The track region is undamaged along the path with a dimension of less than 10 nm. 

- The track length depends on the range of the particle. Metals and good semi-

conductors do not form a track. The ability of a material to form a track is depend 

upon its electrical resistivity (Table 1.1). 

 

Figure 1.4 Formation of Track by chemical etching in SSNTD technique. 

 

Table 1.1 Relation of track formation to electrical resistivity20
 

Material Resistivity range (ohm.cm) 

Track forming 

Insulators: Silicate minerals, Alkali halides, 
Insulating glasses, polymers 

Poor insulators: MoS2 

Semiconductors: V2O5 glass 

 

 

106-1020 

3000-25000 

2000-20000 

Non-track forming 

Semiconductors:     Germanium, silicon 

Metals: Cu, Al, Au, Pt, W, Z 

10-2000 

10-6 to 10-4 
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1.3.6 Geometry of track development
41

: Latent ion track formed along the path of the 

ions, during irradiation of the track detectors by charged nuclear particles. After etching, it 

is subjected to chemical etching. Figure 1.5 shows the geometry of a track after etching. 

 

Figure 1.5 Geometry of track development 

In Figure 1.5 

S= Detector’s surface before etching, 

S'= Detector’s surface after etching,  

Vb = bulk etch rate 

Vt=track etch rate 

C = Depth up to which the charged particle has travelled the detector bulk,  

A = Point where the particle was incident on the detector 

and OC is the range of the particle inside the detector. 

The distance between S and S' is equal to h, track depth (M) and the total distance moved 

by the etching solution (M') with the particle track. B is the the diameter of the etched 

track. Track development is possible by the ratio V = Vt/Vb and etched track formation is 

impossible if V is smaller than or equal to 1. In other words, the criteria V > 1 must be 

fulfilled to observe a track after chemical etching.  
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1.3.7 Bulk etch rate (Vb): Two main parameters which involve the etched track formation 

are bulk etch rate and track etch rate and were introduced by Fleisher et al.24a
. During 

etching process, the rate at which undamaged surface of the detector is removed is called 

bulk etch rate. In the process of bulk etching, some material is removed layer by layer and 

this decreases the thickness of the detector. This is due to a chemical reaction between 

etchant and the detector surface. 

Methods for the determination of the bulk etch rate.  

1) Measurement of Vb from the diameter of the track of fission fragment:  

This is the conventional and most frequently utilized method for determination of Vb. 

when the detector material is exposed to 252Cf fission fragment will easily form, because 

the range of fission fragment is comparatively small, the track etch rate is contained to be 

constant during etching. When the incidence is normal and Vt is constant the diameter of 

the track is given by, 

𝑉𝑏 = 2ℎ√𝑉−1𝑉+1                                   [1] 

Where V=Vt/Vb and h is removed thickness during chemical etching. When V>>1, 

equation 1 becomes 𝐷 = ~2ℎ = 2 . 𝑉𝑏 . 𝑡                             [2] 

 

Where t is the etching time. Using equation 2, bulk etch rate can be measured. This is one 

of the widely used methods for the determination of the bulk etch rate. 

2) Determination of bulk etching rate using change in detector mass: 

Other method used to determine the Vb is on the basis of change in detector mass before 

and after etching. Based on the difference in mass and known density, change in thickness 

of the removed layer can be calculated.  This method is called the gravimetric method42. 

The equation is given below. 𝑉𝑏 = (𝑀1−𝑀2)2𝐴.𝑝.𝑡                                   [3] 

Where M1 and M2 are the initial and final weight of the detector respectively, A is the 

etched surface area, p is the density and t is the etching time. 
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3) Determination of bulk etch rate using change in thickness and change in mass of the 

detector 

Change in a mass of the detector and using initial thickness bulk etch rate can be 

calculated 43. The following equation can be used for this.                 Vb = (M1−M2)Ti2M2t                                         [4] 

WhereM1 and M2 are the initial and final weight of the detector, respectively, Ti is the 

initial thickness and t is the time of etching. 

1.3.8 Track etch rate (Vt)
1
: It is the rate of detector etching along the track of the charged 

particle. For efficient track viewing under optical microscope, the condition Vt > Vb must 

be fulfilled.  

1.3.9 Critical angle of incidence (c): During the etching process, the particles which are 

incident at very superficial angle could not be seen.  

For the formation of etched track, a critical angle of incidence (c) exists (as shown in 

Table 1.2 below).  

a) 

 

Figure 1.6 a) Etchable track not formed when charged particle incident at an angle below 

a critical angle (<c). 

 

Registered tracks will have different shapes depending upon the angle of incidence made 

by the charged particle with the surface of the detector. When the charged particle is 

incident at a critical angle c below which, after etching process, no etched track will be 

observed, though condition Vt > Vb is fulfilled. This is because; the surface dissolution 

rate is faster than track etching rate44.  
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b) 

 

Figure 1.6 b) Etchable track formed when charged particle incident at an angle above a 

critical angle (c). 

 

Table1.2 Different nuclear track detectors with its critical angle of incidence44 

Material Critical angle of incidence(c) 

1. Minerals 0-7 

2. Glasses 

         Soda, borosilicate, flint, Obsidian etc. 

         Phosphate glass 

         Silica glass 

 

20-70 

1-5 

13-19 

3. Plastics 

        Nitrocellulose 

        Lexan 

        Makrofol 

 

>2 

2.5 

3 

 

From the above table we can say that, plastics record the tracks more efficiently due to 

their lower critical angle of incidence.  

1.3.10 Criteria for track formation: The main requirement for the observation of the 

track by chemical etching is, bulk etch rate must be lower than that of track etch rate. To 
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prove this criterion, many theories have been proposed by the nuclear track workers. Some 

of them are listed as follows. 

i) Total energy loss rate criteria
45: This was the most natural explanation of track 

formation that it depended on energy of incident ion. This proposition was found to work 

over a narrow region of particle velocities and failed for the high energy regions. The 

reason being the energetic delta rays produced tend to multiply and scatter away from the 

latent track region and deposit their energy to the side of the path. 

ii) The primary ionization criterion (PI)
46

: Deep ionization takes place when a charged 

particle enters a detector and the particle is stripped off of its electrons. If the 1° ionization 

takes place at a higher rate than its critical value, the etchable track will be formed. But the 

criterion does not take into account the delta rays and their ionizations. Moreover, in 

crystals the radial extent of unetched tracks is of the order of few angstroms, so the 

primary process should predominate over the secondary ones, but it may not be the case in 

polymers. 

iii) Restricted energy loss (REL) criteria
47

: It takes into account the secondary ionization 

and the excitation produced by the delta rays along the particle trajectory. Total energy 

deposited in the core region of charged particle decides the etchability of the latent track. 

The calculations are made by considering only the delta rays having energy less than some 

cut-off value. 

iv) Radius restricted-energy loss (RREL) criteria
48

: Energy deposited in radius of the 

particle trajectory decides the track formation. Only delta rays deposited in core region 

therefore the energy of only delta rays has to consider.  

v) The delta-ray criterion by Katz and Kobetich
49

: This criterion suggests that for an 

etchable track to form, the secondary electrons should deposit critical energy at a critical 

distance. This approach is different from the above explained criteria. To calculate the 

spatial energy, allowance the delta ray energy spectra and the range energy relation in the 

vicinity of the particle track were combined. Contributions of the primary excitations fail 

this criterion. 

vi) The delta-ray criterion by Monin
50

: The delta ray criterion is similar to that of Katz 

and Kobetich.  
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1.3.11 Mechanisms of latent track formation: The track formation mechanism in solids 

depends on the type of materials used and can be classified into organic polymers and 

inorganic crystals. Organic polymers can record particles at energy loss rates less than 4 x 

107 MeV m2g-1 which enables to detect proton recoil tracks. However, inorganic detector 

materials cannot detect particles with energy loss rates less than 15 x 107 MeV m2g-1. 

Thus, the damage mechanism for the two materials would be different. Some of the 

models are: 

i) Ion explosion spike model  

ii) Thermal spike model 

iii) Radiochemical damage mechanism 

iv) Displacement spike model 

i) Thermal spike model
51

: In the late 60’s the concept of thermal spike was introduced as 

a mechanism in which energetic particles could produce considerable disruption in the 

crystal lattice. In this model, the route of an energetic particle is assumed to produce 

extreme heating of a localized region of the lattice. This region is therefore raised to a high 

temperature, from which it cools quickly via heat conduction. As a result of this heating 

episode, various atomic processes are activated, and damage to the lattice is produced. 

This model is about the track formation in insulating materials and the inability of metals 

to reveal tracks. Due to the presence of extra electrons in the conduction band metals can 

scatter the heat formed very fast which gives delta rays by electron-electron collision.  

ii) Ion explosion spike model
19, 20

: In 1965, Fleischer, Price, and Walker proposed a semi-

quantitative model for track formation which is outlined below. It is a widely accepted 

mechanism for track formation in the inorganic material. It consists of five stages. 

Stage 1. Electron stripping of the charged particle 

In stage 1 nuclear particle enters in detector material and loses its entire electrons due to 

interaction with the electrons of the detector material. For example, 280 MeV 56Fe particle 

when enters mica detector it loses all its electrons on entering the material and proceeds as 

Fe2+, the iron nucleus. 

Stage 2. Penetration at velocity to leave the etchable track 

No etchable track occurs on initial impact as the damage is not continuous enough to give 
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a preferential etch path. Unless the damage is continuous, the track will not be continuous 

in the detector material. At least one atom must be ionized per atomic plane traversed by 

the nuclei. 

Stage 3: Actual damage region 

At this stage, the particle is moving slowly enough to provide sufficient damage density 

along its path. The highly charged nucleus collides with atoms imparting energy to them. 

The electrons are excited and get ejected from the atoms and penetrate the surrounding 

material. They are known as delta rays or bremsstrahlung electrons. The atoms which have 

lost electrons, grouped as they are down the path, will recoil from each other as a result of 

columbic repulsion. It is linear concentration of damage due to the "ion explosion" which 

forms the etchable track. When the penetrating particle has slowed and regained electrons 

to the extent that it is no longer potent to create the damage density necessary for track 

etchability stage 3 terminates. Figure 1.7 shows detailed ion explosion mechanism 

 

Figure 1.7 Ion explosion spike model for inorganic solid 
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Stage 4: Unetchable Particle tracks 

Radiation should leave minimum velocity to create a good track. There is a minimum 

velocity, below which damage is insufficient to produce an etchable track and will be 

larger for detector materials with low sensitivities. The distance is called range deficit, 

where the particle is moving but leaves no track. 

Stage 5: Termination of the track 

In this stage, the particle comes to complete rest probably with complete electrons gained. 

Tracks which consist solely of stage five can occur for heavy particles of very low energy 

of approximately 1 keV/nucleon. They have been reported for heavy fragments from alpha 

decay of heavy nuclides and for solar wind particles. 

iii) Radiochemical damage mechanism
20

: 

Development of tracks in polymers is explained using radiochemical damage mechanism. 

In polymers, free radicals are formed by breaking the chain by de-excitation and excitation 

processes.  According to the model, radiolytic scission forms an etchable track region of 

long polymer chains into trivial fragments and the formation of reactive low molecular 

weight radiolytic products which are more easily dissolved by etchant than the surrounding 

undamaged plastic. Thus, both primary and secondary ionization and excitation processes 

must be considered while explaining track formation in organic polymers. Figure 1.8 

illustrates this process. 

 

Figure 1.8 Radiochemical damage mechanisms in polymers 
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1.3.12 Track visualization Technique:    

As discussed earlier, the latent track is formed when energetic particle is traversing 

through the detector at sufficient energy called the threshold energy. These tracks are 

having very small diamter of about 3-10nm and are difficult to be observed by naked eyes. 

The various methods to observe/ develop these tracks are listed below.  

1) Electron microscopy:  

The tracks cannot see under an optical microscope but using transmission electron 

microscope this track can be seen19. 

2) Selective chemical etching
20: 

This technique is widely used by track detector workers for the visualization of the track. 

The damaged region is more active in the chemical aggressive agent than the undamaged 

region. The solution used for this purpose is called etchant. The detectors containing latent 

track immersed into the solution (etchant). Etchant degrades the latent track more rapidly 

than the bulk region.  Due to this, the size of latent track increases. This process enlarging 

latent tracks to visible under an optical microscope, using a chemically aggressive solution 

is called chemical etching. The etched detectors are washed with water and dried using 

infra-red lamp to see the developed tracks under an optical microscope. Table 1.3 

summarizes typical chemical etching methods used to etch some commonly used detectors  

Table 1.3: etching conditions used for etching nuclear tracks in different detector materials 

Category Detector material Etchant 

Crystals 

Feldspar 

Olivine 

Mica 

Quartz 

1 g NaOH + 2 g H20 under reflux. 

KOH solution, 160°C, 6 min. 

48 % HF at 20-25 °C, ~40 min. 

KOH solution, 210°C, 10 min. 

Glasses 
Soda-lime glass 

Phosphate glass 

48 % HF, at 20 - 25 °C, 3 sec. 

48 % HF, at 20 - 25 °C, 3 sec 

Polymers 

CR-39™ 

Polycarbonate 

Cellulose nitrate 

1-12 N NaOH at 40-70 °C, 1-4 hrs. 

6 N NaOH at 50 °C, 60 min. 

3-6 N NaOH at 50 °C, 40 min. 
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Various etchants have been used for etching but the KOH or NaOH is more common for 

the polymeric detectors. To increase the effectiveness of attack by aqueous etchants on the 

detector, promoters such as ethanol, propanol, methanol can be added to the solution and 

rate of dissolution of the degraded fragments can be increased. Oxidizing agents such as 

K2Cr2O7, KMnO4, lead to highly resistant deposits of partially reduced metal oxides of less 

solubility20. In this process, chromium and manganese attaches itself to the polymer chains 

by covalent bonds and it’s difficult to remove. For glass and minerals track detectors, acids 

are used as etchants20.
 Figure 1.9 illustrates a typical chemical etching assembly.  

 

Figure 1.9 Chemical etching method 

 

3) Electrochemical etching [ECE]
20, 52

:  

In the ECE, high voltage electric field is used to enhance the tracks. The process can be 

visualized from Figure 1.10. 

During etching, the etchant rapidly diffuses in the pre-existing latent tracks preparing 

conductive paths which penetrate the dielectric material. If an alternating voltage is applied 

across the detector film, current is produced in these conducting paths. The energy given 

out as a result of this, dissipates in the track region leading to strong local heating of the 
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etchant, thereby increasing the track etch rate. The amount of energy dissipated in these 

conducting paths is directly proportional to the frequency of the alternating voltage 

applied. The voltage applied concentrates at the tip of the conducting paths giving rise to a 

process called `treeing'. 

 

Figure 1.10 Electrochemical etching process 

 

Because of the high temperature at the tip of the conducting channels, the materials are 

thermally degraded leading to a continuous growth of the track and complete degradation 

causing the enlarged tracks to carbonize. Hence, the ECE tracks are seen as black spots 

under a microscope. Because of the increase in the electric current, the temperature of the 

entire dielectric foil increases both the bulk etch rate and the track etch rate. This technique 

is superior to the conventional chemical etching because it permits a large-scale 

amplification of tracks so that they are easily seen by the naked eyes. A typical 

electrochemical etching assembly is shown in Figure 1.11. The ECE technique has been 

mainly been found to work with polymers with the following general properties are: 

1) Good electrical properties, i.e., high values of tensile strength, dielectric strength and 

volume resistivity. 

2) Low water absorptivity. 

3) Low value of dissipation factor or dielectric loss factor. 
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4) Polar nature of the material. 

The disadvantages of the electrochemical etching technique include- the presence of high 

track density (above 103 cm-2) makes the technique unsuitable due to intersecting track 

geometries. Secondly, the specific information of the track is lost upon EC etching. 

Moreover, tracks similar to radiation particle tracks are obtained if the detector contains 

imperfections or contaminants. 

 

Figure 1.11 Electrochemical etching assembly 

 

1.3.13 Factors inducing etch rate in a detector during chemical etching: 

i) Etching condition: Bulk etch rate of the polymer can be affected by the different 

etching conditions used for track visualization (Figure 1.12 and 1.13). Increase in 

temperature gives a huge effect on the bulk etch rate. Bulk etch rate increases linearly with 

increase in the temperature of etchant for the plastic track detectors. Aqueous alkali 

hydroxide solution is used as an etchant. With an increase in the ionic radii of the alkali 

metal, bulk etch rate increases in the case of polymeric track detectors53. Bulk etch rate 

increases exponentially with an increase in the concentration of the etchant. The stirring of 

the solution also plays a vital role in bulk etch rate. The plastic detector etched slowly in 

the unstirred etching solution and vice versa54.  

 



Chapter 1 

 

Vishal. M. Pawar, Ph.D. Thesis, Goa University Page 23 

 

ii) Irradiation of the detector before etching
41

:  

Irradiation before etching the detectors, increases bulk etch rate. Radiation such as gamma, 

electron and proton beams, infrared and ultraviolet radiation has its effects on the bulk etch 

rate.  

 

Figure 1.12 Effect of different alkali hydroxide on the track etching rate of a 

polycarbonate53 

 

Figure 1.13 Effect of etchant concentration on the bulk etch rate of LR-115 detector at 50 

°C54 
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On exposure to the radiation, polymeric detectors undergo various changes such as 

localized hardening or bulk surface hardening/ softening. The hardening causes a decrease 

in the bulk to etch rate while softening causes an increase in the bulk etch rate.  Gamma 

irradiation increase the bulk etch rate as well sensitivity with increase in dose which is due 

to chain session of the polymer matrix55. 

iii) Ageing of the detector: The storage moisture sensitive polymers like cellulose nitrate 

can affect their bulk etch rate20. Environmental degradation of CR-39TM may take place by 

auto-oxidation. The tertiary hydrogen of the allylic part of the polymer can be attacked by 

oxygen to form peroxides56. 

The process leads to the scission of the hydrocarbon chain in the polymer matrix. The 

track etching rate decreases with neutral environment like vacuum or nitrogen atmosphere. 

Detectors with age more than five years can show odd behaviours in their bulk etch rate. 

iv) Influence of homogeneity
57: The latent ion tracks are formed due to rapid thermal 

quenching of the bombarding charged nucleus to an amorphous ion track core, according 

to the thermal spike model. The selective removal of this amorphous part leads to the 

formation of track and is the key step in ion track etching. For this, crystalline solids are 

largely preferred but the large monocrystals are rarely found. 

 

Muscovite, quartz and mica are the monocrystals which can be used for this purpose. 

These systems are very promising candidates for research, due to their homogeneity down 

to the atomic scale, they enable well-defined nanostructures down to less than ten nm. In 

case of polycrystalline solids, during track etching, dislocations and pronounced grain 

boundaries will compete with latent tracks and hence are excluded. Polymers are preferred 

to ionic crystals as the polymer chain scission occurs easily and are much more susceptible 
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to radiation effects than ionic crystals. In polymers, however, a mono crystal is not feasible 

and completely amorphous materials like polycarbonate (PC) or polyethylene terephthalate 

(PET) which is about 50 % crystalline, are mechanically and chemically more resistant. 

However, the grain structure appears acceptable for tracks of 100 nm diameter since the 

size of its crystal grains (around 20 nm) is of the order of the track diameter. The partly 

crystalline polymers with large crystal grains in comparison with the track core diameter 

are not suited for ion track etching. 

1.3.14 Mechanism of surface degradation in detectors during chemical etching
24a, 58-60

:
 

In inorganic materials, the material containing latent track is deepened in the aqueous 

etchant, the positive end of the water solvates the cation and the anion thereby making the 

material soluble. Inorganic salts are soluble in aqueous acids and hence the material 

dissolution is a simple process because of the polar nature of water. However, the 

solubility is increased at the sites of latent tracks as it renders the material highly active 

and the etchant can diffuse into the material at a faster rate. The track development 

mechanism of polymer dissolution is totally different than that of inorganic materials. The 

functional groups present in the polymer are attacked by etchant and result in the 

degradation of the material. The polymers containing various functional groups can be 

etched as follows. 

i) The carbonate-containing polymers, e.g. PADC: The polymers containing carbonate 

group are mostly used for the track detection purpose. The most common example of 

carbonate-containing track detector is PADC (CR-39TM). PADC degrades in alkali solution 

as follows24a. 

Attacks of the base on the carbonate moiety results in the bridging ethylene glycol linkage 

becoming free which goes in the solution. Decarboxylation of the carbonate moiety takes 

place followed by absorption of the liberated carbon dioxide in alkali hydroxide solution 

completes the dissolution process. Ethylene glycol along with the carbonate moiety could 

be removed as a single fragment. A parallel mechanism exists in all the other polymers 

having carbonate group. 
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ii) The ester moiety in Polyethylene terephthalate (PET): The end products of the 

hydrolysis of ester moiety like PET are disodium terephthalate and ethylene glycol. The 

products can be accounted for, only if, the key points of etch attack are the moderately 

charged ester groups, which are hydrolyzed by alkali58. 

 

iii) Polypropylene: This polymer does not have any reactive functional group but under 

oxidizing etching conditions, acetic acid is formed as one of the etch products58. Strong 

oxidizers attack the tertiary carbon resulting in breaking of the carbon-hydrogen bond, 

generating peroxides or hydroperoxides and later carbon-carbon bonds adjacent to the 

tertiary carbon. The polymer is etched in acidic CrO3 as an etchant.  
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1.3.15 Techniques to improve track visibility: The chemical etching process and 

subsequent observation of nuclear tracks under an optical microscope can be enhanced by 

using the following techniques. 

i) Visibility of the track can be enhanced by utilizing polarized light and a crossed 

polarizer. The crossed polarizer enables easy detection of light scattered from track 

surfaces61. 

ii) Thin layer of 8 to 12 µm cellulose nitrate/ cellulose acetate polyester film is coated with 

a red-dye. After etching holes of particle, tracks can be observed against a red background. 

The tracks can be enlarged and recorded lifetime on high contrast film or photographic 

paper62, 63 

iii) Dark background can be used to observe bright tracks on a film if a fibre optic is used 

to introduce light at the edge of a detector through light-tight jaws. The trapped 

illumination escapes from the surface when a hole is encountered. The counting of the 

tracks can be easy against a dark background64. 

iv)Silver layer can be used on the surface of the track detector which reflects the light. The 

reflected light can be utilized to illuminate the tracks and assist counting purposes65. 

v) The etching of the detector is carried in such a way that track perforation takes place 

and the chemical reacts with the markers underlying the material which produces localized 

absorption spots66. 

vi) A fluorescent dye can be used to penetrate etched tracks which are then viewed using 

ultraviolet light.  

vii) If the tracks in a detector are exposed at the same time using HCl gas on one side and 

ammonia gas on the other tracks can be visualized easily. White NH4Cl crystals will be the 

reaction products at each hole. This method is applicable only for very thin films (<3.5 

µm)67. 

1.3.16 Techniques to evaluate the dose of recorded tracks: As it is earlier stated that, 

the track could be seen directly under the transmission electron microscope (TEM). But 

the exact amount of dose and density of tracks can be measured using various microscopic 

methods.  

A) Microscopic methods: Microscopic methods are widely used for track counting. 

Before the counting of tracks detectors is etched using etchant. 
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i) Visual track counting: This method involves, counting of the tracks under the optical 

microscope per view and find out the average track density as tracks/cm2. This method is 

time-consuming. These methods require a material which has track density <105/cm2for 

accurate analysis. Image projection techniques and image analyzing systems have now 

made the method simpler and more effective. 

ii) Optical densometry: This method is used for the detector with high track density. The 

technique comprises of measuring the amount of scattered light proportionally between 

etched and unetched surfaces68, 69. A red dye is used to accentuate the material70. 

iii) Confocal microscopy: This technique includes 3D construction of a nuclear track after 

etching. The method is important as it can be used to determine the charge, energy and 

mass of the particle71. 

iv) Atomic force microscopic analysis: The technique is rarely used to determine tracks 

in a detector material. However, one can use it accurately for bulk etch rate determination 

and to determine the post-etchsurface of the detector72,73. 

B) Non-microscopic methods: Various techniques are available to detect the tracks 

without microscope. 

1) A detector material is etched and treated with ammonia gas. The gas penetrates the track 

perforations which are subsequently recorded on Ozalid reproduction paper. The resulting 

image can be enlarged by projection through a microfilm reader, photographic enlarger or 

slide projector. The method can be used to scan surfaces of large areas74,75. 

2) This technique uses the process of polymer grafting76as a means of detecting charged 

particles. The passage of charged particle leaves an array of reactive species along its path. 

The high concentration of reactive chain ends and free radicals along the radiation tracks 

in a polymer e.g. cellulose triacetate, are used to initiate polymerization of a monomer. 

The active centres in the polymer graft polymerized with propenoic acid, to give cellulose 

triacetate- propenoic acid graft copolymer. The grafting of the propenoic acid at the latent 

tracks renders polymer acidic and hydrophilic at these sites. The co-polymer can then be 

dyed with rhodamine B and the tracks can be easily observed using fluorescence 

microscopy. 252Cf fission fragments have been analyzed by this method with 100 % 

detection efficiency. 
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3) The tracks will appear bright against a dark background if they are illuminated with 

dark-field. A photomultiplier tube is placed in the eye piece to measure the total light 

scattered into a microscope objective77. 

In case of techniques based on the measurement of macroscopic effects instead of 

individual track recognition, the optical density depends on both track density and etching 

time. 

1.3.17 Applications of solid state nuclear track detector: Other than the use of SSNTD 

to estimate neutrons exposure at nuclear reactors and other installations it has used for 

many applications which are described below. 

i) Applications in nuclear physics and technology
20,33,78

: 

a) Fission track dating: This method is used for archaeological dating. The minerals 

which contain uranium emit fission fragments by the spontaneous fission reaction. These 

fission fragments can be detected using a track detector and counted after etching. 

b) Uranium and Thorium exploration: The uranium decay product has noble gas radon. 

This gas can diffuse or be transported to some distance in the soil and surrounding through 

the fissures in the rocks. The tracking detector is exposed to alpha particles from radon, 

which gets registered and is counted on etching. The alpha track density gives the measure 

of radon concentration in the soil76. 

c) Estimation of Alpha in waste water fields: The waste water from the radioactive 

source should have alpha activity below 0.037 Bq/ml. To evaluate the alpha activity in the 

solution, plastic track detectors can be used. 

d) Heavy-ion reactions: Using plastic track detectors, the heavy ions of high energy as 

well as low energy reactions can be studied. The product track analysis gives mean free 

path of ion fragments, projectile charges and other vital information. 

e) Astrophysics and cosmic rays: Nuclear track detectors have been extensively used to 

found out the isotopic and elemental composition of primary galactic cosmic rays. The 

information obtained can be used to construct a modified model for the fluxes and spectra 

of cosmic ray protons and heavy nuclei. 

f) Search for super heavy elements: The SSNTD technique can be used to detect super 

heavy ions in artificial transformation reaction or of natural origin. 
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ii) Environmental and health physics: In the field of personnel protection dosimetry, the 

use of solid state nuclear track detectors has been widespread. The areas include- 

a) Radon dosimetry: Nuclear track detectors are used for the measurements of radon 

levels to monitor and control indoor radioactive pollution continues to be a significant 

activity pursued by the users of SSNTD's20. 

b) Exposure at spacecraft: During the visits at the international lunar landings and other 

the cosmonauts are exposed to various radiation sources like ultra-heavy, cosmic rays, 

interplanetary dust particles and the particles from solar flares. The nuclear track detectors 

are useful to measure dose levels of these particles20. 

iii) Bio-medical science: 

a) Boron neutron capture therapy (BNCT): BNCT is used to destroy brain tumours. A 

boron compound is used which is absorbed by the tumor. The part of body having tumor is 

then irradiated with thermal neutrons. The heavy charged particles (alpha particles) 

produced by the nuclear induced reaction can be studied for research and treatment 

purposes20. 

b) Alpha content of blood: Workers at the nuclear reactors and uranium mines may get 

exposed to uranium which gets inhale into the body. The blood samples of these workers 

can be analyzed for radioactive substance by their alpha activity by immersing the 

detectors in frozen blood20. 

c) Lead content in the bones: The lead absorbed in the body gets accumulated in bones 

and teeth, which can be found by using nuclear track detectors20. 

iv) Technological Sciences: 

a) Nucleopore filters: Filters are manufactured with cylindrical holes in detector material 

of predetermined size by irradiating a thin polycarbonate sheet with roughly collimated 

fission fragments and etching to the desired pore size. The filters are used to study 

bacteria, algae and other microscopic organisms33. 

b) Magnetic nanowires: Magnetic nanowires are of great interest and can be used as 

magneto resistive sensors for miniaturized pickup sensors for magnetic hard-disk 

memories and as non-volatile magnetic bit memories78. 
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In 2005, P.B. Price summarized the highlights the research done on the SSNTD’s 

technique79. This is shown in Table 1.4. 

Table1.4 Major discoveries in the field of SSNTD 

Year Technique Application 

1958 Etch pits in LiF irradiated with fission  

1959 
Observation of fission tracks in mica using 

TEM 
 

1962 Ancient tracks etched in mica  

1963 
Use of minerals, glasses, Polymers as track 

detectors. Neutron dosimeters. 
Fission track dating 

1964 Nuclepore filters 

238U Spontaneous fission 

Decay constant and fossil 

tracks of Fe-group cosmic 

rays of in meteorites 

1965 
Track formation by ion explosive spike 

model 

Determination of age of ancient 

hominids 

1966 
Track formation by ion explosive spike 

model 

400 MeV Ar ions ternary 

fission on ThSiOn4 

1967 

Etch rate criteria for charge resolution of 

energetic nuclei and alpha-recoil tracks in 

mica 

Ultra heavy cosmic rays in 

meteorites (Z >30) 

1969  Magnetic monopoles search 

1970 Submicron particle counting  

1971 
Lengths of fully confined tracks 

 

Preferential emission of hi-Z 

nuclei in solar flares 
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1972 Detection of Radon and search for Uranium 
1011/cm 3 tracks of energetic 

solar particles in lunar soil 

1978 
CR-39 track detector 

 

Charge spectrum of UH 

cosmic rays on Skylab 

1980  Peking Man fission track dating 

1981 
Ion track micro technology 

 

Mountain altitude Cosmic 

rays with Z = 3 

1983  
Fractionally charged projectile 

fragments search 

1984  
Search for slow monopoles 

with ancient mica 

1985 
Ion track micro technology 

 
Cluster radioactivity 

1988 BP-1 glass track detector  

1991 
Treatment of burns using Particle 

track membranes 
 

1993  
Singly ionized low-energy 

heavy cosmic rays 

2000 Workable alpha-recoil track dating method  

2004 
Particle tracks of interplanetary dust in aero 

gel collectors 
 

 

1.3.18 Major areas of SSNTD research in India
80

: 

i) Cosmic ray and space science: Indian scientists were enthusiastically involved in 

analyzing cosmic ray tracks recorded in a Lexan stack on the Skylab in 1973 – 7481. Other 

interesting results were the finding of anomalous cosmic ray components in near earth 
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orbit and the first and direct/unambiguous results on the ionization states of the anomalous 

cosmic ray components. 

ii) Fission track geochronology: Indian scientists also contributed considerably in the 

development of this concept and have provided sufficient data on fission track ages of co-

existing minerals, estimation of cooling and uplift rates and determination of cooling uplift 

paths for different orogenic belts in India. 

iii) Country-wide survey of radon and thoron levels in Indian dwellings: Preliminary 

survey regarding the concentration of radon and thoron were estimated in different parts all 

over India. 

BARC carried out a preliminary survey to monitor the air-borne alpha activity levels due 

to radon, thoron and their daughter products in the residential and industrial areas. 

iv) Studies on fullerenes: Graphite bombarded with 130MeV/amu 161Dy22+ ions, and 

polyimide (kapton) bombarded with 5 MeV 6Li1+ ions, gave Buckminsterfullerene (C60) 

and other onion-shell fullerene structures (C120+) in graphite on irradiation with energetic 

heavy ions have been a major contribution from India82. Studies involving diffusion and 

the release of energy upon the destruction of Fullerenes were also been carried out. 

v) Nuclear track registration from solution: "The wet method" of nuclear track 

detection was developed in Bhabha Atomic Research Center (BARC). The method 

involves particle track detection using a detector immersed in the solution. The method has 

opened up new areas of studies involving SSNTD's and has found many applications in 

nuclear science and technology83. 

vi) Absolute fission yield measurements in the neutron-induced fission of actinides: 

The measurement of absolute fission yields in the thermal and fast neutron-induced fission 

of a large number of actinides has been performed by a simple indigenous method known 

as "track-etch-cum gamma spectrometry". The method finds applications in evolving a 

proper reactor design, fuel handling, waste management, etc. Furthermore, it can be 

utilized for a proper understanding of the fission process. 

1.3.19 Polymers tested as SSNTD: Till today numbers of polymers have been tested for 

track detection purpose (Table 1.5). The following table shows the monomer/polymers 

tested until today for track detection purpose84-97.  
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Table 1.5 Different monomer-polymers used for SSNTD 

Sr.

No. 

Name of monomer 

with CAS registry 

number 

CRU 
Trade 

Name 

1 

Cellulose acetate 

{9004-35-7} 

R1= R2= H, R3= -
COCH3 

 

 

 

 

 

 

 

2 

Cellulose acetate 
butyrate 

{9004-36-8} 

R1= H, R2= -COC3H7, 
R3= 

-COCH3 

 

3 

Cellulose diacetate 

{9035-69-2} 

R1= H, R2= R3= -
COCH3 

 

4 

Cellulose triacetate 

{9012-09-3} 

R1= R2= R3=-COCH3 

Triafol-
TN 

5 

Cellulose nitrate 

{9004-70-0} 

R1= R2= R3=-NO2 

LR-115, 
CN-85, 

Daicel 

6 

Allyl diglycol 

Carbonate25 

{142-22-3} 
 

CR-39 

7 

N-isopropyl 
acrylamide35 

{2210-25-5}  

Copolyme
r with 

CR-39 
used as 

track 
detector 
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8 Poly(imide)41 

 

 

9 
Poly(propylene)45 

{9003-07-0} 
 

Propene 
polymer 

10 
Poly (vinyl chloride)84 

{9002-86-2} 
 

Poly(1- 

chloroeth
ylene); 

Myraform 

11 

Bisphenol-A 

polycarbonate 

{9002-88-4}  

Lexan, 
Makrofol 

12 
Poly (oxymethylene)85 

{9002-81-7}  

Formalde
hyde 

polymer 

13 
Poly (vinyl acetate) 

{9003-20-7} 
 

Poly(1-
acetoxyet
hylene) 

14 
Diallyl terephthalate86 

{959-26-2}  

AW-15 

15 

Bisphenol-A- bis (allyl 

carbonate)87 

{84000-75-9} 
 

CR-73 

16 

Poly diallyl isophthalate 
87 

{25035-78-3}  

Diallyl 

isophthala
te 

polymer 

17 

Triethylene glycol 
bis(methacrylate)87 

{109-16-0} 
 

 



Chapter 1 

 

Vishal. M. Pawar, Ph.D. Thesis, Goa University Page 36 

 

18 
Poly diallyl phthalate88 

{25053-15-0} 

 

 

19 

Polyethylene 
terephthalate 

{25038-59-9}  

Lavasan, 
Mylar, 

Melinex-
O 

20 
Poly(ethylene) 

{9002-88-4} 
 

Poly(meth
ylene) 

21 

Poly(tetrafluroethylene)8

9 

{9002-84-0}  

Teflon 

22 

Poly 
(methylmethacrylate)90(a

) 

{9011-14-7}  

Methyl 

methacryl
ate 

polymer; 
PMMA 

23 

Tris-(2,4-dioxa-3-
oxohept- 

6-1-yl) nitromethane 
(TDONM)90(a) 

{119845-30-6} 

 

 

24 

Allyl bis-(2-nitroxy-
ethyl) 

carbamate (ABNEC)90(a) 
 

 

25 

N(Allyloxycarbonyloxy
diethanolaminebis-( 

allyl carbonate) 
(NADAC)90(a),97 

{869885-52-9} 
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26 
Diallyl carbonate 

(DAC)90(b)  
 

27 

Allyl diglycol sulfonate 

(ADS)90(b) 

{121752-04-3} 
 

 

28 

Diallyl sulphite 
(DAS)90(b) 

 
 

SR-86 

29 

Diethylene glycol 
bis(allyl 

sulfonate) (DEAS)90(b) 

 

 
 

30 

Pentaerythritol tetrakis 

(allyl carbonate) 

(PETAC)90(b) 

  

 

31 
Triallyl phosphate 90(c) 

 

 

 

32 
SDAC90(c) 

  
 

33 
Tetrafluoroethylene- 
ethylene copolymer91 

 
PTFE-E 

34 

Alkanediol bis allyl 

Carbonate92 

Propanediol when n= 3; 

Butanediol when n=4 ; 
and 

Pentanediol when n=5 
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35 

Hexachlorobutadiene 

(gets copolymerized 
with 

ADC monomer)93  

Actually 
used as 

additive 
in PADC 

polymer 

36 Poly (ADC-co-SO2)94 Copolymer of ADC with SO2  

37 

Poly(vinylidene 
fluoride)94 

{24937-79-9} 
 

 

38 

Methyl methacrylate- 
vinyl 

Chloride copolymer96 

 
 

Viniproz 

 

 

 

 

1.4 Neutron dosimetry 

In radiation protection and medical physics, neutron dosimetry remains one of the 

outstanding problems despite the impressive advances in both "passive" and "active" 

neutron dosimetry in recent years. Neutrons interact with human tissue in a more 

complicated way, over a much-extended energy range so neutron dose equivalents are 

much more difficult to measure than gamma and x-radiation doses98.  

1.4.1 Neutrons and their types
98

:  Like charged particles and electrons, neutrons cannot 

readily interact with the matter. The nucleus of absorbing material (neutron-induced 

nuclear reaction) absorbs neutrons and forms secondary radiations.  These radiations are 

heavy charged particles which lead to interaction with matter. On the basis of their kinetic 

energy and interaction neutrons are classified as following. 

-Thermal                                     <0.4 eV 

-Intermediate                               0.4 eV - 200 keV 

-Fast       200 keV - 10 MeV 

-Relativistic       >10 MeV 
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1.4.2 Detection of Thermal neutrons
98

: 

Neutrons are generally detected by nuclear reactions. While choosing a nucleus to detect 

neutron several factors may be considered i.e., 1) it should give high cross-section.Cross-

sectionis a strong function of neutron energy for neutron interactions in most materials 2) 

it should have high isotopic abundance in natural element 3) Q-value of the reaction. The 

higher the Q-value, the greater is the energy given to the reaction products, and the easier 

is the task of discriminating against gamma-ray events using simple amplitude 

discrimination. Possible reaction products are shown in Figure 1.14. 

 

Figure 1.14 Possible products of neutron irradiation 

 

1.4.3 Nuclear reactions for detection of Neutrons
98

: 

1]
 10

B (n, α) reaction: This is a commonly utilized reaction to detect slow neutrons. The 
10B (n, α) reaction has a cross-section of 3840 barns for thermal neutrons and isotopic 

abundance of 10B nucleus is 19.8 % and it is easily available.  The reaction is written as 

follows.) B510 +  n01   →  Li37 +  He +24  2.792 MeV (ground state) Li∗           37 +  He +24  2.310 MeV (excited state state) 

 

2] 
6Li (n, α) reaction: This is another common reaction to detect slow neutrons using 6Li. 

The 6Li (n, α) reaction has a cross-section of 940 barns for the thermal neutrons. The lower 

cross-section is generally a disadvantage but is partially offset by the higher Q-value and 

resulting in greater energy given to the reaction products. 6Li occurs with a natural isotopic 
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abundance of 7.40% and is also widely available in separated form. The reaction is shown 

below. Li510 +  n01   →  H13 +  He +24  4.78MeV 

 

3] 
3
He (n, p) reaction: It is used for detection of neutrons through the following the 

reaction. The thermal neutron cross-section for 3He (n, p) reaction is 5330 barns, 

significantly higher than that for the boron reaction. Although 3He is commercially 

available, its relatively high cost is a factor in some applications.  Li23 + n01   →  He13 +  P +11  0.764MeV 

 

4] Gadolinium neutron capture reaction: The cross-section for thermal neutron capture 

of 255,000 barns in 57Gd is among the highest nuclear cross-sections found in any 

material. The isotope is 15.7% abundant in natural gadolinium, and neutron absorption 

results in an assortment of prompt reaction products that include gamma rays and 

conversion electrons. Because they are directly ionizing, it is the fast electrons that are a 

useful product in the application of this reaction for neutron detection and imaging. Gd64157 +  n01   →  Gd64158 + γ + X − rays  
 

1.4.4 Fast neutron detection: On slow neutron detection, a number of neutron-induced 

reactions were discussed which can serve as the basis for the conversion of neutrons to 

directly detectable charged particles. In principle, all these reactions could be applied to 

detect fast neutrons as well99-101. 

1.4.5 Neutron sources
99

: 

1) Spontaneous fission: Emission of neutrons associated with fission reaction of beryllium 

with alpha particle. Half-life period of neutrons is 2.65 years. 

2) Radioisotope (α, n) source: Radionuclides emit α particle which is used for the 

generation of neutron source by mixing α emitting isotope with a suitable target nucleus. 

Highest neutron yield is obtained when α particle are bombarded on Beryllium. 

                                        4
2α + 94Be   12

6 C +1
0 n 

Following (Table 1.6 and 1.7) are some sources of neutron and their characteristics102, 103. 
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Table 1.6 Sources of Neutron and its characteristic. 

Source Half-life E α (MeV) 

Neutron yield/10
6 α particles 

Calculated Experimental 

239Pu/Be 24000 y 5.14 65 57 

210Po/Be 238 d 5.30 73 69 

238Pu /Be 87.4 y 5.48 79 - 

241Am/Be 433 y 5.48 82 70 

244Cm/Be 18 y 5.79 100 - 

242Cm/Be 162 d 6.10 118 106 

 

Table 1.7Alternative (α, n) Isotopic Neutron Sources:104, 105
 

Target Reaction 
Q-value 

(MeV) 
Neutron yield/10

6 α particles 

Natural B 
10B(α, n) 
11B(α, n) 

+1.07 

+0.158 
13 for 241Am alpha particles 

F 19F(α, n) -1.93 4.1 for 241Am alpha particles 

Isotopically separated 13C 
13C(α, n) 

 
+2.2 11 for 238Pu alpha particles 

Natural lithium 
7Li(α, n) 

 
-2.79 - 

Beryllium (for 

comparison) 

9Be(α, n) 

 
+5.71 70 for 241Amalpha particles 

 

1.4.6  Interaction of neutrons with the matter
99

: 

Neutron interacts with matter in different ways as described below.  

a) Elastic scattering
99

: In the process of elastic scattering, kinetic energy of a particle is 

conserved in the center of mass frame, but its direction of propagation is modified (by 

interaction with other particles). Elastic scattering describes a method where total kinetic 

energy of the system is conserved.  
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b) Inelastic scattering
99

: Inelastic scattering is a process in which kinetic energy is not 

conserved. However, some of the energy of the incident particle is lost or increased during 

the inelastic scattering. This method is only applicable for fast neutrons.  

c) Thermal neutron capture
99

: Thermal neutron capture is possible nearly in the nucleus. 

In this process, target nucleus interacts with incident neutron and form a compound 

nucleus which is left in an excited state. Emission of excited energy takes place in the form 

of gamma rays.  

d) Non-elastic reaction
99

: In this process target nucleus captures the incident neutron and 

various products emitted. The reaction occurs at incident energies above 10 MeV.  

e) Fission
99

: In this process, neutrons interact with fissile nuclei and it causes the 

formation of compound nucleus. This nucleus then splits into two fission fragments and 

one or more neutrons.   

1.4.7 Dynamic methods of neutron detection
99

: 

The detectors are of two men types: (a) rely upon ionization current, and (b) 

photomultiplier tube.  

(i) Ionization chamber: Ionization chamber was firstly made to detect gamma and X-rays 

and when the hydrogen is incorporated in the ionization chamber it was used for neutron 

dosimetry. It is used for the measurement of neutron dose. Dose equivalent cannot be 

measured using this detector. The disadvantage of ionization chamber is, it gives similar 

response to gamma rays and neutron so it is difficult to discriminate between the two 

radiations. However, they are used in the dose calibration of neutron fields (of energy > 10 

keV), in radiation biology and for therapy purposes106,107.  

(ii) Recombination ionization chambers: It is used to detect neutron dose equivalent. 

Dose rate and quality factor can be measured simultaneously with multiple electrode108,109. 

The difference in current obtained with two different recombination conditions and can be 

measured with: 

(a) The same chamber by changing the polarization potential. 

(b) A double chamber by measuring the difference in current  

(c) A double chamber by changing alternatively the polarizing voltage between the two 

values required to give the correct response.  
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The advantage of this detector is the application in mixed field gamma-ray and neutron 

radiation fields with unknown spectra, where the total dose equivalents of both types of 

radiation are measured.  

(iii) Fission ionization detector: It is used to detect fission fragment emitted from neutron 

interactions in fissionable material coated on the electrodes of the chamber. In this 

detector, 235U is used for thermal neutron detection and 232Th, 238U and 237Np is used for 

fast neutron detection. This detector is used to monitor the power level of reactor and not 

used for radiological protection110.  

(iv) Proportional counters: Proportional counters widely used for neutron detection. In 

this system, neutron detection is done by using thermalized neutrons after BF3 or 3He gas 

filling or by scattering of protons by hydrogenous wall. The advantage of this detector is, it 

can easily discriminate the alpha particles, proton and tritons which are emitted from 

different reactions. The second advantage is the output of neutron dose or dose equivalent 

can be adjusted by varying the wall thickness. Another advantage is neutron sensitivity can 

be increased by using a walls or gas of the counter material which is sensitive to 

neutrons111. 

(v) Semiconductor detectors: This is used to detect secondary particle such as protons, 

tritons and alpha particles111. 

1.4.8 Passive methods of neutron detection
98

: Nuclear emulsion; activation and fission 

targets used with etched track detectors, thermally stimulated exoelectron emission (TSEE) 

methods, thermo luminescent detectors (TLDs) are in the class of passive methods of 

neutron detection.  

i) Nuclear emulsion: In nuclear emulsions, neutrons are detected by the process of elastic 

scattering. e.g. backing, radiators etc. In this process, tracks are formed due to ionization of 

recoil proton. After chemical etching and could be observed when magnification of 500 is 

used. The smallest observed track is about 5µm in length with four developed silver grains 

(0.7 MeV). After the manual counting of the track, track density can be calculated. These 

disadvantages of this detector are they are less sensitive to thermal neutrons and it has less 

threshold limit. Another disadvantage is latent image fades due to temperature and 

humidity.  

ii) Fission detectors: Recoil proton is used in this detector which is produced from (n,f) 

reaction in 237Np, 232Th and 238U. Thin metal foil of uranium or thorium is used along with 
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polymer to register fission fragments.  

1.4.9 Personnel dosimeters: Personnel dosimeters such as nuclear emulsion dosimeter, 

albedo dosimeter using TLDs, fission foil dosimeters and recoil track detectors (Solid state 

nuclear track detector) used till date. In the present study, only SSNTDs have been used 

and are described in detail.  

1.5 Brief review of literature pertaining to neutron dosimetry 

Neutrons were discovered in the year 1932 by James Chadwick. The increase in the use of 

thermal neutrons for activation experiments and medical purposes shows the need for 

accurate determination of its thermal flux or dose. Neutron detectors are very essential 

tools used in various fields like nuclear power, nuclear medicine, particle physics, 

magnetism, etc. The commonly used detector for the detection of the thermal neutron is 

proportional counters filled with either BF3 enriched with 10B (n, α) 7Li or 3He based on 

the 3He (n, p) reaction. The different materials used to detect the thermal neutrons like 

external converter, doped and polymerized are summarized in the Table 1.8 below112-137.  

Table 1.8 Various detectors used for neutron dosimetry 

Ref. 

No. 
Detector material Detection Reference 

112 
Cadmium telluride(113Cd 

converter) 

Thermal 

neutron 

M. Fasasi et al., Rad. Prot. 

Dos. 23, 1988, 429-431. 

113 PADC(Lithium tetra borate) 
Thermal 

neutron 

G.D. Patra et al., BARC 

newsletter. 2015 

114 
Boron and lithium containing 

glass scintillator 

Slow 

neutrons 

Bollinger and Thomas, Nucl. 

Inst. Methods, 17, 1962, 97-

116. 

115 CA8015, Cellulose nitrate Fast neutron 

Balcazar-Garcia et al, Nucl. 

Inst. Methods, 161, 1979, 91-

95. 

116 PADC(deuterium) Fast neutron 
Assenmachar et al, Rad. Prot. 

Dos.170, 2016, 162-167 
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117 PADC(deuterium) 
Thermal 

neutron 

Caresana et al. Rad. Prot. 

Dos., 180, 2018, 196-200 

118 CR-39(Lantrack®) Fast neutron 
Castillo et al., Rad. meas. 50, 

2013, 71-73. 

119 Single crystal diamond detector 
Thermal and 

Fast neutron 

Angelone et al. Rad. meas.46, 

2011, 1686-1689. 

120 

Lithium containing glass 

dosimeter 

(Lithium hydroxide) 

Thermal 

neutron 

Maki et.al. Rad. Prot. 

Dos.144, 2011, 26-230 

121 PADC (TastrackTM) Fast neutron 
Stabilini et al. Rad. Prot. Dos., 

180, 2018, 220-224. 

122 

CR-39(Pershore) 

CR-39 (Homalite) 

LR-115(Kodak) 

(Lithium tetraborate Convertar) 

Thermal 

neutron 

Singh et al. Nucl. track. 

Radiat. Meas., 17, 1988, 507-

510. 

123 

LR-115(Kodak) 

(Boron oxide, lithium fluoride 

convertar) 

Thermal 

neutron 

Niwa et al. J. Nucl. Sci. Tech. 

23, 1986, 828-832. 

124 

CR-39 

CA-8015 

LR-115(Kodak) 

(Lithium tetraborate Convertar) 

Thermal 

neutron 

Farid et al. Pramana, 20, 1983, 

559-567. 

125 
CR-39 

(Boron nitride) 

Thermal 

neutron 

Oda et al. J. Nucl. Sci. Tech. 

24(2), 1987, 129-134 

126 
CR-39 

DAM-ADC 
Fast neutron 

Abdalla et al. Rad. Phys. 

chem. 108, 2015, 24-28. 

127 CR-39 Fast neutron Bradley and Ryan, Bureau and 
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radiation and medical devices 

128 CR-39 Fast neutron 

El-sersy, Nucl. Instr. and 

Meth. in Phys. Research A 

618, 2010 234–238. 

129 Makrofol-E Fast neutron 
Cesar and Franco, Nucl. 

Track. 12, 1986, 193-196. 

130 PADC Fast neutron 
Pal et al. Nucl. tech. and rad. 

prot. 30(3), 2015, 175-187. 

131 
CR-39 (Carborane converter-

doped) 

Thermal 

neutron 

Tsuruta and Juto, J. Nucl. Sci. 

Tech. 21(11), 1984, 871-876. 

132 CR-39 Fast neutron 

Tsuruta et al, J. Nucl. Sci. 

Tech., 29(11), 1992, 1108-

1115. 

133 
Lithium loaded plastic 

scintillator 

Thermal 

neutron 

Bruekers et al, Nucl. Instr. and 

Meth. in Phys. Research A, 

A701, 2013, 58-61 

134 
Bismuth and lithium loaded 

plastic Scintillator 
Neutron 

Cherepy et.al. Nucl. Instr. and 

Meth. in Phys. Research A, 

A778, 2015, 126-132. 

135 
Lithium salicylate containing 

plastic scintillator 
Neutron 

Mabe et al., Nucl. Instr. and 

Meth. in Phys. Research 

A,A806, 2016, 80-86 

136 
Inorganic scintillator 

(Lithium) 

Thermal 

neutron 

Carel and Eijk, Rad. Meas, 38, 

2004, 337-342 

137 

CR-39 

LR-115 

Boron doped 

Thermal 

neutron 

Tsuruta et al., J. Nucl. Sci. 

Technol. 15, 1978, 602–611 
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From the table, it is clear that not a single homogeneous boronic polymer is available till 

today for thermal neutron dosimetry. The various detectors used are with an external 

converter or with doped boron. So present study we thought of preparation of some allylic 

boron-containing detector which could be polymerized with ADC to get 

homogeneousboron containing detector. 

1.6 Selection of monomers on the basis of radiation-sensitive groups
89 

 

It has been reported in the literature that polymeric detectors owe their radiation sensitivity 

to the presence of typical functional groups. Some such groups are listed in Table 1.9. It 

may be seen that these groups mainly involve presence of atoms like Sulfur, Nitrogen and 

Oxygen and also contain pi bonds. Atoms like N and O have lone pairs of electrons which 

could help in generating energetic delta rays that help in producing latent tracks in 

polymers. Such groups are also called radiation sensitive groups. 

Table 1.9 Radiation sensitive groups with its bond dissociation energy 

Type of Bond Energy Kj/mol 

S=O 522 

C=S 573 

N=O 607 

C=N 615 

C=O 799 

N-O 201 

S-S 226 

C-S 272 

C-N 305 

C-O 358 

S-O 364 

P-O 377 
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1.7 Effect of radiation-sensitive group 

The above table clearly indicates that the ease of bond fission should be in the order, 

S=O > N=O > C=O and N-O > C-S > C-O. 

Thus, monomers with S=O/N=O should result in polymers having higher radiation 

sensitivity than with C=O. Those having P-O could be even more sensitive. Even the 

etching process will occur rapidly. When this exposed detector is inserted in the etchant, 

the etching process is predominantly higher at the latent track. The undamaged part of the 

polymer surface is etched at a very low bulk etch rate. Therefore, if weak functional 

groups which are easily broken by the passage of charged particle can be introduced into 

thermosetting resins the polymer will become more sensitive. The alpha sensitivity of 

SSNTD's can be represented by the ratio of Vt to the Vb. When a charged particle enters 

the detector, it brings about a lot of chemical changes in the vicinity of its path inside the 

structure of the polymer. The track etch rate at this site will increase marginally compared 

to a slight increase in the bulk etch rate of the track detector material used89. 

1.8 Objective of the present work: 

From the literature, it is noted that various crystals, glasses and polymers have already 

been tested as SSNTD’s and among these, polymers were found to be more sensitive. 

While thousands of polymeric materials are known, it is intriguing to note that 

approximately only fifty polymeric materials have been tested for SSNTD applications. 

Nitrocellulose, PADC (CR-39TM), Lexan polycarbonate are the most commonly used 

commercial SSNTD materials and have also been tested for neutron dosimetry.  

Nitrocellulose (commercially available under the trade name LR-115TM) is another widely 

used detector for detecting environmental radon. Nitrocellulose is also known as 

explosive/ hazardous material. With its nitrogen content above 12.2%, the storage, 

handling and transportation of nitrocellulose become very difficult. Lower nitrogen content 

may not result in a detector having better sensitivity.  Further, other cellulosic like 

cellulose acetate have not been much used for nuclear track detection. Especially, there are 

no reports on preparation of thin composite films of cellulose acetate for track detection. 

Hence, we thought of preparing a detector based on cellulose acetate as well as a polymer 

which has lesser quantity of nitrocellulose in it; yet without much compromising the 

radiation sensitivity. 
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Neutron Dosimetry is one of the important areas in the field of radiation. Using alpha 

sensitive plastics in contact with 6Li or 10B or by distributing 6Li or 10B in such plastics, it 

is possible to detect low fluxes of thermal or epithermal neutrons. This is feasible because 

the cross sections for (n, α) reactions are considerably higher than the thermal neutron 

fission cross section of 235U. By using 10B, it is possible to record both alpha and recoil 7Li 

fragment in the plastic material. Fast neutron detection by (n, α) mainly depends on 

velocity of the neutron. By embedding recoil nuclei track within the detector or from an 

external radiator, it is possible to use such detectors for fast neutron detection. CR-39 is 

widely used for fast neutron dosimetry but it cannot be used for thermal neutron dosimetry 

without any neutron capturing converter. Till today, only boron-doped CR-39 (0.5% 

Boron) is commercially available for thermal neutron dosimetry. India is still importing 

these detectors. Not a single homogeneous polymeric detector is available for dosimetry of 

thermal neutrons. Researchers used various solids such as carboranes, decaborane and its 

derivatives as additive in CR-39 and used for thermal neutron dosimetry. However, such 

solids may not remain uniformly distributed in the polymer matrix above a certain 

concentration. So, in the present study we have decided to provide for homogenous 

boron/carborane containing polymers for thermal neutron dosimetry.  

Thus, the objectives of the present study are- 

 Preparation of thin films from cellulose acetate and a blend of CA + CN using 

different solvents and spin coating technique.  

 Study of some factors deciding film thickness by spin coating process by extending 

the applicability of Damon and Meyerhofer equations. 

 Study of correlation between the experimentally observed film thickness with the 

predicted film thickness using above mentioned equations. 

 Optimizing a process to cast thin (~12-15 µm) films of cellulose acetate and a 

blend of CA + CN using solution blending. 

 Study the sensitivity of newly developed cellulosic detectors and compare it with 

LR-115TM detector. 

 Synthesis of Decaborane: Decaborane is key intermediate for the preparation 

carborane and it is not readily available in India. The cost of the decaborane is very 

high. Hence, we decided to optimize a process for synthesizing decaborane suitable 

for laboratory conditions. 
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 Synthesis of some novel allylic carborane monomers and carborane additives using 

the decaborane. 

 Preparation of homopolymers from these new carborane monomers and study of 

polymerization kinetics if possible. 

 Preparation of copolymers from these new carborane monomers and ADC 

monomer by free radical cast polymerization to cast films of thickness ~500-600 µ. 

 Testing of these polymers for thermal neutron dosimetry in comparison with the 

commercially available boron containing track detectors like CR-39TM which are 

being used at present. 

 Optimization of etching conditions of new track detector materials wherever 

necessary. 
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2.1 Introduction 

Boron was discovered in the year 1808 by Davy, Gay- Lussac, and Thenard
1
. Boron has 

atomic number 5 and is electron deficient, possessing a vacant p orbital making it a good 

electrophile. In terms of hybridization of atomic orbitals, boron has three sp
2
 hybridized 

orbitals pointing to the vertices of an equilateral triangle with its vacant p orbital 

positioned perpendicular to the plane of the equilateral triangle containing the sp
2
 orbitals. 

Therefore, compounds of boron behave as Lewis acids which readily bond with electron-

rich substances to compensate for its electron deficiency. Boron exists in nature as two 

isotopes 
10

B and 
11

B with the nucleus of the latter possessing one additional neutron
2
. 

10
B 

nucleus is the only light element that is capable of binding a slow neutron (or thermal 

neutron) to yield an excited 
11

B nucleus. Boron has high melting point about 2300 °C and 

is able to combine with other elements to form a variety of boron cluster compounds 

having unique molecular architectures and unusual properties
3
. These compounds include 

pentaborane, decaborane, and the closo-dicarbaboranes. The latter compounds are 

generally expressed by the molecular formula C2BnHn+2 (n=3–10) and include the carba-

closo-dodecaboranes, better known as the icosahedral o-, m-, and p-carboranes (Figure 

2.1).  

o-

carboranem-carboranep-carborane 

Figure 2.1 Structures of o-, m- and p- carboranes 

 

These compounds exhibit rather specific properties, in particular, high thermal and 

chemical stability, and show unusual chemistry not encountered in other materials. 
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2.1.1 Synthesis of carborane:  

Ortho-carborane is synthesized via a three step process. Initial step is synthesis of 

decaborane (B10H14). This is followed by bis adduct formation and finally its reaction with 

alkyne to get ortho-carborane
4
. It is schematically represented in Scheme 2.1.  

 

Scheme 2.1 General route of carborane synthesis 

 

Preparation of carborane is always a low yielding process. It requires a high temperature to 

get adequate yield and required time to complete the reaction is of the order of five days
5
.   

Several methods have been reported (Figure 2.2) to prepare o-carborane in good yields. 

Homogeneous silver catalysts
6 

heterogeneous catalyst such as Cu, Ag, Au were used for 

this study. Authors claimed that, these heterogeneous catalysts prevent unwanted 

reduction/ hydroboration of the alkyne prior to carborane formation. These catalysts are 

compatible with aryl, halo, hydroxyl, nitrile, carbamate, and carbonyl functionalized 

alkynes
7,8

.  Ionic liquids such as 1-butyl-3-methyl-imidazolium chloride (BmimCl) in 

toluene have been used to get carborane within 7-10 minutes of time. Ionic liquids are salts 

that are liquid at room temperature with low viscosities
9
.   

2.1.2 Carborane polymers 

Carborane containing polymers may be conveniently divided into two broad classes: (1) 

polymers incorporating carboranyl fragments within the pendent group attached to the 

main chain, and (2) polymers containing carboranyl fragments within their main chain.  
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Figure 2.2 Methods for the synthesis of carborane 

The emphasis for much of the development of boron polymers involves boron’s ability for 

delocalizing electrons because of the presence of an empty p orbital. Furthermore, boron’s 

ability to capture neutrons and its ability to form protective coatings have been driving 

forces to produce polymers. Finally, boron polymers with high percentages of nitrogen and 

boron have been sought as precursors to the ceramic boron nitride and boron nitride fibers. 

Some of the polymers reported below show the state-of-the-art developments with respect 

to boron-containing polymers. It shows the exhaustive development of these important 

materials in the areas of ceramics, coatings, nanomaterials, catalysts, therapeutic agents, 

and especially electronic applications such as nonlinear optical and fluorescent light-

emitting materials.  

Poly(o-carboranyl-organo-siloxane) have been prepared through hydrolysis of 

dimethyldichlorosilane in the presence of carboranedichloromethylsilane. The polymer 

prepared has elastomeric characteristics of the parent poly(siloxane); however, the 
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thermal-oxidative cleavage of the o-carboranyl pendent group is reported to occur at lower 

temperatures than that for the thermo-oxidative cleavage of Si-O and Si-C bonds
10 

(Scheme 2.2) 

 

Scheme 2.2 Synthesis of Poly(o-carboranyl-organo-siloxane) 

 

Figure 2.3 polyetherketone carborane polymers m- and o- derivatives with different 

molecular weight 
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Colquhoun and Wade have reported the fire resistant polyetherketone carboranes using the 

trifluromethanesulfonic acid-promoted polycondensation reaction of various bis(4-

phenoxyphenyl) derivatives of meta- or ortho-carborane with aromatic or aliphatic 

dicarboxylic acids
11

. The polymers were prepared with weight average molecular weight 

ranging between 50000 to 170000 (Figure 2.3).  The polymers prepared found to have 

excellent thermal stability and extreme resistance to combustion.  

A reaction of 4,4-dihydroxybiphenyl, sebacic, and m-carboranedicarboxylic acids was 

reported using polycondensation to produce a carborane-containing polymer that led to the 

production of a new columnar phase at elevated temperatures
12 

(Figure 2.4). 

 

Figure 2.4 The carborane-containing polymer obtained from the polycondensation 

reaction of 4,4-dihydroxybiphenyl, sebacic, and m-carboranedicarboxylic acids 
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Scheme 2.3 The trifluromethanesulfonic acid–promoted polycondensation reaction 

between diarylcarborane dicarboxylic acid and diaryl carborane diether monomer acid to 

yield the polyetherketone acid. 

 

The trifluromethanesulfonic acid (TFSA) promoted polycondensation reaction between 

diarylcarborane dicarboxylic acid and diaryl carborane diether monomer acid was utilized 

in the construction of a similar carborane containing polyetherketone acid with two ortho-

carborane units in a repeating unit
13

 (Scheme 2.3). 

The polymer-supported o-carborane, was used further for cage decapitation, deprotonation, 

and reaction with ZrCl4.2THF to generate a polymer-supported polymerization catalyst. 

This catalyst was used to prepare ethylene and vinyl chloride polymers to give high 

molecular weight polyethylene and polyvinyl chloride respectively
14 

(Scheme 2.4). 

 

Scheme 2.4 The polymer-supported o-carborane utilized further for its decapitation, 

deprotonation and reaction with ZrCl4.2THF to generate a polymer-supported single-site 

polymerization catalyst for the polymerization of ethylene and vinyl chloride. 

 

In 2009, Keller et al.reported a coating of organic fibers polymer with siloxane-carborane 

polymer.An organic fiber coated with a siloxane-carborane polymer made from a 

hydrosilylation reaction of a siloxane-carborane compound containing at least two 

unsaturated carbon-carbon bonds and a silane compound
15 

(Figure 2.5). 
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Figure 2.5 Siloxane-carborane polymers 

 

In 2010, Guron et al. reported some allylic ruthenium catalyzed o- and m-carborane 

polymers. Some of the prepared polymers were found to be sable up to 250°C. He claimed 

that these polymers could be used in boron neutron capture therapy
16 

(Figure 2.6). 

 

Figure 2.6 Allylic o- and m-carboranes monomers 
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In 2011, Zhanxiong and Debin reported the synthesis if some ether carboranes with C=C 

double bonds
17

. Synthesis is given in Figure 2.7. 

 

Figure 2.7 Allylic Ether carborane monomers 

 

In 2014, Tominaga et al. reported synthesis and characterization of alternating copolymers 

of 1,2- and 9,12-disubstituted o-carborane. The polymers were composed of p-phenylene-

ethynylene and C1-C2 disubstituted o-carborane. Optical properties of these copolymers 

have been investigated
18

(Figure 2.8). 

 

Figure 2.8 1,2 and 9,12 disubstituted o-carborane 

 

In 2017, Zhang et al. reported preparation methods of carborane phenoxy resin. Phenoxy 

resins were prepared using difunctional phenoxy compound and triphenyl phosphine 

derivatives
19

 (Figure 2.9).  
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Figure 2.9 Phenoxy carborane monomers 

 

2.1.3 Carborane/boron in neutron dosimetry: 

The thermal neutron cross-section for the 
10B (n, α)

7
Lireaction is 3840 barns and therefore 

boron is frequently used for thermal neutron dosimetry
20

.Use of radiators, coating detector 

surface with lithium/boron compound has been utilized to improve the detection efficiency 

and sensitivity of PADC to thermal neutrons. Using sodium tetraphenylborate and 

carborane, Schultz reported for the first time, the use of boron compounds as dopant in 

nitrocellulose for detection of slow neutron
21

. After this, Tsuruta investigated the effects of 

addition of boron clusters based on decaborane and carborane
22 

for neutron detection based 

on the 
10B (n, α) 7

Li nuclear reaction. Using study on the use of boron compounds like 

sodium tetraphenylborate, ortho-carborane, meta-carborane dicarboxylic acid, decaborane 

and some decaborane derivatives in nitrocellulose and CR-39, Tsuruta concluded that such 

detectors were advantageous for thermal neutron dosimetry.  Using orthocarborane powder 

as a 
10

B source, Tsurutareported the boron doped CR-39 for neutron dosimetry. It was also 

concluded that sensitivity could be enhanced five times by increasing the 
10

B content in the 

compound
23

. Using Boron nitride ceramics as an external neutron converter, Kejji Oda
24 

reported the detection of thermal neutrons. Oda et al. observed the detection of thermal 

neutrons by exposing CR-39 detectors kept behind the boron nitride sheet. Recently, Sato 

etal. reported the use of isotopically enriched boron doped alumina dosimeter for the 

thermal neutron dosimetry
25

. The doping of solid boron material in polymers could lead to 

inhomogeneity in the detector material and could also affect the sensitivity of the detector. 

Till today, homogeneous polymeric materials with boron clusters as integral part of the 

structure, for detection of thermal neutrons are not available. Very few manufacturers are 

providing boron doped materials for commercial use. Hence, an indigenous development 

of solid state nuclear track detector (SSNTD), especially for thermal neutron dosimetry is 
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the need of the hour. We thought that doping of solid boron materials in ADC would not 

result in a homogenous material beyond certain concentration and thus it can affect the 

neutron sensitivity of the material. In the present study, we tried to use boron clusters like 

carborane in the form of an allylic monomer so that it becomes an integral part of a 

homogeneous polymer structure. Following monomers (Figure 2.10) were thus considered 

for this study. We also considered synthesizing a molecule like pentaerytritol tetrakis 

propargyl carbonate carborane (PTPCC). 

 

 

Figure 2.10 Carborane containing compounds proposed for present work 

 

It may be noted that out of these monomers, Allyl propargyl ether carborane (APEC) is 

reported previously (but not for SSNTD applications) and other three are the novel 

molecules being reported by us for the first time. Copolymers of Allyl propargyl carbonate 
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carborane (APCC) and Diallyl but-2-yne 1,4-diyldicarbonate carborane (DBDCC) 

monomers were prepared with allyl diglycol carbonate and their neutron detection ability 

was studied. PTPCC is synthesized and characterized but we could not study it in the 

detail.  
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2.2 Materials and methods 

2.2.1 Chemicals: All Chemicals used for the synthesis were purchased from M/s Loba 

Chemie, India, M/s Qualigens Fine Chemicals, India, M/s Molychem, India, M/s 

Spectrochem, India, M/s AVRA chemicals, India, and M/s Alfa Aesar, USA. Most of the 

chemicals were purified and dried wherever necessary using standard procedures
26

. 

Reagents like ICl in acetic acid, Starch indicator, and sodium thiosulphate solution were 

freshly prepared as and when required and used. 

2.2.2 Monomers and catalyst synthesis: Monomers and catalyst were synthesized in 

dust-controlled laboratory environment. Monomers were purified by activated charcoal 

treatment followed by vacuum distillation wherever possible. Some compounds were 

recrystallized and others were purified by column chromatography using silica gel (60-120 

mesh). 

2.2.3 Initiator: Isopropylperoxydicarbonate (IPP) was used as initiator for all the 

polymerizations. It was prepared in our laboratory and used without further purification 

after its percentage purity analysis. Detailed procedure of its synthesis is given section 2.4. 

2.2.4 Plasticizers: Dioctyl phthalate (DOP) from M/s Loba Chemie was used as plasticizer 

after drying it over 3A molecular sieves. 

2.2.5 Mold Preparation: Glass plates (Schott, Germany), thin Teflon sheets and 

aluminum plates were used to assemble molds for polymerization. Details of mold design 

are given section 2.7. 

2.2.6 Synthesis of homogeneous silver (I) catalyst: To increase the yield of carborane 

reaction, McNultyet al.
27

 reported homogeneous Silver (I) catalyst. We prepared this 

catalyst and used it for all synthesis of all the carboranes. It is prepared in three steps 

(Scheme 2.5-2.7) and details of synthesis of the catalyst are given below.  

Step 1: Synthesis of N, N-Diisopropyl benzamide from o-bromobenzoic acid via o- 

bromobenzoyl chloride
27

: o-bromobenzoic acid was reacted with thionyl chloride to form 

o-bromobenzoyl chloride which was further reacted with diisopropyl amine to give N, N-

diisopropylbenzamide. In a 100 mL three necked flask, 6.4g (0.032 mol) of o-

bromobenzoic acid was refluxed with 40 mL of thionyl chloride for 6 hours. Excess 

thionyl chloride was distilled off. Trace amount of thionyl chloride was removed by 
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azeotropic distillation with toluene under vacuum to obtain dark brown liquid. Then, in a 

100 mL two necked flask, 18 mL of diisopropyl amine diluted with 80 mL DCM was 

taken. In an addition funnel, 7g of crude o-bromobenzyl chloride diluted with DCM was 

taken and addition was carried out at 0 °C for a period of 40 minutes under nitrogen 

atmosphere. It was then stirred overnight at room temperature. Organic layer was washed 

with (2 x 120 mL) 5% dil. HCL, (2 x 120 mL) with sodium bicarbonate and (2 x 120 mL) 

with brine water. Organic layer was dried over anhydrous sodium sulphate and solvent 

evaporated on rotavapour to obtain an amorphous solid (8.4 g) in 93% yield with respect to 

(w. r. t.) 2-bromobenzyl chloride.  It was recrystallized with (60:40, pet ether: toluene) 

mixture to obtain white crystalline solid (6.4 g). 

Characterization: IR and NMR spectra of N, N-Diisopropyl benzamide are given in 

Figures 2.11 and 2.12 respectively. In the IR spectrum the sharp band at 1629 cm
-1

 is due 

to the C=O stretching. The band at 3070 and 2987 cm
-1

 is due to the sp
2
 and sp

3
 C-H 

stretching, respectively. 
1
H NMR – (CDCl3, 400MHz, δ) - 7.1-7.5(4H, m), 3.5(2H, m), 1.0-

1.7(12H, m). 

 

Scheme 2.5 Synthesis of N, N-Diisopropyl benzamide 

Step 2: Synthesis of (N, N-diisopropyl-2-diphenylphosphanyl) benzamide using N, N-

diisopropyl benzamide
28

: N, N-diisopropyl benzamide is reacted with n-BuLi and 

diphenylphosphine chloride to get (N, N-diisopropyl-2-diphenylphosphanyl) benzamide. In 

a 100 ml, three necked flask, 3 g (0.0105 mol) of o-bromobrnzoic acid was taken in 20 mL 

dry THF. Reaction flask was cooled at -78 °C using acetone and liquid nitrogen. Then, 

7.91 mL of n-BuLi was added to the reaction flask using a syringe. It was further stirred 

for 1 hour and then 2.82 mL of chlorodiphenylphosphine was added to the flask. The 

whole mixture is then stirred overnight at room temperature and filtered the reaction 

mixture on celite pad and solvent was removed on rotavapour to get sticky, yellow oil. 

This was purified using column chromatography with pet ether: ethyl acetate (9:1) to get a 

white crystalline product (3.6 g) in 88% yield w. r. t. bromobenzamide.  
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Characterization: IR and NMR spectrum of (N, N-Diisopropyl-2-diphenylphosphanyl) 

benzamide is given in Figure 2.13 and 2.14 respectively. In the IR spectrum the sharp 

band at 1622 cm
-1

 is due to the C=O stretching. The band at 3055 and 2970 cm
-1

 is due to 

the sp
2
 and sp

3
 C-H stretching respectively.

  1
HNMR – (CDCl3, 400MHz, δ) - 7.1-7.6(10H, 

m), 3.4-3.7(4H, m), 1.1-1.49(12H, m). 

 

Scheme 2.6 Synthesis of 2-(diphenylphosphino)- N, N-Diisopropylbenzamide 

 

Step 3: Preparation of ligand/AgOAc Complex (Catalyst)
29

: N, N-Diisopropyl-2-

diphenylphosphanyl) benzamide was reacted with silver acetate to get the catalyst. In a 50 

mL single necked flask, 1g (0.00256 mol) of diphenylphosphine benzamide and 0.428g 

(0.00256 mol) of chlorodiphenyl phosphine was taken along with 1:1 DCM: H2O mixture. 

Reaction mixture was stirred for 3 hours at room temperature. The organic layer was 

washed with water and dried over anhydrous magnesium sulphate. Solvent was evaporated 

on rotavapour to get white crystalline product (1 g) in 79% yield w. r. t. N, N-Diisopropyl-

2-diphenylphosphanyl) benzamide.  

 

Scheme 2.7 Preparation of ligand/AgOAc Complex 
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Characterization: The IR spectrum of silver (I) catalyst is given in Figure 2.15. In the IR 

spectrum the sharp band at 1604 cm
-1

 is due to the C=O stretching. The band at 3045 and 

2964 cm
-1

 is due to the sp
2
 and sp

3
 C-H stretching respectively.
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         Figure 2.11   IR Spectrum of N, N-Diisopropyl benzamide 
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        Figure 2.12    
1
H NMR Spectrum of N, N-Diisopropyl benzamide 
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                   Figure 2.13   IR Spectrum of (N, N-Diisopropyl-2-diphenylphosphanyl) benzamide 
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      Figure 2.14    
1
H NMR Spectrum of (N, N-Diisopropyl-2-diphenylphosphanyl) benzamide 
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                      Figure 2.15     IR Spectrum of catalyst
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2.2.7 Synthesis of isopropylperoxydicarbonate (IPP) initiator
30

: Synthesis of IPP 

initiator is given in Scheme 2.8-2.9. IPP was prepared in two steps. 

Step 1: Synthesis of isopropyl chloroformate (IPCL) 

Triphosgene 9.28g (0.0316mol) was dissolved in 70mL dichloromethane in a two neck 

round bottom flask fitted with rubber septum. The mixture was cooled to 0 °C. Isopropyl 

alcohol 5g (0.086mol) was taken in one syringe and pyridine 6.8026g (0.086 mol) in other 

and were injected through the rubber septum fitted to the reaction flask at such a rate that 

pyridine always remains in excess in the reaction mixture. After completion of addition, 

reaction mixture was stirred for 1 hour at 0 °C. The septum was removed and reaction 

mixture was washed with 3 × 25 mL of ice-cold water and the organic layer was dried over 

anhydrous Na2SO4. Dichloromethane was removed by fractional distillation to afford 

isopropyl chloroformate (7g) in 60-70% yield w. r. t. isopropyl alcohol. 

Characterization:  IR spectrum of isopropyl chloroformate is given in Figure 2.16. In the 

IR spectrum the sharp band at 1776 cm
-1

 is due to the acid chloride (COCl) stretching. The 

band at 2987 cm
-1

 is due to the sp
3
 C-H stretching.  

 

Scheme 2.8 Synthesis of IPCL 

 

Step 2: Synthesis of isopropyl peroxydicarbonate (IPP) using IPCL: 

 

Scheme 2.9 Synthesis of IPP 
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IPP can be prepared by the condensation of IPCL with sodium peroxide. IPCL was added 

drop wise to Na2O2, the mixture was stirred vigorously for 30 minutes and then it was 

taken up in dichloromethane. It was passed over anhydrous Na2SO4. The solvent was then 

removed by using vacuum. The IPP was used for polymerization after its percentage purity 

analysis by iodometry. IPP was then stored safely under refrigerator condition. 
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               Figure 2.16 IR Spectrum of IPCL
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2.2.8 Decaborane and Bis acetonitrile decaborane 

a) Synthesis of decaborane
31

: Decaborane is the key intermediate for the synthesis of any 

carborane. So, first we have synthesized decaborane in sufficient quantity and then it 

reacted with Lewis base like dimethyl sulphide or acetonitrile to get bis acetonitrile 

decaborane as ligand and used it for carborane synthesis. Details of synthesis of 

decaborane (Scheme 2.10) and bis-acetonitrile decaborane (Scheme 2.11) are given 

below.  

 

Scheme 2.10 Synthesis of Decaborane 

A 500 mL three necked flask containing magnetic stirrer was taken. The addition funnel 

was used for the addition of boron trifluoride etherate. One neck of flask was connected to 

ice cold condenser and pipe was placed over a condenser which extends into a conical 

flask containing acetone. All the apparatus was leak-free using Para film and vacuum 

grease. Nitrogen was passed through the system. 30 g (0.79 mol) of sodium borohydride 

and 200 mL of dry diglyme were charged. Then stirrer was started and reaction 

temperature was increased upto 105 °C. As soon as reaction temperature increased upto 

105°C the addition of 128mL (1.01 mol) of boron trifluoride etherate was started. After the 

completion of addition, reaction mixture maintained at 105 °C with stirring for 1 hour. 

Then the reaction mixture was allowed to cool overnight at ambient temperature without 

stirring under nitrogen atmosphere. After cooling, in the yellow reaction mixture under 

nitrogen atmosphere, 100 mL of water was added drop wise. Then flask was heated to 

initiate distillation of water/diglyme azeotrope (120 ºC, 1 atm.). As distillation begins 

water was added continuously at the same rate as the rate of distillate collected to maintain 

the reaction volume in the flask. It was continued until 750 mL of distillate was collected. 

The flask and contents were cooled at ambient temperature under N2 2.76 g of ferrous 

sulphate and 100 mL of cyclohexane was added in the flask. Then the cold solution of 20 

mL of sulphuric acid and 20 mL of water was added from addition funnel. Then 36 mL of 

30 % hydrogen peroxide was added drop wise over a period of 45 minutes in the reaction 

mixture. The temperature of reaction mixture maintained between 25-35 ºC using ice bath. 



Chapter 2 

 

Vishal M. Pawar, Ph.D. Thesis, Goa University Page 81 
 

After completion of reaction, the reaction mixture was filtered through Whatman filter 

paper No 41. The reaction flask was washed with 2 x 50 mL of hexane which was then 

poured over a filter cake. The filter cake again washed with 50 mL hexane. The hexane 

and water layers separated. Hexane layer was washed with 4 x 50 mL of water. The 

resultant hexane/decaborane mixture was transferred in 250 mL single neck flask 

containing anhydrous sodium sulphate. Kept it for 30 minutes and then passed over 

sodium sulphate. The resultant solution transferred in 250 mL three neck flask and heated 

to distillate hexane. When little amount of hexane is remained in the flask heating mantel 

was immediately lowered and stirrer stopped and flask was allowed to cool at ambient 

temperature. Then remaining cyclohexane was removed by using rotavapour to get 

product. Crude decaborane was recrystallized with n-heptane. IR and 
11

BNMR spectra of 

decaborane are given in Figure 2 and 3 respectively. The yield of decaborane is (2.4 g) 56 

% w. r. t. sodium borohydride. The yield reported for decaborane by Dunks et al. is 79% 

w. r. t. sodium borohydride . M.P.- 98°C. 

Reaction condition:  

Decaborane is not easily available commercially in India or is supplied sometimes at very 

high costs. Hence, we have decided to prepare it in the laboratory. It is commonly 

synthesized by pyrolysis of B2H6 or B5H9. Dunks et al.
31

 reported the procedure for the 

synthesis of decaborane which can be used to prepare it in laboratory. It requires typical 

glass apparatus. We have slightly modified the setup for the synthesis as shown in Figure 

2.17 (B). 

 

Figure 2.17 (A)Set up for the decaborane reaction reported by G. B. Dunks. Three necked 

flask(a), Mechanical stirrer(b), A thermometer(c), Pump for addition of boron trifluoride 



Chapter 2 

 

Vishal M. Pawar, Ph.D. Thesis, Goa University Page 82 
 

(d), Reservoir(e), Dry ice condenser(f), Receiver (g), Non condensable gas passed through 

the condenser and into acetone scrubber(h), Nitrogen introduced (i) 

B) Modified set up used for synthesis of decaborane. Three necked flask (a), magnetic 

needle for stirring (b), A thermometer(c), Receiver (d), Addition funnel for boron 

trifluoride etherate (e), Ice cooled condenser (f), Nitrogen introduced (g), Acetone 

Scrubber (h), Heating mantle (i) 

 

For this reaction, various conditions were tried as shown in Table 2.1. First, we have done 

the reaction with various ration and found that 1:1.3 (NaBH4 to BF3.O (C2H5)2 ration gives 

good yield. We have tried cyclohexane and hexane solvents for the extraction of the 

product and found that hexane is good solvent for extraction. We have observed that after 

addition of BF3.O (C2H5)2, the temperature was increasing in the acetone scrubber. It 

indicates that sufficient amount of B2H6 gas was being evolved and destroyed in scrubber. 

We also observed that, solvent exchange step is an important step to produce the 

decaborane in high yield. If little amount of diglyme is remained in the mixture, it will lead 

to the hydrolysis of decaborane and affect the yield
4
. Decaborane is hygroscopic 

compound and it requires dry conditions. We have successfully prepared the decaborane in 

56 % yield w.r.t. sodium borohydride.  

Table 2.1 Reaction conditions and scale up for decaborane reaction  

Sr. 

No. 

Ratio of NaBH4 to 

BF3O(C2H5)2 

(mol/mol) 

Solvent used for 

extraction of 

product 

Observations 
Yield 

(%) 

1 1 : 1.4 Cyclohexane Product formed 25 

2 1 : 1.6 Cyclohexane Product formed 25 

3 1 : 1.3 Cyclohexane Product formed 26 

4 1 : 1.3 Cyclohexane Product formed 27 

5 1 : 1.3 Hexane Product formed 56 
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Characterization:Decaborane is characterized using FTIR and
 11

BNMR spectroscopy as 

shown in Figure 2.17- 2.18. The FTIR spectrum is compared with the reported spectrum 

by Dunks et al.
31

 The band at 2536-2613 cm
-1

, 1892cm
-1

, 1932cm
-1

, 1467cm
-1

, 1103cm
-1

, 

1037cm
-1

, 1006cm
-1

, 970cm
-1

, 964cm
-1

, 920cm
-1

, 902cm
-1

, 858cm
-1

, 813cm
-1

, 765cm
-1

, 

722cm
-1

 are matching with the reported spectrum
31

. The 
11

BNMR spectrum is recorded in 

benzene-d6 (C6D6) solvent.  In 
11

B NMR spectrum four kind of different boron were found. 

These are B (1,3)= 11.6; B (6,9)= 9.7; B(5,7,8,10)=0.45 ; B (2,4)=-36.40. This NMR 

spectra is well in agreement with spectrum reported by Gaines et al.
32

. 

b) Bis acetonitrile decaborane
33

: It was synthesized by refluxing decaborane in excess 

acetonitrile for 4 hours at 80°C. Cooled at room temperature and filtered. Filtrate was 

washed using acetonitrile to get white crystalline product in 80% yield. M.P. 121-123°C. It 

is important to isolate this product and proceed further with pure compound to prepare 

carborane. 

Characterization: IR spectrum of bis acetonitrile decaborane is given in Figure 2.19. In 

the IR spectrum the sharp band at 2520 cm
-1

 is due to the B-H stretching. The band at 2987 

cm
-1

 is due to the sp
3
 C-H stretching. The band at 1103 cm

-1
 is due to the B-B stretching.  

 

Scheme 2.11 Synthesis of bis-acetonitrile decaborane
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                       Figure 2.17 IR Spectrum of Decaborane 
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                         Figure 2.18     
11

B NMR spectrum of Decaborane
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                         Figure 2.19   IR Spectrum of bis-acetonitrile decaborane
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2.2.9 Monomer synthesis and characterization: 

2.2.9.1 Synthesis of Allyl diglycol carbonate (ADC) monomer
30

: (Scheme 2.12) 

Diethylene glycol 10.0g (0.094mol) was taken in a 250 mL round bottom flask. To this, 

75mL of acetone was added and the mixture was swirled to dissolve diethylene glycol in 

it. Then 17.40 mL (0.21 mol) of pyridine was added and reaction flask was kept in 

methanol bath over a magnetic stirrer. A pressure equalizing dropping funnel was 

connected to the flask. The temperature of bath was maintained between 0-5° degrees. 

Then to this mixture, 23.13 mL (0.21 mol) allyl chloroformate was added slowly drop wise 

by using pressure equalizing dropping funnel with constant stirring. After completion of 

addition, stirring was continued for another 1 hour at 0 °C temperature & then 2 hours at 

room temperature.  Then acetone was removed and 1:1 HCL was added. Reaction mixture 

was washed with 3 x 30 mL of brine water. Product was extracted with 3 x 20 mL of 

diethyl ether to get crude ADC. It was distilled under reduced pressure at 140°C to get 

pure ADC (22.7 g) in 88 % yield w. r. t. diethylene glycol.  

Characterization: IR and 
1
H NMR of the compound is given as Figure 2.20-2.21. In the 

IR spectrum the sharp band at 1759 cm
-1

 is due to the carbonate stretching. The band at 

3088 and 2956 cm
-1

 is due to the sp
2
 and sp

3
 C-H stretching respectively. The band at 1651 

cm
-1

 is due to C=C stretching. The band at 1257 cm
-1

 is due to C-O stretching.  

1
H NMR spectrum of ADC indicates the presence of five kinds of different protons as 

shown in Figure 2.21 marked as a-e on the structure. The details are given below. 

Chemical Shift (400MHz, CDCl3, 25°C, TMS) = a= 5.25-5.38 ppm (=CH2, 2H, dd) 

b= 5.8-5.9 ppm (-CH=CH2, 1H, m) 

c=4.6 ppm (CH2=CH-CH2-O, 2H, d) 

d=4.2 ppm (OCOO- CH2-, 2H, t) 

e=3.7ppm (O- CH2-, 2H, t) 

Above spectral data confirms that desired product is formed.  

 

Scheme 2.12 Synthesis of allyl diglycol carbonate
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                  Figure 2.20   IR Spectrum of Allyl diglycol carbonate (ADC) 
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                         Figure 2.21 
1
H NMR spectrum of Allyl diglycol carbonate (ADC)
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2.2.9.2 Synthesis of 1-[(2-propenyloxy)methyl]-1,2--closo-1,2-dicarbadodecaborane 

(12) [allyl propargyl ether carborane monomer (APEC)]
34-36

: To check the utility of 

prepared catalyst, a known monomer was prepared i.e. APEC. The APEC monomer was 

prepared in two steps i) synthesis of allyl propargyl ether ii) reaction of allyl propargyl 

ether with bis-acetonitrile decaborane. It is schematically presented in Scheme 2.13.  

 

Scheme 2.13 synthesis of allyl propargyl ether carborane 

 

Step 1: Synthesis of allyl propargyl ether
34, 37

: In a 250 mL, three neck round bottom 

flask, 4.27 g (0.17 mol) of NaH and 100 mL anhydrous DMF were taken. The slurry was 

cooled to 0 °C. Then 5 g (0.089 mol) propargyl alcohol was added drop-wise in slurry by 

constant agitation. After addition reaction mixture was stirred for further 30 minutes. The 

reaction mixture was allowed to cool at room temperature. Then 9.67 g (0.082 mol) of 

allyl bromide was added drop-wise. After completion of addition reaction mixture was 

further stirred for 2 hours. Then 200 mL of water was added and product was extracted in 

DCM and dried it over anhydrous magnesium sulphate. Solvent was removed over 

rotavapor and resultant liquid was distilled under reduced pressure to get pure compound 

(7.6 g) in 88% yield w. r. t. propargyl alcohol.  
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Characterization: IR and NMR of the compound are given as Figure 2.22-2.25. In the IR 

spectrum the band at 1647 cm
-1

 is due to the C=C stretching. The band at 3088 and 2956 

cm
-1

 is due to the sp
2
 and sp

3
 C-H stretching respectively. The band at 2115 cm

-1
 is due to 

C≡C stretching.  

1
H NMR spectrum of allyl propargyl ether indicates the presence of five kinds of different 

protons as shown in Figure 2.23 marked as a-e on the structure. The details are given 

below.  

Chemical Shift (400MHz, CDCl3, 25°C, TMS)= a=2.4 ppm (≡C-H, 1H, t) 

      b=4.1 ppm (C≡C-CH2, 2H, d) 

c=4.0 ppm (C=C-CH2, 2H, d) 

d= 5.8-5.9 ppm (-CH=CH2, 1H, m) 

e= 5.2-5.3 ppm (=CH2, 2H, dd) 

Structure of allyl propargyl ether indicates the presence of six kinds of different carbons. 

Different carbons are shown in the 
13

C spectrum marked as a – f in Figure 2.24. Details 

are given below.    

Chemical Shift (100MHz, CDCl3, 25°C, TMS): a=74. 42ppm (≡C-H); b= 79.61 ppm 

(HC≡C-CH2); c= 57.00 ppm (-O- CH2-C≡CH); d= 70.50 ppm (O-CH2-CH=CH2); e= 

139.84 ppm (O-CH2-CH=CH2); f= 117.87 ppm (=CH2).  

DEPT spectrum indicates the presence of two CH and three CH2 as shown in Figure 2.25 

marked as a tof. Based on the above observations, the structure of APC is confirmed.  

Step 2: Synthesis of allyl propargyl ether carborane
34-36

: In a 50 mL, three neck round 

bottom flask, 0.250 g (0.0020 mol) of bis (acetonitrile decaborane) was combined with 10 

mol % (relative to boron) of catalyst and the reaction vessel flushed with argon gas and 

capped. Dry toluene (3 mL) and 0.4 mL (0.0040 mol) of allyl propargyl ether were added 

at room temperature. The resulting mixture was stirred at 40 °C under argon for 72 hours. 

The reaction was monitored by thin layer chromatography (100% hexane). The solution 

was cooled to room temperature, diluted with 10 mL of dry toluene, and filtered through 

pad of celite. The filtrate was concentrated under reduced pressure to get a crude product. 
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The product was purified by silica gel chromatography (100% hexane) as a colorless liquid 

(0.170) in 70% yield w. r. t. bis (acetonitrile decaborane).  

Characterization: The product was confirmed by IR, NMR and 
11

B NMR spectroscopy. 

The IR, NMR and 
11

B NMR spectra are given in Figures 2.26-2.30 respectively. In the IR 

spectrum the band at 2590 cm
-1

 is due to the B-H stretching. The band at 3082 and 2924 

cm
-1

 is due to the sp
2
 and sp

3
 C-H stretching respectively. The band at 1647 cm

-1
 is due to 

C=C stretching. 

1
H NMR spectrum of allyl propargyl ether carborane indicates the presence of six kinds of 

different protons as shown in Figure 2.27 marked as a-e on the structure. The details are 

given below.  

Chemical Shift (400MHz, CDCl3, 25°C, TMS)= a= 5.1-5.2 ppm (=CH2, 2H, dd) 

b= 5.6-5.7 ppm (-CH=CH2, 1H, m) 

c= 3.9 ppm (C=C-CH2, 2H, d) 

      d=3.7 ppm (carborane-CH2, 2H, s) 

      e=3.8 ppm (Carborane C-H 1H, s) 

f=1.1- 2.6 ppm (B-H carborane, m, broad) 

Structure of allyl propargyl ether carborane indicates the presence of six kinds of different 

carbons. Different carbons are shown in the 
13

C spectrum marked as a – f in Figure 2.28. 

Details are given below.    

Chemical Shift (100MHz, CDCl3, 25°C, TMS): a= 118.66 ppm (=CH2); b= 132.93 ppm 

(O-CH2-CH=CH2); c= 72.59 ppm (O-CH2-CH=CH2); d= 70.55 ppm (-O- CH2-C-CB); e= 

77.05 ppm (BC-C-CH2); f=57.62 ppm (CB-CH). 

DEPT spectrum indicates the presence of two CH and three CH2 as shown in Figure2.29 

marked as a tof. Based on the above observations, the structure of APC can be confirmed.  

11
B NMR spectrum confirms the presence of ten boron atoms attached to hydrogen and is 

shown in Figure 2.30. 
11

B NMR shows seven signals corresponding to ten magnetically 

different boron environments in the molecule.
 11

B NMR (128MHz, CDCl3, 25°C, 

BF3.O(C2H5)2)- δ (-2.56 to -3.75, 1B,d), (-4.33, -5.53, 1B, d),(-8.59, 1B, s), ( -9.76, 1B, 

s),(-11.00, 1B, s), (-12.22, 3B, s), (-13.49 to -13.91, 2B, d). 
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The IR, NMR and 
11

BMR spectra of this product were matched with reported one to 

confirm that the catalyst prepared by us is working properly for carborane synthesis. We 

then moved to the synthesis of our target carborane monomer.
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               Figure 2.22   IR Spectrum of Allyl Propargyl Ether 
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       Figure 2.23      
1
H NMR spectrum of Allyl Propargyl Ether 
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                    Figure 2.24    
13

C NMR spectrum of Allyl Propargyl Ether 
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      Figure 2.25     DEPT Spectrum of Allyl Propargyl Ether 
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                   Figure 2.26    IR Spectrum of Allyl Propargyl Ether Carborane 
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                          Figure 2.27   
1
H NMR spectrum of Allyl Propargyl Ether Carborane 
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           Figure 2.28     
13

C NMR Spectra of Allyl Propargyl Ether Carborane 
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        Figure 2.29    DEPT Spectrum of Allyl Propargyl Ether Carborane 
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                      Figure 2.30    
11

B NMR Spectrum of Allyl Propargyl Ether Carborane
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2.2.9.3 Synthesis of 1-[(2-propenyloxycarbonyloxy)methyl]-1,2-closo-1,2-

dicarbadodecaborane(12) [allyl propargyl carbonate carborane (APCC)] monomer: 

The monomer APCC prepared in two steps i.e. synthesis of allyl propargyl carbonate 

(APC) and reaction of APC with bis acetonitrile decaborane to give APCC. It is 

schematically presented in Scheme 2.14.  

 

Scheme 2.14 Synthesis of allyl propargyl carbonate carborane 

 

Step 1: Synthesis of allyl propargyl carbonate
38-42

: In a 250 mL, three neck round 

bottom flask, 10 g (0.18 mol) of propargyl alcohol and 14.25 mL (0.18 mol) pyridine and 

100 mL of acetone were taken. Reaction mixture was stirred well at the temperature 

between 0-5 
°
C. Then, 21.73g (0.18mol) of allyl chloroformate added drop wise over a 

period of 2 hour. After completion of addition, reaction mixture was further stirred for 1 

hour. Reaction was monitored using TLC (9:1; pet ether: ethyl acetate). After completion 

of reaction, the mixture was decanted and salt formed was washed with brine water and 

extracted with dichloromethane. The product obtained was distilled under reduced 

pressure and weighed. The yield of product obtained was 63 % (15.53 g) w. r. t. propargyl 

alcohol.  
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Characterization:Formation of allyl propargyl carbonate was confirmed with FTIR and 

1
H, 

13
C nuclear magnetic resonance spectra (NMR) as shown in Figure 2.31-2.34. FTIR 

spectrum of APC (Figure 2.31)  shows characteristic functional groups: In the IR 

spectrum, the band at 1759 cm
-1

 is due to the carbonate stretching. The bands at 3088 and 

2953 cm
-1

 are due to the sp
2
and sp

3
 C-H stretching respectively. The band at 1651 cm

-1
 is 

due to C=C stretching. The band at 2131 cm
-1

 and 3294 cm
-1

 is due to the C≡C and ≡C-H 

respectively. 
1
H NMR spectrum of APC indicates the presence of five kinds of different 

protons as shown in Figure 2.32 marked as a-e on the structure. The details are given 

below.  

Chemical Shift (400MHz, CDCl3, 25°C, TMS)= a=2.4 ppm (≡C-H, 1H, t) 

      b=4.5 ppm (C≡C-CH2, 2H, d) 

c=4.6 ppm (C=C-CH2, 2H, d) 

d= 5.9 ppm (-CH=CH2, 1H, m) 

e= 5.2-5.3 ppm (=CH2, 2H, dd) 

Structure of APC indicates the presence of seven kinds of different carbons. Different 

carbons are shown in the 
13

C NMR spectrum marked as a – g in Figure2.33. Details are 

given below.    

Chemical Shift (100MHz, CDCl3, 25°C, TMS): a=35.19 ppm (≡C-H); b= 76.8 ppm 

(HC≡C-CH2); c= 75.69 ppm (-O- CH2-C≡CH); d= 154.31 ppm (-O-COO-);  e= 68.80 ppm 

(O-CH2-CH=CH2); f= 131.57 ppm (-C=CH2); g= 119.01 ppm (=CH2).  

DEPT spectrum indicates the presence of two CH and three CH2 as shown in Figure2.34 

marked as a to g. Based on the above  observations, it is confirmed that all the prepared 

material is APC.  

Step 2: Synthesis of allyl propargyl carbonate carborane: In a 50 mL, three neck round 

bottom flask, 1.2g (0.0054 mol) of bis (acetonitrile decaborane) was combined with 10 

mol % (relative to boron) of catalyst and the reaction vessel flushed with argon and 

capped. Dry toluene (3 mL) and 1.13 g (0b .0080 mol) of allyl propargyl carbonate were 

added at room temperature. The resulting mixture was stirred at 40 °C under argon 

atmosphere for 72 hours. The solution was cooled to room temperature, diluted with 10 ml 

of dry toluene, and filtered on the pad of celite. The filtrate was concentrated under 
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reduced pressure to get thick orange colored liquid.  Product was purified by silica gel 

chromatography (100% hexane) and was isolated as colorless liquid (0.9 g) in 65% yield 

w. r. t. bis (acetonitrile decaborane).  

Reaction conditions: Initially we have tried the reaction of carborane by addition of 

decaborane, dimethyl sulfide/ acetonitrile and alkyne at various temperatures (Table 2.2). 

We have found that, acetonitrile at 100 °C temperature gives a product but in very less 

amount. In literature we have found that, heterogeneous silver (I) catalyst and 

homogeneous silver (I) catalyst increase the carborane yield, because it prevents an 

unwanted reduction/hydroboration of the alkyne prior to carborane formation. We found 

that, using heterogeneous silver (I) catalyst, product spot was observed but with other 

unwanted products and it was difficult to isolate.  When we used homogeneous silver (I) 

catalyst, two spots were observed by TLC [bis (acetonitrile decaborane) and product] 

during the reaction monitoring. These were separated by column chromatography using 

pure hexane. When the homogeneous silver (I) catalyst (5 mol % w. r. t. boron) was used, 

50 % yield was obtained and when 10 mol % w. r. t. boron was used, 65 % of yield is 

obtained. All other carborane reactions given in this chapter were performed using 

homogeneous silver (I) catalyst. 

Table 2.2 Reaction conditions for synthesis of allyl propargyl carbonate carborane 

Sr. 

No. 

 

Reaction Solvent 
Temperature 

(
o
C) 

Time 

(h) 
Catalyst Result 

1 

Decaborane 

+dimethyl 

sulphide + allyl 

propargyl 

carbonate 

Benzene 80 8 - 

No 

product 

formed 

2 

Decaborane 

+dimethyl 

sulphide + allyl 

propargyl 

Toulene 80 8 - 

No 

product 

formed 
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carbonate 

3 

Decaborane 

+Acetonitrile + 

allyl propargyl 

carbonate 

Toluene 80 16 AgNO3 

No 

product 

formed 

4 

Decaborane 

+Acetonitrile + 

allyl propargyl 

carbonate 

Toluene 100 120 - 

product 

formed 

(15 %) 

5 

Bis-acetonitrile 

Decaborane +  

allyl propargyl 

carbonate 

Toluene 40°C 72 h 

Homogeneous 

silver (I) 

catalyst (5 

mol % of 

boron) 

50 

6 

Bis-acetonitrile 

Decaborane +  

allyl propargyl 

carbonate 

Toluene 40°C 72 h 

Homogeneous 

silver (I) 

catalyst (10 

mol % of 

boron) 

65 

 

Characterization: The APCC monomer was characterized using FTIR and NMR 

spectroscopy as shown in Figure 2.35-2.39.  The characteristic functional groups present 

in carborane are shown in the FTIR spectrum. Figure 2.35. The band at 2596 cm
-1

indicates 

the presence of B-H group while the bands at 3068 cm
-1

, 1759 cm
-1

, 1649 cm
-1

, 1251 cm
-1

 

indicate the presence of =C-H, OCOO, C=C and C-O respectively 

1
H NMR spectrum of APCC indicates the presence of six different types of protons which 

are marked as a - f in Figure 2.36. Details are given below. 

Chemical Shift (400MHz, CDCl3, 25°C, TMS) = a=5.2-5.4 ppm (=CH2, 2H, dd) 

      b=5.9 ppm (-CH=CH2, 1H, m) 
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c=4.7 ppm (C=C-CH2, 2H, d) 

d= 4.5 ppm (Carborane-C-CH2, 2H, s) 

e= 3.8 ppm (-Carborane-CH, 1H, s) 

f= 1.7-2.7 (B-H, broad, m) 

13
C and DEPT NMR spectra of APCC are shown in Figure 2.37. 

13
C NMR shows seven 

different kind of carbons in APCC which is marked as a – g in Figure.  Chemical Shifts 

(100MHz, CDCl3, 25°C, TMS): a= 120.07 ppm (=CH2); b= 130.63 ppm (-C=CH2);  c= 

69.64 ppm (-O- CH2-C=CH); d= 153.95 ppm (-O-COO-);  e= 67.64 ppm (O-CH2-C-

Carborane); f= 75.73 ppm (carborane-C-CH); g= 58.98 ppm (carborane-CH).  

DEPT spectrum confirmed the presence of two CH and three CH2 units (Figure 2.38). 

11
B NMR spectrum confirms the presence of different boron atoms attached to hydrogen 

and is shown in Figure 2.39.  This 
11

B NMR spectrum was compared with the reported 

spectrum of allyl propargyl ether carborane above
34-36

 which also shows 7 signals 

corresponding to ten magnetically different boron environments in the molecule. 

11
B NMR (128MHz, CDCL3, 25°C, BF3.O (C2H5)2) - δ (-1.35 to -2.48, 1B, d), ( -3.60 to -

5.56, 1B, t) , (-8.63, 1B, s), (-9.80, 1B, s), (-10.91, 1B, s), (-12.28,3B, s) (-13.66, 2B, s). 
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                          Figure 2.31      IR Spectrum of allyl propargyl carbonate 
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                              Figure 2.32    
1
H NMR spectrum of allyl propargyl carbonate 
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           Figure 2.33     
13

C NMR spectrum of allyl propargyl carbonate 
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            Figure 2.34 DEPT spectrum of allyl propargyl carbonate 
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              Figure 2.35    IR spectrum of allyl propargyl carbonate carborane 
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                      Figure 2.36  
1
H NMR spectrum of allyl propargyl carbonate carborane 
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      Figure2.37   
13

C spectrum of allyl propargyl carbonates carborane 
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 Figure 2.38 DEPT spectrum of allyl propargyl carbonate carborane 
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 Figure 2.39 
11

B NMR spectrum of allyl propargyl carbonate carborane
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2.2.9.4 Synthesis of 1,2-bis[(2-propenyloxycarbonyloxy)methyl]-closo-1,2-

dicarbadodecaborane(12) [Diallyl but-2-yne-1,4-diyldicarbonate carborane 

(DBDCC)] monomer 

The monomer DBDCC was prepared in two steps i.e. synthesis of bis (allyl carbonate) of 

but-2-yne-1,4-diol  and reaction of bis(allyl carbonate) of but-2-yne-1,4-diol  with bis 

acetonitrile decaborane to give DBDCC. It is schematically presented in Scheme 2.15.  

 

Scheme 2.15Synthesis of diallyl but-2-yne-1,4-diyldicarbonate carborane (DBDCC) 

 

Step 1: Synthesis of diallyl but-2-yne-1,4-diyl dicarbonate (DBDC)
43

: In a 100 mL, 

three neck round bottom flask, 5 g (0.05 mol) of but-2-yne-1,4-diol and 8.61 mL (0.12 

mol) pyridine along with 30 mL of acetone were taken. Reaction mixture was stirred well 

at the temperature between 0-5 
°
C. Then, 14.98g (0.12 mol) of allyl chloroformate added 

drop wise over a period of 1 hour. After completion of the addition, reaction mixture was 

stirred for 1 hour. Reaction was monitored using TLC (9:1; Pet ether: ethyl acetate). After 

completion of reaction, reaction mix was decanted and salt formed was washed with brine 

water and product was extracted in dichloromethane. It was dried over anhydrous 
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magnesium sulphate and solvent was evaporated on rotavapour to get a crude product. 

This was distilled under reduced pressure of 0.05 mbar at 260°C in 88% yield (13 g) w. r. 

t. of but-2-yne-1,4-diol.  

Characterization: As shown in Figure 2.40, the band at 1751 cm
-1 

corresponding to C=O 

stretching of carbonate (OCOO) while the band at 3083, 2951, 1651 and 1242 cm
-1 

indicate the presence of =CH2, -CH3, C=C and C-O stretching respectively. 
1
H NMR 

spectrum of the bis (allyl carbonate) of but-2-yne-1,4-diol is shown in Figure 2.41
1
H 

NMR is showing the presence of four kind of protons in the compound which is marked as 

a-d. The details are given below. 

Chemical Shifts (400MHz, CDCl3, 25°C, TMS) 

     a= 5.2-5.3 ppm (=CH2, 2H, dd) 

b= 5.8-5.9 ppm (-CH=CH2, 1H, m) 

c=4.7 ppm (C≡C-CH2, 2H, s) 

d=4.6-4.7ppm (C=C-CH2, 2H, d) 

Bis(allyl carbonate) of but-2-yne-1, 4-diol indicates the presence of six kinds of carbons as 

shown in Figure 2.42. The details are shown below. 

Chemical Shift (100MHz, CDCl3, 25°C, TMS): a = 131.24 ppm (-CH=CH2); b= 118.98 

ppm (-C=CH2); c=68.83 ppm (O-CH2-CH=CH2); d= 154.28 ppm (-O-COO-); e= 55.54 

ppm(-C≡C-CH2); f= 80.89 ppm (-C≡C-). 

DEPT spectrum is shown in Figure 2.43 which confirms the presence of three CH2 and 

one CH is present in the compound. From above all the spectroscopic data, it is confirmed 

that the desired compound is formed. 

Step 2: Synthesis of diallyl but-2-yne-1,4-diyldicarbonate carborane (DBDCC): In a 

50 mL, three neck round bottom flask,1 g (0.0045 mol) of bis acetonitrile decaborane was 

combined with 10 mol % (relative to boron) of catalyst and the reaction vessel flushed 

with argon  and capped. Dry toluene (6 mL) and 1.71 g (0.0067 mol) of bis(allyl 

carbonate) of but-2-yne-1,4-diol were added at room temperature. The resulting mixture 

was stirred at 40°C under argon for 72 hours. The solution was cooled to room 

temperature, diluted with 10 mL of dry toluene, and filtered through a pad of celite. The 
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filtrate was concentrated and product was purified by silica gel chromatography (9.5: 0.5; 

hexane: ethyl acetate) yielded colorless viscous liquid (0.780 g) in 49% yield w. r. t. bis 

acetonitrile decaborane.  

Reaction condition: Homogeneous silver (I) catalyst was used with different percentage 

to see the effect of % of catalyst on the yield of carborane as shown in Table 2.3. Yield 

was increased by 9% when we used the 10 mol % catalyst instead of 5% catalyst.  

Table 2.3 Reaction conditions for synthesis of Butyne1,4-diol bis(allyl carbonate) 

carborane. 

Sr. 

No. 

 

Reaction 

 

Solvent 

 

Temp. 

°C 

Catalyst 

 

Result 

 

1 

Decaborane +Acetonitrile+ 

Diallyl but-2-yne-1,4-diyl 

dicarbonate 

 

Toluene 

 

40 

Homogeneous 

silver (I) 

catalyst (5 mol 

% of boron) 

 

Viscous liquid 

formed. 

Yield (40%) 

2 

Decaborane +Acetonitrile+ 

Diallyl but-2-yne-1,4-diyl 

dicarbonate 

 

Toluene 

 

40 

Homogeneous 

silver (I) 

catalyst (10 

mol % of 

boron) 

 

Viscous liquid 

formed. 

Yield (49%) 

 

Characterization: DBDCC was characterized using FTIR, 
1
H NMR, 

13
C NMR, DEPT 

and 
11

B NMR spectroscopy. FTIR spectrum of DBDCC is shown in Figure 2.44. The band 

at 2588 cm
-1

 indicates the presence of B-H functional group in the compound. Bands at 

3089, 2929, 1651, 1253 and 1759 cm
-1

 indicate the presence of =CH2, -CH3, C=C, C-O and 

C=O respectively. In the 
1
H NMR of DBDCC shown in Figure 2.45 indicates the presence 

of five different kinds of protons. The details of protons are shown below. 
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Chemical Shift (400MHz, CDCl3, 25 °C, TMS) 

     a= 5.2-5.3 ppm (=CH2, 2H, dd) 

b= 5.8-5.9 ppm (-CH=CH2, 1H, m) 

c=4.60-4.62 ppm (C=C-CH2, 2H, d) 

d=4.678ppm (Carborane-C-CH2, 2H, s) 

e=1.8-2.4 (10H B-H, broad, m) 

13
C spectrum of DBDCC is shown in Figure 2.46. It indicates the presence of six different 

kinds of carbon is present in the compound. The details of the different types of carbon are 

shown below. 

Chemical Shift (100MHz, CDCl3, 25 °C, TMS):  

a= 118.66 ppm (-C=CH2); b= 130.19 ppm (-CH=CH2); c=68.51 ppm (O-CH2-CH=CH2); 

d= 153.33 ppm (-O-COO-); e= 54.32 ppm (-C≡C-CH2); f= 79.91 ppm (-C≡C-). 

DEPT spectrum indicates the presence of three CH2 and one CH as shown in Figure 2.47. 

11
B NMR spectroscopy shows two different kind of boron environments present in 

structure as shown in Figure 2.48. 
11

B NMR was compared with reported spectrum of 

similar kind of disubstituted o-carborane as shown below
7
. 

  

11
B NMR (128.4 MHz, CDCl3, ppm, J = 

Hz): -5.2 (d, 2B, J=147Hz), -11.2 (d, 8B, 

J= 155Hz).
 

11
B NMR (128.4 MHz, CDCl3, ppm, J = 

Hz) -5.6 (d, 2B, J=151Hz), - 11.4 (d, 8B, 

J= 143Hz).
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It is seen that disubstituted o-carborane shows two doublets for the 2 boron and 8 boron 

respectively with a coupling constant of 143-155 Hz 

11
B NMR (128 MHz, CDCl3, ppm, J = Hz): -2.17-to -3.33 (d, 2B, J=148.4Hz),-9.81 to -

11.01 (d, 8B, J=153.6Hz). 

From the above spectroscopic data, it is confirmed that the desired product is formed.
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     Figure 2.40 IR spectrum of  diallyl but-2-yne-1,4-diyl dicarbonate 
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      Figure 2.41 
1
H NMR spectrum of diallyl but-2-yne-1,4-diyl dicarbonate 
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      Figure 2.42 
13

C NMR spectrum of diallyl but-2-yne-1,4-diyl dicarbonate 
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     Figure 2.43 DEPT spectrum of diallyl but-2-yne-1,4-diyl dicarbonate 
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                Figure 2.44 IR spectrum of diallyl but-2-yne-1,4-diyldicarbonate carborane (DBDCC) 
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   Figure 2.45  
1
H NMR Spectrum of diallyl but-2-yne-1,4-diyldicarbonate carborane (DBDCC) 
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       Figure2.46  
13

C NMR spectrum of diallyl but-2-yne-1,4-diyldicarbonate carborane (DBDCC) 
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        Figure 2.47 DEPT spectrum of diallyl but-2-yne-1,4-diyldicarbonate carborane (DBDCC) 
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                 Figure 2.48 
11

B NMR spectrum of diallyl but-2-yne-1,4-diyldicarbonate carborane (DBDCC)
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 2.2.9.5 Synthesis of pentaerythritol tetrakis propargyl (carbonate carborane) 

[PTCC]: The monomer PTPCC prepared in three steps i.e. synthesis of a propargyl 

chloroformate, pentaerythritol tetrakis propargyl carbonate (PTPC) and reaction of PTPC 

with bis acetonitrile decaborane to give pentaerythritol tetrakis (carbonate carborane) 

[PTCC]. It is schematically presented in Scheme 2.16.  

Scheme 2.16 synthesis of pentaerythritol tetrakis (carbonate carborane) 
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Step 1 Synthesis of propargyl chloroformate
30

: In a 500 mL round bottom flask, 27g 

(0.0909 mol) of triphosgene was taken in 250 mL of dichloromethane. Reaction mixture 

was cooled at 0 °C. 17.97 mL (0.227 mol) of pyridine and 13.11 mL (0.227 mol) of 

propargyl alcohol was added by syringe in such a way that pyridine was always added 

excess. After the completion of addition, reaction mixture was further stirred for 2 hours at 

0 °C. Then the reaction mixture was taken in separating funnel and washed with 5 x 50 

mL cold water. DCM was distilled at 55 °C to get crude propargyl chloroformate in 80% 

yield. The crude propargyl chloroformate was distilled under reduced pressure to get pure 

propargyl chloroformate (22 g) in 67% yield w. r. t. propargyl alcohol.  

Characterization: The IR spectrum of pure chloroformate was recorded and shown in 

Figure 2.49. The band at 1778 cm
-1

 indicates the presence of acid chloride (COCl).  Bands 

at 3300 cm
-1

and 21 35 cm
-1

 is due to C≡C and ≡C-H stretching.   

Step 2:  Synthesis of pentaerythritol tetrakis (propargyl carbonate) [PTPC]: In a 50 

mL, three neck round bottom flask 2.5 g (0.0183 mol) of pentaerythritol and 8.66 mL 

(0.107 mol) pyridine and 30 mL of acetone were taken. Reaction mixture was stirred well 

at the temperature between 0-5 °C. Then 10.23 mL (0.107 mol) of propargyl 

chloroformate added drop wise over a period of 15 min. After addition was complete, 

reaction mix was stirred for 1 hour. Reaction was monitored using TLC (30% ethyl 

acetate: pet ether). After completion of reaction, reaction mix was decanted and salt 

formed was washed brine water and extracted with dichloromethane. The product obtained 

was purified using column chromatography using chloroform to get a pure product. The 

yield of product obtained was (5.1 g) 60 % w. r. t. pentaerythritol.  

Characterization: The Product obtained was characterized by NMR & IR spectrum. The 

IR and NMR spectrum for PTPC is shown in Figure 2.50-2.53. The band at 1759 cm
-1

 

indicates the presence of carbonate (OCOO) stretching. Bands at 3294 and 2131 cm
-1

 is 

due to C≡C and ≡C-H stretching.   The band at 1263 cm
-1 

isdue to the presence of C-O 

stretching (Figure 2.50). 

In the 
1
H NMR of PTPC shown in Figure 2.51 indicates the presence of three different 

kinds of protons. The details of protons are shown below. 

Chemical Shift (400MHz, CDCl3, 25 °C, TMS): 

     a= 2.5 ppm (≡C-H, 1H, t) 
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b= 4.2 ppm (O-CH2, 2H, s) 

c=4.7 ppm (CH2-O, 2H, s) 

13
C spectrum of PTPC is shown in Figure 2.52. It indicates the presence of six different 

kinds of carbon is present in the compound. The details of the different types of carbon are 

shown below. 

Chemical Shift (100MHz, CDCl3, 25 °C, TMS):  

a= 76.15 ppm (≡C-H);  

b= 76.57ppm (-C≡C); 

c=55.76 ppm (O-CH2-CH≡CH2);  

d= 153.90 ppm (-O-COO-); 

e= 65.47 ppm (CH2-O);  

f= 42.56 ppm (-C-quaternary) 

DEPT spectrum indicates the presence of two CH2 and one CH as shown in Figure 2.53.  

Step 3 Synthesis of pentaerythritol tetrakis propargyl (carbonate carborane) 

[PTPCC]: In a 50 mL, three neck round bottom flask, 0.250 g (0.00053 mol) of PTPC 

was combined with 10 mol % (relative to boron) of catalyst and the reaction vessel flushed 

with argon and capped. Dry toluene (3 mL) and 0.706 g (0.0317 mol) of a bis-acetonitrile 

decaborane were added at room temperature. The resulting mixture was stirred at 40 °C 

under argon atmosphere for 16 hours. The solution was cooled to room temperature, 

diluted with 10 mL of dry toluene, and filtered on the pad of celite. The filtrate was 

concentrated under reduced pressure and purified using column chromatography (3:7, 

EA:Hexane) to get product in (0.51 g) 60% yield w. r. t. PTPC. Product was characterized 

by IR, NMR spectroscopy.  

Characterization: The Product obtained was characterized by NMR & IR spectrum. The 

IR and NMR spectrum for PTPCC is shown in Figure 2.54-2.58. The band at 1765 cm
-1

 

indicates the presence of carbonate (OCOO) stretching. Band at 2966 cm
-1

 is due to –CH3 

stretching.The band at 1263 cm
-1 

is due to the presence of C-O stretching. The band at 

2579 cm
-1 

is due to the presence of B-H stretching (Figure 2.54). 
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1
H NMR spectrum of PTPCC indicates the presence of four different types of protons 

which are marked as a – d in Figure 2.55. Details are given below. 

Chemical Shift (400MHz, CDCl3, 25 °C, TMS) = a= 1.2-2.0 (B-H, broad, m) 

b= 3.9 ppm (-Carborane-CH, 1H, s) 

c= 4.2 ppm (Carborane-C-CH2, 2H, s) 

d=4.7 ppm (O-CH2, 2H, s) 

13
C and DEPT NMR spectra of PTPCC are shown as Figure 2.56 and 2.57 

respectively.
13

C NMR shows six different kinds of carbons in PTPCC which is marked as 

a – f in Figure 2.56.  Chemical Shifts (100MHz, CDCl3, 25°C, TMS): a= 58.81 ppm 

(carborane-CH); b= 76.25 ppm (carborane-C-CH); c= 55.84 ppm (O-CH2-Carborane); d= 

153.88 ppm (-O-COO-);  e= 65.33 ppm (CH2-O-); f= 42.66 ppm (C quaternary); 

DEPT spectrum confirmed the presence of one CH and two CH2 units (Figure 2.57). 

11
B NMR spectrum confirms the presence of different boron atoms attached to hydrogen 

and is shown in Figure 2.39.  This 
11

B NMR spectrum was compared with the reported 

spectrum of allyl propargyl ether carborane above
34-36

 which also shows 7 signals 

corresponding to ten magnetically different boron environments in the molecule. The 

nature 
11

B NMR spectrum is in the range of closo and not nido
6
. 

11
B NMR(128MHz, 

CDCL3, 25 °C, BF3.O(C2H5)2)- δ (-1.28,to -2.47, 1B, s), (-3.59 to -4.76, 1B), (-8.63, 1B, 

s),  (-9.82, 1B, s), (-10.98, 1B, s), (-12.27, 3B, s), (-13.58, 2B, s). From the above spectral 

data it is confirmed that that the desired compound is formed  
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        Figure 2.49 IR spectrum of propargyl chloroformate 
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          Figure 2.50 IR spectrum of pentaerythritol tetrakis (propargyl carbonate)[PTPC] 
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Figure 2.51 
1
H NMR spectrum of pentaerythritol tetrakis (propargyl carbonate)[PTPC] 
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      Figure 2.52
13

C NMR spectrum of pentaerythritol tetrakis (propargyl carbonate)[PTPC] 
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                 Figure 2.53 DEPT spectrum of pentaerythritol tetrakis (propargyl carbonate) [PTPC]  



Chapter 2 

 

Vishal M. Pawar, Ph.D. Thesis, Goa University Page 140 
 

 

 

      Figure 2.54 IR spectrum of pentaerythritol tetrakis propargyl (carbonate carbonate)[PTPCC] 



Chapter 2 

 

Vishal M. Pawar, Ph.D. Thesis, Goa University Page 141 
 

 

 

    Figure 2.55
1
H NMR spectrum of pentaerythritol tetrakis propargyl (carbonate carbonate)[PTPCC] 
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     Figure 2.56
13

C NMR spectrum of pentaerythritol tetrakis propargyl (carbonate carbonate)[PTPCC] 
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    Figure 2.57 DEPT spectrum of pentaerythritol tetrakis propargyl (carbonate carbonate)[PTPCC]  
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 Figure 2.58
11

B NMR spectrum of pentaerythritol tetrakis propargyl (carbonate carbonate) [PTPCC] 
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2.2.9.6 Synthesis of 2,2'-sulphonyldiethanol bis (allyl carbonate) (SDAC/ATSC)
44

: 

Diallyl (sulphonyl bis(ethane-2,1-diyl)) dicarbonate was synthesized in three steps as 

shown in Scheme 2.17.  

Step 1-Synthesis of β-thiodiglycol: In a 1 L round bottomed flask equipped with a 

mechanical stirrer, 100 g (1.24 mol) 20% solution of 2-chloroethanol along with 500 mL 

of water were placed. Then 53.61g (0.68 mol) of sodium sulphide was added at a rate 

which will maintain the reaction temperature at 30-35 °C. After completion of addition, 

reaction mixture was further stirred for 2 hours. The stirrer was removed and solvent was 

evaporated on rotavapour to get slurry. 100 mL hot ethanol was added to the slurry and 

filtered through Buchner funnel. The precipitate was washed with hot ethanol. Ethanol was 

removed on rotavapour to get crude product which was distilled under reduced pressure to 

get pure compound (25 g) in 89% yield w. r. t. Na2S.  

Characterization: IR spectrum of β-thiodiglycol is shown in Figure 2.59.  The band at 

3354 cm
-1

 indicates the presence of OH stretching. The band at 2949 cm
-1 

isdue to the 

presence of –C-H stretching. 

Step 2- Synthesis of 2,2’-sulphonyldiethanol (Thiodiglycol sulphone): Thiodiglycol 

was oxidized to thiodiglycol sulphone using oxone. In a typical reaction, 5.54 g (0.045 

mol) of thiodiglycol was dissolved in 20:10:1 mixture of ethyl acetate/ ethanol/ water by 

stirring.  34.92 g (0.113 mol) of oxone was added in the reaction mixture by the period of  

2 hours. After completion of addition, reaction mixture was further stirred for 3 hours and 

solvent was evaporated to dryness using rotavapour. Product was extracted first by using 

ethyl acetate and then twice with dichloromethane. Solvent was evaporated using 

rotavapour to get a product (5.5 g) in 79% yield w. r. t. β-thiodiglycol.   

Characterization: IR spectrum of 2, 2’-sulphonyldiethanol (thiodiglycol sulphone) is 

shown in Figure 2.60. The band at 3425 cm
-1

 indicates the presence of OH stretching. The 

band at 2916 cm
-1 

is due to the presence of –C-H stretching. The peak at 1377 cm
-1

 is due 

to the asymmetric stretching of O=S=O.  

Step 3-Synthesis of diallyl (sulphonylbis(ethane-2,1-diyl))dicarbonate(SDAC)/Allyl 

thiodiglycol carbonate (ATSC)  

Diallyl (sulphonylbis (ethane-2,1-diyl)) dicarbonate was prepared by condensation reaction 

using thiodiglycol sulphone with allyl chloroformate. In this reaction 5.64 g (0.036 mol) of 
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thiodiglycol sulphone was taken with acetonitrile. 6.66 g (0.084 mol) of pyridine was 

added in the reaction mixture and reaction mixture was cooled at 0°C. Then, 10.15 g 

(0.084 mol) of allyl chloroformate was added in the reaction mixture drop wise over a 

period of 1hour. After completion of addition reaction mixture was further stirred for one 

hour at 0°C and 3hour at room temperature. Solvent was evaporated using rotavapour. The 

product was extracted in dichloromethane. Dichloromethane was evaporated using 

rotavapour to get a crude product. 

: 

Scheme 2.17 Synthesis of diallyl (sulphonylbis(ethane-2,1-diyl)) dicarbonate 

 

Crude product was purified using column chromatography (30% ethyl acetate: Pet ether) 

to get pure product (6.59 g) in 72% yield w. r. t. 2, 2’-sulphonyldiethanol (Thiodiglycol 

sulphone).  

Characterization: IR and NMR spectrum for SDAC is shown in Figure 2.61-2.64. The 

band at 1759 cm
-1

 indicates the presence of carbonate (OCOO) stretching. Bands at 3088 

and 2953 cm
-1

 is due to sp
2
and sp

3
 C-H stretching. The band at 1651 cm

-1 
is due to the 

presence of C=C stretching The band at 1257 cm
-1 

is due to the presence of C-O stretching. 

The band at 1377 cm
-1

 is due to the asymmetric stretching of O=S=O. (Figure 2.61). 
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In the 
1
H NMR of PTPC shown in Figure 2.62 indicates the presence of three different 

kinds of different protons is present. The details of protons are shown below. 

Chemical Shift (400MHz, CDCl3, 25 °C, TMS): 

     a= 5.2-5.3 ppm (=CH2, 2H, dd) 

b= 5.8-5.9 ppm (-CH=CH2, 1H, m) 

c=4.5 ppm (O-CH=CH2, 2H, d) 

d=4.6 ppm (CH2-O- 2H, t) 

e= 3.4 ppm ( S=O-CH2, 2H, t) 

13
C spectrum of SDAC is shown in Figure 2.63. It indicates the presence of six different 

kinds of carbon is present in the compound. The details of the different types of carbon are 

shown below. 

Chemical Shift (100MHz, CDCl3, 25°C, TMS):  

a= 119.41 ppm (=CH2); b= 131.11 ppm (-CH=CH2); c=69.00 ppm (O-CH2-CH=CH2); d= 

154.08 ppm (-O-COO-); e= 61.04 ppm (CH2-O); f= 53.54 ppm (-SO-CH2-) 

DEPT spectrum indicates the presence of four CH2 and one CH as shown in Figure 2.64. 
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  Figure 2.59 IR spectrum of β-thiodiglycol 
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 Figure 2.60 IR spectrum of 2,2’-sulfonyldiethanol (Thiodiglycol sulphone) 
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  Figure 2.61 IR spectrum of diallyl (sulphonyl bis(ethane-2,1-diyl)) decarbonate (SDAC/ATSC) 
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       Figure 2.62 
1
H NMR spectrum of diallyl (sulphonyl bis (ethane-2,1-diyl)) decarbonate (SDAC/ATSC)  
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     Figure 2.63 
13

C NMR spectrum of diallyl (sulphonyl bis(ethane-2,1-diyl))decarbonate (SDAC/ATSC) 
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       Figure 2.64 DEPT spectrum of diallyl (sulphonyl bis (ethane-2, 1-diyl))decarbonate (SDAC/ATSC) 
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2.2.10 Preparation of SSNTD films by cast polymerization
30

: 

2.2.10.1 Assembling the polymerization mold: Teflon sheet of thickness 500 micron was 

cut in a square shaped gasket as shown in Figure below having a width of 1.2-1.3cm and a 

small opening to inject monomer. The gasket was sandwiched between two glass plates 

from (Schott, Germany) to assemble the mold (Figure 2.65).  

 

Figure 2.65 Polymerization mold design. 

 

2.2.10.2 Preparation of films by cast polymerization: Purified monomer was first 

filtered through a micro filter 200 µm to remove suspended particles. The monomer is 

subjected to a high vacuum for 15 minutes and then dry nitrogen was flushed for 15 

minutes. The process was repeated twice to completely remove the dissolved oxygen from 

the monomer. Initiator and the plasticizer are added to the flask and the contents 

homogenized by mixing. The polymerization mixture was carefully injected into the mold 

through the opening in the Teflon gasket avoiding the formation of air bubbles. The 

opening was sealed and the molds sandwiched between aluminum plates. The molds were 

then placed into the polymerization bath. The molds were gradually heated, according to 

the previously determined polymerization cycle
45

, over a period of time, with periodic 

tightening of the molds. The molds were allowed to cool slowly, and opened. A clear 

transparent film was obtained which was carefully detached from the glass plates. 

2.2.11 Composition of monomers for polymerization: 

2.2.11.1 Composition for Poly (APCC-co-ADC):The polymerization was done using 12 

h polymerization cycle meant for ADC monomer with 4% IPP
45

. We prepared the 
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copolymers i.e. Poly (APCC-co-ADC) with different concentration of natural boron which 

would help in neutron dosimetry studies. Details of initiator used, % of natural boron and 

composition of films are given below. By using the composition in Table 2.4, we prepared 

SSNTD films for neutron dosimetry. 

Table 2.4 Details of initiator used, % of natural boron and Composition of films                    

in poly (APCC-co-ADC) 

Sr.No. 
ADC 

(g) 

APCC 

(g) 

IPP   

(g) 

% of 

Boron 

DOP 

% 
Remark 

1 9.361 0.239 0.4 1 0.1 Hard, transparent film 

2 9.122 0.478 0.4 2 0.1 Hard, transparent film 

3 8.813 0.717 0.4 3 0.1 Hard, transparent film 

4 8.643 0.957 0.4 4 0.1 Hard, transparent film 

5 8.4 1.2 0.4 5 0.1 Hard, transparent film 

 

2.2.11.2 Composition for Poly (DBDCC-co-ADC): Poly (DBDCC-co-ADC) with 

different concentration of natural boron was prepared similarly. Details of initiator used, % 

of natural boron and composition of films are given in Table 2.5.  

Table2.5 Details of initiator used, % of natural boron and Composition of films poly 

(DBDCC -co-ADC) 

Sr. 

No. 
ADC (g) DBDCC (g) 

Initiator 

IPP 

(g) 

% of 

Boron 
observations 

1 9.257 0.343 0.4 1 
Intact, hard, transparent 

film obtained. 

2 8.914 0.686 0.4 2 
Intact, hard, transparent 

film obtained. 

3 8.571 1.029 0.4 3 
Intact, hard, transparent 

film obtained. 
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2.2.11.3 Composition for Poly (SDAC-co-APCC-co-ADC): It has been previously 

discussed that homogeneous boronic materials for neutron dosimetry is the need of the 

hour. Section 2.3.4 shows that, our hypothesis has worked as expected and it is possible to 

provide a boronic detector that works better than what is available commercially. In the 

past, some poly (sulfone-carbonate) polymers were made
44

 and they showed some 

excellent track detection characteristics
44

 one of them swift development of tracks by 

chemical etching. E.g. poly (SDAC-co-ADC) prepared by Naik et al.
44

 had higher 

radiation sensitivity and it developed alpha tracks within a few seconds when etched with 

6N NaOH at 70 °C. On the other hand, CR-39 (referred to as PADCth later in section 2.3.4, 

page 108) takes 2 hours for developing alpha tracks due to thermal neutrons. In order to 

combine better efficiency of poly (APCC-co-ADC) with efficiency and swift track 

development of poly (SDAC-co-ADC) stated above, we thought of preparing a ternary 

copolymer by incorporating all these three monomers together. Thus, poly (SDAC-co-

APCC-co-ADC) with different concentration of natural boron was prepared.  Details of 

initiator used, % of natural boron and composition of films are given in Table 2.6.  

Table 2.6 Details of initiator used, % of natural boron and composition of films poly 

(SDAC-co-APCC-co-ADC) 

Sr. 

No. 

ADC 

(g) 

APC 

Carborane 

(g) 

SDAC 

(g) 

Initiator 

IPP(g) 

% Of 

Boron 
Result 

1 4.6805 0.239 4.6805 0.4 1 

Intact, slightly 

yellow colored 

film obtained. 

2 4.561 0.478 4.561 0.4 2 

cracked, slightly 

yellow colored 

film obtained 

3 4.4065 0.717 4.4065 0.4 3 Intact, slightly 

yellow colored 

4 8.228 1.372 0.4 4 
Intact, hard, transparent 

film obtained. 

5 7.890 1.715 0.4 5 
Intact, hard, transparent 

film obtained. 
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film obtained 

4 4.3215 0.957 4.3215 0.4 4 

Intact, slightly 

yellow colored 

film obtained 

5 4.2 1.2 4.2 0.4 5 

Intact, slightly 

yellow colored 

film obtained 

 

2.2.12 Preparation of dosimeters, Irradiation and Processing of the detectors 

2.2.12.1 Preparation of dosimeters: The polymer films prepared had thickness variation 

in the range of 530 to 630 ±15 µm. The films were cut manually into pieces of size 2 x 2 

cm carefully so as not to break them considering the brittle nature of polymer. The 

thicknesses of these pieces were measured along all the four edges and were packed and 

sealed in a triple laminated aluminized pouch. The aluminized pouch protects the detector 

from ambient conditions, makes the detector dust free during handling and prevents entry 

of atmospheric radon/alpha particles which may produce tracks in the detector. The 

imported boron doped CR-39 [(PADC)th] detector procured from M/s TASL, U.K., was 

used as a reference.   

2.2.12.2 Detector Irradiation:  A set of three films of size 2 x 2 cm from all the newly 

prepared copolymers and (PADC)th were cut for using them as track detectors and were 

irradiated to 1 mSv neutron dose equivalent using a thermalized 
241

Am-Be  irradiation 

facility
46

 at Bhabha Atomic Research Centre (BARC) with a uniform fluence of 6200 

n/cm
2 

(measured using gold foil activation). For dose linearity studies, highest sensitivity 

detectors from all the detectors were used and irradiated using the same facility for 

different thermal neutron dose equivalents. The delivered dose equivalents were 0.25, 0.5, 

1 and 2 and 4 mSv. 

2.2.12.3 Processing of Detectors: After irradiation to thermal neutrons, poly (APCC-co-

ADC) and poly (DBDCC-co-ADC) detectors were chemically etched in 7M KOH solution 

at 60 °C with varying etching durations from 1 to 4 h to optimize track size generated due 

to 
10B (n, α) 7

Li reaction. Poly (SDAC-co-ADC-co-APCC) detector was etched using 1 N 

NaOH solution at 60 °C with varying etching durations from 20-35 minutes to optimize 
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track size. The detectors with highest sensitivity were further used for dose linearity 

studies. In dose linearity studies, the detectors were etched for optimized time.
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2.3 Result and discussion 

Tsuruta reported the use of boron compounds like sodium tetra phenyl borate, ortho-

carborane, meta-carborane dicarboxylic acid, decaborane and some decaborane derivatives 

in nitrocellulose detector films and CR-39 and concluded that such detectors were 

advantages in neutron dosimetry. In 1978, cellulose nitrate track detector was used for 

neutron dosimetry. In a typical experiment, boron-agar solution was used as 
10

B source and 

prepared films were irradiated with thermal neutrons. After irradiation, the cellulose nitrate 

film was separated from solution and etched with 10 % KOH solution. Tsuruta proved that 

the number of etch pits per unit area was proportional to the product of the 
10

B 

concentration and thermal neutron fluence
22

. Then in 1984, Tsuruta used the ortho-

carborane powder with allyl diglycol carbonate in presence of di-isopropylperoxy 

dicarbonate and prepared boron doped films with different composition. Prepared films 

was wrapped in polyethylene to protect their surfaces and irradiated with thermal neutrons. 

Then etching of these films was done in 30% KOH and measured sensitivity. On the basis 

of this, Tsuruta concluded that upto 1% of boron doped PADC can give good results for 

neutron dosimetry. Tsuruta also concluded that sensitivity could be enhanced five times by 

increasing the 
10

B abundance of boron contained in the compound
23. 

 However, it should 

be noted that Tsuruta’s work involved simple addition of the boron containing compounds 

which could result in some inhomogeneities in the polymer structure. Further, there could 

be a problem of solubility of such boron compounds which will result in a limitation to the 

extent to which they could be incorporated in the polymeric detectors. One can always 

expect that more the amount of boron available for interaction with thermal neutrons 

(inside a polymer matrix), more alpha tracks could be developed thus increasing the 

response. We, therefore, tried to synthesize and use boron clusters like carborane in the 

form of an allylic monomer so that it could be polymerized and becomes an integral part of 

polymer structure. Most of the boron compounds we considered were found to be liquids 

and their miscibility with another liquid monomer like ADC was not a problem. 

2.3.1 Designing of carborane monomers/polymers for Neutron dosimetry:  

It is weel-known about the high cross-section of 
10B (n, α) 7

Li reaction for thermal 

neutrons
47

. The 
10

B nucleus has isotopic abundance of 19.8 %. During the interaction 

between a slow neutron with 
10

B, a α-particle and 
7
Li are formed with two possible Q-

values (2.31 and 2.79 MeV)
48-49

. 
11

B isotope is not used for thermal neutron dosimetry 

https://www.sciencedirect.com/topics/physics-and-astronomy/thermal-neutrons
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because it does not have any cross section for thermal neutrons. The α-particle thus 

produced has very short range. The range of the product particles are of the order of a few 

μm in solids. The thermal reaction mediated by a 
10

B layer is 
10B (n, α) 7

Li is given 

below:- 

105 B + n→   73Li (1.02MeV) + α(1.78MeV)   6%  (Q-value 2.792MeV) 

105 B + n →73Li 
*
(0.84MeV) + α(1.47MeV)  94% (Q-value 2.310MeV) 

                  
73Li 

*→73Li + γ (0.48MeV) 

Another advantage of the film detector is its compact size; it is insensitive to visible, 

ultraviolet, X- and γ-rays; further, the isotope 
10

B is not radioactive and thus perfectly safe 

to handle. Therefore, boron is considered to be a promising converter for thermal 

neutrons
50-51

. Because of this we have chosen boron as absorbing material. Among all the 

boranes, carborane is known to be most stable. Hence, we tried to prepare carborane 

containing polymers. APCC has one allylic double bond and it contains high concentration 

of boron (42% by elemental composition). DBDCC has two allylic double bonds with 29 

% of boron content in it. These two factors are essential for polymerization and efficient 

thermal neutron detection respectively. The purpose behind synthesis of these two 

monomers was to observe if there is any difference in the sensitivity of the detector 

because of expected difference in the structure of the two polymers. It may be noted that, if 

the APCC and ADC are copolymerized, the boron cluster would be a pendant in the 

molecular arrangement while if we copolymerize the DBDCC with ADC it will be more 

tightly bonded with ADC.  With this in mind, we prepared novel monomers APCC and 

DBDCC by reacting with bis (acetonitrile decaborane) in presence of homogeneous silver 

(I) catalyst. Presence of allylic group helps in free radical polymerization using IPP 

initiator.  SDAC monomer is known for swift detection of charged particle
44

. After testing 

APCC for detection of thermal neutrons, we thought of synthesizing a new ternary 

copolymer using ADC, SDAC and APCC. The reason behind the preparation of such a 

detector is that, we could detect thermal neutron within a short period of time. Boron’s 

from carborane could be used as a neutron convertor and ADC and SDAC as a detector. 

We polymerised these three monomers together to get a homogeneous ternary copolymer 

and tested for neutron detection. 
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2.3.2 Free radical polymerization of monomers: It was noted by us that laboratory 

synthesis of the starting material, decaborane is not time efficient as well as yields are 

lower (from 30 g sodium borohydride, we got about 2.5 g of decaborane in about 25 hours, 

i.e. 3-4 days of Table work) when compared with the quantities of starting materials like 

BF3-etherate or sodium borohydride used in the process. It should be noted that 

commercially available decaborane as well as o-carborane are very costly. E.g. o-

carborane costs anywhere close to Rs. 10000/- per gm (from Alfa Aesar or other 

manufacturers).  Both these chemicals are probably not manufactured in India. The BARC 

is presently buying such carborane doped ADC polymeric detectors where boron content is 

limited to just 0.5%. If we want efficient neutron detection using polymeric track 

detectors, the only possible way is to develop our own indigenous methodology for such 

boron clusters as envisaged in the present work.  

Further, due to the above-mentioned problems, we did not try to prepare any homopolymer 

from the novel boron containing monomers. Instead, we decided to prepare copolymers 

with ADC so as to have 1 to 5 % content of natural boron and study the effect of this on 

detection efficiency. Since the quantities of the boron containing monomers for this 

purpose were found to be below 15 wt % with reference to ADC, we decided to conduct 

these polymerizations using the same constant rate heating profiles for ADC monomer 

which were earlier developed by us in some of the previous work
52

. Thus, the free radical 

copolymerization mentioned here has been carried out with ADC by using 4% (by weight) 

of IPP.  We prepared copolymers i.e. Poly (APCC-co-ADC), poly (DBDCC-co-ADC) 

using Dial’s cycle
52 

and poly (SDAC-co-ADC-co-APCC) using the cycle reported by Naik 

and Nadkarni
44

 for poly (SDAC-co-ADC) with different concentration of natural boron 

which would help in neutron dosimetry studies.  

2.3.3 Etching conditions: Generally, 6-7 N NaOH or KOH is used for the etching of the 

PADC detector
53

. It may be seen that the copolymer of the APCC and DBDCC prepared 

contains about 85% or more of ADC. We thus expected that for all practical purposes, the 

standard etching conditions applicable for PADC/ CR-39 would hold good for the novel 

copolymer. To ensure this, a detector film having 2% of boron concentration was prepared. 

The detector was irradiated with thermal neutrons to receive a dose of 4.8 mSv and then 

etched chemically using 6N KOH at 60°C. Though alpha tracks were seen after 1 hour, the 

detector turned somewhat opaque. This problem was resolved by adding 0.1% DOP as a 

plasticizer during the polymerization. After getting a fairly good idea about etching 
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conditions and polymerization, we prepared polymers of APCC and DBDCC having 1-5% 

boron concentration.  

It was found that when PSDAC and poly (SDAC-co-ADC) detector were etched using 6 N 

NaOH, they show higher bulk etch rates i.e. 38 µm/min and 8 µm/min respectively. Due to 

this, detector rapidly becomes thin and soft
44

. So, we have tested different etching 

conditions for the poly (SDAC-co-APCC-co-ADC) detector as shown in Table 2.7 

Table 2.7:Different etching conditions for the poly (SDAC-co-APCC-co-ADC) detectors 

Sr. 

No. 

Etching 

condition 
Observations 

1 
6 N NaOH at 

60 °C 

Tracks observed after 90 seconds but the film becomes soft 

after 5 minutes of etching 

2 
4 N NaOH at 

60 °C 

Tracks observed after 2 minutes but the film  becomes opaque 

after 20 minutes of etching 

3 
3 N NaOH at 

60 °C 

Tracks observed after 5minutes but the film becomes opaque 

after 20 minutes of etching 

4 
2N NaOH at 

60 °C 

Tracks observed after 7 minutes but the film becomes slightly 

opaque after 20 minutes of etching 

5 
1N NaOH at 

60 °C 

Tracks observed after 15minutes, transparent and hard film 

upto 45 minutes of etching 

 

From the Table, it may be noted that poly (SDAC-co-APCC-co-ADC) detector shows 

tracks after 90 seconds when etched in 6 N NaOH at 60 °C but the detector became soft 

after 5 minutes of etching due to its high bulk etch rate.  However, 1N NaOH at 60 °C 

appears to be the most suiTable etching condition for the poly (SDAC-co-APCC-co-ADC) 

detectors. Using this etching condition, we found lower bulk etch rate as well as good post 

etch surface of the detector. The detectors show track after 15 minutes and post-etch 

surface of the detector was also found satisfactory, therefore further study for this detector 

was carried out using 1N NaOH at 60 °C etching condition. The thermal neutron 

exposures of all the polymeric detectors was done using 
241

Am-Be source available at 
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BARC, Mumbai and detectors were etched using the conditions discussed above and its 

dosimetric properties (bulk etch rate, track density, track diameter, signal to noise ration 

and linearity) after irradiation were studied and reported below.  

2.3.4 Neutron dosimetry of detectors  

2.3.4.1 Dosimetric parameters of poly (APCC-co-ADC) and poly (DBDCC-co-ADC) 

or thermal neutron studies 

i) Bulk etch rate measurement 

Bulk etch rate is a fundamentally important parameter for the quantitative application of 

nuclear track detection
54

. Polymer detectors with boron concentration ranging from 1 to 

5% were prepared and optimum etching duration was estimated for all. Bulk etch rate (Vb) 

was calculated using Equation (1); Vb = (M1−M2)Ti2M2t                                (1) 

Where M1 and M2 are the initial weight and final weight of the detector respectively, Ti is 

the initial thickness, t is the time of etching (h). The graph of bulk etch rate versus etching 

time is shown in Figure 2.66 a & b. In our study, the bulk etch rates is nearly constant for 

a single sheet indicating the homogeneity of the detector material. From the graph, it is 

clear that for all the detectors of poly (APCC-co-ADC) the bulk etch rate is ranging 

between 2-7 µm/h depending on % of boron and in case of poly (DBDCC-co-ADC) 

detector it was found in the range of 1-5 µm/h whereas for (PADC)thdetector it is about 4-5 

µm/h. The bulk etch rate of CR-39 in various literature
55-58 

has been observed to be around 

3-7 µm/h. Ahmed Abed Ibrahim et al. has observed bulk etch rates for alpha to vary from 

3-7 µm/h
57

. V. Ditlov
58 

has shown bulk etch rates to be varying within 1 to 5 µm/h 

depending on concentration and temperature. Recently in 2018, Caresana et al.
59 

reported 

the bulk etch rates of all the commercial PADC neutron detectors. In this study, they found 

that the PADC from TASTRAK and RTP-USA are the softest detectors as its bulk etch 

rate is 14 and 12.8 µm/h respectively. On the other hand, Chiyoda and the Intercast are the 

hardest one with a bulk etch rate of 9.2 µm/h. 
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(a) 

 

(b) 

Figure 2.66 Plot of bulk etch rate vs etching time of a) poly (APCC-co-ADC) b) poly 

(DBDCC-co-ADC) detectors with varying boron content.     
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ii) Track density 

The tracks were counted manually under an optical microscope (100 views of each film) 

and track density was calculated at every etching interval using Equation (2). 

Track density= Tc
(VxA)

per cm2                                                (2) 

 

Where Tc is the total tracks counted for ‘V’ number of views with an area of each view is 

‘A’ cm
2
. (The area of view under 40 x magnifications is 0.0216 cm

2
). Graph of net track 

density against etching duration is plotted in Figure 2.67 a & b. From the plot, it is clear 

that after three hour of etching, net track density is decreasing for all the polymers. Though 

1% boron containing detector is showing higher track density in poly (APCC-co-ADC) 

after two hours of etching, it also has higher background track density resulting in lower 

signal to noise ratio. The optimized duration was found to be 3 hour based on the net track 

density (background subtracted track density in tracks/cm
2
) and signal to noise ratio. In 

case of poly (APCC-co-ADC) detector,we found that 2% boron containing detector which 

has a better signal to noise ratio (due to lower background track density) has sensitivity 

comparable to that of (PADC)th and is found to be promising over other detectors prepared 

in this study. 

 

(a) 
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(b) 

Figure 2.67 Plot of net track density (total track density-background track density) against 

etching duration for a) poly (APCC-co-ADC) b) poly (DBDCC-co-ADC) detectors with 

varying boron content. 

 

Figure 2.68Completely developed track and newly observed track in poly (DBDCC -co-

ADC) after 2 hr of etching 

In case of poly (DBDCC-co-ADC), it was found that up to 2 h of etching, new tracks were 

making their appearance as shown in Figure 2.68. So, the detectors were etched further. 

The tracks were completely developed after 3 h of etching. It may be noted that poly 
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(DBDCC-co-ADC) with 4% boron shows approximately three times more tracks than 

(PADC)thdetector, thus showing higher sensitivity. The track density recorded in various 

films is shown in Table 2.8 (APCC) and Table 2.9 (DBDCC) 

Table 2.8 Details of the background and thermal neutron response of poly (APCC-co-

ADC) and poly (DBDCC-co-ADC) detector with etching time. Delivered thermal neutron 

dose equivalent is 1 mSv for all cases. 

Polymer 

name 

% of 

Boron 

Time of 

Etching(h) 

Background 

(tracks/cm
2
) 

Total tracks 

(tracks/cm
2
) 

Net tracks 

(tracks/cm
2
) 

S/N 

(PADC)th 0.5% 

1 700 ±100 3700±300 3000±400 4.2 ±0.83 

2 1200 ±100 7700±300 6500±300 5.4 ±0.51 

3 3000 ±400 8300±500 5300±800 1.8 ±0.35 

4 1400 ±200 7000±500 5600±600 4 ±0.71 

Poly(APCC-

co-ADC) 
1 

1 6700 ±300 2100±500 - - 

2 5000±1100 23400±2000 18400±1000 3.7 ±0.83 

3 4700±900 21000±2500 16300±1600 3.5 ±0.74 

4 5200±700 7600±800 2400±300 0.5 ±0.08 

Poly(APCC-

co-ADC) 
2 

1 500±100 1200±200 700±100 1.4 ±0.34 

2 900±200 6400±600 5500±400 6.1 ±1.42 

3 2100±400 15100±400 13000±500 6.2 ±1.20 

4 2000±400 5600±500 4600±300 2.3 ±0.48 

Poly(APCC-

co-ADC) 
3 

1 1800±900 8000±900 6200±800 3.4 ±1.77 

2 4600±600 18000±2100 13400±1400 2.9 ±0.48 

3 4100±500 17900±2700 13800±200 3.3 ±0.41 

4 3900±400 4900±500 1000±150 0.3 ±0.04 

Poly(APCC-

co-ADC) 
4 

1 2100±400 6500±1000 4400±600 2.3 ±0.49 

2 3300±400 14800±923 11500±500 3.5 ±0.44 

3 2900±400 15700±1000 12800±600 5.4 ±0.64 
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4 4400±500 3500±400 - - 

Poly(APCC-

co-ADC) 
5 

1 
Tracks not 

developed 
---- ---- ---- 

2 3000±700 14200±600 11200±500 3.7 ±0.88 

3 4800±600 17900±900 13100±800 2.7 ±0.37 

4 7000±400 3200±300 - - 

 

Table 2.9 Details of the background and thermal neutron response of poly (APCC-co-

ADC) and poly (DBDCC-co-ADC) detector with etching time. Delivered thermal neutron  

dose equivalent is 1 mSv for all cases. 

Polymer 

name 

% of 

Boron 

Time of 

Etching(

h) 

Background 

(tracks/cm
2
) 

Total tracks 

(tracks/cm
2
) 

Net tracks 

(tracks/cm
2
) 

S/N 

Poly(DBDCC-

co-ADC) 
1 

1 3000±280 9300±850 6300±550 2.1±0.26 

2 3300±300 10500±920 7200±620 2.1±0.27 

3 5000±450 14700±1020 9700±830 1.9±0.24 

4 5800±5200 12700±980 6900±620 1.18±0.15 

Poly(DBDCC-

co-ADC) 
2 

1 1950±120 6500±540 4550±380 2.3±0.24 

2 2000±180 7600±620 5600±490 2.8±0.35 

3 3500±320 17500±1450 14000±1100 4±0.48 

4 4000±340 14900±1230 10900±980 2.7±0.25 

Poly(DBDCC-

co-ADC) 
3 

1 4000±320 7600±640 3600±310 0.9±0.10 

2 3700±300 8500±730 4800±450 1.3±0.16 

3 4700±390 17900±1460 13200±970 2.8±0.31 

4 5000±450 9500±870 4500±390 0.9±0.11 

Poly(DBDCC-

co-ADC) 
4 

1 3800±320 18000±1700 14200±1250 3.7±0.45 

2 3300±330 18700±1730 15400±1420 4.6±0.63 

3 4000±390 30700±2100 26700±1320 6.6±0.72 
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4 5200±700 24600±2200 19400±1850 3.7±0.61 

Poly(DBDCC-

co-ADC) 
5 

1 5000±430 12200±1020 7200±650 1.4±0.17 

2 5700±470 13600±1260 7900±720 1.4±0.17 

3 6400±580 18900±1650 12500±1140 2±0.25 

4 6500±530 16200±1460 9700±870 1.5±0.18 

 

From this Table, it is clear that in case of poly (APCC-co-ADC) 2% boron containing 

detectors shows good response to the thermal dose equivalent with reasonably lower 

background. As per Table 2.8 and 2.9, the observation shows that 2% boron containing 

detector gave the highest signal to noise ratio for an optimized etching rate of 3 h. In case 

of poly (DBDCC-co-ADC) the 4% boron containingdetector was showing the highest 

track density as compared to all the detectors and (PADC)th. (PADC)thdetector shows 

optimised etching duration at 2h whereas 4% boron containing poly (DBDCC-co-ADC) 

detector shows the optimisation of etching at 3h. So, the poly (DBDCC-co-ADC) with 4 % 

boron containing detector is found to be better detector and could be used for enhanced 

thermal neutron dosimetry. We feel that the higher sensitivity of 2% poly (APCC-co-

ADC) detector in the APCC series is because of the following. APCC is a monofunctional 

allylic monomer. While the C=C takes part in the polymerization, the carborane part 

remains pendent. Higher number of such pendent carborane groups (with higher boron 

concentration) can reduce the compactness to some extent as pendent carborane moiety 

will act as spacer and this can probably limit the number of latent tracks produced though 

their higher boron content available for interaction with the neutrons. Hence, detector with 

2% boron content seems to be the optimum for thermal neutron dosimetry in case of poly 

(APCC-co-ADC). While in case of poly (DBDCC-co-ADC) detector, DBDCC is 

bifunctional monomer. Both the C=C takes part in the polymerization; carborane part is 

expected to be bonded from both ends. When the polymer has compact and dense 3D 

cross-linked structure, the charged particles are expected to interact more frequently with 

surrounding network/radiation sensitive groups causing higher damage/ energy loss 

thereby generating a greater number of latent tracks (due to alphas). For this reason, 4 % 

poly (DBDCC-co-ADC) is found to be best detector which can be used for enhanced 

thermal neutron dosimetry. Standard deviation of the track density is within 10%. Sources 

of the error in measurement could be due to slight errors in irradiation, variation in etching 
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conditions and manual counting. Some contribution could also be due to radon induced 

alpha tracks, when the films are exposed to atmosphere during transfer and cutting. They 

are normally kept in sealed air-tight pouches to prevent entry. (PADC)th detector was 

always kept in refrigerator without any sealing. Hence, background is comparatively less 

with respect to prepared detector sheet. 10-40% variation in background is observed in 

batch to batch variation of a PADC detector
60

. Here, all the detectors have slightly varying 

chemical composition, such variation is possible. Track-like features can also develop due 

to presence of micro-voids/ microbubbles during the polymerization stage. The IPP 

initiator used decomposes into isopropyl free radical (which causes polymerization) and 

carbon dioxide which could be trapped as microbubbles. Further, the polymer was not 

produced in a totally dust free environment. There is no surface contamination of the 

detector. Though the microfilters have been used to remove suspended impurities from the 

monomer, it is possible that extremely small sized impurities which could not be filtered or 

micro sized dust particles etc. that entered remain adhered to the surface of glass used to 

prepare the moulds can remain inside the polymer or over the surface and can also appear 

like back-ground track after etching.  

iii) Average track diameter 

Using the IS capture software, diameters of circular tracks were measured and the graph of 

average track diameter with etching time was plotted and is shown in Figure 2.69 a & b.  

It is observed that the track diameter increased linearly with etching time and as a result of 

this, tracks were merged with each other resulting in decreasing track density after 3 h of 

etching. Under optimized etching conditions bubbles/micro voids will have small diameter 

as compared to radiation induced alpha tracks. As shown in Figure2.69, tracks having 

diameter less than 5 µm were not counted. Hence, diameter-based selection criteria can 

distinguish between bubbles and tracks. 
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(a) 

 

(b) 

Figure 2.69 Plot of average track diameter against etching time for a) poly (APCC-co-

ADC) b) poly (DBDCC-co-ADC) detectors with varying boron content.     

The measurement of the radius of the track using IS capture software is shown in Figure 

2.70. 
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Figure 2.70 photomicrograph of a sample measurement of the diameter of the track using 

IS Capture software. 

iv) Linearity 

Subsequent to this, only detector sheets with 2% boron content poly (APCC-co-ADC) 

were used for dose linearity studies.  

 

Figure 2.71 Dose linearity plot of poly (APCC-co-ADC) 



Chapter 2 

 

Vishal M. Pawar, Ph.D Thesis, Goa University Page 173 
 

Dose linearity refers to the proportionality of the signal of the detector to dose. In the 

linearity experiment, 2 % boron containing detectors was exposed to thermal neutron dose 

equivalent in the range of 0.25 to 2 mSv. For this purpose, the two batches of 2% boron 

containing detector were prepared. It was observed that 2% boron containing detector is 

linear in response to thermal neutron dose. The linear fit gave r
2 

value of 0.997. 

iv) Signal to noise ratio(S/N ratio):  The graph of S/N ratio vs. etching time is plotted in 

Figure 2.72 a &b.  

 

(a) 

 

(b) 
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Figure 2.72 S/N ratio of a) poly (APCC-co-ADC) and b) poly (DBDCC-co-ADC) 

detectors at different etching duration. 

 

The sensitivity of prepared detectors depends on the S/N ratio. The detector with high S/N 

ratio (lower background) is more useful for track detection purpose. In case of poly 

(APCC-co-ADC), 2 % boron containing detector showing a S/N ratio 6.2, which is 

comparable to (PADC)th. In case of poly (DBDCC-co-ADC) detector, it is observed that 

out of all the detector prepared, only 4 % boron containing detector showing S/N ratio 6.6 

which is comparable to (PADC)thwhich shows value at 5.4. 

v)Minimum Detection limit: 

The minimum detectable limit for the dosimetric system can be explained as, the dose 

equivalent at which the signal is significantly greater than the background. It is given by 

the following equation 3. MDL[mSv] = Nb3                    (3) 

Where, Nb is the calibration factor (mSv/tracks cm
–2

) for a PADC detector and is the 

standard deviation of the back ground signal (number of tracks cm
–2

 of unirradiated 

detectors)
60

. In case of commercial (PADC)thdetector the MDL is found to be 0.046 mSv 

and in the case of 2% boron containing poly (APCC-co-ADC) detector it is found 0.092 

mSv. In the case of 4% boron containing poly (DBDCC-co-ADC) detector it is found 

0.044 mSv. From the MDL it is confirmed that the prepared detectors are of dosimetric 

grade. 

2.3.4.2Dosimetric parameters of poly (SDAC-co-ADC-co-APCC) detector or thermal 

neutron studies 

i) Bulk etch rate: poly (SDAC-co-APCC-co-ADC) detectors were etched using 1 N 

NaOH solution at 60 °C. The detector was etched for 20-35 minutes at the interval of 5 

minutes and its weight and thickness was measured.Bulk etch rate of the newly developed 

detector was calculated using change in weight loss method using the followingEquation 

(1) and the graph of bulk etch rate vs etching time for poly (SDAC-co-APCC-co-ADC) 

detector is shown in Figure 2.73. 
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*Note: In all the graphs top X- axis belongs to (PADC)thetching conditions and the bottom 

oneis for poly (SDAC-co-APCC-co-ADC) detectors due to different etching conditions. 

Figure 2.73Variation in bulk etch rate of different boron % containing poly (SDAC-co-

APCC-co-ADC) detectors at different interval of etching time. 

 

Weight and thickness of the detector was measured before and after etching. The bulk etch 

rate for the different boron % containing poly (SDAC-co-APCC-co-ADC) detectors were 

found in the range of 0.20 - 0.29 µ/min which is more than that of (PADC)th. This might be 

due to sulphone groups (S=O - 522 kj/mol) have less bond energy as compared to 

carbonate (C=O – 799 kj/mol). So, sulphone groups hydrolyze faster than carbonate by 

chemical etching.  

ii) Track diameter: Diameter of the tracks of the newly prepared detectors was recorded 

at every 5 minutes interval of time. The graph of track diameter vs. etching time as a 

function of different boron % is shown in Figure 2.74.From the graph, it is observed that 

track diameter increases with increase in etching time in all detectors.  
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Figure 2.74 Variation in track diameter of different boron % containing poly (SDAC-co-

APCC-co-ADC) detectors at different interval of etching time 

 

iii) Net track density: The tracks were counted manually under the microscope at every 

interval of etching time and track density was calculated using the following Equation (2) 

and the graph of net track density vs etching time was plotted which is shown in Figure 

2.75. 

The details about track density, bulk etch rate and S/N ratio of all the detectors is shown in 

Table 2.10. The track density for the irradiated and unirradiated detector was calculated 

and the net track density (after subtracting the control track density from the average track 

density) was reported in Table 2.10. 

From the graph, it is clear that 3% boron containing detectors have shown higher track 

density when etched for 30 minutes in 1N NaOH solution at 60 °C.  It is also observed 

that, after 3% boron containing detector, track density decreases and it remains steady till 5 

% boron containing detector. The track density of 3 % poly (SDAC-co-APCC-co-ADC) 

detector is found to be double than that of (PADC)th detector. So, the 3 % poly (SDAC-co-

APCC-co-ADC) detector was found to be a most sensitive than rest of the detectors.  
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Figure 2.75Net track density vs etching time of different boron % containing poly 

(SDAC-co-APCC-co-ADC) detectors at different interval of etching time 

 

iv) Signal to noise ratio (S/N ratio): The graph of S/N ratio is shown in Figure 2.76.  

 

Figure 2.76 S/N ratio of different boron % containing poly (SDAC-co-APCC-co-ADC) 

detectors at different interval of etching time. 
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S/N ratio indicates the quality of the detector. From the graph, it is observed that both 3 % 

boron containing detector show the highest S/N ration. In case of (PADC)thhighest S/N 

ratio was found to be 5.2 when etched for 2 hrs. where in case of 3% boron containing 

detector it is found to 10.3 when etched for 30 minutes [which is almost double than that 

of (PADC)th].  

Table 2.10 Track density, bulk etch rate and S/N ration of 1-5% boron containingpoly 

(SDAC-co-APCC-co-ADC) detector, delivered thermal neutron dose equivalent is 1 mSv 

for all cases. 

Sr. 

No. 

Polymer 

name 

% 

of 

Bo

ro

n 

Time 

of 

etching 

(min) 

Bulk 

etch 

rate 

(µm/mi

n) 

Control 

track 

density 

(tracks/cm
2
) 

Exposed  

track 

density 

(tracks/cm
2
) 

Net  track 

density  

(tracks/cm
2
) 

S/N 

ratio 

1 CR-39 0.5 

60 0.08 700 ±100 3700±300 3000±400 4.2±0.83 

120 0.07 1200 ±100 7700±250 6500±300 5.2±0.51 

180 0.07 3000 ±400 8300±500 5300±800 1.7±0.35 

240 0.08 1400 ±150 7100±500 5600±600 3.7±0.71 

2 

Poly 

(SDAC-

co- 

ADC-co- 

APCC) 

1 

20 0.29 700±75 3000±300 2300±200 3.2±0.54 

25 0.29 900±85 4600±400 3700±300 4.0±0.56 

30 0.29 700±70 4900±500 4200±400 5.7±0.82 

35 0.29 1200±100 4700±450 3500±400 3.0±0.49 

3 

Poly 

(SDAC-

co- 

ADC-co- 

APCC) 

2 

20 0.21 1150±100 4050±400 2900±250 2.5±0.30 

25 0.21 1500±150 5100±500 3600±300 2.5±0.31 

30 0.21 700±70 5400±500 4700±450 6.4±0.92 

35 0.21 1700±150 5200±500 3500±350 2.0±0.21 

4 

Poly 

(SDAC-

co- 

ADC-co- 

3 

20 0.20 1500±100 13400±1000 11900±800 7.8±0.75 

25 0.20 1800±200 16500±1250 14700±900 8.0±1.03 

30 0.20 1500±150 17000±1250 15500±1200 10.3±1.30 
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APCC) 35 0.20 1900±200 14600±1050 12700±800 6.7±0.81 

5 

Poly 

(SDAC-

co- 

ADC-co- 

APCC) 

4 

20 0.25 1500±150 9600±800 8100±700 5.4±0.71 

25 0.25 1450±150 12000±900 10500±750 7.2±0.91 

30 0.25 1450±140 14500±900 13050±1100 8.9±1.15 

35 0.25 1700±160 14300±900 12600±1000 7.4±0.95 

6 

Poly 

(SDAC-

co- 

ADC-co- 

APCC) 

5 

20 0.24 2400±200 10800±800 8400±700 3.6±0.41 

25 0.24 2500±200 13700±1300 11200±850 4.6±0.49 

30 0.24 2200±200 14400±900 12200±900 5.4±0.64 

35 0.24 2950±300 12100±800 9150±800 3.1±0.41 

 

 

v) Linearity: Having established the various properties of 1-5 % boron containing poly 

(SDAC-co-APCC-co-ADC) detectors only detector sheets with 3% boron content was 

found to be most sensitive than rest of the detectors so it was used for dose linearity 

studies.  

 

Figure 2.77 Dose linearity plot of 3% boron containingpoly (SDAC-co-APCC-co-ADC) 

detector 
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Dose linearity is one of the main criteria to be satisfied for a detector to be used in 

dosimetry. Dose linearity refers to the proportionality of the signal of the detector to dose. 

In the linearity experiment, 3 % boron containing detectors were exposed to thermal 

neutron dose equivalent in the range of 0.5 to 4 mSv. For this purpose, the two batches of 

3% boron containing detector were prepared. A graph of net track density versus thermal 

neutron dose equivalent plotted for 3% detector is shown in Figure 2.77. It was observed 

that 3% boron containing detector is linear in response to thermal neutron dose. The linear 

fit gave r
2
value as 0.988. From the five types of detector sheets we prepared in this work, 

only 3% boron containing detector was found to be more suitable to use as SSNTD. 

vi) Minimum Detection Limit [MDL]: 

The dose equivalent at which the signal is significantly greater than the background is 

known as minimum detectable limit. It is calculated using Equation 3.In case of 

commercial (PADC)th the MDL is found to be 0.046 mSv and in the case of 3% boron 

containingpoly (SDAC-co-APCC-co-ADC) detector the MDL is found 0.029 mSv. 

Photomicrographs for Imported boron doped CR-39 (PADC)th, poly (APCC-co-ADC), 

poly (DBDCC-co-ADC) and Poly (SDAC-co-APCC -co-ADC) is shown in Figure 2.78, 

Figure 2.79-2.83, Figure 2.84-2.88, Figure 2.89-2.93 respectively.   
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2.4 Photomicrographs of Nuclear tracks in various polymeric track detector 

 

Figure 2.78 Tracks observed in imported Boron Doped CR-39 detector when etched for 3 

hour in 7N KOH at 70 °C (40 x magnifications) 

 

Figure 2.79 Tracks observed in poly (APCC-co-ADC, 1% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 
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Figure 2.80 Tracks observed in poly (APCC-co-ADC, 2% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 

 

Figure 2.81 Tracks observed in poly (APCC-co-ADC, 3% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 
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Figure 2.82 Tracks observed in poly (APCC-co-ADC, 4% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 

 

Figure 2.83 Tracks observed in poly (APCC-co-ADC, 5% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 
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Figure 2.84 Tracks observed Poly(DBDCC-co-ADC, 1% boron) detector when etched for 

3 hour in 7N KOH at 70 °C (40x magnification) 

 

Figure 2.85 Tracks observed Poly (DBDCC -co-ADC, 2% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 
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Figure 2.86 Tracks observed Poly (DBDCC -co-ADC, 3% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 

 

 

Figure 2.87 Tracks observed Poly (DBDCC -co-ADC, 4% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 
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Figure 2.88 Tracks observed Poly (DBDCC -co-ADC, 5% boron) detector when etched 

for 3 hour in 7N KOH at 70 °C (40 x magnifications) 

 

 

Figure 2.89 Tracks observed Poly (SDAC-co-APCC-co-ADC, 1% boron) detector when 

etched for 30 minutes in 1N NaOH at 60 °C (40 x magnifications) 
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Figure 2.90 Tracks observed Poly (SDAC-co-APCC-co-ADC, 2% boron) detector when 

etched for 30 minutes in 1N NaOH at 60 °C (40 x magnifications) 

 

 

Figure 2.91 Tracks observed Poly (SDAC-co-APCC-co-ADC, 3% boron) detector when 

etched for 30 minutes in 1N NaOH at 60 °C (40 x magnifications) 
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Figure 2.92 Tracks observed Poly (SDAC-co-APCC-co-ADC, 4% boron) detector when 

etched for 30 minutes in 1N NaOH at 60 °C (40 x magnifications) 

 

 

Figure 2.93 Tracks observed Poly (SDAC-co-APCC-co-ADC, 5% boron) detector when 

etched for 30 minutes in 1N NaOH at 60 °C (40 x magnifications) 
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2.4 Conclusion: 

Three novel boronic polymers were successfully developed indigenously for applications 

in thermal neutron dosimetry. This is based on boron cross-section with thermal neutrons. 

These polymers do not contain any suspended or doped solid boron material. Detector 

films containing 1 to 5 % boron concentrations were prepared and tested. Out of these 

three polymers, two are poly (carborane-carbonate) polymers [poly (APCC-co-ADC) & 

poly (DBDCC-co-ADC) and one is sulfone-carborane-carbonate containing polymer i.e. 

poly (SDAC-co-APCC-co-ADC).  All the polymeric detectors were irradiated to 
241

Am-Be 

thermal neutrons to receive a dose of 1mSv. After irradiation, poly (APCC-co-ADC) & 

poly (DBDCC-co-ADC) detectors were etched using 7N KOH at 70 °C and poly (SDAC-

co-APCC-co-ADC) was etched using 1N NaOH at 60 °C. It was noted that-  

1) poly (APCC-co-ADC)  and poly (DBDCC-co-ADC) containing detectors require 120 

minutes while SDAC containing detector required 15 minutes to develop alpha tracks 

produced due to 
10B (n, α) 7Li reaction.  

2) It is noted that poly (SDAC-co-APCC-co-ADC) detector has higher bulk etch rate as 

compared to poly (APCC-co-ADC) and poly (DBDCC-co-ADC) detectors.  

3)  Results were compared with imported solid carborane doped CR-39. In case of poly 

(APCC-co-ADC), 2% boron containing detector shows higher efficiency for the 

thermal neutrons than imported carborane doped CR-39.  

4) In case of poly (DBDCC-co-ADC) it is found that 4% boron containing detector 

shows greater efficiency than imported carborane doped CR-39 or poly (APCC-co-

ADC), 2% boron containing detector.  

5) The 3% boron containing poly (SDAC-co-APCC-co-ADC) detectors shows greater 

efficiency than rest of the polymers. These detectors develop tracks in 15 minutes 

when etched using 1N NaOH solution which is approximately 1/8 of time that is 

required for imported detector.  

6) Thus, carborane-sulfone-carbonate containing detector of these types can be very 

promising polymeric nuclear track detectors for rapid revelation of nuclear tracks 

developed due to thermal neutrons.  

7) We have also succeeded in providing a detector material that could be etched using a 

dilute alkali solution at a relatively lower temperature. 
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Thus, poly (SDAC-co-APCC-co-ADC) detector gives faster and better results than 

(PADC)th. 3% poly (SDAC-co-APCC-co-ADC) and 4% poly (DBDCC-co-ADC) found to 

be promising and could be used for thermal neutron detection. We have, therefore, 

succeeded in introducing a more efficient, homogeneous, carborane containing polymeric 

detector material that do not require external converters such as boron nitride or carborane 

powder as dopant to observe tracks due to thermal neutrons. 
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3.1 Introduction 

3.1.1 Cellulose 

Cellulose is naturally occurring organic polymer having molecular formula (C6H10O5)n
1
. 

Cellulose was discovered in 1838 by a French chemist Anselme Payen, who isolated it 

from plant and determined its chemical structure
2-4

. Cellulose is the most abundant 

polymer found on the earth, which makes it also a most common organic compound. 

Synthesis of cellulose by plants is close to 10
12

 tons. Plant contains approximately 33 % of 

cellulose while wood and cotton contain 50 and 90 % cellulose respectively.  Cellulose is 

widely used as a raw material in the paper industry for the production of paper and the 

cardboard products. Cellulose is a complex carbohydrate, or polysaccharide consisting of 

3,000 or more glucose units. It is most promising raw material due to its abundance
5, 6

.  

3.1.1.1 Structure and properties: 

Cellulose is made up of   ß-1, 4-linked cellobiose repeat units. It has three free hydroxyl 

groups for each repeat unit which provides strong inter/intramolecular hydrogen bonding. 

This reduces the solubility of cellulose in organic and aqueous solvents. Cellulose is 

odorless, hydrophilic and it has no taste but is chiral and biodegradable
7
.  It is insoluble in 

water and most organic solvents. It was shows melting temperature of 467 °C under pulse 

testing as reported by Dauenhaueret al. (2016)
8
. It can be broken down to glucose when 

treated with concentrated acids at high temperature
9
. Cellulose is straight chain polymer. 

Cellulose has extended and rather stiff rod-like conformation, aided by the equatorial 

conformation of the glucose residues and no coiling or branching occurs like starch. The 

multiple hydroxyl group of the cellulose form hydrogen bonds with oxygen atoms on the 

same or on a neighbor chain, holding the chains tightly together side by side and forming 

microfibrils with high tensile strength. Compared to starch, cellulose is much more 

crystalline
10

.  

 

Cellulose: [CAS no. 9004-34-6] 
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3.1.2 Modification of cellulose
11

: 

Cellulose can be modified as ester or ethers by chemical reaction. The following are some 

important derivatives of the cellulose modified using suitable acid. 

3.1.3. Cellulose Sulphate:  

3.1.3.1 Synthesis of cellulose sulphate:  

Synthesis of cellulose sulphate with medium to high degree of substitution (DS) using 

SO3/DMSO or SO3/ DMF complex was reported by Whistler et al.
12

 and Schweiger
13,14

. 

Most of the times, sulphur trioxide or chlorosulfonic acid have been used as sulphating 

agents alone or combination with alcohols, amines or inert media like chlorinated 

hydrocarbons
6
. (Scheme 1) 

 

Scheme 1 Synthesis of cellulose Sulphate 

Due to the film forming properties of sodium salt of cellulose sulphate, it is used for 

coating purpose especially in the paper industry
11

. Viscosity of sodium salt of cellulose 

sulphate in water is very high and due to this it is used as a viscosity and thickness 

enhancer in various industries and also in the domestic areas. Due to its gel forming 

properties with nontoxicity and good compatibility with other polysaccharides, it is used to 

form thermoreversible gels in microbiology either as a single component or in a gel blend 

with other polysaccharides. Na-cellulose sulphate has variety of application in the 

membrane area due to its anionic component in polyelectrolyte complexes. It is several 

applications in heparinoid action (Anticloting activity of human blood)
15

.  

 

3.1.4 Cellulose Phosphate
11

: 

3.1.4.1 Synthesis of cellulose phosphate:  

The addition of phosphorus element in a covalently bonded manner with cellulose chain 

via hydroxyl group gives variety of cellulose phosphorus derivatives such as 
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Phosphate group= Cell-O-P (O) (OH)2 

Phosphite group= Cell-O-P (OH)2 

Phosphoric acid group= Cell-P (O) (OH)2 

Products formed are insoluble in many solvents and water due to high degree of 

crosslinking therefore it can be characterized using phosphorous content only. Most used 

phosphorous reagentsused for the reaction are pentavalent i.e. H3PO4, P2O5, POCl3. 

Phosphorylation reaction prefers at hydroxyl group of original polymers or the derivative 

of cellulose i.e. cellulose ether or ester already prepared.  

Highly concentrated or water free orthophosphoric acid is used as phosphating agent for 

the preparation of soluble or insoluble cellulose phosphate with phosphorous contain 

above 10%. For the preparation of water-soluble cellulose phosphate, mixture of P2O5, 

H3PO4 and DMSO has been used
16

. (Scheme 2) 

 

Scheme 2 Synthesis of cellulose Phosphate 

Phosphorylation of cellulose treads is employed to convey flame retardancy to cellulosic 

textiles
16

. Cellulose particles with different sizes and shapes having phosphate group are 

used as weak cation exchangers especially in biochemical separation processes. Soluble 

cellulose phosphates are used as viscosity and thickness enhancers in aqueous system with 

the advantage of its nontoxicity. Regioselectively substituted cellulose phosphates (C2/C3) 

is used in the medical field
17

. 

3.1.5 Cellulose acetate (CA) 

3.1.5.1 Synthesis of CA:  

CA is a cellulose ester prepared from acetic anhydride and acetic acid in presence of 

sulphuric acid
18

. It is first prepared by Paul Schutzenberger in 1865
19

. The solubility of CA 

depends on its degree of substitution. CA with a degree of substitution of 2-2.5 dissolves in 
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dioxane, acetone and methyl acetate while CA with the degree of substitution greater than 

0.8 dissolves in acetic acid
20

.  CA has different trade names like Acele, Avisco, Celanese, 

Chromspun and Estron
21

. CA is a thermoplastic polymer. Cellulose triacetate is high 

melting (299 °C) and highly crystalline while cellulose diacetate is low melting (229 °C) 

as compared to the cellulose triacetate
22

. Synthesis of CA is shown in Scheme 3. 

 

Scheme 3 Synthesis of cellulose acetate 

3.1.5.2 Properties of CA
23, 24

: 

CA is key manufactured fiber that is cheap and safe to handle. CA is used in fabrics such 

as brocades, satins, and taffetas to accentuate luster, body, drape, and beauty. CA is soft, 

smooth, dry, crisp, and resilient. In the point of comfort, it breathes, wicks, and dries 

quickly, with no static cling. It is having a color with deep brilliant shades with 

atmospheric dyeing meet colorfastness requirements. It has high resistance to 

hydrocarbons.  

3.1.5.3 Characteristic of CA
24

: 

CA is thermoplastic cellulosic material. Different characteristics of CA include- 

Easy bonding ability of CA with plasticizers using sufficient heat and pressure; Solubility 

in many common organic solvents like acetone; possibility for solubilizing the CA in 

solvents like water. CA can be wetted easily and shows very good absorption and liquid 

transport properties. During its use as textile material it is comfortable but shows poor 

strength under wet conditions. 

https://en.wikipedia.org/wiki/Plasticizer
https://en.wikipedia.org/wiki/Acetone
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3.1.5.4 Degradation of CA 
25

:Cellulose is biodegradable using cellulase enzymes. CA 

requires esterases because of presence of acetyl groups. In first step, esterases degrade the 

acetayl group and biodegradation process starts. 

a) Degradation of CA by Near UV-Light: 

i) Use of Photo Sensitizers:  

In normal sunlight, degradation of cellulose acetate is not possible. By using 

photosensitizers degradation increases near UV-light. Degradation is possible either by 

energy transfer or by initial radical abstraction of photosensitizers. Endo and coworkers 

from the Yamagata University discovered the use of different additives, as photo 

sensitizers and so-called photo acid producers on the photo degradation of cellulose 

acetates
26, 27–29

.  

 

Scheme 4 Photo sensitized degradation of cellulose acetate 

In glass vials with a xenon arc light (275 nm) simulating solar exposure cellulose acetate 

were irradiated. The irradiations of the photosensitizer benzophenone in concentration of 

1–16% implanted in acetate films were examined with various analytical techniques
26

. 

With higher concentration of benzophenone in the film, the yield of the decomposition 

products of CO2, CO, and acetic acid increased. Scission of the glyosidic bonds was 

indicated by decrease of the polymeric molecular weight and the increase of the 

polydispersity
29

. It is claimed that degradation starts with the hydrogen abstraction from 
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the polymer by the excited triplet state in benzophenone, and passes through similar 

radical intermediates as by far UV-light. (Scheme 4) 

ii)Catalytic Photo Oxidation: 

Titanium dioxide is most common photo catalyst. Commercially, it is available as 

pigments anatase or rutile. The non-modified anatase has capacity of photo oxidative 

reactivity at irradiation up to 390 nm. Titanium oxide photocatalyst is used for different 

applications such as water cleavage, water purification, air cleaning or even ‘‘self’’ 

cleaning of surfaces
30

. The photo activity of TiO2 types has been extensively studied
31-35

. 

Irradiation of the anatase crystal with near UV-light (390 nm) excites electrons from the 

valence band in the conductivity band. The radicalsformed might start degradation of the 

surrounding polymer by hydrogen abstraction with subsequent radical chain reaction of the 

polymer, particularly at higher temperatures if the activation energy for the cleavage of 

peroxides is achieved. Degradation process is shown in Scheme 5.  

 

Scheme 5 Photo oxidation mechanism of anatase titanium dioxide in the semiconductor 

model  

3.1.5.5 Applications of CA: 

CA was one of the first polymers which were used for filtration membranes in water 

purification
34

. CA thin films doped with erbium chloride were prepared using acetone and 

used for spectroscopic, electrical, and relaxor-like properties
35

. CA with polysaccharides 

multilayer’s were prepared using 1, 4-dioxane and used for antifouling coatings
36

. In 2008, 

Amim et al. reported the characterization of cellulose ester thin films prepared by spin 

coater in acetone and ethyl acetate using ellipsometry, atomic force microscopy, and 

contact angle measurement
37

. He claimed that EA and Acetone are good solvent for 
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preparation of thin films. However, one of the drawbacks of acetone and ethyl acetate is its 

rapid absorbance of moisture. This can affect the transparency of the film. Cellulose 

acetate is used for coatings and frame material for eyeglasses
38

. It is also used as cigarette 

filters, ink reservoirs for fiber tip pens, surgical products and production of children toys 

etc.
39

. 

3.1.6 Cellulose Nitrate (CN): 

3.1.6.1 Synthesis of CN: 

CN is highly flammable compound. Raw material used to prepare CN is wood pulp and 

cotton linters. Two processes are used to prepare CN i.e. continuous process and batch 

process. Though continuous process is economical and provides a uniform product, the 

industrial scale nitration is still frequently cried out using batch process using mixture of 

nitric acid and sulphuric acid in water
40

. Degree of substitution of CN is depends upon the 

amount of water added in the reaction mixture. Some other nitrating agents have also been 

used
41

. The CN is washed with water to remove acidic impurities. The stabilization of CN 

is necessary including removal of any traces of sulphuric acid, which catalysis the 

decomposition of CN. The physically entrained as well as chemically bonded sulphuric 

acid can be removed by hydrolysis in boiling water. Preparation of CN is shown in 

Scheme 6.

 

Scheme 6: Synthesis of CN 

3.1.6.2 Physical and chemical properties of CN: 

The Commercial CN contains not less than 30% of desensitizing agents like n-butanol, 

isopropanol or ethanol. The specific weight of CN depends on its nitrogen content and is 
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of order of 1.616 – 1.630. 

The action of various chemicals on CN is given below 

 Acids and bases- Denitration 

 NH4SH- Denitration 

 NaNH2/Liq. NH3- Denitration 

 LiAlH4- Denitration and depolymerization 

 Ac2O, Zn dust, conc.HCl- Denitration and acetylation 

 Cold conc. H2SO4- Hydrolysis of –NO3, Liberating HNO3 

 Cold dil. H2SO4- slow attack, Hydrolysis 

 50% HNO3-slow attack, Hydrolysis 

 Base- Hydrolysis with formation of products like inorganic nitrates, NH3, cynide, 

CO2, (COOH)2, sugars, Hydroxy carboxylic acids, Hydroxy pyruvic acids, etc. 

 Light- on prolonged exposure, CN films turns yellow and denitration occurs 

 Heat- Decomposes above 135°C and catches fire at 170°C. 

3.1.6.3 Degradation of CN: 

i)Thermal Degradation of CN: 

CN is extremely heat sensitive material
42

. It is similar to organic peroxides. The C-C bond 

cleavage and NO2 liberation occur almost simultaneously. Thermal degradation is shown 

in Scheme 7.  

 

Scheme 7: Thermal degradation of Nitrocellulose 

This spontaneous decomposition is not amenable to inhibition, and proceeds at the rate of 

about 1% per hour at 135 °C. Easily reducible substances like aldehyde, as well as acids 
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and bases, catalyze this decomposition. 

ii) Oxidative degradation:  

CN is degraded by ultraviolet radiations and the degradation is greatly accelerated by the 

presence of oxygen. Also, organic peroxides catalyze this process, while the substances, 

like hydroquinone retard it. In the entire process, NO2 or HNO3 are initially produced. O2 

or peroxides convert NO2 to NO or HNO3. These compounds cause further degradation of 

CN. Thus, oxygen is a secondary contributor to the overall mechanism. 

3.2 Introduction to polymer blending 

Polymer blend is mixture of two or more polymers or copolymers with or without 

involving any chemical bonding. Types of polymer blend  

1) Miscible polymer blend: Miscible polymer blend are with single-phase structure, has 

properties of average values between the values of properties of its components and has 

one glass transition temperature (Tg). 

2) Immiscible polymer blend: These are with two phases and have two Tg since the two 

components are phase separated. 

Tg is an important parameter two show the miscible or immiscible nature of blend. If the 

two Tg are found then blend is immiscible and if one Tg is found the blend is immiscible 

3) Homogeneous polymer blend: This is mixture of two or more fractions of the same 

polymer each of which have different molecular weight distribution. 

4) Isomorphic polymer blend: Polymer blend of two or more different semi-crystalline 

polymers are miscible in the crystalline state as well as in the molten state. 

5) Compatible polymer blend: An immiscible blend is called compatible if it is useful 

blend wherein the inhomogeneity (caused by different phases) is on a small enough scale 

not to be apparent in use. 

Over the years, various systems based on the chemical combination of different monomers 

through block, random and graft copolymerizations have been developed. The coatings 

and rubber industries have long blended together different polymers, and particularly over 
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the last decade the interest in polymers blend systems as a way to meet new market 

applications with minimum development cost has rapidly increased
43,44

. In the present 

study we have prepared blends of CA+CN for track detection purpose. .. 

3.3 Applications of cellulosics in Solid State Nuclear Track Detection: 

Not much literature is available on development of thin films of CA for SSNTD but there 

is vast literature available for the CN used for SSNTD under the trade name LR-115
TM

. 

Till today, use of only ~100 µm thick films of CA has been reported for SSNTD 

applications
45-46.

 The first report on the use of CN plastic as SSNTD films wasgiven by 

Collver in 1965
57

. Three years later, Benton published the report on CN based SSNTD 

film preparation
48

. In this study, he dissolved a CN having 12 % nitrogen content in ethyl 

acetate to which a mixture of isopropanol, butanol and cellosolve acetate was mixed along 

with~24% dioctylphthalate (DOP) as plasticizer to give ~19-20% CN solution. The 

mixture was equilibrated to 3-4 days and then poured on glass plates kept in a slanting 

manner. The solvent was evaporated and films were peeled out next day and dried at 

100°C. This was followed by a patent from M/s Kodak-Pathe of France who are the main 

supplier of LR-115 Type I and Type II CN SSNTD films
49

.  LR-115 films consist of a thin 

layer of CN deep red coated on a 100 µm thick polyester base. LR-115 Type I films have 

only 6 µm CN coating while LR-115 Type II films have 12 µm CN coating which is 

sensitive to record alpha particles
50

. LR-115 records the alpha particles having energy 

between 1.9 and 4.2 MeV
50

. All alpha-particles having energies between these two limits 

and entering the plastic at an angle greater than 45 ± 5° measured with the detector surface, 

produce 'through-etched holes' when etched for 2 hour in 2.5N NaOH at 60°C. This 

etching reduces the thickness from 12-13µm to 5-6 µm and records alpha-particles with 

100% efficiency
50

. The LR-115 type II plastic is free from the 'self-plate-out effect' as it 

does not record tracks due to self-plating daughters, which emit alpha-particles of 6 MeV 

(
218

Po) and 7.69 MeV (
214

Po) energy respectively. The etching time for LR-115 type II is 

only 2 hour and the tracks are seen as bright circular holes against a red background which 

are easily countable at a magnification of >100X. The use of a green filter improves the 

field of view. Moreover, the 5-6 µm residual thickness of this plastic can be stripped and 

track counting can be done within seconds using a spark counter
51

. All these advantages 

make the LR-115 type II plastic more favorable for environmental radon measurements 

compared to the CR-39 plastic. So, in this Chapter, a systematic study of CA, CN and CA 
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+ CN solutions to cast thin films of approximately 12 ±1 μm in thickness is reported using 

a variety of solvents and spin coating technique. We have also reported the effect of RPM 

of the spin coater on the thickness of the CN as well as CA films 

As said earlier, there are no reports in literature to prepare thin cellulose acetate (CA) films 

(10-20 microns) for solid state nuclear track detection(SSNTD). Only 12 ± 1 μm thick 

cellulose nitrate (CN) - polyester composite films are commercially available as LR-115™ 

for SSNTD applications. CN is known for its explosive nature. Therefore, various 

restrictions on its handling, storage and transportation exist. It is always stored after 

dampening with sufficient quantities (up to 40% by wt) of n-butyl alcohol. Removal of this 

dampening medium before casting the films is essential and it takes considerable time as 

well as care is required since dry CN can rapidly catch fire. Thus, reducing the use of such 

hazardous material and its replacement with a safer material like CA, yet without 

significantly affecting the track detection characteristics would be welcome. In the year 

1999 Nadkarni et al. reported the use of spin coater to prepare CN-polyester composite 

films
52

. In this study, various solvents were tested for appropriate viscosity build up for 

film thickness as viscosity is the main factor which governs the film thickness. CN films 

were prepared at 3000 rpm and the film thickness was measured. The resultant film 

thickness was compared to the theoretical film thickness using Damon and Meyerhofer 

equations and it was found that theoretical film thickness calculated using Damon equation 

(which is based on the concentration of the solution) matches well with the experimental 

film thickness. The resultant films were used for SSNTD applications. But this study was 

performed at fixed RPM i.e. 3000. A drawback of the use of fixed RPM is that, if a 

particular film thickness is required, the concentration of the solution must be adjusted. 

This problem can be addressed using a spin coater with variable spinning speed. In the 

present study, using a 100–3000 adjustable RPM spin coater, we have prepared films of 

CN and CA with a film thickness of 12 ± 1 μm.  

Thus, we thought of preparing a blend of these two materials (CA and CN) and study the 

application of spin coating techniques to cast thin films from this blend followed by 

comparison of the track detection characteristics with indigenously made CN track 

detector as well as LR-115™. Till today, use of only ~ 100 μm thick films of CA has been 

reported for SSNTD applications
53, 54

. So, systematic study of CA, CN and CA + CN 

solutions to cast thin films of approximately 12 ± 1 μm in thickness using a variety of 

solvents and spin coating conducted. 
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3.4 Materials and Methods 

3.4.1 Materials 

1) Nitrocellulose 

Two different grade samples of nitrocellulose were used for the present study. 

a) Sample A: Manufacturer- Nitrex chemical India Limited. New Delhi, India. 

Grade- HX 30/50 

Viscosity- 42 poise 

Nitrogen content- 12.16% 

 

b) Sample B: Nitrex chemical India Limited. New Delhi, India. 

Grade- HX 8/13 

Viscosity- 10 poise 

Nitrogen content- 11.92% 

2) Cellulose acetate 

Commercially available CA, (Molychem, India) having a acetic acid content 53.5-56% 

was used for the present study. 

3) Solvents 

All solvents were purchased from M/s Avra chemicals, India and M/s Spectrochem, India 

Pvt.Ltd.  

4) Dye 

RathiponFire Red G is used as dye which was giftedby M/s Rathi Dye Chem (P) LTD, 

Pune, Maharashtra, India.  

5) Plasticizers 

Plasticizers used were purchased from M/s Spectrochem India Pvt.Ltd. 

3.4.2 Instruments 

1) Spin coater 

Spin Coater manufactured by M/s Indo-German industries (Daman) was used. Supplied 

spin coater hadfollowing specifications. 
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 0.5 HP three phase 2880 RPM flame proof motor  

 Chuck of Casting with Magnets 

 Electronic timer to set the time of rotation 

 A variable frequency drive (VFB) to variate the RPM of the motor from 0-2880 

RPM. VFB has fans for cooling along with MCB, contactor  

 Size of machine L-3 feet x W-3feet x H-3feet with trolley wheels 

 Tin plate (6’x 6’approx) for fixing a polyester base film 

The spinning disc technique was originally used in semiconductor industry, was found to 

be a suitable technique for casting thin films of organic scintillating material on a 

substrate
55

. The process of spin coating involves depositing a small quantity of a viscous 

material like polymer onto the centre of a substrate and followed by spinning the substrate 

at high speed (RPM). Centripetal acceleration causes the resin to spread to the edge of the 

substrate leaving a thin film of resin on the surface. Nature of the resin (viscosity, drying 

rate, solid content, surface tension, etc.) and the parameters chosen for the spin process are 

the key factors which determine the final film thickness and other properties
55

. Figure 3.1 

shows a diagram of spin coater used for the study.  

2) Digital thickness gauge 

A digitalthickness gauge, having a range of 0-1500 µmand least count of 1 micron, called 

Elcometer 456F, made in Great Briton was used to measure thickness of the films. 

3) Constant temperature water bath 

A constant temperature water bath made by M/s Meta-Lab Scientific Industries; Mumbai 

was used to circulate water to heat the etching bath. The temperature of the bath could be 

controlled with an accuracy of ±0.2°C. 

4) Optical microscope 

Tracks were counted using Optical microscope (Model-Axiostar 1122-100 of M/s Carl 

Zeiss India Pvt. Ltd) and photomicrographs were recorded using Tucsen ISH500 camera 

using software called IS capture. 
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Figure 3.1 Schematic diagram of Spin Coater instrument 

3.4.3 Methods used: 

1) Determination of viscosity 

CN was dried in air carefully for four days. A solution of dried CN was prepared using 

Ethyl acetate (EA), Methyl Ethyl Ketone (MEK), Methyl Cellosolve (MC), Ethyl 

Cellosolve (EC) and Butyl Cellosolve (BC) and their 1: 1 binary mixtures (v/v). The 

solutions were prepared with 10, 15, 20, 25 and 30% (w/v) concentrations. CA was 

dissolved in EMK, MC and 1, 4-dioxane and binary mixture of these solvents. Solutions 

containing 2, 4, 6, 8 and 10% of CA were prepared. CA + CN (w/w) was dissolved in 

EMK+EC solvent. These solutions were allowed to stand for 48 hours to ensure 

homogeneity before their viscosity measurements. The viscosity of samples was measured 

using Ostwald's U tube Viscometer at 25°C, calibrated with 98% glycerol of known 

viscosity. The density was determined using specific gravity bottle. 
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2) Casting the Films  

A commercially available polyester based 100-micron transparent film of size 15 cm x 15 

cm was fixed to the tinned plate using cello tape at the corners. CN or CA solution was 

poured at the center of the disc over polyester base film attached to the tinned plate and 

disc was spun for 60 sec at required RPM. The method was also used to prepare SSNTD 

films of desired thickness (11-12 μm) by selecting a suitable solvent and additives like 

plasticizer and dyes. The reproducibility of this method was tested by manufacturing 

multiple batches of the detector film.  

3) Exposure of SSNTD films to the alpha particle source 

The films of CN and CA+CN were cut in the size of 2 × 2 cm and exposed to 
239

Pu alpha 

source. The films were exposed at various distances from the source (1to 4cm) 

4) Determination of Bulk etch rate 

Initial and final thickness of the films was measured atten randomly selected points of the 

films and bulk etch rate was calculated using following formula. 

Vb = (M1−M2)Ti2M2t  

Where M1 and M2 are the initial weight and final weight of the detector respectively, Ti is 

the initial thickness, t is the time of etching (h). 

5) Microscopic counting of the tracks  

The etched films of CN and CA+CN were kept on the glass slide and fixed under the 

objective of the microscope and focused. Randomly selected 100 views of the films 

showing yellow tracks were counted. Using the counted tracks, the track density was 

calculated by following formula.  

Track density = TcV × A 

Where Tc is the total tracks counted for ‘V’ number of views with an area of each view is 

‘A’ cm
2
. (The area of view under 40 x magnifications is 0.0216 cm

2
 in our case). 
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3.5 Result and discussion 

3.5.1 Nitrocellulose as SSNTD 

3.5.1.1 Selection of CN sample 

Commercially CNis available in different gradesdepending on their physical properties 

which, in turn, are crucial for the efficiency as SSNTDs.The viscosity roughly depends on 

the molecular weight of CN.  It is well-known fact that viscosity governs the film forming 

property of the material, while nitrogen content governs the radiation sensitivity of the 

material. CN with a percentage of nitrogen 12% and above gives better efficiency in the 

charged particle dosimetry. It should be noted that grades having nitrogen content higher 

than 12.2 % are explosive and are not easily available due to hazards involved. The grades 

with lower nitrogen content are useless from the sensitivity point of view. So,the above 

selected grades of CN [section 3.4.1(1)] were used for present study: 

Commercially available CN is always dampened with butanol(~30% wt) in order to avoid 

the danger of explosion. Butanol forms hydrogen bonding with CN and hence the 

complete removal of butanol from a commercial sample is difficult. We have observed that 

there is gradual loss in weight when commercial CN samples were spreadand exposed to 

the atmosphere. After about 72 hours, the weight loss remained constant. Hence, in the 

present work, samples were dried in air for about 84 hours prior to use.  For the solubility 

of CN, solvents are chosen depending on its nitrogen percentage which is given in Table 

3.1 below. 

 

Table 3.1 Solubility of CN on its nitrogen content 

Type Nitrogen content Solubility 

High 11.8 – 12.2 % Glycol, esters, Ketones, Ethers 

Medium 11.3 – 11.7 % Above solvents, but prefers alcohols 

Low 10.7 – 11.2 % Alcohol 

 

3.5.1.2 Selection of solvents 

As reported in table 3.2, CN with nitrogen content 11.8 – 12.2 % are soluble in glycol, 

esters, ketones and ether. Hence, following solvents (Table 3.2)were chosen for the 

present study. 
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Table 3.2 solvents used for the present study 

Sr.No. Type Names 

1 Ester Ethyl acetate (EA) 

2 ketone Methyl ethyl ketone(MEK) 

3 cellosolve 

2-methoxyethanol (methyl cellosolve) (MC) 

2-ethoxyethanol (ethyl cellosolve) (EC) 

2-butoxy cellosolve (Butyl cellosolve) (BC) 

 

Using above solvents viscosity of CN was measured and reported below. 

 

3.5.1.3 Viscosity of nitrocellulose in pure solvents  

Solutions of CN were prepared using different solvents and its viscosity was measured. 

The viscosity in pure solvent is shown in Table 3.3 and the graphs showing variation of 

viscosity is shown as Figure 3.2 and 3.3 

 

Table 3.3 Viscosity of CN in pure solvents 

Concentration 

(%) 

Viscosity ( cp) 

Ethyl 

acetate 

Methyl 

ethyl 

ketone 

Methyl 

cellosolve 

Ethyl 

cellosolve 

Butyl 

cellosolve 

10 83 52 234 196 386 

15 234 133 713 633 1053 

20 531 328 1722 1409 3339 

25 1370 725 3950 3350 8053 

30 2973 1598 7231 7991 9322 

 

 

It is observed that, up to CN concentrations of 15%, viscosity rise was marginal and above 

this concentration viscosity rose sharply. It was also observed that when viscosity 

increases above 3000 cP (cellosolve, 25-30% solutions) it is difficult to fill the U tube 

viscometer with CN solutions. 
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Figure 3.2 Variation of the viscosity with concentration of CN solutions in Ester and 

Ketone 

 

 

Figure 3.3 Variation of the viscosity with concentration of CN solutions in cellosolves. 

 

i) Effect of molar mass of the solvent on viscosity: From the above graphs, we can say 

that esters gave higher viscosity solutions as compared to ketones. It is due to molar mass 
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of the solvent. We observed that as molar mass of solvent increases the viscosity also get 

increases in all the cases. The order of decreasing viscosity in the selected solvents is-  

Cellosolve> Ester> Ketone 

ii)Effect of boiling point of the solvent on viscosity: The boiling point of solvent does 

not play major role in the viscosity. Though Ethyl acetate has B.P. of 78°C and MEK has 

B.P. 80°C, Ethyl acetate gave higher viscosity solutions than MEK. Hence, viscosity is 

independent on boiling point of the solvent. 

 

3.5.1.4 Viscosity of CN solution in mixed solvents:  The solvent mixtures were prepared 

by 1: 1 v/v ratio in such a way that, the component may be of same or different category 

but one of them is having lower boiling point and the other is higher boiling point. Thus, 

the following solvent mixtures were prepared. 

1)  EA + EC 

2)  EA + MC 

3)  MEK + EC 

4)  MEK + MC 

The viscosity in of CN in mixed solvent is shown in Table 3.4 and 3.5 and the graphs 

showing variation of viscosity is shown as Figure 3.4 and 3.5 

 

 Table 3.4 Viscosity of CN in (EA + Cellosolve) mixed solvents 

Concentration 

of solution 

(%) 

Viscosity ( cp) 

EA + EC EA + MC EA EC MC 

10 87 84 83 196 234 

15 285 240 234 633 713 

20 695 556 531 1409 1722 

25 1740 1278 1370 3350 3950 

30 3990 2807 2973 7991 7231 
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Table 3.5 Viscosity of CN in (MEK + Cellosolve) mixed solvents 

Concentration 

(%) 

Viscosity ( cp) 

MEK + EC 
MEK + 

MC 
MEK EC MC 

10 83 86 52 196 234 

15 232 201 133 633 713 

20 580 514 328 1409 1722 

25 1360 1096 725 3350 3950 

30 2689 2265 1598 7991 7231 

 

 

 

 

Figure 3.4 Variation of the viscosity with concentration of CN solutions in Ethyl Acetate 

+ Methyl / Ethyl cellosolve 
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Figure 3.5: Variation of the viscosity with concentration of CN solutions in Methyl Ethyl 

Ketone + Methyl / Ethyl cellosolve 

 

In mixed solvents too, the same trend was observed. When we mixed the two solvents 

containing higher molar mass, viscosities also get increased and vice versa. When we 

mixed EA (88.11 g/mol) and ethyl cellosolve (90.12 g/mol), we got higher viscosity as 

compare to EA (88.11 g/mol) and methyl cellosolve (76.09 g/mol). When we compared 

the viscosity of mixed solvents with pure solvent in EA and MEK, it was observed that, 

the viscosities in mixed solvents are higher than that in pure low boiling solventsi.e. EA 

and MEK and lower than that in cellosolve.  

3.5.1.5 Solubility Parameter study
56

: The solubility and viscosity of the CN solution are 

expected to depend on interaction between CN Polymer chain and the solvent 

molecules.This relationship can be explained using solubility parameter study. It is defined 

using Eq. (1) and has units of (cal cm
-3

)
1/2

 or (MJ m
-3

)
1/2 

 𝜎 = √(𝐿−𝑅𝑇)(𝑀−𝐷)( 1) 

 

where L, R, T, M and D denote the latent heat of vaporization, gas constant, temperature, 

molecular weight, and density respectively. Table 3.6 shows the physical properties of 

various solvents. 
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    Table 3.6 Physical properties of solvents 

 

 

When the solubility parameter of solvent and solute are close to each other, then it is called 

as true solvent.  Thus, polymer will dissolve in a solvent which is having a solubility 

parameter closer to that of the polymer.  Thus, in this case solubility parameter of CN is 

10.55 which are closer to the cellosolve solvents. Hence, the cellosolves are true solvents 

for CN. This is because it can overcome the cohesive forces in the polymer chains due to 

strong attractive forces between polymer and solvent and thus gives a viscous solution. 

Thus, in a good solvent the polymer will exhibit a higher viscosity than in a poor solvent
56

. 

 

3.5.1.6 Study of effect of Viscosity and concentration of the CN solutions on film 

thickness using Spin coater 

After getting a fairly good idea about concentration and viscosity of CN in various 

solvents, we prepared various CN films. Polyester film was fixed on metal plate and kept 

over spinning disc. CN solution was poured over it. The disc was spun at 1000 RPM. The 

thickness of the film was found to be varying between 1-25 µm at 1000 rpm depending 

upon viscosity, concentration and nature of solvent. The variation of film thickness of CN 

in different solvents is given in Table 3.7 & 3.8. 

 

 

 

 

Sr. 

No. 
Solvent 

Boiling 

Point 

(°C) 

Molecular 

weight 

(g/mol) 

Solubility 

Parameter 

(cal /cm
-3

)
1/2

 

Viscosity 

at 30°C 

(cP) 

1 EA 78 88 9.1 2973 

2 MEK 80 72 9.3 1598 

3 EC 140 90 10.5 7991 

4 MC 165 76 11.4 7231 

5 BC 171 118 10.24 9322 

6 
Cellulose (di) 

Nitrate 
- - 10.55 - 
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Table 3.7 The average CN film thickness in pure solvents at 1000 rpm 

 

 

   Table 3.8 The average CN film thickness in mixed solvents at 1000 rpm 

Concentration 

(%) 

Film Thickness ( µm) 

EA + EC EA + MC MEK + EC MEK + MC 

10 1 1 1 1 

15 5 2 4 4 

20 6 8 7 9 

25 11 11 11 13 

30 21 16 16 16 

 

Concentration 

(%) 

Film Thickness ( µm) 

Ethyl 

acetate 

Methyl 

ethyl 

ketone 

Ethyl 

cellosolve 

Methyl 

cellosolve 

Butyl 

cellosol

ve 

10 2 1 2 2 2 

15 5 2 3 3 3 

20 6 8 7 7 8 

25 13 11 12 14 10 

30 16 20 23 20 25 
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Figure 3.6 Variation of the film thickness with concentration of CN solutions in different 

Cellosolves 

 

Figure 3.7 Variation of the film thickness with concentration of CN solutions in Ketone 

and Esters. 
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Figure 3.8 Variation of the film thickness with concentration of CN solutions in Ethyl 

Acetate + Methyl / Ethyl Cellosolve 

 

Figure 3.9 Variation of the film thickness with concentration of CN solutions in EMK + 

Methyl / Ethyl Cellosolve 

 

From the graphs (Figure 3.6- 3.9) of variation in film thickness with concentration of 

solution, it is clear that film thickness depends on the nature of the solvent, concentration 
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and viscosity of solution as stated previously. It was observed that film thickness increases 

with the concentration in most of the solvents.  

The nature of solvent can play crucial role in the film thickness.  In the case of pure 

solvents e.g.EA and MEK we observed that though EA is giving solutions with higher 

viscosity than MEK, it fails to give higher film thickness and the same trend was observed 

in case of cellosolve except for 30% concentration. This is probably because of faster 

evaporation of the solvent leading to the deposition of the solid mass on the disc.  The 

solutions were spun for 15 sec as it is already reported by Nadkarni et. al that process of 

film formation may be complete within 0.5 sec or so. The low boiling solvent evaporates 

faster than high boiling solvent and thus low boiling solvent would deposit more solid per 

unit area as compared to high boiling solvent and thus we get a higher film thickness. But 

the low boiling solvents result in various defects in the film as compared to high boiling 

solvents. This mainly includes blushing and pinholing and high boiling solvents generally 

do not cause such problems. For this reason, study was carried out using mixtures of a low 

boiling and a high boiling solvent. When we used the mixture of solvent, the viscosity is 

reduced as compared to cellosolve (high boiling) and increases as compared to ester and 

ketone (low boiling), we got almost same film thickness as that of low boiling solvents 

without any defects in the resultant film.  

 

3.5.1.7 Correlation of the film thickness with concentration and viscosity: 

The correlation study has been done to explain the relationship between various 

parameters. To correlate the film thickness,mainly two theories are known which were 

initially provided for the spin coating of solutions of photoresist materials. Damon
57 

(equation 2) and Meyerhofer
58 

(equation 3) proposed the mathematical relations to 

correlate the film thickness using different factors. Damon proposed the equation relating 

concentration of the solution with spinning speed while Meyerhofer proposed the equation 

with viscosity and spinning speed. An attempt was made to apply following equations for 

correlation study using spin coating by Nadkarni et.al.
52

.The same methodology is 

extended to our present system. 

 ℎ = 𝐾1 × 𝐶2𝑓1/2                                       (2) 
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                    ℎ = 𝐾2 × 𝑉1/3𝑓1/2                                   (3) 

 

Where K1 and K2 were constant characteristic of solvent polymer system, c is the 

concentration, V is the Viscosity, and f is rotational speed of spin coater.  

It would be interesting to find out the relationship between h and C
2
 or 

V1/3
 is of the type 

(y=mx) or (y=mx + c). For this, a correlation analysis of CN films was performed in 

various solvents. The observed film thickness was plotted against variable terms in two 

equations like C
2
 / f

1/2 
and V

1/3 
/ f

1/2   
respectively to check the data, whether it follows 

linear behavior and whether line passes through origin.From the plots, slopes K1 and K2 

were calculated as (Σy/Σx). By using slope, film thickness was calculated again and graphs 

were plotted showing the variation of calculated and observed film thickness with C
2 

and 

V
1/3

. Figures 3.10 - 3.18 show the variation of the observed and calculated film thickness 

with C
2 

for Damon and V
1/3

 for Meyerhofer. From the two graphs goodness of fit was 

evaluated. It is observed that, Damon equation predicts the film thickness more accurately 

compared to Meyerhofer equation.  

Next, we calculated the film thickness with equation y=mx + c.  Hence equation 2 and 3 

may be modified as follows- 

For Damon equation, ℎ = 𝐾1 × 𝐶2𝑓1/2 + 𝑐1                             (4) 

Where c1 is the intercept of the line 

For Meyerhofer equation ℎ = 𝐾2 × 𝑉1/3𝑓1/2 + 𝑐2                             (5) 

Where c2 is the intercept of the line 

In this case, constants K1 and K2 i.e. slopes of the plots of the observed film thickness (h0) 

against the terms C
2
 / f

1/2 
and V

1/3 
/ f

1/2   
respectively.The intercept was calculated using 

mathportal.org. After plotting of all the graphs of observed and calculated film thickness 

(Figure 3.19-3.27), correlation coefficient (x, y) were calculated using mathportal.org. The 

observed and calculated film thickness using Damon and Meyerhofer equationsfor 

nitrocellulose using different solvents is given below in the Tables 3.9-3.16. 
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Table 3.9 Observed (h0) and calculated (hc, as predicted using format y=mx) film 

thicknesses at 1000 rpm and at different concentrations of CN using cellosolve solvents.  

 

Sr. 

No 

Concentration 

of the 

cellosolve 

solution 

(%) 

EC MC BC 

h0 

(µm) 

hc 
h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.2 Eq.3 Eq.2 Eq.3 Eq.2 Eq.3 

1 10 2 2 5 2 2 5 2 2 5 

2 15 3 5 7 3 5 7 3 5 7 

3 20 7 8 9 7 8 9 8 9 10 

4 25 12 13 12 14 13 12 10 13 13 

5 30 23 19 16 20 18 14 25 19 14 

 

 

Table 3.10 Observed (h0) and calculated (hc, as predicted using format y=mx) film 

thicknesses at 1000 rpm and at different concentrations of CN using EA and MEK 

solvents.  

Sr. 

No. 

Conc. of EA / 

MEK solution 

(%) 

EA MEK 

h0 

(µm) 

hc h0 

(µm) 

hc 

Eq.2 Eq.3 Eq.2 Eq.3 

1 10 2 2 4 1 2 4 

2 15 5 4 6 2 4 6 

3 20 6 7 8 8 7 8 

4 25 13 12 11 11 12 10 

5 30 16 17 14 20 17 13 
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Table 3.11:  Observed (h0) and calculated (hc, as predicted using format y=mx) film 

thicknesses at 1000 rpm and at different concentrations of CN using EA +cellosolve 

solvents. 

Sr.no 

Conc. of 

the 

solution 

(%) 

EA + EC EA + MC 

h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.2 Eq.3 Eq.2 Eq.3 

1 10 1 2 4 1 2 4 

2 15 5 4 6 2 4 5 

3 20 6 8 8 8 7 7 

4 25 11 12 11 11 11 9 

5 30 21 18 15 16 15 12 

 

 

Table 3.12: Observed (h0) and calculated (hc, as predicted using format y=mx) film 

thicknesses at 1000 rpm and at different concentrations of CN using MEK + cellosolves 

solvents 

Sr.no 

Conc. of 

the 

solution 

(%) 

MEK + MC MEK + EC 

h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.2 Eq.3 Eq.2 Eq.3 

1 10 1 2 5 1 2 4 

2 15 4 4 6 4 4 5 

3 20 9 8 8 7 7 7 

4 25 13 12 11 11 11 10 

5 30 16 17 14 16 16 12 
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Table 3.13 Observed (h0) and calculated (hc, as predicted using format y=mx+c) film 

thicknesses at 1000 rpm and at different concentrations of CN using cellosolve solvents 

Sr.no 

Conc. of 

the 

solution 

(%) 

EC MC BC 

h0 

(µm) 

hc 
h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.4 Eq.5 Eq.4 Eq.5 Eq.4 Eq.5 

1 10 2 0 0 2 1 0 2 2 0 

2 15 3 4 4 3 4 4 3 5 4 

3 20 7 8 8 7 8 9 8 9 10 

4 25 12 14 14 14 13 14 10 13 17 

5 30 23 21 21 20 20 19 25 19 18 

 

 

Table 3.14 Observed (h0) and calculated (hc, as predicted using format y=mx+c) film 

thicknesses at 1000 rpm and at different concentrations of CN using EA and MEK solvents 

Sr.no 

Conc. of 

the 

solution 

(%) 

EA MEK 

h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.4 Eq.5 Eq.4 Eq.5 

1 10 2 2 2 1 0 0 

2 15 5 4 5 2 3 3 

3 20 6 8 7 8 7 7 

4 25 13 12 12 11 13 13 

5 30 16 16 16 20 19 19 

 

 

 

 

 

 

 



Chapter 3 

 

Vishal M. Pawar, Ph.D. Thesis, Goa University Page 224 

 

Table 3.15 Observed (h0) and calculated (hc, as predicted using format y=mx+c) film 

thicknesses at 1000 rpm and at different concentrations of CN using EA+ cellosolve 

solvents 

 

Sr.no 

Conc. of 

the 

solution 

(%) 

EA + EC EA + MC 

h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.4 Eq.5 Eq.4 Eq.5 

1 10 1 1 0 1 1 1 

2 15 5 4 4 2 3 4 

3 20 6 8 8 8 7 7 

4 25 11 13 13 11 11 11 

5 30 21 19 19 16 16 16 

 

 

Table 3.16 Observed (h0) and calculated (hc, as predicted using format y=mx+c) film 

thicknesses at 1000 rpm and at different concentrations of CN using MEK + cellosolve 

solvents 

Sr.no 

Conc. of 

the 

solution 

(%) 

MEK + EC MEK + MC 

h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.4 Eq.5 Eq.4 Eq.5 

1 10 1 1 1 1 2 2 

2 15 4 4 4 4 4 4 

3 20 9 7 7 7 8 8 

4 25 13 11 11 11 12 12 

5 30 16 16 16 16 17 17 
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Figure 3.10 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in Methyl Ethyl Ketone at 1000 rpm. 

 

 

Figure 3.11 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in ethylacetate at 1000 rpm. 
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Figure 3.12 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in Ethylcellosolve at 1000 rpm. 

 

 

Figure 3.13 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in  methyl cellosolve  at 1000 rpm. 
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Figure 3.14 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in  butyl cellosolve  at 1000 rpm. 

 

 

Figure 3.15 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in  EA + MC  at 1000 rpm. 
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Figure 3.16 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in  EA + EC  at 1000 rpm. 

 

 

Figure 3.17 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in MEK + MC at 1000 rpm. 
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Figure 3.18 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CN solution in MEK + EC  at 1000 rpm. 

 

 

Figure 3.19 Variation of the observed and calculated film thickness with the (viscosity)
1/3

 

of CN solution in MEK at 1000 rpm. 
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Figure 3.20  Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CN solution in EA at 1000 rpm. 

 

 

Figure 3.21 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CN solution in EC at 1000 rpm. 
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Figure 3.22 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CN solution in MC at 1000 rpm. 

 

 

Figure 3.23  Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CN solution in BC at 1000 rpm. 
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Figure 3.24  Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CN solution in EA + MC at 1000 rpm. 

 

 

Figure 3.25 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CN solution in EA + EC at 1000 rpm. 
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Figure 3.26 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CN solution in  MEK + EC  at 1000 rpm. 

 

 

Figure 3.27 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CN solution in MEK + MC at 1000 rpm. 
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After comparing the graphs of concentration v/s film thickness and viscosity v/s film 

thickness, we observed that Damon equation (based on concentration) predicts film 

thickness more accurately than Meyerhofer equation.  After comparing the values of 

correlation factor and goodness of fit, we concluded that modified Damon equation gives 

best fit to express the relationship.The parity plots (Figure 3.28 -3.31) also indicated that 

the goodness of fit was better with Damon equation as compared to Meyerhofer equation. 

Result of correlation analysis is shown in Table 3.17. 

 

 

Figure 3.28 Parity plot showing the observed film thickness against the calculated film 

thickness using Damon equation in the form y=mx 
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Figure 3.29 Parity plot showing the observed film thickness against the calculated film 

thickness using Damon equation in the form y=mx+c 

 

 

Figure 3.30 Parity plot showing the observed film thickness against the calculated film 

thickness using Meyerhofer equation in the form y=mx 
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Figure 3.31 Parity plot showing the observed film thickness against the calculated film 

thickness using Meyerhofer equation in the form y=mx+c 

Table 3.17 Results of correlation analysis 1000 RPM 

 

Sr. 

No. 
Solvent  

Damon equation Meyerhofer equation 

y=mx y=mx+c y=mx y=mx+c 

1 

EA 

 

 

 

A 

B 

C 

D 

0.64 

5.90 x 10
3
 

 

 

0.6 

5.69 x 10
3 

0.31 

0.977 

2.56 

30.11 

0.45 

15.78 

-4.37 

0.993 

2 EMK 

A 

B 

C 

D 

2.24 

6.47 x 10
3
 

 

 

0.68 

7.52 x 10
3 

-1.5 

0.991 

8.29 

36.47 

0.7 

76.17 

-9.13 

0.983 

3 MC 

A 

B 

C 

D 

0.98 

5.90 x 10
3
 

 

 

01.77 

5.69 x 10
3 

0.31 

0.977 

6.52 

23.38 

0.65 

45.25 

-8.61 

0.978 
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4 
EC 

 

A 

B 

C 

D 

1.77 

6.61 x 10
3
 

 

 

0.65 

8.30 x 10
3 

-2.4 

0.975 

6.91 

24.54 

0.77 

47.73 

-8.88 

0.975 

5 BC 

A 

B 

C 

D 

3 

6.75 x 10
3
 

 

 

1.82 

8.68 x 10
3 

-2.68 

0.956 

14.11 

20.7 

6.28 

40.69 

-9.27 

0.829 

6 
EA +EC 

 

A 

B 

C 

D 

1.42 

5.34 x 10
3
 

 

 

0.76 

6.13 x 10
3 

-1.12 

0.994 

5.72 

27.45 

0.88 

50.98 

-6.51 

0.986 

7 EA + MC 

A 

B 

C 

D 

1.75 

6.18 x 10
3
 

 

 

1.39 

7.43 x 10
3 

-1.77 

0.973 

5.88 

29.13 

1.12 

52.63 

-7.08 

0.970 

8 MEK+ MC 

A 

B 

C 

D 

0.87 

6.04 x 10
3
 

 

 

0.43 

6.02 x 10
3 

0.04 

0.987 

4.5 

32.58 

0.27 

55.55 

-6.08 

0.987 

9 MEK+ EC 

A 

B 

C 

D 

0.32 

5.48 x 10
3
 

 

 

0.03 

5.82 x 10
3 

-0.48 

1 

3.75 

28.13 

0.03 

48.78 

-5.72 

1 

 

Where A=Goodness of fit 

 B=Slope 

 C=Intercept 

 D=Correlation coefficient (x ,y) for theoretical (x) vs experimental (y)  

 

We also found that there is large deviation when we compared the film thickness with 

viscosity. This may be due to-  
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1)  Commercially available CN is not dried completely but it is dampened in butanol. It 

is difficult to dry it fully and trace amount of butanol might be affecting viscosity.  

2)  While measuring the viscosity, there is chance of evaporation of low boiling solvent 

and it can result in deviation in film thickness from expected value. 

3)  Though Ostwalds U tube viscometer is suitable for the laboratory use due to its 

simplicity, it is not a very accurate method to determine the viscosity. 

These factors might be governing the viscosity of the CN solution and it results in larger 

deviation in predicting film thickness since more viscous solutions are being used. 

We found that in solvents like EAand MC, the deviation between observed and calculated 

film thickness is very low. But the drawback of use these solvents are blushing and 

pinholing. EA and MC are low boiling as compared to EC so they absorb moisture quickly 

and because of these, films were blushed and piholing arises due to air bubble in the 

solution. This can be minimized if the solutions are allowed to stand for at least 30 minutes 

so that no air bubble would be remained. EC gives good transparent films with high film 

thickness. We want to make films with average thickness of 11-12 µm for our study. 

Hence, we decided to use a mixture of solvents. As it is already known that, mixture of 

high boiling and low boiling solvent helps to overcome the problem of blushing and 

pinholing. During the study of mixture of solvents, we found that EA + EC gives 

transparent films with a thickness of 12-20 µm. In case of other mixture EA + EC, MEK + 

EC, MEK + MC we found that up to 15 % concentration, films were blushed. So, we 

avoided the use of these solvent and further study was carried using EA +EC solvent. 

 

3.5.1.8 Preparation of films at 2000 RPM 

Similar study was performedat 2000 rpm but we found that film thickness decreases as 

compared to thickness at 1000 rpm.  The results are shown in Table 3.18. 

 

Table 3.18 Results of correlation analysis at 2000 RPM 

Sr. 

No. 
Solvent  

Damon equation Meyerhofer equation 

y=mx y=mx+c y=mx y=mx+c 

1 

EA 

 

 

 

A 

B 

C 

D 

0.13 

4.57 x 10
3 

 

 

0.19 

4.98 x 10
3
 

-0.41 

0.993 

2.02 

23.32 

0.32 

39.81 

-3.25 

0.993 
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2 EMK 

A 

B 

C 

D 

1.38 

5.57 x 10
3 

 

 

0.82 

6.89 x 10
3
 

-1.34 

0.971 

5.09 

34.39 

0.82 

69.75 

-5.75 

0.957 

3 MC 

A 

B 

C 

D 

0.12 

4.77 x 10
3 

 

 

0.11 

5.17 x 10
3
 

-0.4 

1 

2.48 

17.24 

0.12 

31.19 

-3.88 

0.995 

4 
EC 

 

A 

B 

C 

D 

0.94 

5.57 x 10
3 

 

 

1.54 

5.96 x 10
3
 

-0.4 

0.981 

2.41 

20.67 

2.34 

24.16 

-3.65 

0.981 

5 BC 

A 

B 

C 

D 

0.8 

5.57 x 10
3 

 

 

0.75 

5.53 x 10
3
 

-0.04 

0.969 

3.03 

17.08 

2.24 

26.75 

-3.16 

0.851 

6 

EA 

+EC 

 

A 

B 

C 

D 

0.03 

4.37 x 10
3 

 

 

0.03 

4.49 x 10
3
 

-0.11 

1 

1.63 

22.47 

0.12 

37.31 

-2.9 

1 

7 
EA + 

MC 

A 

B 

C 

D 

0.32 

5.57 x 10
3 

 

 

0.3 

6.10 x 10
3
 

-0.54 

0.995 

5.87 

26.21 

1.12 

43.21 

-3.63 

0.995 

Where A=Goodness of fit 

 B=Slope 

 C=Intercept 

 D=Correlation coefficient (x ,y) for theoretical (x) vs experimental (y) 

 

 

From the above study following points were noted- 

1)  Viscosity depended on the nature of solvent, mainly its molar mass.  

          Cellosolve> Ester> Ketone 
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2)  Viscosity is independent on boiling point of the solvent. E.g. though MEK has higher 

boiling point than EA but viscosity in EA solvent is more than MEK solvents.  

3)  On the basis of solubility parameter concept, we concluded that cellosolve are true 

solvents for CN. When we prepared the solutions in true solvent, we got solutions 

with higher viscosity. 

4)  Thickness of film is independent of time because film formation takes place in first 

few seconds only.  

6)  Correlation study showed the greater deviation between film thicknesspredicted 

using viscosity.  This is probably because of incomplete drying of CN, inaccuracy in 

measuring the viscosity using Ostwald’s U tube viscometer. 

7)  Correlation study showed that modified Damon equation is more appropriate to 

decide the relationship between film thickness and concentration i.e. film thickness is 

directly proportional to concentration of the solution and rotational speed. 

8)  Increase in rotational speed of spin coater decreases film thickness since higher 

forces are generated due to higher spinning speed which creates more liquid outflow 

resulting in decrease in film thickness.  

9)  Low boiling solvents are associated with blushing and this problem was overcome by 

mixing of the solvent. 

10)  Pin holing is due to air bubbles and this problem was overcome by allowing the 

solutions to stand undisturbed for at least 30 minutes before preparing the film. 

11)  We found that films prepared using a mixture of EA + EC solvents were free from 

blushing and pin holing so that it is a best solvent composition to prepare the SSNTD 

films by spin coating technique. 

 

3.5.1.9 Preparation of track detectors films of CN HX30/50 

After getting the brief idea of relation between solvent used for CN film preparation, 

viscosity of the solution and the film thickness, we prepared films using mixture of EA + 

EC solvents. We prepared the films using following composition(Table 3.19). Sample 1= 

CN, HX 30/50 
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Table 3.19 Composition used to prepare CN film 

Sr. 

No. 

Concentration of solution 

in EA + EC 

Plasticizers (weight % with 

reference to CN) 

 

Dye 

(Rathipon 

Fire Red G) 
Camphor DOP TPP 

1 25% 5% 5% 0 4% 

2 25% 5% 5% 5% 4% 

 

 

i) Bulk etch rate of CN using different plasticizers: By using above composition, films 

were prepared using spin coater. We got films with 12-micron thickness. All the films 

were dried at 65°C for 3 hours. After drying the films, a few pieces of these films having a 

size of 2 x 2 cm
2
 were irradiated to 

239
Pu alpha radiations at a distance of 3 cm from the 

source for 5 min and etched using 2.5N NaOH at 60°C and the bulk etch rates were 

determined. The result is shown in Table 3.20 

 

Table 3.20 Bulk etch rate using different plasticizers 

Sr. 

no. 
Plasticizer 

Bulk 

etch 

rate 

(µm/h) 

Observation 

After 2 hrs of etching 

1 Camphor + DOP 0.31 Film stable in NaOH upto 1.5 hrs 

2 Camphor + TPP 0.24 Film stable in NaOH upto 2.5 hrs 

3 Camphor + TPP (no heating) 0.36 Film stable in NaOH upto 2.5 hrs 

3 Camphor + TPP + DOP 0.24 Film stable in NaOH upto 1.5 hrs 

 

All the films showed tracks after 80 min. of etching in 2.5 N NaOH at 60°C. The film 

containing Camphor + DOP was found to be less stable and it completely dissolved after 

2hr of etching. It is also observed that, in case of non-heat-dried film containing (camphor 

+ TPP), bulks etch rate was high as compared to the heated film. From these observations, 

we concluded that film containing camphor + TPP is most suitable for further study. 
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ii) Study of alpha detection ability of film: Alpha detection ability of the prepared CN 

films was checked using 
239

Pu alphas. The CN films were cut into size 1 cmx 1 cm and 

exposed to a 
239

Pu source at a distance of 1 cm, 2 cm, 3 cm, 4 cm and 5 cm for 1 minute 

each. The irradiated films were etched using 2.5 N NaOH solutions at 60°C for 1 hr. After 

1 hr of etching, small tracks were seen in the films exposed at a distance of 1 and 2 cm but 

not in 3, 4 and 5cm distance containing the films. Hence, we further etched these 3 films 

for 20 minutes more. The bulk etch rate, track density (Table 3.21) and photomicrographs 

(Figure 3.32-3.36) of the film is given below. 

 

Table 3.21 Bulk etch rate, track density of CN films 

Sr. 

No. 

Distance 

between 

detector and 

source (cm) 

Bulk etch 

rate(µm/h) 

Alpha track 

revelation 

time (min) 

Track density 

(Tracks/cm
2
) 

1 1 0.35 60 8304 

2 2 0.35 60 7608 

3 3
 

0.35 80 12455 

4 4
 

0.35 80 20224 

5 5
 

0.35 80 13252 

 

Note: In all the cases,detector films were made using CN [HX-30/50], 25% solution in EA+EC and were 

exposed to a 
239

 Pu alpha source. 
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3.6 Photomicrographs of CN films irradiated to 
239

Pu at a different distance 

 

Figure 3.32 Tracks observed in CN detector (
239

Pu for 1min. at a distance of 1 cm) when 

etched for 1hr in 2.5 N NaOH at 60°C (40 x magnifications) 

 

 

Figure 3.33 Tracks observed in CN detector (
239

Pu for 1min. at a distance of 2 cm) when 

etched for 1hr in 2.5 N NaOH at 60°C (40 x magnifications) 
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Figure 3.34: Tracks observed in CN detector (
239

Pu for 1min. at a distance of 3 cm) when 

etched for 80 min in 2.5 N NaOH at 60°C (40 x magnifications) 

 

 

Figure 3.35 Tracks observed in CN detector (
239

Pu for 1min. at a distance of 4 cm) when 

etched for 80 min in 2.5 N NaOH at 60°C (40 x magnifications) 
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Figure 3.36 Tracks observed in CN detector (
239

Pu for 1 min. at a distance of 5 cm) when 

etched for 80 min in 2.5 N NaOH at 60°C (40 x magnifications) 

 

3.7 Development of CA containing detectors as SSNTDs 

3.7.1Viscosity of CA in different solvents: CA is insoluble in many organic solvents. 

Only a few solvents are available to dissolve CA. We have chosen MEK, 1,4-Dioxane, 

Methyl Cellosolve (MC) and their binary mixtures for the present study. Of these solvents, 

MEK and Dioxane have comparatively low boiling solvents than MC. The variation of 

viscosity of CA solutions as a function of concentration in various solvents is given in 

Table 3.22. Variation of viscosity solutions as a function of concentration is shown as 

Figure 3.38 and 3.37 

Table 3.22 Viscosity of CA in various solvents 

Concentration 

of solution 

(%) 

Viscosity (cP, 30°C) 

MEK 
1,4-

Dioxane 
MC MEK+MC 

1,4-

Dioxane+MC 

2 26 31 29 27 30 

4 58 86 94 55 60 

6 180 360 316 186 335 
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8 1046 1068 1021 505 755 

10 2370 2670 2624 1128 2120 

 

Figure 3.37 Variation of the viscosity with concentration of CAsolutions in MEK, MC and 

1,4-Dioxane. 

 

Figure 3.38 Variation of the viscosity with concentration of CAsolutions in MEK+MC 

and 1,4-Dioxane+MC. 
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In case of CA, we found that above 10% concentration, the solution becomes increasingly 

viscous and it was difficult to pour in the medium bore U tube viscometer. Therefore, this 

study is limited to 10% CA solution. The rise in the viscosity of CA solutions isnoted to be 

exponential in nature.  Increase in viscosity of CA is observed with increase in molar mass 

of solvent i.e. at given concentration; CA in dioxane has a higher viscosity than MC than 

MEK. In mixed solvents too, the same trend was observed. When we mixed the two 

solvents with higher molar masses, we found solutions with higher viscosities and vice 

versa. When viscosity of mixed solvents was compared with pure solvent, it was observed 

that the viscosities in mixed solvents are lower than that of the pure solvent. It is also 

observed that in low boiling solvent, viscosity was lower than compared to high boiling 

solvents i. e. CA in MEK has a lower viscosity than in MC and 1,4-Dioxane. This trend 

was also found in mixed solvents. Higher viscosity was observed when the mixture of high 

boiling solvents (1,4-Dioxane + MC) was used than a mixture of low boiling solvent 

(MEK + MC).  

3.7.2 Solubility parameter study: The solubility and viscosity of the CA solution are 

expected to depend on the interaction between CN polymer chains and the solvent 

molecules. This relationship can be explained using solubility parameter study. It is 

defined using Eq. (1) shown in section 3.5.1.5. and has units of (cal cm
-3

)
1/2

 or (MJ m
-3

)
1/2 

Physical properties of cellulose acetate and solvents are shown in Table 3.23.
 

Table 3.23 Physical properties of solvents for CA 

Sr. 

No. 
Solvent 

Boiling 

Point 

(°C) 

Molecular 

weight 

(g/mol) 

Solubility 

Parameter 

δ (SI) 

Viscosity at 

30°C 

(cP) 

1 MEK 80 72 19.0 2370 

2 1,4-Dioxane 101 90 20.5 2670 

3 MC 124 76 22.8 2624 

4 
Cellulose 

acetate 
- - 18.6 - 
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When the solubility parameters of solvent and solute are closer to each other, then that 

solvent is called a true solvent for that solute.  In the case of CA, the solubility parameter 

of CA is 18.6 which is closer to that of MEK, 1,4-Dioxane and MC. Therefore, the MEK, 

1,4-Dioxane and MC are true solvents for CA. A true solvent for the polymer is known to 

provide solutions with higher viscosity than the poor solvent. This is due to strong 

attractive forces between polymer and solvent overcoming the cohesive forces in the 

polymer chains and resulting in a viscous solution.  

3.7.3 Study of the effect of viscosity and concentration of the CA solutions on film 

thickness, using spin coater: After noting the concentration and viscosity behavior of 

CA, the CA films using various solvents were prepared. Commercially available polyester 

OHP sheet having a thickness of 100 microns was fixed on a metal plate and kept over a 

spinning disc. CA solution was poured over it. The disc was spun at 500 RPM. The 

thickness of the film was found to vary between 1-18 µm at 500 rpm depending upon 

viscosity, concentration and nature of the solvent. The variation in film thickness of CA in 

different solvents is given in Table 3.24. 

Table 3.24 Film thickness of CA films in various solvents at 500RPM 

Concentration(%) Film thickness (µm) 

 MEK Dioxane MC MC+MEK MC+1,4-Dioxane 

2 1 1 1 1 1 

4 1 2 1 1 2 

6 2 4 3 4 4 

8 7 8 10 6 7 

10 14 16 18 12 15 

From the table, it is clear that film thickness depends on the nature of the solvent, 

concentration and viscosity of solution as stated previously. It appeared that film thickness 

increases exponentially with the concentration in most of the solvents.  
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Figure 3.39 Variation of the film thickness with concentration of CA solutions in different 

MEK, EC and 1,4-Dioxane 

 

 

Figure 3.40 Variation of the film thickness with concentration of CA solutions in different 

MEK+MC and 1,4-Dioxane + MC 
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From the Figure 3.39 and 3.40, it is found that film thickness is depending on various 

factors such as nature of solvent, concentration and viscosity. Hence, correlation study has 

been done.  

3.7.4 Correlation of the film thickness with concentration and viscosity: The method 

used for CN to correlate the film thickness can also be extended to CA. Using equations 2 

and 3 as shown above the film thickness is calculated and the observed film thickness and 

calculated film thickness is shown in Table 3.25 and 3.26. Figures 3.41 - 3.45 show the 

variation of the observed and calculated film thickness with C
2 

for Damon and V
1/3

 for 

Meyerhofer.  

Using equation 4 and 5 as shown above the film thickness is calculated and the observed 

film thickness and calculated film thickness is shown in Table 3.27 and 3.28. Figures 

3.46 - 3.50 show the variation of the observed and calculated film thickness with C
2 

for 

Damon and V
1/3

 for Meyerhofer.  

Table 3.25 Observed (h0) and calculated (hc, as predicted using format y=mx) film 

thicknesses at 500 rpm and at different concentrations of CA using MC, MEK and1,4-

Dioxane solvents 

Sr. 

No 

Concentration 

of the solution 

(%) 

MC MEK 1,4-Dioxane 

h0 

(µm) 

hc 
h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.2 Eq.3 Eq.2 Eq.3 Eq.2 Eq.3 

1 2 1 1 3 1 0 2 1 1 3 

2 4 1 2 4 1 2 3 2 2 4 

3 6 3 5 6 2 4 4 4 5 6 

4 8 10 10 9 7 7 7 8 9 8 

5 10 18 15 12 14 11 9 16 14 11 
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Table 3.26 Observed (h0) and calculated (hc, as predicted using format y=mx) film 

thicknesses at 500 rpm and at different concentrations of CA using MEK +MC and 1,4-

Dioxane + MC solvents 

Sr. 

No. 

Conc. of the 

solution 

(%) 

MEK + MC 1,4-Dioxane + MC 

h0 

(µm) 

hc h0 

(µm) 

hc 

Eq.2 Eq.3 Eq.2 Eq.3 

1 2 1 0 2 1 1 2 

2 4 1 2 3 2 2 3 

3 6 4 4 4 4 5 6 

4 8 6 6 6 7 8 7 

5 10 10 10 7 15 13 10 

 

 

Table 3.27 Observed (h0) and calculated (hc, as predicted using format y=mx+c) film 

thicknesses at 500 rpm and at different concentrations of CA using MC, MEK and 1,4-

Dioxane solvents 

 

 

 

 

Sr. 

No. 

Conc. 

of the 

solution 

(%) 

MC MEK 1,4-Dioxane 

h0 

(µm) 

hc 
h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.4 Eq.5 Eq.4 Eq.5 Eq.4 
Eq.

5 

1 2 1 1 1 1 1 1 1 0 0 

2 4 1 1 1 1 1 1 2 2 2 

3 6 3 5 5 2 4 3 4 5 5 

4 8 10 10 11 7 8 9 8 9 10 

5 10 18 17 17 14 13 13 16 15 15 
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Table 3.28 Observed (h0) and calculated (hc, as predicted using format y=mx+c) film 

thicknesses at 500 rpm and at different concentrations of CA using MEK + MC and 1,4-

Dioxane + MC solvents. 

Sr. 

No. 

Conc. of 

the 

solution 

(%) 

MEK + MC 1,4-Dioxane + MC 

h0 

(µm) 

hc 
h0 

(µm) 

hc 

Eq.4 Eq.5 Eq.4 Eq.5 

1 2 1 1 0 1 0 0 

2 4 1 2 1 2 2 1 

3 6 4 4 4 4 5 6 

4 8 6 6 7 7 9 8 

5 10 10 10 10 15 14 14 

 

 

Figure 3.41 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CA solution in MC at 500 rpm. 
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Figure 3.42 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CA solution in  MEK at 500 rpm. 

 

 

Figure 3.43 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CA solution in 1,4-Dioxane at 500 rpm. 
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Figure 3.44 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CA solution in MEK + MC at 500 rpm. 

 

 

Figure 3.45 Variation of the observed and calculated film thickness with the 

(concentration)
2
 of CA solution in 1,4-Dioxane + MC at 500 rpm. 
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Figure 3.46 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CA solution in MC at 500 rpm. 

 

 

Figure 3.47 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CA solution in MEK at 500 rpm. 
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Figure 3.48 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CA solution in 1,4-Dioxane at 500 rpm. 

 

 

Figure 3.50 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CA solution in MEK + MC at 500 rpm. 
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Figure 3.54 Variation of the observed and calculated film thickness with the (viscosity)
 1/3

 

of CA solution in Dioxane + MC at 500 rpm. 

Table 3.29 Result of correlation analysis CA at 500 RPM using Modified Damon Eq. (3) 

and Meyerhofer Eq.(4) equation 

Solvent 

Modified Damon Equation 

y=mx+c 

Modified Meyerhofer Equation 

y=mx+c 

K1   

(10
4)

 

c1 Σ(h0-hc)
2
 

Corr 

(x,y) 

K1 c1 Σ(h0-hc)
2
 

 

Corr 

(x,y) 

 

MEK 3.14
 

-1.1 1.09 0.960 27.6 -3.8 0.87 0.973 

MC 4.17 -1.6 1.04 0.980 37.1 -6.1 1.18 0.977 

Dioxane 2.51 -0.6 0.46 0.986 30.4 -4.3 0.80 0.977 

MEK+MC 2.17 0.1 0.77 0.994 27.5 -3.2 0.75 0.988 
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Dioxane+

MC 
3.19 -0.4 0.53 0.989 30.6 -4.1 5.51 0.966 

 

From the Table 3.29, it is observed that Damon equation (based on concentration) predicts 

film thickness more accurately than Meyerhofer equation.  After comparing the values of 

correlation factor and goodness of fit, we concluded that modified Damon equation gives 

the best fit to express the relationship. The parity plots Figure 3.51-3.54 also indicated that 

the goodness of fit was better with Damon equation as compared to Meyerhofer equation.  

 

 

Figure 3.51 Parity plot showing the observed film thickness against the calculated film 

thickness using Damon equation in the form y=mx   
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Figure 3.52 Parity plot showing the observed film thickness against the calculated film 

thickness using Damon equation in the form y=mx+c 

 

 

Figure 3.53 Parity plot showing the observed film thickness against the calculated film 

thickness using Meyerhofer equation in the form y=mx   
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Figure 3.54 Parity plot showing the observed film thickness against the calculated film 

thickness using Meyerhofer equation in the form y=mx+c 

It is also noted that, in solvents like MEK, MC and 1,4-Dioxane, the deviation between 

observed and the calculated film thickness is very low. However, the drawback of using 

these solvents is blushing and pinholing. MEK and 1,4-Dioxaneare low boiling as 

compared to MC so they absorb moisture quickly and blushed and pin-holing arises due to 

an air bubbles in the solution. This can be minimized if the solutions are allowed to stand 

for at least 30 minutes so that no air bubbles remain. In case of MC, high film thickness 

was noted but the resultant films are blushed. The aim was to make films with an average 

thickness of 11-12 µm for present study. Therefore, a mixture of solvents was used to 

obtain desired thickness. Given that the problem of blushing and pinholing has been 

overcome by using a mixed solvent system; a mixture of MEK + MC gave transparent 

films with a thickness of 12µm. In case of other mixtures, 1,4-Dioxane + MC, we found 

that up to 8 % concentrated solution films were blushed. So, the use of this solvent was 

avoided and further study was carried out using MEK +MC mixed solvent. 

3.7.5 Effect of spinning speed (RPM) on CA and CN film thickness:  To check the 

effect of RPM on film thickness, CA solutions of 2, 4, 6, 8 and 10% was prepared using 

MEK+MC solvent. Solution of CN in EA+EC with concentrations of 10, 15, 20, 25, and 
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30% were prepared. Thickness of the film using different RPM are shown in Table 

3.30(CA) and Table 3.31 (CN) 

Table 3.30 Effect of RPM on CA film thickness 

Concentration of 

CA solution (%) 

in MEK + MC 

Film thickness (µm) 

500 RPM 750 RPM 
1000 

RPM 

1250 

RPM 
1500 RPM 

2 1 1 1 1 1 

4 2 1 1 1 1 

6 4 3 2 2 2 

8 8 6 6 5 5 

10 16 13 11 9 7 

Table 3.31 Effect of RPM on CN film thickness 

Concentration of 

CN solution (%) 

in EA + EC 

Film thickness (µm) 

500 RPM 
1000 

RPM 
1500 RPM 2000 RPM 

2500 

RPM 

10 2 1 2 1 1 

15 5 5 3 2 1 

20 12 7 4 5 5 

25 17 10 8 8 7 

30 24 16 11 10 8 

In both cases, i.e. CA and CN the decrease in film thickness with increase in spinning 

speed was observed. This is due to the higher forces generated creating more liquid 

outflow resulting in a decrease in film thickness. 
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3.7.6 Preparation of solid-state nuclear track detectors films of CA and CN. After 

getting the brief idea of relation between solvent used for CA and CN film preparation, 

viscosity of the solution and the film thickness, we prepared films using mixture of MEK+ 

MC for CA and EA + EC for CN solvents. Films were prepared using 5% camphor, 5% 

triphenyl phosphate (TPP) as plasticizer and 4% Rathipon Fire Red G as a dye.  

3.7.7 Study of CA films for the application in SSNTDs: Ability of the prepared CA 

films to detect alphas was checked using 
239

Pu source. CA films were cut into small pieces 

of size 1 cmx 1 cm and exposed to a 
239

Pu source at a distance of 2.5 cm for 5 min each. 

The irradiated films were etched using 2.5 N NaOH solutions at 60°C for 1 hr. It is 

observed that, the CA layer was peeled out from the surface of the OHP sheet. This might 

be due to weak adhesion between OHP sheet and CA as compared to CN. To find out the 

effect of concentration and temperature of etchant on this film, the film was etched in 2N 

and 1N NaOH at 50°C. It was observed that film does not remain adhered to the OHP 

sheet. After 30 min of etching, CA film got peeled out from the surface of OHP sheet.  

3.7.8 Preparation of CA+CN blend films for SSNTD: Our purpose was to see how a 

hazardous material like CN could be replaced with a safer one. From the above study it 

was found that pure CA films with a thickness of 12 µm cannot be used for track detection 

purpose. So, we decided to prepare CA+CN blend film for this study. CN is an explosive 

material if its nitrogen content above 12.2 and it is difficult to handle and manage 

transportation. If we could decrease the usage of CN,yet retaining the detection sensitivity, 

it could be advantageous.  Thus, we decided to prepare CA+CN blend films. To check the 

suitability of CA+CN blend films for SSNTD applications, films were prepared with 

different compositions in MEK+MC solvent. The CA: CN ratio used for the preparation of 

films are 9:1, 8:2, 7:3, 6:4, and 1:1 (w/w). Viscosities of these solutions were measured 

using Ostwald’s U tube viscometer at 25 °C and shown in Table 3.32.  

Table 3.32 Ratio, Viscosity and Film thickness of CA + CN solution. 

Sr. 

No. 

CA to CN ratio 

(w/w) 
Viscosity (cP) 

Thickness (µm) 

500RPM 250 RPM 

1 9:1 1381 9.5 22 
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2 8:2 751 7 15 

3 7:3 570 6 12 

4 6:4 414 6 12 

5 1:1 314 5 10 

 

It is found that with decrease in quantity of CA, viscosity of solution also decreases. After 

the measurement of viscosity, films were prepared at 250 and 500 RPM and thickness of 

dry films was measured. It was found that at 500 RPM, films were very thin and cannot be 

used for SSNTD applications, but the films prepared at 250 RPM had suitable thickness 

and could be used for SSNTD applications.  

3.7.9 Correlation of the film thickness with concentration and viscosity (CA+CN): 

We have tried to correlate the experimental and theoretical film thickness of films made 

from a CA+CN blend using Damon and Meyerhofer equation as shown above. Damon 

equation is depending on the concentration of the solution and spinning speed (Eq 2 & 4, 

section 3.5.1.7). In case of CA+CN  blend, concentration (w/w) is samei.e. 10% in all the 

compositions prepared in this series (Table 3.32) for all the compositions used for 

preparation of films. So, in this case we could not use the Damon equation. Meyerhofer 

equation involves viscosity of the Solution and spinning speed. So, we tried to use 

Meyerhofer equation (Eq. 3 & 5 section 3.5.1.7). ) for present study and we got results as 

shown in Table 3.33. 

Table 3.33 Result of correlation analysis CA+CN at 500 RPM using modified Damon Eq. 

(4) and Meyerhofer Eq. (5)  

Solvent 

Modified Meyerhofer Equation 

y=mx+c 

K2 C2 Σ(h0-hc)
2
 

Corr(x,y) 
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MEK+MC 27.53 -3.2 0.75 0.988 

The above systems have a major limitation that they are applicable for a single polymer-

solvent system and cannot be generalized for a variety of solvents.  

After the viscosity, thickness measurement and correlation analysis, films were prepared 

using different CA+CN blends along with 5% camphor, 10% triphenyl phosphateand 4% 

Rathipon fire red G dye for SSNTD application. Films were dried in oven at 65°C for 3 

hours. All the films were etched in 2.5 N NaOH for 60 min. Except films made from 

CA+CN (7:3) blend, rest of the films were found to be unsuitable for SSNTD as they had 

poor stabilities in NaOH etchant. Hence, percentage of camphor and triphenyl 

phosphatewas varied and films were prepared again and etched in 2.5 N NaOH at 60°C.  

Observations regarding these films are reported in Table 3.33.  

Table 3.33 Preparation of CA+CN films with variation in percentage of plastisizer 

Sr. 

No. 

CA to 

CN ratio 

(w/w) 

Plasticizers 

(%) 

Thickness 

(µm) 
Observation regarding  

CA + CN blend film 

TPP Camphor 

500 

RPM 

250 

RPM 

1 

9:1 5 10 9.5 22 
Film peeled out from the 

surface 

9:1 10 5 9 23 
Film peeled out from the 

surface 

9:1 10 10 10 22 
Film peeled out from the 

surface 

2 

8:2 5 10 7 15 
Film peeled out from the 

surface 

8:2 10 5 7 15 
Film peeled out from the 

surface 
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8:2 10 10 8 16 
Film peeled out from the 

surface 

3 

7:3 5 10 6 12 
Film stable upto1.5 hour in 

2.5 N NaOH at 60°C 

7:3 10 5 6 12 
Film stable upto 2.5 hour 

in 2.5 N NaOH at 60°C 

7:3 10 10 7 14 
Film stable upto 2.5 hour 

in 2.5 N NaOH at 60°C 

4 

6:4 5 10 6 10 
Film decolorized after 40 

min. of etching 

6:4 10 5 6 12 
Film decolorized after 40 

min. of etching 

6:4 10 10 6 12 
Film decolorized after 40 

min. of etching 

5 

1:1 5 10 6 12 
Film decolorized after 40 

min. of etching 

1:1 10 5 5 10 
Film decolorized after 40 

min. of etching 

1:1 10 10 6 12 
Film decolorized after 40 

min. of etching 

From the table it is observed that film having CA+CN (7:3) with 5% Camphor, 10% 

triphenyl phosphateand 4% Rathipon fire red G  suits better for the aplication as SSNTD.   

3.8 Comparision of CA + CN and CN films with commercial LR-115™ detector: 

All the detector films were cut into a size of 1cm × 1cm and exposed to a 
239

Pu source for 

2 min at a distance of 1.5 cm from the source. All films were etched using 2.5 N NaOH at 

60°C. After 60 min of etching, tracks were clearly seen in all the films. Tracks were 

counted under optical microscope (100 views) and track density was calculated using Eq. 

(6) 
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𝑇𝑟𝑎𝑐𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑇𝑐𝑉×𝐴                                             (6) 

 

Where Tc is the total tracks counted for ‘V’ number of views with an area of each view is 

‘A’ cm
2
. (The area of view under 40 x magnifications is 0.0216 cm

2
 in our case).Track 

density, bulk etch rate and alpha track revelation time of all detectors is shown in Table 

3.34. 

Table 3.34 Track density, bulk etch rate and alpha track revelation time of the cellulose 

detectors 

Sr. 

No. 

Detector 

film 

Average 

Track 

Density 

Tracks/cm
2
 

Background 

track density 

Tracks /cm
2
 

Net track 

density 

Tracks 

/cm
2
 

Bulk 

etch rate 

(µm/h) 

Alpha track 

revelation 

time(min) 

1 LR-115™ 20400±500 1200±100 19200 ±450 0.28±0.02 60 

2 CN 18100±300 1150±100 16900 ±300 0.32±0.03 60 

3 CA Not determined 
Film peeled 

out 

4 
CA + CN 

(7:3) w/w 
17700±300 950±100 16750 ±300 0.32±0.03 60 

Slightly lower track density is observed in case of CA+CN (7:3) blend films as compared 

to the indigenous CN and LR-115™. This is because the nitro group is more radiation 

sensitive compared to the ester group. Bulk etch rate of the CA+CN blend films and CN 

was found slightly more than LR-115™. Alpha track revelation time was found similar in 

CA+CN blend, CN and LR-115™. It may be possible that commercial CN detector is 

made using nitrocellulose with higher nitrogen content, and this can certainly result in 

higher detection efficiency. 
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3.9 Efficiency of the detector as a function of the distance of the exposure: 

According to the inverse square law, number of alpha particles incident per unit area of the 

film decreases with increase in the distance between the source and the detector. It was 

interesting to find out the variation of alpha detection efficiency as a function of distance 

of exposure from the source. For this purpose, CN, CA+CN and LR-115™films having a 

size of 2cm × 2cm were taken and exposed to 
239

Pu at a distance of 1, 1.5, 2, 2.5, 3 cm for 

two min. The films were etched using 2.5N NaOH at 60°C for 60 min and its track density 

was measured. The graph of track density vs. distance of the films is shown in Figure 

3.55. 

 

Figure 3.55 Average track density of LR-115™, Indigenous CN and CA+CN (7:3) with 

variation in distance 

As expected, the time required for the development of tracks increases with decrease in the 

distance of the exposure. The maximum track density was found when the film was 

exposed at a distance of 1.5 cm.  Photomicrographs of CA, CA+CN and LR-115
TM

 are 

shown in Figure 3.56. 
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3.10 Photomicrographs of LR-115, CN and CA+CN (7:3)  

 

Figure 3.56 Tracks observed in A) LR-115™detector B) CN C) CA + CN (7:3 V/V) 

detector  exposed to 
239

Pu for 2 minutes at a distance of 1.5 cm and etched for 60 min in 

2.5 N NaOH at 60°C (40 x magnification).  
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4. Conclusion 

Preparation of thin films from CA and a blend ofCA + CNwas attemptedusing different 

solvents and spin coating technique. Attempts were also made to extend the applicability 

of Damon and Meyerhofer equations for this purpose.The films thus prepared were tested 

for their use as nuclear track detectors. 

1) Viscosityof cellulosic solutions depends on the nature of solvent i.e. molar mass 

and the boiling point of the solvent.Higher viscosity was observed when the 

polymer solutions were prepared in true solvent.  

2) The thickness of the film is almost independent of time of spinning. 

3) Study showed the greater deviationwhen film thickness was correlated to the 

viscosity of the solution.  This is probably because of lesseraccuracy in the 

viscositymeasurements using Ostwald’s U tube viscometer.  

4) Correlation study showed that modified Damon equation is more appropriate to 

predict film thickness and concentration.The film thickness is found to depend on 

the concentration of the solution and spinning speed. 

5)  Increase in rotational speed of spin coater decreases film thickness since higher 

forces are generated due to higher spinning speed creates more liquid outflow 

resulting in a decrease in film thickness.   

6) Low boiling solvents are associated with blushing and this problem was overcome 

by mixing of the solvent. Pin holing is due to air bubbles and this problem was 

overcome by allowing the solutions to stand undisturbed for at least 30 minutes 

before preparing the film.  

7) By using different additives like plasticizers and dye, films were prepared using 

spin coater for SSNTD application. 

8) Pure CAfilm (12 ±1µm) peeled out from the surface of OHP while etching and 

hence, they could not be used for SSNTD application.  

9) A blend of CA + CN (7:3 w/w) was found to be suitable for SSNTD 

applications.CN is explosive material and it is difficult to dry the same. So, mixing 



Chapter 3 

 

Vishal M. Pawar, Ph.D. Thesis, Goa University Page 270 

 

with 70% of CA can help in reducing the usage of explosive material like CN. Thin 

cellulose acetate and CA+CN blend films having a thickness of 12 ±1 µm were 

prepared for the first time for SSNTD application using spin coating technique.  

10)  It may be seen that indigenously prepared CN as well as CA+CN films show 

nearly same alpha detection efficiency. It should be possible to match the detection 

efficiency of LR-115™ if higher nitrogen grade nitrocellulose is available (which 

is probably the case for LR-115™).  

11) Thus, it is observed that substantial replacement of CN by CA can still provide a 

detector material having detection efficiency nearly same as that of a detector made 

from only CN.
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Abstract

This paper describes preparation of composite thin films of 12 ± 1 µm from cellulose acetate (CA) and cellulose acetate (CA) 

-cellulose nitrate (CN) blend on a polyester support for solid state nuclear track detection (SSNTD) application. Films were 

prepared using a spin coater and their experimentally observed film thickness was compared with theoretically predicted film 

thickness using Damon and Meyerhofer equations. Effect of RPM of spin coater on cellulose nitrate and cellulose acetate 

thin films is reported for the first time. Track detection properties of CA + CN are tested and compared with indigenous CN 

and imported LR-115™ film.

Keywords Damon equation · Spin coater · Meyerhofer equation · Track density · Solid state nuclear track detection 

(SSNTD)

Introduction

CA is a cellulose ester prepared from acetic acid and acetic 

anhydride in presence of sulphuric acid. The solubility of 

CA depends on its degree of substitution. CA with a degree 

of substitution of 2–2.5 dissolves in acetone, dioxane and 

methyl acetate while CA with the degree of substitution 

around 0.8 dissolves in acetic acid [1]. CA was one of the 

first polymers which was used for filtration membranes in 

water purification [2]. Thin films of CA doped with erbium 

chloride were prepared using acetone and used for spec-

troscopic, electrical, and relaxor-like properties [3]. CA 

with polysaccharide multilayer’s were prepared using 1, 

4-dioxane and were used for antifouling coatings [4]. In 

2008, Amim et al. [5] reported the characterization of cel-

lulose ester thin films prepared by spin coater in acetone and 

ethyl acetate (EA) using ellipsometry, atomic force micros-

copy, and contact angle measurement. He claimed that EA 

and acetone are good solvents for the preparation of thin 

films. However, one of the drawbacks of acetone and ethyl 

acetate is its rapid absorbance of moisture. This can affect 

the transparency of the film. CA is used for coatings and 

frame material for eyeglasses [6]. It is also used as cigarette 

filters, ink reservoirs for fibre tip pens, surgical products 

and production of children toys etc. [7]. In 1999, Nadkarni 

et al. [8] reported the use of spin coater to prepare CN-pol-

yester composite films. In this study, various solvents were 

tested for appropriate viscosity build up for film thickness 

as viscosity is the main factor which governs the film thick-

ness. CN films were prepared at 3000 rpm and the films 

thickness was measured. The resultant film thickness was 

compared to the theoretical film thickness using Damon and 

Meyerhofer equations and it was found that theoretical film 

thickness calculated using Damon equation (which is based 

on the concentration of the solution) matches well with the 

experimental film thickness. The resultant films were used 

for SSNTD applications. But this study was performed at 

fixed RPM i.e. 3000. A drawback of the use of fixed RPM is 

that, if a particular film thickness is required, the concentra-

tion of the solution must be adjusted. This problem can be 

addressed using a spin coater with variable spinning speed. 

In the present study, using a 100–3000 adjustable RPM spin 

coater, we have prepared films of CN and CA with a film 

thickness of 12 ± 1 μm.

No systematic efforts have been reported in literature to 

prepare thin CA films for solid state nuclear track detection. 

Only 12 ± 1 µm thick CN-polyester composite films are com-

mercially available as LR-115™ for SSNTD applications. 

CN is known for its explosive nature. Therefore, various 
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restrictions on its handling, storage and transportation exist. 

It is always stored after dampening with sufficient quanti-

ties (up to 40% by wt) of n-butyl alcohol. Removal of this 

dampening medium before casting the films is essential and 

it takes considerable time as well as care is required since 

dry CN can rapidly catch fire. Thus, reducing the use of such 

hazardous material and its replacement with a safer material 

like CA, yet without significantly affecting the track detec-

tion characteristics would be welcome. Thus, we thought of 

preparing a blend of these two materials (CA and CN) and 

study the application of spin coating techniques to cast thin 

films from this blend followed by comparison of the track 

detection characteristics with indigenously made CN track 

detector as well as LR-115™.

Till today, use of only ~ 100 µm thick films of CA has 

been reported for SSNTD applications [9, 10]. So, in this 

paper, a systematic study of CA, CN and CA + CN solutions 

to cast thin films of approximately 12 ± 1 μm in thickness 

is reported using a variety of solvents and spin coating. In 

this paper, we have also reported the effect of RPM of the 

spin coater on the thickness of the CN as well as CA films. 

This study also explores correlation between different RPMs 

and thickness of thin films of these cellulosics using a spin 

coater with variable spinning speed, based on Damon [11] 

and Meyerhofer [12] equations for the first time. Spin coat-

ing using a spin coater can provide high quality composite 

films with thicknesses ranging from 5 to 25 μm and sizes 

from 10 cm × 8 cm. For thicker films and for films with 

larger size, (approximately 15 × 20 cm) an automatic film 

applicator is a better choice. Automatic film applicators can 

produce wet films with approximately 10 to 100 µm thick-

ness. The thickness of a film on automatic film applicator 

mainly depends on four factors. (1) the speed of film applica-

tor (2) the thickness setting of applicator (3) Surface tension 

of the solution (4) Viscosity of the solution. Automatic film 

applicator is advantageous, they consistently offer the same 

conditions such as speed of application (this can be varied to 

achieve optimum results), applied pressure to the sample and 

flatness. These conditions combined with a set bar applica-

tor gap and geometry work the best to obtain reproducible 

samples [13]. However, films cast by this technique require 

a longer drying time and the thickness of wet and dry film 

are not the same.

Experimental

CA was purchased from Molychem India Ltd. CN is avail-

able in various grades depending on viscosity and nitrogen 

content. The viscosity roughly depends on the molecular 

weight of CN. It is well-known fact that viscosity governs 

the film forming property of the material, while nitrogen 

content governs the sensitivity of the material. CN with a 

percentage of nitrogen 12% and above gives better efficiency 

in the charged particle dosimetry. The following material 

was selected for this study:

Manufacturer-Nitrex chem. India Ltd

Grade-HX 30/50

Viscosity-42 poise

Nitrogen content-12.16%

All the solvents required for dissolution of CA and CN 

was purchased from Spectrochem India Pvt, Ltd. and dis-

tilled whenever necessary. Rathipon fire red G dye was 

gifted by Rathi Dye Chem (P) Ltd, India. For casting the 

thin films, spin coater with adjustable RPM between 100 and 

3000, operating at 230 V, 50 Hz AC power (Indo-German 

Engineers, Mumbai) was used. For coating purpose, com-

mercially available Polyester based 100 µm thick over-head 

transparency film was used. The thickness of the films was 

measured using digital thickness gauge (Elcometer 456 F). 

Tracks were counted using optical microscope model Axi-

ostar 1122-100 of M/s Carl Zeiss and photomicrographs 

were recorded using Tucsen ISH500 camera using software 

called IS capture.

The spinning disc technique was originally used in semi-

conductor industry, was found to be a suitable technique for 

casting thin films of organic scintillating material on a sub-

strate [14]. The process of spin coating involves depositing 

a small quantity of a viscous material like polymer onto the 

centre of a substrate and followed by spinning the substrate 

at high speed (RPM). Centripetal acceleration causes the 

resin to spread to the edge of the substrate leaving a thin film 

of resin on the surface. Nature of the resin (viscosity, drying 

rate, solid content, surface tension, etc.) and the parameters 

chosen for the spin process are the key factors which deter-

mine the final film thickness and other properties [15].

Determination of viscosity

CN was carefully dried in air for four days. Solutions of 

dried CN were prepared using ethyl acetate (EA), methyl 

ethyl ketone (MEK), methyl cellosolve (MC), ethyl cello-

solve (EC) and butyl cellosolve (BC) and their binary mix-

tures 1/1 (v/v). The solutions were prepared with 10, 15, 

20, 25 and 30% (w/v) concentrations. CA was dissolved in 

MEK, MC and 1, 4-dioxane (Dioxane) and binary mixture of 

these solvents. Solutions containing 2, 4, 6, 8 and 10% of CA 

were prepared. CA + CN (w/w) was dissolved in MEK + EC 

solvent. These solutions were allowed to stand for 48 h to 

ensure homogeneity before their viscosity measurements. 

The viscosity of samples was measured using Ostwald’s U 

tube Viscometer at 25 °C, calibrated with 98% glycerol of 
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known viscosity. The density was determined using specific 

gravity bottle.

Preparation of CA, CN and CA + CN blend films 
by spin coating

Commercially available polyester based 100 µm transpar-

ent film of size 15 cm × 15 cm was fixed to the tinned plate 

using cello-tape at the corners. After pouring the polymer 

solution, the disc was spun for 60 s at selected RPM. The 

method was also used to prepare SSNTD films of desired 

thickness (11–12 ± 1 μm) by selecting a suitable solvent and 

additives like plasticizer and dyes. The reproducibility of 

this method was tested by preparing multiple batches of the 

detector films.

Measurement of thickness of the film

Thickness of the CA, CN and CA + CN film was recorded 

using a digital thickness gauge. The thickness of polyes-

ter base was measured at randomly selected 10 points fol-

lowed by a coated polyester film. The difference between 

two average thicknesses gave the thickness of coated film. 

The average film thickness values have been rounded off to 

the nearest integer.

Results and discussion

Viscosity of CA in different solvents

CA is insoluble in many organic solvents. Only a few sol-

vents are available to dissolve CA homogenously. We have 

chosen methyl ethyl ketone (MEK), dioxane, methyl cello-

solve (MC) and their binary mixtures for the present study. 

Of these solvents, MEK and dioxane are comparatively low 

boiling solvents than MC. The viscosity of CA solutions in 

various solvents is given in Table 1.

In case of CA, we found that above 10% concentration, 

the solutions become increasingly viscous which makes 

it difficult to pour the same in the medium bore U tube 

viscometer. Therefore, this study is limited to 10% CA 

solution. The viscosity of CA solutions was observed to 

increase exponentially and below 6%, the viscosity is mar-

ginal. Increase in viscosity of CA is observed with increase 

in molar mass of solvent i.e. cellulose acetate in dioxane has 

a higher viscosity than in MEK. In mixed solvents too, the 

same trend was observed. When we mixed the two solvents 

with higher molar masses, we found higher viscosities and 

vice versa. When viscosity in mixed solvents was compared 

to that in respective pure solvent, it was observed that the 

viscosities in mixed solvents are lower than that of the pure 

solvent. It is also observed that in low boiling solvent, vis-

cosity was lower when compared to high boiling solvents 

i.e. solution of CA in MEK has a lower viscosity than that 

in MC and dioxane. This trend was also found in mixed 

solvents. Higher viscosity was observed when the mixture 

of high boiling solvents was used than a mixture of low boil-

ing solvent.

Solubility parameter study

The solubility and viscosity of the CA solution are expected 

to be dependent on the interaction between the polymer 

chains and the solvent molecules. Table 2 shows the physi-

cal properties of various solvents. This relationship can be 

explained using solubility parameter study. It is defined 

using Eq. (1) and has units of (cal cm−3)1/2 or (MJ m−3)1/2

where L, R, T, M and D denote the latent heat of vaporiza-

tion, gas constant, temperature, molecular weight and den-

sity respectively.

When the solubility parameter of solvent and solute are 

close to each other, then it is called a true solvent. The solu-

bility parameter of CA is 18.6 which is somewhat closer to 

that of MEK, dioxane and MC. Therefore, MEK, dioxane 

and MC are true solvents for CA. A true solvent for the 

polymer is known to provide solutions with higher viscosity 

(1)� =

√

(L − RT)

(M − D)

Table 1  Viscosity of CA in various solvents

Concentration 

of solution 

(%)

Viscosity (cP, 30 °C)

MEK Dioxane MC MEK + MC Dioxane + MC

2 26 31 29 27 30

4 58 86 94 55 60

6 180 360 316 186 335

8 1046 1068 1021 505 755

10 2370 2670 2624 1128 2120

Table 2  Physical properties of solvents for cellulose acetate

Sr. 

No.

Solvent Boiling 

point

(°C)

Molecu-

lar 

weight

(g/mol)

Solubility 

parameter
δ(SI)

Viscosity 

at 30 °C

(cP)

1 MEK 80 72 19.0 2370

2 1,4-Dioxane 101 90 20.5 2670

3 MC 124 76 22.8 2624

4 Cellulose 

acetate

– – 18.6 –
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than in poor solvent. This is due to strong attractive forces 

between polymer and solvent overcoming the cohesive 

forces in the polymer chains and resulting in a viscous solu-

tion [16].

Study of the effect of viscosity and concentration 
of the CA solutions on film thickness using spin 
coater

After noting the concentration and viscosity behavior of CA, 

the CA films were prepared using various solvents. Com-

mercially available polyester OHP sheet having a thickness 

of 100 µm was fixed on a metal plate and fixed to a spinning 

disc. CA solution was poured over it. The disc was spun at 

500 and 1500 RPM. The thickness of the film was found to 

vary between 1 and 18 ± 1 µm at 500 RPM depending upon 

viscosity, concentration and nature of the solvent. The vari-

ation in film thickness of CA in different solvents is given 

in Table 3 at 500 and 1500 RPM.

From the table, it is clear that film thickness depends on 

the nature of the solvent, concentration (and viscosity) of 

solution as stated previously. It appeared that film thickness 

increases exponentially with the concentration in most of 

the solvents.

The nature of solvent can play a crucial role in the film 

thickness. The low boiling solvent evaporates faster than 

high boiling solvent and thus low boiling solvent deposits 

more solid per unit area and thus we get a higher film thick-

ness. However, the low boiling solvents result in various 

defects in the film as compared to high boiling solvents. This 

includes blushing and pin holing. Generally, high boiling 

solvents do not result in such problems. For this reason, a 

study was carried out using mixtures of a low boiling and 

a high boiling solvent. Similar film thickness was observed 

as that of low boiling solvents but without any defects in 

the resultant film. The correlation study has been done to 

explain the relationship between various parameters.

Correlation of the film thickness with concentration 
and viscosity (CA)

To correlate the film thickness with the various param-

eters, several theories are known which were initially pro-

vided for the spin coating of photoresist solutions. Damon 

[11] and Meyerhofer [12] proposed the Eqs. (2) and (3) 

respectively, to correlate the film thickness using different 

factors. Damon proposed the equation relating the concen-

tration of the solution with spinning speed while Meyer-

hofer proposed the equation with viscosity and spinning 

speed. An attempt was made to apply following equations 

for correlation study using spin coating by Nadkarni et al. 

[8]. This is extended to CA and (CA + CN) solutions in 

the present work.

where K1 and K2 were a constant characteristic of the sol-

vent-polymer system, C is the concentration, V is the Vis-

cosity, and f is rotational speed of the machine.

It was essential to find out whether the relation-

ship between h and C2 or V1/3 is of the type (y = mx) or 

(y = mx + c). For this, a correlation analysis of CA was per-

formed in various solvents. The observed film thickness was 

plotted against variable terms in two equations like C2/f1/2 

and V1/3/f1/2 respectively to check the data, whether it follows 

linear behavior and whether line passes through the origin. 

K1 and K2 were calculated as (Σy/Σx) using the slopes of 

the graphs. By using slope, the film thickness was calcu-

lated again, and graphs were plotted showing the variation 

of calculated and observed film thickness with C2 and V1/3. 

From graphs of viscosity and concentration goodness of fit 

was evaluated. It is observed that Damon equation predicts 

the film thickness more accurately compared to Meyerhofer 

equation.

Next, we calculated the film thickness with equation 

y = mx + c. Hence, Eqs. 2 and 3 may be modified as Eqs. (4) 

and (5)

For Damon equation,

(2)h = K
1
× C2∕f 1∕2

(3)h = K
2
× V1∕3∕f 1∕2

Table 3  Film thickness of CA 

films in various solvents at 500 

and 1500 RPM

Concen-

tration 

(%)

Film thickness (µm)

MEK Dioxane MC MC + MEK MC + Dioxane

500 1500 500 1500 500 1500 500 1500 500 1500

2 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.2 1 ± 0.2

4 1 ± 0.1 1 ± 0.1 2 ± 0.2 1 ± 0.1 1 ± 0.1 1 ± 0.2 1 ± 0.2 1 ± 0.2 2 ± 0.3 1 ± 0.2

6 2 ± 0.3 2 ± 0.2 4 ± 0.3 2 ± 0.2 3 ± 0.3 2 ± 0.4 4 ± 0.5 2 ± 0.2 4 ± 0.3 2 ± 0.2

8 7 ± 0.6 4 ± 0.3 8 ± 0.7 5 ± 0.3 10 ± 0.7 4 ± 0.3 6 ± 0.4 3 ± 0.2 7 ± 0.3 4 ± 0.2

10 14 ± 1 6 ± 0.3 16 ± 1 7 ± 0.7 18 ± 2 7 ± 0.7 12 ± 1 5 ± 0.4 15 ± 2 7 ± 0.8
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where  c1 is the intercept of the line 

For Meyerhofer equation

where  c2 is the intercept of the line

The intercept was calculated using mathportal.org. After 

plotting the graphs of observed and calculated film thick-

ness, correlation factor (x, y) were calculated using mathpor-

tal.org. The result of correlation analysis is given in Table 4.

From the table, it is observed that Damon equation (based 

on concentration) predicts film thickness more accurately 

than Meyerhofer equation. After comparing the values of 

correlation factor and goodness of fit, we concluded that 

modified Damon equation gives the best fit to express the 

relationship. The parity plots (Figs. 1a, b and 2a, b) also 

indicated that the goodness of fit was better with Damon 

equation as compared to Meyerhofer equation.

A deviation was observed when we compared the film 

thickness with viscosity. This may be due to-

(4)h = K
1
× C2∕f 1∕2 + c

1

(5)h = K
2
× V1∕3∕f 1∕2 + c

2

1. While measuring the viscosity, there is a possibility of 

evaporation of the low boiling solvent and it results in 

deviation of film thickness.

2. Though Ostwald’s U tube viscometer is suitable for the 

laboratory use due to its simplicity, it may not result in 

accurate determination of the viscosity. A larger devia-

tion in predicting film thickness is observed where more 

viscous solutions are being used.

It is also noted that, in solvents like MEK, MC and diox-

ane, the deviation between observed and the calculated film 

thickness is very low. However, the drawback of using these 

solvents is blushing and pinholing. MEK and dioxane are 

low boiling as compared to MC so they absorb moisture 

quickly and blushed and pin-holing arises due to air bubbles 

in the solution. This can be minimized if the solutions are 

allowed to stand for at least 30 min so that no air bubbles 

remain. In case of MC, high film thickness was noted but 

the resultant films were blushed. The aim was to make films 

with an average thickness of 11–12 ± 1 µm for present study. 

Therefore, a mixture of solvents was used to obtain desired 

thickness. Given that the problem of blushing and pinholing 

Table 4  Result of correlation 

analysis CA at 500 RPM using 

Modified Damon Eq. (4) and 

Meyerhofer Eq. (5)

Solvent Modified Damon equation

y = mx + c

Modified Meyerhofer equation

y = mx + c

K1  (104) c1 Σ (h0 − hc)
2 Corr (x,y) K2 C2 Σ(h0 − hc)

2 Corr(x,y)

MEK 3.14 − 1.1 1.09 0.960 27.6 − 3.8 0.87 0.973

MC 4.17 − 1.6 1.04 0.980 37.1 − 6.1 1.18 0.977

Dioxane 2.51 − 0.6 0.46 0.986 30.4 − 4.3 0.80 0.977

MEK + MC 2.17 0.1 0.77 0.994 27.5 − 3.2 0.75 0.988

Dioxane + MC 3.19 − 0.4 0.53 0.989 30.6 − 4.1 5.51 0.966

Fig. 1  Parity plot showing the observed film thickness against the calculated film thickness using Damon equation in the form a y = mx b 

y = mx + c 
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could be overcome by using a mixed solvent system; a mix-

ture of MEK + MC gave transparent films with a thickness 

of 12 ± 1 µm. In case of dioxane + MC, we found that up to 

8% concentrated solution, films were blushed. So, the use of 

this solvent was avoided and further study was carried out 

using MEK +MC mixed solvent.

Effect of spinning speed (RPM) on CA and CN film 
thickness

To check the effect of RPM on film thickness, CA solu-

tions of 2, 4, 6, 8 and 10% were prepared using MEK + MC 

solvent. Solution of CN in EA + EC with concentrations of 

10, 15, 20, 25, and 30% were prepared. Thickness of the 

film using different RPM are shown in Table 5 (CA) and 

Table 6 (CN)

In both cases, decrease in film thickness with increase 

in spinning speed was observed. This is due to the higher 

forces generated creating more liquid outflow resulting in a 

decrease in film thickness.

Preparation of solid state nuclear track detectors 
films of CA and CN

After getting the brief idea of relation between solvent used 

for CA and CN film preparation, viscosity of the solution 

and the film thickness, we prepared films using mixture of 

MEK + MC for CA and EA + EC for CN solvents. Films 

were prepared using 5% camphor, 5% triphenyl phosphate 

as plasticizer and 4% Rathipon fire red G as a dye.

Utilization of CA films for SSNTDs

Ability of the prepared CA films to detect alphas was 

checked using 239Pu source. CA films were cut into small 

pieces of size 1 cm x 1 cm and exposed to a 239Pu source 

at a distance of 2.5 cm for 5 min each. The irradiated films 

Fig. 2  Parity plot showing the observed film thickness against the calculated film thickness using Meyerhofer equation in the form a y = mx b 

y = mx + c 

Table 5  Effect of RPM on CA film thickness using MEK + MC sol-

vent

The concentration 

of CA solution (%)

Film thickness (µm)

500

RPM

750

RPM

1000

RPM

1250

RPM

1500

RPM

2 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.2

4 2 ± 0.2 1 ± 0.2 1 ± 0.2 1 ± 0.2 1 ± 0.2

6 4 ± 0.3 3 ± 0.2 2 ± 0.2 2 ± 0.3 2 ± 0.3

8 8 ± 0.7 6 ± 0.4 6 ± 0.4 5 ± 0.4 5 ± 0.4

10 16 ± 2 13 ± 1 11 ± 0.9 9 ± 0.8 7 ± 0.6

Table 6  Effect of RPM on CN film thickness using EA + EC solvent

The concentration 

of CN solution (%)

Film thickness (µm)

500

RPM

1000

RPM

1500

RPM

2000

RPM

2500

RPM

10 2 ± 0.2 1 ± 0.1 2 ± 0.2 1 ± 0.1 1 ± 0.2

15 5 ± 0.5 5 ± 0.4 3 ± 0.2 2 ± 0.1 1 ± 0.2

20 12 ± 0.6 7 ± 0.6 4 ± 0.3 5 ± 0.4 5 ± 0.4

25 17 ± 2 10 ± 0.6 8 ± 0.7 8 ± 0.5 7 ± 0.4

30 24 ± 2 16 ± 2 11 ± 0.9 10 ± 0.6 8 ± 0.7
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were etched using 2.5 N NaOH solutions at 60 °C for 1 h. It 

is observed that, the CA layer was peeled out from the sur-

face of the OHP sheet. This might be due to weak adhesion 

between OHP sheet and CA as compared to CN. To find out 

the effect of concentration and temperature of etchant on this 

film, the film was etched in 2 N and 1 N NaOH at 50 °C. It 

was observed that film does not remain adhered to the OHP 

sheet. After 30 min of etching, CA film got peeled out from 

the surface of OHP sheet.

Preparation of CA + CN blend films for SSNTD

To check the suitability of CA + CN blend films for SSNTD 

applications, films were prepared with different compositions 

in MEK + MC solvent. The CA: CN ratio used for the prepa-

ration of films are 9:1, 8:2, 7:3, 6:4, 1:1(w/w). Viscosities of 

these solutions were measured using Ostwald’s U tube viscom-

eter at 25 °C and shown in Table 7.

It is found that with decrease in quantity of CA, viscosity 

of solution also decreases. After the measurement of viscos-

ity, films were prepared at 250 and 500 RPM and thickness of 

dry films were measured. It was found that at 500 RPM, films 

were very thin and cannot be used for SSNTD applications, 

but the films prepared at 250 RPM had suitable thickness and 

could be used as SSNTD.

Correlation of the film thickness with concentration 
and viscosity (CA + CN)

We have tried to correlate the film thickness of CA + CN using 

Damon and Meyerhofer equation as shown above. Damon 

equation is depending on the concentration of the solution and 

spinning speed Eqs. (2, 4). In case of CA + CN concentration 

(w/v) is same i.e. 10% (Table 7) for all the compositions used 

for preparation of films. So, in this case we could not use the 

Damon equation. Meyerhofer equation involves viscosity of 

the Solution and spinning speed. So, we tried to use Mey-

erhofer equation Eqs. (3, 5) for the present study and we got 

following results shown in Table 8.

As it is reported earlier [8], the above systems have a 

major limitation that is they are applicable for a single poly-

mer–solvent system and cannot be generalized for a variety 

of solvents.

After the viscosity, thickness measurement and correla-

tion analysis, films were prepared using different CA + CN 

blends along with 5% camphor, 10% triphenyl phosphate and 

4% Rathipon fire red G dye for SSNTD application. All the 

films were etched in 2.5 N NaOH for 60 min. Except films 

made from CA + CN (7:3) blend, rest of the films were found 

to be unsutaible for SSNTD as they had poor stabilities in 

NaOH etchant. So percentage of plastisizers was varied and 

films were prepared again and etched in 2.5 N NaOH at 

60 °C. Observations regarding these films are reported in 

Table 9.

From the table it is observed that film having CA + CN 

(7:3) with 5% Camphor, 10% Triphenyl phosphate and 4% 

Rathipon fire red G is better for the aplication as SSNTD.

Comparision of CA + CN and CN films 
with commercial LR‑115™ detector

All detector films were cut into a size of 1 cm × 1 cm and 

exposed to a 239Pu source for 2 min at a distance of 1.5 cm 

from the source. All films were etched using 2.5 N NaOH at 

60 °C. After 60 min of etching, tracks were clearly seen in 

all the films. Tracks were counted under optical microscope 

(100 views) and track density was calculated using Eq. (6)

where Tc is the total tracks counted for ‘V’ number of views 

with an area of each view is ‘A’  cm2. (The area of view under 

40× magnifications is 0.0216 cm2 in our case).Track density, 

bulk etch rate and alpha track revelation time of all detectors 

is shown in Table 10.

Slightly lower track density is observed in case of 

CA + CN (7:3) blend films as compared to the indigenous 

CN and LR-115™. This is because the nitro group is more 

radiation sensitive compared to the ester group. Bulk etch 

rate of the CA + CN blend films and CN was found slightly 

more than LR-115™. Alpha track revelation time was found 

(6)Track density =

T
c

V × A

Table 7  Ratio, viscosity and film thickness of CA + CN solution

Sr. No. CA to CN 

ratio (w/w)

Viscosity (cP) Thickness (µm)

500RPM 250 RPM

1 9:1 1381 9.5 ± 0.8 22 ± 2

2 8:2 751 7 ± 0.7 15 ± 2

3 7:3 570 6 ± 0.6 12 ± 1

4 6:4 414 6 ± 0.6 12 ± 1

5 1:1 314 5 ± 0.5 10 ± 1

Table 8  Result of correlation 

analysis CA + CN at 500 RPM 

using modified Damon Eq. (4) 

and Meyerhofer Eq. (5)

Solvent Modified Damon equation

y = mx + c

Modified Meyerhofer equation

y = mx + c

K1(104) c1 Σ(h0 − hc)
2 Corr(x,y) K2 c2 Σ(h0− hc)

2 Corr(x,y)

MEK + MC Not determined 27.53 − 3.2 0.75 0.988
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almost same in all the three detectors. Photomicrographs of 

alpha tracks observed after 60 min of etching in LR-115, CN 

and CA + CN (7:3) detectors are shown in Fig. 3.

Efficiency of the detector as a function 
of the distance of the exposure

According to the inverse square law, number of alpha 

particles incident per unit area of the film decreases with 

increase in the distance between the source and the detector. 

It was interesting to find out the variation of alpha detection 

efficiency as a function of distance of exposure from the 

source. For this purpose, CN, CA + CN and LR-115™ films 

having a size of 2 cm × 2 cm were taken and exposed to 239Pu 

at a distance of 1, 1.5, 2, 2.5, 3 cm for two min. The films 

were etched using 2.5 N NaOH at 60 °C for 60 min and its 

track density was measured. The graph of track density ver-

sus distance of the films is shown in Fig. 4.

As expected, the time required for the development of 

tracks increases with decrease in the distance of the expo-

sure. The maximum track density was found when the film 

was exposed at a distance of 1.5 cm.

Table 9  Preparation of CA + CN films with variation in percentage of plastisizer

Sr. No. CA to CN ratio 

(w/w)

Plastisizer

(%)

Thickness (µm) Observation regarding CA + CN blend film

TPP Camphor 500

RPM

250 RPM

1 9:1 5 10 9.5 ± 0.9 22 ± 2 Film peeled out from the surface

9:1 10 5 9 ± 0.9 23 ± 2 Film peeled out from the surface

9:1 10 10 10 ± 0.9 22 ± 2 Film peeled out from the surface

2 8:2 5 10 7 ± 0.7 15 ± 1 Film peeled out from the surface

8:2 10 5 7 ± 0.7 15 ± 1 Film peeled out from the surface

8:2 10 10 8 ± 0.7 16 ± 2 Film peeled out from the surface

3 7:3 5 10 6 ± 0.6 12 ± 1 Film stable upto1.5 h in 2.5 N NaOH at 60 °C

7:3 10 5 6 ± 0.9 12 ± 1 Film stable up to 2.5 h in 2.5 N NaOH at 60 °C

7:3 10 10 7 ± 0.7 14 ± 1 Film stable up to 2.5 h in 2.5 N NaOH at 60 °C

4 6:4 5 10 6 ± 0.6 10 ± 0.9 Film decolorized after 40 min. of etching

6:4 10 5 6 ± 0.9 12 ± 1 Film decolorized after 40 min. of etching

6:4 10 10 6 ± 0.9 12 ± 1 Film decolorized after 40 min. of etching

5 1:1 5 10 6 ± 0.9 12 ± 1 Film decolorized after 40 min. of etching

1:1 10 5 5 ± 0.9 10 ± 0.9 Film decolorized after 40 min. of etching

1:1 10 10 6 ± 0.9 12 ± 1 Film decolorized after 40 min. of etching

Table 10  Track density, bulk etch rate and alpha track revelation time of the cellulose detectors

S. no. Detector film Average track density

Tracks/cm2
Background 

track density

Tracks/cm2

Net track density

Tracks/cm2
Bulk etch rate (µm/h) Alpha track 

revelation time 

(min)

1 LR-115™ 20400 ± 500 1200 ± 100 19200 ± 450 0.28 ± 0.02 60

2 CN 18100 ± 300 1150 ± 100 16900 ± 300 0.32 ± 0.03 60

3 CA Not determined Film peeled out

4 CA + CN (7:3) w/w 17700 ± 300 950 ± 100 16750 ± 300 0.32 ± 0.03 60



1337Journal of Radioanalytical and Nuclear Chemistry (2020) 323:1329–1338 

1 3

Conclusion

CN is explosive material and it is difficult to dry the same. 

So, adding 70% of CA in CN can reduce the usage of explo-

sive material like CN. Thin cellulose acetate and CA + CN 

blend films having a thickness of 12 ± 1 µm were prepared 

for the first time for SSNTD application using spin coating 

technique. Effect of various parameters on the thickness of 

detector film were studied by performing correlation study 

of CA, CN and CA + CN thin composite films using Damon 

and Meyerhofer equations. It was observed that thin films of 

pure cellulose acetate (12 ± 1 µm) peeled out from the sur-

face of OHP while etching and hence, they could not be used 

for SSNTD application. A blend of CA + CN (7:3 w/w) was 

found to be suitable for SSNTD applications. The quality of 

CN material (higher nitrogen content and average molecular 

weight) is known to decide the alpha detection efficiency. 

It may be seen that indigenously prepared CN as well as 

CA + CN films show nearly same alpha detection efficiency. 

Fig. 3  Tracks observed in a LR-115™ detector b CN c CA + CN (7:3 V/V) detector exposed to 239Pu for 2 min at a distance of 1.5 cm and 

etched for 60 min in 2.5 N NaOH at 60 °C (40× magnification)

Fig. 4  Average track density of LR-115™, Indigenous CN and 

CA + CN (7:3) with variation in distance
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It should be possible to match the detection efficiency if 

higher nitrogen grade nitrocellulose is available (which is 

probably the case for LR-115™). Thus, it is observed that 

substantial replacement of CN by CA can still provide a 

detector material having detection efficiency nearly same as 

that of a detector made from only CN.
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A B S T R A C T

A novel carborane monomer called Allyl Propargyl Carbonate Carborane (APCC) is synthesized and copoly-
merized with Allyl Diglycol Carbonate (ADC) for use as an efficient polymeric detector for neutron dosimetry.
Detector films with an average thickness of 530 to 630 ± 15 µm and varying concentration of natural boron
from 1 to 5% by weight were prepared by cast copolymerization of APCC and ADC. The detectors were irradiated
to dose equivalent of 1 mSv of thermal neutrons and etched chemically using 7 M KOH solution at 60 °C. The
etching duration was optimized to maximize the net track density and signal to noise ratio due to 10B (n, α) 7Li
reaction in the detector. Tracks registered by the novel detectors are compared with an imported ortho-car-
borane doped Poly (Allyl Diglycol Carbonate) thermal detector [(PADC)th] under identical etching conditions.
The results suggested that poly (APCC-co-ADC) with 2% boron is more promising material than (PADC)th.

1. Introduction

The era of solid state nuclear track detection (SSNTD) began in 1958
when D. A. Young recorded the fission tracks in LiF crystal [1]. In 1978,
B. G. Cartwright reported the use of CR-39TM or PADC as nuclear track
detector and till today it is one of the popular detectors in the field of
charged particle detection [2]. The technique of SSNTD has been well
established over the last six decades and is useful for the qualitative and
quantitative analysis of the charged particles such as alpha rays, pro-
tons, neutrons and heavy ions [3]. Amongst the three major classes of
SSNTDs i.e. crystals, glasses and polymers; polymers are found to be
most efficient as charged particle track detector [4]. Currently, SSNTDs
are used in various fields such as radon dosimetry, cosmic ray research,
nuclear track micro-filters and specific radiation dosimetry problems in
chemical, biological and material studies [5,6]. While the literature is
rich with applications of SSNTDs, a survey indicates that little is
available on the development of newer plastic materials or the purpose
of nuclear track detection. Limited efforts have been put towards the
design and development of various polymeric track detectors that show
increased sensitivity for charged particles, more particularly, the neu-
trons. In the past decade or so, our group has reported some novel
monomers and polymers for SSNTD applications [7–13]. Unlike

charged particles and electrons, neutrons do not interact directly with
matter. The nucleus of the absorbing material (neutron-induced nuclear
reaction) absorbs neutrons and emits secondary radiation. The sec-
ondary radiation generally consists of charged particles that interact
with matter and indirectly lead to the detection of neutrons. While
choosing a nucleus to detect neutrons, several factors may be con-
sidered such as (1) it should have high cross-section; a cross section for
neutron interactions in most materials is a strong function of neutron
energy (2) it should have high isotopic abundance in natural element
and (3) Q-value of the reaction. For thermal, epithermal and slow
neutrons with energies below 10 keV, reactions with large positive Q-
values are required to produce secondary charged particles of sufficient
energy for easy detection. Because of the high Q-value, the energy of
the secondary particles is almost independent of the small energy of the
neutron. The higher the Q-value, the greater is the energy given to the
reaction products, and the easier is the task of discriminating against
gamma-ray events using simple amplitude discrimination. All the
common reactions used to detect slow neutrons result in heavy charged
particles. The thermal neutron cross section for the 10B (n, α) 7Li re-
action is 3840 barns [14] and isotopic abundance of the 10B nucleus is
19.8% and is readily available. When a slow neutron interacts with 10B,
it produces an α-particle and 7Li with two possible Q-values (2.31 and

https://doi.org/10.1016/j.nimb.2019.11.011
Received 17 April 2019; Received in revised form 5 November 2019; Accepted 7 November 2019

⁎ Corresponding author.
E-mail address: nitin@unigoa.ac.in (V.S. Nadkarni).

Nuclear Inst. and Methods in Physics Research B 462 (2020) 169–176

0168-583X/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0168583X
https://www.elsevier.com/locate/nimb
https://doi.org/10.1016/j.nimb.2019.11.011
https://doi.org/10.1016/j.nimb.2019.11.011
mailto:nitin@unigoa.ac.in
https://doi.org/10.1016/j.nimb.2019.11.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nimb.2019.11.011&domain=pdf


2.79 MeV) [15,16]. The α-particle thus produced has very short range.
The range of the product particles are of the order of a few μm in solids.
The thermal reaction mediated by a 10B layer is 10B (n, α) 7Li is given
below:-

+ +B n Li (1.02MeV) (1.78MeV) 6% (Q value 2.792 MeV)10
5

7
3

+ +B n Li (0.84MeV) (1.47MeV) 94% (Q value 2.310 MeV)10
5

7
3

+Li Li (0.48 MeV)7
3

7
3

Another advantage of the film detector is its compact size; it is in-
sensitive to visible, ultraviolet, X- and γ-rays; further, the isotope 10B is
not radioactive and thus perfectly safe to handle. Therefore, boron is
considered to be a promising converter for thermal neutrons [17,18].
Thermal and fast neutron detection by CR-39, LR-115 and Makrofol-E
with and without boron converters has already been reported in the
literature [19–25]. PADC has been extensively used for the detection of
neutrons over the last few decades [26]. This detection is based on 10B
(n, α) 7Li nuclear reaction for thermal neutron dosimetry. Various
techniques, such as use of radiators, coating detector surface with li-
thium/boron compound have been utilized to improve the detection
efficiency and sensitivity of PADC to thermal neutrons. In 1970, Schultz
reported the first use of boron compounds as a dopant in nitrocellulose
for detection of slow neutrons. He used sodium tetra phenyl borate and
carborane as a boron source [27]. This was followed by Tsuruta, who
investigated the effects of addition of boron clusters based on dec-
aborane and carborane[28] on neutron detection ability of polymeric
track detectors based on the 10B (n, α) 7Li nuclear reaction. Tsuruta
reported the use of boron compounds like sodium tetra phenyl borate,
ortho-carborane, meta-carborane dicarboxylic acid, decaborane and
some decaborane derivatives in nitrocellulose detector films and CR-39
and concluded that such detectors were advantageous in thermal neu-
tron dosimetry. Subsequently Tsuruta [29] reported the boron doped
CR-39 for neutron dosimetry. Orthocarborane powder was used as a 10B
source. Films were wrapped with polyethylene to protect their surfaces
and irradiated with thermal neutrons and concluded that boron doped
CR-39 giving good results for neutron dosimetry. In 1987, Kejji Oda
[30] reported the use of boron nitride ceramics as an external neutron
converter. In this study, CR-39 detectors were kept behind the boron
nitride to detect neutrons. The basic aims behind this study were (1)
chemical stability against radiation attacks, (2) smooth surface of the
CR-39 plastic for lower background, (3) appropriate hardness, (4) high
concentration of 10B or 7Li and (5) durability. All of these factors were
not seen in the study made by Tsuruta. Although, boropolymer chem-
istry is one of the extensively studied topics, their application in track
detection is presently limited as very few manufacturers provide the
material for commercial use.

It is also interesting to note that not a single homogenous polymer
having boron or boron cluster has been reported so far for any dosi-
metry application. We thought that doping of solid boron materials in
ADC would not result in a homogenous material and thus it can affect
the neutron sensitivity of the material. In the present study, we tried to
use boron clusters like carborane in the form of an allylic monomer so
that it becomes an integral part of a homogeneous polymer structure.
Preparation of carborane is always a low yielding process. It requires a
high temperature to get adequate yield and required time to complete
the reaction is of the order of 5 days. McNulty [31] reported some
homogeneous silver (I) catalyst which can give better yield at a lower
temperature and in a shorter time. By using such a catalyst, we pre-
pared a novel carborane monomer called Allyl Propargyl Carbonate
Carborane (APCC). It may be noted that preparation of homopolymer
from APCC is not a feasible process due to lower yields of the APCC
synthesis. Hence, we decided to prepare a copolymer of APCC with
ADC. Presently, neutron monitoring is caried out using PADC impoted
from Tastrack System Ltd. (TASL), UK in the energy range 100 keV to
15 MeV. Whereas in many cases such as in reactor environment,

contribution from thermal neutron is significant. To cover the thermal
neutron componet in the monitoring, an effort was made in the present
study to develop thermal neutron detector by incorporating boron
compound. This is the first of its kind of polymer where boron com-
pound as co-monomer is being polymerized with ADC monomer. The
study was done to develop an indigenous thermal neutron detector
based on boron.

Thus, we report the synthesis of a novel monomer containing a
boron cluster and its copolymers with ADC for use as SSNTDs as
thermal neutron detector and comparison of the performance of these
novel materials with commercially available ortho-carborane doped
PADC having a boron concentration of 0.5% which is also sensitive to
thermal neutrons. Henceforth, this detector used for comparison will be
referred as (PADC)th in the rest of the manuscript.

2. Material and methods

All the chemicals were procured from M/s Spectrochem Pvt. Ltd.
India and dried using standard procedures [32]. Di-isopropyl perox-
ydicarbonate (IPP) was used as an initiator for all the polymerizations.
It was prepared in our laboratory and used without further purification
after its percentage purity was determined by iodometry. Fourier-
transform infrared (FTIR) spectra were recorded using Shimadzu FTIR
Prestigue-21 spectrophotometer. Nuclear magnetic resonance (NMR)
spectra were recorded on Bruker Avance 400 MHz spectrophotometer
with CDCl3 as a solvent. Progress of reaction was monitored using silica
gel thin layer chromatography (TLC) glass plates and pre-coated Silica
gel aluminium sheets. Polymerization was done using programmable
digital temperature controller (F25 HP from M/s Julabo, Germany).
The films were cut, wrapped and exposed to 241Am-Be thermalised
neutron source to known thermal neutron dose equivalents. Tracks
were counted using optical microscope model Axiostar 1122–100 of M/
s Carl Zeiss India Pvt. Ltd and photomicrographs were recorded using
Tucsen ISH500 camera using software called IS capture.

2.1. Monomer synthesis

Decaborane was synthesized using the procedure reported by Dunks
et al. [33]. Bis-acetonitrile decaborane was synthesized using procedure
reported by Schaffer [34] and allyl propargyl carbonate was prepared
by condensation of propargyl alcohol and allyl chloroformate using
pyridine as a base and characterized using FTIR and NMR spectroscopy.
Homogeneous silver (I) catalyst was prepared using procedure reported
by El-Zaria et al. [35]. Allyl diglycol carbonate was synthesized, char-
acterized and purified using reported procedures [36].

2.1.1. Synthesis of allyl propargyl carbonate carborane (APCC)
Bis (acetonitrile decaborane) (1.2 g, 0.0054 mol) was combined

with 10 mol % (relative to boron) of catalyst and the reaction vessel
flushed with argon and capped. Dry toluene (3 mL) and (1.13 g,
0.0080 mol) of allyl propargyl carbonate were added at room tem-
perature. The resulting mixture was stirred at 40 °C under argon at-
mosphere for 72 h. The solution was cooled to room temperature, di-
luted with 10 mL of dry toluene, and filtered through a pad of celite.
The filtrate was concentrated under reduced pressure and the product
was isolated by silica gel chromatography (100% hexane) yielded a
colourless liquid (0.835 g, 60%). B.P. = 140 °C, (see Scheme 1). LCMS
(m/z) = Calc. (258.33) Found (259). The monomer is further char-
acterized by NMR spectroscopy.

2.2. Preparation of polymer sheet

Free radical cast polymerization was carried out using IPP as an
initiator. Co-polymers of the APCC monomer with ADC having a boron
content of 1–5 wt% were prepared (Table 1). Both ADC and APCC were
filtered through a 0.45-µm plasma membrane filter to remove
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suspended particles. They were mixed in required quantities and the
mixture was held under a high vacuum of 0.2 mbar for 15 min followed
by flushing dry nitrogen for 15 min to remove dissolved oxygen from
the monomer. IPP initiator (4% by wt) was added to the mixture and
the contents were homogenized by stirring. Optical glass plates were
used to assemble a mold and a Teflon gasket of appropriate size and
having a small opening is sandwiched between two glass plates. The
polymerization mixture was taken into a syringe and carefully injected
into the mold through the opening of a gasket. Care was taken to avoid
air bubbles which may retard the polymerization. The polymerization
was carried out with a curing cycle in the temperature range of
40–90 °C over a period of 12 h using a programmable polymerization
bath as it is done in case of polymerization of ADC[37]. A plot of curing
12 h polymerization cycle is shown in Fig. 1

2.3. Preparation of dosimeters

The poly (APCC-co-ADC) detector sheet were developed and tested
for neutron dosimetry. The detector sheets had thickness variation in
the range of 530 to 630 ± 15 µm. The sheets were cut manually into
pieces of size 2 × 2 cm carefully so as not to break them considering the
brittle nature of poly (APCC-co-ADC). The thicknesses of these pieces
were measured at all the four edges and were packed and sealed in a
triple laminated aluminized pouch. The aluminized pouch protects the
detector from ambient conditions, makes the detector dust free during
handling and prevents entry of atmospheric radon/alpha particles
which may produce tracks in the detector. The (PADC)th detector pro-
cured from M/s TASL, U.K., was used as a reference.

2.4. Detector irradiation

A set of three poly (APCC-co-ADC) detector cut pieces and (PADC)th

detectors were irradiated to 1 mSv neutron dose equivalent using a
thermalized 241Am-Be irradiation facility [38] at Bhabha Atomic Re-
search Centre (BARC) with a uniform fluence of 6200n/cm2 (measured
using gold foil activation). For dose linearity studies, 2% boron con-
taining detectors were used and irradiated using the same facility for
different thermal neutron dose equivalents. The delivered dose
equivalents were 0.25, 0.5, 1 and 2 mSv.

2.5. Processing of detectors

After irradiation to thermal neutrons, detectors were chemically
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Scheme 1. Synthesis of APCC monomer.

Table 1
Details of monomer, other chemical and boron concentration used for the preparation of detectors.

Sr.No. ADC[g] APCC [g] Initiator IPP[g] % of Boron Thickness of the detector sheet (µm) Physical appearance of the detector sheet

1 9.361 0.239 0.4 1 606 ± 6 Intact, slightly yellow colored sheet obtained.
2 9.122 0.478 0.4 2 566 ± 4 cracked, slightly yellow colored sheet obtained
3 8.813 0.717 0.4 3 565 ± 5 Intact, slightly yellow colored sheet obtained
4 8.643 0.957 0.4 4 549 ± 4 Intact, slightly yellow colored sheet obtained
5 8.4 1.2 0.4 5 552 ± 3 Intact, slightly yellow colored sheet obtained

Fig. 1. 12 h polymerization cycle.
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etched in 7 M KOH solution at 60 °C with varying etching durations
from 1 to 4 h to optimizetrack size generated due to 10B (n, α) 7Li re-
action. The detector with highest sensitivity were further used for dose
linearity studies. In dose linearity studies, the detectors were etched for
3 h as per the optimized etching condition.

3. Results and discussion

3.1. Characterization of monomer

11B NMR indicates the presence of boron in various chemical en-
vironments in the compound. 13C nuclear magnetic resonance (13C
NMR) is used to identify the different carbons while Distortionless
Enhancement by Polarization Transfer (DEPT) indicates the presence of
–CH/–CH3 and –CH2 units in the compound. 1H NMR indicates the type
and number of different protons in a compound. Presence of impurities
in the monomer sample would show unwanted/additional signals in the
respective spectrum. It may be noted that purity of the monomer is
important in ensuring purity of the polymer. It was reported during the
studies pertaining to CR-39 track detector preparation that presence of
impurities/unwanted materials in the monomer is known to affect the
performance of the detector material [39–43]. We have, therefore
characterized the purified monomer using NMR spectroscopic techni-
ques.

3.1.1. Characterization of Allyl propargyl carbonate carborane (APCC)
monomer

APCC monomer was then characterized using NMR spectroscopy as
shown in Figs. 2 and 3.

11B NMR spectrum confirms the presence of ten different borons at-
tached to hydrogen and is shown in Fig. 2. 11B NMR (128 MHz, CDCL3,
25 °C, BF3.O (C2H5)2)- δ −1.34, −2.51, −3.65, −4.82, −5.56, −8.65,
−9.83, −10.89, −12.26, −13.62. 13C and DEPT NMR spectrum of
APCC is shown in Fig. 3. 13C NMR shows seven different kind of carbons

in APCC which is marked as a – g in figure. Chemical Shifts (100 MHz,
CDCl3, 25 °C, TMS): a= 120.07 ppm (]CH2); b= 130.63 ppm
(eC]CH2); c= 69.64 ppm (eOe CH2eC]CH); d= 153.95 ppm
(eOeCOOe); e= 67.64 ppm (OeCH2eCeCarborane); f= 75.73 ppm
(carboraneeCeCH); g= 58.98 ppm (carboraneeCH).

DEPT spectrum confirmed the presence of two CH and three CH2

units.
From above data, it is confirmed that, desired monomer is obtained

in its pure form.

3.2. Bulk etch rate, track density, average track diameter and net track
density of polymers:

Polymer sheets with boron concentration ranging from 1 to 5% were
prepared and optimum etching duration was estimated for all. Bulk etch
rate (Vb) was calculated using Eq. (1);

=V M M T tM( ) /2b i1 2 2 (1)

where M1 and M2 are the initial weight and final weight of the detector
respectively, Ti is the initial thickness, t is the time of etching (h). The
graph of bulk etch rate versus etching time is shown in Fig. 4. In our
study, the bulk etch rates is nearly constant for a single sheet indicating
the homogeneity of the detector material. From the graph, it is clear
that for all the detectors of poly (APCC-co-ADC) the bulk etch rate is
ranging between 2 and 7 µm/h depending on % of boron content
whereas for (PADC)th it is about 4–5 µm/h. The bulk etch rate of CR-39
in various literature [44–47] has been observed to be around 3–7 µm/h.
Ahmed Abed Ibrahim et. al. has observed bulk etch rates for alpha to
vary from 3 to 7 µm/h [46]. V. Ditlov [47] has shown bulk etch rates to
be varying within 1 to 5 µm/h depending on concentration and tem-
perature.

The tracks were counted manually under an optical microscope
(100 views of each film) and track density was calculated at every
etching interval using Eq. (2).

Fig. 2. 11B NMR spectrum of allyl propargyl carbonate carborane.
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=Track density
T

(VxA)
per cmc 2

(2)

where Tc is the total tracks counted for ‘V’ number of views with an area
of each view is ‘A’ cm2. (The area of view under 40× magnifications is
0.0216 cm2). The track density recorded in various films is shown in
Table 2.

From this table, it is clear that 2% boron containing detectors shows
good response to the thermal dose equivalent with reasonably lower
background. As per Table 2, the observation shows that 2% boron gave
the highest signal to noise ratio for an optimized etching rate of 3 h.

APCC is a monofunctional allylic monomer. While the C]C takes part
in the polymerization, the carborane part remains pendent. When the
polymer has compact and dense 3D cross-linked structure, the charged
particles are expected to interact more frequently with surrounding
network causing higher damage/ energy loss thereby generating a
greater number of latent tracks (due to alphas). Higher number of such
pendent carborane groups (with higher boron concentration) can re-
duce the compactness to some extent as pendent carborane moiety will
act as spacer and this can probably limit the number of latent tracks
produced though their higher boron content available for interaction
with the neutrons. Hence, detector with 2% boron content seems to be
the optimum for thermal neutron dosimetry. Standard deviation (1σ) is
within 10%. Sources of the error in measurement could be due to slight
errors in irradiation, variation in etching conditions and manual
counting. Some contribution could be due to radon induced alpha
tracks, when the films are exposed to atmosphere during transfer and
cutting. They are normally kept in sealed air-tight pouches to prevent
entry. (PADC)th detectors was always kept in refrigerator without any
sealing. Hence background is comparatively less with respect to pre-
pared detector sheet. 10–40% variation in background is present in
batch to batch variation of a PADC film. Here, all the films have slightly
varying chemical composition, such variation is possible. Track-like
features can also develop due to presence of microvoids during the
polymerization stage. The IPP initiator used decomposes into iso propyl
free radical (which causes polymerization) and carbon dioxide which
could be trapped as microbubbles. Further, the polymer was not pro-
duced in a totally dust free environment. There is no surface con-
tamination of the detector. Though the microfilters have been used to
remove suspended impurities from the monomer, it is possible that
extremely small sized impurities which could not be filtered out can
remain inside the polymer and can also appear like back-ground track
after etching.

Fig. 3. 13C NMR and DEPT NMR spectrum of allyl propargyl carbonate carborane.

Fig. 4. Plot of bulk etch rate vs etching time of poly (APCC-co-ADC) detectors
with a varying boron content.

V.M. Pawar, et al. Nuclear Inst. and Methods in Physics Research B 462 (2020) 169–176

173



Using the IS capture software, diameters of circular tracks were
measured and the graph of average track diameter with etching time
was plotted and is shown in Fig. 5. It is observed that the track diameter
increased linearly with etching time and as a result of this, tracks were
merged with each other resulting in decreasing track density after 3 h of
etching. Under optimized etching conditions bubbles/micro voids will
have small diameter as compared to radiation induced alpha tracks. As
shown in Fig. 5, tracks having diameter less than 5 µ were not counted.
Hence, diameter based selection criteria can distinguish between bub-
bles and tracks as shown in micrographs shown In Fig. 6. Visually also,
the trained eye can distinguish between tracks and background track-
like features as shown in the microphotograph at Fig. 6. Out of all the
structures only dark big and round objects are counted as tracks.

Graph of net track density against etching duration is plotted in
Fig. 7. From the plot, it is clear that after three hour of etching, net track

density is decreasing for all the polymers. Though 1% boron containing
detector is showing higher track density at two hour but it has higher
background track density resulting in lower signal to noise ratio. The
optimized duration was found to be 3 h based on the net track density
(background subtracted track density in tracks/cm2) and signal to noise
ratio. We also found that 2% boron containing detector which has a
better signal to noise ratio (due to lower background track density) has
sensitivity comparable to that of (PADC)th and is found to be promising
over other detectors prepared in this study.

Subsequent to this, only detector sheets with 2% boron content were
used for dose linearity studies. Dose linearity is one of the main criteria
to be satisfied for a detector to be used in dosimetry. Dose linearity
refers to the proportionality of the signal of the detector to dose. In the
linearity experiment, 2% boron containing detectors was exposed to
thermal neutron dose equivalent in the range of 0.25 to 2 mSv. For this
purpose, the two batches of 2% boron containing detector were pre-
pared. A graph of net track density versus thermal neutron dose
equivalent plotted for 2% detector is shown in Fig. 8. It was observed
that 2% boron containing detector is linear in response to thermal
neutron dose. The linear fit gave r2 value as 0.99. From the five types of
detector sheets we prepared in this work, only 2% boron containing
detector was found to be more suitable to use as SSNTD.

4. Conclusions

Synthesis of a novel carborane monomer and its copolymerization
with ADC to get a homogeneous polymeric detector called poly (APCC-
co-ADC) for SSNTD applications, particularly for thermal neutron do-
simetry, is reported in this article. This is the first of its kind poly-
merization where boronic monomer APCC is copolymerized with
monomer ADC to get better homogeneity. The study was done to de-
velop an indigenous thermal neutron dosimeter based on boron cross-
section with thermal neutrons. The polymer does not contain any added
or doped solid boron material. Detector films containing 1 to 5% boron
concentrations were prepared and tested. Based on signal to noise ratio
(sensitivity), it is found that detector containing 2% boron is slightly
better than (PADC)th detector. It was observed that the detector with

Table 2
Details of the background and thermal neutron response of poly (APCC-co-ADC) detector with etching time. Delivered thermal neutron dose equivalent is 1 mSv for
all cases.

Polymer name % of Boron Time of Etching (h) Background (tracks/cm2) Total tracks (tracks/cm2) Net tracks (tracks/cm2) S/N

(PADC)th 0.5% 1 700 ± 100 3700 ± 300 3000 ± 400 4.2 ± 0.83
2 1200 ± 100 7700 ± 300 6500 ± 300 5.4 ± 0.51
3 3000 ± 400 8300 ± 500 5300 ± 800 1.8 ± 0.35
4 1400 ± 200 7000 ± 500 5600 ± 600 4 ± 0.71

Poly(APCC-co-ADC) 1 1 6700 ± 300 2100 ± 500 – –
2 5000 ± 1100 23400 ± 2000 18400 ± 1000 3.7 ± 0.83
3 4700 ± 900 21000 ± 2500 16300 ± 1600 3.5 ± 0.74
4 5200 ± 700 7600 ± 800 2400 ± 300 0.5 ± 0.08

Poly(APCC-co-ADC) 2 1 500 ± 100 1200 ± 200 700 ± 100 1.4 ± 0.34
2 900 ± 200 6400 ± 600 5500 ± 400 6.1 ± 1.42
3 2100 ± 400 15100 ± 400 13000 ± 500 6.2 ± 1.20
4 2000 ± 400 5600 ± 500 4600 ± 300 2.3 ± 0.48

Poly(APCC-co-ADC) 3 1 1800 ± 900 8000 ± 900 6200 ± 800 3.4 ± 1.77
2 4600 ± 600 18000 ± 2100 13400 ± 1400 2.9 ± 0.48
3 4100 ± 500 17900 ± 2700 13800 ± 200 3.3 ± 0.41
4 3900 ± 400 4900 ± 500 1000 ± 150 0.3 ± 0.04

Poly(APCC-co-ADC) 4 1 2100 ± 400 6500 ± 1000 4400 ± 600 2.3 ± 0.49
2 3300 ± 400 14800 ± 923 11500 ± 500 3.5 ± 0.44
3 2900 ± 400 15700 ± 1000 12800 ± 600 5.4 ± 0.64
4 4400 ± 500 3500 ± 400 – –

Poly(APCC-co-ADC) 5 1 Tracks not developed – – –
2 3000 ± 700 14200 ± 600 11200 ± 500 3.7 ± 0.88
3 4800 ± 600 17900 ± 900 13100 ± 800 2.7 ± 0.37
4 7000 ± 400 3200 ± 300 – –

Fig. 5. Plot of average track diameter against etching time for poly (APCC-co-
ADC) detectors with varying boron content.
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2% boron content is promising one for applications in thermal neutron
dosimetry. Nearly constant bulk etch rate of the films during etching
duration indicates that the film is uniform. The optimized etching
duration for 2% boron containing detector is 3 h. The film with 2%
boron also shows linear response with thermal neutron dose and proves
its future application as thermal neutron dosimeter. Thus, we have

provided a more efficient, homogeneous, carborane containing poly-
meric detector that does not require external converters such as boron
nitride or carborane powder as dopant.
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