RESPONSIVE NATURE AND FUNCTIONAL
ACTIVITIES OF UO2(VI) ION ON INTERACTION
WITH (O, N) AND (O, N, S/Se) BASED ACYCLIC
AND CYCLIC DONOR BASES

DEEPA BHARDWAJ

DEPARTMENT OF CHEMISTRY

INDIAN INSTITUTE OF TECHNOLOGY DELHI

SEPTEMBER 2022



© Indian Institute of Technology Delhi (11TD), New Delhi 2022



RESPONSIVE NATURE AND FUNCTIONAL
ACTIVITIES OF UO2(VI) ION ON INTERACTION
WITH (O, N) AND (O, N, S/Se) BASED ACYCLIC
AND CYCLIC DONOR BASES

by
DEEPA BHARDWAJ

Submitted

In fulfilment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

to the

DEPARTMENT OF CHEMISTRY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
SEPTEMBER 2022



Dedicated to

All that I am, or hope to be,
| owe to my angelic parents

Mrs. Sushila and Mr. Anil Kumar

and

In memory of my beloved
grandfather Shri Anand Swaroop

(Heavenly abode)



CERTIFICATE

This is to certify that the thesis entitled, “Responsive Nature and Functional Activities of
UO2(VI) lon on Interaction with (O, N) and (O, N, S/Se) Based Acyclic and Cyclic Donor
Bases” being submitted by Ms. Deepa Bhardwaj, to the Indian Institute of Technology
Delhi for the award of degree of ‘Doctor of Philosophy’ in Chemistry is a bonafide
research work carried out by her. Ms. Deepa Bhardwaj has worked under my guidance
and supervision and has fulfilled the requirements for the submission of thesis, which to my
knowledge has reached the requisite standard. The results contained in this thesis have not
been submitted inpart or in full, to any other University or Institute for award of any degree

or diploma.

Date:

Dr. Jai Deo Singh

ProfessorDepartment Chemistry

Indian Institute of Technology Delhi

New Delhi— 110016



ACKNOWLEDGEMENTS

First and foremost, | wish to express my profound sense of gratitude to my
supervisor, Prof. Jai Deo Singh, Department of Chemistry, Indian Institute of Technology,
Delhi for his painstaking guidance, invaluable suggestions, and constant encouragement.
The completion of this project would not have been possible without his active involvement
during all stages from the conception to the actual culmination of this thesis.

In addition, special thanks are due to the former and present Head of Chemistry
Department, for providing the necessary facilities for carrying out my research work.

The staff of the Instrumentation Laboratory of the Chemistry Department also
deserves a special mention. | sincerely acknowledge the Council of Scientific & Industrial
Research (CSIR), Government of India for providing the financial assistance to carry out
my research work.

My extended gratitude to my lab seniors, Dr. Abhishek Kumar, Dr. Shipra Yadav,
Dr. Jagriti Singh and Dr. Renu Kumari for all those encouragements and practical advices,
| have received during my Ph.D work. | also wish to express my appreciation and warm
feelings to my colleagues, Jyoti Barak, Kaushal Kishor Yadav, Preeti Mishra,
Dharmendra, and Rahul Yadav for healthy and friendly support and encouraging scientific
atmosphere in the laboratory. Special thanks to Jyoti for helping me in drafting of the
thesis.

I would sincerely like to thank my beloved friends, Ekta Arora, Amardeep
Chaudhary, Anchala Patel and Ngangom Pravina who always motivated and supported
me at various steps in my life and my PhD journey too.

I would like to pay my gratitude to my school teachers, Mr. Vinod Sharma, and Mr.
Kamal Kishor, for teaching me the importance of education and showing faith in me over

the years.



Words fail to express my sentiments for my loving and respectable parents (Mrs.
Sushila & Mr. Anil Kumar) for raising me to be what | am today, believing in me, giving
me freedom and space to grow. | dedicate this work, this thesis to you both Mummy and
Papa.

In addition, | would like to show my gratitude to my siblings, Jyoti and Kulbhushan
Bhardwaj and my sister—in—law Meenu Sharma, for their infallible love and support. | am
also grateful to Praveen Atri for boosting my enthusiasm. | convey my special thanks to
Sangeeta Sharma, for always being there for me as my best friend. | can never forget the
love, support, and care she has provided during my difficult times.

Last but not the least | would like to mention a note of love to my lifelines, Tanmay,
Priyanshi, Dhruv, and Parth. Your bright little smiles, across many miles, made the long
days worthwhile.

Above all, 1 would like to praise and thank Lord Shri Krishna, who continues to

make the impossible possible.

e I R Fifdder yraer gt
O: prguT Ifay faRg A= g 9 41 1|
PRI G ATGHT TATIAT YU
THTeaquey Fdfawy femier 39 |

Sincerely,

Deepa Bhardwaj



ABSTRACT

The thesis entitled “Responsive Nature and Functional Activities of UO2(VI) lon
on Interaction with (O, N) and (O, N, S/Se) Based Acyclic and Cyclic Donor Bases” deals
with the study on UO2%" ion towards a series of acyclic and cyclic species bearing phenolic
(-OH), (-HC=N-), (-NH-) or (-S/Se—) groups as donor functionalities for evaluating its
functional activity. The thesis is divided into six chapters including general introduction on
uranyl ion, materials and methods and the research findings are discussed in four chapters

(I11-VI).

Chapter | refers critical introduction on uranyl (V1) ion chemistry as inorganic
chemist viewed its behavior in various environments including coordination chemistry,

along with the aims and objectives of carrying out the present research work.

Chapter 11 provides the list of chemicals and reagents procured through various
sources and details of the synthetic procedures adopted for the preparation of starting
materials that are not commercially available. It also provides information about the
physicochemical, spectroscopic, and crystallographic techniques used for the

characterization of newly synthesized derivatives.

Chapter 111 describes the functional activity of UO2?* ion in response to acyclic
donor species bearing (—OH), (-HC=N-) and (-S/Se-) functionalities. The complexes
isolated herein were found to be stable in nature with interaction of the anion part to the
uranyl moiety. Coordinatively, the behavior of UO,?* ion with donor species used herein
follow the classical pathways of coordination chemistry. The experimental observation of
[UO2(OCOCH?3)3] ™ is exceptional as this species has been hypothetically studied to a longer

extent for its application in nuclear fuel cycle.

Chapter 1V refers to the synthesis, characterization, and behavior of a series of



acyclic and cyclic organic species bearing (O— and N-) donor heteroatoms for their
response in the presence of UO22* ion. The capturing of uranyl ion by these organic donor

species in solution state was noticeable and addressed for their potential as extractants.

Chapter V refers to the responsive behavior of UO,%* ion towards a series of cyclic
species bearing phenolic (—OH), (-HC=N-) or its reduced form (-CH2NH-) and E (E =S
or Se) heteroatom as donor functionalities. The UO2?* ion with the cyclic species revealed
unique behavior of [NOs]™ ion in bonding pattern. The different bonding of the [NOs]™ ion

is of practical significance in actinyl extraction chemistry.

Chapter VI refers to the influential chemistry of UO,2* ion in cyclic coordination
environments of donor species bearing phenolic (-OH), (-HC=N-) (-CH2NH-) or (-
HC=0-) as heteroatoms in a series of acyclic or cyclic geometrical architectures. The
outcome and recognition of [UO2(NO3)3]~ experimentally in conjunction of cyclic organic
species appeared to be the first example to observe unusual bonding of one of the [NOz]"
ion within the isolated species [UO2(NOz)3]™as mobile ion. Understanding these bonding

differences is important for actinide separations in extraction processes.
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titrating HzLs (1 x 107 M) with a solution of UO2(NO3),°6H20 (1 x 1072 M)
in CH3CN, (b) spectroscopic changes upon titrating HzLs (1 x 10 M) with
a solution of UO(OCOCHS;)2+2H,0 (1 x 107 M) in CH3CN.
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Spectrophotometric UV-Vis. titrations: (a) spectroscopic changes upon

513 titrating HoL7 (L x 104 M) with a solution of UOz(NO3)z+6H,0 (L x 103 M) | 168
in CH3CN, (b) spectroscopic changes upon titrating HzL7 (1 x 107 M) with
a solution of UO(OCOCHS;)2+2H,0 (1 x 103 M) in CH3CN.
5.14 (a) Changes observed in the emission spectra of species HzLs (1 x 10° M) 169
upon successive addition of a solution of UO2(NO3)2°6H,0 (1 x 103 M) and
solution of other metal nitrates (1 x 103 M) in CH3CN, (b) bar graph showing
competitive selectivity of UO,?* over other metal cations.
5.15 Changes observed in 'H NMR spectra on titrating a solution of HzLs with a 171
solution of UO2(NO3)2+6H,0 in CD3CN (UO2?*: HyLs) from a concentration
ratio of (0.1:1) to (1:1). (Inset) Peak ‘a’ corresponds to a shift in aromatic
protons as coordinated species.
5.16 Overlay of the IR spectra of HzL: (brown) and its complex with 172
UO,(NO3)2*6H,0 (pink) emphasizing (UO,?*:H,L;) interactive behavior.
517 Overlay of the IR spectra of H:Ls (orange) and its complex with 173
' UO2(NO3)2+6H0 (dark blue) emphasizing (UO2?*:H,Ls) interactive behavior.
5.18 ESI-MS spectrum of the complex species (Cz) of donor species HzL7 and 173
UOz(NO3)2’6H20 in CHsCN.
510 Perspective view of complex species (C1) with coordinated nitrate anions. 175
5.20 Perspective view of complex species (Cz) with coordinated nitrate anions. 176
5.21 Perspective view of species (C1) with coordinated nitrate anions ions 176
showing in the plane along O(4)-U(1)-O(4) centre.
Chapter VI
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6.1 ESI-MS of species HzL1. 195
6.2 ESI-MS of species HaLs. 196
6.3 'H NMR spectrum of species HzL1 in CDCls. 197
6.4 IH NMR spectrum of crude species (HzLs+*HzLs) in CDCls. 198
6.5 IH NMR spectrum of species HzLs in CDCls. 199
6.6 BC{*H} NMR spectrum of species HzL3z in CDCls. 200
6.7 Spectrophotometric UV-Vis. titration: spectroscopic changes upon titrating 201
HzL1 (1 x 10 M) with a solution of UO,(NO3)2#6H.0 (1 x 107 M) in
CH3CN.
Inset] Spectrophotometric UV-Vis. titration: spectroscopic changes upon
6.7(a) [Inset] Spectrop p p ges up 207

titrating HoL1 (1 x 10 M) with a solution of UO3(NO3)226H20 (1 x 1073 M)
in CH3CN [up to a ratio of (UO2%* :H,L,) (0.1:1 to 2:1)].
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Spectrophotometric UV-Vis. titration: spectroscopic changes upon titrating

6.8 HoL1 (1 x 10 M) with a solution of UO(OCOCHs)2+2H,0 (1 x 102 M)in | 293
CH3CN.
Spectrophotometric UV-Vis changes observed on addition of a solution of
6.9 different metal nitrates (1 x 10 M) in CH3CN. 204
Spectrophotometric UV-Vis. titration: spectroscopic changes upon titrating
6.10 HoLs (1 x 104 M) with a solution of UO,(NO3)z*6H,0 (1 x 102 M) in |  20°
CH3CN.
6.11 Spectrophotometric UV-Vis. titration: spectroscopic changes upon titrating 206
' HzLs (1 x10* M) with a solution of UO2(OCOCHs3),22H20 (1 x 107 M) in
CH3CN.
6.12 Spectrophotometric UV-Vis. titration: spectroscopic changes upon titrating 206
HzLs (1 x 10~* M) with a solution of UO,(NO3),+6H,0 (1 x 1073 M) in
CH3CN.
6.13 Overlay of the IR spectra of donor species HzL1 (red) and its complex with 207
UO2(NOs3)2*6H20 (black) emphasizing (UO2?*: H,L4) interactive behavior.
6.14 Overlay of the IR spectra of donor species HzLs (black) and its complex with 208
' UO2(NOs)2+6H20 (pink) emphasizing (UO,?*: H,Lz3) interactive behavior.
6.15 Overlay of the IR spectra of donor species HzLs (orange) and its complex with 208
' UO2(NOg)2+6H,0 (pink) emphasizing (UO2?*: H,Ls) interactive behavior.
Perspective view of species (C1) with three coordinated nitrate anions.
6.16 211
6.17 (a) Perspective view of isolated Na[UO2(OCOCHS3)3] as complex species (Cz) 213
(b) Packing diagram of complex depicting short contacts present along the cell
axes ‘b’.
6.18 Perspective view of complex (Cs) with one H,O molecule in coordination 215
atmosphere.
6.19 Perspective view of complex (Ca). 216
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