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With the Atomic Energy Act coming into force on April 15,

1948, the Atomic Energy Commission (AEC) was constituted

on August 10, 1948, with Dr. Homi J. Bhabha as Chairman and

Dr. K.S. Krishnan and Dr. S.S. Bhatnagar as members. Thus,

chemistry was represented on AEC from the very

beginning through Dr. Bhatnagar, who was Scientific Advisor

to the then Prime Minister, Jawaharlal Nehru. At first, decisions

of AEC were executed through the Department of Scientific

Research, and later through the Ministry of Natural Resources

and Scientific Research. Immediately,  survey of minerals of

interest to the atomic energy programme was taken up. On

Evolution of Chemical Sciences in DAE

July 29, 1949, AEC set up a Rare Materials Survey Unit, with

headquarters in New Delhi. This was accomplished by trans-

ferring the then existing Rare Minerals Section of the Geologi-

cal Survey of India to AEC.

At about the same time, chemistry  programmes were

organised by recruiting Dr. Jagdish Shankar,  designated as

the Chemist. The first laboratories were located at the National

Physical Laboratory,  New Delhi. In December 1949, these were

shifted to Peddar Road, Mumbai. The ground floor of an old

building, called Kenilworth, was made available for setting up

the laboratories. (Presently, the reconstructed Kenilworth is

residential quarters for DAE staff). It consisted of several rooms,

which were earlier used by the Tata Institute of Fundamental

Research  (TIFR), before it was shifted to the Old Yacht Club

(OYC).  Initial work was mainly concerned with mineral analysis.

Staff was augmented in late 1950, with the recruitment of three

more chemists. New programmes in the fields of polarography,

spectrophotometry, solvent extraction and ion exchange were

started. Experimental facilities were further augmented by

acquisition of a X-ray diffraction unit and a spectrograph for

spectrochemical analysis.

Based on the initial experience, a number of activities were

initi-ated. Besides analytical chemistry, new sections, like ore

dressing, ore extraction, chemical engineering, physical chem-

istry, radiochemistry and preparation of pure materials, were set up.

Analysis for uranium in various ores and minerals, analysis

of monazite sands for thorium and rare earths, and analysis of

minerals for zirconium and hafnium carried out during those

early years, between 1950 and 1954, deserve special mention.

Besides conventional gravimetric and volumetric procedures,

methods based on spectrophotometry, electrochemistry and

spectroscopy were developed. Work on leaching of uranium

from its ores, and subsequent concentration through solvent

extraction with diethyl ether and ion exchange was initiated. In

radiochemistry, emphasis was on the study of chemical effects

of nuclear transformations, and in ore dressing, on

development of beneficiation processes for very low grade

uranium ores.  DAE was formally constituted on August 3, 1954,

with headquarters in Mumbai, and thus, Chemistry Division

became the first scientific division in the new department.

    Chemistry has served mankind quite well from time

immemorial. Chemistry has helped enrich human life in terms

of materials, technology and healthcare. It has helped dispel

many myths, and unravel many mysteries, or what appeared,

prima facie, to be  miracles. Simultaneously, it has taught

humankind that nothing can be produced from nought, or

without having to expend certain amount of energy.  The world

would not have been what it is today, without the developments

in chemistry.

       Chemistry is the mother of all sciences. It deals with the

existence of substances, their transformation in the presence

of other substances, under the influence of heat, light, or

radiation, both electromagnetic and par ticulate, and

understanding of various phenomena. Conventional chemistry

deals with mixing of reagents in a reaction vessel under certain

conditions, identifying the resultant products, establishing the

overall mechanism from macroscopic investigations, and

optimizing the reaction parameters so as to get maximum yields

of the products of interest. This approach has paid rich

dividends. From less than a  hundred and odd elements, nearly

seven million compounds have been prepared to make life

comfortable, notwithstanding abusive aberrations exploited by

malevolent individuals. It is, therefore, not surprising that chem-

istry constitutes an integral and crucial component of the nuclear

energy programme of the Department of Atomic Energy (DAE).
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A major expansion of activities in chemistry became possible

from 1954 onward, when the temporary laboratories and library

at Kenilwor th were shifted to two industr ial sheds

located in the premises of the Bombay Dyeing Company at

Prabhadevi in Mumbai. Some advanced equipments, like mass

spectrometer, etc., were also acquired. Unfortunately, at the

beginning of 1955, Dr. S.S. Bhatnagar passed away, and

chemistry lost its representation at the highest level of decision

making in AEC. Some of the newly initiated research

programmes included recovery of uranium through solvent

extraction and ion exchange with radioactive carbonato

complexes. Recognising the need for strengthening research

in Analytical Chemistry, a reorganisation was affected in 1956.

Part of the Physical Chemistry Section which was pursuing

programmes in  electrochemistry, spectrophotometry and

spectrochemical analyses, was transferred to the Analytical

Chemistry Section. At the same time, Preparation of Pure

Material Section, established earlier, was further strengthened,

with a view to prepare high purity materials in  small quantities.

Spectroscopic research was augmented by the arrival of

Prof. R. K. Asundi, a well-known spectroscopist. From 1956

onward, Dr. Bhabha took direct interest in the augmentation of

chemistry programmes, by identifying a highly qualified

individual scientist, or a small group of scientists, in a particular

area of interest to DAE, and building a large laboratory with

that person, or group, as the core. Dr. V.K. Iya was recruited in

the Radiochemistry Section, and was given the mandate of

preparation of radioisotopes.  Phosphorus-32 and sulphur-35

were the first such isotopes prepared, using  neutron irradiation

facilities of Apsara Reactor. In 1957, a separate Isotope Division

was constituted. Dr. Bhabha invited Prof. G. R. Hall from the

Imperial College, London, and Dr. G. A. Welch from United

Kingdom Atomic Energy Authority, to set up a radiochemistry

laboratory at South Site, Trombay. In early 1958, this was named

as Radiochemsitry Division, while the unit left  behind in the

Chemistry Division was called Radiation Chemistry Section. In

the new laboratory, work on  aqueous complexation as well as

solvent extraction studies on actinides, including Pu(IV), Np(IV)

and Am(III), was initiated. At about the same time, the analytical

chemistry programme, which had  already reached a mature

level, was separated out into Analytical Chemistry Division.

Spectroscopy work of this division was strengthened in a big

way, with the induction of qualified spectroscopists, so that, in

addition to spectrochemical analysis, considerable research

on atomic and molecular spectroscopy could be initiated.

Physical Chemistry Section of the Chemistry Division was

rechristened as Solid State Studies Section, and among the

modern equipments added at that time were a

thermogravimetric balance, the first in the country, and an

indigenously built electron microscope. During 1958-1959, the

Ore Dressing Section became part of the Metallurgy Division,

while the Ore Extraction Section and the Chemical Engineering

Section became part of Chemical Engineering Division at

Trombay. Nearly after a decade since its inception, the

Chemistry Division was able to give rise to several new divisions

of direct importance to the  atomic energy programme.  Thus,

Chemistry Division could be called the cradle of chemical

research in the Indian Atomic Energy Programme. After the

reorganisation was affected during 1956-59, Chemistry Division

consisted of Solid State Studies Section, which later

became Materials Science Section, Preparation of Pure

Materials, which later became Pure Materials Section, and

Radiation Chemistry Section. This arrangement continued for

more than two decades.  Work in Radiation Chemistry Section

became diversified over the years that resulted in the creation

of a new Division of Water Chemistry, now known as Applied

Chemistry Division.  Subsequently, Chemistry Division was

bifurcated into Radiation Chemistry & Chemical Dynamics

Division and Novel Materials & Structural Chemistry Division.

In pursuance of the immediate objectives of the Atomic

Energy Programme, work on several aspects of uranium

chemistry was initiated. This included study of  beneficiation

characteristics of uraniferrous ores in India, as well as other

low-grade uranium bearing materials, like the tailings from a

copper plant.  For recovery of uranium, an ion exchange process

based on leaching the ore with hot sodium carbonate, absorbing

the resulting anionic carbonato-uranium complex on an anion

resin, and later, eluting with sodium nitrate, was developed.

For preparation of uranium metal, pure uranium tetrafluoride

was required.  Hence, studies on its preparation, using available

crude sodium diuranate as the starting material, were under-

taken.  After obtaining uranyl fluoride, it was reduced with freon

reagent to give pure tetravalent compound. Kinetics of the

process was fully investigated. In addition, photochemical
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reduction of uranyl fluoride to UF
4
 was also studied. In the field

of physical chemistry, spectrophotometric studies on uranyl

complexes, with a number of organic ligands, were undertaken.

These studies were later extended to investigate formation of

uranyl peroxide complexes.  In the field of radiation chemistry,

the emphasis, from the very beginning, was on the study of

chemical consequences of nuclear transformations in solids.

The idea was to identify metal complexes, which, on neutron

irradiation, give rise to high specific activity radioisotopes. In

view of the importance of cobalt-60 in radiotherapy, studies

were focused on the feasibility of preparation of high specific

activity cobalt-60 through capture of neutrons, using Apsara

research reactor. Extraction of polonium (Po-210) from the spent

radium needles in concentrated nitric acid medium was

achieved by using tributyl phosphate (TBP). Studies on

separation of stable boron isotopes were also initiated.

Using X-ray diffraction (XRD), thermogravimetric analysis

(TGA) and differential thermal analysis (DTA) techniques,

nature of metamic materials was investigated. Considerable

chemical and spectrochemical analytical support was rendered

to the work on separation of Hf  from Zr by vapour phase

chlorination undertaken at the Indian Institute of Science,

Bangalore. An important activity of the Indian Atomic Energy

Programme has been the establishment of the Training School

in 1957. For the chemistry training programme, the courses

were formulated by the staff members of the Chemistry Division,

and  lectures were started at the Cadel road laboratories, where

trainees were also exposed to different experimental techniques.

Research programmes in the areas of fission of actinides

was initiated in 1965, along with solution chemistry of actinides,

actinide spectroscopy, etc.

Bioorganic research was initiated earnestly in BARC, from

the very beginning. Initially, the research programme was

primarily aimed at developing new radio protective agents,

synthesizing bio-active plant products via radio-stimulation, and

application of radioactive and other isotopes to study

biosynthesis of  plant products, as well as delineation of the in

vivo mechanism of  biochemicals in animals.

In the course of time, other DAE laboratories in chemistry

were established in different places, with different research

mandates. Notable among these are: Indira Gandhi Centre for

Atomic Research (IGCAR), Kalpakkam, Tamil Nadu, and Saha

Institute of Nuclear Physics (SINP), Kolkata, West Bengal.

Since mid-1980s, a dramatic transformation took place due

to introduction of fast kinetic research facilities, like nanosecond

laser flash photolysis, linear electron accelerator based pulse

radiolysis and time-resolved fluorescence spectroscopy.  Credit

for this change goes to quite a few scientists, having  global

vision and dynamism to ensure availability of the necessary

funds for this enormous face lift.  During the last two

decades, many more sophisticated equipments were added to

the BARC laboratories involved in basic research. At the same

time, new dimensions were added to radiochemical research,

material research and multipurpose chemical research in

BARC, IGCAR and TIFR. The ushering of 21st century also

saw ushering of new leadership. The strength of chemical

research stems from the dedicated young researchers,

inducted mostly through the BARC Training School.
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Link C1

One has to take special precautions, while dealing with nuclear radiation,

such as α and β particles, X-rays and γ-rays, etc., directly or indirectly.

However, radiation can be exploited for the benefit of mankind through

development of  new products, disposal of harmful chemicals, material

processing, value addition of products, diagnostics and therapy,

development of new technologies, etc. It is the detection of radiation that

led to the discovery of new elements.

Radiation chemistry of water, which is used as coolant as well as

moderator in nuclear reactors, solvent in the front-end and the back-end

of nuclear fuel cycle, and is also the major constituent of living

organisms, is essential for development of nuclear technology,

understanding the effects of nuclear radiation on human beings, harmful

as well as beneficial, and hence development of radioprotectors as well

as therapeutic methodologies. It also offers challenges to address some

of the early events in the interaction of radiation with matter, and their

role in the formation of products.

Radiation chemistry is one of the few research areas of interest to DAE

that was initiated in the very early stage, to evaluate the feasibility of

using polyphenyls as coolant in nuclear reactors. Mechanistic aspects of

reactions induced by interaction of γ-rays and high-energy electrons with

matter, especially aqueous solutions, and production of materials of

interest to DAE as well as society constitute the major component of the

activity in radiation chemistry.

Radiation
Chemistry

3-LINK1-3-fn.p65 10/26/2005, 7:54 PM125



126

3-LINK1-3-fn.p65 10/26/2005, 7:54 PM126



127

Radiation chemistry deals with physical and chemical

processes induced by high-energy radiation. Particulate

radiation, such as neutrons, electrons, protons, positively and

negatively charged ions, and electromagnetic radiation with

energy more than 50 eV, such as X- and γ-rays, are both

important in this context. Radiation chemistry was born with

the discovery of X-rays by Roentgen in 1895, and of Bacquerel

rays from uranium a year later. Discovery of polonium and

radium provided more powerful sources of ionising radiation.

Production of powerful X-ray machines for medical and

industrial applications armed scientists with radiation more

penetrating than α-particles, and thus better suited for probing

liquids and solids. This also coincided with growing interest in

biological effects of radiation. Thus, attention was focused on

chemical effects of  the radiation on water and aqueous

solutions. Radiation chemistry also plays an important role in

research and development of water cooled nuclear reactors,

nuclear fuel processing methodologies and other aspects of

radiation and nuclear technologies.

Radiation chemistry research in DAE began with the

commissioning  of Apsara reactor, way back in 1956, when the

department  was seriously considering using organic comp-

ounds as coolants for  nuclear reactors. Consequently, study

of  radiation stability of polyphenyls was undertaken, and this

led to the formation of a full-fledged research programme in

basic radiation chemistry. Behaviour of this material at

elevated temperatures, where it exists in liquid state, with

respect to its thermal and radiation decomposition properties,

was actively investigated. In addition, analysis of inorganic

impurities, such as chloride, etc., was also carried out. Gas

chromatography and mass spectrometry were the analytical

techniques mainly employed to study the in-reactor behaviour

of this compound in liquid form. The material was placed in a

specially designed capsule, and subjected to neutron irradiation

by placing it in one of the beam holes of Apsara reactor. Neutron

dosimetry in this and other beam holes of the reactor was

carried out by employing what are known as threshold nuclear

reaction detectors.  γ-dosimetry was also carried out.  However,

later, use of this material as coolant was not found to be

economically feasible, and hence the research project was

discontinued.

Initially, most of the radiation chemistry research was

conducted  using nuclear  reactors. A cobalt-60 gamma source

was commissioned in 1968, and for quite some time after that,

it was the workhorse of radiation chemists. Techniques for

detection and estimation of the products were developed.

Attempts to understand mechanistic aspects of various

reactions to the extent then possible were also made.

Radiation chemistry of water is important, because it is used

as a coolant as well as a moderator in power and research

reactors.  To explain the observed time-resolved results of

radiolysis of water and dilute aqueous solutions in the time

scale of sub-nanosecond to sub-picosecond, and their

implications in the formation of stable products, a modified spur-

diffusion model was proposed.

During the decade 1970-1980, there was  great interest in

radiation chemical research  involving both aliphatic and

aromatic amino acids. It was demonstrated that the presence

of a side chain caused abstraction of an alpha-hydrogen atom,

thereby giving rise to different products. All probable transient

intermediates were spectroscopically identified, leading to

elucidation of mechanistic steps. Radiation induced damage

of B group vitamins, such as thiamine, riboflavin, nicotinamide,

pyridoxine, folic acid, etc., was investigated. It was shown that

glucose can effectively protect the vitamins, even at high doses

of  radiation.

Experimental and theoretical investigations on the effects

of γ-radiation on the dynamics of the Belousov-Zhabotinsky

chemical oscillator were carried out. The phenomenon of radio-

lysis induced stability, termed as “radiolysis driven dormancy”,

was observed under variable experimental parameters.

A theoretical basis for this behaviour was developed.

It was soon realized that simple estimation of the ensuing

stable products was not enough for complete understanding of

radiation chemistry of any system. It is essential to know the

intermediates produced in a radiation chemical reaction.

Radiation Chemistry
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Matrix Isolation Technique was developed for the study of

transients produced during γ-radiolysis. Spectroscopic

properties of the transients, at low temperature (77K), could

thus be evaluated using an indigenously fabricated Dewar flask

and a simple spectrophotometer. This was termed as a poor

man’s pulse radiolysis system. A new matrix of perfluoro-2-

butyl tetrahydrofuran was found to be very effective for matrix

isolation studies, as it forms a clear glass at 77 K, which is

transparent in the wavelength region of 220 to 2600 nm. This

matrix was successfully used for detection of a number of

transient species, which have absorption close to 220 nm, and

hence cannot be detected in conventional matrices. The

technique was successfully used to evaluate kinetic and

spectroscopic properties of anions and cations of a number of

organic compounds, especially halogenated compounds. Matrix

isolation technique was also employed to study the aggregation

behaviour of polar solutes in nonpolar matrices at 77 K.

Although matrix isolation technique could successfully be

employed for the study of  transients, it has its own limitations.

Therefore, a Pulse Radiolysis Facility, using nanosecond

electron pulses from a linear electron accelerator (LINAC), was

established in the year 1986. Only the accelerator was imported.

The rest of the set-up, including the kinetic spectrophotometer,

with detection system, on-line data acquisition and analysis,

was indigenously developed and assembled.  This was the

turning point in radiation chemistry research in BARC.  Till date,

this is the only machine available in India for pulse radiolysis

experiments. It is being successfully used by a number of

researchers from all over the country. Pulse radiolysis technique

was used to study reactions occurring in the time scale of

10-6 - 10-9 seconds, to understand the early radiolytic events in

biologically important molecules, such as amino acids, proteins,

antioxidants, etc., a host of other molecules, polymerization

process, and their technological implications.

Hot Atom Chemistry
During 1960-1970, extensive studies on hot atom chemistry

of various cobalt complexes  were carried out. Damage caused

to these complexes due to (n, γ) reaction under different

experimental conditions was investigated. The effect of

ambient gases, water of hydration and solid state isotopic

exchange on the retention of 60Co in the parent complex was

 LINAC cavity and RF gun

studied. Based on these studies, ‘exciton induced exchange

model’ was proposed. In addition, detailed studies on chemical

effects induced by nuclear reactions of halogens in organic

media were also carried out .  Total radiation damage caused

by (n, γ) isomeric transitions (80mBr → 80Br) and other reactions

was studied in detail. The reaction products were also identified,

using gas chromatography.

 Control unit for LINAC
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Radiation and Photochemistry of Aqueous Alkaline
Solutions

Highly reactive and short-lived free radicals, namely, O
3
-,

O2
-, and O-, are produced by the action of ionising radiation on

aqueous alkaline solutions. Until 1982, confusion existed

regarding  kinetics and mechanisms of  decay of these radicals.

To resolve this issue, studies employing a home-made

microsecond flash photolysis apparatus were carried out. The

results obtained were explained by proposing a new reaction

mechanism, which also accounted for all the previous results

reported in the literature quite satisfactorily. By producing

O- radical through a radiation induced fast chemical reaction in

aqueous alkaline solutions, and using its strong oxidizing power,

it was possible to produce Pu(VII), the highest known oxidation

state of plutonium, which is, perhaps, stable only in the solid

state. The radiation chemical yield of Pu(VII) under different

conditions was measured, and the mechanism responsible for

its formation and decay was elucidated.

In weakly alkaline solutions, carbonate and  bicarbonate ions

form strong soluble complexes with actinide ions, and stabilize

some of their oxidation states that are essentially unobtainable

in acidic solutions. Therefore, photochemical reduction of uranyl

tricarbonate in deaerated carbonate solutions of pH 11.2 or

higher, in the presence of ethanol, or sodium formate, was

investigated. The photochemical product separated out as a

dark coloured sparingly soluble complex of U(V). Thus, a very

convenient method for preparation and isolation of the otherwise

unstable pentavalent oxidation state of uranium was discovered.

Also, these studies indicate a photochemical route for

purification of natural waters, where minute quantities of

uranium exist as carbonato complexes, and the source of

photoexcitation is sunlight.

Using the microsecond flash photolysis system, investiga-

tions on the reactions of CO
3
- radical ion with UO

2
2+ and PuO

2
2+

ions were carried out. Several new chemical reactions taking

place in the alkaline medium were discovered, and

photochromic behaviour of uranyl carbonate solutions, on

exposure to an intense flash of light, was understood.

Radiation Chemistry of Aqueous Nitric Acid Solutions
 The solvent used in reprocessing of spent nuclear fuel  is

nitric acid, which is thus subjected to intense nuclear radiation

from the fission products. Radiation induced chemical changes

in aqueous nitric acid solutions thus attract a great deal of

interest. These were investigated in detail. Main products of

radiolysis, viz., nitrous acid (HNO2) and hydrogen peroxide

(H
2
O

2
), were found to annihilate each other, thereby making

measurement of their yields almost impossible. To overcome

this difficulty, sulphanilamide (SA) was introduced as a

protective agent, which not only removes the nitrous acid

selectively, but also helps in its quantitative determination at

low concentration levels. Using this technique,  radiolytic yields

of HNO
2
 and H

2
O

2 
 under  different conditions were accurately

determined. It was found that HNO
2 
is produced partly by direct

action of radiation on HNO
3
,
 
and partly by interaction of

 Detection and data processing unit

 Optical absorption set-up for pulse radiolysis
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radiolytic products of water with HNO
3
. On the other hand, H

2
O

2

is produced exclusively by  radiolysis of water, and its yield

increases with  increasing linear energy transfer (LET) of

radiation, from γ-rays to fission fragments. In order to

calculate the optimum quantity of SA that protects HNO
2 
from

the attack of H
2
O

2
,
 
without interfering in other reactions, the

reaction rates were also measured. This helped establish

mechanisms of the reactions between (i) SA and hydrated

electron, (ii) SA and hydroxyl radical, (iii) SA and HNO
2
 and

(iv) HNO
2 
and H

2
O

2.

Radiation Induced Oxidation of U(IV) to U(VI) in

Dilute H2SO4 and HCl Media
Aqueous acidic solutions of tetravalent uranium remain

stable in  absence of air, but undergo slow oxidation in the

presence of air. However, under the influence of radiation,

oxidation of U(IV) to U(VI) takes place even in the absence of

air. In order to measure this effect quantitatively, a detailed study

was carried out, using cobalt-60 gamma rays and α-particles

of different energies. An ingenious system was designed at

BARC,  to study  radiation chemistry of aqueous solutions, using

α-particles  from the Variable Energy  Cyclotron at VECC,

Kolkata. It was found that U(IV) is oxidized by OH, HO2 and

H
2
O

2
, produced on radiolysis of water. The extent of oxidation

depends on the radiation dose absorbed by the solution, the

concentration of U(IV) and the amount of oxygen dissolved in

the solution.  Under similar conditions, the yield of U(VI) in H
2
SO

4

is slightly higher than that in HCl medium. Further, it  decreases

considerably with increasing LET of radiation. Based on detailed

investigations, reaction mechanisms in all the cases were

established.

Radiation Chemical Studies of Dilute Chemical
Decontamination Formulations

Components of dilute chemical decontamination formulations

undergo radiolysis. It is, therefore, necessary that radiation

chemistry of a number of compounds which can serve as

chelants, reductants and corrosion inhibitors, as well as that of

related compounds, is known in detail. Studies on chelants,

such as picolinic acid, 2,6-pyridinedicarboxylic acid, 8-hydrox-

yquinoline, 8-hydroxyquinoline sulphonic acid, and related

pyridine derivatives, such as pyridine carboxaldehydes,

pyridinemethanols, hydroxypyridines, mercaptopyridines,

aminopyridines, etc., were carried out. These helped elucidate

structure-reactivity correlationships in their reactions with

radiolytic species of water. It was observed that in most of the

3-substituted pyridine derivatives, reaction of radicals derived

from alcohols gives adducts. In 4-substituted pyridine

derivatives, semireduced species formed on electron addition

was found to result in dimeric species.

Pulse radiolysis studies of corrosion inhibitors, such as

phenylthiourea, thiosemicarbazide, diethylthiourea, mercapto-

benzimidazole, benzotriazole, 3-and 5-hexyn-ols, thioacetamide,

etc., led to a correlation between  radiation chemical properties

and the corrosion inhibiting efficiency. In sulphur containing

compounds, oxidation reaction with OH radicals, or other

oxidizing radicals,  leads to formation of resonance stabilized

radical species, with electron delocalized over the –N-C-S bond.

These species have absorption in the visible region, with peaks

in the region 400- 420 nm.

Pulse radiolysis studies on gallic acid, which can act as

reductant, were also carried out. The pKa values of

ethylenediaminetetra-acetic acid (EDTA) and other such amino

polycarboxylic acids were determined. This helped in

understanding the loss of EDTA on the cation exchanger during

the decontamination process.

Radiation Chemistry of Halogenated and Sulphur

Compounds
Halogenated organic compounds are frequently used as

solvents, refrigerants and pesticides. These compounds are

toxic, and cause environmental and biological problems. It is,

therefore, important to know their reactivity as well as reactions

of the resultant free radicals with biologically important

molecules. γ-radiolysis and pulse radiolysis were employed to

generate free radicals of halogenated compounds, and study

their reactivity and redox chemistry.

γ-radiolysis of aerated aqueous solutions of CH3I produced

I
2
, H

2
O, CH

3
COOH, H

2
 and CH

4
. Yields of these products were

found to be affected by pH of the solution and presence of

added KI. γ-radiolysis of CHI3 in cyclohexane produced CH2I2
and cyclohexyl iodide. It was shown that yields of these products

depend on the dose rate. The yields increased with

decrease in the dose rate, which was explained on the basis
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of the existence of a chain reaction. UV photolysis of deaerated

aqueous solutions of CH
3
I produced CH

3
OH and HI. The

threshold energy for  formation of HI was determined to be

4.4 eV. Similar photochemical thresholds were determined for

C
2
H

5
I, C

3
H

7
I and C

4
H

9
I.

Hydroxyl radical is produced in the body as well as in the

upper atmosphere. So, the reactions of OH radicals are

important in both the environments. Though  .OH radical is the

most powerful oxidising radical, no evidence of one-electron

oxidation of halogenated organic compounds was ever

observed. Radiation chemists at BARC were always worried

about the absence of direct proof for the formation of radical

cations of these compounds. Low temperature matrix isolation

studies had suggested the possibility of formation of radical

cations of halogenated organic compounds. The questions

coming to their minds were: (i) Is the oxidation potential of the

halogenated organic compounds more than that of .OH radical?

and (ii) Are the radical cations too short-lived to be detected by

our experimental facilities? Due to high electron affinity of

halogens, .OH radical, instead of affecting one-electron

oxidation, was either adding, or abstracting H atom. In order to

facilitate one-electron oxidation, the pH dependent change in

oxidation potential of .OH radicals was exploited. Thus, under

highly acidic conditions, formation of radical cations of

halogenated compounds was demonstrated. Fur ther

experiments were carried out to evaluate the kinetic,

spectroscopic and redox properties of radical cations of a large

number of halogenated organic compounds. Based on these

studies, it was also shown that a linear relationship exists

between electron withdrawing power of the halogen and

concentration of the acid required to form solute radical cation.

These experimental conclusions were substantiated with

theoretical calculations. In addition to one-electron oxidation

of halogenated organic compounds, one-electron reduction

studies on substituted fluorobenzenes, steady-state product

analysis and identification of the transient species have helped

to identify the site of attack of radiolytic species of  water.

Hydroxyl radical is known to affect one-electron oxidation of

dialkyl sulphides (R
2
S) to form sulphur centered dimer radical

cation, (R
2
S)

2
.+, via a complex sequence of reactions,

involving α-thio radicals, OH-adduct and monomer radical cations.

A number of organic sulphur compounds, with varying electron

withdrawing power, and varying chain length between sulphur

and the functional group, were synthesized. Pulse radiolysis

studies of these sulphur compounds have clearly shown exis-

tence of different intermediate steps involved in the formation

of dimer radical cations. It was shown that the nature of reaction

of  OH radical with organic sulphur compounds depends on

the nature of the groups present, pH of the solution and the

distance between sulphur and the substituted group.

γ-radiolysis of cysteine in aqueous solutions produced H
2
O

2
,

disulphide and thiol. It was shown that thiol radical plays an

important role in the repair mechanism.

Polymer Chemistry
A polymer is a substance of high molecular weight, formed

by linking together a large number of small molecules, called

monomers. Polymers can be classified in many ways.

Depending upon the mechanism of linkage, polymers are

classified as addition or condensation polymers. Addition

polymers are formed by the reaction between unsaturated

monomers, resulting mostly in a saturated polymer chain of

varying length, without formation of any by-product. On the other

hand, a condensation polymer is formed from the reaction

between  two or more functional groups of the monomers, such

as -OH, -COOH, -COOR, -NH
2
, etc., capable of joining together

via elimination of a small molecule as a by-product.

Radiation Induced Polymerization

Ionising radiation can be used for the initiation of

polymerization as well as for deciphering  mechanism of the

polymerization reaction. Some of the advantages of  radiation

initiated polymerization over  conventional methods are the

following: (i) no need of foreign matter, like initiator, catalyst,

etc., (ii) polymerization can be carried out even at low

temperature, or in solid state, (iii) the rate of the initiation step

can easily be controlled by varying the dose rate and (iv) the

initiating radicals can be produced uniformly by γ-irradiation.

The kinetics of polymerization of various vinyl monomers, such

as acrylic acids and amides, acrylates, methacrylates, trioxane,

etc., was studied extensively. Important kinetic parameters, like

rate of initiation, rate of polymerization, activation energy, dose

rate exponent, radical yield, monomer consumption yield,

molecular weights and degree of polymerization of the resultant
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polymers, were determined for most of the systems studied.

Effect of various systematic changes in the structure of the

monomers on the rate of polymerization, contribution of ionic

polymerization, activation energy, molecular weight, etc., led

to better understanding of the mechanism of polymerization

reactions.

Availability of the LINAC machine made it possible to

characterise and study reactions of transient intermediates, with

lifetimes of nano-seconds to milliseconds. Using the technique

of pulse radiolysis,  rate constants of the various initial steps,

the initiation and a few propagation steps, could be evaluated

and correlated with the structures of  transients formed by

initiation with H, OH and e
aq

- species. Different intermediates in

the polymerization reactions were  also characterised by

absorption spectra, pKa, redox behaviour, their decay and

formation kinetics, etc., which helped in understanding the

radiation induced polymerization process.

Conducting Polymers

An organic polymer that possesses  electrical properties of

a metal, while retaining mechanical properties, processability,

etc., commonly associated with a conventional polymer, is

termed as intrinsically conducting polymer, e.g., polyaniline,

polyacetylene, polypyrrole, etc. The electrical conductivity in this

class of materials results from the extended conjugation of

π−electrons along the polymer chain. The electrical properties

can be tuned, from insulating to metallic, by controlling the

doping level. Although conducting polymers have immense

applications in electrical displays, electromagnetic shielding,

chemical and biochemical sensors, etc., the poor  environmental

stability limits their practical utility.

Conductivity in polyaniline is induced by doping with protic

acids. The electrochemical behaviour of  doped polyaniline

depends not only on the pH, but also on the nature of the counter

anion of the acid. With a view to improve the redox and

environmental stability, effect of aromatic sulphonate anions on

the redox behaviour of polyaniline was investigated. Polyaniline

was synthesized electrochemically from sulphuric acid medium.

It was doped with p-toluene sulphonic, naphthalene sulphonic

(NSA) and 5-sulphosalicylic acids, and their cyclic

voltammograms were studied as a  function of time during the

doping process. The highest stability against degradation  was

observed with NSA doped polyaniline. Molecular modeling

studies, conducted to evaluate the energy of interaction between

the dopant anion and the various forms of  polyaniline, lend

support to the above experimental observations.

Polyaniline was also synthesized, for the first time, by

radiation polymerization method. Spherical particles of about

100 nm size as well as fibres of similar diameter have been

produced without any stabilizer.

Polymers for DAE Programmes

Deuterated Polymers for Neutron Production

Deuterated polymers are strategic materials due to their

use for neutron production by 2H(γ, n)H  and 2H + 2H+ → 3He

+ n, and as targets in laser induced fusion studies. Since

conventionally used D
2
O has disadvantage due to its high

vapour pressure, deuterated polymers are prefered

because of their favourable properties, such as low vapour

pressure, high thermal stability, high D/C ratio, etc.

Deuterated phenyl acrylate and polyethylene, with deuterium

content of about 90%, were synthesized, under inert and

moisture-free environment in BARC, and supplied to  users

in the centre as well as CAT, Indore.

Sealants

Silicate based and epoxy based  polymeric sealants were

developed for reactor systems. An epoxy resin-hardener

based sealant system, containing modified clay, was

developed for the leaking biological shield  cooling coils of

FBTR. A test set-up has been made for evaluation of different

sealant formulations.

Solid/Liquid Phase Extraction of U(VI), Pu(IV),  Am(III)

and Some Fission Products

A solid/liquid phase extraction of U(VI), Pu(IV), Am(III) and

some fission products from aqueous nitrate solutions, using

extractant immobilized PVA/acryl amide copolymer gel, was

carried out. More than 90 % extraction of U(VI),  Pu(IV) and

Am(III), under optimized conditions, was obtained, while

extraction of Cs and Sr was negligible. Loading capacity,

extraction and elution efficiency were studied by batch

experiments
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1                 2                      3                      4

Column 1:Untreated polyester with different dyes; Columns 2, 3
and 4: Polyester fibers with 7%, 15% and 22% acrylic acid graft

dyed with different dyes

Polymers for Societal Applications

Hydrogel for Wounds

Poly vinyl alcohol based hydrogels were synthesized

using radiation, and have proved to be excellent for healing

of burn wounds. The hydrogels were  tested in many

hospitals in Mumbai, and  an Indian company has started

marketing this product commercially.

Jaundice Detection Strip

A very simple device based on three dimensional cross-

linked network of a polymeric hydrogel to detect the

presence of bilirubin in  jaundice-affected persons was

developed.

Pressure Sensitive Adhesives
Ethyl hexyl acrylate and  butyl acrylate copolymer based

aqueous emulsion were  used  to produce a suitable

pressure sensitive adhesive formulation.

Wood Polymer Composites
γ-ray induced wood polymer composites were made, and

found to be of high quality, suitable for making wood-carv-

ing and other items, and better than the costly varieties of

wood.

γ-radiation Induced Modification of Synthetic

Fibers
Surface characteristics of synthetic fibres were modified

with certain polymer materials. The modified fibres could

uptake  cheaper dyes, and give long lasting  colours.

Hydrogel Based Materials

These materials have been developed for applications,

such as (a) resin for extraction of toxic metal ions from

waste water, (b) hydrogels as a medium to stabilize metal

nanoparticles and (c) superabsorbent hydrogels.

Non-healing diabatic foot ulcer before and after
hydrogel  treatment for 15 days, with

everyday dressing

3-LINK1-3-fn.p65 10/26/2005, 7:54 PM133



134

Platinum nanoparticles in dry PVA gel

Hydrogel resin with Co2+

Silver  nanoparticles in hydrgel (high concentration)Silver nanoparticles in hydrogel (low concentration)

Hydrogel resin with Cu2+

Silver nanoparticles in dry PVA gel
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Link C2

Amongst the many gods and goddesses in Hindu mythology,

Surya, the Sun,  is the tallest in  real life. He has been supplying

energy to earth for about five billion years, and will continue to do so

for billions of years to come. Syntheses of many large  molecules,

such as proteins and nucleic acids, which are responsible for life on

earth, were also induced by solar radiation. Life on earth is

sustained by chemical and physical processes powered by solar

radiation. For example, (i) food, oxygen, timber, medicine, etc., all

result from photosynthesis in plants, (ii) life on  earth is protected

from the harmful effects of UV radiation by ozone in the upper

atmosphere, which is the product of photochemical reactions of

oxygen and (iii) the enormous amounts of pollutants released into

the atmosphere as a result of industrialization, which would

otherwise damage the ozone layer, are themselves destroyed by

photochemical free radical chain reactions. Above all, visible

radiation enables us to see and appreciate wonders of the world

around us.

In order to harness solar energy, and exploit UV, visible and IR

radiation for technological and societal benefits as well as for

scientific pursuits, it is essential to understand their interaction with

atoms, molecules, radicals, etc., identify the products, establish

mechanisms of the reactions, and look for ways and means of

generating selective products.

Photochemistry
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Photochemistry generally deals with quantum state-selec-

tive excitation of atoms, molecules, radicals, etc., by absorp-

tion of light − ultra violet, visible and infrared − and the con-

sequent physical as well as chemical effects. Primary photo-

physical and photochemical processes induced by UV and

visible radiation, occur from one of the excited electronic states

of the atom, molecule, or radical, under investigation. Their

exact nature  depends on energy of the radiation used and

energy levels of the atoms, or potential energy curves/surfaces

of the molecules, or the radical. On the other hand, processes

induced by IR radiation arise from the excited vibrational levels

of the ground electronic state of the molecules, or radicals.

Photochemical research in BARC was initiated to gain better

insight into photochemical reactions occurring in nature as well

as others of interest, to produce new substances economically

and  develop diagnostic tools. Only steady state photolysis

sources and diagnostic techniques, such as optical

absorption, fluorescence, etc., were available in the beginning.

These were not adequate for the study of fast reactions involving

active and inactive substances. Therefore, microsecond flash

photolysis systems were indigenously developed, one for

inactive materials, and another for radioactive materials.  Of

these, the one for radioactive materials was the first of its kind

in the world. Later, in 1983, a nanosecond laser flash photolysis

system,  to characterise transients of photochemical reactions

to elucidate their mechanism, and study kinetics of radical

reactions, was installed.

Photogalvanic Effect in Ferrous-thionine
Increasing energy demands, together with dwindling fossil

fuel reserves, have emphasised the need to utilize natural and

renewable energy sources, such as sunlight.  Photo-electro-

chemical (PEC) reactions provide an efficient method for

harnessing solar energy. To tap this potential in a meaningful

manner, it is necessary to have thorough understanding of the

various factors that influence  energy conversion efficiency of

PEC cells, and of the possible ways of enhancing that. Studies

on photogalvanic cell, consisting of ferrous-thionine system,

under various conditions, were carried out.  It was found that

decreasing polarisation of the electrodes, by separating the

dark and illuminated compartments with an agar-KCl salt bridge,

and employing concentrated inorganic redox systems resulted

in an  increase in power conversion efficiency. Temperature

also was exploited to increase the efficiency.

Flash photolysis set-up: Part of the setup outside the glove-box

Flash photolysis set-up: Sample cell inside an annular flash lamp

Photochemistry
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Photoreduction of thionine leads to formation of semithionine,

which decays by disproportionation into thionine and

leucothionine. Back reaction between semithionine and ferric

ion is thought to be responsible for low efficiency of the

photogalvanic cell.  Kinetics of photo-redox reaction in ferrous-

thionine  system was investigated, using the technique of flash

photolysis. The semi-reduced form of thionine  in aqueous as

well as micellar solutions was characterised. In aqueous

solutions, the decay of semi-thionine was found to follow second

order kinetics, but it changed to first order kinetics in micellar

solutions. Later on, pulse radiolysis studies on a number of

thiazine and phenothiazine dyes, such as thionine, methylene

blue, toluidine blue, neutral red, safranin, etc., were carried

out. Redox reactions of dyes play important role in various

processes involving electron transfer. Therefore, kinetic and

spectral characteristics of redox reactions of these dyes with

various reductants/oxidants produced in pulse radiolysis of

aqueous solutions were investigated. Acid dissociation

constants of the transient species as well as reduction

potentials were determined.

 Surfactants can potentially be used in ferrous-thionine

system to retard the back reaction between the reduced

thionine and ferric ion.  Behaviour of thiazine dyes in surfactant

solutions was, therefore, studied. Using absorption as well as

fluorescence spectroscopy, dye-surfactant association

constants, binding constants for different dyes in anionic,

cationic and neutral surfactant systems were investigated.

Studies with aqueous solutions of polyethyleneglycol suggested

that micelle-like environment is present above 35% wt/vol

polyethylene-glycol concentration.

Flash Photolysis of Substituted Anilines and
2,2'-Bipyridine

Reactivities of a number of substituted aniline derivatives

with hydrated electron were measured, using microsecond flash

photolysis. The rate constants were correlated, using

linear free energy equations, and mechanisms of the different

reactions were proposed.

Complexes of 2,2'-bipyridine (bpy) with transition metals have

been popular for photo-electrochemical solar energy

conversion. The bpy ligand contributes significantly to the fasci-

nating photophysical properties of such complexes. Extensive

photochemical investigations on bpy in nonpolar and aqueous

media were carried out, using 248 nm laser flash photolysis.The

results continue to serve as a standard reference for

photochemists working in this area.

Photochemical  Investigations  in Microheterogeneous
Media

Micellar and microheterogeneous systems came to limelight

in the seventies as models for enzyme catalysis and

biomembranes due to their usefulness as charge separators

in photoinduced reactions. During attempts to make a

photovoltaic cell using Chlorophyll-a (Chl-a), a new form of

Chl-a, having optical absorption at ~740 nm, was obtained in

micellar sodium lauryl sulphate solution. This form is probably

an adduct of Chl-a with water.

The photo-generated electron has kinetic energies of

~ 0.1 - 5 eV, and thermalization length of ~ 20 nm. Thus, when

an electron is produced in the core of a non-ionic micelle, it

has to travel the thick palisade layer of more than 20 nm, before

it gets solvated in the bulk aqueous phase. However,  the

electron can get solvated in the quite polar palisade layer itself,

before reaching the bulk water. Indeed, photo-generated

electrons from surfactants, Triton-X-100 and Triton-X-165,

having the phenoxy chromophore group, and that from a probe,

like phenothiazine in Brij-58 micelles, show two different

absorption peaks. One of these, at 720 nm, is due to electron

solvated in the bulk water, while the other at 630 nm is due to

electron solvated in the palisade layer. Picosecond flash

photolysis and numerical simulations showed that the

reactivities of the two electron species towards scavengers

solubilized specifically in aqueous phase, e.g., nitrate ion, or in

the micellar phase, e.g., pyrene, are different. Photoionisation

of Triton-X-165 was found to take place by a biphotonic process.

Photophysical Studies on Isomeric Tyrosines
 It is known that different rotamaric forms of tyrosine deriva-

tives are stable at room temperature, but, in tyrosine isomers,

they inter-convert to each other very fast. Detailed investiga-

tions of the photophysical properties of o-, m- and p-tyrosines,

and other tyrosine derivatives were, therefore, carried out. It

was seen that  o-, m- and p-tyrosines have substantially diffe-

rent fluorescence lifetimes. This difference can perhaps be
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utilised  for identification of irradiated food, since o-tyrosine is

absent in most of the unirradiated food,  but is produced during

food irradiation.

Photo and Radiation Chemical Studies on
Quinones and Quinone Derivatives

 Quinones enjoy a close structural relationship with a variety

of compounds of biological, pharmaceutical and commercial

importance. In many biological processes, for example,

photosynthesis, quinonoid compounds play a significant role.

The quinonoid moiety also constitutes the core of  a class of

antitumor drugs.  Many hydroxy and amino substituted quinones

are widely used as vat dyes for colouring synthetic polymers.

As a result, their photo and radiation chemical studies have

generated a lot of interest for many years.

 Due to fast intersystem crossing process, quantum yield of

triplet state in quinonoid molecules is very high. This state is

very reactive, and easily undergoes hydrogen transfer reactions

to produce semiquinone radical. This reaction is thought to be

responsible for their toxic effects  in biological systems.

Extensive investigations of photoinduced processes, in a variety

of quinones and quinone derivatives, showed that electron

donating substituents, like -OH, -NH
2
, -OMe, etc., in the

quinonoid molecules, largely reduce reactivity of the quinone

triplets, and thus, lower the photoreduction probability.

Hydroxy and amino substituted quinones are having

reasonably good fluorescence yield, which has made these

molecules quite suitable for probing many physicochemical

processes in the condensed phase. Mechanism of excited state

proton transfer (ESPT) process, and its role on the deactivation

kinetics of excited molecules has been investigated, using

fluorescence properties of hydroxy and amino substituted

quinones. Intramolecular  hydrogen bonding and its consequent

role in the stability of the structure of the molecule are seen to

play a significant role in the ESPT process.  In molecules, where

equivalent tautomeric structures are formed in ESPT process,

deactivation of  the excited states occurs unusally fast, as in

the case of 5,8-dihydroxy-1,4-naphthoquinone and

1,8-dihydroxy-9,10-anthraquinone.

 The spectral, acid-base and redox properties of the

semiquinones produced on reduction of quinones during

radiolysis were investigated. It was observed that the acid-base

equilibria and  redox properties of  semiquinones show a good

structure-reactivity relationship for various quinonoid molecules.

For most of these molecules, the semiquinone radicals display

an unusually high stability in alkaline solutions. In neutral and

acidic solutions, however, semiquinone radicals are quite

unstable, and undergo disproportionation reaction to give the

parent quinone and the hydroquinon.

Photochemical Upgrading of Europium from Aqueous
Lanthanide Mixtures

An efficient process was developed for photochemical

reduction of europium (III) ions in aqueous solutions, and its

application in the separation of europium from synthetic

lanthanide mixtures as well as from a 70% europium concen-

trate obtained from the indigenous monazite sources. In the

initial experiments, Eu(III) could be photoreduced to Eu(II) by

irradiation at 254 nm, in presence of 10% 2-propanol, and the

photoproduct Eu(II) was precipitated as EuSO
4
, with an efficiency

of 0.05. The efficency was increased marginally by increasing

the 2-propanol concentration from 10% to about 25%. A dra-

matic increase in the quantum efficiency for Eu(II) precipitation

was brought about by addition of small amounts of acetone.

About 90% of europium in 0.02 mol dm-3 Eu(III) solution could

be reduced, and precipitated as EuSO
4
 in solutions which

contained 0.35 mol dm-3 acetone and 20% 2-propanol, with an

overall quantum yield of 0.3, with 254 nm radiation. Variation

of pH in the range of 1-5 did not affect the efficiency. It was

possible to bring about reduction, using 300 nm radiation, in pyrex

glass containers, and with 4% acetone concentration, the quantum

yields were comparable with those at 254 nm irradiation. After the

reduction, the raffinate containing acetone and 2-propanol could

be recycled for further reduction of Eu(III).

It was also found possible to use photochemical route for

selective precipitaion of europium in solutions containing

samarium or praseodymium. This technique was also used for

upgrading europium present in the oxide concentrate,

containing 70% europium, obtained by processing the

indigenous monazite.

Photodegradation of Organic Pollutants and Wastes
With  ever growing world population and increasing indus-

trialization, treatment of organic pollutants and wastes has
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become a pressing problem. Many of these molecules are not

biodegradable. Advanced oxidation processes (AOPs) show

considerable promise for destruction and mineralization of

organic compounds. These AOPs include photochemical

oxidation systems, such as UV/H
2
O

2
, UV/O

3
, semiconductor

photocatalysis as well as Photo-Fenton processes.

Aromatic amines and their derivatives are used in synthesis

of azo dyes, and thus are present in waste streams of the dye

industry. Some of the azo dyes, on anaerobic degradation,

release aromatic amines. Some of these are known

carcinogens. So, experiments on photochemical degradation

of aniline, 2-aminophenol, 1-amino-2-naphthol 4-sulphonic acid

(ANSA) and 1-naphthylamine 4-sulphonic acid (NASA), using

UV/H
2
O

2
 system, were carried out. UV-visible absorption as

well as fluorescence measurements were used to follow the

transformation processes. As these photodegradation

processes involve hydroxyl radicals, pulse radiolysis studies

on aminophenols, ANSA and NASA, were also carried out, to

establish the mechanisms by which hydroxyl radicals react with

these compounds. The extent of mineralization on photolysis

was assessed by determining CO
2
 formed, using gas

chromatography.

For degradation of organic wastes, having high carbon

content as well as high optical absorption in UV region,

processes based on only H2O2 are not suitable. Photo-Fenton

process based on Fe2+/H
2
O

2 
can be used for such wastes, as

light of longer wavelengths can also be used to bring about

degradation.  Studies on mixed resins as well as anion exchange

resin solutions, having high amounts of carbon content (COD

~ 100 g/litre), in the presence of appropriate amounts of ferrous

sulphate and H
2
O

2
, showed almost complete mineralization,

indicating that the Photo-Fenton process can be efficiently used

for mineralization of highly concentrated waste.

Excited uranyl ions are known to be strong oxidants. They

react with a variety of organic compounds, by electron transfer

as well as H-atom abstraction. This oxidizing capability was

exploited to bring about degradation of  thiazine dyes. In these

oxidation reactions, uranium (VI) gets photoreduced to uranium

(V) and uranium (IV) species. Reaction of these with H
2
O

2

regenerates U(VI) species, with concurrent generation of OH

radicals. This methodology of using uranyl ions, along with H2O2,

has been adopted to bring about degradation of dyes, using

visible light.

Laser Dyes

Synthesis, Characterisation and Applications of Laser

Dyes
Synthesis, purification and characterisation of some

strategically important laser dyes was taken up as a part of the

laser isotope separation programme. A few novel 7-amino

coumarin dyes were synthesized, using multi-step synthetic

methods. The purified dyes were found to show very good lasing

efficiency, comparable to that of the commercially available laser

dyes. Photochemical and photophysical properties of the singlet

and triplet excited states of the laser dyes were evaluated, using

pulse radiolysis technique. These helped in increasing efficiency

of dye lasers.

Many of the organic laser dyes suffer from photo and thermal

instability. The former can possibly be circumvented by

incorporating the molecules in solid matrices. However, for the

latter, new dyes with suitable substituents and stereochemical

features need to be designed so as to modulate their electronic

parameters. To this end, dyes, such as rhodamine 6G and a

pyromethane dye, were homogeneously embedded in different

cross-linked polymers, tested for laser action. These are suitable

for developing compact solid state dye lasers, which have

various applications.

Photophysical Properties of Coumarin Dyes

Coumarin dyes are being increasingly used both as laser

dyes and  fluorescence probes in investigations of many physico-

chemical processes in homogeneous as well as heterogeneous

condensed phase. Some elegant and challenging

photochemical studies showed  that coumarin dyes adopt a

nonpolar structure if the solvent polarity is very low. This dispelled

the common perception that  these dyes always exist in the

intermolecular charge transfer (ICT) structure. In solvents, with

moderate to higher polarity, however, these dyes exist in the

usual ICT structure. Because of these structural differences,

these dyes show unusual behaviour in nonpolar solvents as

compared to that in solvents of moderate to high polarities. In

some coumarin dyes, inter-conversion between ICT and twisted

intramolecular charge (TICT) states determines their

photophysical behaviour in polar solvents. These studies gave

a detailed insight into the de-excitation mechanisms of excited
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in proposing binary phase diagram of K-C
60

. A detailed study

of ionisation properties of C
60

 and C
70

, employing electron

impact ionization, was also carried out.

BARC is actively engaged in studying supramolecular

interactions between acceptors, like fullerenes, and various

σ-, π- and n-donors as well as cage compounds.

Spectrophotometry and NMR spectroscopy were innovatively

used to quantify various interactions, explain their magnitudes

and decipher the mechanism of inclusion of  guests into hosts.

Various thermodynamic and kinetic parameters were estimated

experimentally, and correlated with those obtained from

theoretical models proposed on the basis of Mulliken’s

formalism. Based on these studies, some new calixarenes were

developed for separation of C
60

 from C
70

, as well as for selective

metal ion removal during nuclear reprocessing. Differential

binding of aryl and cycloalkyl crowns with fullerenes was

observed, which has been attributed to higher conformational

flexibility of the latter. Features, such as solvation, electron

affinities and ionisation potentials, were found to be  responsible

for differential interactions of C
60

 and C
70

 with many of the

donors. Further studies on  interactions of fullerenes and some

organo-phosphorus solvents that are used in nuclear industry

have led to the development of a simple route for synthesis of

phosphorated fullerenes, which may be useful in designing new

nuclear medicines.

Photo-excitation of fullerene C60 has very high quantum yield

of the triplet state, almost unity.  But, in presence of oxygen, it

Fullerene generator

coumarin dyes, and resolved a long-standing problem of

understanding why, in some solvents, some coumarin dyes show

unusually fast de-excitation process in the excited state.

Fullerenes Chemistry
The discovery, in 1990, of a simple procedure for  preparation

of macroscopic quantities of solid fullerenes, by vaporising

inexpensive graphite rods, opened the door to a new and

exciting area of chemistry. Fullerenes, with spheroidal

structures, have high electron affinity, and, therefore, form

charge transfer (CT) complexes with a variety of electron

donors. Many of these complexes exhibit interesting physical

properties, including superconductivity, ferromagnetism and

nonlinear optical behaviour. They may be of interest as

promising photoactive materials. Charge transfer in C60-con-

ducting polymer composites and other fullerene-based

compounds is currently of great interest, since these materials

can be utilized in xerography, energy photo transducers and

molecular switches. Likewise, investigations related to host-

guest assembly formed between fullerenes as well as metal

ions with shape selective molecules, like calixarenes, crowns,

etc., help in formulating new ligands for potential applications

in extractive metallurgy and nuclear medicine.

IGCAR has developed a contact arc method for preparation

of fullerenes. A single solvent (cyclohexane) based  procedure

for efficient separation and isolation of pure C
60 

and C
70

fullerenes by column chromatographic technique was reported

for the first time. Solubility of C60 and C70 fullerenes in a large

number of organic solvents was measured and reported for

the first time. These data paved the way for development of

efficient separation procedures. Extensive investigations on the

vaporisation behaviour and thermodynamic properties of the

fullerenes were carried out, by employing Knudsen effusion

mass spectrometry. Vapour pressure, enthalpy and entropy of

sublimation of  (i) C
60

 over C
60

(s), (ii) C
70

 over C
70

(s), (iii) C
60

and C70 over fullerite and (iv)  C60 and C70 over C60-C70 solid

solutions of various compositions were determined, and a

phase diagram of the binary system was proposed.  The

thermodynamic data indicated a tendency of compound

formation in the composition range 25-30 mol % of C
70

.

Pottasium-C60 binary system was studied, and homogeneity

ranges of K
6
C

60 
and K

4
C

60
 phases were determined. This helped
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gives  almost unit quantum yield of singlet oxygen, which is a

potential photodynamic therapy agent. This has generated a

lot of interest in developing derivatives of fullerenes, which are

soluble in water. Interestingly, C60 has been found to form

inclusion complexes with cyclodextrins that are water soluble.

Photophysical and photochemical properties of such complexes

as well as those of the fullerene derivatives were studied in

great detail. Damage induced by C
60

 and C
60

(OH)
18

 on

photosensitization in rat liver microsomes, and its implications

for photodynamic therapy of cancer were assessed.

Studies on C
60

-donor and C
70

-donor  systems demonstrated

that at high donor concentrations, fullerenes form ground state

complexes with donors, which, on photo-excitation, undergo

very fast charge separation to produce ion pair (IP) states.

At lower donor concentrations, excited fullerene molecules react

with the donor to form exciplexes. Both excited CT complexes

and exciplexes were found to exhibit independent emissions,

clearly indicating that these are two distinctly different chemical

entities. This finding corrected the prevaling  erroneous  premise

that they are the same chemical species.

As the interaction energy between two fullerene molecules

and that between a fullerene and a solvent molecule are quite

close in magnitude, fullerenes often display an interesting

behaviour of aggregation in solution. It was shown, for the first

time, that C60 and C70 undergo aggregation only when the

solvent polarity exceeds some critical limit. It was shown that

unlike monomeric fullerenes, aggregated fullerenes have very

low triplet quantum yields because of  fast relaxation of excited

aggregates by an exciton decay mechanism.

If radioisotopes are encapsulated in an  inert matrix, like

fullerenes, the problems arising from retention of toxic and/or

long-lived radioactive isotopes in  biological systems can be

eliminated. It would thus enlarge the scope of biomedical

applications of radioisotopes. Radioendofullerenes were

prepared by implantation of recoil products from copper and

arsenic targets produced on heavy ion (16O) induced nuclear

reactions at ion energies of 110 and 93 MeV, respectively. The

recoil energy of isotopes from the targets was maintained at

~ 8 MeV, by placing a series of Al foils before the fullerene

target (~10 mm). 71As@C
60

, 69Ge@C
60

,
 
72Se@C

60
,
 
75Se@C

60
,

77Br@C60, (from Cu target), 24Na@C60 (from Al foil), 81Rb@C60,
34mCl@C

60
 and 86Zr@C

60
 endofullerenes were produced by this

method. The activity of endofullerenes produced was isolated

from non-endofullerene type activity by extraction into organic

phase from 6N HCl medium, after dissolution in 1,2,3

trichlorobenzene. Similar studies are also being carried out, to

synthesize Hf endofullerene, using 200 keV Hf ion beam.

Gas Phase Chemical Kinetics and Atmospheric
Chemistry

Our environment is a complex and dynamic system, wherein

various forms of life are interrelated. It also comprises a large

number of non-stop, self-generating cycles. However, mankind’s

quest for comfor t, luxury, wealth and power is causing

disruption, or breakdown, of these natural cycles. Rapid

industrialization, urbanization, deforestation, excessive use of

insecticides and burning of fossil fuel are some of the human

activities that have resulted in polluting the environment.

Depending on their residence time, these pollutants get

distributed in the atmosphere at different altitudes, namely,

troposphere, stratosphere and mesosphere. Once there, these

are continuously  exposed to UV/visible radiation from the sun.

Emission of pollutants into the environment has disturbed

atmospheric balance, and led to problems, such as ozone hole,

greenhouse effect, acid rain, etc. Some of the deleterious effects

arising out of  chemical pollutants may be transmitted to the

future generations as well through genetic inheritance. It is our

duty to keep the environment clean for the well being of not

only our generation, but also for the generations to come.  Cons-

equences of today’s misdeeds will not be obvious immediately.

For example, adverse impact of chlorofluorocarbons (CFCs)

and other chlorinated/brominated hydrocarbons, with

atmospheric lifetimes up to 150 years, on  atmospheric ozone,

came to be known only after enormous quantities of these

chemicals had already been released into the environment.

To prevent recurrence of such calamities, both experimental

studies and theoretical modeling are essential. These will help

in assessing  the lifetime and long range impact of these

chemicals, before they can be permitted to be used on a large

scale. BARC has made significant contributions in this area.

Reactions of OH radical and oxygen atom, O (3P), with

organic compounds are the most important processes in both

atmospheric and combustion chemistry. The reactions with OH

radical constitute the main loss process, in the troposphere,
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for both hydrogen containing saturated and unsaturated organic

molecules. Accurate measurements of the rate constants for

reactions of OH radical and oxygen atom, O (3P), with

atmospherically important molecules, is an area of current

research interest in chemical kinetics. A discharge flow system

was  developed to study  reactions of O (3P) with atmospherically

important organic sulphur compounds, CS
2
, CH

3
SSCH

3
,

CH
3
SCH

3
, etc., cyano compounds, CH

3
CN, C

2
H

5
CN, C

3
H

3
CN,

C6H5CN, etc., nitro compound, CH3NO2, and chloro compounds,

CH
2
CHCl, CH

2
CCl

2
, CHClCCl

2
, etc. New chemiluminescent

channels were observed.  Reactions of OH radical with

unsaturated (allyl and propargyl derivatives) compounds were

studied, using laser photolysis laser induced fluorescence

(LP-LIF) set-up. Mechanism of oxidation of these compounds

was also investigated.

Halon-1202 is released into the atmosphere because of its

use as a fire extinguisher. Special experiments and equipments

were designed to carry out nanosecond flash photolysis and

pulse radiolysis studies on halon-1202 (CF
2
Br

2
) in gas phase

as well as in aqueous solutions, as it is a sparingly soluble gas.

Several new homogenous and heterogeneous photochemical

reactions  were discovered and their atmospheric implications

were evaluated.

A semi empirical model was developed to estimate the

tropospheric lifetimes, and hence the ozone depletion and

global warming potentials of the proposed CFC-substitutes.

To study photodissociation of the atmospherically important

molecules under single-collision conditions in gas phase, an

 Flash photolysis – resonance fluorescence system

experimental facility to generate molecular beams was devel-

oped. Experimental and theoretical studies on laser-induced

dissociation/ionisation of halomethanes, CHCl
3
, CH

2
Cl

2
, CH

2
Br

2

and CFCl3, at 355 nm, were carried out, using time-of-flight mass

spectrometer (TOFMS). Fragmentation mass spectra showed

that dissociation of molecule proceeds by the lowest energy

channel. Organosulphur compounds form yet another class of

atmospherically important molecules. Photodissociation of

CH3SCH3 and CH3SSCH3 was studied at 355 and 532 nm.

The main source of atmospheric iodine is volatalisation of

organic iodides from ocean. Keeping this in mind, UV and visible

photochemistry of CH
3
I and CH

2
ICl was also investigated. New

fragmentation channels, such as (i) CH
3
I → CH

2
I + H and

(ii) CH3I → IC+H2+H, were observed.

A flash photolysis–resonance fluorescence machine was

developed for the study of atmospheric free radical reactions

in the temperature range of –30 to +90o C.

Gaseous silacyclobutanes, 1,3-disilacyclobutane and

1-methyl-1-silacyclobutane, were proposed as potentially ideal

precursors for the LCVD of thin films of Si-C-H and SiC

materials, which find use in advanced ceramic, lithographic and

electronic applications. Time-resolved laser flash photolysis

studies of these compounds were carried out at 193 and 248

nm excitations, and the reactive transient species generated

were detected. Their dynamics was studied to gain insight into

vapour deposition of silicon.

In late 1970s, an atmospheric chemistry project was

undertaken in BARC, Nuclear Research Laboratory (NRL)

Molecular beam system
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and  High Altitude Research Laboratory (HARL), Kashmir, to

study chemistry of the lower troposphere, and the effects of

human activity on it. At Mumbai, direct observation of

atmospheric constituents by optical detection employing LIDAR

systems was found to be difficult because of reduced visibility

due to pollution. Instead, local sampling near the ground level,

and subsequent use of wet-chemical analytical methods were

found suitable to detect and analyse many chemically reactive

species, like hydrogen peroxide, organic peroxides, nitrogen

oxides, ozone, formaldehyde, hydrocarbons, organic and

inorganic acids. These species are postulated to take part as

initiators, intermediates, and also appear as end products in a

variety of tropospheric reactions, while their concentrations

remain in sub parts per million to sub parts per billion range.

First, a sampling-cum-analyser for hydrogen peroxide, based

on detection of its chemiluminescence, was developed. Along

with simultaneous analysis of formaldehyde  in actual field mea-

surements, the intensity of atmospheric chemical activity

inside the BARC premises could  be correlated with the fixed-

duration heavy vehicular emissions. With the success of such

sampling studies, the working laboratory was subsequently

shifted to NRL-HARL, representing a generally pollution-free

atmosphere. There, other microprocessor-based sampler-

analysers for ozone, nitrogen oxide, formaldehyde, etc., were

also developed for later unattended use in remote field loca-

tions.

Organic terpenoid contents of the atmosphere were

analysed with an in-house modified commercial GC-PID. For

correlation with atmospheric meteorological parameters, and

also for modeling purpose, a novel  PIN-photodiode based

solar photometer was developed for continuous tracking of the

solar irradiance. Other weather data were obtained from a

commercial weather station. During the course of these studies,

metal ions in precipitation were analysed with a sensitive

polarograph. Their contribution in Fenton-type reactions

modifies the normal chemistry of many inorganic and organic

species present in rain. Simultaneous laboratory studies with

synthetic atmospheres of variable complexity, and the resulting

formation of peroxides and ozone during  terpeniod oxidation

allowed correlation of some of these studies.

The generation, inter-conversion, reduction potentials and

reactions of various sulphur-oxyanion radicals, which are said

to participate in redox reactions in homogeneous phase as acid-

rain, and in heterogeneous phase as sulphate-aerosol and other

hydrometeors, were completely mapped from the related

individual free radical reactions studied in the laboratory. The

role of  atmospheric oxidants, like O
2
 and NO

x
 radicals, shows

possible alternative routes to counter their detrimental effects.
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Link C3

Though conventional chemistry has served  mankind quite well,

chemist of today is not satisfied with this approach. He wants to

control chemical reactions, rather than be a passive spectator. In

order to achieve this, and develop new technologies, it is

necessary to know the various elementary steps involved in a

chemical reaction, and detailed dynamics of each elementary step.

How to eliminate, or reduce, unwanted products, a waste, by

generating the desired products selectively is a sought-after goal.

The chemists’ cherished dream has been to carry out mode, or

bond, selective reactions, including isotope selective ones,

eventually leading to control of chemical reactions. The breaking of

bond(s), intermolecular and intramolecular energy transfer,

formation of new bond(s), electron, proton, or hydrogen atom,

transfer, etc., are some of the elementary steps involved in many

chemical reactions. A photodissociation process taking place on a

repulsive excited state is very fast (~ 100 femto seconds), but a

bimolecular reaction can occur in picoseconds, or longer time,

depending upon whether the chemical act is once-through, i.e.,

direct, or involves longer interaction between  reactants, and even

transient intermediates, with lifetimes varying from picoseconds to

seconds. In order to monitor the dynamics of fast physical and

chemical processes, fast and ultrafast techniques are required.

Chemical
Dynamics
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Though a lot of information on mechanistic aspects and tech-

nological potentials of chemical reactions has been derived

from  their kinetics, in recent years, focus of  the studies  has

shifted from kinetics to dynamics. A chemical reaction may

involve a number of elementary steps. Chemical dynamics deals

with  investigations of molecular/atomic mechanism of elemen-

tary chemical processes, both intramolecular and intermolecu-

lar. These fundamental processes are at the root of the bulk

rate phenomena. This microscopic approach has stimulated

new experimental and theoretical developments, making chemi-

cal dynamics as one of the most active fields of physical chem-

istry. In order to investigate dynamics of a molecular process,

physical or chemical, fast techniques are required. Develop-

ment of lasers and molecular beams has greatly helped in this

endeavour.  One can prepare the reactants in well-defined quan-

tum states, and monitor their journey  from the reactant valley

to the product valley, by taking snapshots from  time zero, i.e.,

the time a chemical action starts. Now, it is possible to

characterise the elusive ‘transition state’, which determines the

course of a reaction. Understanding a chemical reaction at the

molecular level in condensed phase requires not only descrip-

tion of the reactants and the products, but also that of the

medium or surroundings, in which the reaction takes place, as

well as  understanding of the interactions between the reacting

system and the surroundings. Research in this facinating area,

in DAE, has kept pace with the international developments.

Under the Chemical Dynamics Programme, in the early

eighties, reactions were investigated at faster time scale.

Ultra-modern facilities, such as nano and picosecond

fluorescence lifetime measurement spectrometers, a

nanosecond laser flash photolysis, a laser photolysis-laser

induced fluorescence (LP-LIF) set-up, a Nd:YAG laser based

picosecond transient  absorption spectrometer, a colliding pulse

mode-locked dye laser and five-stage dye amplifier based

sub-picosecond transient absorption spectrometer and a

 Picosecond transient absorption spectrometer

Femtosecond transient absorption spectrometer based on colliding
pulse mode-locked dye laser

Chemical Dynamics

Ti:sapphire oscillator and multi-pass chirped pulse amplifier

based femtosecond transient absorption spectrometer,

molecular beams, etc., were developed for condensed and gas

phase chemical dynamics studies. These are  unique facilities

created at BARC, and till date, the only ones of their kind in

India. It has brought a sea change in the quality of research

now being carried out in BARC. Chemical dynamics is now a

matured programme in BARC, in both condensed and gas

phases, and bearing fruits.
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Femtochemistry: Exploring the Dynamics of Ultrafast
Photochemical Processes

In photonics and molecular electronics, optical sensors and

optical switches, one of the three fundamental photoinduced

intramolecular processes, namely, charge or electron trans-

fer, proton and energy transfer, is responsible for the desired

action of a particular device. Due to large size of the organic

molecules used in these devices, the efficiency of a particular

device depends upon how a particular photoinduced process

is coupled to other molecular processes. For example, it has

always been found that intramolecular photoinduced electron

or charge transfer process is accompanied by conformational

relaxation process, reorganisation of the medium as well as

back electron or charge transfer. All these secondary processes,

which, in many cases, are unwanted, but occur due to the

structural consequence of a molecule, determine the suitability

of the molecule for a device. Many devices combine more than

one fundamental photoinduced processes. For example, the

most efficient natural energy storage device is the

photosynthetic reaction centre in plants. This is a highly

complicated natural system, which combines  photoinduced

energy and electron transfer processes in a very efficient

manner. Hence, for designing an efficient light induced device,

it is important to understand the dynamics of these fundamental

photoinduced processes in simple model chemical systems.

These processes take place in pico, sub-pico, or femtosecond,

time-domain. In BARC, efforts have been made to understand

dynamics of these ultrafast molecular processes in simple

model molecules, which are structurally modified in such a way

that two, or more, of these processes are strongly coupled to

each other.

2-(-p-dimethylaminophenyl)-2,4-neopentylene-1,3,5-

hexatrienyl-3-methyl benzo thiazolium perchlorate molecule,

which is commercially known as LDS-821 dye, is a large size

donor-acceptor molecule. Excited state relaxation dynamics of

this molecule was investigated in different solvent media, using

steady-state and time-resolved optical absorption and

fluorescence techniques. Ultrafast pump-super continuum

probe transient absorption/stimulated emission spectra and the

temporal dynamics, monitored at different wavelengths,

revealed  features of a ‘two-state-two-mode’ kinetic process in

the excited singlet state. Following photo-excitation of the

molecule, ultrafast relaxation of  low frequency vibrational

modes, such as skeletal stretching, removes the system quickly

from the Franck-Condon (FC) region to the reactive region,

called the locally excited (LE) state, in less than 1 ps. This LE

state subsequently undergoes intramolecular charge transfer

and twisting processes simultaneously to form twisted

intramolecular charge transfer (TICT) state, which is separated

from the LE state by a small energy barrier. The dependence

of the rate of the LE→TICT conversion process on the inverse

of viscosity of the solvent indicates that this low-energy barrier-

crossing process is accompanied by a torsional motion at the

site of the free double bond of the molecule. It was shown that

the rate of the LE→TICT process is mainly controlled by

contribution from the intramolecular modes, rather than

solvation or reorganisation of the medium.

Structural, spectroscopic and photophysical properties of

benzil (diphenylethanedione), the parent molecule of the non-

conjugated aromatic α-dicarbonyl compounds, has been the

subject of extensive investigations because of its structural

flexibility with respect to the dihedral angle between the two

symmetric halves, each containing C
6
H

5
-C=O moiety. This

flexibility is probably due to not so-high energy barrier of  rotation

around the central single bond between the two C=O groups.

Conformational relaxation dynamics of the excited singlet state

of benzil was investigated in various solvents, using ultrafast

transient absorption technique. Time resolved absorption

Femtosecond transient absorption spectrometer based on
Ti:sapphire oscillator

Condensed Phase Chemical Dynamics
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spectra as well as multi-exponential decay dynamics of the

excited singlet state revealed, for the first time, the existence

of another metastable intermediate conformer, and hence

conformational relaxation via two consecutive barrier crossing

processes.

Aromatic carbonyl molecules have been of fundamental

interest to photochemists for decades. In this class of mol-

ecules, the energy gap between excited singlet and triplet states

is small, leading to efficient intersystem crossing, giving large

yield of triplet state, which is responsible for all major

photochemical reactions of these molecules. On substitution,

and by changing solvent polarity, the relative positions of nπ*

and ππ* states change, which govern the reactivity of these

molecules. For example, H abstraction reactions are sensitive

to the nature of triplet state. Benzophenone (BP) is seen to be

highly reactive towards H atom abstraction reaction, but its

amino derivatives are nearly unreactive. A comprehensive

study of ultrafast relaxation processes in hydroxy and amino

derivatives of BP showed that in non-polar solvents, the triplet

state is an equilibrium mixture of nπ* and ππ* states, and in

amino derivatives, a H-bonded complex with polar protic sol-

vents is present. Femtosecond time resolution also helped in

investigation of the ultrafast relaxation dynamics in  excited

singlet states of benzophenone derivatives. For the first time, it

was possible to show that the major process responsible for

efficient non-radiative relaxation in the excited singlet states of

amino-substituted benzophenones is the twisting of

dimethylanilino groups with respect to the carbonyl group, and

the latter is responsible for low reactivity of this class of

molecules.

Hydrogen bonding is a fundamental interaction, which is

the key to understanding the structure and properties of water,

proteins and  building blocks of DNA. Intermolecular hydrogen

bonding represents an important type of local interaction, in

which a hydrogen atom is linked to donor and acceptor groups

on different molecules. Thus, the study of model systems of

reduced complexity, e.g., hydrogen-bonded complexes

consisting of a small number of molecules, is important for

understanding microscopic structure and interactions.

Dynamics of hydrogen bonds occurs on ultrafast time scale,

set by vibrational motions of hydrogen donor and acceptor, and

is barely understood at molecular level. Ultrafast spectroscopy,

in  femtosecond time-domain, has the potential to monitor such

dynamics in real time. Femtosecond visible and IR absorption

technique is being used to investigate dynamics of hydrogen

bond in coumarin-aniline and fluorenone-alcohol systems. In

this cutting-edge technology research, a lot of progress has

been made.

Interfacial Electron Transfer Reaction on TiO2

Semiconductor to Develop an Efficient and
Low Cost Dye-Sensitized Solar Cell

Mankind will face acute energy crisis when non-renewable

energy resources are exhausted, unless new forms of energy

and fuel are generated. Mimicking  photosynthesis, nature’s

mechanism of converting the abundant solar energy, offers a

potential solution to the crisis. Solar energy conversion through

design and development of dye-sensitized TiO
2
 semiconductor

solar cell has been a subject of intense research in recent years.

A highly efficient solar cell requires fast electron injection from

the sensitizer to the semiconductor, and a much

slower back electron transfer (BET) rate. The most efficient

cells of this type, based on Ru (dcbpy)
2
(NCS)

2
 [dcbpy)

(4,4
/
-dicarboxy-2,2

/
-bipyridine)] (or Ru N3) sensitized

nanocrystalline TiO2 thin films, can achieve a conversion

efficiency of about 10%. However, these inorganic dye materials

are comparatively expensive. There are several organic dye

systems which have good ground state absorption in the visible

region, but none of these shows good photo-conversion

efficiency comparable to that of the inorganic dyes. In BARC,

dynamics of interfacial electron transfer in low-cost organic dye-

sensitized semiconductor nanoparticles was studied from the

viewpoint of solar energy harvesting, using fast and ultrafast

transient absorption techniques.

Solar cells made of tri-phenyl methane (TPM) dyes as

sensitizers have low efficiency (<1%). Femtosecond transient

absorption studies revealed that strong coupling between TPM dyes

and TiO2 nanoparticles facilitates fast electron injection and also

fast back electron transfer. So, it is very important not to have

strong coupling  between the sensitizer molecule and the

semiconductor. Efforts are on to search, or design, a proper

dye molecule, which can bind to nanoparticles, inject electron

efficiently, and, at the same time, has slow recombination. So,

two dyes, 7-diethyl amino coumarin-3-carboxylic acid (D-1421)

3-LINK1-3-fn.p65 10/26/2005, 7:54 PM149



150

and 1,2,4,5,3H,6H,10H-tetrahydro-9-carboxy{1} benzopyrano-

(9,9a, 1-gh)quinozilin-10-one(coumarin 343/C-343), were

adsorbed on TiO
2
 nanoparticles. Both the dyes have the same

anchoring group, that binds to  TiO2 nanoparticles. They have

similar structure, except that D-1421 has a di-ethyl amino group,

and C-343 has a nitrogen atom in the ring. Steady-state and

time-resolved fluorescence measurements show that the

excited state of D-1421 molecule predominantly exists as a

twisted intramolecular charge transfer (TICT) state, whereas

C-343 exists as an intramolecular charge transfer (ICT) state.

It was observed that D-1421 injects electron one and half times

more efficiently as compared to C-343.

Investigations were also carried out, by modifying the

nanoparticle surface with sodium dodecyl benzene sulphonate

(surface capped). Ultrafast transient absorption studies show

that in TiO
2
/Alizarin systems, BET reaction is much slower on

the modified surface as compared to that on the bare surface.

On surface modification, pinning of the Fermi level of

semiconductor takes place, where  energies of the different

levels, Fermi, shallow and deep trap state, move towards more

negative direction. As a result, the relative free energy change

(-∆G) increases, which, in turn, decreases BET (ET reaction

falls in Marcus inverted region). Slow BET reaction for surface

modified nanoparticles can improve  efficiency of a solar cell.

It can be concluded that one can build low-cost organic dye-

sensitized solar cell, using moderately coupling dye, which can

exist as TICT state in the excited state, and surface modified

nanoparticles.

Photoinduced Electron Transfer
Electron transfer (ET) reaction is one of the fundamental

reactions that take place in many chemical and biological

processes. All redox reactions are one or the other form of ET

process. Important biological processes, like photosynthesis

and respiration, involve ET reaction as one of the most important

steps. Study of photoinduced electron transfer (PET)

reactions is of significant importance to develop systems for

storage of solar energy and information, as well as for

development of photoconducting polymers. But extensive efforts

are required to indentify suitable pairs of electron-donor and

electron-acceptor chemical species, and means and ways to

interlink them, either in a molecule or a suitable matrix/medium,

where they perform the desired function. Extensive work was

carried out, to understand the mechanisms and  dynamics of

intermolecular and intramolecular ET processes in

homogeneous and heterogeneous media. Such studies are

important, not only to know the factors governing  ET reactions,

but also to verify theoretical predictions. It was observed that

ET dynamics in several electron donor-acceptor systems is

quite different under diffusive conditions than that under

nondiffusive conditions. Such a difference, though uncommon,

is not unlikely, considering  the possible  intervention of  solvent

molecules between the reacting pairs under diffusive conditions,

which is not possible for reactions under non-diffusive

conditions. In these studies, it was also observed that aliphatic

amines act as inherently weaker electron donors than aromatic

amines, which is related to spatial shapes of the highest-

occupied  molecular orbitals of these electron donors.

According to the famous Marcus electron transfer theory,

the ET rate is expected to decrease with driving force, beyond

some exergonicity of the reaction, a behavior known as Marcus

inversion (MI). Though some experimental demonstrations of

MI  for intramolecular ET reactions were reported, such

behaviour was not observed for intermolecular ET reactions.

It was suggested that the maximum ET rate for the latter is

limited by the diffusional rate, and consequently, inversion in

the ET rate is not possible. Deploying micellar solutions, where

the diffusional motion of reactants is effectively frozen due

to micellar structures, it was demonstrated, for the first time,

that it is possible to observe MI in intermolecular ET reactions

as well.

Studies on  relaxation dynamics of  solvent molecules around

an excited probe in microheterogeneous media, like micelles,

proteins, etc., were  carried out. These studies are of direct

relevance to understand the effect of solvent motions in

chemical reactions, like ET and charge transfer processes.

These studies showed that the micellar size and structure as

well as hydration play significant role in determining  dynamics

of confined water molecules in the micellar phase. A unique

observation, the first of its kind, in the solvation dynamics in

TX-100 micellar solution indicates that with temperature, the

solvation rate undergoes an inversion around room

temperature. Detailed understanding of this phenomenon is

still lacking.
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For effective use of photoinduced electron transfer reactions

in  light harvesting systems, like artificial photo-systems,

photogalvanic cells, solar cells, etc., it is essential to reduce

the energy wasting back electron transfer (BET) process.

Several approaches for possible reduction of the BET processes

in such systems are suggested. One of these is the use of

dissociative ET reactions, where one of the reactants undergoes

dissociation following PET. BARC is actively involved in studying

various aspects of photodissociative electron transfer (PDET)

process. It was demonstrated, for the first time, that by changing

the driving force of the reaction, it is possible to change the

mechanism of the PDET reactions, and consequently, control

efficiency of  ET reactions in the desired process. It was also

shown that the use of solutes with suitable cage structures

can help in controlling the PDET mechanism.

Photochemical and Radiation Chemical Studies on

Triphenylmethane Dyes
Organic dyes, especially triphenylmethane (TPM) dyes, form

a very important class of organic molecules, which have been

studied for their applications in many commercial and

technological areas. Such versatile applications stem from their

intriguing photophysical characteristics, where the ground and

excited states display geometrical changes to form a new

relaxed state of different radiative and non-radiative

characteristics. Over the years, researchers have tried to

elucidate a comprehensive excited state relaxation mechanism

for this group of dyes, but none of the proposed models explains

all the parameters convincingly. So, attempts were made to

understand such interesting molecular aspects by using time-

resolved    radiation chemical and photochemical methods. The

focus was on understanding the unusually large solvent

viscosity dependence of the excited state relaxation. Some

prototype molecules, like crystal violet (CV), methyl green

(MEG), malachite green (MG) and brilliant green (BG), were

chosen for detailed studies. Photochemical studies, using

248 nm excimer laser, showed that CV undergoes a biphotonic

ionisation from its higher excited state. Since it is difficult to

populate the triplet state of TPM dyes through direct photo-

excitation process, pulse radiolysis method was used to

generate and characterise the triplet excited state of some of

these dyes in organic media. Further, its interaction with

anthracene, biphenyl, C
60

 and protein moiety, like BSA, provides

an interesting reaction mechanism, involving exciplex

interaction and electron transfer process. Through radiolytically

generated reactive oxidizing and reducing radicals, reactions

of some of these TPM dyes were carried out, which helped in

quantitative evaluation of  spectral and kinetic parameters of

transient radical intermediates of these dyes. In shor t,

photochemical and radiation chemical studies carried out on

TPM dyes have contributed towards understanding of the

excited states and radical intermediates.

Molecular Rotation in Liquids: Solute-solvent

Interactions
Liquid phase is a realm that is bordered by well-ordered

crystal structures of the solid state on one side, and completely

disordered distribution of atoms and molecules of the gas phase

on the other. As a consequence, molecules in the liquid phase

possess both the mobility and proximity to interact with one

another. The ensuing intermolecular interactions have a strong

bearing on many physicochemical properties of liquids and

solutions. Hence the study of intermolecular interactions that

comprises understanding solvent-solvent and solute-solvent

interactions at molecular level constitutes one of the central

topics of research in physical chemistry. Many divergent

approaches, theoretical, computational, and experimental, are

being adopted to address this problem. The divergence is not

only confined to the approach that is followed, but also to the

phenomena, or the property, which is being monitored.

Investigating molecular rotation in liquids is one of the

approaches of adressing the above-mentioned issues, and at

present, our efforts are focused in that direction.

Solute-solvent interactions can broadly be classified into two

types: (1) non-specific interactions, like dipole-dipole and van

der Waals and (ii) specific interactions, like hydrogen bonding.

Recently,  a few issues pertaining to the role of specific solute-

solvent interactions on molecular rotation were addressed. In

particular, whether specific interactions can hinder molecular

rotation, and if the answer is affirmative, what is the mechanism

by which the rotation gets impeded? For this purpose, rotational

relaxation of a few structurally similar nondipolar solutes, i.e.,

solutes having polar functional groups, but with no net dipole

moment, were examined in a number of solvent systems.
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By choosing the solutes in this manner, we could avoid dipole-

dipole interactions, which are also known to slow down the

solute rotation. The experimental findings point to the fact that

solute-solvent hydrogen bonding significantly influences the

rotation of a solute molecule. It has also been noticed that not

all kinds of specific interactions hinder molecular rotation.

Whether molecular rotation gets impeded or not due to specific

interactions depends on the rate of exchange, or the hydrogen

bond dynamics, which, in turn, is determined by the strength

of the solute-solvent interaction. In other words, only strong

solute-solvent hydrogen bonds have the ability to alter the

rotation of the solute molecule, because in such a scenario,

hydrogen-bonding dynamics occurs in the time scale that is

comparable to rotational dynamics. This facet has been

demonstrated by correlating the experimentally measured

reorientation times with solute-solvent interaction strengths in

select solvent systems. As an alternative treatment, specific

interactions between the solute and the solvent have been

modeled as nonspecific interactions by treating the solute

molecule as an extended distribution of charges.

With the availability of tunable IR and uv-visible lasers, it

became possible, in the mid-seventies, to perform many

chemistry experiments in gas phase. The aim of these studies

was to understand reactions at the molecular level, and achieve

bond and isotope selectivity.

Infrared Multiphoton Dissociation
In the seventies, as the line tunable high power TEA CO

2

laser became a commercial product, chemists all over the world

thought of achieving  their cherished dream of bond and mode

selective chemistry, by exciting vibrational modes of polyatomic

molecules. IR pulses from CO
2
 laser provided, for the first time,

a method of exciting suitable molecules to dissociation level in

the ground electronic state, by absorbing several IR photons.

This process, called infrared multiple photon dissociation (IRMPD),

attracted a lot of attention. Gas phase research was initiated in

BARC with IRMPD of polyatomic molecules, using TEA CO
2

laser. By selectively exciting and dissociating  SF
6
, separation

of sulphur-34 was accomplished. This technique was

subsequently extended to other isotopes, like carbon-13,

deuterium and tritium.

Since TEA CO
2
 laser technology was well developed, it was

planned to exploit this for separation of uranium isotopes. So,

work was initiated to synthesize volatile uranium bearing com-

pounds, having absorption features in the 9.6-10.6 micron band

of CO2 laser emission. A few compounds were synthesized,

and out of these, bis (1,1,1,5,5,5-hexafluoropentane-2,4 dinato)

dioxo-uranium (VI) tetrahydrofuran, [UO
2
[(CF

3
CO)

2
CH]

2
.THF],

was chosen for detailed investigations. This compound provided

the first successful demonstration of isotope selective

dissociation of a uranium compound in a crossed laser-

molecular beam experiment.

Out of the six normal modes of UF
6
, only ν

3
 and ν

4
 are IR

active; ν3 is stronger, has large isotope shift, and absorption at

16 µm. But, in the absence of a 16 µm laser, IR photochemistry

of UF
6
 was carried out innovatively by sensitized absorption,

resulting in vibrational excitation and decomposition of UF
6

through energy transfer from SF
6
, which was excited by CO

2

laser. These experiments gave the required molecular

parameters for IRMPD scheme.

TEA CO
2
 laser induced Retro-Diels Alder reaction from

perfluorocyclohexene and perfluorocyclopentene, following

concerted pathways conforming to Woodward-Hoffman rules,

was discovered. Four centre C2H4 elimination was observed

from dimethyl disulfide, in both IR and UV photolysis. Formation

of several intermediates was monitored in real time, using both

transient absorption and fluorescence detection techniques.

Differences in the reactivities were studied, using direct and

sensitized excitations. Time-resolved IR fluorescence technique

was developed to follow the vibrational energy flow in different

modes. For several halo and fluoro hydrocarbon compounds,

vibration-vibration (V-V) and vibration-translation (V-T) energy

transfer could directly be monitored.

Studies in Molecular Beams
In order to extract  microscopic parameters of chemical

reactions, it is desirable to study reactions under single-collision

conditions, and for that, both effusive and supersonic  molecular

beam facilities were set-up. An effusive molecular beam system

to study the disposal of exoergicity, and obtain nascent energy

distribution in the products was set up in 1985. Emission from

Gas Phase Chemical Dynamics
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excited states of the products of  reactions of metal atom with

various oxidants was monitored under single-collision

conditions.  Reactions of samarium with SF
6
, chloro and bromo

hydrocarbons were studied. Scattering cross-section,

chemiluminescent cross-section and photon yields were

determined. Exoergicity of the reactions and the photon yields

were correlated quantitatively. These studies helped to gain an

insight into the dynamics of many exothermic chemiluminescent

reactions.

With a view to investigate the effect of laser excitation on

reaction cross-section, associative ionisation of resonantly

excited atomic uranium with molecular oxygen was investigated

in cross-beam configuration. Reaction cross-section of the

excited atom was found to increase by more than three orders

of magnitude. Such effects can be exploited for separation of

isotopes.

Photodissociation Dynamics
Upon photo-excitation, molecules undergo various

photophysical and photochemical processes. Several experi-

mental and theoretical studies have been devoted to molecular

dissociation process, as this is the initiation of many chemical

reactions in  the atmosphere. Dynamics of photodissociation,

following electronic excitation of small molecules, wherein

dissociation occurs on a time scale comparable to those of

molecular vibrations, is an area of current interest.

Photodissociation of polyatomics may involve complex

dynamics, resulting in dissociation on longer time scales. An

excited state that undergoes dissociation in short time usually

exhibits a broadband structure in the absorption spectrum,

which gives little information about the character of the excited

state. Information about the excited state of the parent molecule

and the photodissociation dynamics can be obtained from

information on the photofragments. State-resolved

measurements, probing population of the individual states of

the photofragments, provide microscopic details about the

chemical reaction. Determination of  energy disposal into the

fragments reveals dynamical information about  dissociation

pathways, and nature of the potential energy surface on which

fragmentation occurs. A non-statistical distribution of  energy

partitioning indicates direct nature of the reaction, which occurs

on a timescale shorter than the rotational period of the molecule.

On the other hand, a statistical distribution indicates  complex

nature of the dissociation mechanism, with dissociation lifetime

longer than the rotational period of the molecule. Detailed

information obtained may provide ways to control chemical

reactions.

BARC has developed a highly sensitive laser induced fluore-

scence set-up, with detection sensitivity of less than one part

per trillion. Photodissociation dynamics of simple polyatomic

molecules was studied under collisionless conditions, using a

pump-probe technique, laser photolysis-laser induced fluores-

cence (LP-LIF). Different types of transitions, namely, nπ* and

ππ*, were excited, in a variety of molecules, to investigate the

mechanism of the consequent dissociation. Nascent state distri-

bution of the products was measured, and  energy partitioning

into the various degrees of freedom of the products was

interpreted with the help of various models, namely, statistical,

impulsive and hybrid models. Photodissociation dynamics of

carboxylic acids, such as acetic, acrylic, propiolic, pyruvic and

thiolactic acids, was investigated by detecting OH radical, a

primary product. The partitioning of energy was mapped by

probing  intensities and Doppler profiles of the ro-vibronic lines.

It was observed that the photofragment OH is formed mainly in

Molecular beam chemiluminescence system
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Laser photolysis-laser induced fluorescence (LP-LIF) set-up :
Pump laser flow cell, probe laser, along with detection unit

Molecular beam system

the ground vibrational state, except in photodissociation of

propiolic acid, where it was possible to monitor OH formed in

the ν = 1 state. Major part of the available energy is found to be

partitioned into the relative translation of the photoproducts,

indicating  the presence of an exit barrier on the dissociative

surface. Although decarboxylation is the major reaction channel

from the ground electronic state of the carboxylic  acids, in the

present studies on the electronically excited carboxylic acids,

formation of OH is found to be the predominant reaction

channel. This result, in combination with  high translational

energy in the photoproducts, indicates that the intersystem

crossing (ISC) from the initially prepared excited state to the

ground state is very slow, and the molecule dissociates from

an excited electronic state, either the initially prepared state or

another lower energy excited state.  As we go from the saturated

acid, acetic, to the highly unsaturated acid, propiolic, the amount

of the energy partitioned into the internal states of the OH

photofragment increases, indicating that an unsaturated bond

facilitates randomisation of the available energy. In the case of

acetic acid, some part of the available energy is localised in

the initially excited bond. In photodissociation of acetic acid,

OH is formed within the laser pulse duration ( 20 ns), whereas

in the case of dissociation of acrylic and propiolic  acids at 193

nm, OH is formed with risetimes of 2.0 and 0.5 µs, respectively,

with preference for the 2P3/2 spin-orbit state. These results

indicate that the unsaturated C-C bond promotes mixing of the

excited singlet state with the nearby triplet state, thus slowing

down the dissociative process.  This is further substantiated by

the strong visible fluorescence observed on photo-excitation

of acrylic and propiolic acids at 193 nm, which is absent in the

case of acetic acid. In this study, it is observed that acetic acid,

on nπ* excitation, dissociates via cleavage of the stronger C-O

bond vis-a-vis the weaker C-C bond. But, this channel is

reduced considerably in the presence of an additional carbonyl

group, as observed in the case of photodissociation of pyruvic

acid at 193 nm. The experimental results were supported by

ab initio calculations. In the case of pyruvic acid, though the

initally excited state is different from that in the other carboxylic

acids studied, the investigations show that the dynamics of OH

formation is similar to that in the carboxylic acids.

Similarly, dissociation dynamics of several alcohols and

enones was studied, and compared with that of the carboxylic

acids. Also, a direct evidence of a radical channel in the

photodissociation of 1,4-cyclohexadiene with 193 nm laser, was

obtained.

Recently, dynamics of dissociation of strained cyclic

compounds, on photoexcitation, and the consequent effects

on opening up of high energy reaction channels, and partitioning

of energy into the photoproducts was also investigated.
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Link C4

Atoms, molecules, radicals and ions absorb and emit certain

radiation in a highly characteristic manner. The sets of frequencies

emitted and absorbed by these species constitute emission

spectrum and absorption spectrum, respectively. Emission and

absorption spectra of an atom, a molecule, a radical, or an ion, are

its fingerprints. Since  electromagnetic radiation travel with a

velocity of 3×108 m/s, these fingerprints can be transmitted very

fast over long distances. Study of emission spectra has

contributed a great deal to our understanding of the universe − the

earth, the atmosphere, the sun, the interstellar space and the

distant stars.

Though Newton obtained a coloured spectrum of the solar radia-

tion in 1666, it was about a hundred years later that Wollaston and

Fraunhofer observed dark lines in the solar spectrum. This

heralded the birth of spectroscopy, a branch of science with far

reaching potentials. Over the years, new dimensions got added to

this. And, with the advent of lasers, one can now trace an

individual atom, molecule, radical, or ion.

Spectroscopy
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Two-colour three-photon
resonance ionisation

Three-colour resonance ionisation

(a) Absorption spectrum of seeded supersonic
jet of SF

6 
(b) Computed spectrum of Q branch

of ν
3
 band of SF

6
 at 4K

Line profile of aQ(1,1) line of of ν
2
 band of NH

3
 as function of stagnation

pressure

Structures of two conformers of trimethyl
phosphate: Matrix isolation IR spectra in
an effusive and supersonic beams
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Spectroscopy deals with the interaction of electromagnetic

radiation with matter, resulting in absorption, emission, or scat-

tering of radiation, or rotation of the plane of polarisation of

plane polarised radiation. All of these permit one to look into

the interior of constituents of matter, and give valuable infor-

mation about  members of this micro-world, their interactions

with one another, as well as the effect of external factors, such

as electric and/or  magnetic fields, radiation, etc., on their struc-

tures and functions. From the spectral data, one can decipher

the arrangement and motion of the electrons in atoms and mol-

ecules, and the nature of electronic and molecular changes

that give rise to spectra. These data also help us obtain quan-

titative values of various atomic, molecular and nuclear prop-

erties. Spectroscopy is thus one of the most powerful tools for

investigation of atomic and molecular structure. It is a very

powerful technique for diagnostics and quantification,

unravelling the mysteries of the universe, as all the building

blocks of the universe have distinct spectral signatures.

Employing lasers, it can be used for remote diagnostics. It has

made significant impact in various fields of basic and applied

sciences, medical science and technology. Spectroscopy has

played an important role in DAE’s programmes, such as qual-

ity control of nuclear materials,  development of new technolo-

gies, understanding and solving various problems.

Spectroscopy of Lanthanides and Actinides

Resonance Ionisation Spectroscopy (RIS) of Uranium

Resonance photoionisation is a photophysical process

wherein electromagnetic radiation is used to ionise atoms,

molecules, or radicals,  by exciting them through their quantum

states. With the advent of narrow band high power pulsed

tunable dye lasers, resonance photoionisation has blossomed

into a powerful spectroscopic and analytical technique,

christened as resonance ionisation spectroscopy (RIS). The

potential of the technique increases enormously with the use

of two, or more lasers, because in multi-step RIS, extremely

high sensitivity and selectivity, both elemental and isotopic, can

be obtained by judicious selection of the resonant steps. The

alliance of RIS with mass spectrometry has given birth to a still

more powerful technique, known as resonance ionisation mass

spectrometry (RIMS), wherein resonance ionisation provides

high elemental selectivity and sensitivity, and mass spectro-

metry assures high mass selectivity. Great strides have been

made in terms of selectivity, sensitivity and sample size. RIMS

can be used to detect elements with minimal isotopic/isobaric

interference.

A quadrupole mass spectrometer (QMS) based resonance

ionisation mass spectrometry (RIMS) set-up was made in

BARC, in 1980. Using UV-lines of Ar+-laser (3345, 3511 and

3638 Ao), resonance ionisation of uranium and uranium oxide

was investigated in cross - beam configuration. Photoionisation

of uranium by 3638 Ao was observed for the first time.

Using copper vapour laser (CVL) pumped dye lasers, single-

colour and multi-colour resonance ionisation of uranium was

investigated. A large number of new energy levels of uranium

were identified in the high-energy region. A large number of

autoionisation levels of uranium were also identified. Multi-

colour resonance ionisation schemes were constructed for

ultra trace analysis and laser material processing (LMP).

A quadrupole mass spectrometer based system was

designed, assembled and tested for resonance ionisation

studies, as well as to tune the process lasers to the targeted

species in laser material processing.

Quadrupole mass spectrometer (QMS) system

Spectroscopy
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Emission Spectroscopy of Lanthanides and Actinides
There is a need to estimate uranium, plutonium and fission

products in the raffinate streams, preferably, by on-line methods.

These monitoring techniques are required for efficient control

of the process, minimising  loss of uranium and plutonium to

the waste stream. In turn, this helps in better accounting of

nuclear materials. Uranium, as UO2
2+, is an excellent

fluorophore, and hence the use of fluorescence for estimation

of uranium, after taking care of quenching by other ions present

in the raffinate, is favoured.

Plutonium and other actinides, however, are not amenable

to such fluorescence measurements, as these elements show

no fluorescence in solutions at room temperature. A basic

research programme  to examine the possibility of using ligand

sensitization to obtain fluorescence in such systems was

launched at IGCAR.  Lanthanides, such as Tb3+, Dy3+, Eu3+ and

Sm3+, were used as model systems. The fluorescence of

lanthanides increasesed by almost 1000 times through the use

of ligands, such as aromatic carboxylic acids. This is because

the ligand absorbs the excitation energy, which is efficiently

transfered to the upper fluorescing level of the lanthanide,

resulting in enhancement of fluorescence. It is further

enhanced when the metal-ligand complex is placed in a micellar

medium. Being a  hydrophobic medium, it reduces quenching

collisions due to water.  A combination of the ligand sensitization

process and the use of micelles increases the fluorescence of

lanthanides, almost 10,000-fold. Through a series of studies

on di, tri and higher carboxylic acids of benzene, a strong

correlation between structure of the ligand and the fluorescence

enhancement process was unraveled. These studies show that

poorly fluorescing species can be ‘coaxed’ to display stronger

fluorescence through the use of ligand sensitization.

Solid State Spectroscopy of Actinides

A modest beginning was made in solid-state spectroscopy

of lanthanide/actinide doped systems, by fabricating a crystal-

growing furnace, along with an optical dewar flask, and setting

up a high vacuum system. The first exhaustive study on  optical

absorption and fluorescence emission of LaBr
3
: Tb3+ single

crystal was carried out  in 1973. It was extended to many other

host lattices doped with lanthanide ions. Efforts were, thereafter,

concentrated on actinide spectroscopy. Solid state spectroscopy

of transuranium elements is particularly challenging because

of the unexpected behaviour of 5f electrons. Spectroscopic

investigations were pursued, using fluorescence, photo acoustic

spectroscopy, electron paramagnetic resonance, electron

nuclear double resonance and thermally stimulated

luminescence techniques. A thermally stimulated luminescence

unit for radioactive substances, with a working temperature

range of 100 to 700 K, and a photoacoustic spectrometer were

designed and fabricated indigenously. These techniques

provided valuable information on the valence states of actinide

ions, concomitant radiation induced defects in solids and their

thermal stability. Fluorescence and photoacoustic spectroscopy

serve as complementary techniques, and provide information

about the excitation process in its entirety. A comprehensive

programme  for investigation of uranium, neptunium, plutonium

and americium doped systems was developed. This has

culminated in the generation of valuable data bank on thermally

stimulated free radical reactions with actinides. Time-resolved

fluorescence studies on U4+ doped lithium yttrium fluoride

system showed UV emission, which was identified as due to

f1d1→ f2 transition. Fluorescence in the visible region from

Np4+ ions in dicesium zirconium hexachloride was reported for

the first time.

Effect of magnetic field on superconducting properties was

investigated in a large number of high Tc ceramic super

conductors. In 1998, EPR spectrometer was augmented with

ENDOR facility, and evidence was obtained for stabilization of

americium as Amo, an unusual state. ENDOR investigations of

plutonium oxalate  revealed  participation of Pu-5f electrons in

bond formation with CO
2
- radical. In 1987, a new contactless

method, based on microwave absorption, was developed for

detecting superconductivity at extremely low concentrations.

In recent years, efforts were focused on synthesis and

characterisation of rare earth based phosphors, which have

potential applications, ranging from display  devices to medical

diagnostics. In addition, new materials for dosimetric studies

were developed.

Jet Spectroscopy: Relaxation and Clustering of
Polyatomic Molecules in Supersonic Jets and Beams

Preparation of isolated gas samples, with low internal

temperatures, has traditionally been desired by spectroscopists,
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for high resolution studies, especially of complex molecules.

However, the use of conventional techniques makes these two

goals mutually exclusive. Supersonic beams have come to the

aid of spectroscopists in realizing their dream of preparation of

an ideal spectroscopic sample. Supersonic molecular beams

can provide an intense source of molecules, completely  isolated

from each other, with well defined spatial distribution, traveling

in a given direction in vacuum, having extremely narrow velocity

distribution, and cooled to such an extent that the excited

rotational and vibrational levels are almost completely

depopulated. Supersonic molecular beam can be used for

investigation of both dynamics and kinetics of reactions.

Supersonic molecular beam facility was set up in BARC, in

1980,  to cool molecules to low temperature for high resolution

spectroscopy as well as for isotopically selective excitation and

subsequent dissociation in molecular laser isotope separation

(MLIS) approach. This facility was the first of its kind in India.

Rotational relaxation and clustering of SF
6
 and NH

3
 in pure

and seeded free-jets were investigated by optical absorption

technique, using a semiconductor diode laser. Rotational

temperature of SF
6
 as low as 4 K was obtained in seeded

supersonic free-jets. Rotational temperature of NH
3  

on the axis

of the free-jet as well as that across the jet axis were determined.

The former was found to be lower. At a given location of the

free-jet axis, the rotational temperature of NH3  was found to

increase with stagnation pressure (500 - 2000 torr) due to cluster

formation. The extent of cluster formation in the free-jets of SF
6

and NH3 was determined. Cluster fraction was found to increase

with increase in stagnation pressure as well as with increase in

degree of dilution. Cluster fraction of NH
3
 on the axis of the

pure jet was found to be higher than the average cluster fraction

across the jet, and this is attributed to lower temperature and

higher number density on the jet axis.

The most remarkable observed features of the ro-vibrational

absorption lines of NH
3
, originating from the low-lying levels, in

the free-jet, are the asymmetric double-peak structure and large

linewidth. An analytical model, incorporating clustering and

Doppler effect, was developed, and used to simulate the

observed line profile in supersonic jets.

Basic theoretical formulations were developed for

characterisation of supersonic free-jets and beams, understand-

ing of the relaxation processes taking place therein, and for

analysis of the data. Sudden freeze model and relaxation rate

formalism were used to investigate relaxation of polyatomic

gases in supersonic free-jets. New parameters, such as virtual

stagnation pressure, virtual stagnation temperature and specific

heat ratio pertinent to supersonic expansion, were  introduced

to facilitate analysis of free-jet expansion of polyatomic

molecules, wherein specific heat ratio increases during

expansion because of locking-up of energy in the higher energy

levels, with decrease in collsion rate downstream.   Supersonic

beams of a few polyatomic molecules, such as SF
6
, NH

3
, CHF

3

and CF
4
, were generated, and characterised in terms of various

thermodynamic and gas kinetic parameters, using time-of-flight

(TOF) technique.

Matrix Isolation Infrared Spectroscopy
In nuclear fuel cycle, there are many phenomena that

require fundamental understanding.  Reprocessing chemistry,

which is one of the greatest challenges in the fuel cycle, poses

a number of intriguing questions, especially related to the role

of the diluent and the extractant. Behaviour of fuels at high

temperature is another area that poses a number of

fundamental questions. The structure and reactions of high

temperature species very often confound us, as these species

generally involve excited states, and can, therefore, throw up

surprises.  A fundamental understanding of the high

temperature behaviour is, therefore, essential. Therefore, work

on matrix isolation infrared spectroscopy was initiated.

Matrix isolation spectroscopy is a high resolution technique

wherein the molecules, intermediates and radicals of interest

Supersonic molecular beam machine
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Matrix isolation facility using a He-compressor cooled cryostat and
an FTIR

are  trapped in solid matrices that are chemically ‘inert’, and

probed by infrared absorption spectroscopy. Trimethyl

phosphate (TMP), triethyl phosphate (TEP) and tributyl

phosphate (TBP), trapped in argon and nitrogen matrices, were

studied.  Highly resolved infrared spectra revealed that these

phosphates exist in many conformational states, depending

upon temperature. The structure of the organic phosphates was

determined by ab initio computations.The two conformers of

TMP that were identified have C
3
 and C

1
 symmetry.  This is the

first detailed work on the structure of TMP conformers.

 To understand what decides conformational stability in these

molecules, small model compounds, such as acetals and ketals,

which have a C-O-C-O-C backbone structure, much like the

C-O-P-O-C backbone of phosphates, were chosen.  It has been

shown that a combination of anomeric and steric effects

decides conformational stability in these systems. From these

studies, it was possible to unravel, with little difficulty,

conformations of triethyl phosphate and tributyl phosphate.

Understanding the molecular structure of these phosphates is

essential for understanding the weak intermolecular interactions

between the metal-phosphate complexes and the diluent, which

determine the chemistry of solvent extraction. High temperature

species were investigated, using laser ablation matrix isolation

spectroscopy.  Such studies help in unraveling the type of

species produced during a high temperature excursion of

materials, and generate data that would be required for

modeling the behaviour of fuels at high temperature accident

scenarios.
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Link C5

The science of spectroscopy has  demanded revolutionary

thinking, which led to new theoretical framework called quantum

mechanics. Subsequently, quantum mechanics found immense

applications in the field of chemistry. Calculations of potential

energy surfaces and rate constants led to understanding of

chemical binding in molecules and chemical reaction dynamics.

Fairly accurate prediction of the properties of molecules also

became possible. For theoretical studies of assemblies of

molecules, newer approaches of classical as well as quantum

statistical mechanics are now available. Theoretical chemistry

provides an understanding and rationalisation of  the observed

chemical phenomena. It also predicts new phenomena by

developing concepts, or performing computations with the help of

the available theoretical tools, modeling strategies or simulation

techniques. Theoretical chemistry demonstrates  close

interconnections with theoretical physics and biology, condensed

matter physics, computational materials science and chemical

engineering.

Theoretical
Chemistry
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The primary goal of theoretical chemistry is to understand

and predict physicochemical properties and phenomena

through suitable theoretical and computational tools.

Formulations of new and more powerful theoretical tools,

modeling strategies and simulation techniques thus form an

ongoing and integral part of research activities in theoretical

chemistry. Theoretical chemistry research carried out in DAE

is mainly concerned with (1) development of new formalisms,

(2) fundamental and interpretive aspects of quantum and

statistical  mechanics, (3) theoretical studies on molecules to

materials, (4) theoretical studies of dynamical phenomena and

(5) computer simulation studies.

A Single-Particle Picture of Many-Particle Systems
The central theme here has broadly been to describe many-

particle systems (quantum or classical) within the framework

of a single-particle picture. For quantum systems, this embraces

two valuable approaches of applied quantum mechanics, viz.,

density functional theory and quantum fluid dynamics, by provid-

ing important generalizations with regard to fundamental

developments as well as applications of vital chemical signifi-

cance, thus widening the scope of their applicability immensely.

Density Functional Theory
Conventional quantum mechanical description of many-

electron systems involves a many-particle wave function, which is

difficult to calculate or visualize. An alternative description, using

single-particle density as the basic variable, providing a single-

particle picture of many-particle systems  forms the essence

of what is known as density functional theory (DFT). This theory

permits one to express the energy as a functional of electron

density, the latter being directly obtainable through minimization

of the energy density functional. The basic framework is useful

also for classical many-particle systems, where one minimizes

the grand potential energy density functional to obtain the single

particle density of the classical system.

The crux of the problem lies in the fact that the exact forms

of these energy density functionals are not known. Therefore,

providing suitable approximations to these quantities has been

an important area of research. For quantum systems, the

unknown components of energy density functionals are the

kinetic and exchange correlation contributions. On the other

hand, for classical systems, it is the excess free energy density

functional which, along with the associated correlation

functions, is unknown. A significant amount of research

carried out on formalism development has led to quite accurate

and successful approximations of these energy density

functionals involving scalar as well as vector potentials. This

has led to direct methods for the calculation of single-particle

density in many-particle systems.

Time-Dependent Density Functional Theory
For the dynamics of many-electron systems, DFT was

developed for time-dependent systems, involving electric and

magnetic fields. This provided simpler routes to the study of

dynamical response properties of many-electron systems,

interaction of radiation with matter, nonlinear optical properties,

collision phenomena and chemical dynamics. For direct

calculation of the electron density and current density, new time-

dependent Schrodinger-like single-particle equations as well

as hydrodynamical equations of quantum fluid dynamics were

derived. Here, the many-electron system is viewed as an

electron fluid, and the associated physical picture is that of a

fluid moving under the action of classical Coulomb forces,

augmented by forces of quantum origin. It thus leads to the

possibility of liquid drop type models for chemical reactions.

Foundation of Chemical Concepts
Many simple concepts were proposed in chemistry, from

time to time, to rationalize, understand  and systematize a large

body of chemical information. The concepts of electronegativity

and chemical hardness are two such important concepts. These

proved to be immensely useful in understanding ionic binding,

but have very limited applicability to covalent compounds.

Introducing the concepts of electronegativity and hardness for

a chemical bond, a new model is proposed for covalent binding

in molecules. Also proposed are  spin-polarized generalizations

of  electronegativity and hardness concepts. A new description

of chemical binding (ionic as well as covalent) in terms of these

spin-dependent quantities has emerged.  Besides providing

Theoretical Chemistry
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rigorous foundations to many widely used chemical concepts,

the approach  also led to quite accurate prediction of binding

energies of simple molecules and even the potential energy

curve in many cases. A novel simple density functional approach

for the calculation of polarizability, electronegativity, hardness,

and a new scale of atomic orbital radii were proposed and

several interesting correlations were discovered.

Electronic Structure of Molecular and

Supramolecular Systems

Molecules : Simple and Complex

Ab-initio electronic structure calculations for the ground as

well as excited states are carried out, using the post-Hartree-

Fock and density functional methods to gain insight into the

structure, properties and the nature of bonding in various

molecular and supramolecular systems.

Of particular interest are the investigations of neutral water

clusters, anionic water clusters representing solvated electrons,

solvation of ions, modeling of potential energy surfaces and

hence chemical reaction paths, bonding in radical cation

complexes, mechanism of photodissociation and several other

aspects of chemical systems and reactions. Weak bonding

interactions are of special interest. Thus, systematic studies

on optimized geometries and electron density analysis of

water clusters provided considerable insight into the nature of

hydrogen bonding, geometrical arrangements and size-

dependence of electronic properties in these molecular clusters.

Through high level ab initio calculations on the polarizability of

small water clusters, a simple empirical relation was proposed

to predict  the polarizability of water clusters as a function of

the aggregation number. For anionic water clusters, absorption

maxima corresponding to the lowest electronic transition, were

shown to provide insight into the spectra of solvated electrons.

The nature of bonding between two hetero atoms in several

weakly bound radical cation complexes was studied using high

level ab-initio methods, along with suitable localization of

molecular orbitals, to resolve a long standing ambiguity in the

characterisation of three electron bonding between two sulphur

atoms through pulse radiolysis experiments.

Among other works, mention may be made of the

calculations of  photoelectron and other spectra of molecular

systems in agreement with experimental results, proposition

of new wave functions for the hydrogen molecule, development

of algorithm for fast convergence in the configuration interaction

method, variational principle for spin waves in disordered

ferromagnets and study of the effect of pressure on the Fermi

surface of metals.

From Molecules to Materials

Besides simple molecular systems, calculations were also

carried out for metal clusters as well as cluster assembled

materials. This led to understanding of the size-dependence of

their electronic properties, design strategies for binary and

ternary supermolecular systems and  crystal engineering. The

latter is a rapidly expanding area of science concerned with

design and properties of assemblies and extended networks

of molecules. An important aspect of direct concern to us is

the multiscale modeling of materials, using density functional

theory based concepts.

Structure and Properties of Soft Condensed Matter
Complex fluid or soft condensed matter (SCM) forms an

important class of materials. Colloidal dispersions, surfactant

assemblies, fluid microstructures, liquid crystals, polymers,

membranes, emulsions, gels, smart fluids and biological fluids

are some of the examples of SCM. Two main theoretical

approaches used for these  systems are the classical version

of DFT and the integral equation theory of liquids. In quantum

DFT,  one solves  single-particle Kohm-Sham equations with

the many-body effects included through exchange-correlation

contribution  defining the effective potential.  The classical DFT,

on the other hand,  deals with a Boltzmann-like distribution,

with the many-body effects entering again through an effective

potential.  Since an exact functional form is not known, several

new approximations have been proposed for the excess free

energy as well as the first order direct correlation function to

define this effective potential, within the framework of both

perturbative and nonperturbative weighted density approaches.

The applications considered include the following.

Structure of Electric Double Layers

The electric double layer at an electrode-electrolyte interface

has direct relevance to electrochemistry and biophysics. It is
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studied by proposing a new self-consistent weighted-density-

functional approach, using the restricted primitive model. The

interesting phenomena of layering as well as charge

inversion are properly  explained in a quantitative manner. A

more realistic metal/electrolyte interface is also  treated by

considering the effect of electron density of the metal electrode

through electronic DFT.

Structure of Fluid Mixtures
Using a proposed new third order perturbative DFT, density

profiles of a fluid mixture at an interface are predicted in

agreement with the simulation results.  The optimum density

for maximum adsorption in a porous medium is predicted using

this theory. Also considered is the structure of dipolar liquids

near a charged wall as well as in the presence of an ion. All the

essential features, such as oscillations in the density as well

as polarization profiles are predicted quite well. The results

are also used to study the dynamics of ionic solvation.

Counter ion Distribution in Polyelectrolyte Solutions
A DFT is proposed for the distribution of small ions around

cylindrical polyions, which is of importance in industry and

biology. The calculated results on density profiles as well as

total free energy of interaction between DNA and  small ions

compare very well with those of simulation for a range of

concentrations.

Solvation Force and Interaction Energy
A new weighted density approach for predicting the solvation

or structural forces in a confined liquid is proposed. The

experimentally observed distance-dependent oscillating

interaction energies  between two mica surfaces immersed in

organic liquids are very well reproduced through this theory,

using only  molecular diameters as parameters.

Structure of Polymers at Interface
The structure of polymer chains confined between surfaces

is studied using a canonical Monte Carlo simulation and a

proposed Monte Carlo weighted density functional theory for

different types of monomer-monomer and surface-monomer

interactions. Contrary to general expectation, in the presence

of a surface, the commonly used model polymer chains prefer

to reorient themselves instead of changing their shape.

Density Functional Theory of Colloids

The DFT of freezing has been extended to the ordering of

charge stabilized colloidal dispersion. The  model used consists

of charged macro-ions interacting with screened Coulomb

potential, with the small ions and the solvent providing a

dielectric continuum. Theoretically predicted phase diagram was

shown to agree quite well with experimentally observed phase

diagram. Also, the structure of colloidal suspension confined in

charged planar slits as well as cylindrical pores was studied,

using a new approach to the free energy functional in DFT. The

predicted oscillating density distribution is  in good agreement

with simulation.

Structure of Crystal-Melt Interface

A new computationally and conceptually simple layer-wise

weighted density approach is developed to study the structure

of   crystal-melt interface. The results for hard sphere systems

have been shown to be in very good agreement with the

computer simulation data.

Dynamics in Condensed Phase
Dynamical phenomena in condensed phase demand greater

challenge to a theorist. It calls for substantial augmentation of

the theoretical approaches used in the gas phase. This is

because of the additional complexity of the process arising out

of the interaction provided by the solvent. The dynamics

associated with diffusion and fluctuation controlled processes,

energy and charge transfer reactions and fluorescence

quenching is of considerable interest.

Modeling of Reaction Path
A local model of the reaction path has been proposed

through bond order to track the transition state, and generate

the reactive potential energy surface to study chemical

reactions.

Dynamics of Barrier Crossing Processes
The dynamics of proton transfer process was studied through

Grote-Hynes-Wolynes theory, and the role of inertial and non-

Markovian effects on activated barrier crossing dynamics for
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charge transfer reactions in solution was investigated. Exact

analytical results were derived for diffusion dynamics in a

harmonic potential well with a general  delocalised sink.

Electron Transfer Reactions

Electron transfer (ET) reactions form an important class of

reactions in chemistry and biology. Theories were developed for

ET reactions involving many electronic states coupled to

multidimensional diffusive solvent modes and also for diffusion-

assisted dynamics of a stochastically gated ET reaction. The

effect of electric field on diffusion assisted ET reaction was

studied to show that the reactant mobility can further enhance

the transfer in a field promoted ET system. It can even change a

field inhibited ET system to a system where the transfer is

promoted. A self-consistent theory for the  influence of the solvent

on the activation barrier as well as the  rate constant for a

nonadiabatic  ET process was developed. A theory was also

developed for nano-particle catalysed ET reactions. A many fold

increase in the reaction rates was predicted in conformity with

the experimental results.

Polymer Folding Dynamics
Diffusion-influenced conformational relaxation dynamics of

a flexible polymer chain was investigated through the relevant

reaction-diffusion equation, where the importance of the

memory effect was demonstrated. The proposed model mimics

a standard fluorescence resonance energy transfer experiment

of the polymer molecule.

Diffusion-assisted  Trapping in a Periodic Field
The counterintuitive constructive facets of noise on  the

mobility of a particle confined between two absorbing

boundaries and driven by a periodic field  were theoretically

investigated. Insight into the coherent stochastic resonance

phenomena as a function of the frequency of the field with wide

ranging applicability was thus gained.

Diffusion and Fluctuation Induced Reactions in Liquids
Theories were developed for reactions influenced by

diffusion and fluctuations in the number density of reactants or

energy. Irreversible and reversible reactive dynamics of

energy transfer problems was  studied by proposing a number

of reaction-diffusion equations and molecular dynamics

simulation algorithms in order to make comparisons between

the models proposed and the predictions of the theories.

Mode Coupling Theory of Diffusivity in Fluid Mixtures

A generalised mode coupling theory for the self as well as

cross diffusivities in fluid mixtures has been developed. A

universal scaling law relating the self diffusivity of a binary fluid

mixture and the excess entropies of its components has been

derived by using the mode coupling theory for the first time. An

excellent agreement with simulation results is observed for a

wide range of density.

Deuterium Isotope Effect and Thermophysical

Properties of Heavy Water
A computer code was developed for calculating

thermodynamic and transport properties of water and heavy

water at any arbitrary temperature and pressure, using a density

based formulation for the free energy of these fluids. The isotope

effect was calculated for various properties of isotopic molecules

using  statistical mechanical theories. Important among them

is the deuterium isotope effect in vapour pressure of liquid

ammonia, which is of importance for the ammonia based heavy

water plants. Also calculated are the tritium separation factors

for distillation of liquid deuterium. The deuterium separation

factors are calculated for many isotopic exchange reactions, such

as water-hydrogen, ammonia-hydrogen, hydrogen sulphide-

water and fluoroform-water. Some of these data have been used

for the design considerations of heavy water plants.
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Link C6

The concepts of Anu and Panchatatva are quite familiar to our

country, being part of ancient Hindu philosophy. It got further

elucidated in the modern era in the form of the atom which

consists of electrons and a central core called nucleus. Instability

of the nucleus leads to the phenomenon of radioactivity, which is

perhaps the greatest discovery of the century. Study of nuclear

and chemical properties of radioactive elements constitutes the

branch of Nuclear and Radiochemistry.

Man’s desire to produce new elements led to the discovery of

artificial radioactivity, nuclear fission and heavier elements. In

nuclear fission, nucleus of a heavy atom splits into two parts,

releasing vast amount of energy, which is being harnessed to

produce electricity. This epoch making discovery of Hahn and

Strassmann marks the beginning of nuclear saga. Nuclear and

radiochemistry is playing a pivotal role in understanding

fundamentals of nuclear properties, heavy element chemistry as

well as applications of radiation and radioisotopes.  The areas

covered in this branch are : nuclear fission, nuclear reactions,

production of heavy elements, nuclear and chemical properties of

actinides, actinide spectroscopy, chemical separation, with

emphasis on uranium, neptunium and plutonium, nuclear probes

for material studies, and chemistry related to nuclear fuel cycle.

The isolation of trace concentrations of high purity plutonium from

a very complex radiochemical mixture, containing macro amounts

of uranium and varying amounts of about 40-50 fission products, is

a marvel unparalleled in the history of science. This feat was

accomplished by Seaborg and his group as a part of Manhattan

project in the early forties.

Nuclear and radiochemistry in India received impetus with the

commissioning of India’s first reactor ‘Apsara’ at Trombay in 1956,

and India’s first fuel reprocessing plant at Trombay in 1964.

Construction of particle accelerators from seventies onwards

added a new dimension, and enhanced the scope of research in

this branch.

Nuclear and
Radiochemistry
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Nuclear chemistry deals with the study of nuclear processes,

and nuclear properties, using chemical techniques, and of

chemical phenomena, using nuclear techniques.

Radiochemistry deals with the study of physicochemical

properties of radioactive substances. It is essential to have

facilities, like neutron sources, accelerators, radiochemical

laboratories and measurement systems, to pursue research in

nuclear and radiochemistry. Commissioning of radiochemical

laboratories at south site, construction of APSARA reactor in

1956 and of fuel reprocessing plant in 1964 provided necessary

impetus to initiate research in nuclear and radiochemistry.

Nuclear Fission
Nuclear fission is a process in which heavy nuclides, like

233U, etc., undergo division when bombarded with a projectile,

like neutron. It is a complex nuclear reaction, involving

rearrangement of large number of nucleons. The division of

the nucleus is not unique, as  a host of radionuclides are

produced in these reactions. In general, mass distribution (MD)

resulting from fission induced by low energy neutrons is

asymmetric. In most actinides, it consists of two peaks and a

valley. While the mass number of the fission products varies

from 65 to165, the atomic number ranges from  35 to 60, with

the yields between 0.001% and 6.0%. The fission yields

constitute important input to decipher the mechanism of fission.

These yields can be estimated by assaying  radiation, like beta

and gamma rays, emitted by the fission products.

During the early years, the focus was on study of systematics

in  fission of thorium, uranium and other actinides, using

neutrons from APSARA and CIRUS reactors. The expertise in

radiochemical separations was exploited to determine low yields

in symmetric mass region, which led to the discovery of triple

humped mass distribution in neutron induced fission of  232Th,
232U, 227Ac and 229Th. Mass distribution  in thermal neutron

induced fission is predominantly asymmetric, but  becomes

symmetric around Fm (Z=100).  The change in asymmetry of

mass distribution in relation to mass and atomic number of the

fissioning nucleus was explained on the basis of difference in

fission barrier heights corresponding to symmetric and

asymmetric mass divisions. Extensive work on measurement

of  recoil ranges of fission products produced in neutron induced

fission of  232Th, 232U, 233U, 239Pu, 241Pu and 245Cm was carried

out. These measurements gave information on kinetic energy

distribution. Interestingly, kinetic energy of the symmetric fission

products was lower than that of asymmetric fission products,

which is known as kinetic energy deficit (KED). Further studies

demonstrated that KED becomes zero, as mass number of

symmetric fission fragments approches 132.

Variation of yields, in a family of isobars, as a function of

charge is known as charge distribution (CD). It provides

information on the effects of nuclear shell and nucleon pairing

in the fission process. These are particularly important in the

low-energy fission. Isobaric and isotopic yield distribution

studies were carried out in the mass region of 100-105 and

130-140 in neutron induced fission of 229Th, 239Pu, 241Pu and
245Cm, and in the spontaneous fission of 252Cf. Information about

the dynamics of the fission process was obtained from charge

polarization parameter, which is a measure of deviation of the

most probable charge from that expected on the basis of the

unchanged charge distribution. The magnitude of charge

polarisation increases with increasing mass asymmetry. This

indicates that fission follows the minimum potential energy path,

with charge equilibration evolving till the scission point. Studies

on fission fragment angular momentum in neutron induced

fission provided information about the effect of collective

rotational degrees of freedom and shape of the fissioning

nucleus at the scission point. Interestingly, a large angular

momentum is generated during the fission of a nucleus having

practically no angular momentum. In order to understand this

phenomenon, angular momenta of several fission fragments

were determined radiochemically. These studies revealed the

role of fragment nuclear structure, like nuclear shells and

nucleon pairing, on the fragment angular momentum.

Research in nuclear fission gained further momentum, with

the availability of charged particle beams at VECC, Kolkata, in

the early eighties, and heavy ion beams from Pelletron

Accelerator at Tata Institute of Fundamental Research, Mumbai.

Studying  heavy ion reactions helps unfold multiplicity involved

in the process, and its evolution with the variation of entrance

channel parameters, such as excitation energy, angular

Nuclear and Radiochemistry
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momentum and entrance channel mass asymmetry. Studies

on α particle induced fission helped to understand the role of

fissioning nucleus, its excitation energy and the influence of

angular momentum on the fission process. Although studies

on MD, CD and angular momenta were continued,

investigations on mass resolved angular distribution were

initiated in alpha as well as proton induced fission of 232Th,
233U, 237Np, 241Am and 240Pu. The results showed that angular

anisotropy and mass asymmetry are correlated. However, in

the case of heavy ion (Z > 2) induced fission, conclusive

evidence of correlation between angular anisotropy and mass

asymmetry was not observed. In the fission of 232Th induced

by medium heavy ions, such as 10B, 12C and 16O, it was observed

that mass dependence of anisotropy of fission products in these

systems is very different from that of alpha induced fission. In
20Ne induced fission of 208Pb system, mass asymmetry and

anisotropy could not be correlated.

Determination of Fission Yields of Stable Fission
Products

Thermal ionisation mass spectrometry was employed to

determine  yields of stable fission products in thermal neutron

induced fission of 235U, 239Pu and 241Pu nuclides. This helped in

augmenting  yield data on stable fission products, and

supplementing the data available from radiochemical

measurements. Data on rare earth fission products were quite

significant in  the sense that these are stable nuclides, and are

formed in significantly small amounts. Sophisticated and

sensitive techniques are required for their determination. Mass

spectrometric procedures were also standardised for  direct

determination of fission products, without resorting to any

separation from the corresponding actinide nuclide. This has

eliminated uncertainties in the recovery of fission products

during separation.

Procedures were also established for analysis of fission

gases, Kr and Xe, from test fuel pins of mixed oxide  (MOX)

fuel, as a part of post irradiation examination of  irradiated

fuels, employing quadrupole mass spectrometry (QMS).

Isotopic ratios of 131Xe/134Xe and 132Xe/134Xe, 83Kr/86Kr and 84Kr/
86Kr were measured. From these isotopic ratios, as well as from

Xe/Kr ratio, it was possible to establish that majority of fissions

are from 239Pu.  The fission product 85Kr is radioactive and

subsequently decays to 85Rb. From the measured 85Kr/86Kr ratio

and the expected total fission yield of mass number 85, a cooling

time of about 12 years was estimated, which is very close to

the actual value.

Nuclear Reactions
Extensive work  on incomplete fusion reactions (ICF) was

carried out, using low Z (Z < 10) projectiles. Probability of ICF

in various reactions was determined by measuring formation

cross-sections of evaporation residues. Recoil range distribution

(RRD) of evaporation residues, angular distribution of projectile-

like fragments and gamma ray multiplicity distr ibutions

associated with these reactions were measured to understand

mechanism of ICF reactions involving different projectile-target

combinations. In RRD measurements, ICF products could be

distinguished from CF products on the basis of lower range of

ICF products. This reflects lower momentum transfer in ICF

reactions compared to that in CF reactions. Measurement of

ICF cross sections for a number of projectile target

combinations, leading to the same compound nucleus, showed

that ICF probability increases with increasing entrance channel

mass asymmetry. Gamma ray multiplicity distribution revealed

that  ICF involves deeper interpenetration of projectile and target

than that in peripheral collisions.

Compton suppressed spectrometer
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Extension of the periodic table is a challenging task for

nuclear chemists. A modest beginning was made, at Pelletron

tandem accelerator, to produce several Becquerels of heavy

nuclide 250Fm by 16O induced reaction of 238U. The new element

was isolated by radiochemical separation methods. Tracer grade
236Pu is required for internal dosimetry to accurately assay

plutonium in biological samples. This was produced, for the

first time in India, at Pelletron, by proton induced reaction on
237Np.

Nuclear Data
In the early 1980s, work on nuclear data was initiated, by

determining  gamma ray abundance in alpha decay of 229Th.

Spectroscopic data of some interesting nuclides produced in

heavy ion induced nuclear reactions were obtained. Variation

of electron capture half-life of 7Be was studied at VECC, using

different media, like Al
2
O

3
, gold and fullerenes. Decay scheme

of 194Tlg was studied by radiochemical separation of parent 194Pb,

produced in a nuclear reaction 181Ta(19F, 6n)194Pb. Absolute

emission probabilities of 49 prompt gamma rays from thermal

neutron capture by 59Co were determined by capture neutron

spectroscopy.

Half-life is one of the fundamental characteristics of all

radioactive nuclides. It helps not only in uniquely identifying a

radioactive isotope, but also in measuring its quantity at any

given time. Precise and accurate determination of half-lives of

a number of actinide nuclides was carried out by mass

spectrometric and alpha spectrometric methods. Determination

of half life of 241Pu by a combination of parent-decay and

daughter-decay methods gave a value of 14.4 years. Similar

concerted efforts resulted in accurate half-lives of 232U, 233U,
238Pu, 240Pu, 242Pu, 241Am, 243Am, 242Cm and 244Cm nuclides. This

work  led IAEA to recommend  revision of half-lives of 232U and
241Pu nuclides.

Nuclear Probes
Nuclear probes, perturbed angular correlation (PAC)

technique and positron annihilation spectroscopy (PAS) were

developed in mid 1980s, and used to understand different

physical and chemical processes.

Cascade gamma emission in nuclear decay has a definite

angular correlation due to its electromagnetic origin. Under the

influence of surrounding chemical and magnetic field, this

correlation is perturbed, and by measuring the extent of

perturbation, chemical environment around the decaying probe

atom is studied. This technique was standardised, using 181Hf,
111In, 111Ag and 111Cdm as probe nuclides, and used to study

chemical environment around Hf in Hf-EDTA and Hf-humate

complexes, polymerization of Hf in aqueous solutions and after

effects of β-decay.

In positron annihilation spectroscopy, electron density and

momentum distributions are investigated by positron/

positronium life-time and Doppler broadening of the annihilation

radiation. Two-detector coincidence Doppler broadening set-

up was developed, which provides an opportunity to identify

elements with which positron annihilates in the matrix. The

technique has been extensively used for studying membranes

and materials, like high Tc superconductors, catalysts, alloys,

etc. Observation of new microstructural features has helped in

understanding the transport behaviour of polymer membranes

with application in fuel cells. The identification of electronically

active boron layer in MgB
2
 superconductor is a benchmark for

theories on high temperature superconductivity. Measurement

of electron density on hidden surfaces of catalyst and

understanding the nature of order-disorder transition in shape

memory alloys are important contributions made, using this

technique.

Two-detector coincidence doppler broadening set-up
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Actinide Chemistry
In the late 1960s, work on synergistic solvent extraction of

uranyl and plutonyl ion, using β-diketones as chelating agents,

and a variety of neutral oxo donors, like aromatic amine

N-oxides, aliphatic phosphine oxides and aliphatic sulphoxides,

was initiated. Subsequently, extensive studies on synergistic

extraction behaviour of actinides, Ac to Cf,  provided a wealth

of information on coordination chemistry of actinides in tri-, tetra-

and hexavalent states. These studies were broadly  aimed at

determining (i) structural effects contributing to synergism,

(ii) stoichiometry and bonding in the species formed, (iii) values

of equilibrium constants and (iv) conditions for improving the

synergistic effect, as well as for developing improved separation

schemes relevant to nuclear fuel cycle. Understanding of their

chemistry forms the backbone in developing methods for their

estimation as well as their recovery and purification from

different complex matrices.

In order to examine the role of β-diketone structure in

synergism, dissociation constants of several β-diketones and

monothio  β-diketones, and the corresponding formation

constants with uranium(VI) were determined. It was also

observed that a stronger chelating agent permits weaker

interaction with an oxo donor during  adduct formation. To

evaluate electronic and steric factors of chelating agents on

complexation, a variety of β-diketones, including substituted

pyrazolones and isoxazolones were synthesized. These chelating

agents are quite versatile under relatively acidic conditions, and

show larger values of two phase extraction constants with

actinides, as compared to the well known thenoyltrifluoro acetone

(TTA).  However, the adduct formation constants did not show

the trend expected from the lower pKa value of 3-phenyl-4-

benzoyl-5-isoxazolone. Also the adduct formation constant for

the ternary species of Pu(IV) was smaller than the

corresponding value for U(VI) and Am(III). These observations

were explained on the basis of strong steric hindrance for the

coordination of oxodonor to isoxazolonates, where the carbonyl

group is part of aromatic structure,  in general, and An(IV) in

particular.

 Ternary U(VI) complexes were isolated, and investigated

by infrared, 1H NMR and thermo-analytical methods. It was

shown unambiguously that the stoichiometry corresponds to

UO2 (betadiketone)2 oxodonor, where both beta diketones are

bidentate, and oxodonor binds as mono dentate replacing

water molecule. 1H NMR studies on these adducts with long

chain sulphoxides at 270 MHz revealed the presence of non-

equivalence in α-methylene protons (ABX
2
 pattern), suggesting

the role of uranyl ion as diamagnetic shift reagent. The quartet

observed for the α-methylene protons with phosphorus

oxodonors was shown to arise due to the overlap of two

symmetrical triplets caused by the coupling of adjacent

methylene protons with 31P. The presence of a doublet for the γ-
CH proton and additional shoulder peaks for TTA protons

indicated at least two different electronic environments for TTA

moieties in adducts with sulphoxides and tributyl phosphine

oxide, but not with weaker TBP.

Adducts of U(IV) and Th(IV) with 1,1,1,2,2,3,3-heptafluoro-

7, 7-dimethy1-4,6-octanedione (FOD) and a variety of neutral

oxo-donors were synthesized, and characterised by electronic

spectroscopy and 1H NMR. Adducts with dimethyl formamide

were found to be the most volatile, whereas those with tri

(n-octyl) phosphine oxide were susceptible towards

decomposition. Due to the paramagnetic nature of U(IV), large

isotropic shifts were observed in the NMR spectrum of U(FOD)4

DOSO.The single crystal X-ray structure of a crown ether

complex  showed that two [UO2(TTA)2.H2O] molecules are held

together by the crown ether ligand, forming a dinuclear complex

[UO
2
(TTA)

2
.H

2
O]

2
(Crown). The intermolecular hydrogen bonding

interaction between two dimers stabilized a tetra-nuclear

assembly. Several complexes of lanthanide nitrates/chlorides/   Elemental analyzer for alpha emitting compounds
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thiocyanates with tri(n-octyl) phosphine oxide and tri(n-butyl)

phosphine oxide were prepared, and characterised by IR

spectroscopy and thermo-analytical techniques. Nitrate groups

in these complexes were found to be covalently bonded, and

the complexes, on heating to 1000oC, were found to be

converted to their corresponding metaphosphates.

In order to characterise these complexes, an isoperibol

solution calorimeter, with a sensitivity of 0.02 calorie, was set

up. A semi-micro combustion assembly, to determine C and H

gravimetrically in the complexes of actinides, was installed.

An IR spectrometer was adopted for glove box operation.

Work was also carried out to understand the complexation

behaviour of actinide ions with macrocyclic ligands, like crown

ethers, cryptands and calixarenes. A systematic study was

undertaken to investigate  complexation behaviour of actinide

ions, U(VI), Th(IV), Pu(IV), Am(III), Cm(III) and Cf(III), with

kryptofix21diacetate (K21DA) as well as kryptofix22diacetate

( K22DA) in aqueous phase. Larger complex formation constant

of Pu(IV) and Th(IV) with K21DA, compared to those with

K22DA, are in sharp contrast to the observed behaviour of

trivalent actinides. Apart from the size effect, steric constraints

associated with metal coordination of carboxylate groups

attached to the macrocyclic ring play an important role in

complex formation. The mechanism of extraction of Pu(IV), in

the pH range 1-2.5, was investigated, and speciation diagrams

were deduced. Studies were also carried out to measure heats

of complexation reactions involving trivalent lanthanide ions

and ionisable macrocyclic ligands.

Complexation behaviour of Am(III) and U(VI) with 12-crown-

4, 15-crown-6, 24-crown-8 and a few dibenzo and

dicyclohexano substituted analogues of these crown ethers, in

aqueous phase, was investigated, using solvent extraction

tracer technique, with picrate as counter anion.  Stoichiometry

of  extracted species, their formation constants as well as their

thermodynamic functions were evaluated. It was concluded that

complexation is essentially outer sphere in nature, and there is

no correlation of  crystal ionic radii of the metal ions with the

distribution data. It was interesting to observe  preferential

extraction of Am(III) over U(VI), at pH 3.0, in the presence of

18-crown-6. This is a consequence of the larger hydration

energy of U(VI), which is difficult to be compensated by  neutral

crown ethers. Quantitative extraction of Pu(IV), in the presence

of crown ethers, was observed from HCl medium in the acidity

range 5-10M. Extraction of Am(III) with dinonylnaphthalene

sulphonic acid, in the presence of kryptofix 22, was also

investigated.

Macrobicyclic ligands (cryptands) form thermodynamically

stable and substitutionally inert complexes in the aqueous

medium. Efficiency of these ionophores depends largely on the

protection of  encapsulated trivalent metal ion from solvent

(water) molecules. Hydrophobic nature of the cryptand and

simultaneous decrease in the number of associated water

molecules facilitates cation transfer towards the organic phase.

Extraction studies on the Am(III)-tris bipyridine cryptate revealed

acid assisted slow dissociation of the complex, and improved

separation from Eu(III) under non-equilibrium conditions.

Studies on  solution chemistry of actinides resulted in

introducing innovations to improve the process performance as

well as in the recovery of many by-products of fuel reprocessing.

The earlier investigations on preparation and performance of

tetravalent uranium as an alternative partitioning agent between

uranium and plutonium, in place of ferrous sulphamate, led to

successful introduction of this reagent in the power reactor fuel

reprocessing (PREFRE) plants at Tarapur and Kalpakkam.

A detailed study on coordination complexes of neptunium and

its recovery from PUREX process was carried out.

Glove-box assembly for IR spectrophotometer
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Speciation and Migration of Radionuclides

Diffusion in Immobilised Matrix

Borosilicate glass is considered to be one of the most

suitable matrices for immobilisation of high level radioactive

waste (HLW). However, the heat generated due to the decay of

long-lived radioisotopes may lead to diffusion of the fission

products and actinides to the surface, and subsequently their

migration into the aquatic environment, through the surrounding

rock structure. With a view to investigate the diffusion of long-

lived fission products, like 137Cs, 90Sr, etc., into the borosilicate

glass matrix, a programme was initiated for studing   diffusion

of long-lived radionuclides in borosilicate glass by heavy ion

Rutherford backscattering spectrometry (HIRBS), using

BARC-TIFR Pelletron accelerator facility.

Influence of Humic Substances on Adsorption Behaviour

of Long-lived Radionuclides on Colloids

Colloids are known to play an important role in the migration

of radionuclides in the aquatic environment. The long-lived

radionuclides, fission products and minor actinides, if leached

out from the vitrified glass matrix, or present in the subsurface

soil owing to nuclear explosion, may migrate in the aquatic

environment. It is, therefore, of importance to study their

speciation, both physical and chemical, in the underground

water conditions. Humic substances are important

macromolecules, which are ubiquitous in soil and water, and

may significantly affect the speciation of metal ions. With this

in view, a systematic study of the speciation of long-lived fission

products and minor actinides was initiated.

Tracers in Membrane Based Physicochemical
Research

Advent of new generation of reactors and accelerators provi-

ded an easy access to ‘carrier-free’ radioisotopes of most of

the elements in the periodic table. This, in turn, led to extensive

applications of radioisotopes as tracers for studying various

physicochemical processes in environment, separation science,

analytical science and waste management, etc. Routine

radioanalytical techniques allow detection of quantities that are

105 times smaller than those needed for chemical analysis.

Radiotracers were used in our laboratory for studying self-

diffusion of ions/water in membranes, extraction and ion-

exchange kinetics in the membrane, selectivity of target analyte,

in presence of competing ions/species, in the polymer matrices,

etc. These studies enabled us to develop various membrane

based separation procedures for actinides and fission products,

for example, scintillating polymer inclusion membrane for α/β
emitting actinides/ lanthanides, etc.

To enable the use of exotic solvents for process applications,

there is a need to develop efficient separation techniques which

require low ligand inventory. It has been demonstrated that

membrane separation processes can be successfully employed

for the separation of radionuclides, with some distinct

advantages over the conventional processes.
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Link C7

In our beautiful land of India, there are several ancient temples,

which, apart from their consecrated purpose, inspire solemnity

and awe. Science also has its own ancient and beautiful

temples, which inspire awe. Thermodynamics is one such

branch of science.  Methods of thermodynamics have brought

quantitative precision in place of the old, vague ideas of chemical

affinity. This helped chemistry in its march towards gaining  the

status of exact science. The fullest employment of chemical

sciences in meeting the various needs of the society can be

made only through  constant use of the methods of

thermodynamics.

One of the fundamental questions in the study of chemical

processes is: Which are the chemical species and phases that

can exist at equilibrium under a given set of conditions?

Chemical thermodynamics provides answer to this question.

Thermodynamic consideration of a process is the first

quantitative step in any technological application, especially at

high temperatures, and, therefore, finds applications in large

number of industries, including the nuclear industry. Studies of

chemical thermodynamics and phase equilibria of systems

involving nuclear materials are of great importance in prediction

of the changes in chemical constitution of the fuel during the

operation of a nuclear reactor.

Physico-
chemical
Properties of
Nuclear
Materials
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Thermophysical and thermochemical properties of fuels,

cladding and coolant materials decide operating conditions of

a nuclear reactor.  For example, the melting and vaporisation

behaviour of the fuel, its thermal conductivity, thermal expansion

and specific heat determine the permissible linear power rating

to which it can be subjected in the reactor. Chemical compatibility

of the fuel with cladding material and with coolant, in case of

cladding breach, are determined by thermochemical properties

of the phases involved. Many of the fission products formed

during irradiation form new phases by interacting among

themselves as well as with oxygen (carbon in case of carbide

fuel) released during the fission process.  Properties of these

phases also determine behaviour of the fuel with increase in

burn-up.

Studies of chemical thermodynamics and phase equilibria

of the systems involving nuclear materials are of great

importance in predicting changes in chemical constitution of

the fuel during operation of a nuclear reactor. An understanding

of these changes are of great significance in interpreting post-

irradiation examination of the fuel, and thus are of relevance to

the limiting conditions under which a fuel can operate. Such

understanding is also important in assessing behaviour of the

fuel elements under accident conditions. When a nuclear fission

occurs, over thirty new elements (the fission products) are

produced in significant amounts, and it is important to look at

their chemical state in different fuel types and different cladding

materials. Changes in the chemical constitution of  irradiated

fuel can influence physical properties of the fuel, the rate of

diffusion of the fission products, within the lattice of the fuel, and

their release to the fuel-clad gap during  normal operation, or

during operational transient ingresses of energy. Presence of

fission products in the fuel-clad gap of a fuel element may cause

corrosion of the cladding material, and thus limit lifetime of the

fuel elements. On failure of the fuel cladding,  the fission products

would be released to the coolant, water in the case of thermal

reactors and liquid sodium in the case of fast breeder reactors.

Under failure conditions, the coolant will not only get

contaminated with the fission products, but also will react with

the fuel. For understanding and predicting the scenario in such

circumstances, thermodynamic and physicochemical data on

a large number of chemical species (solid, liquid or gaseous)

are required. In view of the importance of  physicochemical

properties of nuclear fuels, several groups in the DAE family

are pursuing R & D work in this area.

Thermal Conductivity and Thermal Diffusivity of

Solids
Thermal conductivity of any solid, defined as the quantity of

heat conducted per unit area of cross-section per unit time

under unit temperature gradient, is its unique property. It

depends on its both composition and physical state. Based on

principles of “linear axial heat flow comparative method”, a set-

up for measuring thermal conductivity, both in air and under

controlled atmosphere, of a variety of solids, like glasses,

ceramics, semiconductors, metals and alloys, in temperature

range of 300-1250 K, was developed . Thermal conductivity of

Physicochemical Properties of Nuclear Materials

 Indigenously developed thermal conductivity apparatus
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 Laser flash apparatus

the test sample is determined by comparing it with that of the

standard solid under steady state conditions.

Thermal conductivity of various oxide systems, such as

LnCoO3, Ln2NiO4, Ln2CuO4 (Ln = La, Nd, Gd), oxide

superconductors, ThO
2
, UO

2
, ThO

2
-UO

2
, solid solutions and

ThO
2
-UO

2
 SIMFUEL, etc., were measured as a function of

temperature. Anomalous increase in thermal conductivity of

LnCoO
3
 with temperature was interpreted in terms of excitonic

mode of heat conduction.  Thermal conductivity of ThO
2
-UO

2

solid solutions and ThO
2
-UO

2
 SIMFUEL revealed that addition

of either uranium oxide or fission products in thorium oxide

decreases  thermal conductivity of thorium oxide. Theoretical

models show that it is due to enhanced phonon-lattice strain

interaction in the oxide.

Thermal diffusivity of various fuel and fission product

compounds was determined by laser flash method, employing

indigenously designed and fabricated apparatus. Thermal

conductivity of the sample is derived from the value of  thermal

diffusivity, density and heat capacity. Thermal diffusivity of

(U
x
Pu

1-x
)O

2
, (U,Pu

1-x
)C and (U

x
Pu

1-x
)N was determined as a

function of temperature, using this technique.

Thermal Expansion and X-Ray Diffraction Studies
A dilatometer and a high temperature X-ray diffractometer

were installed at Trombay in June and  August, 1969,

respectively.  While the former was used for determination of

bulk thermal expansion of solids, the latter was used for study

of lattice expansion coefficients, phase transitions and phase

diagrams of crystalline phases in any  desorbed atmosphere.

Thermal expansion as well as other thermal behaviour of a

number of compounds, solid solutions of technological and

scientific importance were studied.  They include alkaline earth

uranates, zirconates, thorates, urania-thoria solid solutions,

superconducting compounds, as well as many other

compounds and solid solutions formed in various systems.

High temperature X-ray diffractometry is extensively used

to obtain information on thermal expansion of fuel materials,

such as UC, ThO
2
 and (U

x
Th

1-x
)O

2 
solid solutions, as well as

selected compounds of interest in high level waste

immobilisation. Low and controllable thermal expansion

behaviour is one of the required properties of the materials

used as matrices for radioactive waste immobilisation. Thermal

expansion behaviour of a number of matrix candidates, such

as NaZr
2 
P

3
O

12 
(NZP) and Gd

2
Zr

2
O

7
, were measured.

Thermal Expansion Behaviour of Thoria  Based Fuels

Thorium has attracted a considerable attention in the recent

past, as it is expected to play an important role in the third

stage of the Indian nuclear power generation programme.

In this context, a multi-disciplinary task force was constituted,

with a responsibility of creating a comprehensive data base on

thoria based systems.  Since Th itself is not a fissile material in

the thermal region of neutrons, it is proposed to use about 2 to

6 % of fissile uranium and plutonium dioxides in the ThO
2

matrix. Thermal expansion and thermal conductivity are two of

the most important thermo-physical properties which directly

affect the performance of a fuel. However, there were no

reports on these properties of ThO2, containing 2-6 wt. % UO2

(natural uranium). Since no other country has any interest in

thoria based fuels, it became mandatory for us to investigate

various properties of thoria based systems. The lattice and bulk

thermal expansion behaviour of ThO
2
, containing 2,4,6 wt. %

UO2 (natural uranium), was investigated by high temperature

XRD. In view of high radio-toxicity associated with PuO
2
, CeO

2

was used as a surrogate material in place of PuO
2
, as both

have similar physicochemical properties. Based on high-

temperature XRD and dilatometry results, thermal expansion
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 Dilatometer for thermal expansion studies

behaviour of Th
1-x

Pu
x
O

2
 was simulated. With an objective to

understand the fuel behaviour at different burn-ups, bulk thermal

expansion behaviour of BaThO
3
 and SrThO

3
 was also

investigated. In order to meet the growing demands for such

investigations, a fully automated dilatometer was designed and

fabricated indigenously.

Thermochemical and Thermodynamic Studies on
Nuclear Materials

Earlier investigations
A well-equipped thermo-analytical laboratory was

established at Trombay in the mid sixties. Investigations on

thermal stability, thermal expansion and crystallographic

properties of different materials at high temperatures were

initiated, using facilities, like differential thermal analyzer,

thermobalance, dilatometer and X-ray diffractometer, etc.

Thermophysical investigations, such as measurements of

thermal expansion and thermal conductivity, electrical

conductivity, magnetic susceptibility, and diffusion transport

property in urania matrix, in the presence and absence of

different fission products, were carried out.

With emphasis on equipments built in-house, a micro

thermo-gravimetric system, which could operate at high

temperatures in controlled atmosphere, was designed and

constructed . Several important investigations were carried out,

using this apparatus, the significant contribution being

generation of the most reliable data on the phase diagram of

U-O binary, where the narrow homogeneity in U
3
O

8
 phase was

accurately found out. Phase equilibria in oxide phases of

uranium in the presence of different fission products were also

studied. Reliable thermodynamic data of high temperature

species, like UO
2
(OH)

2
(g), could be obtained.  Some of the

works, such as thermodynamic data of  gaseous UO2(OH)2

species, uranium metal and its alloys, as well as homogeneity

range of U
3
O

8
 phase, U and its alloys, have entered into

standard reference books of thermodynamic data.

There was extensive investigation on  transport properties

of xenon and iodine in urania fuel matrix, and those of Cr, Fe,

Co, Ni and Cu in the steam generator tube material, Incoloy-

800. The important conclusion of these studies was that grain

boundary diffusion of Cr was considerably lower than that of

other elements, such as Fe, Co, Cu and Ni, and this could be

due to the tendency of Cr atoms to form carbides.

 Phase diagrams of several ternary oxides, such as

Cs-U-O, Cs-Mo-O, Ca/Sr/Ba-Te-O, Mo-Te-O and Zr/Hf-Te-O,

as well as those of binary alloys, such as Pd-Te, Pd-Pt, Pd-Ru,

U-Ta/W/Re and U-Nb, were determined.  Similarly, vaporisation

behaviour of pure and alloyed uranium, Pd and its alloys,

oxides of iridium, molybdenum and uranium, and of several

ternary compounds in U-Te-O, Ca/Sr-Te-O, Th-Mo-O,

Cs-Cd-I, Zr/Hf-Te-O, Zr/Hf-Mo-O and U-Mo-O systems was

studied. Thermodynamic stabilities of compounds derived from

vaporisation were confirmed in many of the cases by other

techniques, such as solution calorimetry and galvanic studies.

Indigenous Instruments for High Temperature Studies
With time, expertise also grew in building as well as

refurbishing various apparatuses for high temperature studies.

Many designs and construction of equipments useful in high

temperature studies were accomplished in-house. Thus, the

equipments for Knudsen vaporisation (also, with mass

spectrometer attachment), gas/vapour transpiration,

galvanometric study, calorimetry, and apparatus for

measurement of thermal conductivity of ceramic fuels at high

temperature were built in-house. Reliable thermo-physical and

thermodynamic data were generated on scores of compounds,

alloys and intermetallics of interest in nuclear reactors and other

industrial applications.
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 Knudsen effusion apparatus

 Transpiration apparatus

Post-irradiation annealing apparatus

Thermodynamic and Transport Properties of Thoria

Based Fuels

Identification and thermodynamic characterisation of

reaction products of different fission products with thoria based

fuels and clads were made. The investigation  helped to assign

the chemical states of alkali and alkaline earth fission products

in fuel matrix. Accurate thermodynamic data of  solid oxide

phases, such as cesium zirconate, cesium, rubidium, barium

and strontium thorates, nickel tellurate, intermetallics, like

ruthenium telluride, and vapour phase like Ba(OH)
2
(g), were

generated. These data are useful in understanding the fuel

behaviour during operation as well as under accident conditions

in a nuclear reactor.

Transport properties of  volatile fission products, such as

Xe, I, Te and Cs/Rb, were analysed for understanding

accumulation behaviour of the species and stress corrosion

problems. An indigenously designed apparatus was utilized

for these studies. It was shown that the release of I and Te are

much lower in case of thoria based Advanced Heavy Water

Reactor (AHWR) fuel as compared to that in urania based fuels.

Thermodynamic Properties of Fast Reactor Fuels
and Coolants

Given  high levels of radioactivity associated with plutonium

and the air-sensitive nature of some of the fuel materials, such

as carbides, the measurement of thermochemical properties

of materials, especially at high temperatures, is a challenge for

a  chemist. A systematic programme for measurement of the

thermochemical proper ties of fuel and fission product

compounds has, therefore, been pursued at IGCAR, and the

necessary facilities were set up in the early eighties. High

temperature drop calorimetry and gas equilibration were among
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High temperature calorimeter attached to a glove-box for
measurements on air-sensitive nuclear materials

the first to be employed to investigate  properties of  fuel

materials. With the choice of a mixed carbide of uranium and

plutonium as the driver fuel for Fast Breeder Test Reactor

(FBTR), studies were initially focused on  properties of this

fuel. One of the important issues to be addressed was the

carburisation of stainless steel clad by the carbide fuel. Carbon

potential of the Mark I (Pu/(U+Pu) = 0.7) and Mark II (Pu/

(U+Pu)=0.55) fuels of FBTR were measured, by employing a

methane-hydrogen gas equilibration technique, which was

previously validated by measuring the Gibbs free energies of

formation of WC and Mo
2
C. Carbon potential of the fuel was

also measured by a novel technique, in which the fuel pellet

was equilibrated with liquid sodium at the desired temperature,

and the carbon activity of sodium in equilibrium with the fuel

was determined by using an indigenously developed

electrochemical carbon meter. Carbon potential of stainless

steel was also measured by this technique. These results led

to an important conclusion that  the possibility of carburization

of the s.s. clad by the carbide fuel under operating conditions

of the reactor is not of much concern. Carbon potential of the

fuel with important fission products, such as Mo, which form

stable carbides, and also have high fission yield, was studied

to understand the evolution of carbon potential of the fuel with

increase in burn-up. Heat capacity of the Mark II fuel was also

measured by drop calorimetry. Enthalpies and free energies of

formation of lanthanide carbides were determined by dynamic

mass spectrometry (described in a following section). These

studies thus form a systematic effort to build up a thermoche-

mical database on carbides, which would be important for

modeling the chemical behaviour of the irradiated carbide fuel.

The Prototype Fast Breeder Reactor (PFBR) and also the

next few FBRs would use uranium plutonium mixed oxide as

the fuel. So, studies on thermochemical properties of oxide

fuels and fission product compounds form an important compo-

nent of the chemistry programme. Heat capacities of (U, Pu)

mixed oxides, with Pu/(U+Pu)= 0.21 and 0.27, the candidate

fuels for PFBR, were determined from enthalpy increment data

measured, using high temperature drop calorimetry. Heat

capacities of (U
y
Th 

1-y
)O

2
 solid solutions (y=0.1, 0.5 and 0.9)

were also measured. Other thermodynamic functions, such as

entropy and free energy function of  these solid solutions, were

derived from the measured enthalpy increment values.

Oxygen potentials of (U, Pu) mixed oxides, with Pu/(U+Pu)

= 0.21 and 0.27, were measured, using a gas equilibration

method, employing H
2
 + H

2
O, CO  + CO

2
 and CO

2
 + H

2
 gas

mixtures. Similar measurements were also made on

(U
y
Th

1-y
)O

2+x
 solid solutions (y varying from 0.54 to 0.9). Alkaline

earth metals also have high fission yields, and are known to

form highly stable zirconates, cerates and uranates. With a view

to understand the chemical state of  an irradiated oxide fuel,

enthalpy increments of compounds, such as BaZrO3, SrZrO3,

(Ba,Sr)ZrO
3
, BaCeO

3
, SrCeO

3
, BaUO

4
, SrUO

4
, BaMoO

4 
and

SrMoO4, were measured.  Equilibrium pressures of barium and

strontium for all these compounds were computed from the

enthalpy increment data as a function of temperature and

oxygen potential. These studies led to the conclusion that

among the barium compounds, the solid solution (Ba,Sr)ZrO
3

is the most stable, which has indeed been identified during

post irradiation studies.

Pyrochemical reprocessing methods are of special interest

for fast reactor fuel reprocessing because of their ability to

handle short cooled and high plutonium containing fuels. Molten

salt electrorefining and electrowinning are pyrochemical

processes demonstrated on an industrial scale. Salt scrub

process, using Ca-Ga and Li-Ga alloys, is one of the processes

used for  recovery of actinides and rare earths from the spent

molten salt. The difference between  thermodynamic stabilities

of intermetallic compounds of gallium with actinides and rare

earths and those of the compounds of Ca-Ga alloys is the
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Fuel-fission product-clad interactions

driving force for such extractions. Hence, thermodynamic data

of these intermetallic compounds are of interest.  Enthalpies of

formation of a number of intermetallic compounds of U-Ga,

Th-Ga, La-Ga, Ce-Ga, Y-Ga and Ca-Ga systems were deter-

mined, using high temperature liquid metal dissolution calori-

metry and precipitation calorimetry. The Gibbs energies of

formation of  intermetallic compounds, CaGa4 and Ca3Ga8, were

also determined by molten salt galvanic emf cell measurements.

Phase diagram of U-Sn system was established,  using a novel

“illuminated spot technique”.  This method was also used to

establish phase diagram of Ru-Sn alloys.

Fast reactors use sodium, a highly reactive element, as

coolant. Corrosion and mass transfer in coolant circuits is

determined by the chemical behaviour of the dissolved non-

metals, mainly oxygen and carbon, in sodium, in addition to

the parameters associated with the coolant flow. Liquid sodium

coolant is quite compatible with structural steels when the

dissolved non-metallic impurities, particularly oxygen and

carbon, are low. However, when levels of oxygen and carbon

in sodium are high, significant corrosion and carburisation can

occur. The chemistry of liquid sodium and the thermochemical

properties of  the reaction products have to be understood  to

minimise corrosion in liquid sodium. Systematic studies on

various phase diagrams of interest, and measurement of

thermochemical properties of various compounds were,

therefore, undertaken. It is significant to note that almost no

data on many of these systems are so far available. For

instance, literature data on the ternary Na-M-O systems (M=Fe,

Cr, Ni, Mn and Mo) were incomplete before the studies were

taken up. Thermodynamic data on relevant compounds and

the ternary phase diagrams of the Na-M-O systems have been

established by adopting a multitude of techniques.

Thermochemical data measured on different compounds

confirmed that sodium chromite, NaCrO
2
, would be the only

ternary compound likely to be formed under normal operating

conditions of a sodium coolant circuit. Interaction of the

dissolved carbon in sodium with chromium was also explored,

and phase stability diagram of Na-Cr-O-C system was

constructed.

Electrochemical meters can be used for continuous

monitoring of hydrogen levels as well as for detecting any steam

leak into sodium in the coolant circuit of a fast reactor.  At the

beginning of a steam leak, the expected change in hydrogen

level would be of the order of a few tens of ppb per minute.

The electrolyte to be used in the electrochemical hydrogen

meter must possess thermal and thermodynamic stability, and

have good hydride ion/proton conductivity under the operating

conditions. In order to identify a suitable electrolyte, phase

diagrams of potential binary systems, such as CaCl2-CaH2, LiCl-

CaCl
2
 and LiBr-SrBr

2
, were established, using differential

scanning calorimetric experiments. The ionic and electronic

conductivity of CaCl
2
-CaH

2
 and CaCl

2
-LiCl-CaH

2
 electrolytes

were determined by impedance spectroscopic analysis and

polarization experiments.  Based on these studies, suitable

electrolyte systems have been chosen for use in the

electrochemical hydrogen meters.

High Temperature Mass Spectrometry

Chemistry of the fuel in a reactor is of great complexity

because of the formation of a large number of fission products.

This is of special significance in the case of oxide fuels used in

fast reactors due to the high burn-ups reached, resulting in

formation of significant amounts of fission products, and high

temperatures and temperature gradients prevailing in the fuel

pins. The occurrence of many competing chemical interactions

between the fuel and the fission products, amongst the fission

products themselves, between the fission products and the clad,

and finally, between the fuel and coolant, in the event of a clad

failure, make the chemistry of  fast reactor fuel a challenging

subject of study. To understand  various aspects pertinent to

these chemical interactions, it is necessary to have basic

thermodynamic data  generated for  both condensed and vapour

phases of many substances. High temperature mass

spectrometry offers a convenient means of  obtaining such

information.
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Knudsen Effusion Mass Spectrometry
A Knudsen effusion mass spectrometer  was set up in 1982,

to initiate a programme of systematic studies on

thermochemistry of the fuel and fission product compounds.

Besides measurement of vapour pressures and thermodynamic

properties, basic aspects of vaporisation chemistry are also

investigated in detail. An electron bombardment furnace was

used to heat the sample kept in a Knudsen cell, and the vapour

effusing into  the ion-source was ionised by electron impact.

From the measurement of ion intensities as a function of

electron energy, temperature and composition of samples,

various properties were deduced.

Extensive studies were conducted on binary systems M-Te

(M = Fe, Cr, Ni, Mo, Mn), which are of great relevance

because the fission product tellurium is known to induce

chemical  attack on the clad. These studies yielded information

on vaporisation behaviour, composition ranges of existence  and

important thermodynamic properties for many telluride phases,

which are non-stoichiometric in nature. Furthermore, these

served to deduce the threshold tellurium potentials for formation

of telluride phases on the austenitic stainless steel clad. These

studies reveal that attack of tellurium on the stainless steel

clad would occur if the O/M ratio of the mixed-oxide fuel were

to become even very slightly hyperstoichiometric, say,  2.0002.

Studies on fission product elements, Te and Se, rendered it

possible to identify the clusters Te
x 
(x = 2 to 7) and Se

y 
 (y = 2 to

9), and determine their partial pressures as well as sublimation

and atomization enthalpies.

Vaporisation chemistry associated with condensed phase

transitions of congruently vaporising systems, wherein  atom

fractions of  elements in the vapour and condensed phases

are equal, can be quite fascinating. During the course of a

phase transition,  vaporisation  could become  incongruent,

and  this  change from  congruent  to incongruent vaporisation

might  cause unusual and counter intuitive effects. One such

example is the Mn-Te system. The study of Mn-Te system

provided good understanding of vaporisation behaviour of

manganese mono telluride during congruent vaporisation and

phase transitions α ↔ β, β ↔ γ   and   γ ↔ δ at 1228, 1293 and

1323 K, respectively.

 Knudsen effusion mass spectrometer

 Electron bombardment furnace used for heating the samples
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Laser Induced Vaporisation Mass Spectrometry
The Knudsen effusion mass spectrometry system could

explore  vaporisation behaviour only up to a temperature of

~ 2500 K.  However, vapour pressure at very high temperatures

(> 3000 K) is one of the key properties which are required for

analysis of hypothetical core disruptive accident. A laser

vaporisation mass spectrometry system was set up in 1994.

Vapour pressures of UO
2
, UC, ThO

2
 and graphite were

measured at ultra high temperatures (3000-6000 K), utilizing

quadrupole mass spectrometer.  Later, indigenously developed

reflectron time-of-flight mass spectrometer was also

incorporated in this facility. By coupling this mass spectrometer

with laser ionisation, the feasibility of determination of boron

isotope ratio non-destructively in the control rod samples was

demonstrated through measurement of isotope ratios in solid

samples of B
4
C. The versatility of this facility is such that it could

also be utilized for other applications, such as preparation of

thin films of sensor materials, viz., CaZrO
3
, electronic polymers,

vanadium oxide, etc.

The overall facility consists of three UHV chambers, a target

chamber, where the sample is held on a XYZ manipulator, for

constant rastering, a QMS chamber to get the time-resolved

mass spectrum of the vapour species generated on laser

vaporisation of the target. The MALDI chamber holds the sample

whose time-of-flight mass spectrum is obtained on laser

desorption/ionisation.

Dynamic Effusion Mass Spectrometry
Thermodynamic data of binary rare earth dicarbides are

very essential for  prediction of chemical states of the rare earth

fission products in the irradiated mixed carbide fuels.

Conventional methods of determination of thermodynamic data

for rare earth dicarbides suffer from the high reactivity of these

compounds with air and moisture. A new method termed

“Dynamic effusion Mass Spectrometry” was developed to

determine enthalpies and free energies of formation of such

reactive carbides. In this technique, a highly compacted pellet

of the sample, containing an intimate mixture of the oxide,

carbide and/or graphite, is heated to high temperatures in a

high vacuum chamber, to generate the carbide in situ. It was

shown that the rate of release of CO(g), measured as a function

of time, can be related to the equilibrium pressure of CO(g) for

the given phase field, at that temperature. Using this novel

technique, equilibrium CO pressures were measured over

different rare earth oxide-graphite-rare earth dicarbide phase

fields, viz., lanthanum, cerium, neodymium and  samarium. The

Gibbs energies of formation and the enthalpy of formation of

the dicarbides were subsequently derived. These data are

immensely useful in predicting the formation of rare earth

dicarbides and sesquicarbides in the mixed carbide fuels.

Thermochemical Modeling

Experimentation with radioactive materials, especially air

sensitive materials, such as actinide carbides and alkali metals,

and that too at high temperatures, is a very challenging task.

While thermochemical data on fuel and coolant materials are

required as a function of various parameters, it is often not

possible to obtain all the data through experimentation. In such

situations, theoretical modeling becomes an invaluable tool to

the chemist to generate reliable thermochemical data in

extended ranges, from the available experimental data.

During the early eighties, when the decision was made to

use a mixed carbide of uranium and plutonium as the fuel for

FBTR, it was also realised that very little relevant data were

available in literature.  To ensure that the fuel could safely be

operated in the reactor at required power levels, it became

necessary to embark on a judicious combination of experiments

and modeling to obtain the necessary data. The modeling work

was undertaken at BARC as well as IGCAR, and the data

provided the confidence to employ mixed carbide as the fuel

for FBTR. The fact that the fuel has now reached a burn-up of

as high as 147,000 MWd/t, without any fuel pin failure, stands

testimony to the success of the approach adopted.

The fuel for PFBR and the next few fast reactors would be

uranium-plutonium mixed oxide. Therefore, modelling of the

thermochemical properties of mixed oxide was also taken up

at IGCAR, especially with a view to analyse possible chemical

interactions of the fuel with the cladding and with the sodium

coolant.

Modeling of Uranium-Plutonium Mixed Carbide Fuel

Preparation of (U,Pu) mixed carbides is conventionally

carried out by carbothermic reduction of the oxide, at about

1700-1900 K. The reduction proceeds through many
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Mixed Nitride Fuel : U-Pu-N-C-O System
Conversion of mixed carbide to mixed nitride is one of the

candidate head-end processes for reprocessing the carbide

fuel, since dissolution of nitride fuels in nitric acid is free from

the complexities introduced by the formation of organic

compounds during dissolution of carbides. Calculations were

carried out to find out whether (U, Pu) mixed carbide can be

totally converted to (U, Pu) mixed nitride, by reacting with

nitrogen, assuming ideal solution behaviour for all the solid

solutions present in the system. Results of the calculations

indicate that conversion of mixed carbides to mixed nitride is

thermodynamically feasible.

Preparation of the nitride fuel by carbothermic reduction of

oxide under flowing nitrogen results in dissolved nitrogen,

oxygen and carbon as impurities. Calculations on the

U-Pu-C-N-O system indicate that critical control needs to be

exercised over oxygen and carbon impurities for synthesis of

nitride fuel as a single phase.

Solubility of Oxygen in Sodium-Potassium Alloys
Sodium-potassium alloy is used as a cold trap heat coupler

in the auxiliary cooling systems of liquid metal cooled fast

reactors. Presence of oxygen in NaK alloy enhances the rate

of corrosion of the structural materials. A knowledge of solubility

of oxygen in NaK is required to understand the process, and

control the oxygen level below the threshold value. Solubility

data were generated experimentally by equilibration method

for Na-K55 and Na-K78 alloys. Interestingly, the dependence

of solubility on temperature, for both the alloys, was found to

be same. This system was modeled, using available theories

for the dissolution of strongly interacting solutes in  binary

metallic solvents. It was shown, from the theory, that the

solubility of oxygen in Na-K55 and Na-K78 is expected to be

nearly the same, as observed in the experiment.

Solvent Extraction Chemistry
Solvent extraction, also known as liquid-liquid extraction, is

almost a century old technique. It will not be an exaggeration

to mention that nuclear industry and nuclear fuel cycle

operations, such as ore extraction, spent fuel reprocessing and

waste  recovery, are beneficiaries of solvent extraction. Due to

the nature of operations in nuclear fuel cycle, for example, high

levels of radioactivity, need for high decontamination, safety in

operation, etc., the extractant and diluent are chosen based

on stringent considerations of properties, such as chemical and

radiation stability, low aqueous solubility, low viscosity, optimum

density, etc.

Among the solvent extraction processes employed in nuclear

fuel cycle, the most important one is PUREX process for

recovery of both uranium and plutonium from irradiated nuclear

fuels. The process uses 30% tri(n-butyl) phosphate (TBP)

solution in an inert diluent, such as n-dodecane, or a mixture

of heavy normal paraffins, to extract both uranium and plutonium

from the spent fuel. The PUREX process demonstrates

tunability of solvent extraction chemistry by manipulation of the

valency states of plutonium. In another important process, the

Acid THOREX process, a 3-5% TBP solution in n-dodecane, is

used to selectively extract 233U from thorium.

Third Phase Formation

Though TBP has been in use for over fifty years in fuel

reprocessing, it suffers from some disadvantages for

reprocessing of fast reactor fuel. Fast reactor fuels are irradiated

to high levels of burn-up, and also have high Pu content. TBP

is known to form a third phase during extraction of macro levels

of Pu from nitric acid medium. Formation of the third phase

causes hydrodynamic disturbances in the contactors, and may

lead to criticality accidents. Thus, a detailed knowledge of this

phenomenon is essential for the design of process flow sheets

for fast reactor fuel reprocessing, to ensure that third phase

formation does not take place at any stage.

A systematic study of the third phase formation was initiated

in the early eighties.  These studies  yielded data on the limiting

organic concentration (LOC) of Pu for third phase formation,

which were used to finalize reprocessing flowsheets of the fast

breeder reactor fuel. The studies carr ied out include

determination of the safe loading limits of plutonium in 30 %

TBP, as a function of a variety of parameters, such as the nature

of the diluent, the total nitrate concentration, ionic strength of

the aqueous phase, alcoholic and aromatic phase modifiers,

co-extraction of uranium and extractant structure. Interesting

and useful empirical correlations of the limiting concentrations

with structural properties of the diluents were achieved in these

studies. While aiding the prediction of the LOC for a given
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extraction system, the data also enabled us to arrive at a

detailed understanding of the phenomenon itself.

Another problem posed by TBP, which is of considerable

concern, is its high aqueous phase solubility. This has caused

many accidents during raffinate evaporation, and called for

additional washing of raffinate streams. Several alternative

candidates for TBP which do not pose the problem of third phase

formation and aqueous solubility, were developed. It was

demonstrated that the higher homologues of TBP, such as

tri(n-amyl) phosphate (TAP) and tri(isoamyl) phosphate (TiAP),

could be used for high levels of Pu loading, without third phase

formation. Extensive data on thorium extraction enabled

empirical modeling of the third phase formation behaviour in

thorium   nitrate system, which has helped in understanding

the phenomenon better. Extensive studies on tracer extraction

of uranium, plutonium and thorium have confirmed that the

extraction behaviour of TAP is identical to that that of TBP. These

studies paved the way for counter current experiments, using

mixer settlers, and it is expected that the new extractants could

be used in future fast reactor reprocessing plants if these

solvents meet other requirements also.

Partitioning of minor actinides, which are produced in the

uranium/plutonium based fuels, is a challenging task. Several

extractants, such as carbamoyl methyl phosphine oxides

(CMPO), malonamides, trialkyl phosphine oxides, tetra-alkyl

diglycol amide, etc., were investigated. CMPO, which is a

superior candidate, also suffers from the problem of third phase

formation. Therefore, it is used in conjunction with a high

concentration of TBP (1.2 M) to avoid third phase. Use of such

high TBP concentration results in handling large phosphate in

the spent solvent. Studies have indicated that use of TAP at

much lower concentrations (Ca. 0.9 M) helps avoiding third

phase.

U-Th Separation

Uranium-thorium separation is an important step in the

nuclear fuel cycle, as future power programmes would focus

on thorium utilisation through generation of 233U. In the case of

U-Th separation using the Acid-THOREX process,  TBP, which

has hither to been employed, does not offer adequate

separation. Additional tail end steps involving ion-exchange are

required. Batch and counter-current extraction studies carried

out with isomers of TBP, such as Tri(sec-butyl) phosphate

(TsBP), showed that it is indeed possible to get very high

separation of uranium from thorium, using such branched

extractants.

Studies on the solution chemistry of actinides resulted in

introducing innovations to improve the process performance

as well as in the recovery of many by-products of fuel

reprocessing. The initial parameters for the fuel reprocessing

plant at Trombay were optimized in BARC, and a large team of

Radiochemists was posted at the reprocessing plant during

the initial campaigns.

Amides and Diamides as Promising Extractants

N,N dialkyl amides have received particular attention as

alternative extractants to TBP, in view of (i) the innocuous

nature of their degradation products, viz., carboxylic acids/

amines, and (ii) the possibility to incinerate the used solvent,

leading to reduced volume of secondary waste. In addition, the

physicochemical properties of this class of ligands can be tuned

by  judicious choice of alkyl groups. Most of the work reported

earlier on amides refers to either aromatic or substituted aliphatic

hydrocarbons, employed as diluents, which are not suitable for

reprocessing due to their poor radiation/chemical stability.

An attempt has been made to investigate (a) linear dialkyl

amides, like dihexyl octanamide, as an alternative to TBP in

PUREX process and (b) branched dialkyl amides, like 2-(diethyl)

hexyl isobutyramide, as an alternative to TBP in THOREX

process.

In the context of actinide partitioning, a number of penta-alkyl

malonamides, namely, N,N,N’,N’-tetrabutyl undecyl malona-

mide, N,N,N’,N’-tetrabutyl dodecyl malonamide, N,N,N’,

N’-tetrabutyl tetradecyl malonamide and N,N’-dimethyl-N-N’-

dibutyl tetradecyl malonamide (DMDBTDMA), were

synthesized. Efficacy of these extractants was evaluated for

extraction of Am(III) from nitric acid medium. N,N’-dimethyl-N-

N’-dibutyl tetradecyl malonamide was found to be the most

promising malonamide at 3-4 M HNO
3
,  the acidity at which

high level waste (HLW) is usually stored. Therefore, elaborate

work was undertaken to study the distribution behaviour of

actinides and fission products, using N,N’-dimethyl-N-N’-dibutyl

tetradecyl malonamide.
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Link C8

In Hindu mythology, water is worshiped as God Varuna.  It is

nature’s magic elixir, which supports immense and diversified forms

of life.  But it can also be so corrosive that it can disintegrate the

toughest metal.  As a chemical, it is unique and is incredibly stable.

Its physical and chemical properties are extremely complex.  Since

it can absorb and release more heat than most common

substances, it is used extensively as a heat transfer fluid in many

industrial operations, thermal and nuclear power plants, etc.

Understanding its chemical interactions with the construction

materials of the system, mainly metal alloys coming in contact with

water, has over the years, assumed great importance.  This is so,

because such interactions, generally referred to as corrosion, affect

the integrity as well as heat transfer characteristics of metal alloy

pipes carrying water.  In nuclear power plants, water is also

responsible for transport of radioactivity and its depositions on the

out-of-core surfaces, causing man-rem  problems.

Reactor Water
Chemistry
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Water, available abundantly on earth, and a good heat

transfer medium, is used in nuclear reactors to transfer heat

from the core to the steam generator.  It is further used to

produce steam, and turn the turbines to generate electricity. In

order to use it in critical facilities, like nuclear reactors, water

should be ultra-pure. While acting as a heat transfer medium,

water is raised to temperatures of the order of 300°C, and this

promotes interaction between water and structural materials,

leading to the formation of ionic and particulate corrosion

products.  Since the structural materials are iron based, in

general, the corrosion product oxides are either magnetite or

ferric oxide, depending on the reducing or oxidizing chemical

environment of the coolant media.  Nuclear reactors are unique

in the sense that the coolant passes through the reactor core

where intense neutron radiation prevails.  This results in

activation of the suspended and dissolved corrosion products

during their transit through the core. Activated corrosion

products so generated get transported to out-of-core surfaces,

and get deposited.  Being radioactive nuclides emitting gamma

rays having high energy (» a few MeV), they pose radiation

hazards for the  operating personnel in nuclear installations. It

is necessary to reduce and control the build-up of such radiation

levels in operating power plants.  When one compares nuclear

power installations with thermal power installations, it becomes

obvious that the build-up of radiation field on the inner surfaces

of the structural mater ial is the only unique problem

differentiating the two.  DAE has initiated extensive research

and development to address and solve this problem of

radioactivity build-up in Indian nuclear  reactors.

Reactor Water Chemistry

Decontamination Studies of Boiling Water Reactors
Work on chemical decontamination of stainless steel primary

systems of boiling water reactors (BWRs)  was initiated in the

beginning of 1990s.  V2+ based low-oxidation state metal ions

(LOMI) being very effective reducing agents, methodologies

for preparation of solutions of V2+-LOMI were developed in

BARC, at both laboratory and Pilot Plant scales. LOMI

formulations were compared, for their dissolution behaviour,

with organic acid based reductive formulations.  Oxide film

dissolution studies on representative oxide film bearing

stainless steel surfaces, removed from the actual BWR primary

system components, were carried out, to evaluate the feasibility

of the formulations. These culminated in the development of a

decontamination methodology, and its successful application

in the clean-up system of Unit-2 of Tarapur Atomic Power

Station. This task, carried out during August-September, 2000,

involved several stages, such as the  pre-treatment stage, an

alkaline permanganate stage, an intermediate citric acid wash

step, followed by a reductive-complexing dissolution of the

oxide, using citric acid - EDTA-Ascorbic acid. The main

equipment in the  system, namely, the regenerative and non-

regenerative heat exchangers had shown Decontamination

Factors (DFs) of the order of 5-10. In the heat exchanger room,

the background  radioactivity decreased by a factor of 2.

Following  successful execution of clean-up system decontami-

nation, the Tarapur Power Station authorities proposed

decontamination of a much larger recirculation system involving

secondary Steam Generators and part of the reactor vessel

as the next task. A formulation  involving acid permanganate

for pre-oxidation and nitrilotriacetic acid-ascorbic acid for

dissolution was developed.

 TAPS Unit-2 clean-up system decontamination loop
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The Earliest Problem Tackled in this Area

An important problem related to water chemistry and

bio-fouling appeared during early stages of operation of

CIRUS Reactor. In order to overcome biological slime

formation in the light water coolant system of the  reactor,

potassium dichromate (about 300 ppm) was added as per

the advice of AECL, Canada.  However, this led to another

problem wherein the chromate ion was decomposed in the

radiation field of the reactor, and chromium (III) hydrous

oxide was precipitated on the fuel clad surfaces. This

reduced the coolant flow and heat transfer, resulting in fuel

element failures.  Extensive research and development work

was conducted in a short time frame, and having identified

the root cause as chromium based deposit formation on the

fuel surfaces, a special chemical solution was formulated to

dissolve the  deposit by circulating it through the coolant

channels. All the fuel elements of the reactor were chemically

cleaned, and made fit for further use in  the reactor.

Considering development of nuclear energy in the world, it

was remarkable that such an operation whereby an entire

fuel charge was made re-usable, was carried out, for the

first time ever. This is a unique contribution to be proud of.

Potassium dichromate was removed from the coolant in

subsequent operations, and since then CIRUS fuel

experienced no such problem.

DAE Committee on Steam and Water Chemistry

(COSWAC)

A committee  to formulate guidelines for  research and

development activities in the field of water chemistry,

review the operational chemistry of operating nuclear power

plants, and render advice on good practices of Chemistry

Control during commissioning, operation and decomm-

issioning stages, was set up.

Aluminium Turbidity Removal from Dhruva Coolant

A serious problem in the field of water chemistry arose

towards the end of 1985, during early operation of  Dhruva

reactor.  Due to vibration of the fuel elements, the aluminium

cladding eroded and corroded at a much faster rate than

originally envisaged, which resulted in the formation of very

fine particles of sparingly soluble aluminium hydroxide in

the heavy water coolant. The normal organic ion exchange

resins employed in the primary coolant purification in Dhruva

reactor were found to be ineffective in removing these

turbidity generating particles. The aluminium turbidity

problem became acute, as radioactive fission products

released from the eroded failed fuel got tagged to this

turbidity.  This caused high radioactivity in the coolant, which

made even the low-power operation of the reactor very

difficult. It thus  became imperative to free the heavy water

coolant of the aluminium turbidity.  The problem was solved

by the development of a magnesium based precipitated

ion exchanger. A weak acid resin, in Mg form, was loaded

with  Mg(OH)
2
  in the pores and outer surfaces of the resin.

Laboratory experiments showed that the precipitated ion-

exchange resin was an excellent absorber for Al turbidity.

In two operational sequences, sixty tonnes of heavy water

coolant of the Dhruva reactor was purified of all its turbidity,

without taking heavy water out of the coolant circuit. This

technology development ranks among one of the best in

the world.

TAPS Recirculation System: Chemical Decontamination

Investigations were carried out to develop a process for

decontamination of the recirculation system of Tarapur Atomic

Power Station (TAPS). This is expected to reduce the radiation

field observed in the recirculation lines and in the secondary

steam generator (SSG). After detailed investigations, a

formulation based on permanganate, nitrilo triacetic acid and

ascorbic acid mixture, was proposed. Ion exchange columns

and heat exchangers of the existing clean-up system could be

used for the process. Exhaustive investigation was carried out

to evaluate various types of ion exchangers to remove metal
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The DCD technology so developed and standardised for Indian

PHWRs has enabled saving of man-rem as well as foreign

exchange. In addition, this technology is now available for

others to use elsewhere in the world.

NAPS Moderator System: Chemical Decontamination

A peculiar problem was faced in the moderator system of

Narora Atomic Power Station (NAPS), wherein hot spots were

seen in different inner surfaces of the piping and equipments

of the moderator system. This is unusual, because moderator

system is a low temperature system made of stainless steel,

and none of the reactors of similar design has shown activity

levels of significance. Particulate cobalt from the ball and screw

mechanism (made of stellite) was found to be the cause of the

localized radiation fields.  A process to remove the particulate

activity was developed. Experiments carried out with powders

of Stellite-6 and Stellite-3  showed that a multi-step process

that uses permanganic acid and Nitrilo triacetic acid as chemical

reagents, can dissolve both particulate and deposited

activities. These observations were also confirmed by

electrochemical techniques. The compatibility of structural

materials, such as stainless steel and cupronickel, was  verified.

Simulation experiments were carried out in the SIM loop, to

demonstrate its effectiveness in engineering scale. The process

is ready for implementation.

Control of Radiation Field Build-up by Chemistry

Management
 It is mandatory to reduce the rate of radiation field build-up

in nuclear reactors by modified chemical control regimes during

regular operation of the reactors, instead of short-term

measures, using DCD process.  The key process responsible

for release of metal is transportation of corroded metal ions

across the impervious oxide film. Modification of the external

water chemistry environment results in incorporation of specific

passivating ions in certain parts of the oxide film, called grain

boundaries. Such incorporation reduces transport of metal ions

from the metal to the bulk water through the oxide interface.  In

this way, inventory of radioactivable metal released to the

coolant is controlled.  As a consequence, the rate of radioactivity

build-up is also reduced. This methodology is called metal ion

passivation.  Metals, like Zn, Ni and Cr, are known to behave in

ions, radioactive contaminants and  added chemicals after the

decontamination. Capacity values of strong base ion  exchange

resin for various complexes were determined. Similarly,

capacities of the strong acid cation exchange resin for various

metal ions were determined. Based on these studies, the three-

cycle-dual-step process is to be implemented for achieving

good DF.

Chemical Decontamination in Pressurized Heavy
Water Reactors

Chemical decontamination is a process that is able to

reduce the radiation field build-up, and provide relief to radiation

workers on a temporary basis. This method is adopted prior to

every annual shutdown so that the man-rem expenditure is

reduced for the plant. Chemical decontamination removes

radioactive deposits by dissolving the deposited oxide layer

itself in a controlled manner. In order to achieve  this, an acid,

a complexant and a reductant are required. The reductant

reduces the metal ion in the oxide, and destabilizes the oxide

lattice. The complexant solubilizes the metal ions by

complexation, while concurrently the protons released combine

with the lattice oxygen to form water. Usually, organic  reagents

are used for this purpose, and they are employed at a

concentration level of 1.0 g/lit, to minimise base metal corrosion

and waste volume; hence the name dilute chemical

decontamination. Experiments were  carried out to ascertain

quality assurance for dilute chemical decontamination (DCD)

technology in various areas, like material compatibility, kinetics

of oxide dissolution, method of chemical injection, radiolytic

decomposition, ion exchange processing of waste and

quantification of the efficacy of the process. Several campaigns

were carried out in the pressurized heavy water reactors

(PHWRs) of Madras Atomic Power Station (MAPS) and

Rajasthan Atomic Power Station (RAPS) in the past decade,

achieving  good decontamination factors. The formulation,

presently standardised, is based on a mixture of nitrilo triacetic

acid (1.0 g/lit), with a provision to regenerate the chemicals

through strong acid cation exchanger.

The final purification and termination of DCD campaign is

carried out, using mixed bed ion exchanger. The waste so

produced is disposed off in a retrievable sub-surface disposal

yard, called tile-hole, which has multiple impervious barriers.
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this manner, by either blocking the grain boundary or forming

specialized phases of oxides, which  have less release

capability in high temperature environment. Incorporation of

zinc ions in the protective oxide layer covering the stainless

steel structural material piping resulted in making those oxides

more impervious to corrosion release of metals.  Simulated

studies proved this fact subsequently.  However, it is still not

clear as to how these metal ions at such low concentrations

act to improve the passivity. When one shifts from boiling water

reactors to pressurized water reactors, be it light or heavy water

cooled, there is a basic change in the operating chemistry of

the primary circuit. In the reduced alkaline environment

prevailing in  pressurized water reactors, stability of added metal

ions to remain in dissolved states is questionable due to low

solubility. In order to apply this methodology successfully to

Indian nuclear reactors, conditions of PHWR in the high

temperature loop were simulated to arrive at optimum conditions

of metal ion passivation. A few  experiments carried out in static

autoclave showed that Mg2+ ions also could form a  protective

ferrite layer on carbon steel.

Metal-ion passivation studies carried out on different

austenitic stainless steels and martensitic stainless steel in

presence of injected Zn2+and Mg2+ showed that Zn additive not

only inhibits cobalt pick-up, but also restructures an existing

oxide. Addition  of Zn
2+

 resulted in greater reduction in radiation

field build-up than that of Mg
2+

.

Protective oxide layers, like magnetite, nickel ferrite, etc.,

have certain porosity, which can be improved by a variety of

ways, like improved hot conditioning and such other methods.

In addition, it is well known now that nanoparticles exhibit

completely different properties as compared to micrometer

sized particles, in terms of transport of electronic and ionic

conduction. Hence, such nanoparticle assemblages on the

surface of metals should provide  better passivation to the

underlying metal. Several techniques, like micro emulsion

method, hot conditioning under complexant medium, etc., for

synthesizing oxide particles in the nanometer range are being

explored. X-Ray Diffraction, Mossbauer, Electron Spectro-

scopic techniques are used for characterisation of these

ferrites. XRD indicated that the size of the nanoparticle is less

than 20 nm. Mossbauer data revealed their super paramag-

netic behaviour.

On-line Measurement of Water Chemistry Parameters at

Reactor Primary Coolant Conditions
On-line measurement of chemistry parameters and utilisa-

tion of expert systems for water chemistry management will

also help  reduce the radiation field build-up rate. There are

three key parameters that define the chemical environment,

namely, specific conductivity, pH and the redox potential. The

total content of ionic impurities is measured by monitoring

specific conductivity. Corrosion is promoted by an increase in

ionic impurities in general. The corrosive nature of the medium

is reflected in the pH of the medium. The redox potential tells

about the oxidizing environment resulting in specific localized

attacks on metals. A high temperature on-line chemistry

monitoring system (TRENDCHEM) that can measure pH,

conductivity, redox  potential, specimen potential at the primary

coolant system temperature and pressure conditions

(300°C and 100 bar pressure) was tested, in a ‘high temperature

high pressure engineering’ system. This kind of on-line

chemistry parameter measurements would be of immense use

to understand the high temperature chemical properties of water

coolant and high temperature corrosion phenomenon, as well

as develop diagnostic software for managing the various

coolant chemistry parameters.

Development of Expert System for Water Chemistry

Diagnosis in Power Plants
DAE is participating in an international effort to standardise

a methodology for quantitative evaluation of water chemistry

 On-line high temperature water chemistry monitoring system
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data from power plants, with a view to develop an EXPERT

system specifically suited for pressurized heavy  water reactors.

Data acquisition, storage, evaluation, validation and diagnosis

are the main tasks of this code. The code will accept data from

both on-line instruments and also from grab sample analysis.

There are three major systems, namely, primary heat transport

system, moderator system and steam generator system, for

which the code is applicable. The advantage of this code is

that it is user friendly, and a plant engineer will immediately be

able to get a feel for the problems arising due to chemistry

control regime changes, and gets sufficient time for corrective

action. Implementation of quick remedial actions results in

extension of the plant life.

Water Chemistry Under Accident Conditions
Following the Chernobyl nuclear accident, it became

apparent that safety of Indian PHWRs needed  re-evaluation in

the light of events that occurred during the Chernobyl accident.

The Zr-Water reaction at high temperature producing H
2
 was

considered with respect to the containment dilution volumes

available in our PHWRs. Under uniform mixing conditions, it

became evident that the H
2
 concentration in containment volume

was < 4% V/V, which is the lower limit of flammability. Thus,

radiolysis under accident conditions was found to be a minor

contributor to the hydrogen problem.

Steam Generator Chemistry and Chemical Cleaning
Steam generator (SG) is one of the important components

of water cooled nuclear power reactors. The steam generator

tube acts as a primary boundary to radioactive water. On the

secondary side, water boils to produce steam and, therefore,

concentration of the impurities present in  water increases.

Especially, substantial increase in concentration of potentially

dangerous chemical constituents can occur in crevices present

on surfaces of the SG tubes. Initiation of a tube puncture or

crack under such a condition is not unlikely. In  order to prevent

such failures, the all volatile chemistry employed presently in

the SGs need to use amines, like ethanol amine, which provide

not only high pH in boiler water, but also in the condensates.

In addition, such amines are compatible with condensate

polishing units. A methodology was evolved for testing ion

exchange resin compatibility with All Volatile Amine (AVT)

reagents, which are employed in the secondary circuit.

Speciation of metals ions, like copper, in the presence of

different volatile amines was studied to understand

electrochemical  reduction behaviour of copper, which has a

great bearing on its deposition on steam generator surfaces. A

few copper complexes were also characterised, using

techniques, like uv-visible, ESR and NMR spectroscopy. Use

of ethanol amine (ETA) in MAPS resulted in improved water

chemistry on the secondary side, and  reduction in the number

of regeneration cycles for condensate polishing units.

Notwithstanding these improvements, accumulation of

sludge (corrosion products) on the tube sheet as well as over

the tube surfaces can not be ruled out. In order to prevent tube

failure, and also to improve heat transfer efficiency, it is

mandatory to perform periodic chemical cleaning of the SGs.

WSCL has completed quality assurance studies related to

steam generator chemical cleaning with reference to the

efficiency of oxide dissolution and material compatibility for

MAPS type SGs, containing hairpin shaped heat exchangers.

The procedure uses two chemical steps, namely, EDTA and

hydrazine based formulation for iron removal, and EDTA and

hydrogen peroxide based formulation for copper removal. The

procedure is poised for engineering scale application in reac-

tors, and, in fact, it can be applied in any of the Indian reactors.

Cooling Water Studies
Marine and fresh water research is being carried out to deal

with  problems associated with the use of natural water as indus-

trial coolant, and develop appropriate control methods. These

studies can broadly be classified under two major categories,

operational problems and ecological problems. Biofouling

(marine growth) in  condenser cooling circuits of coastal power

plants, condenser slime formation, scaling and biocorrosion in

cooling water circuits constitute the operational problems.

Environment related work  includes thermal ecology studies in

the vicinity of power station outfall and bioremediation of wastes.

One of the difficulties that affect day-to-day operation of

power stations, such as MAPS, which use sea water for

condenser cooling, is biofouling. This results in decreased avai-

lability of cooling water for steam condensation. After a careful

study, a chlorination regime based on continuous low-dose

application was recommended, and is being practiced at MAPS.
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Pit formation on titanium surface in presence of sulphate
reducing bacteria

Extensive data were also generated on biological aspects of

major fouling species, such as mussels and barnacles, and

also their response to chlorination. Another major achievement

was  development and standardisation of a larval culture and

bioassay protocol using Balanus reticulatus, a major fouling

barnacle at Kalpakkam. In addition, a circulating seawater

facility, called the Biofouling Test Loop Facility, was designed,

built and commissioned at Kalpakkam, with which major

operational problems, like biofouling and biocorrosion, can be

studied under controlled conditions.

The service water system of FBTR had encountered

extensive metal loss and pipe plugging due to corrosion in its

carbon steel lines. The root cause of corrosion was identified

as microbial organisms belonging to iron oxidising and sulphate

reducing types of bacteria. These were responsible for

extensive pitting and tubercle formation inside the service water

system. In contrast, stress corrosion cracking of admiralty brass

condenser tubes in Rajasthan Atomic Power Station (RAPS)

was caused by nitrate reducing bacteria present in the

condenser slime. Recent work showed that titanium, generally

known to be resistant to pitting type of corrosion, can be

attacked by sulphate reducing bacteria.

Studies on Biofilms
Biofilms, complex surface-associated biological

communities, mostly consisting of microscopic organisms, are

found in all aquatic systems. Any surface exposed to water

body develops biofilm. The biofilm, in turn, promotes adhesion

of macrofoulants.  Factors that promote colonisation of micro

and macrofoulants on metal surfaces need to be identified so

as to develop effective control measures.  Colonisation pattern,

species succession and nutrient dynamics in biofilms growing

in natural freshwater environments as well as cooling water

systems were studied. Novel insight into the significance of

nutrient chemistry of the biofilm matrix, as against the bulk

water chemistry, in influencing species succession was the

highlight of these studies. Investigations on biofilm growth in a

eutrophic environment, vis-à-vis that in a non-eutrophic system,

underscored the importance of nutrient chemistry in biofilm

development.

Experiments were carried out to understand development

of 3-D architecture in bacterial biofilms, using confocal laser

scanning microscope. The influence of biofilm architecture on

gene transfer in biofilm systems was also studied, using dual

fluorescent labeled bacterial cells. Genetic markers, GFP and

DsRed, were successfully used for monitoring conjugal gene

transfer at single cell level, and for tracking the fate of genetically

modified donor strains released into a laboratory sequencing

batch biofilm reactor. Such studies are important, because

biofilms have tremendous biotechnological applications. Gene

transfer is considered an attractive option to increase the ability

of bacterial biofilms to degrade toxic chemicals in the

environment (bioremediation).

Environmental Effects of Thermal Discharges into

Coastal Marine Environments
Steam electric plants reject large amounts of heat to cooling

water in the process of steam condensation. Nuclear plants

require, on an average, about 3 m3 of cooling water per minute

per megawatt of electricity generated. As once-through cooling

systems are most economical means of condensing

exhaust steam from turbines, there is an increasing tendency

for nuclear as well as fossil fuel power plants to be located in

coastal areas, so as to make use of the cheap and abundant

seawater for condenser cooling. With increasing emphasis

being given to augmentation of power generation through coal-

thermal and nuclear routes, it is only likely that the quantum of

heated effluents discharged into our aquatic systems would

increase in the coming decades. The effluents thus discharged

may have a temperature of up to 10oC above the intake water
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temperature. The discharged water, may, therefore, have an

impact on the ecology of the receiving water body. Therefore,

Ministry of Environment and Forests has stipulated thermal

water quality standards, whereby  release of heated effluents

into natural water bodies is regulated. All plants are expected

to comply with these standards.

As of today, there are just two nuclear power plants that use

seawater for condenser cooling, while the rest use either river

water or lake water. Tarapur Atomic Power Station (TAPS), on

the west coast, and Madras Atomic Power Station (MAPS) at

Kalpakkam, on the east coast, are seawater cooled reactors,

while the proposed Prototype Fast Breed Reactor at Kalpakkam

and the Kudankulam nuclear power plants, being built at

Kudankulam, will also use seawater as the tertiary coolant. With

increasing concern of the regulatory bodies and the scientific

community, on one hand, and eagerness of the plant designers

and operators to produce power at economical rates on a

sustainable basis, on the other hand, it is imperative for the

scientific community to examine the issue of environmental

impact of the hot effluents into tropical coastal marine

ecosystems, and come out with data and observations that

can provide input for a sound thermal water quality regime. A

meeting, convened at Kalpakkam, to discuss these issues, was

attended not only by members of legislative bodies, power plant

designers and operators, but also by a number of researchers

from various universities and national laboratories. The

conclusion that was arrived at the end of the meeting was

unanimous that scientific data available within the country was

not sufficient to form the basis for setting sound regulatory

standards. The onus was on the scientific community to

generate the data in the quickest possible time.

DAE, being the torchbearer in the area of sustainable and

environmentally friendly means of power generation, had long

ago realized the importance of natural aquatic systems in

maintaining the overall quality of human life. BARC took the

initiative to fill up the data gap. Board for Research in Nuclear

Sciences (BRNS) agreed to fund a Coordinated Research

Project (CRP) on Thermal Ecology Studies (TES) in the vicinity

of power plant discharge points. Major collaborators in this

initiative are several coastal universities as well as national

laboratories under CSIR and ICAR. Two sites, Kaiga and

Kalpakkam, where intensive field and laboratory studies are

going on, to collect data on the environmental impact of hot

effluents on the receiving water bodies,  are identified. Scientists

and research students of these collaborating institutions

undertake periodic cruises in the sea, river, or dam site at Kaiga,

and collect data on hydrographic parameters, microorganisms,

phyto- and zoo- plankton, benthic organisms and fishes.

Representative organisms are also subjected to simulated

temperature shock in the laboratory, and their responses are

recorded. To make the study complete, mathematical modeling

is also being carried out to understand movement of thermal

plume in the water body under varying conditions. This co-

ordinated research project, a fine example of  inter-laboratory

collaboration to address an issue of national significance, is

being spearheaded by the Department, and has already

resulted in generation of a large database. Ultimately, this

database can form the basis on which regulatory bodies can

fine-tune the existing thermal water quality standards.

Studies at Kalpakkam (with MAPS discharging its condenser

cooling water into the coastal Bay of Bengal) as the focal point,

are co-ordinated by Water and Steam Chemistry Laboratory

(WSCL). The research activities include regular boat cruises

in the coastal water to study spatial and temporal changes in a

host of environmental parameters, such as temperature, pH,

salinity, dissolved oxygen, nutrients, plankton and primary

productivity. Distribution of benthic (bottom-living) organisms

is also being monitored periodically in an effort to understand

long term effects.

The results of this scientific endeavour are quite interesting,

and demonstrate the usefulness of Kalpakkam as a natural

laboratory to scientifically examine issues related to thermal

stress on coastal marine environments. The cooling water

flowing out of condensers of MAPS, amounting to about

35 m3/s (design value), is released through an outfall structure

on to the shore. It forms a canal and runs along the shore for a

considerable distance, sometimes as much as 2 km, before

joining with the sea. The canal formation takes place because

of the natural development of a sand bar between the

discharged water and the main sea, caused by the transport of

littoral sediments, mainly sand, by waves and currents. This is

a wonderful natural laboratory to study the effect of thermal

discharge at a site, and its subsequent return to normalcy. In

order to study the total impact on the marine ecosystem, one
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needs to look at a host of organisms. However, it is not possible

to study the effect on each and every species in the sea. Often,

it is quite informative to select an indicator species that exhibits

a predictable response to a given stress factor. At Kalpakkam,

the sand crab (also known as the mole crab), Emerita asiatica,

was chosen as the indicator species. It is a fairly large

crustacean, and is widely distributed in sandy intertidal regions

all over the world.

Though termed a crab, it is not a commercial species, and

is rarely eaten by human beings. But, it plays a central role in

the sandy shore ecosystem. Being a resident of the intertidal

belt, the part of the shore between the high and low tide levels,

the organism is eminently suited as an indicator species,

because at Kalpakkam, impact of the  hot effluent is maximum

in this area. Moreover, the crabs are easy to collect, using a

shovel and a sieve. The females, often seen with bright orange

coloured egg mass attached to the under side of their body,

are much larger than the males.

Monitoring studies revealed that adjacent to the mixing point,

the intertidal area was denuded of mole crabs. Obviously, the

crabs find the temperature (about 36-38°C) not very comfortable

for living. But some distance away from the point, where the

temperature was 33°C or less, they started  reappearing. More

importantly, when the mixing point shifted as a result of littoral

drift, the previous impact site was quickly re-colonised. This

proves that the damage caused by thermal discharge was quite

localised, and no permanent damage is inflicted on the coast.

Repeated analysis of physical and chemical characteristics

of the coastal waters at Kalpakkam over a period of fifteen

months showed no detectible changes attributable to the

discharge from the power plant. Small changes observed in

chemical or biological parameters due to flow of water through

the condenser are restored to the ambient values by large

dilution occurring at the mixing zone, and, therefore, the coastal

waters as such are not affected. Moreover, the above changes

are restricted to a small zone inside the protected area.

Detailed sampling showed no adverse effects in the coastal

waters in terms of primary productivity or benthos distribution.

In addition to field studies, laboratory experiments, where

candidate organisms are subjected to temperature stress, are

also undertaken. Selected organisms include bacteria,

microalgae, benthic invertebrates (including mole crabs) and

fishes. Such experiments  give an  idea about the maximum

permissible temperatures. However, apart from direct lethal

effects of the elevated temperature, there can also be indirect

(sub-lethal) effects that are not immediately visible to the eye.

These subtle ecosystem level effects of increased temperature

on the marine flora and fauna are studied at a mesocosm facility

at Kalpakkam.

Mole crabs and bivalve molluscs collected from an intertidal
sampling site near Kalpakkam.

 A female mole crab bearing brightly coloured egg mass
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Chemical Speciation
Chemical speciation is defined as identification and

quantification of all the species of a particular element that

together make-up the total concentration of that element in the

system under investigation. Thus, chemical speciation describes

the composition, i.e., type and concentration of various chemical

forms of an aqueous solution. Chemical speciation depends

on various factors, like structure of the system, pH, temperature,

ionic strength and time.

Biological impact, geo-chemical cycling and toxicity of an

element in natural and industrial waters are dictated by its

physicochemical properties, which, in turn, depend on chemical

speciation. In nuclear industry also, speciation plays a crucial

role in separation, purification and extraction of radioactive

elements as well as reprocessing technology. Recently,

phytoremediation (using plants) of uranium-contaminated soils

was explored, and it was found that only the uranyl ion, which

forms a solution, in the soil, under acidic conditions, was

accumulated in plant tops. Similarly, speciation studies have

shown that iodine contamination resulting from a loss-of-coolant

accident (LOCA) can be controlled by destabilizing cesium

iodide complex by maintaining a low ratio of cesium-to-

molybdenum in an oxidising atmosphere such as steam.

There are mainly two approaches available for speciation

studies:   (i) thermodynamic calculations and (ii) experimental

methods. The theoretical approach involves use of measured

concentrations of  total metal ions and  ligands, pH, redox

potential of the medium and thermodynamic parameters, like

equilibrium constant K, ∆H for the reaction, etc., to calculate

equilibrium partitioning of the dissolved elements among the

ligands. A number of computer codes are available for this.

The experimental approach is based on a par ticular

physicochemical property of the species. By combining a variety

of physicochemical separation procedures, a large number of

speciation schemes were devised. Since identification of

discrete chemical compounds is not generally possible, only

fractionation into a few classes of compounds exhibiting similar

physical, chemical, or biological, properties was carried out as

a preliminary discrimination.

Speciation Studies of Copper with Some Volatile Amines:
Its Relevance to Nuclear Power Plants

 pH is one of the key parameters that should be monitored

and controlled to preserve the integrity of  Steam Generator (SG)

tubes. The steam generator/boiler water circuit assumes

importance as SG tubes form the boundary between the primary

radioactive coolant and the secondary non-radioactive water.

Any corrosion damage to the SG tubing can result in spreading

of radioactivity to the secondary system, and leakage of costly

heavy water in the case of Pressurized Heavy Water Reactors.

Copper containing alloys were used for SG tubing and also for

condensers/heat exchangers because of their relatively low cost

and high resistance to corrosion. However, copper-related

problems, like pitting under sludge piles, denting at tube supports

and intergranular attack/stress corrosion cracking (IGA-SCC) in

the SG circuits, were encountered at many nuclear installations.

Notwithstanding these problems, copper alloys continue to be

used the world over for SG/feed water circuits. Indian PHWRs

are no exceptions.

Water chemistry, in a typical Indian PHWR, is controlled

currently by Zero Solid Treatment (ZST) method, i.e., All

VolatileTreatment (AVT) with Condensate Polishing Plant (CPP)

in most of the SG/feed water circuit. In the all volatile treatment,

volatile chemicals are added to the boiler feed water to maintain

pH in the range 8.5 - 9.5. Organic amines are generally used

for this purpose, as these not only hydrolyse to give the required

pH range, but also volatilise and condense with the first droplet

of the condensate so as to give protection to the entire steam-

water circuit. The amines are selected mainly on the basis of

various factors, like basicity, volatility, thermal stability, etc.

However, these amines form metal-amine complexes with metal

ions, arising from system materials, and can influence their

corrosion rates. Metal ions that come into solution due to

corrosion of system materials are complexed by the hydroxyl

and AVT amine groups, which stabilise not only the species to

different extent, but also favour a particular oxidation state of

the metal ion, depending on the nature of the amine. Since the

state of oxidation, complexation, hydroxylation and stability of

the complexed species control the transport and deposition of

metal ions in the reactor circuit, metal-amine speciation studies

with reference to copper are very important.
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Ion Exchange and Sorption Studies
Ion exchange characteristics of alkali, alkaline earth and

transition metal ions on polystyrene based gel-type

macroreticular and nuclear grade resins and fluorocarbon

based Nafion membrane were studied in aqueous, non-

aqueous and mixed solvent media. The state of water and

solvent present in the resins was investigated by hydrogen

isotope effect during dehydration of alkali metal forms of the

resins, which gave useful information on the primary and the

secondary hydration shells around the ions, and their

temperature effects. The ion exchange selectivity could be

explained on the basis of distribution of water in the exchanger

as bound or free water. Studies on the equilibrium and column

characteristics of different indigenous resins provided

information on their relative efficiency to selectively remove

alkali and alkaline metal ions present in low-level radioactive

wastes.

Polymers functionalised with different ligands were prepared,

and their efficacy to remove transition metal ions present in

trace concentrations in aquatic environments was evaluated.

The effect of preparation conditions, the salt, precipitant,

pH,  etc., on surface chemical characteristics of hydrous oxides

of Zr, Fe (Fe
3
O

4
, Fe

2
O

3
 ), Ti, Th, Bi and Ce were studied in

detail. Water sorption isotherm was used to characterise surface

groups present on the as-prepared material. Sorption of alkali,

alkaline earth and transition metal ions and anions on these

oxides was studied. Some of the anion exchange systems  were

irreversibile. Surface chemical and sorption characteristics of

hydrous mixed oxides of Bi-Th, Fe-Co, Fe-Ni, Fe-Cr, etc., were

also studied. Bi-Th mixed oxides showed anion exchange

properties in alkaline solutions. The ones  relating to Fe-based

materials are relevant to activity transport and decontamination

of coolant circuits of nuclear reactors.

Extensive studies on the sorption of U on hydrous oxides,

like effect of pH, anions, etc., led to the proposal of a new surface

hydrolysis model to explain the effect of pH on sorption

properties of multivalent cations on hydrous oxides. This model

was validated for other hydrous oxide-metal ion systems. A

new hydroxo-sulphate species of U was also proposed, and its

formation constant evaluated. Sorption of U by different

hydrous sulphides was also studied because of its relevance

to recovery of uranium from seawater.

Other  Ion Exchange and Sorption Studies

� Hydrous titanium oxide was incorporated in an ion

exchange resin, and used to remove radioactive turbid-

ity circulating in the primary heat transport system of a

research reactor.

� Y-Ba-Cu-O superconductors in mixed-solvent media were

found to retain their  structure and other properties after

incorporation of other ions.

� Effect of ionising radiation on sorption of alkali metal ions

and U on the hydrous oxides indicated that the overall

sorption depends on the nature of  ions, oxide and solu-

tion conditions. Oxides of Fe tend to peptise during these

processes. Ammonium phosphomolybdate (AMP) lost its

structure, which, however, resulted in an improvement in

the selectivity for Cs.

� Uranium oxide was surface chemically treated with a car-

bamate and H
2
O

2
 on a pilot plant scale (100 kg), which

brought about an improvement in the quality of sintered

pellets made out of them.

� Based on detailed studies, a method was proposed to

recover valuable U and Pu from the ‘debris’ present in

the spent fuel storage tank of the reactor system.

� Solvent extraction of U, using amines and other

extractants, was studied (from chloride, sulphate, nitrate

solutions) by conventional techniques as well as by non-

dispersive technique (NDSX), using hollow fibre

contactors (HFC). In the latter case, the selective removal

of U, Pu and Am present in reprocessing waste streams

by NDSX-HFC technique was studied extensively.
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Link C9

The systems available in nature often consist of several

constituents. Behaviour of such systems depends on the nature

and quantity of various constituents present therein. As such,

analytical measurements for identification and quantification of

constituents of the materials are essential for technological

exploitations thereof. Analytical chemistry has, therefore, evolved as

one of the most interdisciplinary branches of chemical science,

contributing to developmental activities in various fields of science,

technology and industry. Analytical scientists cater to the demands

of quality assurance, materials development, fuel characterisation,

textile technology, food and agricultural technology, mineral industry,

pharmaceutical industry as well as socially relevant areas, like

criminology, toxicology and pollution monitoring. In the realm of

nuclear technology, the need for strict adherence to specifications of

fuel, structural materials as well as moderator and coolant chemistry

has ensured a prominent role for analytical chemists.

The present-day demand on technologies to be environment friendly

has enhanced the importance of analytical chemistry in all

technology related issues. Typically, in a thermal power station,

sulphur content of coal is an important factor influencing selection of

the fuel, as it contributes to the phenomenon of acid rain, or related

environmental problems, like presence of high sulphur dioxide, or

suspended particulate matter in air. Quality check on materials for

procurement, compositional characterisation of unknown materials,

process control by monitoring reactant/product concentration,

assessment of the nature of catalysts in use, if any, and monitoring

environmental pollution are some of the activities requiring  attention

of analytical chemists.

Analytical
Chemistry
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Analytical Chemistry in the Development of Nuclear

Technology
 Chemistry plays a vital role in the nuclear fuel cycle, from

prospecting for nuclear materials, fuel processing and

fabrication to reprocessing and waste management. Services

of analytical chemists are required for analysis of geochemical

resources for U, Th, Zr, rare earths and Be, preparation of

nuclear grade uranium dioxide powder, quality control of

materials for fabrication of cladding, calandria, heat exchange-

rs, etc., fixing water chemistry, formulation of shielding materials

and selection of geochemical repositories for waste burial.

The widely divergent needs necessitate the use of many

different analytical techniques and development of specific

analytical procedures. The very low tolerance of nuclear fuels

for boron, cadmium and rare earth elements, the possibility of

neutron induced radioactivity or material damage, the

susceptibility of solvents to radiolysis-induced effects and the

need for substantial purification of metals, before their use in

nuclear reactors, have made analytical requirements very

stringent. Even traces of radioactive activation products, like

Co, Mn, Ni, Cr, Na, etc., can give rise to problems in

maintenance of the reactor system in a nuclear power station.

Moreover, disposal of the used components in the case of a

nuclear power station is more difficult, since they may have

residual radioactivity. For example, the presence of traces of

cobalt in iron can lead to generation of radioactivity in the iron

or steel component, which necessitates its safe storage for a

sufficiently long time, even running to years, before the material

can be disposed off. Obviously, all these problems can be

avoided by proper material selection, whether it is water, heavy

water, structural components, or the nuclear fuel itself. This

makes analytical characterisation desirable, before, during and

after the use of the material. It is, therefore, understandable

that analytical chemistry is the nucleus for many chemistry

related activities in the nuclear  reactor programme.

Prospecting and Processing of Minerals for Uranium
A major aspect of work carried out during the early period

centered on analysis of uranium in various ores and minerals,

analysis of monazite sands for thorium and rare earths, and

analysis of minerals for zirconium and hafnium. In view of the

classified nature of the work, only meager information was

available from published literature, and, therefore, methods of

analysis had to be developed and validated. Absence of

sophisticated instrumentation accentuated the problem. Some

of the research programmes initiated included the use of

solvent extraction and ion exchange with radioactive tracers,

ion exchange studies on the formation of uranium carbonato

complexes and recovery of uranium through this method.

Analytical Chemistry

Analytical chemistry is often considered as the cornerstone

of chemistry and chemical technology. Knowledge of com-

position of materials is essential at various stages of

development of a technology in order to fine-tune the same.

Sensitivity, precision, accuracy and speed are the key words

for analytical chemists. A significant part of developments in

the field of analytical chemistry to-date has been directed at

improving these aspects of analytical procedures. The relevant

research in DAE has kept pace with international developments,

and well-equipped analytical laboratories providing quality

analytical data are functional in the Department. Analytical

capabilities ensuring detection and quantification of consti-

tuents present at one billionth of  the overall composition is

possible in some of these laboratories.

High Purity Uranyl Nitrate  Prepared for
the First Time

Kilogram quantities of high purity uranyl nitrate were

prepared, for the first time, in 1955, by ether extraction,

and this served as the starting material for the metal

production. 1955 was also a landmark year in the sense

that the first International Conference on the “Peaceful Uses

of Atomic Energy” was held in Geneva, with Dr. Homi J.

Bhabha as the Chairman. One technical paper from the

Analytical Section of the Chemistry Division, dealing with

the ion exchange recovery of uranium as a carbonato

complex, was presented at the conference.
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Quality Check on Structural Materials
Development of procedures for analysis of structural

materials, like steel, zirconium and its alloys, chromium,

titanium, molybdenum, nickel, etc., was also taken up. This

ensured  close interaction between the chemists and the

metallurgists. The expertise gained from such interactions was

also beneficial to other organisations, like Hindustan Zinc Ltd.,

for solving their extractive metallurgical problems with the help

of analytical inputs from BARC. The confidence gained from

these activities ensured that analytical chemistry programme

in BARC became recognised nationally and internationally.

Analysis at Improved Detection Limits
Stringent requirements of newer and sophisticated

technologies for improved material specifications have placed

heavy demands on achieving better detection limits for

analytical procedures. There is also an ever-increasing demand

for widening the scope of analysis in terms of the variety of

materials analysed, e.g., metals and alloys, organic and

inorganic materials, nuclear materials, biological and

environmental samples, high purity compounds, gases, solution

samples, etc. Detecting and quantifying a few micrograms (parts

per million) or nanograms (parts per billion) of the analyte in

gram quantities of the matrix is the order of the day for analytical

chemists. This is all the more true in the context of technologies

related to nuclear energy. The scenario is similar to that of the

persistent demand for improvement of signal-to-noise ratio of

electronic instruments. The problem can be tackled by

appropriate chemical treatment of the sample to remove the

matrix, and use of sophisticated instruments, with improved

detection sensitivity, for analysis. Various analytical laboratories

of DAE are constantly endeavouring to have the best analytical

capabilities, by making available trained personnel and

sophisticated instrumentation. Simple home-made instruments

tailored to meet specific analytical requirements were developed

in the 1960s and 1970s. Slowly, in keeping with technological

progress, modern sophisticated instruments were added to the

repertoire of various laboratories to ensure analytical coverage

of most of the elements in the periodic table, in a wide

concentration range, from percentage to ppb levels. In addition,

instrumentation to meet the requirement of specialized

analytical determinations, e.g., surface characterisation and

profiling, particle size distribution, surface area and thermal

stability data, were also developed, or procured.

Trace, Ultra Trace and Nuclear Material Analysis
The challenge of developing procedures for trace and ultra

trace analysis is being met by continuous research and

develpoment  in various spheres of analytical chemistry.

Indigenous development of analytical instruments was also

Installation of a spark source mass spectrometer during the late
1960s

Ultra Trace Analysis Facility (UTAF)

An important aspect of analysis at very low detection

limits is the requirement for significantly low blank levels.

The contribution to the blank from environment and analyst,

besides that from the reagents, becomes important in this

context. In order to meet these needs for the analysis of

high purity materials, BARC has set up the UTAF at Trombay.

UTAF is operating in a specially designed clean laboratory

equipped with features to minimize blank levels. The

laboratory, meets class 1000 criteria with class 100 laminar-

air-flow benches located within. The laboratory is equipped

with Graphite Furnace Atomic Absorption Spectropho-

tometer (GFAAS) and electroanalytical instruments to

facilitate analysis at ppb levels.
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TABLE-1

Commonly Used Analytical Techniques

Technique/Instrument Typical Samples Analyte level/characteristic

Gravimetry Zirconia, silica % level

Volumetry Steel for Cr content % level

Spectrophotometry Fe, Ti , etc. ppm to % level

Atomic Absorption Spectrophotometry (AAS) Aqueous solutions of various inorganic matrices ppm

Graphite-Furnace Atomic Absorption Solution samples of high purity materials ppb-ppm

Spectrophotometry (GFAAS)

Inductively Coupled Plasma-Atomic Aqueous solutions of  various inorganic ppm

Emission Spectroscopy (ICP-AES) matrices

Mercury Analyser and Hydride Generation Solution samples of Hg, As, Se, etc. ppb

Atomic Absorption Spectrophotometry (HGAAS)

X-ray Fluorescence (XRF) Metals and solid inorganic compounds ppm to %

Instrumental Neutron Activation Analysis Geological materials ppb-ppm
(NAA)

Radiochemical Neutron Activation Environmental materials ppb-ppm
Analysis (RNAA)

Cyclic Voltammetry and Pulse Polarography Aqueous solutions of various inorganic matrices ppm
Differential Pulse Anodic Stripping Voltammetry Environmental samples, high purity materials ppb
(DPASV)

Gas Chromatography Gases, transformer oil ppm to %

Ion Chromatography Solution samples, heavy water ppb

Elemental Analysers for C, S, N, O, H Metals and alloys, uranium, etc. ppm

CHN Analyser Organometallic compounds %

Simultaneous Differential Thermal Inorganic compounds, polymers and other Thermal stability data

Analysis-Thermogravimetry-Evolved Gas organic compounds, organometallics

Analysis (DTA-TG-EGA)

Particle Size Analyser Powder samples Particle size distribution data

Surface Area Analyser Powder samples, oxides Surface area data

Inductively Coupled Plasma-Mass Solution samples ppb-ppm
Spectrometry (ICP-MS)

Glow Discharge Mass Spectrometer (GD-MS) Solid samples ppb

High Performance Liquid Pesticides and other organic compounds ppm
Chromatography (HPLC)
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taken up as a part of this initiative. Methods were developed,

or standardised, for analysis of environmental materials,

biological fluids, like blood or serum, and high purity materials,

like arsenic, gallium, silicon, gold and copper. Since sample

dissolution is a basic step in analysis,  the  use of various

dissolution procedures was also evaluated with respect to

reduction in contamination introduced through reagents.

The work on high purity materials is a major activity.

Optimisation of analytical parameters for estimation of metals

by GFAAS, and standardisation of methods for estimation of

trace impurities in various high purity materials, like U, Th, gold,

rare earth elements, copper, etc., using NAA or GFAAS, were

carried out. Ion exchange procedures were used extensively

for effective separation of impurities from matrix materials.

Matrix separation methods were developed for purity

assessment of high purity gallium, arsenic, antimony, cadmium,

tellurium, indium and precursors, like arsenic oxide.

An ultra trace analysis laboratory (UTAL), the first of its kind

in the country, was designed and built at Hyderabad, totally

indigenously, to provide metal-free, ultra clean working

areas better than Class 10. This feature enables

measurements down to parts per billion and lower levels of

concentration of impurities in high purity materials and also in

specific environmental and biological samples. The laboratory

is equipped with special arrangements for preparing and handling

high-purity water (resistivity > 18 MΩ) and high purity acids,

 A mercury analyzer developed for commercial production

necessary to keep the blank values at ppb levels. Trace analysis

of high-purity materials of interest to microelectronics

industry, important in view of the detrimental effects on the

performance characteristics of the end products even at ultra

trace levels of elemental impurities, was taken up. Studies

related to trace element characterisation of high-purity materials,

using GFAAS, ICP-MS and GD-MS, were carried out. A

combination of separation and pre-concentration approaches

is used, typical for the given matrix, such that the process blanks

are very low, enabling purity assessment up to 6N+ levels.

The laboratory was also actively involved in the IAEA

coordinated research project (IAEA CRP) on “Validation and

application of plants as bio-monitors of trace element

atmospheric pollution, analysed by nuclear and related

techniques” during the period 1998-2002. The usefulness of

lichens, moss and higher plants as bio-monitors of atmospheric

pollution was studied, and, in addition, information on the

mechanism of mercury uptake in the lower plants was obtained.

Secondary reference materials using coriander, lichen and

moss are also being prepared in this laboratory.

Bioremediation of toxic elements, research projects on

speciation of arsenic, chromium and mercury, determination

of trace elements in naphtha samples and development of slurry

atomization techniques that eliminate the troublesome ashing

step were undertaken. Speciation studies are important since

bio-availability of trace elements depends on their oxidation

state and actual chemical form, which, in turn, determine their

nutritive value/toxicity to organisms.  Determination of trace

elements in naphtha assumes significance because of the

deleterious effects of elements, like V, P, Ni, As, Pb and Hg,

on the cracking catalysts, even at very low  concentrations. A

A home-made instrument used in the early 1960s for carrying out
electroanalytical measurements
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methodology involving introduction of the sample into

ICP-MS as an emulsion with 2-3% Triton X 100 was developed

to achieve sub-ppb limits of detection for V, Co, Ni, As, Hg

and Pb.

The GD-QMS set-up in the laboratory was used to provide

validation support to the production of Zr-Nb alloys by Nuclear

Fuel Complex, through direct analysis of chlorine and boron at

sub-ppm levels. Analytical parameters were optimized to

provide depth profile and concentration information on thin

coatings, like CrN on steels, and for the study of diffusion of

Ni in Si.

A number of research and development programmes to cater

to the needs of indigenous industry were taken up. A field kit

for determination of fluoride in drinking water was developed.

Optimized analytical procedures  for determination of platinum

and rhodium catalysts used in feedstocks as well as in the used

catalyst batches were developed. Determination of trace

metallic impurities in platinum-rhodium catalyst, a major require-

ment in fertilizer industry, complete compositional analysis of

litharge, including ceramic alumina, to support manufacture of

good quality picture tubes for colour television sets, and

formulation of procedures for determination of impurities in raw

as well as high purity quartz powder were carried out. A simple

room temperature triple acid leaching system for purification of

raw quartz by chemical leaching was developed. In situ vapour

phase chemical attack was developed as a means of digestion/

dissolution and matrix volatilisation of high purity arsenic oxide,

 A sub-boiling unit developed for high purity acids

Centre for Compositional Characterisation

of Materials (CCCM)

The CCCM was set up in Hyderabad, to meet the fol-

lowing objectives:

� Carry out advanced research in analytical sciences

� Provide specialized analytical determinations down to

parts per billion (ppb) levels of concentration

� Offer validation support to analytical efforts in areas, like

environment, forensic, materials and life sciences

� Impart training to analytical scientists

� Supply reference materials

� Provide consultancy service to industries in process

optimization and product evaluation.

The Centre was conceived based on the expertise gained

over the last four decades on development of analytical

instrumentation, novel analytical methodologies and inno-

vative applications, with a fine blend of chemistry and phys-

ics, to provide compositional analysis of very high purity

materials, especially in the 6N-7N range of purity, in the

absence of any such facility until the early eighties. The

project had an overall outlay of rupees 15 crores.

Determination of Mercury at Parts Per Trillion Levels

Mercury remains one of the most often determined toxic

elements in the environment. Environmental impact of

mercury is well brought out by the Minamata Bay disaster.

Entry of mercury in organic and inorganic forms into the

food chain necessitates development of extremely sensitive

techniques for determination of mercury. A novel ‘collect

and punch’ cold vapour ICP-MS method was developed at

UTAL, whereby mercury, reduced to elemental form with

SnCl
2
, is collected in a glass chamber prior to injection into

the plasma, and the signal is measured in the time

resolved acquisition mode. The method enabled a 10-15

fold enhancement of sensitivity compared to continuous

vapour injection mode of analysis. A detection limit close to

6 ng/l (parts per trillion) is achieved by this method. The

method, having a precision of about 2%, eliminates memory

problems associated with amalgamation approaches

involving trapping of mercury on gold, and subsequent

release into the analyzer by heating.
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Phyto/Bio-sorption Studies for the Remediation

of Cs, Hg and Sr from Waste Solutions

Uptake of various trace elements by lichens and moss

was investigated. Moss and lichens exhibit very good

uptake of Cs and Sr. Hence, the possibility of

decontamination of radioactive cesium and strontium from

actual low level radioactive waste (LLW) solutions was

explored. These studies indicate that Cs and Sr could be

removed quantitatively under optimized conditions.

Coriander (Coriandrum Sativum) is found to have very

high absorption capacity for mercury, and can be used for

preconcentration of mercury from various waste waters. The

sorption of inorganic and organic mercury on soil fungus

(Asprgillus niger) was studied with a view to develop this

into a bio-remediation medium for industrial waste water

containing mercury.

 GD-QMS system

A Field Kit for the Determination of

Fluoride in Drinking Water

Fluoride content in ground water in various parts of the

country is a matter of great concern. Excessive fluoride in

drinking water is known to cause fluorosis. Hence,

monitoring of its content in drinking water becomes very

essential. It is generally estimated by using ion selective

electrode. A method which is inexpensive, rapid and feasible

for field application is desirable. Bleaching of zirconium

xylenol orange complex in acid medium was developed as

a suitable method. The method developed can be used to

determine fluoride content by monitoring  colour of the

complex visually. The visual method takes less than a minute

to approximately determine the fluoride content. A visual

colourimetric detection kit, especially suitable for field tests

of tube wells as well as for checking saturation levels of

defluoridation units,  was developed.

gallium arsenide, germanium, selenium, quartz, boric acid and

boron  for ultra trace level impurity characterisation of these

matrices.

Centre for Compositional Characterisation of  Materials

(CCCM) has also developed a resonance ionization mass

spectrometer (RIMS), consisting of excimer pumped dye lasers,

indigenously developed time-of-flight mass spectrometer

(TOFMS) and atomic beam source. In addition to obtaining

isotopic information, using very small quantities of samples,

the Centre is focusing on development of  RIMS as a tool for

ultra trace analysis. This is  important in diverse fields, such as

bio-medical and environmental sciences. Two state-of-the-art

RIMS systems, namely, “Ultra-sensitive RIMS” and “Rare

Isotope RIMS” are currently being set up. A reflectron geometry

time-of-flight mass spectrometer (RGTOFMS), suitable for ultra-

trace analysis, has been designed and fabricated. This system

is being integrated with other accessories.

The RIMS facility was used to carry out two-colour resonance

ionisation of isotopes of lithium  and  strontium and odd isotopes

of gadolinium. Isotopic selectivity calculations, using spectral

simulation and density matrix approaches, were carried out on

several systems to validate experimental observations, and
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 Resonance ionisation mass spectrometer

 Reflectron geometry time-of-flight mass spectrometer

make theoretical predictions. Schemes for selective ionisation

of 91Zr, using pulsed lasers, were also worked out. Besides,

software for hyperfine interaction studies was developed.

Boron carbide is an important nuclear material, as it is used

in nuclear reactors for control rods and as a shielding material.

A volumetric method  for estimation of boron in boron carbide,

after it is fused with fusion mixture and treated with conc.

hydrochloric acid, was developed.

Recovery of plutonium from  analytical waste solution gen-

erated during  routine electrochemical determination of uranium

in the Pu based nuclear fuel samples is difficult due to the pres-

ence of large concentration of phosphoric acid and sulphuric

acid, apart from several other metal ions. Octyl phenyl acid

phosphate, a commercially available mixture of monooctyl phe-

nyl phosphoric acid and dioctyl phenyl phosphoric acid, as well

as 1-phenyl-3 methyl-4-benzoyl-5-pyrazolone, were found to

be quite promising for quantitative extraction of Pu from the

aqueous waste solution. Experimental conditions necessary

for quantitative stripping and recycling of the extractant were

obtained.

Precise determination of milligram amounts of uranium in

presence of Pu is usually carried out by  modified Davies-Gray

method. The presence of large amounts of phosphoric acid in

the Pu recovered from analytical wastes, using the normal

procedures, renders the analysis difficult. Extensive research

and development work was carried out, and several alternative

schemes, avoiding the use of phosphoric acid, were proposed.

In one method, Zn(Hg) was used as a reductant, instead of

Fe(II), and a mixture of H2SO4 and (NH4)2SO4 as a complexing

medium, instead of H
3
PO

4
. In another case, Ti(III) was employed

as a reducing agent in HNO
3
-H

2
SO

4 
 medium. Stability of U(IV)

in sulphuric acid medium during selective oxidation of Pu(III)

and Ti(III) was ensured by using NaNO
2
 in place of conc. HNO

3

and molybdate mixture as oxidant. In the third method, Fe(III)

perchlorate was chosen as the titrant for the selective oxidation

of U(IV), as conventional oxidizing titrants fail in the presence

of Pu(III). Due to the irreversible nature of the U(IV)/U(VI)

couple, kinetics of the reaction was unfavourable and, as a

consequence, the potentiometric end point was sluggish. It was

observed that (a) the absence of the complexing anions,

e.g., SO
4

2-, PO
4

3-, (b) the presence of holding complexing agent

for Fe(II), like Ferrozine [3-(2- pyridyl)-5,6-bis- (4-phenyl

sulphonic acid)-1,2,4- triazine disodium salt], and (c) decrease

of hydrogen ion concentration to pH 2  facilitate the detection

of the end point.

Two alternative schemes were proposed for the individual

potentiometric determination of U and Pu in a single aliquot.

In the first scheme, Pu was determined by HClO4 oxidation

method, followed by the determination of total U and Pu by

Zn(Hg) reduction.  In the second method, Pu was determined

by AgO oxidation, following determination of total U and Pu by

Zn(Hg) reduction.

Electroanalytical Methods
Electroanalytical techniques were employed for both

analytical and research purposes. Some of the analytical

procedures developed include methods for determination of
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A potentiostat developed for multi-function electroanalytical
measurements

Gas chromatograph with TCD detector

Pd in deoxo recombination catalyst, Cr(III) in waste water

samples, trace levels of Ni in sea water, trace impurities in

arsenic and gallium, constituent metallic elements in micronutri-

ent fertilizers and arsenic in water samples. Newer methods

based on the use of cyclic voltammetry, DPASV, DPCSV and

modified electrodes, are also being developed. Electrodes for

on-line monitoring of uranium in process streams, or for

determination of glucose in body fluids, were developed. A

potentiostat, useful for multi-functional electroanalytical measur-

ements (d.c. polarography, square wave polarography, pulse

polarography, etc.), was developed  and a few such instruments

were made available to various laboratories and universities.

Substantial research and development work on the use of

electrochemical techniques for studies on corrosion behaviour

of carbon steel was carried out. Hydrogen embrittlement of

steel, hydrogen pick-up by zircaloy, characteristics of electrode

double layer and nature of complexes formed in aqueous

solutions were the subject matter of several research

publications. Extensive studies on the electrochemical

parameters governing the electrolysis of heavy water, using

palladium and platinum electrodes, were carried out.

Development of Chromatographic Methods
Realizing the importance of analytical tools for detection and

quantitative estimation of low levels of some of the stable

products of radiolysis and photolysis, a programme to develop

a gas chromatograph was initiated. A basic unit of gas

chromatograph (GC), consisting of a U-tube shaped separating

column  and a thermal conductivity detector, using Gowmac

filaments, was the first to be fabricated and used for analysis.

The difference in composition of the gas in reference and

sample streams caused a difference in temperature of the

Gowmac filaments located in the respective gas streams and

connected to a bridge circuit. The resulting bridge imbalance

was detected, using a moving-coil-mirror galvanometer and a

lamp and scale arrangement. In a subsequent improvement of

the system, metallic column and valves were used, and an

oven with variac-based temperature control was added.

Furthermore, detection sensitivity was improved by using a

flame ionisation detector with electrometer amplifier. Continuous

recording features were added by replacing the galvanometer

with a potentiometric recorder. This system was developed for

organic coolant project. Further design modifications resulted

in a compact unit  with high air-flow fan. The detector was

located in the oven itself and the injection port was in the

preheated carrier inlet. Four units of this type were supplied to

IIT, Mumbai, NCL, Pune, Delhi Univerisity and FIPLY, BARC.

Subsequently, a thermal conductivity detector (TCD) was

developed with home-made matched pair of filaments. An on-

line pyrolyser was also developed for the analysis of solid

samples by GC.

Dual column GC, with interchangeable dual detectors, and

facility to use TCD, flame ionisation detector, or electron capture

detector (using an indigenous tritium source), was also

developed. Mounting base of the detectors was standardised

to facilitate their use independently, either in parallel or serial

mode. This led to the first Indian prototype built commercially

by Toshniwal Bros. These GCs were extensively used for the

estimation of low concentrations of stable radiolysis products
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 Reactor cover gas analyser

 Corrosive gas analyzer (HF, fluorine, UF6 , etc.)

by a large number of researchers. GC technology was further

advanced, and an automatic preparative GC with TCD

detection, time based repetitive isothermal GC separation and

collection of selected peak components in automated mode,

through repetitive cycles, was developed.

An on-line analyser, with provision for analysing eight gas

streams,  was developed  for continuous monitoring of reactor

cover gas, helium, in power reactors to determine D
2
, O

2
 and

N
2
. Sequential analysis of any of or all the eight gas streams,

as selected by the operator, in manual or auto mode, could be

carried out. It was provided with valve station to take up sample

feed from field locations, sample conditioning unit, thermostated

sample pumping and switching module and control unit, with

program timer, facilitating  automatic baseline correction, sample

stream selection, sample injection and data display with memory

and alarm. Prototype of this unit was installed in MAPS, and sub-

sequently produced by NPCL (ECIL) for Kakrapar power station.

A corrosive gas analyser  was developed for analysis of

fluorine, HF, UF
6
, etc. Passivation of GC was done with fluorine

or ClF3. This was supplied to Chemical Engineering Division,

BARC, in 1982. All the gas wetted parts, including gas sampling

valve and flow control valves, were made from nickel, monel,

teflon and viton, and the sample flow lines were heated to avoid

condensation and choking. Filaments for TCD were made from

electroless-nickel-coated tungsten.

In 1990, a fission gas analyser was developed for FBTR,

to ascertain fuel-clad rupture on the basis of activity levels of krypton and xenon, i.e., 85, 85m, 87, 88Kr and  133, 135Xe. It involved

separation of 41Ar from krypton and xenon, with automatic

venting of 40Ar and diversion of krypton and xenon, as these

elute from the column, to the γ-scintillation spectrometer. A

microprocessor-based programmer ensured operational control

of sample injection, column switching, TCD or γ-detector

selection, selective opening of γ-spectrometer gates and dual

column operation in series and half length modes, to facilitate

faster elution of xenon.

A hydrogen isotope analyser, involving separation of the

constituents of the mixture H2/HD/T2, and then detection, was

developed for Isotope Division, BARC, in 1990. It was provided

with a low volume ionisation detector for T
2
, an on-line heated

(400oC) copper oxide reactor, to convert hydrogen isotopes to

steam, and TCD at 120oC, to detect  steam. Analysis was carried

out with the column at liquid nitrogen temperature, using helium
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 Fission gas analyzer

 Portable hydrogen gas monitor

 Multi-stream hydrogen monitor with microprocessor control

 PC based multi-stream hydrogen monitor

as carrier gas. Gas from the column outlet was routed through

the ionisation detector, CuO reactor and then TCD. A large

number of TCD based units were developed, e.g., (i) portable

hydrogen monitor for Indian Navy, with range from 0 to 8%,  to

detect hydrogen in ambient air (1972-74), (ii) three-channel

hydrogen monitor, with independent alarms and  zone specific

channel selection, for tritium laboratory, Isotope Division, BARC

(1974), enabling continuous sampling and direct reading for

round the clock operation, (iii) monitors, with on-line calibration

facility, using standard gas mixture (1984), to analyse helium

in nitrogen and nitrogen in helium for Chemical Engineering

Division for continuous monitoring of process streams in helium

recovery experiments, (iv) a multi-stream hydrogen monitor,

with microprocessor control, for Heavy  Water Project, Baroda

(1990) and (v) a PC based multi-stream hydrogen monitor for

hydrogen mitigation experiments (1996).
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Technical Know-how Transferred to Industry

� Know-how of basic gas chromatograph, with tempera-

ture programming and detectors, like thermal conduc-

tivity,  flame ionisation and electron capture, was trans-

ferred to M/s. Toshniwal Instruments (I) Ltd.

� Methodology for analysis of dissolved gases in trans-

former oil  was transferred to CPRI, Bangalore.

� Hydrogen Monitor for Indian Navy, and the know-how

for this was transferred to M/s. Elico, Hyderabad.

� On-line D2, O2 and N2 analysers for power reactors were

made by ECIL (NPCL) based on prototype developed

by  BARC.

Gas chromatography is being regularly used for the quality

control of He, as well as for determination of various

impurities in transformer oil. The level of dissolved gases,

like CO
2
, CO, hydrocarbons, etc., in transformer oil, thus

determined, provides a useful index of the extent of degrada-

tion of the oil, and hence its suitability for continued use.

Helium, due to its high thermal conductivity, chemical

inertness and radiation stability, finds extensive applications

as  blanket material, coolant and as a bonding material

between the fuel and the clad. A facility was designed, fabricated

and installed for analysis of He prior to, as well as after filling in

the MOX/FBTR fuel elements with the cover gas. Due to

stringent specifications of He purity, and restricted availability

of the sample as a bonding material in a fast breeder reactor,

the task of designing the facility was quite challenging. A vacuum

puncturing device, a sub-atmospheric gas sample transfer

facility and a chromatography data base system comprised the

essential components of the analytical assembly employed.

Microprocessor based computation was used in this work to

eliminate the positive bias  because of pressure-surge peak,

and blank corrections due to VACANCY CHROMATOGRAPHY

at each pressure. Impurities monitored in the cover gas were

O
2
, N

2
, H

2
, CH

4
 and CO, in the ppm range. It was observed that

the exchange of adsorbed gases in fuel pellets was the principal

source of contamination of the bonding gas. Experiments were

carried out to investigate this phenomenon by encapsulating a

batch of fuel pellets successively in high purity He, and

analysing for trace impurities, after equilibration periods varying

over several days. Void volume of the fuel pin as well as pressure

of the cover gas inside the fuel element were  obtained by

successive partitioning of  helium released at known volume.

Ion chromatography (IC) was used extensively for

determination of anions in water and effluent samples. One of

the main applications of this method is for determination of

chloride in heavy water. HPLC was employed recently for the

assay of standard reference materials (SRM) for pesticides as

a part of quality assurance programme of National Physical

Laboratory (NPL), New Delhi.

Substantial amount of research was carried out for

determination of trace impurities in various matrices. Two

important achievements were the determination of boron in

water samples by flow injection coupled with ion

chromatography, and that of iodide in common salt. In addition,

work is being carried out on the use of supported membranes

for separation of important metal ions. Research was carried

out, using modified membranes, incorporating crown ethers

and calixarenes, for the study of transport behaviour of alkali

and alkaline earth metals, uranium, iron, etc.

A method was developed for simultaneous determination of

ultra trace amounts of boron, fluorine and chlorine in different

nuclear fuel systems, employing ion chromatography, after their

separation by pyrohydrolysis. Erratic results obtained

sometimes for fluorine concentration, particularly in carbide

samples, were found to be due to interference from acetate

ion, which could also be produced during pyrohydrolysis.

Extensive work on optimization of experimental parameters

resulted in eliminating this small but significant interference.

Another important application of ion chromatography was in

environmental studies. An IC method was standardized for

determination of cyanide contamination, at sub-ppm levels, of

potable water. Experiments revealed that the kinetics of cyanide

decay followed a first order mechanism. The kinetics also

depended on the presence of chloride ions in water.

Studies on sulphur speciation, employing ion

chromatography with different mobile phase concentrations,

were carried out. The objective was to reduce the retention
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time of thiosulphate, without compromising resolution between

sulphite and sulphate peaks. Sulphide content in industrial

effluents and water samples from different locations was

determined by iodimetric titration, for comparing with ion

chromatographic values.

Free carbon in uranium carbide influences performance of

the fuel. A method based on combustion-cum-gas chromatogra-

phic technique was established for determination of free

(graphitic) and combined carbon (UC) in uranium metal. In this,

the sample is subjected to combustion at different temperatures.

A plot of carbon content vs. temperature gives two plateau

regions, one in the range  450 to 700°C, and another above

1000°C. The former one corresponds to the combined carbon,

and the latter to  the total carbon. The difference gives the free

carbon content.

Nuclear Methods
Neutron activation analysis (NAA)  technique was used

extensively for the study of archeological materials. In addition,

detailed analytical work on the use of this technique for

environmental applications was carried out. Analysis of hair,

body tissues or fluids, plant materials, etc., has contributed to

the  understanding of the role of metals in biological systems.

There is considerable interest in the use of this method for newer

materials, in view of its non-destructive nature and applicability

to a wide range of materials for simultaneous multi-element

analysis.

Nuclear methods were also employed for geochronology of

rocks and minerals. One of the earliest attempts was to obtain

U-Pb chemical age by  separate chemical determination of

U and Pb in geological samples. This was followed by the

setting up and operation of an Ar-Ar dating system.

Determination of uranium in geological materials was carried

out by delayed fission neutron analysis technique, using the

pneumatic facility at CIRUS reactor.

For the first time in BARC, NAA, using a single comparator

(k
o
NAA), was standardized and validated. It is now employed

routinely for multi-element analysis in varied matrices. A

database on ko factors has been developed. Methodology for

large sample analysis by k
o
NAA was developed recently, and

is  being used to analyse large samples of irregular shapes

and sizes. Short-lived nuclides are analysed, using the

pneumatic carrier facility at CIRUS and DHRUVA reactors. A

prompt gamma  neutron activation analysis (PGNAA) system

was set up,  using the guided neutron beam, and standardised.

Prompt k
o
 factors for a large number of elements have been

measured.

Cross sections of various reaction channels induced by

40 MeV α-particles and 110 MeV 16O, were determined using

different targets for the study of nuclear reaction mechanism.

The cross section data helped decipher the mechanism of

nuclear reactions induced by light and heavy ion particles.

Multi-tracers of radioisotopes were produced from Cu and Ge,

using heavy ions, 16O and 20Ne, in the energy range of 100 to

140 MeV, from VEC machine. These isotopic tracers are

produced for various investigations in chemical, biological and

medical sciences. Activation analysis using charged particles

(CPAA) is employed for determination of lighter elements in

A Flow Injection Method for
Determination of Boron

The determination of boron is very important in view of the

applications of many of its compounds in food preservation,

agriculture, metallurgy, electronics and in many industries, such

as glass and ceramics, health-care products and nuclear power

generation. Since a small amount of boron often shows a re-

markable influence on the physical and chemical properties

of the host matrix, determination of this element at low con-

centration levels is extremely important. The ICP-AES method

is perhaps the most sensitive, accurate and precise for the

purpose, but is prohibited from wide usage due to the high

cost of the instrument and its operation.  In view of this, a

simple method  based on the reaction between boric acid and

mannitol,  releasing  equivalent amount of H+ ions has been

developed. The method, adapted for flow injection analysis

(FIA), involves measurement of increase in conductivity of the

mobile phase due to the proton release. The interfering an-

ions are eliminated by conversion into chloride form and pre-

cipitation as AgCl in a silver-guard cartridge. The silver-guard

cartridge also enables elimination of interference from other

cations by exchange with silver ions and retention in the car-

tridge as shown below:

Res-Ag+ + M+Cl   →  Res-M+ + AgCl ↓
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Neutron Activation Analysis in Petrogenesis

Nuclear methods using thermal neutrons are employed

for the analysis of trace metal ions in different types of

samples, viz., geological, archaeological and biological

materials. The main advantages of these methods are the

high sensitivity and selectivity, applicability to a large number

of elements, and, more importantly, their attribute of freedom

from blank. The early research involved the determination

of analytes using a complicated radiochemical separation

procedure, followed by assay of β or γ activity. This was

soon replaced by γ-spectrometry using multi-channel

analyser and NaI(Tl) as the detector. The introduction of

HPGe detector was a major advancement in this technique

towards the simplification of analytical procedure, especially

for rock samples. Analysis of various geological samples is

being regularly carried out by this procedure. The high

sensitivity of NAA for quantification of rare earth elements

has enlarged the scope of NAA for analysis of minerals for

their petrogenesis.

metals or semiconductor materials. This method is used for

determination of depth profile of hydrogen in zircaloy.

Thin layer activation analysis (TLA) is an extremely

sensitive nuclear technique for measurement of surface loss

of materials in nanometer to micrometer range. Nuclear

reactions induced by high energy charged particles, like

40 MeV α-particles and 110 MeV 16O, produce a thin layer of

radioactivity  in the selected surface material of machine

components. The activity is monitored to determine surface

wear of the material.TLA was developed for the study of

(i) surface wear in the micron range of piston ring and cylinder

housing of an internal combustion engine, (ii) surface erosion

in the nanometer to micrometer range in metal electrodes

by high voltage (10–30 KV) electr ic spark and (iii) the

nature of wear in coolant channels made of zircaloy.

Alpha spectrometry is another important area where BARC

has made significant contributions. In this technique, alpha

emitting radioactive nuclides, such as majority of actinides, can

be monitored by measuring alpha particles emitted by them.

The energy of the emitted alpha particle is a unique signature

of the nuclide. But, unfortunately, the energy of alpha  particles

gets degraded during detection, resulting in a diffused and

overlapped alpha spectrum, where the lower energy end has

contributions from the high-energy end, thereby rendering

measurements inaccurate. With careful preparation of the alpha

source coupled with mathematical analysis of the alpha

spectrum to get accurate alpha activity ratio, the method could

be refined and made more precise.

An alpha spectrometric method for determination of Pu

was developed as an alternative to the isotope dilution analy-

sis using mass spectrometry. This method has been christened

as isotope dilution alpha spectrometry (IDAS) . The principle of

IDAS is similar to that of isotope dilution mass spectrometry. In

IDAS, indigenously produced 238Pu spike is added to Pu

Rare Earth Element Analysis by Charged Particle

Activation Analysis (CPAA)

The sensitivity of NAA, generally used for the

determination of REEs in geological samples, is lower for

Pr, Gd, Ho, Er, Dy and Tm. CPAA using 40 MeVα-particles

has been found to be suitable for the determination of sub-

ppm quantities of Pr, Sm, Eu, Gd, Ho, Er, Tm, Yb and Lu.

The γ-spectrum of the products of  (α, xn) reactions has

been utilised in the determination of these rare earth

elements. It involves a complex radiochemical separation

process to isolate the REE activity from that of the

radioactive isotopes of F, Na, Fe, Cr, Ni, Sc, Y, V, Mn, Co,

Zn, Ga, Ge, Zr, Nb and Mo. The major amount of Na activity

is removed through crystallization of NaCl from the

concentrated HCl solution. Silica is separated by evaporation

of the supernatant solution to  dryness, followed by baking

(to convert silicic acid to insoluble silica) and leaching the

solid residue with 8 M HCl. REEs are separated from the

leached solution by anion  exchange using Dowex 1X8 resin.

The eluate containing REEs is  extracted with undiluted TBP

to separate out Sc, Zr, Nb, Mo and Y. Nickel is separated

by extracting the Ni(dimethyl glyoxime)
2
 complex into

chloroform, fluoride is complexed with zirconium (ZrO2
+)

carrier and the rare earth elements left in the aqueous

solution are precipitated as oxalates. The individual RREs

are then determined using  γ-spectrometry.
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Equilibria in Complex Nitrate Mixtures at

High Temperatures

Nitrate is often the medium of liquid waste and its volume

reduction by conversion into solid form and appropriate

disposal of the residue is an important chemical engineering

problem. The heat effects involved in the calcination of

mixtures of nitrates is, therefore, of interest in waste

management operations. It was inferred from a

thermoanalytical study that complex equilibria leading to

the formation of intermediate nitrato complexes exist in such

mixtures necessitating consideration of the relevant heat

effects while designing the calciner. The study established,

for the first time, the formation of oxygen bridged nitrato

complexes in sodium nitrate-uranyl nitrate, rubidium nitrate-

uranyl nitrate and strontium nitrate-uranyl nitrate systems

that undergo polymerization at high temperatures.

solution, and the change in alpha activity ratios of Pu isotopes

is measured by alpha spectrometry. The development of IDAS

has been one of the most significant contributions of BARC

towards our efforts for self-reliance in nuclear technology.

Thermochemical and Powder Characterisation

Methods
Home-built calorimeters as well as DTA and TG facilities were

extensively used  for determination of heats of formation and

other thermochemical parameters of various compounds as well

as for  studies on kinetics of thermal decomposition reactions.

A generalised approach developed for analysis of non-

isothermal kinetics, using various thermoanalytical techniques

and equations for describing solid state kinetics models, was

widely accepted. The simultaneous TG-DTA-EGA facility

available in BARC is the first of its kind in the country, and was

used extensively during the last two decades for characterisation

of products formed during the calcination steps of fuel

precursors,  nitrate waste, rock and mineral samples, precursors

of superconducting oxides, glass, etc. These studies have

considerably helped various user departments in characte-

risation of materials, or in optimization of processes. Thermo-

chemical approaches, based on release of hydrogen and

nitrogen from molten metals or graphitic reduction of metal

oxides in inert  atmosphere, were used extensively for

determination of gaseous elements in metals and alloys.

A differential temperature gravimetric technique was

developed for determination of combined and free carbon in

uranium carbide, employing air as supporting gas at controlled

heating rates. The use of O
2
 as the supporting gas resulted in

premature oxidation of free carbon due to local heating of the

sample, caused by  exothermic oxidation of the carbide.

A home-built surface area analyzer, based on analysis of

nitrogen adsorption in static mode according to BET method,

and a particle size analyzer, based on laser diffraction method,

are being used to provide powder characteristics. These data

were very useful in the quality control of active charcoal used

by Heavy Water Board as adsorbent for oil vapour from booster

pumps in the synthesis gas feed loop. Fuel development and

catalyst development programmes in various facilities were also

benefited by such data.

Mass Spectrometric Methods
Analytical methodologies for determination of isotopic

ratios of various elements across the periodic table, starting

from Li to Cm, were established. Detailed theoretical

computations  to decide molecular ion ratios for error-free mass

spectrometric measurements in the case of Li and B were also

carried out. Mass spectrometric analysis of boron by monitoring

Cs
2
BO

2
+ ion was the first ever in the world. Other significant

and unique contribution, employing mass spectrometry, was

the development of tracer techniques for determination of

plutonium at a reprocessing plant site. Plutonium, produced in

a nuclear reactor as a result of neutron irradiation of 238U, is an

important fissile nuclide. It is also of strategic importance.

Irradiated fuel is dissolved, and the “dissolver solution” is fed

into an input accountability tank. A tracer technique developed

for accurate estimation of the plutonium content of the tank

involved addition of a known amount of tracer element, either

Mg or Pb, into the tank, mixing the solution thoroughly, and

determination of the Pu to tracer ratio in a small aliquot. Knowing

the initial amount of tracer element added, it was possible to

accurately determine the total amount of Pu present in the tank.

BARC was  first to demonstrate the feasibility of this technique

on the plant scale.
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Concentration of a given element is determined by thermal

ionisation mass spectrometry, employing isotope dilution

technique. A known concentration of the same element with

different isotopic composition from that present in the sample

is added. This added element is called “spike”. After thorough

mixing, an aliquot of the mixture is analysed for measuring the

change in the isotopic composition, from which the

concentration of the element present in the sample can be

calculated. Plutonium is no exception, and 242Pu spike was used

earlier in the isotope dilution technique. Since 242Pu spike is

now not commercially available to India, in view of many

international restrictions, efforts were made to develop alternate

spikes/techniques. It was demonstrated that Pu from power

reactors can be used as spike to determine Pu from research

reactors, and vice-versa, since Pu from the two sources had

different isotopic compositions. This led to the development of

IDAS discussed earlier.

With the advent of highly sensitive multi-collection detector

systems, it was possible to demonstrate that the limiting factor

in the uncertainty in isotopic measurements was the isotopic

fractionation. By optimizing experimental conditions, such as

reproducibility in sample loading, sample size, rate of heating,

temperature of heating and data collection time, it was possible

to realize limiting uncertainties of better than 0.01%.This

expertise in accurate mass spectrometric measurements was

fruitfully exploited on many occasions, e.g., while participating

in the international inter-comparison experiments  (IDA-72,

PAFEX-I and PAFEX-II) as well as in identifying suitable

alternative spike isotopes for Pu determination. The international

intercomparison experiments clearly brought to international

focus the expertise available in DAE. Samples containing

U and/or Pu were analysed by various international laboratories

and the results were compared. Results submitted by BARC

were among the best, and closest to the expected  values.

For an interference-free isotopic analysis of rare earth

elements, it is essential that adjacent rare earths be separated

from one another to eliminate isobaric interferences. This is an

important requirement for the determination of burn-up of

irradiated nuclear fuel. Conventionally, ion exchange separation

procedures involving three stages were being used. In the first

stage, U and Pu were separated from fission products. In the

second stage, rare earth elements as a group were separated

from other fission products. In the last stage, Nd was separated

from other rare earth elements. Extensive experiments were

carried out at BARC to understand the absorption behaviour

of rare earth elements on anion exchange resins from mixed-

solvent (methanol-water) media. Based on these, a two-stage

ion exchange separation procedure was standardised for

purifying Nd from rest of the fission products,  including other

rare earth elements, particularly Ce and Sm. The new procedure

not only reduced the time of separation, but also helped in

improving  accuracy in burn-up measurements.

This scheme of Nd separation could be fruitfully employed

in the field of geochronology also. Sub-ppm levels of Nd and

Sm were separated from granite rocks from Singhbhum region,

and the first dating measurements using 147Sm/143Nd dating pair

were reported.

Hydrogen is the lightest of all the elements, but its effect on

the performance of zircaloy coolant channels of pressurized

heavy water reactors (PHWRs) is “heavy weight”. Zircaloy

channels, over a period of continuous usage in the reactors,

can become brittle due to formation of hydride/deuteride, and

thus, severely limit life of these channels. Hence, ageing

management of zircaloy channels needs to be addressed from

the point of view of hydrogen/deuterium determination. As

India has a number of PHWRs, an accurate method for

hydrogen determination in zircaloy needed to be established.

A two-level exposure technique was developed to determine

hydrogen in zircaloy, employing spark source mass

spectrometry (SSMS). Until this method was established,

SSMS, though a multi-elemental analysis technique, was

reported to be not amenable to hydrogen determination

because of its “pre-dispersion” in the mass analyser itself. For

the first time, using the two-level exposure technique, it was

demonstrated that even hydrogen could be determined

employing SSMS.

The second method developed is based on hot vacuum

extraction-quadrupole mass spectrometry (HVE-QMS).

Necessary vacuum extraction system was fabricated

indigenously to suit the unique requirements of hydrogen

determination. As little as 10 mg of zircaloy sliver sample is

adequate for determining both concentration and isotopic

ratios of hydrogen. Hundreds of sliver samples, received from

different PHWRs in the country, were analysed by this
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technique. Isotopic data were quite useful not only in

validating the theoretical computational codes, but also in

assessing the annual deuterium pick-up rate. This exercise

demonstrated the symbiosis between research and its

immediate direct application.

Surface and Profile Measurements
Surface characterisation providing information on the

nature of elements, their chemical state, composition and lateral

as well as depth distribution has assumed greater significance

in the wake of rapid strides made in thin film technology in

recent years. There is a large diversity in the configuration and

dimensions of surfaces, thickness ranging from sub-

nanometers to several microns, comprising single as well as

multi-layered films. Surface characterisation is, therefore, a

highly specialized activity seeking information on elemental

composition, chemical state of surface components and their

depth profiling, using a non-destructive multi-elemental

approach. In view of this, a Surface and Profile Measurement

Laboratory was set up at Hyderabad with major facilities, viz.,

� A 3 MV Tandetron for Ion Beam Analysis (IBA) with 4 beam

ports for different IBA techniques, including a nuclear

micro probe

� An Analytical Electron Microscope (AEM) comprising a

Scanning Electron Microscope (SEM) coupled with Energy

Dispersive Spectrometer (EDS) for providing electron

microscopic images along with elemental mapping

� X-ray Photoelectron Spectrometer (XPS) for providing

chemical state information of surface constituents.

The 3 MV tandetron ion accelerator dedicated to ion beam

analysis is the major analytical facility. It is in continuous

operation upto 3 MV terminal voltages and a maximum proton

beam current of 5 microamperes. It is being used for a number

of analytical experiments, including depth profiling of hydrogen

and fluorine, using nuclear resonance reaction analysis,

determination of low Z elements, compositional analysis of hard

coatings, analysis of porous silicon and compositional analysis

of several alloys and composite materials.

Thin films of ZrN, VN, TiZrN and TiAlN on silicone and SS

were prepared, using an indigenously developed DC magnetron

sputtering system. The composition, thickness, microhardness

and structure of these coatings were studied as a function of

nitrogen partial pressure. The non-Rutherford elastic back

scattering spectrometry, involving 14N(p,p)14N and 14N(α,α )14N

reactions, was used to perform compositional analysis of these

coatings. The microhardness of films ranged from 1400 to 3500

kg/mm2.

Films of CrN have also been deposited, using ion beam

assisted deposition (IBAD), and characterised for stoichiometry

and thickness, using Rutherford backscattering and proton

resonance elastic backscattering spectrometry. Artifacts in the

backscattered spectra due to one of the elements constituting

the film being a predecessor to that of the substrate was

explained on the basis of kinematical considerations, and the

spectra were simulated, for the first time, on this basis.

An ion beam analysis facility for materials study was set up

at FOTIA, BARC. Rutherford backscattering was used to study

distribution of metal ions across the thickness of polymer

inclusion membranes. Diffusion of metal ions in a variety of

membranes was studied, using radiotracers, to understand the

influence of ionic size and hydration radius on diffusion

coefficient.

A large number of environmental samples, like air particulate

filters for air pollution studies, and biological samples, like herbal

plants, moss, human blood samples from fluoride-

affected and diseased persons, kidney stones, etc., were

analysed for their trace elemental compositions, using proton

induced X-ray emission (PIXE) and proton induced gamma

emission (PIGE) techniques.

 Beam lines for ion beam analysis based on tandetron ion accelerator
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Depth Profiling of Hydrogen Using Nuclear
Resonance Reaction Analysis (NRRA)

Hydrogen plays a major role in materials properties, in

particular, of engineered surfaces for different industries. The

ion beam analysis alone provides a highly appropriate

non-destructive method for estimating and depth profiling of

hydrogen, using nuclear resonance reactions. The

methodology standardized for the purpose involves

application of 1H(15N, αγ)12C and 1H(19F, αγ)16O reactions

having resonances at 6.38 MeV and 6.5 MeV, measured

using a 3” X 3” NaI detector placed closely behind the targets.

The usage of  1H(15N, αγ)12C reaction enables the determi-

nation of hydrogen down to ~ 0.1 % upto a depth of 3 mm,

with a depth resolution of  ~ 50 Å. The method has been

utilized for depth profiling of hydrogen in a variety of samples,

including Zr-2.5 Nb coupons from NFC, silicon implanted

with hydrogen ions, hydrogen in silicon nitride layers used in

manufacturing electronic devices and porous silicon layers.

Polyaniline has been developed as a calibration stan-

dard for hydrogen estimation using NRRA following a

detailed study of its behaviour under ions bombardment.

A microprobe facility, with a resolution of about 5-micron

proton beam, was developed. The facility allows spot, linear

and area scans of samples, providing elemental profiles through

micro-Rutherford back scattering (µ-RBS) and micro-proton

induced X-ray emission (µ-PIXE) measurements. An octagonal

experimental chamber was also fabricated for locating the

electronic modules, detectors and sample view ports. Studies

on the micro-homogeneity of biological samples and surface

inhomogeneity of multi-component elemental deposits were

carried out.

The analytical electron microscope is being routinely used

for rapid imaging of different samples, and X-ray analysis of

the regions of interest by a 30 kV electron beam. The analytical

work carried out by this system includes:

� Determination of stoichiometry and structural imaging of

Zr based alloys, electron imaging of corrosion residues of

iron alloys and elemental analysis of aluminium and chro-

mium based alloys.

� Structural and stoichiometric analysis of thin films.

� Morphological studies on uranium compounds.

� Analysis for impurity concentration of sulphur, and its varia-

tion along the radial direction in thoria pellets.

� Analysis of pigments and preservative coatings in archaeo-

logical samples.

� Trace elemental analysis of plant roots used as biomonitors.

An X-ray photoelectron spectrometer was developed

indigenously, and used to generate valuable chemical state

information of the surface constituents. It has a hemispherical

analyser with ultra high vacuum compatible system for

photoelectron energy analysis, having a resolution of 1.5 eV.

All sub-systems, data acquisition, processing and analysis

software, for photoelectron spectroscopy, have been developed

indigenously.

Preparation of Certified Reference Materials
Quality in analysis is an important aspect. This can be

achieved only through various intercomparison exercises.

Active participation in the analysis of reference materials,

prepared by IAEA, NPL, NGRI, RRL, NFC and AFD, indicates

the importance attached to the inter- and intralaboratory

intercomparison exercises. The analyses were carried out,

wherever possible, by spectrochemical, nuclear, or electro-

analytical techniques.

 X-ray photoelectron spectrometer
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Enviro-analysis

Analytical Chemistry Division of BARC was chosen as

the laboratory for analytical quality assurance under the

Integrated Environmental Programme on Heavy Metals

(IEPHM) of the Department of Environment and Forests.

The work involved assessment of the quality of analytical

data generated by the participating laboratories by periodic

intercomparison exercises.

Service, Consultancy and Collaborations
BARC has been  providing analytical services and

collaboration to various users, including universities, other

governmental agencies and public sector organisations, such

as Rashtriya Chemicals and Fertilizers, Oil and Natural Gas

Commission and Oil India Ltd. Collaboration and consultancy

are being offered to agencies, like Geological Survey of India

(GSI) and Central Forensic Science Laboratory (CFSL), on the

use of nuclear analytical methods in their work.

NAA Unit of Central Forensic Science Laboratory

The Neutron Activation Analysis (NAA) Unit of Central

Forensic Science Laboratory, Hyderabad, is functioning at

Analytical Chemistry Division of BARC under a collaborative

work programme between DAE (BARC) and Ministry of Home

Affairs (CFSL). The unit, only one of its kind in the Country,

caters to the analytical needs of all central/state forensic

science laboratories using a combination approach of

NAA/AAS/ICP-AES techniques. The related research and

development work, employing mainly NAA, has helped to

evolve improved methodologies for need-based applications

to diversified real life forensic cases.

The high sensitivity, non-destructive nature and multi-

element analysis capability of NAA were helpful in solving a

number of important cases. In one such case dealing with gold

smuggling, nanogram quantities of gold dust sticking to the

belt pocket lining of the suspect was easily detected using NAA.

A 200-fold increase in intensity of gold peak in the γ-spectrum

of the exhibit compared to that for the control sample confirmed

the involvement of the suspect in the crime. Results for samples

related to cases involving theft of copper and aluminium wire

were used to establish source correspondence between control

and questioned samples, helping to derive definitive inferences.

NAA has proved very useful also in the detection of firearm

discharge residues (FDR) of barium and antimony at trace

levels.

Radiochemical procedures were developed to determine

elements, like Sb, As, Cu, Se, Cr, Zn and Ag. This helped

comparison of trace elemental composition of samples of lead

from shot gun pellets and bullets found at the scene of crime.

Estimation of As, Hg, Se, Sb, etc., in hair, nails, bones, body

tissues and ayurvedic drugs by NAA/RNAA were very useful

in investigations related to heavy metal poisoning.
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Link C10

Man has looked in and around himself to find solace ever since

the existence of civilization. The inward journey takes us to the

spiritual domain, while the materialistic environment evolved from

the outward journey. His dream of transforming material from one

form to another came to be known as alkemia, and continues to

occupy his attention. Nonetheless, that quest has led to the

discovery of a wide array of materials that have become an

integral part of modern life. For instance, functional inorganic

materials for electronic devices are one such family of materials.

These are used in telecommunication, opto-electronics and

the like.

Since the invention of transistor based on semiconductor

materials in the 1950s, sophistication, complexity and

miniaturisation of electronic components have been increasing

exponentially with time. Each decade witnessed one order of

magnitude higher purity of materials, an increase in single crystal

diameter to reduce cost, and increased integration level on a chip.

Evidently, the need for high purity materials and metallorganic

compounds for development of new growth processes is

inevitable.

Ultra-
purification of
Materials

8-LINK 10-11-fn.p65 10/26/2005, 7:53 PM221



222

Slurry Polishing
hcad

Polishing table

Scribe line

A single die

Assembly Packaging

Seed crystal

Crucible

Heater

Polyslices

8-LINK 10-11-fn.p65 10/26/2005, 7:53 PM222



223

The work on ultra-purification was further accelerated in the

mid sixties, with the publication of Bhabha Committee’s report

on Electronic Commission of India in 1966, emphasising the

need of high purity materials for electronic/semiconductor

industry.  Another challenging task of ultra-purification of main

group elements used in semiconductor industry was entrusted.

During this programme, several processes for preparation of

high purity materials for strategic technologies in the areas of

nuclear energy, space and electronics were developed, and

brought to the scale of pilot plant operation. Emphasis was laid

on developing purification methods from indigenously available

raw materials. Methods were developed for recovering

germanium from fly-ash, tellurium from slimes from copper

industry and gallium from Bayer liquor of aluminum industry.

The know-how for production of gallium metal from Bayer liquor

was transferred to M/s. Hindustan Aluminum Company

(Hindalco), by setting up an electrolytic production unit at their

plant site in Renukoot, Uttar Pradesh. A number of high purity

(99.999%) elements, for example, Zn, Cd, Ga, In, Sn, Pb, As,

Sb, Bi, Se and Te, were produced.  As an off-shoot of this

program, Special Materials Plant (SMP) was set up at

Hyderabad in the early seventies, as a part of Nuclear Fuel

Complex (NFC), for the production of sixteen materials, viz.,

Zn, Cd, Ga, In, Sn, Pb, As, Sb, Bi, Se, Te; Ag, Au, Ta, BF
3
 and

POCl
3
.

Ultra-purification methods for Ag, Au, Nb, Ta, W from

indigenously available raw materials were developed. Tungsten

was recovered from wolframite, tungsten alloy scrap and

carbide residues.  The raw material for capacitor grade tantalum

powder was the columbite-tentalite ore, available locally for

separation of Ta and Nb.  For the first time in the country, a

mixer-settler, based on counter-current extraction principle, was

fabricated out of HDPE, to handle HF + H
2
SO

4
 medium. Solvent

extraction process for nuclear grade niobium was developed,

and the know-how was transferred to SMP. For  fabrication of

antimony-beryllium neutron sources for TAPS, 10 Kg of antim-

ony, with less than 100 ppm arsenic, was prepared.  Similarly,

for reactor applications, several kilograms of nuclear grade

cadmium was produced. Several other materials were prepared

and purified for various research and development activities.

Ultra-purification of Materials

Ever since the evolution of human civilization, the quest for

newer materials has always been of paramount importance.

Over a period, we have learnt the art and science of transforming

materials from one form to another, for improved living. The

materials spectrum of today has enormous diversity and

complexity, exploiting purity  (compositional, isotopic and phase

purity) for electronics, atomic energy and other applications,

size (nano- and supra-) and shape for a variety of applications.

Some of these aspects are brought out in this chapter.

 For strategic advanced technologies in the areas of nuclear

energy, space and electronics, the need for high purity materials

was continuously felt. Over the years, several technologies

were developed. In the early period, emphasis was on

preparation and purification of uranium and thorium compounds

and pure oxide of niobium, tantalum, zirconium and tungsten

from their ores.

Having initiated a programme on purification of actinides

(Th and U), the challenging task of separation of individual rare

earths (REs) from indigenous RE concentrates obtained from

IRE Ltd., Alwaye (Kerala), was taken up.  Using ion

exchange technique, oxides of Y, La, Pr, Nd, Sm, Gd, Tb and

Dy, with 99.99% purity, were separated in pilot plant scale

operations (100 Kg). Rich concentrates (90%) of heavy rare

earths, such as Ho, Er and Yb, in gram quantities, were also

prepared from samarskite ore,  using ion exchange technique.

The know-how generated for rare earths separation was

subsequently transferred to IRE Ltd., Alwaye. A method for the

preparation of Misch metal  (cerium based rare earth alloy,

typical composition Ce:Nd:Pr:La:other REs/50:18:6:22:4) by

calciothermic reduction of rare earth fluorides (LnF
3
), on

kilogram scale, was developed. High purity gadolinium oxide

prepared in large  quantities was supplied for use as a burnable

poison in nuclear reactors. A preparative method for Dy-doped

calcium sulphate, used for TLD badges for dosimetry, was

developed, and the know-how was transferred, in 1992, to

M/s. Renentech Chemicals Pvt. Ltd., Mumbai, for commercial

production.
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� Lithium, cesium and sodium iodides (scintillation counters).

� Li
2
O (used for controlling pH of heavy water in the primary

heat transport system of PHWRs.

� ZrCu, ZrCu2, AlNi, TiS, PbI2, Pb2CrO4, La2NiO4, Se2Cl2
and (NH

4
)

2
SeO

4
.

� FeS, FeSe, FeSn, FeAs, Fe
3
O

4
, FeTa, FeTiNi, FeTiMn,

RbFeF3, Rb2FeF4, TlFeF4, CsMnFeF6, Li5Fe2.5-x Al2O4,

Ni
1-x

Zn
x
Fe

2
O

3
, MgFe

2.5-x
Al

2
O

4
 and Mn

1-x
Zn

x
Fe

2
O

4
.

� YBa
2
Cu

3
O

7
,Tl

2
Ca

2
Ba

2
Cu

3
O

x
, other high Tc superconduc-

tor materials, LnNi
5
 and FeTi (hydrogen storage material).

As a logical extension of the processes developed for

preparation of high purity materials for electronic industry, and

the expertise gained , development work on synthesis of high

purity compound semiconductors, such as GaP, InP, GaAs,

CdSe, CdTe, Bi
2
Te

3
, PbSe and Sb

2
S

3
, was taken up.  Synthesis

of GaP, involving phosphorus pressure of 40 atmosphere and

reaction temperature 1500 0C, was successfully achieved, for

which the high temperature and high pressure unit was

fabricated indigenously.  Single crystal growth of GaP (8-10

mm diameter and 10-15 mm length) by liquid  encapsulation

vertical Bridgman technique was successfully carried out.

Work on development and fabrication of techniques for

growing single crystals of compound semiconductors from the

melt was taken up. These included Bridgman (ver tical,

horizontal), Czochralski, solid-solute synthesis, travelling heater

method, travelling heater sublimation method, horizontal zone

melting  and chemical vapour deposition.  These techniques

were employed to grow single crystals of the following materials:

� Ag , Sb, Bi and Te

� CdSe, CdTe, InP, InSb Bi
2
Te

3
, PbSe, Sb

2
S

3 
 and As

2
S

3

� PbxSn1-xSe, Cu2MnAl, TlMnCl3, TlMnBr3, CsMnBr3 ,

AgGaS
2
 and AgGaSe

2

Preparative methods for high purity phosphors, like  ZnS,

CdS:Ag (used in infrared image converters), phosphor grade

CdS and ZnS, and CaWO3:W phosphor (for X-ray screens),

were developed.  Methods for preparation of ultra-pure S and

AlN were developed, and kilogram quantities were supplied to

Isotope Division, BARC.  These are required for preparation of

radio isotopes 32P from sulphur and 14C from AlN.

  Single crystals of silver

 High purity semiconductor materials

 Multiple zone refining unit
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Class 100 Clean bench for purification of gallium (7N)

7N Gallium and 6N arsenic

To meet the emerging needs of even higher purity materials

and precursors for new growth process, for DAE, Department

of Space (DOS) and Defence Research & Development

Organisation (DRDO), the MASCOT Project was conceived in

1994.  Under this program, a clean room (10,000 class)

facility, the primary requirement for preparation of high purity

materials, has been created. Methodologies for preparation of

high  purity gallium (7 N) by electro-wining process, arsenic

(6 N) by hydrogen reduction of purified As2O3 and their

organometallic precursors have been developed.

Inorganic and  Organometallic Chemistry
Demand and complexity of various materials has increased

with growth of electronic industry.  New growth techniques (CVD

processes) for microelectronics were  evolved. These

techniques require metallo-organic compounds for deposition

of materials at micron or nano level.  Accordingly, a  programme

to design and synthesize organometallic compounds of

platinum group metals and main group elements was initiated.

Organometallic compounds of Group II (Zn, Cd, Hg), Group III

(Ga, In) and Group V (As, Sb, Bi) with a wide variety of organo-

chalcogenolates, such as dialkyldithiophosphates,

oxy-phosphates, dithiocarbamates and  xanthates, were

synthesized.  They were characterised by elemental analysis,

IR, multinuclear NMR and, in some cases, by single crystal

X-ray diffraction methods.  Thermal behaviour of some of these

complexes was studied, which showed that these can be used

as precursors for preparation of Ga
2
S

3
, In

2
S

3
 and Bi

2
S

3
.

Preparation of organogallium and indium compounds

R
3
M.OEt

2
 (R = Me, Et;  M = Ga or In), using gallium/indium

magnesium alloy, instead of metal trichloride, was carried out.

The method is very convenient and economical, and gives

satisfactory results. Syntheses of a series of organoarsenic

and antimony precursors were carried out, and a convenient

method for their purification was developed. Following

precursors were prepared :

� MeAsI
2
, Me

2
AsI, EtAsI

2
, Prn

3
E, Pri

3
E, Bux

3
E (x = n, i, s, t),

(CH
2
=CHCH

2
)

3
E, (CH

2
=CMeCH

2
)

3
E, (C

6
F

5
)

3
E, BzAsMe

2

and (C4H3S)3E (where E = As or Sb).

Palladium is another important constituent of electronic

industry. It is used for electrode layers in multi-layer ceramic

capacitors (MLCC).  Palladium chalcogenides are used for

manufacturing semiconductors, solar cells and  high resolution

lithographic films.  In this perspective, new organoselenium and

tellurium ligands, Me
2
NCH

2
CH

2
E- (E = Se or Te),

Me2NCH2CH2CH2Se and (R-C5H3N)Te- (R = Me or H), were

synthesized, and their palladium and platinum chemistry was

explored. Several complexes were isolated and characterised

by multinuclear NMR, X-ray, uv-visable and cyclic voltametry.

Palladium selenolates yield Pd
17

Se
15 

on pyrolysis,  while

palladium tellurolate complexes give PdTe and/or Pd3Te2 on

thermolysis.
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Chemistry of mono-, bi- [M
2
X

2
(µ-Y)(µ-Z)(PR

3
)

2
] (M = Pd or

Pt), and tri-nuclear palladium and platinum complexes was

explored extensively, in view of their relevance in homogeneous

catalysis and material science.  For the first time, a very facile

synthesis of an important new organo-palladium precursor,

[Pd
2
Me

2
(µ-Cl)

2
(PR

3
)

2
], was accomplished, and its utility in

synthetic organo-palladium chemistry was amply demonstrated.

Organotin cluster chemistry was another challenging area

of research. These compounds find wide applications in industry

and as biocides, and their basic chemistry is equally interesting.

Existence of an equilibrium of “ladder” and “staircase”

conformations for tetraorganodistannoxanes in solutions was

shown by multinuclear NMR spectroscopy. The σ-bridged

π-bonding in the central Sn
2
O

2
 ring of tetraorganodistannoxanes

is proposed.  Factors governing formation of various products

in the reactions of R
2
SnO with protic ligands was rationalised.

Hexanuclear organotin clusters, [RSn(O
2
CR′)O]

6
, were isolated.

Classical coordination complexes of Ga, In, As, Sb and Bi with

thio ligands were designed and prepared.  These complexes

were investigated by spectroscopic methods (IR, 1H, 13C, 31P,
71Ga  NMR) and X-ray diffraction.  These studies helped in

understanding their stereochemical preferences.

For separation of uranium isotopes, using laser induced

separation techniques, a variety of volatile organo-uranium

compounds were synthesized, and their volatility evaluated.

Fluorinated β-diketones, acetates and fluoroalkoxides were

employed as ligands. Some of the uranium β-diketonates could

be sublimed at 10-3 torr pressure and below 150°C.

Extraction of ruthenium, molybdenum and technetium with

sulfoxides, phosphine oxides, primary, secondary and tertiary

amines, in the presence of tetra-alkylammonium halides, was

studied in detail.  Tetra-alkylammonium halides were found to

be good extractants for molybdenum and technetium. Studies

on several metal complexes and their reactions were also

carried out.  The formation and stability of mixed metal

complexes with a host of amine based ligands were

investigated.  Kinetics of metal exchange reactions of Co(II)

EDTA, CuEDTA and CuHEDTA with Ni2+ was studied. The

kinetics of reactions of Cr(III) with aminopoly carboxylic acids

in aqueous medium showed the rate determining step to be

hydrogen bond formation by reversible proton transfer. It was

also found that aminopoly carboxylic acids  served as ligands

for Be(II), As(III), Sb(III) and Bi(III). The complexes were isolated

in the solid state.  Complexation of aminopoly-carboxylic acid

with Al3+ was studied by 27Al NMR spectroscopy and

conductometric titrations. Studies on complexes of lanthanide

and yttrium with haloacetates revealed a convenient route for

preparation of anhydrous chloride through thermal

decomposition. In lanthanide tr is-cyanoacetates, both

carboxylate and cyano groups are coordinated to metal ion,

the strength of the bonds increases with the polarisability of

the Ln3+ ions. To delineate their stereochemical characteristics,

synthesis and circular dichroism studies of several optically

active complexes, particularly binary and ternary complexes

of palladium, were taken up. A detailed study on the nature of

spin transitions in Fe(II) complexes, containing nitrogen donor

ligands, revealed that in several of these complexes, both high

and low spin isomers co-exist in the same lattice.

Considerable efforts were focussed on low valent titanium

(LVT) reagents, for single electron transfer (SET) reactions,

and organosilanes, to accomplish selectivity in organic

transformations. LVT strategy was successfully used for

synthesis of diols, diamines, aminothiols, aminols (potentially

useful radio-pharmaceutical ligands), benzofurans, symmetric

and asymmetric stilbenes (important radio-protectants),

phenanthrenes and various bio-active compounds, including

insect pheromones at low temperatures with cleaner work-ups.

Organosilanes are valued for some of their inherent

electronic properties.  These properties were exploited for the

synthesis of simple and polypeptides in environmentally benign

aqueous medium via redox recycling. The directing property of

Si atom was used in innovative ways for various selective

organic transformations, which finally led to the synthesis of

vast array of bioactive compounds, including preussin and

carpamic acid, a potential stimulant of central nervous system.

Organosilanes also find extensive applications in solid phase

organic synthesis (SPOS). Accordingly, several silicon-based

linkers were designed for developing traceless synthesis of

polypeptides and various other important biomolecules. Some

of these linkers were successfully used for the synthesis of

peptides required for  nuclear medicine.
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 Organosilanes for Medicinal Compounds

Metal Hydrides: Materials for Alternative Energy
With fast depletion of available fossil fuels, alternative

energy  sources are being explored worldwide. Hydrogen is

projected as one of the future energy sources. Hydrogen

production from sea water, and its storage and distribution

through metal hydrides are areas of current importance. Studies

on metal hydrides are targetted for understanding the behaviour

of hydrogen in metals at the microscopic level so as to tailor-

make hydride materials for specific applications, such as

energy storage, batteries, fuel cells, heat-pumps, tritium storage

and hydrogen mitigation relevant to nuclear power industry.

Many binary and ternary intermetallic systems containing

transition metals, rare earths and actinides were investigated

since  early 1980s, for elucidating their kinetic and

thermodynamic properties for hydrogen absorption and hydrogen

induced changes in electrical, electronic, magnetic and

structural properties.  New hydride phases, stabilized in the

intermetallic systems, such as FeTi,  Zr
2
M ( M = Fe, Ni, Rh),

LaNi
5,
 LnM

2  
( Ln =  Ce, Er; M =  Fe, Ni ), LnMX ( Ln = La, Ce,

Pr, Nd, Dy; M = Rh or Ir ; X = Al, Ga, In or Sb) and

UMX ( M = Fe, Co, Ni, Rh, Pd, Pt; X = Al, Ga or In), were

investigated, and their role in catalysis, superconductivity and

amorphisation was explored.

A laboratory unit to measure pressure composition iso-

therms upto hydrogen pressure of 60 atmosphere, was

designed and fabricated, and absorption and desorption of

hydrogen in chargeable metal hydrides, like FeTiH
x
 and LaNi

5
H

x
,

were investigated.  Effect of H
2
 absorption was investigated in

a variety of intermetallic systems, containing Zr, Ti, rare-earths

and actinide elements. Using low temperature hydriding

procedure, some new hydride phases were discovered, and

hydrides with appreciably higher H-content could be stabilized.

A toroid anvil apparatus, capable of reaching 1200 oC and

4 GPa pressure, was set up.  Effect of pressure on  transport

properties, phase transitions, for example, crystalline to

amorphous, melting as well as synthesis of novel super hard

materials was studied.

Experimental facilities for Mossbauer studies were set up

indigenously, soon after the effect was discovered in 1962.

Extensive studies were carried out on a variety of systems,

including mixed ferrites, intermetallics, alloys, in magnetically

ordered paramagnetic or spin-frozen state, and metal-hydrogen

systems, in crystalline as well as amorphous states.

Strategies in Development of Functional Materials
Molecules containing distinct hydrophobic and hydrophilic

parts are classified as surfactants, or amphiphiles. Because

of this they can self assemble in water to form various structures,

such as vesicles, liquid crystals and micelles. The

geometry and interactions between the surfactant molecules

govern the size and shape of the micelles. Size and shape of

ionic surfactant micelles were tuned innovatively by changing

their electrostatic interactions. Additives that contain a

hydrophobic moiety and a charge opposite to that of the

surfactant, are highly effective in inducing structural transitions

in ionic micelles through adsorption of the counter-ion on the

micelle surface.

To control the structure of micelles, self assembly of

amphiphilic block copolymers, (PEO)
20

(PPO)
70

(PEO)
20

, were

investigated by changing solvent proper ties and salt

concentrations (NaCl). Presence of organic surfactant additives

were shown to impart viscous and elastic properties to the fluid

due to formation of long polymer-like micelles. The organised

assemblies formed by amphiphilic molecules could be used to

control growth and organisation of various novel materials. For

example, crystalline silver nano-rods could be prepared in rod-

like micelles of anionic surfactants. Colloidal nanoparticles of

a conducting polymer, polyaniline, of variable sizes were

prepared by carrying out polymerization in micelles of different
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 Typical self assembled structures of surfactants

Orientation of Rhodamine 6G monomer on phenylsilane coated glass.sizes. Surfactant monolayers formed at the air-water interface

can be used as templates to promote crystallisation of metal

hexacyanoferrates (metal can be Co, Ni, Cu), commonly

referred to as Prussian blue analogues (PBA), with specific

orientations. For instance, cobalt hexacyanoferrate cubic

crystals are formed with {100} face oriented parallel to the

monolayer. Sodium hexa metaphosphate stabilized PBA nano

particles (~22 nm) were  encapsulated by oppositely charged

surfactants, such as cetyl trimethyl ammonium bromide (CTAB).

This makes the nanoparticles hydrophobic, and thus dispersible

in organic solvents. These surfactant encapsulated

nanoparticles can be deposited on suitable substrates, like

indium tin oxide coated glass, with the help of Langmuir-Blodgett

technique, to produce thin films of controlled architecture. In

addition to Langmuir-Blodgett method, organised assemblies

on solid substrates were prepared by self-assembly technique.

Self assembly technique was used to deposit phenylsilane

monolayers on glass surface, by chemical grafting of

trichlorosilane head group on hydrated glass surface.

Rhodamine 6G dye was adsorbed on to the modified surface.

To estimate monomer and dimer fractions of the adsorbed dye,

a method for analysing the uv-visible spectra was developed.

The monomer and dimer equilibrium was modified for the

silane coated surface, favouring preferential  existence of the

monomer. Molecular modeling simulations were carried out, to

determine the minimum energy configuration and orientation

of the dye on silane surface.

There is a growing demand for tailored and purpose-specific

compounds, often referred to as “designer molecules”. These

are useful in molecular electronics, sensors, organic magnets,

etc. In persuance of developing novel functional  materials,

organo-tin(II) layered pervoskites were designed and

synthesized for studying their electronic properties and

applications in FET devices. In addition, several liquid

crystalline calixarene-Schiff ’s bases and a series of

porphyrinatomanganese(II)-tetracyanoethylene complexes

were designed. The former were developed by rational tuning

of their hydrophobicity, and converted to organic magnets by

metal doping.

Coating of Super Hard Materials: Diamond and

Silicon Carbide
Films of super hard materials, like diamond, silicon nitride,

silicon carbide, etc., find extensive applications in the form of

protective coatings for high speed cutting machine tools and

devices operating in severe chemical environments. For

deposition of such films, a Hot Filament Assisted Chemical

Vapour Deposition (HFCVD) facility was indigenously

developed. A convenient method for depositing silicon carbide

(SiC) films, which employs methane diluted with hydrogen as

a feed gas and the silicon substrate as a silicon source, was

developed. These SiC films are found to be highly oriented,

and follow the texture of the substrate used. For deposition of

diamond films, methane/hydrogen or acetylene/oxygen mixture

is used. Diamond coatings on three-dimensional large-sized

odd-shaped substrates were accomplished by innovative

modifications in the form of “jet flow” method. This enabled

Rhodamine 6G(monomer)

Silane coated glass

8-LINK 10-11-fn.p65 10/26/2005, 7:53 PM228



229

 Diamond coated tool inserts

deposition of films on exotic shapes, such as self-supporting

diamond tubes, hollow diamond helix and diamond sieves. Life

of the tungsten carbide tool inserts used for high speed

machining of aluminum wheels increased 100 fold, while that

of the cast iron piston rings increased by 25%.  The wide band

gap and highest thermal conductivity of diamond can be

exploited for electronic devices operating at high temperatures

and in highly radioactive or severe chemical environments.

Currently, the focus is on developing  α-particle detector for

monitoring  concentration of plutonium in the reprocessing

plants and other pertinent radio-active process streams.

A facility for preparation and characterisation of thin films of

a variety of other materials, such as metals, semiconductors

and insulators, was indigenously developed.  Preparation

facilities included flash evaporation, reactive d.c. sputtering,

magnetron sputtering, electron beam evaporation and chemical

vapour deposition, while characterisation was carried out by

measurement of electrical, thermal, thermoelectric and

galvanomagnetic properties of the films.  SEM and EDAX were

also employed for determining  morphology and elemental

composition of the films.  CdS-Cu
2
S thin film solar cells and

InSb thin film gauss-meter sensor were developed in the

laboratory.  A unique method for measurement of thermal

conductivity of thermally insulating coatings was developed.

This was selected by International Atomic Energy Agency as a

working example in the training kit. Coatings of graphite,

beryllium, boron, alumina, titanium carbide were deposited, and

characterised for their adhesion, micro-hardness, thermal cyclic

behaviour and proton/deuteron ion damage.  TiC coatings were

found to be the best of the lot.

Nano-Science and Technology
Nano-materials, 1-100 nm in size, are of great interest

owing to their novel optical, electronic and catalytic properties,

which arise from their high surface to volume ratio and quantum

confined electronic band structure. These special properties of

nano-materials, which are different from those of bulk, make

them useful for many technological applications. Clusters, yet

smaller, with finite size in the range of few angstroms,  are

agglomeration of atoms, or molecules.

Metal nanoparticles of Ag, Cu, Au, Pt, Pd, Ni, Co, Tl and Cd

as well as bimetallic particles of Cu-Cd, Ag-Tl were prepared,

using radiolytical, photolytical and chemical reduction routes.

These were prepared in a variety of forms, including aqueous

solutions, micro-emulsions, as self supporting powder, in

polymer matrix and dispersed on the surface of Al2O3 and SiO2.

In radiolysis, the hydrated electrons produced by radiolysis of

water reduce metal ions in aqueous media, leading to the

formation of nanoparticles. However, photolytic reduction of

metal ions requires the presence of photosensitizer. The role

of photosensitizer in the formation of metal nanoparticles was

probed using laser spectroscopic techniques. The nanoparticles

HFCVD facility for depositing of   diamond films
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were characterised by optical absorption, XRD and

transmission electron micrographs.

Nanoparticles, due to high surface to volume ratio, can act

as very good catalysts. Catalytic conversion of CO to CO2 is of

great technological significance. Purification of air in gas

products, treatment of automobile exhaust systems and sealed-

off CO2 lasers are a few examples of this conversion. As surface

area of nanoparticles increases, the catalytic activity may

increase many fold, making the catalytic reactions highly

efficient. It was shown that oxidation of CO on Pt nanoparticles

coated on the glass surface of the reactor takes place efficiently

at 1500 C, and the catalytic activity is independent of

concentration of CO, indicating Eley-Rideal mechanism.

Moreover, there was no change in the catalytic efficiency of

coated Pt nanoparticles, even after nine months.

Oxide ceramics, in the form of sintered body having required

shape, size, purity and microstructure, find wide applications.

Synthesis of powder ceramics with controlled and desired

characteristics is of paramount importance. There are various

methods for synthesis of  powder of oxide, e.g., solid state

precipitation, sol-gel, hydrothermal and combustion. Among the

available solution chemistry routes, the combustion technique

is capable of producing nanocrystalline powders of oxide

ceramics at lower calcination temperature in a short time. The

powder obtained by this technique generally has the highest

degree of phase purity and improved powder characteristics,

like narrow particle size distribution, higher surface area and

better sinterability. The combustion technique involves

exothermic decomposition of a fuel-oxidant precursor, which

results in either finely divided powder with the required phase

or semi-decomposed precursor having  considerable

carbonaceous residue, depending on the nature of fuel and fuel-

to-oxidant ratio used in the process. Heat generated during

combustion is manifested in the form of a flame, and the process

is termed as auto-ignition. Citric acid, glycine, urea, etc., are

the common fuels, whereas nitrate is the common oxidizer used

in the combustion process. A large number of nano-ceramics,

e.g., ThO2, CeO2, ZrO2, Y2O3, ceria-zirconia solid solution, yittria

stabilized zirconia, ceria-yttria solid solutions and barium

polytitanates, were prepared by this technique. The powders

were obtained in nearly theoretical yield at relatively lower

sintering temperatures.

Theoretical studies were carried out for homo- and hetero-

atomic clusters, using density functional approach. The

influence of impurity doping on the geometry and electronic

structure of the homo atomic clusters was investigated with

respect to structures of Al
n
, Si

n
, Sn

n
, Al

n
Li, Al

n
Sb and AlSi

n
.

A combination of molecular dynamics simulation and density

functional theory was employed to evaluate the ground state

geometries and energetics of these clusters. The study of bimet-

allic cluster is important to understand the inter-atomic inte-

ractions, leading to the segregation of one constituent over the

other. A large number of bimetallic clusters of the type A
4
B

4

and A8B6, having Na, Mg, Al, Si as the constituent elements,

were investigated.

Solid State Chemistry
Solid state chemistry is important to the nuclear energy

programme, as most of the nuclear fuels are prepared by the

solid state route. Other technologically important materials, like

ionic conductors, luminescent materials, heterogeneous

catalysts, etc., are also usually prepared by the solid state route.

Solid state reactions are quite different from those in solution,

at least in the sense that the former  occur at elevated

temperatures.

Since the inception of solid state chemistry research in

BARC in the 1960s, considerable work has been carried out

on thermal stability, expansion and crystallographic properties

at high temperatures. Thermo-physical investigations

constituted measurements of thermal expansion and thermal

conductivity, electrical conductivity, magnetic susceptibility and

diffusion transport property in urania matrix, in the presence

and absence of different fission products. Over the period,

drastic changes, both in the preparation of materials and their

characterisation, have taken place, which are reflected in the

current research and development activities.

Inorganic fluorides are remarkably different from their oxide

counterparts due to higher ionic character of the M-F bonds

compared to that of M-O bonds. Consequently, these exhibit

interesting properties, like high ionic conductivity, luminescence,

etc. Rare earth based fluorides are an important class of

compounds. In order to know the homogeneity range, and

to explore the possibility of preparing new fluoride

derivatives, a  detailed study of phase relations in MF
2
-REF

3
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 Combustion  of the precursor

(M = alkaline earths, RE = rare earths) was carried out. These

investigations led to the preparation of several new ordered

phases.  The mixed fluorides in PbF
2
-YF

3
 
 system exhibiting

high F-ion conductivity, were isolated. New laser materials, like

LiScF4, were also prepared. Fluorides and oxy-fluorides of V,

Nb, Ta and Fe were prepared by novel low temperature

fluorination reaction of the corresponding oxide, employing

ammonium bifluoride as a fluorinating agent.

Framework solids, such as metal tungstates, molybdates,

phosphates and silicates,  have corner shared polyhedra, and

are, therefore, characterised by loosely packed and less dense

lattice. These materials gained considerable attention after

ZrW2O8 was shown to exhibit negative thermal expansion over

a wide temperature range. Several other materials have shown

interesting thermal expansion behaviour, phase transitions and

high pressure response. Extensive use of dilatometer and high

temperature-XRD was made to study these materials. The

framework solids provide ample opportunity for high pressure

or high pressure-high temperature studies, as they tend to

undergo transformation from low density modification to high

density modification on applying high pressure, or simultaneous

high pressure-high temperature. The stability of such materials

(Al
2
W

3
O

12
, HfMo

2
O

8
, ZrMo

2
O

8
, etc.) as well as transformation

to the intermediate structures are generally limited under

simultaneous high pressure and temperature conditions.

Amorphisation at higher pressure is an important feature of

these materials.

Structures of PuTe
2
O

6
, K

8
Ca

2
U

6
O

24
, K

8
Sr

2
U

6
O

24
, K

8
Ba

2
U

6
0

24

and Pu
2
Zr

2
O

7
 were derived by Rietveld analyses of X-ray

powder diffraction data. The structure of PuTe
2
O

6
 is made up

of zigzag strings of PuO’s distorted edge- sharing polyhedron

parallel to a-axis in a monoclinic unit cell.  Each plutonium atom

is coordinated to eight oxygen atoms, and each tellurium atom

is coordinated to three oxygen atoms. Kinetics of decomposition

of PuTe
2
O

6
 was studied by isothermal methods, to obtain rate

constant, activation energy and reaction mechanism. Structures

of uranyl compounds consist of octahedra and regular

octahedra of oxygen atoms around Ca, Sr and Ba atoms.

It was established that up to 30 mole %, PuO2 (Pu4+) can go

into solid solution in the stabilized zirconia, a fluorite matrix in

air at 1400 °C. Determination of the solid solubility of Pu3+ was

also of interest.  For that, sample of stabilized zirconia containing

20 mole % of plutonium oxide was mixed with calculated amount

of graphite, to reduce Pu4+ to Pu3+, and heated, in helium

atmosphere, up to 1400°C. A loss in weight due to

reduction of Pu (IV) to Pu(III) was observed from the

thermogram above 1000 °C. X-ray powder diffraction pattern

of the reduced product was found to be a single fluorite phase,

with a small increase in lattice parameters, indicating that Pu(III)

can go into solid solution in the stabilized zirconia.

The work on synthesis and study of superconductivity

materials, like URu2Si2, was extended to high-Tc ceramic

superconductors. Great success in preparing a very large

variety of well-characterised La-, Y-, Bi-, Tl-, Pb- and Hg-based

perovskite systems was achieved. Their structural and

superconducting behaviour, including flux-pinning, was studied.

Stability of the 110 K superconductor Bi(Pb)-2223 through

Pb-doping was established.

A cogent programme of design and synthesis of bimetallic

organic ferromagnets based on ferromagnetic sub-units, was

taken up. Major achievement in this field was synthesis of

molecular magnetic sponges – a new class of organic

ferromagnets.  These sponges have high values of Curie

temperature and coercivity, and display complete reversibility

of magnetic-nonmagnetic transition and colour change, under

simple dehydration-rehydration process.

High resolution electrical resistivity measurements to

understand magnetic transitions in a variety of alloy systems,
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including Heusler alloys and concentration spin glass system

Pt
3
Fe

x
Mn

1-x
,
 
were carried out. The magnetic phase diagrams

characterising the spin-density wave (SDW) antiferromagnetic

state of dilute Cr-alloy systems were successfully analysed.

Mixed phosphates Al
1-x

Ga
x
PO

4 
 (0.0 ≤ x ≤ 1.0), with

orthorhombic structure, were prepared, and investigated by

using powder X-ray diffraction and NMR spectroscopy. A

systematic decrease of unit cell parameters with increasing

Ga3+ contents, suggested  formation of a solid solution between

AlPO
4
 and GaPO

4
. 31P MAS NMR spectra of both AlPO

4
 and

GaPO
4
 showed a single peak at δ = -24.6 and –8.5 ppm,

respectively. For mixed phosphates, multi-component 31P NMR

spectra, characterised by varying values of chemical shifts, were

observed due to the existence of different types of 31P structural

configurations, formed by varying number of Al3+ and Ga3+ as

its next nearest neighbours. The intensity analysis of the

component peaks suggested a perfectly random distribution

of Al3+ and Ga3+ cations in these mixed phosphates.

High temperature behaviour of orthorhombic AlPO
4
 and

GaPO4, and their solid solutions were studied by high

temperature XRD over a temperature range of 25°C to 1000°C.

All these compositions undergo an orthorhombic to cubic phase

transition at elevated temperatures. This phase transition is

accompanied by significant increase in the unit cell volume.

The orthorhombic phase has a significantly larger thermal

expansion than the cubic phase. Thermal expansions of all

these phases was found to be due to variation of M-O-P angle

as a function of temperature.

Magnesium aluminum silicate glass ceramics, having

machinable characteristics and vacuum compatibility at high

temperatures, are used for high voltage applications. With a

view to improve their thermal expansion coefficient, break down

voltage, mechanical hardness, etc., a variety of new

compositions with varying ratio of Al
2
O

3
/ SiO

2
,
 
from 0.66 to 0.40,

with fixed contents of Mg, added in the form of  (MgF
2 
+ MgO),

and low concentration of other additives, like K2O, B2O3, etc.,

were prepared as base glass, and converted into glass ceramic

form.

Magnetic properties of bulk amorphous Fe
2
O

3
 were

investigated, using  d.c. magnetisation technique, as a function

of magnetic field and temperature. Evidence of four magnetic

regimes, namely, (i) pure paramagnetic at T 110 K at low

applied field, (ii) field induced spin clusters (super paramagnetic

like) at higher applied fields over the same temperature range,

star ting from ~ 110 to 325 K (the highest measuring

temperature), and (iii) interacting spin clusters with progressive

freezing over 35 K ≤T≤ 110 K, and (iv) collective freezing

below ~ 35 K, was found. The spinclusters were found to have

a mean diameter of ~ 30 Å . With increasing applied field, the

freezing-temperature T
g
(H) of spin clusters decreases, and

follows the well known de Almeida-Thouless (AT) line, T
g
 (H)

∝  H2/3, for low fields. The extrapolation of the AT line gives

T
g
(H = 0) ≅  35 K.

Sol-Gel Technology for Non-Nuclear Materials
Sol-gel technology was used for non-nuclear applications.

Porous titania microspheres were prepared by internal gelation

technique, employing cationic surfactants, such as cetrimide

(C
I7
H

38
BrN) or CTAB (CI9~2BrN), in the feed broth prior to

gelation. Batch experiments on the sorption of tetravalent ions,

particularly Pu(IV), on this material, from various carbonate/

bicarbonate solutions, showed high distribution ratio in the range

of 600 to 1500, indicating suitability of this material for removal

of plutonium from carbonate waste streams. Disc electrodes

of haematite, doped with Mg, Si, Ti, Zr and Ca, were prepared

by sol-gel methods, for their use in photo-electrochemical cells.

Phosphor based on rare-earth doped material, YAG (yttrium

aluminium garnet) doped with Ce3+, was synthesized by gel

entrapment technique, and the samples were characterised

by different techniques.

Pellets of Bi
2
O

3
-BeO, used for rechargeable neutron source,

were prepared by sol-gel technique. Homogeneous mixture of

Bi
2
O

3
 and BeO, in the form of cylindrical pellets, was irradiated

to give neutron yield of 5000 n sec
-1
cc

-1
. A novel type of low-

cost Po-Be source, which is rechargeable, was developed. The

device is a convenient short-life source, having negligible

gamma dose, and can be recharged in a reactor, whenever

the neutron yield falls below a specified strength. Neodymium-

doped YAG, used as lasing medium, was prepared in  kilogram

scale batches as a powder by gel entrapment technique under

dust-free conditions. The quality of the powder was ascertained

by XRD, specific surface area analysis, SEM and spectrographic

analysis. Internal gelation technique was also used to prepare

good quality alumina gel spheres.
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Link C11

Catalytic reactions play important roles in our life. Most biological

reactions that build the human body and control  functioning of the

brain and other vital organs, photosynthesis and majority of

chemical processes that are utilized in chemical technology are all

catalytically driven. As early as 1834, Mitscherlich used the word

“contact reaction” to classify such diverse reactions as fermentation

of sugar by enzymes, saponification of starch by acids and alkalis,

and reaction between hydrogen and oxygen in the presence of

finely divided metal particles. Almost at the same time, the word

catalysis was first used by Berzelius, who suggested that reactions

could occur at the surface of solids, provided the latter possessed a

‘catalytic force’. Proper understanding of thermodynamics, reaction

pathway and kinetics of catalyzed reactions led to a more scientific

definition of the catalyst as “a substance which increases the rate at

which a chemical reaction approaches equilibrium, without being

consumed in the process, and without causing any alteration in the

free energy change involved”. Use of catalysts in industry ranges

right from oil refining by cracking of crude petroleum to  production

of chemicals by hydrogenation, dehydrogenation, partial oxidation,

organic molecular rearrangement, ammonia synthesis and

fermentation at baker’s shop.

Catalysis
Research
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It was around the year 1977 that a modest beginning was

made to take up the research and development activities in the

area of heterogeneous catalysis. The need to monitor the

influence of in situ γ-irradiation on the catalytic activity of various

supported metal catalysts, such as Ru/Al2O3, Ru/Zeolite, etc.,

prompted this research. Detailed studies on surface chemistry

aspects of heterogeneous catalytic reactions were also taken

up. Since no facilities existed at that time, instrumentation was

developed indigenously for evaluation of catalytic activity, without

and with in situ γ-irradiation.  A high-temperature and high-

pressure stainless steel cell for in situ infrared spectroscopy

studies of catalytic reactions over catalyst surfaces was

designed and fabricated indigenously. Other instrumentations

developed for dedicated research in the areas of catalysis and

surface chemistry are: system for in situ microcaloroimetry

measurements, various reactor systems for monitoring of

catalytic reactions in gas or liquid phase, mass spectrometric

facility for isotope exchange studies, facilities for temperature-

programmed desorption/reaction and for surface area/pore

characteristics measurements. These efforts have made this

laboratory as one of the best equipped and self-reliant research

centre to take up advanced studies in the areas of catalysis

and surface chemistry.

 A stainless steel cell for in situ Fourier-transform infrared
spectroscopy studies of catalytic processes under the

high-temperature and high-pressure conditions

Catalysis Research

Fundamental Research in Catalysis
The contributions of the catalysis  research group are a

combination of applied and fundamental aspects of

heterogeneous catalysis, zeolite chemistry and surface science.

This team accomplished several projects of interest to the

Department of Atomic Energy. In addition, rich contributions

were made to  fundamental research in these areas of

technological  importance.

Host- guest Chemistry of Zeolites
How reactant molecules, such as CO, CO

2
, C

2
H

4
, C

6
H

6
 and

C6H12, etc., diffuse through the pore system of zeolites, like X,

Y and ZSM-5, is of great technological importance in deciding

product distribution in various petrochemical reactions. Fourier

Transform Infrared (FTIR) spectroscopy, neutron scattering and

thermal desorption techniques were employed to study the

binding states and transport of the above mentioned molecules

during their adsorption in various microporous and  mesoporous

materials.  Existence of weakly held clusters of such molecules,

occluded in zeolitic cages, and stabilized  under the cationic

field, was established for the first time. The role of zeolite pores

and that of the framework and extra-framework sites in

confinement of guest molecules into micro- and mesoporous

materials was elucidated. The influence of the physicochemical

properties of the host matrix on entrapment, binding states and

transport of guest molecules was investigated extensively.

Supported Uranium Catalysts for Selective Oxidation

Reactions
Oxides of uranium have unique physical and chemical

properties that remain unexploited as yet. For instance, oxides

of uranium may serve as ideal catalysts for oxidation reactions,

not only because of the multiplicity of their oxidation states,

arising due to electronic structure, but also due to non-

stoichiometry related micro-structural defects and high thermal

stability. Oxides of uranium also posses some unique

semiconducting properties that may be rated as better than

that of conventional Si, Ge and GaAs materials. The main
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hindrance that comes in the way of utilising uranium for such

application is its natural radioactivity.  In order to address this

issue, encapsulation of the uranium oxide species in cages of

mesoporous materials in the form of highly dispersed nanosize

crystallites was successfully accomplished.

Transmission electron microscopy (TEM) indicates

entrapment of uniformly distributed 2-3 nanometer size

crystallites of uranium oxide within the pore system of

mesoporous MCM-48 host matrix. Detailed in situ FTIR, thermal

desorption spectroscopy and catalytic activity investigations

revealed some unique chemisorption behaviour of these

nanocrystallites as compared to that of bulk uranium oxide.

These nanocrystallites of uranium oxide are found to exhibit

extraordinary catalytic properties for oxidation of small

hydrocarbon molecules. On the other hand, the uranyl groups

anchored in the mesopores are found to serve as excellent

photocatalysts for sunlight assisted par tial oxidation of

hydrocarbon molecules. These studies are forerunner to

development of technologies for recovery of uranium from

seawater.

Role of Nano-size Metal Particles in Catalytic Properties
Extensive spectroscopic and TEM studies enabled to

demonstrate the role played by particle size and the oxidation

state of supported gold in high catalytic activity and selectivity

for oxidation of CO. A relationship between metal oxidation state,

the nature of surface transient species and the catalytic

behaviour of supported metal catalysts, Ru/TiO2, Pt/TiO2, Pt/

SiO
2
, etc., is yet another significant outcome of the extensive

research carried out in the department.

Radiation Effects in Catalysis

To choose a proper operating temperature for a catalytic

reaction is of great importance. Increasing temperature may

result in shorter catalyst life due to  catalyst sintering. It is,

therefore, desirable to work with a catalyst that may have higher

catalytic activity at lower temperatures. Taking this into

consideration, the importance of energy release at metal/

support     interface in the catalytic activity of supported noble

catalysts was elucidated by monitoring the effect of in situ γ-
irradiation on the transient reaction steps as well as the overall

catalytic activity for cer tain hydrogenation reactions.

A correlation was established between radiation-induced

storage of energy in support materials, in the form of trapped

charged center, and radiation-induced enhancement of catalytic

activity. It was demonstrated, for the first time, that the

subsequent release of stored energy during annihilation of

trapped charges, as a result of thermal stimulation, and

ultimately its transfer at metal/support interface sites, is

responsible for the acceleration of the reaction rate. Thus, γ-
irradiation was found to enhance catalytic  activity by as much

as 20 times its normal thermal values for hydrogenation of CO

and CO
2
.

Catalytic Activity of Perovskites and Mixed Metal Oxides

With an objective to develop alternative catalysts for pollution

abatement, catalytic activity of various mixed oxide systems,

such as YBa
2
Cu

3
O

6.9
, La

1-x
Mn

x
VO

4
, Th(Mn

x
V

1-x
O

3-ä
)

4 
 and

CeO
2
-Y

2
O

3
, was investigated for decomposition of NO

x
,

oxidation of CO and hydrocarbons, and for CO + NO reaction.

The structure-activity relationship and the role of lattice defects

in catalytic behaviour of mixed oxides was investigated, using

multiple characterisation techniques, such as X-Ray diffraction,

temperature programmed reduction/temperature programmed

oxidation, dilatometry, differential thermal analysis/thermogra-

vimetry and transmission electron microscopy, etc.

Cerium oxide is a popular catalyst material for high

temperature oxidation reaction because of its favourable redox

characteristics. The mixed oxides of Ce and Sn, having general

formula Ce1-xSnxO2, were prepared and investigated, to

understand the effect of SnO
2
 substitution on the catalytic

properties of CeO
2
. Temperature programmed hydrogen

reduction and CO oxidation studies were carried out, to evaluate

their catalytic properties. Mixed oxides showed better catalytic

activity for CO oxidation reaction as compared to individual

oxides, possibly due to the existence of synergistic effect

between Sn4+ and Ce4+ ions. CeO
2
–γ-Al

2
O

3 
mixed oxides, which

are commonly used as three way automobile exhaust catalyst,

were prepared, and investigated by 27Al Magic Angle Spinning

(MAS) NMR, powder X-ray diffraction and temperature

programmed reduction techniques, to understand the nature

of chemical  interaction existing between CeO
2
 and γ-Al

2
O

3.
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Development of Novel Catalysts
While continuing  fundamental research in heterogeneous

catalysis and surface chemistry, efforts were also made

towards development of various catalysts to meet the

requirements of DAE.  Notable among these are: catalysts for

isotopic exchange between hydrogen and water, a gas

recombiner for sealed-off continuous wave (cw) CO2 lasers and

a catalyst for mitigation of hydrogen in nuclear power plants

under severe accident conditions.

A Catalyst for H2 Mitigation in Nuclear Reactors

In case of severe accident conditions in nuclear power

stations, the released hydrogen requires to be removed

immediately from environment to prevent any explosion. One

such method is catalytic reaction of hydrogen with atmospheric

oxygen. Catalysts consisting of noble metals dispersed over

strips of stainless steel screens were developed for this

purpose, and showed high activity for H
2
 + O

2
 reaction under

ambient conditions. These catalytic panels were found to be

resistant to poisoning by contaminants, such as CH4, CO2 and

moisture. A novel prototype device, using these catalytic strips,

that helps in the mitigation of hydrogen under ambient

conditions, was developed in BARC.

A Catalyst Based Long-life Sealed-off CO2 Laser
In a CO

2
 laser functioning in sealed-off mode, an electron-

induced dissociation of CO
2
 gives rise to formation of CO and

O2, resulting in decreased efficiency as well as life of the laser.

A compact low-power sealed-off cw CO
2
 laser was developed,

incorporating a supported gold catalyst in an outer jacket that

helped in reconstitution of CO
2
 from the dissociation products.

A test bench model of this laser system operated for one year

( 8 hours /day) at a constant power output (~ 6 W) with a single

gas fill. The role of CO and other impurities on laser operation

was investigated in detail.

Development of Hydrophobic Catalysts for Isotopic

Exchange
A method  based on radiation induced polymerization was

developed to cover high surface area activated charcoal with a

Teflon film.  A catalyst using this material and noble metal as

an active component is hydrophobic in nature, and hence

resistant to poisoning by water/water vapour. This catalyst

showed high activity for H/D/T isotopic exchange between

hydrogen and water, which remained intact even after repeated

use.

Interfacial Chemistry
Systematic study of the properties of surfactant solution was

carried out since 1984, which included the mechanism of

clouding in nonionic surfactants, the phenomenon of

viscoelasticity in ionic surfactants, vesicle to micelle transition

in surfactant solutions and homogeneous catalysis in

microemulsion media. Techniques of small angle neutron

scattering (SANS), static light scattering and transient electric

birefringence were used to characterise surfactant solutions.

The cloud point of nonionic surfactant was found to be

sensitive to  addition of small amounts of ionic surfactant.  This

is shown to be due to the charging of the micellar surface, and

supports the view that clouding is a critical phenomenon.

A model to explain this behaviour was developed. The cloud

point depends upon orientation of the additive molecule on the

micellar surface. The variation of cloud point of mixed ionic

and nonionic surfactants was explained qualitatively, on the

basis of the interaction potential between the micelles.

A theoretical model, using Baxter’s formulation of statistical

mechanics of gas-liquid transition, was developed to explain

experimental results on the cloud point of nonionic surfactant

solutions.

The viscoelastic solution of cetyl trimethyl ammonium

bromide (CTAB) and sodium salicylate was investigated, using

NMR, fluorescence and SANS.  The aggregation number,

surface charge and the length of the micelles were determined.

A new surfactant cetyl tr imethyl ammonium hydroxy

naphthalene carboxylate was prepared, and was found to show

vesicle to micelle transition, on heating or adding CTAB.  The

system was characterised, using rheology, SANS, light

scattering, optical and electronic microscopy.
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Link C12

During the long course of history of the earth, elegant chemical

processes have evolved in living systems, like plants,

microorganisms, etc. These  furnish an array of molecular

architectures, starting from very simple molecules, under

extremely mild reaction conditions. Thus, atmospheric CO2 is

converted into incredibly complex primary and secondary

metabolites, such as nucleic acids, carbohydrates, proteins,

amino acids, heterocycles, isoprenoids, phenolics, alkaloids,

lipids, and the like. Many of these organic compounds are

produced by living systems for their own protection against

diseases and attack by other predators. Mainly through intuition

and keen sense of observation, ancient man had discovered

many useful properties of these products. Subsequently, with

the growth of civilization and experiences accumulated through

generations, organic compounds became part of our everyday

life in the form of drugs, health-care products, pigments, food

additives and more.

Chemical and enzymatic synthetic processes were developed

for mass production of industrial products from cosmetics to

lubricants and fine chemicals, and other new compounds with

different properties and value-addition.

More recently, it has been recognized that simple organic

compounds can aggregate and assemble in a very organized

fashion through non-covalent weak interactions. These

molecular assemblies, in turn, often exhibit drastically novel

properties, such as magnetism, electrical conductivity and

optical emission. Thus, organic chemistry can provide new

materials for high-end applications.

Bioorganic
Chemistry
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 Bioorganic chemistry  plays a pivotal role in the

interdisciplinary research and developmental activities

interlinking physical, biological and material sciences. It is no

surprise, therefore, that builders of Indian nuclear programme

anticipated its importance in the seemingly unrelated field of

nuclear power programme. Bioorganic research was initiated

earnestly in BARC from the very beginning. Initially, the research

programme was primarily aimed at developing new anti-

radiation compounds as well as use of radio-tracer techniques

for biochemical and biosynthetic studies.

Over the years, the mandate of the research activities has

evolved in relation to the contemporary necessity, with

increasing attention to global scientific excellence,  relevance

to the national atomic energy programmes and societal benefits.

During the 70´s, the research focus was diverted to augment

agricultural productivity by introducing better crop protection

strategies and plant biotechnology. Consequently, several plant-

based formulations/ compounds were developed to prevent the

pest-induced crop damage. Some spin-offs led to formulation

of anti-hepatitis herbal preparations, anti-cancer agents etc.

The next decade witnessed the emergence of the centre as

the leader in the field of insect pheromones. During this  period,

systematic research was also initiated, for the first time in India,

in the challenging field of asymmetric synthesis. This resulted

in some of the major contributions from India in this field.

Since the 90´s, while the art of pheromone technology was

perfected to maturity, research programmes were directed to

activities with strong relevance to the departmental needs. As

a result, the research targets have been preparation of organic

solvents for metal extraction, bioremediation of radioactive

wastes, hi-tech speciality chemicals such as solid-state laser

dyes, organic semi-conductors and radiomodifiers. A closer look

at the great Indian biodiversity has paved the way for potential

immunostimulants, antioxidants and radio-protecting

compounds.

Bioorganic Synthesis
Organic synthesis plays a crucial role in bioorganic

chemistry, as it can provide target compounds in sufficient

amounts and also assist in developing tailored and functional

entities, often with improved molecular properties. Indeed,

organic compounds required in the modern world are primarily

synthetic, as many of these have either low natural abundance

or are unavailable from natural sources. Consequently, the

research goal of the department has been to evolve “green”

synthetic strategies, viz., organometallic chemistry, biocatalysis,

asymmetric synthesis, solid phase synthesis and synthetic

photochemistry.

Asymmetric Synthesis
Chirality dictates biological properties of many organic

molecules. Optical isomers of the same molecule often exhibit

diametrically opposite physiological properties. There is greater

emphasis, the world over, in developing pharmaceutical

formulations of a specific chiral character.  Research in

developing asymmetric synthesis was initiated at BARC in the

80’s. These provide only the required stereomers, helping the

green cause. Efficient routes to homochiral 3-alkylglycerols

were developed via asymmetric organometallation and carbonyl

reduction protocols. Many of the chirons were used for the

enantioselective synthesis of immunosuppressants, enzyme

inhibitors, chemotherapeutic agents, nucleosides, cytotoxic and

anti-viral compounds including AZT etc. Antifungal compounds,

tubulin depolymerizing agents and insect pheromones were

also developed using chiron approach.

Novel asymmetric catalysts were developed for

enantioselective addition of organometallics to aldehydes,

Michael addition to chalcones as well as asymmetric

reduction of ketones. A breakthrough in stereo-controlled cross

aldol reaction of aldehydes permitted condensation of

geometrically defined trichlorosilyl enolates with a range of

aldehydes, using a symmetric chiral Lewis base as catalyst.

Biocatalysis
BARC is well acclaimed for its valuable contributions in the

field of biocatalytic synthesis of asymmetric molecules.

Bioorganic Chemistry
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Extensive studies were carried out on non-aqueous enzymology

and its mechanistic aspects, which led to new protocols for i)

modification of enzyme topology and modulation of its

enantioselectivity by using organic adjuncts and ii) alteration

of reaction-specificity of enzymes. Empirical modeling and

molecular simulation were  used for rationalising the course of

some enzymatic reactions with the enzyme structure. The

difficult task of controlling diastereo- and enantioselectivity of

multiple stereogenic centres was accomplished invoking

biocatalysis in organic media. Innovative strategies like

substrate immobilization for enzymatic acylation of polyols and

separation of E/Z-alcohols via enzymatic acylation were also

devised.

Organic transformations using microorganisms, known as

biotransformation, is a cost-effective and eco-friendly technique

for asymmetric organic synthesis. To this end, various microbes,

especially Rhizopus arrhizus, were explored extensively to carry

out asymmetric carbonyl reduction and ester hydrolysis. These

provided efficient routes for several important precursors of

various medicinal compounds, insect pheromones and chiral

resolving agents.

Bioorganics for Agriculture

Crop Protection
Considering the constraints of cultivable lands and the

explosive population growth, augmentation of agriculture

productivity is an issue of national importance. This can be

sustained by increasing the yield of agricultural produce and

protecting it from damage caused by pests, both during

cultivation and storage. Use of synthetic chemical agents for

this purpose is proving increasingly counterproductive in view

of adverse impact of these chemicals on human health as well

as the environment. The need of the hour is to develop strategies

to selectively suppress/ control only those pests that are harm-

ful, without affecting the other beneficial or harmless insects

so that the ecological balance remains undisturbed. In addition,

there is a greater emphasis on developing environmentally

benign crop protection technology. Integrated Pest Management

(IPM) strategy involving natural compounds such as insect

pheromones, insect growth regulators (IGRs), and plant-based

formulations is strongly mooted to provide sustainable solution

to  problems of pest menace. The IGRs that play crucial role in

insect metamorphosis, along with other plant-derived compo-

unds like toxins, repellents, feeding deterrents can be used to

disrupt the normal life cycle of insects, thereby suppressing

their population. However, amongst these, insect pheromones,

chemicals used by the insects for communication appears to

be the best choice.

Pheromone Technology
In view of their biodegradability and extreme potency, even

at very small concentrations, insect pheromones offer viable

and eco-friendly strategies for efficient control of many

agriculturally important pests. However, development of

pheromone technology for crop protection requires their

synthesis, formulation of suitable slow-releasing pheromone

dispensers and field trials under different geographic and

agroclimatic conditions. So, pheromone technology for

protecting crops like sweet potato, cotton and palm were

developed.

Sweet potato is an important crop. However, its production

is seriously affected due to extensive damage caused by the

sweet potato weevil (SPW) rendering the tuber unsuitable for

human consumption. An IPM package using indigenously

designed cheap dispensers coated with the SPW pheromone

synthesized in BARC is being used successfully for controlling

this pest in the major sweet potato growing areas of India.

India is the third largest producer of cotton in the world.

However, in terms of cotton productivity, our country ranks only

seventh. This is on account of the huge loss caused by

infestation by  three major pests viz. pink bollworms, spiny

bollworms and American bollworms. Conventional insecticide

spray is less successful, as the pests reside inside the cotton

bolls, and a high dose of insecticides is required. This, however,

leads to pesticide residues in the crop that seriously affects its

commercial value. A novel concept of using pheromone

analogues (parapheromones) for controlling the cotton pests

was introduced for the first time in India. Several

parapheromones were synthesized from renewable natural

sources and patented. One of these preparations was used

effectively to control the American bollworms under field

conditions via the mating disruption technique. Another mimic,

at a higher dose, could efficiently disrupt mating of pink
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bollworms and spiny bollworms, while its use at a lower

concentration led to enhanced trap catch of the insects. Thus,

it can be used for the dual purpose of mating disruption and

mass trapping of the insects. The mimics are now being used

effectively for controlling the pests in the fields of Northern India.

Natural Biocides
Plants, during their evolution, have acquired effective

defense mechanisms to secure their survival against pests and

predators.  Given the vast repertoire of Indian flora, its

biotechnical potential for insect control is very promising and

is being pursued extensively in the department. This led to

isolation of compounds such as allitin and benzylisothiocyanate

(insecticidal), bakuchiol, ecdysone and ecdysterone (IGR),

plumbagin, precocenes (anti-hormones), xanthotoxin

(phototoxic agent), tylophorine,and luvangetin (insect

antifeedants). Efficacy of some of these compounds in

suppressing insects like red cotton bug, tobacco caterpillar and

stored grain pests was established.

Sericulture

India is the second largest producer of silk in the world,

making sericulture an impor tant industry. During their

metamorphosis from pupae to adults – a process that is

controlled by the moulting hormones (MH), the silk-worms spin

silk fibres. The spinning process is highly time-intensive, and

any infection or disease to the silkworms, and/ or food shortage

during this period, lead to total loss of the silk crop.

Consequently, any time-saving measure would increase silk

productivity and reduce the production cost.

With this objective, plant-based MH preparations were

developed that promote silkworm maturation and increase silk

productivity. Topical application of the inexpensive MH

preparation at a very low concentration, advances  maturity of

the silkworm larvae, providing better quality of reelable silk in

a short time. The preparation is currently in the commercial

domain and would be an import substitute for the silk industry.

Bioorganics for Health
From the health perspective, the importance of bioorganic

research is obvious. The aspect of health is of top priority in

the department, and understandably there is a very strong

Silkworm feeding on mulberry leaves and BARC-phytohormone

Harvested silk cocoons after treatment of BARC-developed
phytohormone

programme on 1) protection of lives against radiation-induced

damages and 2) harnessing ionizing and non-ionizing radiations

for health benefits. It is well known that besides normal body

metabolism, radiation exposure generates various free radicals

that have important implications in biology. Their inadvertent

and uncontrolled generation in cells has catastrophic

consequences leading to pathogenic conditions such as

mutagenesis, carcinogenesis, degenerative diseases, viral

infections etc. External supplementation of antioxidants and

radioprotectants is warranted to combat all these ravages. An

antioxidant is “any substance” that delays or inhibits the damage

to the substrate, even when present at low concentration

compared to the substrate.

On the other hand, if their production can be programmed

site-specifically, for example via radiations using suitable photo-
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and radio-sensitizers, the protocol can be used beneficially in

photodynamic and radiation therapies. Thus, development of

new antioxidants and radiomodifiers (collective name for

radioprotectors and radio-sensitizers) especially from natural

sources assumes great importance, because most of the

synthetic compounds already developed, are toxic.

Natural Radiomodifiers, Congeners and Other Medicinal

Compounds
BARC has an extensive programme of developing natural

radiomodifiers with augmented activity or reduced toxicity from

the rich Indian flora and fauna. This involves screening a wide

variety of extracts from the medicinal  and dietary plants,

analyzing structure-activity relationship and establishing

biological mechanism based on chemical principles.

Collaborative programmes with pharmaceutical companies

were also initiated for this purpose. Different extracts of

Convolvulus pluricalis, Rauwolfia serpentina, Vitex negundo,

Plumbago indica, Piper betel, Terminalia chebula (boyra),

Terminalia belerica (haritaki) and Hemidesmus indicus showed

good in vitro activities in preventing γ-ray and iron mediated

damage to lipids, proteins and DNAs, while some showed

excellent protection against photo-oxidation. Identification of

components responsible for free radical scavenging action and

analyses of their relative contributions were carried out using

HPLC technique. Some promising extracts were selected for in

vivo radioprotection studies.

One of the prominent spin-offs of these studies was the

isolation of a polysaccharide from the medicinal plant, Tinospora

cordifolia, which shows impressive immuno-modulatory and

radioprotecting properties in animal models. The patented

formulation is under commercial domain. The same plant was

subsequently found to be a valuable source for the medicinally

important alkaloids, berberine and jatrorrhizine. A tissue culture

technique for their generation was developed.

Chemical Biology

Physico-chemical properties, kinetic and thermodynamic

factors contributing to the reactivity of antioxidants, including

the mechanistic aspects, were evaluated, employing fast

techniques like pulse radiolysis and stopped-flow method.

Innovative methodologies like interconversions of transient

radicals and dynamics of Fenton chemistry, product analyses

and use of synthetic congeners were used extensively to study

the mechanism of action of several radiomodifiers and other

drugs, related to cancer (adriamycin, daunomycin), AIDS (AZT),

diabetes, neuro-defects and inflammation.

The essential vitamin folic acid is extremely valued for its

preventive potential against various diseases.  It was found to

act as a redox switch in conferring promising iron modulatory

and radioprotective properties.Mechanism of its oxidative

degradation was established using fast techniques, while the

physiological consequences of the vitamin metabolism were

rationalized. In related efforts, various new concepts such as

the positive roles of 1,3-diketone function and unsaturated

terpenoid side chain (via allylic proton abstraction) in preventing

free radical induced biological damage were  introduced. The

antioxidant properties of the turmeric-derived compound,

curcumin were assessed and free radicals of curcumin were

characterized using pulse radiolysis and electron spin

resonance, in membrane model systems.

Antioxidant activities of several resveratrol analogues were

investigated to correlate activity with their structure. Interestingly,

some of these compounds could be tuned to cleave DNA under

suitable conditions. In a related effort, the nuclease property of

a natural polypyrrole isolated from a  microbe was also

established, and the chemistry behind the  actions rationalized

based on its redox property and DNA binding capacity.

Detailed studies with about 30 drugs revealed that free

radicals generated from some of these drugs might partly be

responsible for their action/ toxicity. Using substituted quinones

as model compounds, the function of the anthracyclines as

anticancer agents was rationalized. Radiation stability,

degradation routes and possible regeneration of thyroid

hormone precursors 3-iodo and 3,5-diiodo-tyrosines were

studied in the presence of ionizing radiation, keeping in

perspective a similar redox scenario within the thyroid gland in

case of radio-iodine leakage, and resulting uptake by the

mammalian species. The role of oxygen and repair by cellular

antioxidants confirmed the  efficacy of  natural defense to

counter moderate oxidative stress.
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Nuclear Medicines
The objective of nuclear medicine is diagnosis and/ or therapy

of various diseases with the help of radiopharmaceuticals that

are prepared by complexing a radioisotope with organic ligands.

The organic ligands play pivotal role in increasing the drug

lipophilicity and assisting delivery to the target organs or cells.

This is one of the most important programmes of the

department to realize Dr. Bhabha’s vision of applications of

radioisotopes for direct benefit to mankind. Radiopharma-

ceuticals used for the diagnosis of a variety of disorders most

often employ 99mTc, which emits only a photon and no particles

that can cause destructive effects. On the other hand,

therapeutic radiopharmaceuticals used for treatment of various

disorders, cancer being the most common among them, employ

particle emitting radionuclides, many of which are trivalent rare

earth metals.

Molecular imaging at cellular level is currently the key word

in the field of research in diagnostic radiopharmaceuticals. An

important direction followed in the development of new agents

for diagnosis with 99mTc has been the shift from conventional

radiolabeling procedures to new methods of radiolabelling to

achieve highly active, stable and site-specific radiopharma-

ceuticals.  One such approach is the use of 99mTc tricarbonyl

synthon, where Tc is in +1 valency, strongly bound by 3 carbonyl

groups and 3 easily replaceable water molecules. The 99mTc

tricarbonyl synthon can complex with a ligand having three

ligating atoms and is used for radiolabelling biologically active

compounds. A number of tridentate ligands which can make

tricarbonyl complexes with favourable pharmacokinetics have

been identified and used for functionalization of biomolecules

at BARC. Tricarbonyl complexes of functionalized biomolecules

have shown promising results for the development of novel

radiopharmaceuticals. In a similar manner 99mTc-HYNIC

(hydrazine nicotinic acid) and 99mTc-nitrido core([Tc(V)ºN]+2

core) are two other novel precursors to label molecules.  Several

bioactive molecules like progesterone, sanazole, colchicin,

mebrofenin, isoniazide were modified to form an

´iminodiaceticacid´ (IDA) pendant group to enable them to

complex the [Tc-(CO)
3
]+1 synthon. Novel radiopharmaceuticals

containing  99mTc and bioactive compounds like steroids that

are linked through bifunctional chelating agents (BFCAs) were

also developed. Such modifications could be carried out without

altering the biological activity of the drugs.

The BFCAs are also important for making therapeutic

radiopharmaceuticals wherein rare earth radionuclides are

used. In view of the similar chemical properties of these

radionuclides, their differentiation can only be made by matching

their ionic radii with the cavity size of the BFCAs. A large number

of phosphonate ligands were synthesized and tested for bone

pain palliation purposes, several known molecules with affinity

for tumours or for hypoxic cells were modified to enable

radiolabelling.

Bioorganics in Nuclear Research
Several processes for the preparation of nuclear fuel,

operation of nuclear reactor and reprocessing of spent fuel

generate a good many radioactive effluents.  These need to be

treated further for removal of the radioactive toxic materials

before they can be released in the environment.  Further,

recovery of the unused nuclear materials as well as other useful

radioisotopes produced during nuclear fission is also facilitated

by their selective extraction from the nuclear wastes. For high

level radioactive wastes, this is achieved by solvent extraction.

On the other hand, bioremediation, which involves deploying

micro-organisms, or other biological systems, offers a clean

and powerful solution in decontaminating wastes with low level

of radioactivity. Consequently, the department is actively

engaged in developing radioactive decontamination technology

using both these techiques. The research in bioorganic

chemistry contributes significantly in these developments.  The

achievements in these areas are briefly mentioned below.

Development of Metal Ion Extractants

Various phosphorus and nitrogen-based solvents such as

CMPO and alkyl substituted malonamides are promising for

selective extraction of the long-lived hard α–emitting actinides.

Hence, methods for their synthesis were developed via

indigenous routes and the technology is available for transfer

to the Heavy Water Board for plant scale syntheses. Efficacy

of the CMPO-based process in decontaminating the reactor-

generated high level waste (HLW) stream was demonstrated

successfully by a mixer-settler run. Crown ethers are another
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Radiolabeled Pharmaceuticals for Pain Palliation

Advanced Cancers metastatize often in the skeleton

resulting in severe pain and morbidity.

Because of their high bone affinity radiolabeled

phosphonates are used in palliation of pain, besides their

use in imaging as well as treatment.

Examples:
89Sr-chloride, 32P-phosphoric acid, 153Sm-EDTMP

(ethylenediaminetetramethylenephosphonicacid),
188Re-HEDP (hydroxyethylene diphosphonate)

New Formulations :

Hexamethylenediamine tetramethylene phosphonic acid

(HMDTMP), propylenediamine tetramethylene phosphonic

acid (PDTMP), diethylenetriamine pentamethylene

phosphonic acid (DTPMP), triethylenetetramine

hexamethylene phosphonic acid (TTHMP) , 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTMP)

and 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic

acid (CTMP)

Promising Radiopharmaceuticals :
186Re-CTMP, 177Lu-DOTMP & 153Sm-DOTMP

Magic Bullets for Targeting Cancer Tissues

Molecules that bind to the receptors on cancer cells

Molecules with known affinity for cancer cells

Molecules accumulating in hypoxic cells

Examples:

somatostatin, a peptide - Neuroendocrine tumours;

estradiol – certain breast cancers;

testosterone – prostate cancers;

porphyrins- known tumour accumulation

nitroimidazoles – hypoxic tissues

New Formulations :

Lanreotide-DOTA from lanreotide, a somatostatin ana-

logue  labeled with 177Lu, 90Y
177Lu labeled 6a-aminoestradiol-p-NCS-benzyl-DOTA,
99mTc labeled porphyrin derivatives
99mTc labeled Metronidazole-DOTA
99mTc labeled Metronidazole-BFCA
99mTc labeled Sanazole-DOTA

class of exotic organic solvents that can trap some β–emitting

alkaline earth metals. The metal ion-selectivity of these solvents

can be tuned by subtle variation of their structures. To this end,

a crown ether was developed, which can selectively complex

with the strontium ion. This helps in removing the toxic metal

ion from the nuclear waste, which subsequently can also be

used as progenitor of the yttrium isotope that is used in nuclear

medicine.

Selective extraction of uranium from depleted sources and

its recovery from the uranium processing plants have attracted

enormous attention because of its importance in nuclear power

programme. Calixarenes, the phenol-formaldehyde polymers

are promising for this purpose and a suitable uranophilic

calixarene has been developed at BARC. In the presence of a

synergist such as trioctylphosphine oxide (TOPO), the solvent

could trap uranium efficiently in a liquid-liquid membrane

system.

Bioremediation of Nuclear Waste

Bioremediation is a process wherein decontamination of

wastes containing radioactive metal ions or organics can be

carried out with the help of microorganisms. In this, the toxicants

can be removed via their uptake by living microbes as well as

adsorption (biosorption) by the biomass. While the use of viable

microbial cells is favoured for decontamination of organic

wastes, sequestration of radioactive metal ions is better

achieved by the biosorption approach. The department has
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Sweet Potato Weevil pheromone dispenser and trap Catch of Sweet Potato Weevil in a pheromone-baited trap

developed a versatile biomass from a Rhizopus arrhizus strain

that has an extraordinary capacity to decontaminate low level

radioactive wastes generated during the reprocessing of nuclear

fuels. The biomass showed selective adsorption capacity for

the trivalent actinides and U/Pu depending on the solution pH.

A cross-linked biomass preparation with good  mechanical

strength was also developed from the microbe that retained

the absorptive capacity of the native biomass and is suitable

for large scale decontamination of nuclear waste. Another strain

of R. arrhizus was found to trap uranyl ion effectively, and can

be used for its recovery from dilute solutions.
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