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SYNOPSIS

This thesis entitled “Diuranyl(Vl) Complexes with Some Tri- and
Tetradentate Ligands and Their Applications” consists of five chapters. These
are (1) Introduction, (2) Diacetato-bridged Diuranyl(V1) Complexes : Structures,
Properties and Extraction Studies, (3) Syntheses, Structural Insight and
Photocatalytic Applications of Di-u-hydroxo  Diuranyl(VI) Complexes, (4)
Electrocatalytic and Photocatalytic Hydrogen Evolution Using a Diuranyl(VI)
Complex from Neutral Aqueous Medium, (5) Catecholase Activity of Chiral
Diuranyl(VI1) Complexes: Experimental and Computational Study. Each of the
chapters, except for introduction, contains the following sections: Introduction,
Experimental Section, Results and Discussions, Conclusions and References.

Chapter 1
Introduction

In this chapter we have discussed the coordination chemistry of the uranyl
(UO22*) moiety and its applications in the field of extraction, photocatalysis and

electrocatalysis.
Chapter 2

Diacetato-bridged Diuranyl(VI) Complexes : Structures, Properties and

Extraction Studies

Reactions of equimolar amounts of UO2(OACc)2-2H20 and N-(2- pyridyl)-N’-(5-
R-salicylidene)hydrazines (HL"; n=1-3 for R=H, Me, and OMe, respectively) in
methanol produced [(UO2)2(u-OAc)2(L")2] (1-3 for n=1-3) in ~70% vyields.
Elemental analysis, various spectroscopic, and electrochemical measurements
were used to characterize 1-3. X-ray crystal structures revealed an 8- membered
U(OCO).U ring with a chair conformation and pentagonal-bipyramidal UN20s
coordination spheres in each of 1-3. The N,N,O-donor (L") and the two O-atoms
of the two bridging (OAc)” form the pentagonal plane around the U-atom of
trans-(UO,)?*. Intermolecular H-bonding assisted self-assembly of the complexes

lead to 1- and 2-dimensional supramolecular structures. Infrared (IR) and proton

Vi



nuclear magnetic resonance (*H NMR) spectra of 1-3 are consistent with their
molecular structures. The electronic spectra showed four strong absorption bands
in the range 466-288 nm. The complexes undergo two irreversible reductions
near —0.65 and —0.88 V (vs. Ag/AgCl). Time-dependent density functional theory
(TD-DFT) calculations suggest that a ligand centered transition causes the
highest energy absorption band, while, the remaining three are ligand-to-metal
charge transfer (LMCT) bands and the two successive reductions are due to
Uvh-U(Vl) - U(V)-U(VI) - U(V)-U(V) processes. A maximum extraction

of 98% of trans-(UO,)?* from the aqueous layer was observed in two phase

3 12
OH
72N $
RTENAINE TN N0
6 H E

9

extraction studies.

HL", n = 1-3 for
R =H, Me and OMe

[(UO2)2(-OAc)(L");] (1-3 for n = 1-3)

Chart 1. Chemical structure diagrams of HL" and [(UO2)2(x-OAc)2(L")2].

vii



0.4 | /\ \ Extr. 0
l /’, \'.' Extr. 1
| \ Extr. 2
| / Extr. 3
8034 || \ Extr. 4
S b1 s / \ Extr. 5
< i1\ / \ Y
s |\
o o | \
2 02 1\ /. ~—\ \\.‘
1 1A A s £\
\ / ‘ \
A
01441 / \
S T S~ = ~
0.0+— — —_——— T o
360 400 : 440 480 520
Z(nm)

Figure 1: Electronic spectroscopic profiles of the aqueous phase (pH 6)

containing UO2(OAC)2 recorded after sequential extractions of trans-uranyl(\V1)
dication using CHCIs solutions of HL?2.

Chapter 3

Syntheses, Structural Insight and Photocatalytic Applications of Di-u-
hydroxo Diuranyl(VI) Complexes

Two new dihyroxo-bridged diuranyl(V1) complexes of the molecular formula
[(UO2)2(1-OH)2(L™2] (1 and 2) were synthesized in good yields (~64%) by
reacting equimolar amounts of [UO2(OAc).]-2H20 and 2-((2-(6-chloropyridazin-
3-yl)hydrazono)methyl)-4-R-phenols (HL" where n = 1 and 2 for R = H and
OMie, respectively) in dimethylformamide. Both complexes were characterized
by elemental analysis, various spectroscopic and cyclic voltammetric
measurements. X-ray crystal structures of the two complexes crystallized as
solvated species showed the rare {(UO2)2(u~-OH)2}** core where each metal
center is in a distorted pentagonal-bipyramidal N2Os coordination sphere
assembled by the two axial oxo atoms, two equatorial bridging hydroxo-O atoms
and the equatorial N,N,O-donor (L")~. The solvated complexes assemble through
intermolecular bifurcated N-H:-(0,0) and simple O-H--O and N-H--O

hydrogen bonding interactions and form supramolecular one-dimensional chain-
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like and three-dimensional network structures in the crystal lattices. Infrared and
proton NMR spectroscopic characteristics of the two complexes corroborate their
molecular structures. Electronic spectra of 1 and 2 display three strong
absorptions in the range 405-301 nm. A metal centered irreversible reduction
having the Epc near —1.06 V (vs. Ag/AgCl) has been observed in the cyclic
voltammograms of 1 and 2. Both complexes are photocatalytically active in
degradation of rhodamine B (RhB) and methylene blue (MB) under visible light
irradiation. Photodegradation of RhB up to a maximum of 96% and that of MB

up to a maximum of 85% was achieved in 150 and 180 min, respectively using 2

3
OH N Cl
=z
;E:E )N\T
7_=N g
R”5 - C/ s A 10
6 H H 9

HL", n=1 and 2 for
R = H and OMe, respectively

FeRMETY

[(UO2)2(2-OH)»(L™),] (1 and 2 forn = 1 and 2)

as catalyst.

Chart 2. Chemical structure diagrams of 2-((2-(6-chloropyridazin-3-
yl)hydrazono)methyl)-4-R-phenols (HL") and their corresponding complexes

[(UO2)2(1-OH)2(L")2].
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Figure 2: Degradation of Rhodamine B (RhB) under visible light irradiation in
presence of [(UO2)2(u-OH)2(LY)2] (1) as catalyst.

Chapter 4

Electrocatalytic and Photocatalytic Hydrogen Evolution using a
Diuranyl(VI) Complex from Neutral Aqueous Medium

The reaction of equimolar amounts of UO2(OAc).-2H.0, 2,6-diformyl-4-
methylphenol and N-(hydroxyethyl)ethylenediamine in methanol affords a
dinuclear trans-uranyl(VI) complex of the molecular formula [(UO2)2(z-L)2] (L%
= 2-formyl-4-methyl-6-((2-(2-oxidoethylamino)ethylimino)methyl)phenolate) in
65% vyield. Detailed structural elucidation of the complex was performed by
using single crystal X-ray crystallographic and spectroscopic studies. In
[(UO2)2(u-L)2], the metal centers are in edge-shared pentagonal bipyramidal
N20s coordination spheres assembled by the two meridional ONNO-donor
bridging L?~ and two pairs of mutually trans-oriented oxo groups. The complex is
redox active and displays two successive metal centered one-electron reductions
at Epc =—0.71 and —1.03 V in N,N-dimethylformamide solution. The redox active
complex was used as a heterogeneous catalyst for electrochemical hydrogen
evolution from aqueous medium at pH 7 with a turnover frequency (TOF) of 384
h-tand a Tafel slope of 274 mV dec™!. The Faradaic efficiency of [(UO2)2(x-L):]



was found as 84%. Beyond electrocatalytic response, the [(UO2)2(u-L)2]-TiO--
N719 composite also exhibited significant heterogeneous photocatalytic
hydrogen evolution activity in neutral aqueous medium under visible light and
provided a yield of 3439 pumol gear* of Hz in 4 h with a TOF of 172 h-! and
apparent quantum yield (AQY) of 7.6%.

S %

NHz -+ UOz(OAC)z 2H20
NH
E K/OH
NH l

\Q\L <_ \u
\u/ /n\
||\_> ?\

Scheme 3. Synthesis of [(UO2)2(x-L)2].
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Figure 3: Cyclic voltammogram of [(UO2)2(u-L)2] at a scan rate of 100 mV s

representing electrocatalytic hydrogen evolution.
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Figure 4: Bar graph representation of the photocatalytic hydrogen production
activity.

Chapter 5

Catecholase Activity of Chiral Diuranyl(VI) Complexes: Experimental and
Computational Study

Four chiral dinuclear uranyl(VI1) complexes with the general molecular formulas
[(UO2)2(R/S-LY)2(H20)2]-2CH3CN (1-2CH3CN and 2-:2CH3sCN) and [(UO2)2(R/S-
L2)2(Me2NCHO),] (3 and 4) (where, (R/S-LY> = (R/S)-2-((1-oxidopropan-2-
ylimino)methyl)-phenolate and  (R/S-L3?>~ = (R/S)-1-((1-oxidopropan-2-
ylimino)methyl)naphthalen-2-olate) were synthesized in 70-75 % vyields. The
complexes were characterized by elemental analyses, mass spectrometric,
magnetic susceptibility and solution electrical conductivity measurements. Single
crystal X-ray diffraction studies confirmed the dinuclear structure and
pentagonal-bipyramidal NOe coordination sphere around the metal atoms in 1-4.
In each complex, the metal centers of the two trans-UO2%* units reside in a NO4
pentagonal plane constituted by the two alkoxide end bridging ONO-coordinating
(LY?)> and the two O-coordinating solvent (H20 or MeaNCHO) molecules.
Spectroscopic (IR, UV—Vis and *H-NMR) features of the complexes corroborate
well with their X-ray molecular structures. Complexes 3 and 4 exhibit good

catecholase-like activity (oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC) to
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3,5-di-tert-butylquinone (3,5-DTBQ)) in Me2NCHO solution with TOF as high as
3686 and 3774 h™*. For both complexes, the catalytic reaction follows a radical
pathway, as is confirmed by a sharp EPR signal at g = 1.99. A computational
study of the reaction mechanism suggests a 77-syn type conformation of the
adduct between the substrate and each of the two catalysts 3 and 4, which is
favorable for an effective catalysis. On the other hand, an unfavorable n'-anti
conformation of the substrate—catalyst adduct has been found for both 1 and 2.
This conformation results in inactivity of both 1 and 2 towards the catecholase

activity.

Figure 5: Molecular structures of [(UO2)2(R-L)2(H20)2]-2CH3CN (1-2CH3CN)
(left) and [(UO2)2(R-L?)2(Me2NCHO)2] (3) (right).
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Figure 6: Complex 3 showing catecholase activity (left). Inactivity of complex 1
towards oxidation of 3,5-DTBC to 3,5-DTBQ (right).
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Chapter 1

Introduction

1.1. Uranium Chemistry:

Uranium is the heaviest element that occurs naturally in significant amount. The
element essentially exists in the form of two isotopes, about 99.3% of the non-
fissile U-238 and only about 0.7% of the fissile U-235. The element can exist in
a variety of oxidation state starting from +2 to +6. Among all the oxidation states
+6 is the most stable and mainly exists as uranyl ion (UO2%*). This uranyl

dication is the leading functional unit in uranium chemistry.

The strongly covalent U-O bonds in trans-(UO2)?* is the most dominant
functional unit in uranium chemistry and is known for its remarkable thermal and
chemical stability,! which contributes various interesting physicochemical
properties to it and its complexes. In comparison to the other well-known dioxo-
metal ions? such as (VO2)*, (M002)?*" and (WO,)?*, the chemistry of trans—uranyl
dication moiety is much less explored.® However, in the recent years there is an
active interest towards actinide chemistry* and to study the role of uranium in
both fundamental research as well as potential applications. The structure and
geometry of trans—uranyl(VVI) complexes are governed by the local geometry of
the central metal atom. Since the axial planes around the metal is already
occupied by the trans oriented oxo groups, the ligand orientation is restricted to
only the equatorial plane only giving rise to a variety of coordination
environments ranging from tetragonal six—coordination or octahedral to
pentagonal seven-coordination or pentagonal-bipyramidal to hexagonal eight—
coordination or hexagonal-bipyramidal. Schiff bases being one of the major
chelating ligands have been known to form interesting coordination complexes
with the linear uranyl (UO2)?*" ion.® In the recent years, uranium chemistry
particularly the uranyl moiety has been largely exploited not only due to its
fascinating coordination chemistry but also because of its application towards
remediation of nuclear waste along with extraction of uranium from ground and

sea water. In addition to its reactivity and coordination behavior, the trans—
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(UO2)?* has also gained considerable attention for its optical, catalytic as well as
ion exchange applications.® Some of the important applications of the uranyl

moiety has been discussed in detail below.
1.2. Importance of trans-uranyl (UO2)** Complexes

1.2.1. Extraction of uranium from ground and sea water:

The oceans contain as large as 4.5 billion tons of uranium and hence can be a
potential source for nuclear fuel.” Presence of uranium in underground water is
one of the major sources of human ingestion of uranium. Thus, it is both
strategically as well as ecologically important to extract uranium(VI1) from
aqueous solutions. The uranium present in the ocean as uranyl dication (UO2)?*,
which is soluble in water and is also present in very low concentration dissolved
in significantly large volume.” Moreover, the uranyl present in the sea water is
bound to various anions and has other metal ions present in much higher
concentrations. Thus, extraction of uranium from sea as well as ground water is
quite challenging along with being equally important from societal point of view.
Various methods such as sorption,® solvent extraction,® coprecipitation’® and
membrane filtration'* have been employed for extraction of uranium(V1) from
aqueous solution. A variety of ligand systems such as organic crown ethers,
calixarenes and modified calixarenes!? and Schiff bases'® have been used as

efficient extractants (Figure 1) for actinide removal from aqueous layer.

Figure 1: Examples of ligand systems used as extractants for uranyl extraction.
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1.2.2. Photocatalytic Activities:

Photocatalysis is used very effectively for elimination of organic pollutants from
the environment. The most commercial phtocatalysts used till date is TiO2> which
is UV light driven and also suffers the problem of high band gap, thus restricting
their practical applications.’* Owing to the problem of photo-corrosion several
visible light driven phtocatalysts such as CdS and CdSe has limited usage.®®
These factors led to the increasing demand of constructing band gap tunable,
stable, visible light driven photocatalysts for degradation of organic dyes, the

common organic pollutants.

Photocatalytic behavior of uranyl compounds have been exploited since early
1800s.1® Absorptions of the uranyl-organic complexes in the UV and visible
region is attributed to the charge transfer transitions within the uranyl moiety.!’
These transitions clearly indicate that uranyl complexes are responsive to both
UV as well as visible light. In the recent past uranyl organic frameworks (UOFs)
have been exhibiting many interesting physical and chemical properties —
photocatalysis being one of them.!® The photoexcitation of UO2** leads to
*UO,2*. This excited uranyl species on one hand, relaxes back to its ground state
by emitting visible light and on the other hand it is a very reactive species having
a oxidation potential as high as 2.6 eV.'° Thus, a complex containing one or more
uranyl moiety may be capable of exhibiting both photocatalytic as well as
photoluminescent properties simultaneously. Comparing the conventional
photocatalyst TiO2 with uranyl ion (UO2?*) it is found that the latter has a much
higher efficiency than the former. The efficacy of uranyl catalysts over TiO2 can
be accredited to not only its strong absorption upon visible light irradiation but
also because of its distinct photocatlytic mechanism involving electron transfer

and hydrogen abstraction.
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Figure 2: Mechanism of electron transfer during photocatalytic activities in

uranyl complexes.

1.2.3. Electrocatalytic and photocatalytic hydrogen evolution:

Hydrogen is the next generation fuel. It is not only a clean and green source of
energy but also has the highest energy density for any known fuel till date.?
Current H, formation relies on steam reformation of fossil fuels emitting
greenhouses gases.?! So, producing hydrogen is not the only concern, but the
method of hydrogen production is equally important. Production of H2 from
water is the most desirable as the by—product is only oxygen. Till date Pt is
known to be the state-of-art electrocatalyst and considered as the benchmark for
deciding the electrocatalytic activity of other hydrogen evolution reaction (HER)
catalysts.?? Other Pt group metals are also known to show excellent HER activity
followed by transition metals iron (Fe), cobalt (Co), nickel (Ni), copper (Cu),
molybdenum (Mo), and tungsten (W). Various nonmetals such as boron (B),
carbon (C), phosphorous (P) and selenium (Se) are also used for constructing
noble metal-free HER electrocatalysts.”® However, the high cost and low
abundance of the Pt group metals have urged the need of constructing

electrocatalysts based on abundant non-noble based metals.
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Hydrogen evolution via water splitting can take place in neutral, alkaline as well

as in acidic medium according to the following equation.

Total reaction
In acidic solution,

Cathode: 2H' +2¢~ —— H,
Anode: HO — 2H"+1/20,+2e-

In neutral or alkaline solutions,

Cathode: 2H,0 + 2¢e- ——— H, +20H"
Anode: 20H™ — > H,0+1/2 0, + 2e~

The thermodynamic potential required for water splitting is 1.23 V at 25 °C and 1
atm pressure. Thus, we must apply voltage greater than the thermodynamic
voltage to achieve successful water splitting. This excess potential that is required
is termed as the overpotential (). Thus, lower the value of overpotential the
more energy-efficient is the water splitting reaction. As a result, there is a
tremendous effort to design efficient water splitting catalysts for hydrogen

production with overpotential as low as possible from earth-abundant elements.

Use of renewable energy such as sunlight towards water splitting for generation
of hydrogen has gained immense importance during the last decade. The first
water splitting photocatalyst®* designed by Fujishima and Honda in 1972 using
anatase TiO> electrode as anode and platinum electrode as cathode used only 4%
of the sunlight for hydrogen production. Thus, there is a continuous quest of
preparing photocatalysts with better light harvesting capacity which can absorb
light in the UV-Vis region which constitutes about 40% of the total sunlight.?®
Among all the semiconductors used for hydrogen production, TiO2 has the best
light harvesting capacity but suffers the problem of a large band gap (3.2 eV). To
overcome this deficit, an approach towards designing hybrid systems containing
various dyes and metal loaded with TiO, have been considered which not only

decrease the band gap of TiO2 but also possess better light harvesting ability.>%
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Uranyl complexes, to the best of our knowledge, have not been used till date as a

catalyst or a co-catalyst for photocatalytic water splitting.

Depleted uranium is the chief source of radioactive waste all over the world.
Thus, utilization of depleted uranium is essential from environment point of view.
In the recent decade, uranium has been exploited for activation of various small
molecules such as CO,, CO, N, and H»0.2” However, application of uranium
towards electrochemical or photochemical hydrogen production via water
reduction is in its infancy. Recently, Meyer and group reported electrolytic
hydrogen evolution using low valent uranium? and it is the first report of

uranium being used as an electrocatalyst for HER activity (Figure 3).

Figure 3: The first uranium catalyst used for electrocatalytic hydrogen

production.
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1.3. About the present work:

In the present study, the trans-uranyl(V1) coordination chemistry with four Schiff
base ligand systems (Figure 4) has been extensively studied. Various dinuclear
uranyl complexes containing diverse bridging units between the metal centers
have been synthesized. Elemental analysis, mass spectrometry and detailed
spectroscopic analysis using various techniques such as IR, UV-Vis, and NMR
have been used for characterization of the prepared complexes. Redox properties
have been investigated by cyclic and differential pulse voltammetry and
coulometry. Structural elucidation of all the complexes has been done using X-
ray crystallography. Along with the syntheses and characterization, the
applications of the complexes in extraction, photocatalysis, hydrogen evolution
and catechol to quinone oxidation have been demonstrated.
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Figure 4: Ligand systems that have been investigated in the present study.
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Chapter 2

Diacetato-bridged Diuranyl(VI1) Complexes : Structures,
Properties and Extraction Studies S

Reactions of equimolar amounts of UO2(OAc).:2H20 and N-(2- pyridyl)-N’-(5-
R-salicylidene)hydrazines (HL"; n=1-3 for R=H, Me, and OMe, respectively) in
methanol produced [(UOz2)2(u-OAc)2(L")2] (1-3 for n=1-3) in ~70% vyields.
Elemental analysis, various spectroscopic, and electrochemical measurements
were used to characterize 1-3. X-ray crystal structures revealed an 8— membered
U(OCO).U ring with a chair conformation and pentagonal-bipyramidal UN2Os
coordination spheres in each of 1-3. The N,N,O-donor (L") and the two O-atoms
of the two bridging (OAc)” form the pentagonal plane around the U-atom of
trans-(UO)?*. Intermolecular H-bonding assisted self-assembly of the complexes
lead to 1- and 2-dimensional supramolecular structures. Infrared (IR) and proton
nuclear magnetic resonance (*H NMR) spectra of 1-3 are consistent with their
molecular structures. The electronic spectra showed four strong absorption bands
in the range 466-288 nm. The complexes undergo two irreversible reductions
near —0.65 and —0.88 V (vs. Ag/AgCl). Time-dependent density functional theory
(TD-DFT) calculations suggest that a ligand centered transition causes the
highest energy absorption band, while, the remaining three are ligand-to-metal
charge transfer (LMCT) bands and the two successive reductions are due to
Uv)-UVvIl) - U(V)-U(VI) - U(V)-U(V) processes. A maximum extraction
of 98% of trans-(UO,)?* from the aqueous layer was observed in two phase

extraction studies.

8 This work has been published in ChemistrySelect 2018, 3, 1-9.
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2.1. Introduction

The synthesis of stable environment friendly complexes of uranium and
development of advanced techniques for uranium extraction from underground as
well as seawater, in both micro as well as macro level, are crucial and
challenging from not only the environmental point of view but also for use in
energy production. In recent years, among the chelating organic ligands, Schiff-
Bases have attracted considerable interest in exploring the coordination chemistry
of the linear uranyl(V1) ion.2 The primary reasons are as follows: Schiff bases
are easy to design and synthesize; their steric and electronic characteristics can be
tuned by changing substituents; they can provide very stable complexes and
hence can act as an efficient sequestering agent for the extraction of the trans-
uranyl(VI) dication. Hydrazine based Schiff bases and their complexes with
various transition metal ions have been widely studied due to the variety in their
coordination chemistry as well as their applications in the fields of biological,
materials and pharmaceutical research.®* These ligands have turned out to be
excellent in coordinating and stabilizing cis-dioxomolybdenum(V1) (cis-MoO,%*)
and a variety of oxo-vanadium(IV/V) units. The N,N,O-donor N-(2-pyridyl)-N'-
(5-R-salicylidene)hydrazines (HL"; where H represents the dissociable phenolic
proton and n = 1-3 for R = H, Me, and OMe, respectively) (Chart 1) belong to
this class of Schiff bases. These Schiff bases (HL") are known to exhibit amine-
imine and also imine-azo tautomerism processes involving the 2-pyridine-NH—
and the —NH-N=CH- fragments, respectively.*¢™® In the present chapter,
coordination chemistry of trans-(UO,)?* with HL" has been investigated and in
this process three new dinuclear diacetato bridged complexes having the general
molecular formula [(UO2)2(x-OAc)2(L")2] (1-3 for n = 1-3) have been isolated
(Chart 1). It may be noted that examples of discrete dinuclear complexes of
{02U(1-OAC),UO2}?* core having pentagonal-bipyramidal metal centers, which
are stable in both solid and solution states, are very rare. To the best of our
knowledge, till date, only five X-ray structurally characterized complexes of this
diacetato-bridged diuranyl(V1) core have been reported in literature.® But the

ligands around the pentagonal bipyramidal metal centers are either monodentate

13



Chapter 2 Diacetato-bridged Diuranyl(VI)...

solvents/phosphine-oxide or monodenate/bidentate carboxylate ligands in all five
complexes. We have also examined the dicationic trans-uranyl(VI) extraction
abilities of HL" from aqueous medium using both quantitative gravimetric
filtration as well as sequential extraction methods. In the following account, we
have described the synthetic details, physical properties and X—ray structures of

complexes 1-3 and the extraction characteristics of HL".

3 12
OH
;Oi g
|
N 8
RTENAINZ TN N0
6 H H 9
HL", n=1-3 for
R =H, Me and OMe
/
\\
N
° II
\ \
/ /
II
\
\ Vi

[(UO)o(u- OAC)Z(Ln )2] (1-3 for n = 1-3)
Chart 1: Chemical structure diagrams of HL" and [(UO2)2(u-OAc)2(L")2].
2.2. Experimental Section

2.2.1. Materials:

The Schiff bases N-(2-pyridyl)-N'-(5-R-salicylidene)-hydrazines (HL®) were
prepared from equimolar amounts of 2-hydrazinopyridine and the corresponding
5-R-salicylaldehydes (R = H, Me and OMe) using a reported procedure.” All
other chemicals and solvents used in this work were of analytical reagent grade

available commercially and were used as received without further purification.

2.2.2. Physical Measurements:

Elemental (CHN) analyses were performed on a Thermo Finnigan Flash EA1112

series elemental analyser. A Shimadzu LCMS 2010 liquid chromatograph mass
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spectrometer was used for the purity verification of HL'-3. Magnetic
susceptibilities were measured using a Sherwood Scientific balance. A Digisun
DI-909 conductivity meter was used to measure the solution electrical
conductivities. A Thermo Scientific Nicolet 380 or a Bruker Tensor-1l FT-IR
spectrophotometer was used to record the infrared spectra. Electronic spectra
were collected using a Shimadzu UV-3600 UV-Vis—NIR spectrophotometer.
The *H (400 MHz) NMR spectra were recorded on a Bruker NMR spectrometer.
A CH Instruments model 620A electrochemical analyzer was used for cyclic and
differential pulse voltammetric measurements. Coulometric experiments were

performed with the help of a Zahner Zennium electrochemical workstation.
2.2.3. Synthesis of the Complexes [(UO2)2(u-OAc)2(L13),] (1-3):

All three complexes (1-3) were synthesized by employing the following general
procedure. Solid UO2(OAc)2:2H20 (425 mg, 1 mmol) was added to a hot
methanol solution (25 mL) of the corresponding HL" (1 mmol). The mixture was
refluxed for 6 h. The resulting brown solution was filtered while hot to remove
any precipitate appeared and then kept at room temperature for slow evaporation.
After about 4 days, the volume of the reaction mixture reduced to approximately
one-fifth of its original value and the complex was separated as a dark brown
amorphous material with few crystalline particles. It was collected by filtration,

washed with methanol and dried in vacuum.

[(UO2)2(u-OAc)2(LY):2] (1): Yield: 380 mg (70%). CasHzsNsO0U, (1082.598):
calcd. C 31.06, H 2.42, N 7.76; found C 31.17, H 2.36, N 7.65. Selected IR data:
v (cm™t) = 3254 (N-H), 1621 (C=N), 1543 and 1426 (COO"), 883 (UO,). UV—
Vis data: Zmax (nm) (¢ (104 M-t cm1)) = 455%" (1.51), 434 (1.71), 360 (2.40), 288
(2.39). *H NMR data:  (ppm) (J (Hz)) = 10.01 (s, 1H, NH), 8.88 (s, 1H, H7),
7.96 (4) (dd—st, 1H, H), 7.54 (m, 3H, H1L12), 7.22 (m, 2H, H34), 7.04 (8) (d,
1H, HS), 6.74 (8) (dd—t, 1H, H®), 2.33 (s, 3H, actate-CHa). CV: Epc (V) = —0.68,
~1.03. DPV: E; (V) = —0.60, -0.85.

[(UO2)2(u-OAC)2(L?)2] (2): Yield: 375 mg (68%). CsoH30NsO10U2 (1110.651):
calcd. C 32.44, H 2.72, N 7.57; found C 32.51, H 2.78, N 7.65. Selected IR data:
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v (cm) = 3234 (N—H), 1622 (C=N), 1545 and 1427 (COO"), 885 (UOz). UV-—
Vis data: imax (NM) (¢ (10* M-1 cm1)) = 460%" (0.94), 435 (1.14), 360 (1.83), 288
(2.04). 'H NMR data: ¢ (ppm) (J (Hz)) = 10.02 (s, 1H, NH), 8.82 (s, 1H, H7),
7.95 (s, 1H, H1), 7.38 (4) (d, 1H, H'?), 7.32 (s, 1H, H®), 7.23 (m, 1H, H*91Y),
6.95 (5) (d, 1H, H®) , 2.37 (s, 3H, CH3 at C®), 2.33 (s, 3H, acetate-CHs). CV: Epc
(V) = -0.77, -1.10. DPV: E, (V) = —0.65, —0.87.

[(UO2)2(u-OAC)2(L3)2] (3): Yield: 400 mg (70%). CsoH30NsO12U2 (1142.650):
calcd. C 31.53, H 2.65, N 7.35; found C 31.42, H 2.58, N 7.45. Selected IR data:
v (cm™) = 3308 (N-H), 1621 (C=N), 1528 and 1422 (COO"-), 880 (UO,). UV-
Vis data: Amax (nm) (e (10* M-t cm™1)) = 460" (0.76), 436 (0.92), 360 (1.77),
297*" (1.60). 'H NMR data: 6 (ppm) (J (Hz)) = 9.94 (s, 1H, NH), 8.83 (s, 1H,
H7), 8.08 (m, 1H, H2), 7.91 (6) (d, 1H, H'X), 7.63 (6) (dd—t, 1H, H), 7.55 (4)
(d, 1H, H%), 7.30 (6) (5, 1H, H3), 7.22 (6) (d, 1H, H%), 6.94 (s, 1H, H®), 3.76 (s,
3H, —~OCHj3 at C®), 2.32 (s, 3H, acetate-CHs). CV: Epc (V) = -0.69, —1.01. DPV:
Ep (V) = -0.70, —0.93.

2.2.4. X-ray Crystallography:

Single crystals suitable for X-ray data collection for all three complexes were
selected from the crystalline particles obtained during their syntheses. Both 1 and
3 crystallized without any solvent molecule, while single crystals of 2 were
obtained as a solvated species, i.e. 2:4MeOH. Unit cell determination and
intensity data collection for each of 1 and 2:4MeOH were performed on an
Oxford Diffraction Xcalibur Gemini single crystal X-ray diffractometer using
graphite monochromated Cu Ko radiation (A = 1.54184 A) at 298 K. Data
collection, reduction and absorption correction were performed employing the
CrysAlisPro software.2 Determination of the unit cell parameters and intensity
data collection for 3 were performed on a Bruker-Nonius SMART APEX CCD
single crystal diffractometer using graphite monochromated Mo Ke radiation (4
=0.71073 A) at 100 K. The SMART and the SAINT-Plus packages® were used
for data acquisition and data extraction, respectively. The SADABS program?®®

was used for absorption correction. In each of the three cases, some residual
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absorption effect was treated with an additional correction using the XABS2
program.!! The structures were solved by direct method and refined on F? using
full-matrix least-squares procedures. In each structure, the non-hydrogen atoms
were refined anisotropically. In the case of 1, the phenolate-O and the carbon
atom to which it is attached were refined with restrained anisotropic thermal
parameters. However, due to very low quality data several (nine) non-hydrogen
atoms of 2-4MeOH were refined with restraints on their anisotropic thermal
parameters. All hydrogen atoms were placed at idealized positions and refined as
riding atoms with relative isotropic thermal parameters of their parent atoms. The
SHELX-97 programs®? accessible in the WinGX software suite'® were used for
structure solution and refinement. The Mercury package'* was used to prepare
the structural illustrations. Selected crystallographic data for 1, 2:4MeOH, and 3
are summarized in Table 1.Detailed X-ray crystallographic data for 1, 2-4MeOH
and 3 have been deposited with the Cambridge Crystallographic Data Centre
under the deposition numbers CCDC 1811353, 1811354, and 1811355

respectively.
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Table 1: Selected crystal data and structure refinement summary for 1,

2:4MeOH, and 3.

Complex 1 2:4MeOH 3
Chemical formula C28H26N6010U> C34H16N6O14U2 C30H30N6O12U2
Formula weight 1082.61 1238.83 1142.66
Temperature [K] 298 298 100

A[A] 1.54184 1.54184 0.71073
Crystal system Orthorhombic Triclinic Triclinic
Space group Pbca P1 P1

a[A] 11.2313(4) 7.8666(6) 7.2580(3)
b [A] 12.7888(7) 11.6952(9) 11.6813(6)
c[A] 21.5714(9) 12.2524(9) 11.7663(8)
al[°] 90 103.803(7) 75.288(3)
£I°] 90 96.035(7) 74.594(3)
7[°] 90 105.817(7) 79.050(3)
Volume [A%] 3098.4(2) 1035.62(14) 922.14(9)
z 4 1 1
plgcm=3] 2.321 1.986 2.058

1 [mm 29.772 22.439 8.835
Reflections collected 8064 6844 8533
Reflections unique 2926 3880 3222
Reflections [ > 2o(1)] 2335 3164 2861
Data/restr./param. 2926/1/209 3880/55/259 3222/0/228

R1, wR2 [I > 26(1)]
R1, wR2 [all data]

GoF on F?

Max. / min. Ap [e A~

0.0666, 0.1817
0.0810, 0.1912
1.045
2.527/-3.378

0.0774,0.1834
0.0926, 0.1962
1.061
4.264/-3.927

0.0328, 0.0816
0.0382, 0.0835
1.039
2.624/-1.133
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2.2.5. Extraction Studies:

Two different methods were employed for the extraction of trans-uranyl(VI)

dication from aqueous medium using the Schiff base system HL".

Method 1: The Schiff base (HL") (0.4 mmol) was dissolved in 10 mL of an
organic solvent (MeOH or CH2Cl, or CHCI3). A solution of UO2(OACc)2-2H.0
(0.2 mmol) was prepared in 10 mL of deionized water. The pH of this uranyl
acetate solution was 4.8. Both solutions were mixed and vigorously stirred for a
specific time (15, 30, 45 and 60 min). In each experiment, the quantitative
estimation of the resultant complex that precipitated as a brown solid was
performed gravimetrically using a pre-weighed G-4 sintered glass crucible.

Method 2: In this method, the sequential extraction of trans-(UO,)?* from the
aqueous layer was performed using CHCI3 solution of the Schiff base (HL?) as
the organic layer. The pH of the aqueous phase was maintained at 6 by using
HNO3z. A 8 mM CHClIs solution (5 mL) of HL? was added to a 4 mM aqueous
solution of UO2(OAC).-2H20 and the mixture was stirred magnetically in a round
bottom flask for 10 min. The aqueous phase was then separated and checked for
trans-(UO2)?* concentrations by UV-Vis spectroscopy. To the same aqueous
phase again a fresh 8 mM CHCls solution (5 mL) of HL? was added and the
extraction process was repeated several times until the absorbance of the
characteristic trans-(UO,)?" absorption band at 429 nm in the aqueous phase®®
becomes minimal and constant indicating the maximum extraction of uranium

from the aqueous layer.
2.2.6. Theoretical Calculations:

The quantum chemical calculations for 1 and 3 were carried out using
Gaussian09 (g09) suite of program. The structures of both complexes were
optimized at the density functional theory level using B3LYP functional. The
Stuttgart RSC 1997 effective core potential (ECP) was employed to describe the
uranium atoms.'® The pseudo potential is used to represent the 60 core electrons
in uranium, while a valence basis set is used for the remaining 32 electrons. To

describe carbon, hydrogen, oxygen and nitrogen atoms 6-31G(d,p) basis set was
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used. Harmonic vibrational frequency analysis of the fully optimized stationary
points is carried out to ensure that each of the two structures is at minimum on
the potential energy surface (PES). The optimized geometry of both complexes
converges to the C; symmetry point group. On the basis of the optimized ground
state geometries, the electronic transitions in the DMF solution were also
calculated by time-dependent DFT (TD-DFT) method using the same basis set
and a polarized continuum model (PCM).

2.3. Results and Discussions
2.3.1. Synthesis and Characterization:

Complexes with the general molecular formula as [(UO2)2(u-OAc)2(L")2] (1-3)
have been synthesized in good yields (65—-70%) by treating the corresponding
Schiff bases (HL", n = 1-3) with UO2(OAc)2:2H20 in hot methanol under aerobic
conditions. They have been isolated as brown solids. The elemental analysis data
of 1-3 are in good agreement with their corresponding molecular formulas.
Magnetic susceptibility measurements with powdered samples of the complexes
at room temperature revealed their diamagnetic character. Thus the uranium
center in each of 1-3 is in +6 oxidation state. All three complexes are insoluble in
most of the common organic solvents except for dimethylformamide (DMF) and
dimethylsulfoxide (DMSO). In these two solvents, they are highly soluble and
provide yellow to yellow-brown solutions. The complexes behave as non-
electrolytes in solution. The non-electrolytic nature of 1-3 is consistent with them

being neutral species as indicated by their molecular formulas.
2.3.2. X-ray Molecular Structures:

The structures of 1 and 3 were determined in orthorhombic Pbca and triclinic P1
space groups, respectively, while that of the solvated species 2-4MeOH was
solved in the triclinic space group P1. The molecular structures of all three
dinuclear complexes are very similar. The structures of the unsolvated complexes
(1 and 3) are illustrated in Figure 1 and the structure of the solvated complex
(2:4MeOH) is provided in Figure 2. The bond lengths and angles associated with
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the uranium centers for all three complexes are listed in Table 2. In 2-4MeOH,
the methanol molecules exist as dimers via O—H:-O interactions. Two such
methanol dimers are attached to either side of 2 through two N—H---O interactions
(Figure 2).

Figure 1: Molecular structures of [(UO2)2(u-OAc)2(LY)2] (1) (top) and
[(UO2)2(u-OAC)2(L3)2] (3) (bottom). All the non-hydrogen atoms in each
structure are represented by their 50% probability thermal ellipsoids. For clarity
only the non-carbon atoms are labelled. Insets: the chair conformations of the

U2C204 rings.
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Figure 2: The structure of [(UO2)2(1-OAc)2(L?)2]-4MeOH (2:4MeOH). For
clarity only the non-carbon atoms are labelled. Inset: the chair conformation of
the U2C204 ring.

In each of 1-3, the two halves of the complex molecule, i.e. the two {(trans-
UO,)(OACc)(L")} fragments, are related by an inversion center. As a result, the
metal atoms of the two trans-(UO2)?* units are bridged by two acetate groups and
a central {O2U(u-OAc).UO2}?* core is formed in each molecule (Figures 1 and
2). In this central core of 1-3, the conformation of the centrosymmetric eight-
membered U>C>04 ring can be best described as chair (Figures 1 and 2, insets).
The dihedral angle between the UO> plane and the mean plane containing C204
(rms deviations: 0.12—0.45 A) decreases in the order 1 (43.3(5)°) > 3 (33.8(3)°) >
2 (14.9(6)°). These dihedral angles indicate that the flattening of both ends of the
chair or in other words the planarity of the U>C204 ring increases in the order 1 <
3 < 2. Interestingly, the metal---metal distance decreases with the increase of the
planarity of the U2C204 ring. The U(1)---U(1’) distances are 5.7561(9), 5.5444(5),
and 5.3547(9) A'in 1, 3, and 2, respectively. The uranium centers are in distorted
pentagonal-bipyramidal N2Os coordination sphere. The planar ligand (L")~ acts as
pyridine-N, azomethine-N, and phenolate-O donor and forms fused 5,6-
membered chelate rings at the metal center. The (L")~ and two O-atoms of the
two bridging acetato groups form the equatorial pentagonal N2Oz plane (rms

deviations: 0.23-0.28 A) around the uranium atom of the trans-(UO2)?* unit.
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Table 2: Selected bond parameters (A and ©) for 1, 2:4MeOH and 3.

Complex 1 2:4MeOH 3
U(1)-0(1) 2.178(13) 2.224(10) 2.217(5)
U(1)-0(2) 1.769(12) 1.790(13) 1.777(5)
U(1)-0(3) 1.795(12) 1.801(13) 1.774(4)
U(1)-0(4) 2.302(13) 2.356(12) 2.351(5)
U(1)-0(5)? 2.371(12) 2.311(12) 2.338(4)
U(1)-N(2) 2.564(15) 2.582(13) 2.594(5)
U(1)-N(3) 2.650(14) 2.625(11) 2.609(5)
O(1)-U(1)-0(2) 89.5(6) 88.0(5) 87.0(2)
O(1)-U(1)-0(3) 90.9(6) 92.7(5) 94.6(2)
O(1)-U(1)-0(4) 159.2(5) 157.7(4) 158.10(18)
O(1)-U(1)-0(5")? 79.8(5) 80.4(4) 80.68(17)
O(1)-U(1)-N(1) 125.1(5) 127.2(4) 127.96(18)
O(1)-U(1)-N(3) 67.4(5) 68.3(4) 69.53(16)
0(2)-U(1)-0(3) 178.6(6) 178.7(5) 178.2(2)
0(2)-U(1)-0(4) 95.1(5) 90.0(5) 89.3(2)
0O(2)-U(1)-0(5")? 85.1(6) 90.2(6) 89.09(19)
0O(2)-U(1)-N(2) 81.3(5) 83.2(6) 84.18(19)
0O(2)-U(1)-N(3) 100.1(5) 100.7(5) 101.59(19)
0O(3)-U(1)-0(4) 84.0(5) 89.7(5) 88.9(2)
O(3)-U(1)-0(5")? 93.7(5) 90.9(5) 90.34(19)
O(3)-U(1)-N(1) 99.5(5) 95.5(5) 95.47(18)
O(3)-U(1)-N(3) 81.3(5) 78.6(4) 79.80(18)
O(4)-U(1)-0(5")? 80.5(5) 77.4(4) 77.68(17)
O(4)-U(1)-N(1) 75.6(4) 74.6(4) 72.96(18)
O(4)-U(1)-N(3) 131.1(4) 133.8(4) 132.31(17)
O(5')2-U(1)-N(2) 151.2(5) 151.2(5) 149.91(19)
O(5)*-U(1)-N(3) 146.6(5) 146.2(4) 147.54(17)
N(1)-U(1)-N(3) 61.4(4) 62.6(4) 62.42(18)

& Symmetry transformations used: —x, -y + 1, -z + 1 for 1; -x + 1, -y, -z + 1 for

2:4MeOH and —x,

-y+2,—z+1 for 3.
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In all of 1-3, the O=U=0 angles are very close to the ideal value of 180° and the
U=0 bond lengths are comparable to those found in trans-uranyl(\VI)
complexes.® The remaining metal centered bond lengths and angles involving
the coordinating atoms of (L)~ and the bridging acetate groups (Table 2) are
within the ranges reported for complexes of trans-(UO,)?* containing pentagonal-

bipyramidal uranium centers having similar coordinating atoms.?-"-06
2.3.3. Supramolecular Self-assembly:

All of 1, 2-4MeOH, and 3 contain classical (hydrazinic-NH or methanolic-OH) as
well as non-classical (CH) hydrogen bond donor functionalities and also
hydrogen bond acceptors such as oxo groups and phenolate-O atoms. Hence,
each structure has been scrutinized for intermolecular hydrogen bonding
interactions and if there is any such interaction then what type of supramolecular
self-assembly pattern it leads to. Indeed there are three types of hydrogen bonds
namely N-H:-O, O-H--O, and C-H--O. The geometric parameters for these

hydrogen bonding interactions are summarized in Table 3.

Table 3: Hydrogen bonding parameters for 1, 2-4MeOH and 3

Complex D-H--A DA (A) <DHA (°)

1 N(2)-H--0(3)? 3.099(18) 165

2-4MeOH N(2)-H--0(6) 2.798(16) 173
0(6)-H--0(7) 2.612(9) 166
O(7)-H--0(1)° 2.763(18) 162

3 C(6)-H--O(3)° 3.318(8) 135
C(12)-H--0(3)° 3.403(8) 138

Symmetry transformations used:  —x + 1/2,y — 1/2, z.® —x, =y, —z. * —x, -y + 1, -z

+ 1.

In the case of 1, one of the two metal bound oxo groups is hydrogen bonded with

the hydrazinic-NH of (L')~. As the donor and the acceptor are approximately

24



Chapter 2 Diacetato-bridged Diuranyl(VI)...

orthogonal to each other, this intermolecular N—H---O interaction directs the self-

assembly of 1 into a two-dimensional sheet-like structure (Figure 3).

Figure 3: Intermolecular N-H---O interaction assisted two-dimensional sheet

structure of [(UO2)2(x-OAc)2(LY)2] (2).

The solvent molecules dictate the self-assembly and the supramolecular structure
of 2:4MeOH. Every pair of dinuclear molecules of 2 are bridged by two methanol
dimers, which are O—H:-O hydrogen bonded, through N-H--O and O-H--O
hydrogen bonds involving the hydrazinic-NH group and the phenolate-O atom of
each tridentate ligand (L2)~ of 2 as donor and acceptor, respectively. These two
intermolecular hydrogen bonding interactions lead to a one-dimensional chain-
like -2-(MeOH).-2-(MeOH).- array in the crystal lattice (Figure 4).
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Figure 4: One-dimensional orderings of [(UO2)2(u-OAc)2(L?)2]-4MeOH
(2:4MeOH) via O-H:~-O and N-H--O hydrogen bonds (top) and [(UO2)2(x-
OAC)2(L%)2] (3) through intermolecular bifurcated C—H---O---H-C hydrogen bond
(bottom).

2.3.4. Spectroscopic Characterization:

Infrared spectra of 1-3 were recorded using KBr discs in the range 4000—400
cm-1. Each spectrum displays a large number of bands with various intensities.
The spectra are shown in Figures 5, 6 and 7 . Except for few selected bands, no
attempt has been made to assign the remaining bands. None of the complexes
displays any band assignable to the phenolic —OH group of the free Schiff base
(HL"). Thus the phenolic —OH is deprotonated and the Schiff base is
monoanionic ((L")") in the complex. A weak and broad band observed in the
range 3308-3234 cm? is assigned to the hydrazinic —-NH of (L")~.¢" A sharp
and strong band displayed at around 1621 cm=! by all three complexes is
attributed to the metal coordinated azomethine (-HC=N-) group of their
respective ligands.2#¢f:5° Two strong bands are observed in the ranges
1545-1528 and 1427-1422 cm in each spectrum. These two bands are assigned
to the asymmetric and symmetric stretches, respectively of the carboxylate
fragment of the bridging acetate group.* The typical strong band due to the
asymmetric stretching vibration of the trans-uranyl(\VV1) moiety has been observed

within 899-883 cm.2
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Figure 5: Infrared spectrum of [(UO2)2(1~OAC)2(LY)2] (1) in KBr disk.
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Figure 6: Infrared spectrum of [(UO2)2(1~OAC)2(L?)2] (2) in KBr disk.
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Figure 7: Infrared spectrum of [(UO2)2(1~OAC)2(L3)2] (3) in KBr disk.

The electronic absorption spectra of 1-3 were recorded using their DMF
solutions. The spectral profiles of all three complexes are very similar. The
spectra of the complexes are displayed in Figure 8. A strong band at ~435 nm
preceded by a shoulder at ~458 nm and two more strong bands at 360 and ~290
nm are observed in each spectrum. The free Schiff bases (HL") display a very
strong band within 351-335 nm, a shoulder or band at ~312 nm and another
strong absorption at ~240 nm.* Comparison of the spectra of HL" with those of
the complexes (1-3) indicates that the shoulder and the band at ~458 and ~435
nm, respectively are very likely to be due to ligand to metal charge transfer
transitions.? To find out the origins of the remaining bands and for a better
overall perception of the electronic spectra, TD-DFT calculations were carried
out for 1 and 3 in DMF solution. Calculated band positions with the
corresponding oscillator strengths and the percentages of contributing transitions
along with the experimental band positions are summarized in Table 4. The
calculated and experimental Amax Values complement each other very well. The
compositions of the molecular orbitals involved in the contributing transitions
(Table 5), indicate that the highest energy absorption (at ~290 nm) is due to a
ligand centered transition, while the remaining three lower energy absorptions are

due to ligand-to-metal charge transfer transitions.
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Figure 8: Electronic spectra of 1, 2 and 3.

The *H NMR spectra of all the complexes were recorded in DMSO-ds solutions
using tetramethylsilane as the internal standard. The comparable spectral traces
and the similar chemical shift values are consistent with similar type of
coordination modes of the ligands (L)~ in 1-3. The spectra also indicate that
both halves of each of the three dinuclear complexes are equivalent. The
chemical shift values with the tentative assignments are provided in the
experimental section under the respective complexes. As expected, due to the
deprotonation upon metal coordination the spectra of 1-3 are devoid of the
phenol proton resonance observed for the free Schiff bases (HL!-%) at § ~10.88
ppm. The hydrazinic—-NH proton of HL" resonates as a singlet at 6 ~10.24 ppm,
while the corresponding singlet of (L")~ in the complexes shifts slightly upfield to
0 ~9.99 ppm. The singlet due to the resonance of the azomethine proton of HL"
appears at ¢ ~8.27 ppm. In contrast, the singlet corresponding to the azomethine

proton of (L")~ in the complexes appeared at 5~8.84 ppm.
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Table 4: Calculated absorptions of [(UO2)2(x~OAc)2(LY)2] (1) and [(UO2)2(u-
OAC)2(L3)] (3)

Comp State Calcd Oscillator E [eV] Major contribution [%] Exptl
lex Jmax [nm] strength Amax [nmM]
1 DMF 319 0.0527 3.89 HOMO-2 — LUMO+8 (28%) 287
HOMO-3 — LUMO+9 (27%)
377 0.0281 3.29 HOMO-4 — LUMO (43%) 359
HOMO-5 —» LUMO+1 (46%)
419 0.0016 2.96 HOMO-4 — LUMO (50%) 433
HOMO-5 —» LUMO+1 (46%)
462 0.0058 2.68 HOMO-6 — LUMO (37%) 460
HOMO-7 — LUMO+1 (36%)
3 DMF 298 0.0014 4.16 HOMO-2 - LUMO+8 (45%) 270
HOMO-3 — LUMO+9 (46%)
371 0.0024 3.34 HOMO-4 — LUMO+2 (45%) 360
HOMO-5 —» LUMO+3 (44%)
417 0.0219 2.97 HOMO-4 — LUMO (45%) 436
HOMO-5 —» LUMO+1 (42%)
AT7 0.0013 2.60 HOMO-6 — LUMO (40%) 460

HOMO-7 — LUMO+1 (43%)
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Table 5: Compositions of molecular orbitals for 1 and 3.

MOs [(UO2)2(1-OAC)2(LY)2] (1) [(UO2)2(1~-0OAC)2(L%)2] (3)
Metal [%] Ligands [%] Metal [%)] Ligands [%]

HOMO-7 16 84 14 86
HOMO-6 4 96 10 90
HOMO-5 6 94 20 80
HOMO-4 18 82 16 84
HOMO-3 4 96 8 92
HOMO-2 4 96 8 92
HOMO-1 10 90 16 84
HOMO 10 90 16 84
LUMO 92 8 92 8
LUMO+1 92 8 92 8
LUMO+2 98 2 98 2
LUMO+3 96 4 98 2
LUMO+4 90 10 90 10
LUMO+5 90 10 90 10
LUMO+6 94 6 94 6
LUMO+7 92 8 92 8
LUMO+8 8 92 8 92
LUMO+9 8 92 8 92

The observed downfield shift is consistent with the N-coordination of the
azomethine and hence the deshielding of the azomethine proton. The three-proton
singlet observed at 6 ~2.33 ppm is assigned to the bridging acetate methyl group
in 1-3. The protons of the methyl substituent at C° of (L)~ in 2 resonate as a
singlet at & ~2.37 ppm, whereas the protons of the methoxy substituent at C° of
(L%~ in 3 are observed as singlet at & ~3.78 ppm. The chemical shifts and
splitting patterns of the remaining aromatic protons of the tridentate ligands in 1
3 are unexceptional (Figures 9-11).
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Figure 10: *H-NMR spectra of 1[(UO2)2(1-OAc)2(L?)2] (2) in DMSO-d.
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Figure 11: *H-NMR spectra of 1[(UO2)2(1-OAc)2(L3)2] (3) in DMSO-d.
2.3.5. Redox Behavior:

Cyclic and differential pulse voltammetric measurements with the Schiff bases
(HL®) and their complexes (1-3) were performed using their corresponding
~107% M DMF solutions containing tetra-n-butylammonium perchlorate (TBAP)
as the supporting electrolyte with a Pt-disk working electrode, a Pt-wire auxiliary
electrode and an Ag/AgCl reference electrode under nitrogen atmosphere at 298
K. Under identical experimental conditions the ferrocenium/ferrocene (Fc*/Fc)
couple was observed at E1» = 0.61 V with a peak-to-peak separation (AE,) of 110
mV. Cyclic voltammograms of all the complexes are very similar and display two
broad overlapping cathodic peaks and essentially no or very weak anodic peak on
reverse scan. The cathodic peak potentials (Epc) are about —0.7 and —1.0 V. The
differential pulse voltammograms of 1-3 display two well-resolved peaks at
potentials around —0.65 and —0.88 V. The voltammogram of a representative
complex is shown in Figure 12 (left). Considering that the present complexes are
diacetate bridged dinuclear species and complexes of trans-(UO2)?* with Schiff
bases are known to display U(VI) to U(V) reduction response at comparable
potential range,2979" the reductions observed for 1-3 can be assigned as
Uuv-uvl) - UV)-UVIl) and U(V)-U(VI) —» U(V)-U(V) processes.

However, the free Schiff bases (HL") are also redox active and display a single
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reduction response having large peak-to-peak separation (Epc and Epa values are
around —1.02 and —0.04 V, respectively) and cathodic peak current (ipc) to anodic
peak current (ipa) ratio. The iy values of the Schiff bases are higher than those of
the corresponding complexes. As expected the differential pulse voltammograms
of HL'2 show a single peak within —0.80 to —0.84 V. The voltammogram of HL!
is illustrated in Figure 12 (right). Generally the reduction of metal coordinated
ligand is expected to be easier and hence to be observed at higher potential than
its reduction in the free state. Therefore, for 1-3 the first reduction can be
assigned as a ligand centered process, while the second reduction can be due to a
metal centered UO2?>" — UO2" process. A similar situation of ligand reduction
followed by metal reduction has been reported for a pentagonal-bipyramidal
mononuclear complex of trans-(UO2)?* containing a redox-active tetradentate Na-
donor Schiff base as primary ligand and a monodentate chloride as an ancillary
ligand.?® Thus for the present complexes there are two possibilities, i.e. both
reductions are metal centered or the first reduction is ligand centered and the
second reduction is metal centered. To decide between the above two possibilities
the characteristics of the unoccupied molecular orbitals shown by the TD-DFT
calculations have been examined. The compositions of LUMO to LUMO+7
(Table 5) indicate that at the present level of theory they are all metal centered in
both 1 and 3. The locations of the LUMOs in the two complexes are illustrated in
Figure 13. Thus the two closely spaced reductions are assigned to the successive

reductions of the two metal centers in each of 1-3.
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Figure 12: Cyclic and differential pulse voltammograms of [(UO2)2(u-
OAC)2(L3)2] (3) (left) and HL! (right) in DMF.

To gain further insight, constant potential (at —1.3 V) coulometric reductions of
1-3 and one of the three Schiff bases (HLY were performed using a Pt wire-
gauze working electrode. The overall n-values (the ratio of Qobsvd t0 Qcaica for 1 e~
transfer) for the two successive reductions of the three complexes have been
found to be in the range 1.8-2.1. In contrast, the n-value for the single reduction
displayed by HL! is 3.1. The difference in the n-values of the complexes and the
Schiff base, together with the TD-DFT results indicate that the coordinated
ligands are not involved in any of the two reductions observed for the complexes.
Hence, the two successive electron transfer responses of the complexes are
indeed due to two metal centered single electron transfers, i.e. stepwise
Uv)-UVvIl) - U(V)-U(VI) - U(V)-U(V) reductions.

2.3.6. Extraction Studies:

Extraction abilities of HL" for the trans-uranyl(VI) dication from aqueous
medium have been investigated. Two methods were employed for the extraction
process. These two methods are: gravimetric separation and sequential extraction

using CHClIs as the organic layer.
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In the gravimetric separation, a solution of the respective Schiff base (HL") in an
organic solvent (MeOH or CH.Cl, or CHCIlz) was mixed with an aqueous
solution of UO2(OAC)2-2H20 and stirred for a specific duration (15, 30, 45, and
60 min).

Figure 13: LUMOs of [(UO2)2(u~OAc)2(LY)2] (1) (top) and [(UO2)2(u-
OAC)2(L%)2] (3) (bottom).

The amount of the complex precipitated after each extraction was quantitatively
measured to determine the extent of extraction. The infrared spectra of the
precipitates confirm their identities as [(UOz2)2(u-OAc)2(L")2] (1-3). The results
are summarized in Table 6. In general, the two-phase solvent systems
H20-CH2Cl> and H,O—CHCIs show better results of extraction as compared to
the HoO—CH3OH mixture. The maximum extraction of 98% of trans-(UO2)?* was
achieved in 60 min. using HL? as the ligand and H,O—CHCl; as the reaction
medium. A comparative study showing the extents of extraction of trans-(UO2)?*
using different solvent mixtures and HL? as the extractant is graphically
represented in Figure 14. Considering that in the gravimetric separation method
the best extraction was achieved with the use of HL?, only this Schiff base was

employed in the sequential extraction method. Here a CHClIs3 solution of HL? was
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used as the organic layer for the extraction of trans-(UO2)?* from an aqueous

solution having pH 6.

% Ex\rac\‘O“
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Figure 14: trans-Uranyl(V1) dication extraction by HL? in the solvent systems (i)
MeOH-H>O0, (ii) CHCI3—H-0, and (iii) CH2Cl>—H-0.

The acidic pH ensures the maximum extraction and no precipitation of the
complex formed. The progress of extraction was followed by monitoring the 429
nm band!’ in the electronic spectrum of the aqueous phase after each extraction
(Figure 15). The absorption bands in the electronic spectrum of the CHCIs layer
recorded after extraction confirm the formation of 2 in the organic phase (Figure
16). The absorbance values and the extraction data are listed in Table 7. The
maximum extraction (55%) of the trans-(UO2)?* from the aqueous layer to the
organic layer occurred in the first extraction. The amount of trans-uranyl(VI)
dication in the aqueous phase gradually decreased with successive extractions
with CHCIs solutions of HL2. Total 91% trans-(UO2)?* could be removed from
the aqueous phase in four extractions. After the fourth extraction there was very

little change in the trans-uranyl(VI) dication content of the aqueous phase in the

following extraction attempts.

Thus the present Schiff bases (HL") turned out to be effective extractants for the

extraction of trans-(UOz)?* from aqueous phase. All three compounds showed
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excellent extraction abilities. The maximum extents of extraction in the above
mentioned two-phase extraction studies are very good (> 90%) in both methods.
These results are better or comparable to the previously reported extraction

studies using Schiff bases.?4"™

0.4

Absorbance
o o
N w

— L 1

0.1\

0.0

Figure 15: Electronic spectroscopic profiles of the aqueous phase (pH 6)
containing UO2(OAc). recorded after sequential extractions of trans-uranyl(\V1)

dication using CHCIs solutions of HL2.
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Table 6: Extraction of trans-(UO,)?* by gravimetric separation.

Solvent system Time [min] Schiff base Extraction [%]
CH30H-H20 15 HL! 42
HL2 45
HL® 40
30 HL? 55
HL? 56
HL® 52
45 HL? 63
HL? 69
HL® 63
60 HL! 81
HL? 81
HL® 79
CHCI3-H,0 15 HL! 65
HL? 68
HL® 67
30 HL! 75
HL? 78
HL3 76
45 HL! 84
HL? 89
HL® 85
60 HL? 96
HL? 98
HL3 95
CH2Cl>—H20 15 HL? 62
HL? 60
HL® 60
30 HL! 74
HL2 75
HL3 72
45 HL! 86
HL? 88
HL® 85
60 HL? 96
HL? 97
HL3 96
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Figure 16: Electronic spectra of the CHCIz extract (-) and [(UO2)2(u-

OAC)2(L2)2] (2) in CHCIs (- - - -).

Table 7: Sequential liquid-liquid extraction of trans-(UO2)?*

Extraction no. Absorbancel® % of (UO2)% ion™
0 0.431 100

1 0.196 45

2 0.095 22

3 0.058 13

4 0.040 9

5 0.036 8

[a] Measured with aqueous phase at 429 nm. [b] In aqueous phase.

2.4. Conclusions

Stabilization and isolation of the rare {O2U(u-OAc).UO2}** core using the

deprotonated

N,N,O-donor

Schiff

bases

N-(2-pyridyl)-N"-(5-R-

salicylidene)hydrazines (HL" where R = H, Me, and OMe) as ligands have been

demonstrated. The discrete dinuclear complexes isolated have the general
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molecular formula [(UO2)2(x-OAc)2(L")2]. X-ray crystallographic studies
revealed pentagonal-bipyramidal N2Os coordination sphere around each metal
center and a chair conformation of the central eight-membered U(OCO).U ring in
each complex. In the crystal lattice, the complexes form two-dimensional and
one-dimensional supramolecular structures through intermolecular regular and
bifurcated hydrogen bonding interactions. The infrared and proton NMR
spectroscopic characteristics of all the complexes are in good agreement with
their molecular structures. All three complexes display four strong electronic
absorption bands and two closely spaced reduction responses at the cathodic side
of Ag/AgCI. Theoretical calculations show that the first three absorption bands
are of ligand-to-metal charge transfer character, while, the highest energy band is
due to a ligand centered transition and the two successive electron transfer
processes are due to U(VI)-U(VI) —» U(V)-U(VI) - U(V)-U(V) reductions.
Constant potential coulometric measurements confirm an overall stoichiometry of
two electrons for the stepwise reductions of the two metal centers. Very effective
extraction of trans-(UO2)?" from the aqueous layer has been achieved using the

Schiff bases (HL") as the extractants in two-phase extraction studies.
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Chapter 3

Syntheses, Structural Insight and Photocatalytic
Applications of Di-p-hydroxo Diuranyl(VI) Complexes $

Two new dihyroxo-bridged diuranyl(VI) complexes of the molecular formula
[(UO2)2(-OH)2(L")2] (1 and 2) were synthesized in good vyields (~64%) by
reacting equimolar amounts of [UO2(OAc)2]-2H20 and 2-((2-(6-chloropyridazin-
3-yl)hydrazono)methyl)-4-R-phenols (HL" where n = 1 and 2 for R = H and
OMe, respectively) in dimethylformamide. Both complexes were characterized
by elemental analysis, various spectroscopic and cyclic voltammetric
measurements. X-ray crystal structures of the two complexes crystallized as
solvated species showed the rare {(UO2)2(u~-OH)2}** core where each metal
center is in a distorted pentagonal-bipyramidal N2Os coordination sphere
assembled by the two axial oxo atoms, two equatorial bridging hydroxo-O atoms
and the equatorial N,N,O-donor (L")~. The solvated complexes assemble through
intermolecular bifurcated N-H--(0,0) and simple O-H-+-O and N-H--O
hydrogen bonding interactions and form supramolecular one-dimensional chain-
like and three-dimensional network structures in the crystal lattices. Infrared and
proton NMR spectroscopic characteristics of the two complexes corroborate their
molecular structures. Electronic spectra of 1 and 2 display three strong
absorptions in the range 405-301 nm. A metal centered irreversible reduction
having the Epc near —1.06 V (vs. Ag/AgCl) has been observed in the cyclic
voltammograms of 1 and 2. Both complexes are photocatalytically active in
degradation of rhodamine B (RhB) and methylene blue (MB) under visible light
irradiation. Photodegradation of RhB up to a maximum of 96% and that of MB
up to a maximum of 85% was achieved in 150 and 180 min, respectively using 2

as catalyst.

8 This work has been published in New J. Chem. 2019, 43, 970-978.
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3.1. Introduction

The uranyl coordination complexes and uranyl-organic-framework materials have
found a variety of applications ranging from photoluminescence to
photochemical reactions to photocatalysis.>> These properties are a consequence
of the strongly covalent U-O bond in trans-(UO2)?* which primarily dictates the
uranyl coordination chemistry. Thus, in search of new and more effective trans-
uranyl(VI) dication containing species, coordination chemistry of it has emerged
as one of the actively pursued areas of inorganic chemistry.® Photocatalysis is the
phenomenon of catalyzing reactions in presence of light of suitable wavelength.
Photocatalysts have gained tremendous interest primarily because of their
effective use against environmental pollution problems. The significant factors on
which the photocatalytic activity of a substance depends are the desired band gap,
reusability, surface morphology and stability.* Over the decades, TiO, has
emerged as an excellent photocatalyst for a variety of applications such as water
splitting, degradation of pollutants, organic synthesis and phototherapy.® But,
TiO2 is an active photocatalyst only under ultraviolet light, which somewhat
confines its practical applications. Thus there is an increasing demand of band

gap tunable photocatalysts for visible light driven catalytic processes.®

In this chapter, we have explored the coordination chemistry of trans-uranyl(\V1)
dication with 2-((2-(6-chloropyridazin-3-yl)hydrazono)methyl)-4-methylphenols
(HL™ (n =1 and 2 for R = H and OMe, respectively) has been explored. In this
effort, two dinuclear complexes of formula [(UO2)2(~OH)2(L")2] (1 and 2 for n =
1 and 2, respectively) have been isolated (Chart 1). Visible light induced
photocatalytic abilities of these two complexes have been also examined by
following the photodegradation of rhodamine B (RhB) and methylene blue (MB)
solutions. In the following sections, the syntheses, X-ray structures, physical
properties and the photocatalytic activities of [(UO2)2(u-OH)2(LY?),] (1 and 2)

have been described.
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Chart 1: Chemical structure diagrams of 2-((2-(6-chloropyridazin-3-
yl)hydrazono)methyl)-4-R-phenols (HL") and their corresponding complexes

[(UO2)2(u-OH)2(L")2].
3.2. Experimental Section

3.2.1. Materials:

3-Hydrazino-6-chloropyridazine was prepared by following a reported
procedure.” All other chemicals and the solvents used in this work were of
reagent grade available commercially and were used as received without further

purification.
3.2.2. Physical Measurements:

Elemental (CHN) analysis data were obtained with the help of a Thermo
Finnigan Flash EA1112 series elemental analyzer. A Shimadzu LCMS 2010
liquid chromatograph mass spectrometer was used for the purity verification of
the Schiff bases (HLY?). Solid state magnetic susceptibility measurements were
performed with a Sherwood Scientific balance. A Digisun DI-909 conductivity
meter was used for solution electrical conductivity measurements. A Thermo
Scientific Nicolet iS5 FT-IR spectrophotometer was used to record the infrared
spectra. A Shimadzu UV-3600 UV-Vis-NIR spectrophotometer was used to
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collect the electronic spectra. The *H (400 MHz) NMR spectra were recorded
with the help of a Bruker NMR spectrometer. Cyclic voltammetric measurements
were carried out with the help of a CH Instruments model 620A electrochemical

analyzer.
3.2.3. Synthesis of the complexes [(UO2)2(x-OH)2(L")2] (1 and 2):

The complexes 1 and 2 were synthesized using the following general procedure.
Solid UO2(OACc)2:2H20 (0.25 mmol) was added to a hot dimethylformamide
solution (8 mL) of the corresponding HL" (n = 1 or 2) (0.25 mmol) in a 25 mL
beaker. The color of the mixture immediately turned to deep brown. The solution
was then heated on a water bath for about 45 min and filtered hot to remove any
solid present. The filtrate was kept at room temperature (298 K) for slow
evaporation. In about 3—4 weeks the brown crystalline material separated was

collected by filtration, washed with methanol and finally dried in vacuum.

[(UO2)2(u-OH)2(LY)2] (1): Yield 65%. Anal. Calcd for Co2Hi1sCloNgOsU2: C,
24.71; H, 1.70; N 10.48. Found C 24.35, H 1.76, N 10.23. Selected IR data (v
(cm=1)): 3460 (O-H), 3278 (N-H), 1620 (C=N), 891, 872 (UO). UV-Vis data
(Amax(nm) (g( 10* M~tcm1))): 405 (4.59)*", 367 (7.85), 301 (10.97). *H NMR data
(6 (ppm) (I (H2))): 11.14 (s, 1H, NH), 9.02 (s, 1H, H"), 7.72 (8) (d, 1H, H'9), 7.46
(8) (d, 1H, H®%), 7.41 (8) (dd—t, 1H, H*), 7.00 (8) (d, 1H, H®), 6.98 (8) (d, 1H,
H?), 6.69 (8) (dd—t, 1H, H®). CV data (Epc and Epa (V)): —1.01 and —0.47.

[(UO2)2(u-OH)2(L?)2] (2): Yield 63%. Anal. Calcd for CoaH22CloNgO10U2: C,
25.52; H, 1.96, N 9.92. Found: C, 25.21; H 1.93, N 9.56. Selected IR data (v
(cmY)): 3470 (O-H), 3240 (N-H), 1618 (C=N), 899 (UO2). UV-Vis data
(Amax(nm) (g( 10* M~tcm1))): 405 (6.98)*", 375 (9.52), 302 (11.59). 'H NMR data
(6 (ppm) (J (Hz))): 10.60 (s, 1H, NH), 8.97 (s, 1H, H"), 7.29 (3) (d, 1H, H®), 7.11
(s, 1H, p-OH), 7.09 (8) (d, 1H, H%), 7.03 (8,3) (dd, 1H, H%), 6.92 (8) (d, 1H, H°),
6.87 (8) (d, 1H, H3), 3.75 (s, 3H, -OCHs). CV data (Epc and Epa (V)): —1.11 and
—0.50.
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3.2.4. X-ray Crystallography:

Single crystals suitable for X-ray data collection for both complexes were
collected from the crystalline materials separated in the synthetic reaction
mixtures. In each case, the crystal was taken from the mother liquor, coated with
silicone oil and then mounted on a glass fibre using epoxy. Both 1 and 2
crystallized as solvated species, which are 1-H,O-2Me>NCHO and 2-1.5H,0,
respectively. Unit cell determination and intensity data collection for each of
1-H20-2Me;NCHO and 2:1.5H,0 were performed at room temperature (298 K)
on a Bruker D8 Quest diffractometer fitted with a Photon 100 CMOS area
detector and an Incoatec microfocus source for graphite monochromated Mo Ko
radiation (1 = 0.71073 A). The APEX3 software package® was used for data
acquisition, integration and reduction. The SADABS program® was employed for
absorption correction. In the case of 1-H20-2Me2NCHO, some residual
absorption effect was treated with an additional correction using the XABS2
program.t® Both structures were solved by direct method and refined on F? using
full-matrix least-squares procedures. In each structure, the non-hydrogen atoms
were refined anisotropically. The hydrogen atoms of the water molecules were
located in difference maps and placed at idealized positions, while the remaining
hydrogen atoms were included at idealized positions using a riding model. All
hydrogen atoms were refined as riding atoms with relative isotropic thermal
parameters of their parent atoms. The SHELX-97 programs!! available in the
WinGX software suite’> were used for structure solution and refinement.
Structural illustrations were prepared using the Mercury package.'® Selected
crystallographic data for 1-H>0O-2Me2NCHO and 2-1.5H,0 are listed in Table 1.
Detailed X-ray crystallographic data for 1-H,0-2Me>NCHO and 2-1.5H,0 have
been deposited with the Cambridge Crystallographic Data Centre under the
deposition numbers CCDC 1870329 and 1870330, respectively.
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3.2.5 Photocatalysis:

Organic dyes rhodamine B (RhB) and methylene blue (MB) were selected for
heterogeneous photodegradation experiments. The powdered complex catalyst
(20 mg) was suspended in an aqueous solution of the dye (40 mL, conc. 10 ppm)
and stirred for %2 h in dark to ensure proper absorption/desorption equilibrium of
the dye on the catalyst surface. The mixture was then exposed to irradiation of
visible light with continuous stirring. After every % h of interval a portion of the
solution was pipetted out and filtered. The clear dye solution obtained after
filtration was used for spectrophotometric analysis. The degradations of the dyes
with the increase of the irradiation time were followed by measuring the changes
in the absorption intensities at Amax vValues of 554 and 664 nm for RhB and MB,

respectively.
3.3. Results and Discussions

3.3.1. Synthesis and Characterization:

The Schiff bases (HLY?) were prepared in fairly high yields (~80%) by
condensation reactions of equimolar amounts 3-hydrazino-6-chloropyridazine
and the corresponding 5-R-salicyladehydes (R = H and OMe) in ethanol by
following a procedure very similar to that reported earlier.”** Complexes having
the general molecular formula [(UO2)2(z-OH)2(L")2] (1 (n = 1) and 2 (n = 2))
were synthesized in good yields (~64%) by treating the corresponding Schiff
bases (HLY?) with UO2(OAc)2-2H20 in dimethylformamide. Elemental analysis
data of 1 and 2 are in good agreement with their molecular formulas. Room
temperature magnetic susceptibility measurements with the powdered samples of
the two complexes indicate their diamagnetic character and hence the +6
oxidation state of uranium in each. Both complexes are insoluble in most of the
common organic solvents except for dimethylformamide and dimethylsulfoxide.
In solution, each of the two complexes is electrically non-conducting. The non-
electrolytic behavior of 1 and 2 is consistent with their molecular formulas as

neutral species.
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Table 1: Selected crystal data and structure refinement summary

Complex 1-H20-2Me2NCHO 2:1.5H20
Chemical formula C28H34CI2N10011U2 C24H23ClI2NgO11.5U2
Formula weight 1233.61 1154.46
Crystal system Triclinic Monoclinic
Space group P1 C2/c

a (A) 7.0485(5) 15.4436(13)
b (A) 14.7628(11) 14.7742(12)
c(A) 18.7692(14) 15.3194(12)
a(°) 73.799(3) 90

L) 89.767(3) 113.786(2)
7(°) 89.067(3) 90

Volume (A%) 1875.2(2) 3198.5(5)

Z 2 4
p(gcm3) 2.185 2.397

2 (mm™) 8.837 10.352
Reflections collected 64327 20243
Reflections unique 6603 2812
Reflections [1 > 25(1)] 5938 2219

Data / parameter 6603 / 482 2812 /219

R1, WR2 [I > 26(1)]
R1, wR2 [all data]
GoF on F2

Max. / Min. Ap (e A=)

0.0307, 0.0710
0.0351, 0.0728
1.086

3.227/-1.941

0.0355, 0.0791
0.0536, 0.0857
1.039

0.927 /-1.002
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3.3.2. X-ray Molecular Structures:

The structures of 1-H,0-2MeNCHO and 2-1.5H,0 were solved in triclinic P1
and monoclinic C2/c space groups, respectively. The asymmetric unit of the first
crystal contains one complete molecule of the dinuclear complex 1, one water
molecule and two dimethylformamide molecules. On the other hand, the
asymmetric unit of the second crystal contains one-half of the dinuclear complex
2, one-half of a water molecule and a second water molecule having one-quarter
occupancy. The two halves of the molecule of 2 are related by an inversion
centre, while a two-fold axis passes through the O-atom of each water molecule.
The structures of 1-H20-2Me>NCHO and 2-1.5H,0 are illustrated in Figure 1.
The bond lengths and bond angles associated with the metal centres for 1 and 2
are listed in Tables 2 and 3, respectively.

Figure 1: The structures of [(UO2)2(u-OH)2(LY)2]-H20-2Me2NCHO
(1:‘H20-2Me2NCHO)  (top)  and  [(UO2)2(1-OH)2(L?)2]-1.5H,0  (2:1.5H,0)
(bottom). In both structures, all the non-hydrogen atoms are represented by their
40% probability thermal ellipsoids and only the non-carbon atoms are labelled for

clarity.
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In the case of 1-H>,O-2Me2NCHO, the water molecule acts as a bridge between
the two dimethylformamide molecules by forming two O—H--O hydrogen bonds
with  the two dimethylformamide O-atoms. One end of this
Me>NCHO:---HOH--OHCNMe> ensemble is connected to the complex molecule
through a N—H--O interaction involving O-atom of one Me;NCHO and the
hydrazinic N-H of the U(2) bound (L)~ (Figure 1). On the other hand, in
2-1.5H,0, the full occupancy water molecule is hydrogen bonded to the metal
coordinated phenolate O-atom and the water molecule having the half-occupancy
is hydrogen bonded to the O-atom of the methoxy substituent of (L?)~ (Figure 1).
The structures of the two dinuclear complex molecules are very similar. The
metal centres are in distorted pentagonal-bipyramidal N2Os coordination spheres.
The fused 5,6-membered chelate rings forming pyridazine-N, azomethine-N and
phenolate-O donor (L")~ and the two bridging hydroxo-O atoms form the
pentagonal N2Os plane (rms deviations 0.03-0.16 A) and the two oxo atoms
occupy the axial positions. The U2(u-OH): is essentially planar (rms deviation
0.02 A) in 1 and perfectly planar in 2. The U-O(H)-U bridge angles (113.2(2)
and 112.4(2)°) in 1 are slightly larger than the bridge angle (110.6(2)°) in
centrosymmetric 2. As a consequence the U--U distance in 1 (3.8821(4) A) is
little longer than that in 2 (3.8405(7) A). It may be noted that very few
structurally characterized discrete diuranyl(V1) complexes containing the
{(UO2)2(u-OH)2}?* core are known.* Overall, the U-OH bond lengths,
U-O(H)-U bridge angles and the U--U distances in the {(UO2)2(u-OH)2}**
fragment of 1 and 2 are within the corresponding ranges reported earlier for
complexes of this core.’® In 1, the average of U=0 bond lengths for U(1)
(1.786(5) A) is significantly longer than that for U(2) (1.760(6) A). This
difference is most likely due to the involvement of the oxo atoms O(2) and O(3)
attached to U(1) in intermolecular N-H--O hydrogen bonding interactions as
acceptors (vide infra). In the centrosymmetric 2, the average of U=0O bond
lengths is 1.776(6) A. Overall, the U=0 bond lengths in 1 and 2 are within the
range found in trans-uranyl(V1) dication complexes.’®!” The trans-O=U=0

angles (174.1(2)-176.6(3)°) are slightly off from the ideal value of 180°. The
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remaining bond lengths and angles associated with the uranium centres and the
N,N,O-donor (L")~ are comparable with the corresponding bond parameters
reported for complexes of trans-(UO,)?* having pentagonal-bipyramidal uranium

centres and similar coordinating atom containing Schiff base ligands.'®%’
3.3.3. Hydrogen Bonding and Self-assembly:

In both structures, the complex molecules and the lattice solvent molecules have
several classical hydrogen bond donors such as N-H and O—H and acceptors
such as O— and CIl- atoms. Thus the two structures have been scrutinized for
intermolecular hydrogen bonding interactions and if there is any then how that
directs the supramolecular self-assembly process. The intermolecular hydrogen
bonds found are O—H--O and bifurcated O—H--O--*H-N and N-H:+(0,0) in
1-H20-2Me2NCHO and O-H-O and N-H:-O in 2:1.5H,0. The geometric
parameters for these intermolecular hydrogen bonds are listed in Table 4 and the
supramolecular structures assembled by them are described below.

In 1-H20-2Me;NCHO, the hydrogen bonded ensemble of the lattice solvent
molecules (Mea2NCHO--HOH--OHCNMey) that is connected to the U(2) side of
1 via the N-H--O interaction (Figure 1) does not participate in any further
intermolecular interaction. However, on the other side of the solvated dinuclear
molecule, the hydrazinic N—H of the U(1) coordinated (L)~ and the U(1) bound
oxo atoms O(2) and O(3) participate in three bifurcated N-H:--(O,0) hydrogen
bonding interactions with two neighbouring inversion symmetry related
molecules in a kind of reciprocal manner. This intermolecular N-H:--(O,0)
interaction leads to a one-dimensional assembly of 1-H20-2Me2NCHO in the

crystal lattice (Figure 2).
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Figure 2:  One-dimensional  chain-like  assembly of  [(UO2)2(u-
OH)2(L1)2]-H20-2Me;NCHO (1-H20-2Me;NCHO).

In 2-1.5H20, the two-fold symmetric half-occupancy water molecule acts as
donor in two O-H:-O hydrogen bonds involving the O—atoms of the methoxy
substituents on the salicylidene moieties of (L?)~ of two complex molecules. This
water molecule is not involved in any other hydrogen bonding. Formation of a
one-dimensional chain like array of 2-:0.5H.O due to the above mentioned
intermolecular O—H---O interactions cannot be counted due to the positional

disorder of the water molecule.
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Table 2: Selected bond parameters (A and °) for 1-H,0-2Me2NCHO

U(1)-0(1)

U(1)-0(2)

U(1)-0(3)

U(1)-0(4)

U(1)-0(5)

U(1)-N(1)

U(1)-N(3)

O(1)-U(1)-0(2)
O(1)-U(1)-0(3)
O(1)-U(1)-0O(4)
O(1)-U(1)-0O(5)
O(1)-U(1)-N(2)
O(1)-U(1)-N(@3)
0(2)-U(1)-0(3)
0(2)-U(1)-0(4)
0(2)-U(1)-0(5)
O(2)-U(1)-N(2)
0(2)-U(1)-N(@3)
O(3)-U(1)-0O(4)
O(3)-U(1)-0O(5)
O(3)-U(1)-N(2)
O(3)-U(1)-N(@3)
O(4)-U(1)-0(5)
O(4)-U(1)-N(2)
O(4)-U(1)-N(@3)
O(5)-U(1)-N(2)
O(5)-U(1)-N(@3)
N(1)-U(1)-N(3)

2.220(5)
1.799(5)
1.773(5)
2.293(4)
2.335(4)
2.632(5)
2.584(6)
88.8(2)
91.8(2)
86.77(17)
154.40(16)
69.24(17)
130.01(18)
174.1(2)
94.3(2)
91.5(2)
91.2(2)
84.4(2)
91.5(2)
90.5(2)
83.5(2)
90.8(2)
67.67(15)
155.26(17)
143.04(17)
136.32(16)
75.42(17)
61.51(18)

U(2)-0(4)
U(2)-0(5)
U(2)-0(6)
U(2)-0(7)
U(2)-0(8)
U(2)-N(5)
U(2)-N(7)
0(4)-U(2)-0(5)
0(4)-U(2)-0(6)
0(4)-U(2)-0(7)
0(4)-U(2-0(8)
0(4)-U(2)-N(5)
0(4)-U(2-N(7)
0(5)-U(2)-0(6)
0(5)-U(2)-0(7)
0(5)-U(2)-0(8)
O(5)-U(2)-N(5)
O(5)-U(2)-N(7)
0(6)-U(2)-0O(7)
0(6)-U(2)-0(8)
0(6)-U(2)-N(5)
0(6)-U(2)-N(7)
O(7)-U(2)-0(8)
0(7)-U(2)-N(5)
0(7)-U(2)-N(7)
0(8)-U(2)-N(5)
0(8)-U(2)-N(7)
N(5)-U(2)-N(7)

2.356(4)
2.336(4)
2.202(5)
1.737(6)
1.782(5)
2.621(5)
2.582(5)
66.63(15)
155.29(17)
89.3(2)
91.6(2)
134.53(16)
72.60(16)
88.68(17)
91.8(2)
93.4(2)
158.74(16)
139.21(16)
90.5(3)
90.9(3)
70.11(18)
132.11(18)
174.7(2)
87.1(2)
88.6(2)
88.5(2)
86.6(2)
62.02(17)
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Table 3 Selected bond parameters (A and °) for 2:1.5H,0

U(1)-0(1)
U(1)-0(3)
U(1)-0O@')?
U(1)-N(3)

2.251(6)
1.776(6)
2.350(6)
2.613(7)

0O(1)-U(1)-0(2) 92.6(3)
O(1)-U(1)-0(4)  86.1(2)
O(1)-U(1)-N(1)  69.6(2)
0(2)-U(1)-0(3)  176.6(3)
0(2)-U(1)-0(4")* 90.7(3)
0(Q)-U(1)-N(3)  94.6(3)
0(3)-U(1)-0(4")* 90.8(3)
0(3)-U(1)-N@3) 82.9(3)
O4)-U(1)-N(1)  155.0(2)
O@4)2-U(1)-N(1) 134.9(2)
N(1)-U(1)-N@3)  62.0(2)

U(1)-0(2)
U(1)-0(4)
U(1)-N(L)

0(1)-U(1)-0(3)
O(1)-U(1)-0(4)*
O(1)-U(1)-N(3)
0(2)-U(1)-0(4)
0(2)-U(1)-N(1)
0(3)-U(1)-0(4)
0(3)-U(1)-N(1)
O(4)-U(1)-0(4)*
O(4)-U(1)-N(3)
0(4')*-U(1)-N(3)

1.775(6)
2.322(5)
2.612(7)

87.2(3)
155.5(2)
129.6(2)
92.9(3)
82.5(3)
90.4(3)
94.2(3)
69.4(2)
143.0(2)
74.3(2)

& Symmetry transformation used: —x + 3/2, -y + 1/2, -z

Table 4: Hydrogen bonding parameters for 1-H.0-2Me;NCHO and 2-1.5H,0?

Complex D—H--A DA (A) ZDHA (°)

1-H,0-2Me;NCHO N(6)-H(6)--0(9) 2.758(8) 163
O(11)-H(11A)-0(9) 3.017(13) 153
O(11)-H(11B)--0(10) 2.750(16) 142
N(2)-H(2A)--0O(2)! 2.964(7) 133
N(2)-H(2A)--0(3)" 3.093(8) 127

2:1.5H,0 O(6)-H(6A)-0(1) 2.705(7) 161
O(7)-H(7A)--0(5) 2.94(2) 158
N(2)-H(Q2A)--O(6)"" 2.844(10) 174

& Symmetry transformations used: (i) —x + 1, -y + 1, —z+ 1. (i) x+2,-y+ 1, -z + 1.

(iii) —x + 1, -y, —z.
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On the other hand, the second two-fold symmetric but full occupancy water
molecule participates in the maximum possible that is four hydrogen bonding
interactions. These are two O-H--O interactions as donor and two N—H:-O
interactions as acceptor. In the former, the uranium coordinated phenolate-O
atom of (L?)~ is the acceptor and in the latter, the hydrazinic N-H of (L?)" is the
donor. Thus, each full occupancy water molecule is connected to four complex
molecules which are tetrahedrally oriented around the water O-atom and a
butterfly-like motif is formed (Figure 3, top). Interconnection of these motifs via
these four intermolecular hydrogen bonding interactions leads to an overall three-

dimensional network of 2-1.5H,0 in the crystal lattice (Figure 3, bottom).

7 y
-MU”@ @
m G\ «w (‘ (5«
4Ky ,} }*
{7 < A {
B W}» 0
R P

Figure 3: Butterfly-like motif (top) and the three-dimensional network of
[(UO2)2(-OH)2(L?)2]-1.5H20 (2-1.5H,0) viewed along the a-axis (bottom).
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3.3.4. Spectroscopic Characterizations:

Infrared spectra of 1 and 2 were recorded in ATR mode in the range 4000-550
cm~. A large number of bands with various intensities have been observed in
each spectrum. No attempt has been made to assign all the bands except for few
characteristic bands. Both complexes display a broad band at ~3465 cm™.
Similar band observed for dihdroxo bridged complexes is attributed to the
bridging-OH groups.*>%® A weak and somewhat broad band observed at ~3260
cm is assigned to the hydrazinic-NH of (L")~.*>° The sharp and strong band at
~1619 cm displayed by both complexes is attributed to the metal coordinated
azomethine (-HC=N-) group of (L")~.#1"18 The spectrum of 1 displays two
closely spaced strong bands at 891 and 872 cm=, while the spectrum of 2
displays a single strong band at 899 cm=! (Figure 4). The asymmetric stretching
vibration of the trans-uranyl(V1) moiety is generally observed in this region as a
strong band.'5¢"181° Observation of two closely spaced bands in the case of 1 is
most likely due to the difference in the two average U=0 bond lengths at the two
uranium centres caused by participation of the oxo atoms of one metal centre in

intermolecular hydrogen bonding interactions (vide supra).
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Figure 4: IR spectra of 1 (left) and 2 (right) in powder phase.

The electronic spectra of both 1 and 2 were recorded in dimethylformamide. The
spectral profiles of the two complexes are very similar (Figure 5). They display a
somewhat broad and strong band centered at ~370 nm (367 and 375 nm for land
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2, respectively), which is preceded by a shoulder at ~405 nm and followed by
another strong band at ~302 nm. The free Schiff bases (HLY?) in
dimethylformamide display two strong bands having almost equal intensities at
~350 and ~300 nm. Comparison of the spectra of the complexes with those of the
Schiff bases clearly indicates that for 1 and 2 the absorption at ~302 nm is due to
a (LY~ centered transition. Absorption bands at the longer wavelength
ultraviolet region for trans-diuranyl(V1) dication containing species is
characteristic of charge transfer transitions involving the U=0 bonds.? Thus the
absorption band of 1 and 2 at ~370 nm, which is red-shifted in comparison to the
corresponding absorption of the Schiff bases at ~350 nm, has most likely a
combined (LY?)~ centered and trans-(UO2)?* centered charge transfer character.
In the visible region, the shoulder at 405 nm has been assigned to primarily

phenolate-to-metal charge transfer transition.

300 375 450 525 600
A (nm)

Figure 5: Electronic spectra of [(UO2)2(u-OH)2(LY)2] (1) (—) and [(UO2)2(u-
OH)2(L?)2] (2) (- - -) in dimethylformamide.

The *H NMR spectra of 1 and 2 were recorded in DMSO-ds solutions. Each of
the two spectra clearly indicates that in solution the two halves of the
centrosymmetric complex molecule are equivalent. The chemical shift values

with tentative assignments are provided in the experimental section under the
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respective complexes. Absence of any signal assignable to the phenol proton
resonance’* is consistent with the deprotonated state of the Schiff base ligand in
both complexes. The hydrazinic N—H appears as a singlet at 6 11.14 and 10.60
ppm for 1 and 2, respectively. The azomethine (-HC=N-) proton (H’) of 1 and 2
resonates as a singlet at 6 9.02 and 8.97 ppm, respectively. A singlet observed at
0 7.11 ppm for 2 is assigned to the bridging hydroxyl group proton.?! However,
no such signal has been observed for 1. The protons of the methoxy substituent in
2 are observed as a singlet at 6 3.75 ppm. In both complexes, the aromatic
protons of (L)~ and (L?)~ appear with the expected splitting patterns in the ranges

0 7.71-6.69 and 7.29-6.87 ppm, respectively (Figures 6 and 7).

lA\l,, A LA

Figure 6: *H-NMR spectra of [(UO2)2(u-OH)2(LY)2] (1) in DMSO-ds
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- b JUNTA=

Figure 7: *H-NMR spectra of [(UO2)2(x-OH)2(L?)2] (2) in DMSO-d.

3.3.5. Redox Properties:

Redox properties of 1 and 2 have been investigated by cyclic voltammetric
measurements using their corresponding dimethylformamide solutions (~1072 M)
containing tetra-n- butylammonium perchlorate (TBAP) as the supporting
electrolyte with a Pt-disk working electrode, a Pt-wire auxiliary electrode and an
Ag/AQCI reference electrode under nitrogen atmosphere at 298 K. Under
identical condition, the Ei» and AEp, (= Epa — Ep) values for the
ferrocenium/ferrocene (Fc*/Fc) couple were 0.50 V and 150 mV, respectively.
The cyclic voltammograms of the two complexes are very similar. They display a
cathodic peak and a well separated weak anodic peak on reverse scan (Figure 8).
The cathodic peak potentials (Epc) are —1.01 and —1.10 V and the corresponding
anodic peak potentials (Epa) are —0.47 and —0.50 V for 1 and 2, respectively. The
cathodic peak currents of both complexes are comparable with those of the
Fc*/Fc couple and other known one electron transfer processes under similar
conditions.}”?> The free Schiff bases show an irreversible reduction response
having relatively broader peaks and at more cathodic potentials (average Epc and
Epa values are around —1.55 and —0.82 V, respectively) in the same experimental
conditions. Comparison of the reduction responses displayed by the complexes

with those of HLY? and considering that complexes of trans-(UO2)?* with ligands
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having comparable coordinating atoms are known to show uranium(VI) to
uranium(V) reduction at similar potential range, the reductions observed for 1
and 2 have been assigned to a metal centered process.®*!’ This assignment is
further substantiated by the 90 mV cathodic shift of the Epc of 2 compared to that
of 1 due to the presence of the electron releasing methoxy group at para to the
phenolate-O of the ligand (L?) in 2.

Current

0.3 06 09 12 15  -18
E (V) vs. Ag/AgCI
Figure 8: Cyclic voltammograms of [(UO2)2(u-OH)2(LY)2] (1) (—) and
[(UO2)2(1-OH)2(L?)2] (2) (- - -) in dimethylformamide.

3.3.6. Photocatalytic Activities:

The electronic transition within the U=0O double bond has been considered to be
the key for the photocatalytic activities of the complexes of trans-diuranyl(VI)
dication.>? The transition that gives rise to the absorption band of 1 and 2 at 367
and 375 nm, respectively has a partial trans-(UO2)** centered character (vide
supra). Appearance of this band near to the violet end of the visible light
accompanied by the shoulder in the visible region at ~405 nm prompted us to
examine the photocatalytic potentials of 1 and 2 by visible light irradiation.
Herein we have chosen Rhodamine B (RhB) and Methylene Blue (MB) as the
model pollutants for photo-degradation experiments. The photocatalytic reactions

were heterogeneous in nature where the catalyst powder (1 or 2) was suspended
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in the dye solution and stirred in presence of the white visible light. The
degradation of the dye (RhB or MB) with the increase in the irradiation time was
monitored spectrophotometrically. Irradiation time dependent spectral changes
for RhB and MB in presence of 1 and 2 as catalyst are depicted in Figures 9-12.
In the control experiments without catalysts in presence of light the variation in
the absorption spectrum of either of the two dyes is insignificant. The degradation
of RhB is as high as 96% in 150 min with 2 as catalyst, whereas for 1 as catalyst
the degradation was 80% in a span of 180 min. In the case of MB the
degradations were 71% in 210 min and 85% in 180 min for 1 and 2, respectively.
Thus 2 is relatively more effective catalyst in photodegradation of both dyes
(Figure 13). This difference in the activities is consistent with appearance of the
first absorption band in the ultraviolet region for 2 at slightly lower energy than
that in 1 and the higher extinction coefficients of this band and the ~405 nm
shoulder of 2 compared to those of 1. In general, the photocatalytic dye
degradation abilities of 1 and 2 are better or comparable with the previously

reported uranyl containing catalysts.¢23e-9
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Figure 9: Degradation of Rhodamine B (RhB) under visible light irradiation in
presence of [(UO2)2(u-OH)2(LY)2] (1) as catalyst.
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Figure 10: Photocatalytic degradation of Rhodamine B (RhB) under visible light
irradiation in presence of [(UO2)2(x-OH)2(L2)2] (2).
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Figure 11: Degradation of Methylene Blue (MB) under visible light irradiation in
presence of [(UO2)2(u-OH)2(LY)2] (1) as catalyst.
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Figure 12: Degradation of Methylene Blue (MB) under visible light irradiation in
presence of [(UO2)2(u-OH)2(L?)7] (2) as catalyst.

Time (min)
200 160 120 80 40 0
10-1.— —H10
o—0 P Ak
/
0s{ O-%O . 08
¢
- A o
@ p Q
% 06 e 7 06 —.
3 A §‘
= W No complex . A we z
Q 0‘_‘.1 \ A" ] No complex 04 O
Qo Az ) ./“‘ 1
; \ B o 2
'\ e
024 “:\‘/" \\ ° -02
A\‘
0.0, - : T T T 00
0 40 80 120 160 200
Time (min)

Figure 13: Change of dye (RhB and MB) concentrations with and without
catalyst (1 and 2) as a function of irradiation time. C and C; represent dye

concentrations after and before irradiation, respectively.
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In order to account for the reusability of 1 and 2 as catalysts they were recovered
after the reactions by filtration. About 85% of the catalysts were recovered. The
'H NMR spectra of the recovered samples were essentially identical with the
spectra of the complexes before the reaction. Thus the complexes remain intact
throughout the catalysis and they can be recycled and reused for further catalytic

cycles.

The mechanism suggested for photocatalytic dye degradation involves primarily
two processes — electron transfer and hydrogen abstraction.? Upon
photoexcitation of trans-(UO2)?" containing species, electrons get promoted from
the highest bonding molecular orbital primarily possessing coordinated oxygen
character to the lowest antibonding molecular orbital localized at the uranium
atom and thereby the excited trans-(*UQ2)?* containing species is generated. In
presence of a suitable guest like the dye molecule, the hole in the highest bonding
molecular orbital gets filled by an electron from the a-CH of the dye while the
promoted electron still remains in the antibonding molecular orbital. As a result,

dye degradation intermediate and a proton are produced.

Before catalysis

Figure 14: *H NMR spectra of catalyst 1 before and after photocatalysis.

Since the antibonding molecular orbital in the reduced photo-excited trans-
(*U0,)?* containing species is higher in energy the electron in it is not stable and
hence reduces the dissolved oxygen to reactive oxygen species such as

superoxide or peroxide. These reactive species are responsible for the oxidation
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and complete degradation of the dye molecules. Thus aerobic condition is
essential because in absence of oxygen the reduced photo-excited trans-(*UQO;)?*
containing species will not be oxidized back to the original trans-(UO,)?*
containing catalyst and there will be no generation of reactive oxygen species to

carry on the dye degradation process further.

3.4. Conclusions

Two complexes having the general molecular formula [(UO2)2(u~-OH)2(L")2]
containing the rare di-z~hydroxo-diuranyl(V1) core with the Schiff base system 2-
((2-(6-chloropyridazin-3-yl)hydrazono)methyl)-4-R-phenol  (HL") have been
synthesized. X-ray structures of the solvated complexes revealed the meridionally
spanning fused 5,6-membered chelate rings forming N,N,O-donor coordination
mode of (L")~ and the pentagonal-bipyramidal N2Os coordination sphere around
the metal centers in each of the two complexes. Supramolecular self-assembly via
intermolecular simple and bifuracted hydrogen bonding interactions leads to one-
dimensional chain-like and three-dimensional network structures in the crystal
lattices of the two solvated complexes. The spectroscopic features of both
complexes are consistent with their molecular structures. The redox active
complexes display a metal centered one-electron reduction. Utilizing the visible
region absorption shoulder and a strong absorption band close to the high-energy
end of the visible light of both complexes, decent photocatalytic activities of
them in degradation of organic dyes in presence of visible light have been

demonstrated.
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Chapter 4

Electrocatalytic and Photocatalytic Hydrogen Evolution
using a Diuranyl(VI1) Complex from Neutral Aqueous

Medium 8

The reaction of equimolar amounts of UO2(OAc)2-2H.0, 2,6-diformyl-4-
methylphenol and N-(hydroxyethyl)ethylenediamine in methanol affords a
dinuclear trans-uranyl(VI) complex of the molecular formula [(UO2)2(u-L)2] (L%
= 2-formyl-4-methyl-6-((2-(2-oxidoethylamino)ethylimino)methyl)phenolate) in
65% vyield. Detailed structural elucidation of the complex was performed by
using single crystal X-ray crystallographic and spectroscopic studies. In
[(UO2)2(u-L)2], the metal centers are in edge-shared pentagonal bipyramidal
N20s coordination spheres assembled by the two meridional ONNO-donor
bridging L2 and two pairs of mutually trans-oriented oxo groups. The complex is
redox active and displays two successive metal centered one-electron reductions
at Epc =-0.71 and —1.03 V in N,N-dimethylformamide solution. The redox active
complex was used as a heterogeneous catalyst for electrochemical hydrogen
evolution from aqueous medium at pH 7 with a turnover frequency (TOF) of 384
h-tand a Tafel slope of 274 mV dec™!. The Faradaic efficiency of [(UO2)2(x-L)]
was found as 84%. Beyond electrocatalytic response, the [(UO2)2(u-L)2]-TiO2-
N719 composite also exhibited significant heterogeneous photocatalytic
hydrogen evolution activity in neutral aqueous medium under visible light and
provided a yield of 3439 umol gea? of Hz in 4 h with a TOF of 172 h-! and
apparent quantum yield (AQY) of 7.6%.

8 This work has been published in Inorg. Chem. 2019, 58, 14410-14419.
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4.1. Introduction

One of the major concerns of the present day is to have a source of clean and
green energy. Hydrogen is not only an environment friendly renewable source of
energy without emission of any carbon-based greenhouse gas during combustion,
but it also has the highest gravimetric energy density for any known fuel till
date.! In nature, hydrogenase enzymes utilize iron and/or nickel cofactors to
produce hydrogen from neutral aqueous medium with turnover frequency (TOF)
ranging from 100 to 10,000 s~*.2 However, the complexity of the macromolecule
as well as their inefficiency to work under aerobic conditions has restricted their
practical usage. Thus, immense efforts have been devoted to the development of
efficient, robust and inexpensive catalysts for production of hydrogen from
water.>* Hydrogen can be generated by both photocatalytic as well as
electrocatalytic water splitting reactions. The platinum based electrocatalysts are
considered to be ideal for hydrogen production because they have low
overpotentials along with Tafel slopes as low as 30 mv dec™!, but then again, they
suffer the problem of high cost due to low abundance of platinum.>® Several
other earth abundant 3d and 4d transition metal containing catalysts under both
homogeneous and heterogeneous conditions have been shown to be quite

efficient and robust in aqueous as well as non-aqueous medium.34®

Fujishima and Honda carried out the first photoelectrochemical water splitting
reaction in 1972, using a TiO2 electrode as anode and a platinum electrode as
cathode.” But the reaction has a low quantum efficiency. Among various
semiconductors available, TiO2 possesses better light harvesting capacity and low
fermi energy levels to undergo water splitting reactions. However, the major
drawback of it is the higher band gap (3.2 eV) which obstructs the light
absorption from visible region. To overcome this drawback there is a continuous
quest for design and synthesis of new photocatalysts which not only possess
better light harvesting ability but also can absorb visible light which is about 40%

of the total sunlight.38°
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The application of low-valent uranium as catalyst in electrolytic water reduction
has been recently reported by Meyer and group® and it happens to be the first
report on uranium to act as an electrocatalyst for hydrogen evolution reaction
(HER). In the present chapter, the synthesis, characterization, X-ray crystal
structure and spectroscopic properties of a high-valent dinuclear trans-uranyl(V1)
complex with the molecular formula [(UO2)2(x-L)2] (H2oL is 2-hydroxy-3-((2-(2-
hydroxyethylamino)ethylimino)-methyl)-5-methylbenzaldehyde where 2 Hs
represent the dissociable phenolic and alcoholic protons) and its use for efficient
reduction of water to hydrogen by both electrocatalytic and photocatalytic

methods have been described.
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Scheme 1. Synthesis of [(UO2)2(x-L)2].

0

4.2. Experimental Section

4.2.1. Materials:

2,6-diformyl-4-methylphenol was prepared by following a reported procedure.*
All other chemicals and solvents used in this work were of reagent grade and

used as received without any further purification.
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4.2.2. Physical Measurements:

Elemental (CHN) analysis data were obtained with the help of a Thermo
Finnigan Flash EA1112 series elemental analyzer. Solid state magnetic
susceptibility measurement was performed with a Sherwood Scientific balance. A
Digisun DI1-909 conductivity meter was used for solution electrical conductivity
measurement. Mass spectrum was recorded with a Bruker Maxis (ESI-TOF
analyzer) spectrometer. A Thermo Scientific Nicolet iS5 FT-IR
spectrophotometer was used to record the infrared (IR) spectrum in ATR mode.
A Shimadzu UV-3600 UV-Vis—NIR spectrophotometer was used to collect the
electronic absorption spectrum. Cyclic and differential pulse voltammetric (CV
and DPV) measurements with N,N-dimethylformamide solution of [(UO2)2(u-
L)2] were carried out using a CH Instruments model 620A electrochemical
analyzer. A Varian 720-ES ICP-OES spectrometer was used for determination of
the uranium content. XPS measurements were carried out on a Thermo Scientific
K-Alpha" spectrometer. Gas chromatographic measurements were performed
using a Perkin Elmer Clarus 590 gas chromatograph equipped with thermal
conductivity detector and a molecular sieve 5A column. Diffuse reflectance
spectra were recorded using BaSOs as the reference on a Perkin Elmer Lambda
750 UV-Vis-NIR spectrophotometer fitted with an integrating sphere. A Newport

450 W xenon lamp was used for photocatalytic experiments.
4.2.3. Synthesis of the [(UO2)2(u-L)]:

A solution of N-(hydroxyethyl)ethylenediamine (42 mg, 41 uL, 0.4 mmol) in
methanol (10 mL) was added to a methanol solution (10 mL) of 2,6-diformyl-4-
methylphenol (66 mg, 0.4 mmol) and the mixture was boiled under reflux for 1 h.
To the resulting solution, a solution of UO2(OAc)2-2H20 (170 mg, 0.4 mmol) in
methanol (10 mL) was added dropwise and the mixture was refluxed for another
3 h. A microcrystalline orange solid separated on cooling to room temperature
(298 K) was collected by filtration and dried in air. For recrystallization the
precipitate was dissolved in dimethylformamide—methanol (1:1) mixture and

allowed to evaporate slowly. The crystalline material deposited in about 8-10
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days was collected by filtration and dried in vacuum. Yield: 135 mg (65%). Anal.
Calcd for CosH32N4O10U2 (1036.61): C, 30.12; H, 3.11; N 5.40. Found: C, 30.19;
H, 3.07; N, 5.48. Selected IR data (v (cm™)): 3225 (N-H), 2831 ((O)C-H), 1676
(C=0), 1625 (C=N), 886 (UO2). UV-Vis data (Amax ("M) (& (10 M-tcm™))): 465
(0.9), 396 (4.1), 372 (4.7). ESI-MS (m/z): 1037.3099 (Calcd. for C2sH33N4O10Us"
= 1037.3212).

4.2.4. X-ray Crystallography:

A single crystal suitable for X-ray data collection was selected from the
recrystallized sample of the complex. Unit cell determination and the intensity
data collection at room temperature (298 K) were performed on a Bruker D8
Quest diffractometer fitted with a Photon 100 CMOS area detector and an
Incoatec microfocus source for graphite monochromated Mo Ka radiation (4 =
0.71073 A). Data acquisition, integration and reduction were done using the
APEX3 software package.!' An empirical multi-scan absorption correction was
applied to the data using the SADABS program.'? The structure was solved by
direct method in P2i/c space group and refined on F? using full-matrix least-
squares procedures. The asymmetric unit contains one half of the dinuclear
molecule. All the non-hydrogen atoms were refined using anisotropic
displacement parameters, whereas the hydrogen atoms were placed at idealized
positions and were refined as riding atoms. The SHELX-97 programs*3 provided
in the WinGX software suite* were used for structure solution and refinement.
Structural illustrations were prepared using the Mercury package.™® Significant
crystal and refinement data are summarized in Table 1.

Detailed X-ray crystallographic data for [(UO2)2(x-L)2] have been deposited with
the Cambridge Crystallographic Data Centre under the deposition numbers
CCDC 1921042.
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Table 1. Selected Crystal Data for [(UO2)2(u-L)2]

Chemical formula C26H32N4010U2
Formula weight 1036.62
Crystal system Monoclinic
Space Group P2i/c

a (A) 7.6504(6)

b (A) 7.4471(5)

¢ (A) 26.094(2)
L) 98.150(3)

V (A% 1471.63(19)
z 2

p(gcm) 2.339

4 (mm1) 11.052
Reflections collected 54912
Reflections unique 2588
Reflections [1 > 2o(1)] 2276

Data / restraints / parameters 2588 /0/191

R1, wR2 [I > 25(1)]

R1, wR2 [all data]

GOF on F?

Largest diff. peak / hole (e A~%)

0.0283, 0.0584
0.0356, 0.0603
1.191

1.008 / -1.546

4.2 5. Electrochemical Studies:

All the electrochemical hydrogen evolution studies were done with the help of a
Zahner Zanium electrochemical workstation using a three electrode system. The
measurements were carried out using a [(UO2)2(x-L)2], carbon-black and Nafion
coated fluorine doped tin oxide (FTO) glass plate as the working electrode, a Pt
wire as the counter electrode and an Ag/AgCl reference electrode in 0.1 M
phosphate buffer of pH 7 (unless otherwise mentioned) at room temperature (298
K). Sample preparation for the coating of the FTO plate was as follows: To a
mixture of 4 mg of [(UO2)2(u-L)2] and 1 mg of carbon-black in 1 mL of ethanol-
water (3:2 v/v) mixture, 10 pL of 5 wt% Nafion was added and the whole

mixture was kept under sonication for 2 h. 30 pL of this mixture was then coated
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on a FTO plate of area 0.2 cm?. The coating on the FTO plate surface was then
dried by an IR lamp. The area of the electrode was maintained 0.2 cm? for all the
electrochemical experiments unless otherwise mentioned. The open circuit
potential was used as the initial potential for all the cyclic voltammetric
measurements using the surface coated FTO electrode. All electrode potentials
were converted to reversible hydrogen electrode (RHE) scale using the equation
Erne = Eagiager + 0.059pH + 0.2.

4.2.6. Preparation of Dye Adsorbed Composite Photocatalyst:

N719 dye (1.19 mg, 1 umol) was dissolved in a mixture of ethanol-acetonitrile
(20 mL, 1:1 v/v). To this solution, [(UO2)2(x-L)2] (5.5 mg, 5.3 umol) and TiO2
(100 mg, 1.25 mmol) were added and the mixture was stirred at room
temperature (298 K) under dark for 24 h. The solvent was then evaporated by
rota-vaporization and the solid obtained was dried in vacuum at 50-60 °C. The
product thus obtained was tested for photocatalytic activity. The same
experimental conditions and procedures were used for preparation of all other
composite photocatalysts having different dyes such as 4-hydroxycoumarin and

Coumarin 343.
4.2.7. Photocatalytic Studies:

The photocatalytic hydrogen production experiments were carried out in a quartz
reactor. The photocatalyst (10 mg) was added to an aqueous solution (20 mL) of
triethanolamine (TEOA) (10 vol%) and the mixture was sonicated for complete
dispersion of the catalyst. The pH of the mixture in the reactor was maintained at
7 using 1 M hydrochloric acid and it was purged with nitrogen for 30 min. The
mixture was then stirred and irradiated with light from a 450 W xenon lamp. The
hydrogen production rate was analyzed by sampling the evolved gas at periodic
intervals (every 1 h) using online gas chromatography.
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4.3. Results and Discussions
4.3.1. Synthesis and Characterization:

The complex [(UO2)2(u-L)2] was synthesized in good yield (65%) by reacting
UO2(OAC)2-2H20 with in situ prepared 2-hydroxy-3-((2-(2-
hydroxyethylamino)ethylimino)methyl)-5-methylbenzaldehyde (H.L) from 2,6-
diformyl-4-methylphenol and N-(hydroxyethyl)ethylenediamine in methanol
under reflux conditions (Scheme 1). The molecular formula of the complex is in
good agreement with the elemental analysis data. The complex is insoluble in
common organic solvents and is sparingly soluble in dimethylformamide and
dimethylsulfoxide. In solution, it is electrically non-conducting. Room
temperature magnetic susceptibility measurement indicates its diamagnetic
character. The non-electrolytic and diamagnetic nature of the complex is
consistent with its neutral molecular formula and the +6 oxidation state of the

metal center.
4.3.2. X-ray Molecular Structures:

The structure of the dinuclear [(UO2)2(u-L)2] is illustrated in Figure 1. Selected
bond parameters are listed in Table 2. The two halves of the dinuclear molecule
are related by an inversion center. Coordination of the metal centers by the two
meridionally spanning L~ through their bridging ethoxide-O, secondary amine-
N, azomethine-N and phenolate-O atoms results in the formation of fused 5,5,6-
membered chelate rings and two edge-shared pentagonal N2Os planes (rms
deviation 0.99 A). Four oxo groups occupy the axial sites of the two metal atoms
and complete the edge-shared pentagonal-bipyramidal N2Os coordination spheres
around the two uranium atoms. It may be noted that not many structurally
characterized discrete diuranyl(VI) complexes having such edge-shared
pentagonal-bipyramidal molecular structure are known.*® The four-membered
bridging U202 unit is perfectly planar and the U---U distance and the U-O-U and
0-U-0 angles are 3.9067(5) A and 111.2(2) and 68.8(2)°, respectively. The
U(1)-0(1) and U(1)-0O(1") bond lengths are comparable with the uranium(V1) to

bridging alkoxide-O distances observed before.’®'® Overall the U=0,
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U-O(phenolate), U-N(azomethine) and U-N(amine) bond lengths in [(UO2)2(u-

L)2] are within the ranges reported for uranium(VI) complexes having similar

17-19

coordinating atoms.

Figure 1: The ORTEP of [(UO2)2(u-L)2] (top) and the edge-shared pentagonal
bipyramidal N2Os coordination spheres. In the ORTEP, all the non-hydrogen
atoms are represented by their 40% probability thermal ellipsoids and only the
non-carbon atoms are labeled for clarity.

The dinuclear complex molecule contains two types of potential hydrogen bond
donors, the formyl C-H and the secondary amine N—H groups, and several O-
atoms that can act as hydrogen bond acceptors. Thus the structure was further
scrutinized for intermolecular hydrogen bonding interactions and the resulting
supramolecular self-assembled structure. Interestingly, the formyl group is
coplanar with rest of the six-membered chelate ring forming fragment of L> and
the formyl C(13)—H is oriented towards O(2), the metal coordinated phenolate-O
(Figure 1). This orientation indicates that instead of any intermolecular
interaction it participates in an intramolecular C—-H--O hydrogen bonding
interaction. Here the H---O distance is 2.53 A and the C-+O distance and the
C-H--O angle are 2.835(8) A and 99°, respectively. On the other hand, out of the
two amine groups only one (N(1)-H) participates in an intermolecular strong
N—-H:--O interaction with O(4), one of the two metal bound oxo groups. Here the
N--O and H--O distances are 3.041(8) and 2.18 A, respectively while the
N-H-O angle is 157°. Due to this hydrogen bonding there is a small difference
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(by 0.016 A) in the two U=0 lengths (Table 2). This intermolecular N-H--O

interaction leads to a one-dimensional array of the complex molecules in the

crystal lattice (Figure 2).

Table 2. Selected Bond Parameters (A and °) for [(UO2)2(u-L)2]

U(1)-0(1)
U(1)-0(2)
U(1)-0(4)
U(1)-N(2)
O(1)-U(1)-0(1)*
O(1)-U(1)-0(3)
O(1)-U(1)-N(1)
O(1)*-U(1)-0(2)
O(1)*-U(1)-0(4)
O(1')*-U(1)-N(2)
0(2)-U(1)-0(4)
0(2)-U(1)-N(2)
0(3)-U(1)-N(1)
O(4)-U(1)-N(1)
N(1)-U(1)-N(2)

2.396(4)
2.229(5)
1.777(5)
2.574(5)
68.80(17)
90.2(2)
65.43(16)
88.39(16)
90.82(19)
159.11(16)
91.6(2)
71.58(17)
84.6(2)
91.2(2)
66.34(17)

U(1)-O(L')?
U(1)-0(3)
U(L)-N(1)

0(1)-U(1)-0(2)
O(1)-U(1)-0(4)
O(1)-U(1)-N(2)
O(1)*-U(1)-0(3)
O(1')*~U(1)-N(1)
0(2)-U(1)-0(3)
0(2)-U(1)-N(1)
0(3)-U(1)-0(4)
0(3)-U(1)-N(2)
O(4)-U(1)-N(2)
U(1)-O(1)-U(1")?

2.339(4)
1.761(5)
2.554(5)

157.15(16)
90.17(19)
131.24(16)
93.8(2)
134.19(16)
89.9(2)
137.27(17)
175.1(2)
92.1(2)
84.0(2)
111.20(17)

4Symmetry transformation used to generate the equivalent atom: —-x + 1, -y + 1, -z + 1.

AR,

Figure 2: One-dimensional chain-like assembly of [(UO2)2(x-L)2].



Chapter 4 Electrocatalytic and Photocatalytic...

4.3.3. Spectroscopic Characterization:

For further confirmation of the molecular formula and the molecular weight of
the bulk sample, [(UO2)2(x-L)2] was subjected to the mass spectrometric
measurement using its N,N-dimethylformamide solution. The spectrum displays
the molecular ion (MH™) as the base peak with the expected isotopic pattern at the
m/z value of 1037.3099 (Figure 3).

1 e

rawt GOV sl | NPT || WY U [T "u_~|.l,-

Figure 3: ESI mass spectrum of [(UO2)2(u-L)2] in dimethylformamide.

Infrared spectrum of [(UO2)2(u-L)2] displays several bands with various
intensities in the range 4000-500 cm~* (Figure 4). Except for a few characteristic
bands, no attempt was made to assign the remaining bands. The medium intensity
band at 3225 cm™! is attributed to the secondary amine N—H stretch and it is
followed by the C—H stretching band of the free aldehyde at 2831 cm™.2° The
sharp band at 1675 cm reveals the presence of the uncoordinated carbonyl
(C=0) functionality. The azomethine (HC=N) stretch appears as a strong sharp
band at 1625 cm=.1791%¢ The characteristic strong band at 886 cm™ is assigned

to the asymmetric stretching vibration of the trans-UO, moiety.17"9:1%c¢
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Figure 4: Infrared spectrum of [(UO2)2(z-L)2] in powder phase.

The electronic spectrum of [(UO2)2(u-L)2] was taken in N,N-dimethylformamide
solution. The spectrum shows a broad shoulder at ~465 nm followed by one more
shoulder at ~396 nm and an absorption maximum at 372 nm (Figure 5). The
molar extinction coefficients of these absorptions are in three orders of
magnitude. Similar absorptions for trans-uranyl(V1) complexes with Schiff base
ligands have been shown to be due to electronic transitions from the filled p-
orbitals of metal coordinated O-atoms to the empty f-orbitals of the uranium(V1)

center 179,19a,c,21

EMPM T em™)

300 150 400 450 500 550 600
A (nm)

Figure 5: Electronic spectrum of [(UO2)2(u-L)2] in dimethylformamide.
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4.3.4. Redox Properties:

The electron transfer characteristics of [(UO2)2(u-L)2] have been examined by
cyclic and differential pulse voltammetry. The measurements were carried out at
298 K with ~1 mM N,N-dimethylformamide solution of the complex containing
n-BusNCIO4 (0.1 M) as the supporting electrolyte using a glassy-carbon working
electrode, a Pt-wire auxiliary electrode and an Ag/AgCI reference electrode under
nitrogen atmosphere. Under identical conditions, cyclic voltammogram (CV) of a
~1 mM N,N-dimethylformamide solution of ferrocene (Fc) displayed the Fc*/Fc
couple at E1» = 0.61 V (AEp = 100 mV). The CV of ferrocene and the CV and the
differential pulse voltammogram (DPV) of the complex are illustrated in Figure
6. The complex displays an irreversible reductions at Epc = —0.71 and a quasi-
reversible reduction at E1» = -0.93 V (AEp = 200 mV). For the second reduction
the cathodic peak current (ipc) is significantly larger than the anodic peak current
(ipa). Nevertheless, the iy values of both of these two reductions are comparable
with the peak currents (ipa and ipc) of ferrocene. This similarity of peak currents
suggests that each of the two reductions of the complex is one electron in nature.
In the DPV, the reduction peaks are relatively well resolved and they appear at —
0.56 and —0.86 V with comparable peak currents. Complexes of trans-uranyl(\V1)
complexes with Schiff bases are known to display U(VI) — U(V) reduction in
the similar potential range.’%® Thus the two reductions observed for the present
complex are attributed to U(VI)-U(VI) — U(V)-U(VI) = U(V)-U(V) processes.

4.3.5. Electrocatalytic Hydrogen Evolution:

The electrochemical hydrogen evolution experiments were performed using 0.1
M phosphate buffer at pH 7. The CV recorded using [(UO2)2(u-L)2], carbon-
black and Nafion mixture coated FTO working electrode shows a single broad
reduction response at —0.32 V (vs RHE) followed by a sharp increase in the
cathodic current which indicates the initiation of the hydrogen evolution reaction
(HER) on the working electrode (Figure 7). Chromatographic analysis of the
evolved gas collected in the electrolysis experiments confirmed the HER (Figure

9). Considering that [(UO2)2(x-L)2] in N,N-dimethylformamide solution displays
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two successive one-electron reductions (Epc values are about 300 mV apart), the
broad reduction observed with the surface coated FTO electrode is attributed to a
two-electron process. This two-electron reduced complex catalyst coated on the
electrode surface can then produce hydrogen and go back to the original oxidized

form.

’%.3. \::
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Figure 6: Cyclic ( ) and differential pulse (----- ) voltammograms of

[(UO2)2(rL)2] in Me2NCHO under the experimental conditions described in the
text. Inset: Cyclic voltammogram (——) of ferrocene under identical

conditions.

Controlled experiments were performed with blank FTO as well as with carbon-
black and Nafion coated FTO. A negligible increment in the cathodic current
confirms the fact that HER activity does not take place in absence of [(UO2)2(u-
L)2] (Figure 7). Also to further confirm the fact that the production of hydrogen is
due to water reduction only, the electrocatalytic process was carried out in
acetonitrile medium instead of phosphate buffer keeping the remaining conditions
same. There was no increment in the catalytic current when the medium was only
acetonitrile (Figure 7). However, subsequent additions of phosphate buffer (pH 7)
into the acetonitrile medium led to the increase in the catalytic current (Figure 8).

To get a better measure of the electrocatalytic activity of [(UO2)2(x-L)2] in HER

the Tafel equation » = a + b x log(i) (where » = overpotential, i = measured
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current density, b = Tafel slope and a = constant) has been employed (Figure 10).
A low 7, a large exchange current density (io, current density at 7 = 0) and a low
b indicates better hydrogen evolution and hence a better catalytic activity.*?? In
the present case, the values of 7 (corresponding to a current density of 1 mA
cm~2), io and b are found to be 0.73 V, 2.07 x 10° A cm2 and 274 mV dec™,
respectively. These values clearly show a decent catalytic activity of [(UO2)2(u-

L)2] towards electrocatalytic hydrogen production at neutral pH.

25- [

2.0-

Current density (mA ¢cm 2;.
=

06 04 02 00 -02 -04 08 08 -10
E(V)vs RHE

Figure 7: Cyclic voltammograms at a scan rate of 100 mV st using carbon-

black/Nafion/[(UO2)2(x-L)2]/FTO electrode (—) and carbon-

black/Nafion/FTO electrode (----) in phosphate buffer of pH 7, and carbon-

black/Nafion/[(UO2)2(z-L)2]/FTO electrode (-.-.-. ) in acetonitrile.
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Figure 8: Electrocatalytic hydrogen evolution in acetonitrile with subsequent
addition of phosphate buffer of pH 7.

The effectiveness of [(UO2)2(x-L)2] as HER electrocatalyst has been evaluated by
determining the Faradaic efficiency and the TOF value. Constant current
electrolysis (CCE) was performed to determine the Faradaic efficiency of
[(UO2)2(u-L)2] in HER. The Faradaic efficiency was calculated as 84%. The
turnover frequency (TOF) was determined by using the equation TOF = 1/Q,
where 1 is the steady state current (in A) in the constant potential electrolysis
(CPE) plot and Q is the charge (in C) calculated from the reduction peak in the
CV recorded in non-catalytic conditions (acetonitrile medium) with [(UO2)2(u-
L)2], carbon-black and Nafion mixture coated FTO working electrode. The value
of TOF obtained is 384 h~t. Comparison of both Faradaic efficiency and the TOF
values of [(UO2)2(u-L)2] with the corresponding values of the previously reported
metal centered HER catalysts clearly indicates that the present catalyst is quite

noteworthy.*2?
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Figure 9: Chromatograms of the gas evolved in electrolysis (top) and hydrogen

(bottom). In the first chromatogram, the oxygen peak is due to slight

contamination by air during sample collection from the headspace.
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Figure 10: Tafel plot of [(UO2)2(u-L)2] in 0.1M phosphate buffer.

Calculation of Turnover Frequency (TOF).2 The TOF (s!) can be calculated
with the following equation: TOF = I/2mF, where, | is the current (= 1.76 x 10°°
A, the steady state value in the constant potential electrolysis (CPE) plot in
Figure 12), F is the Faraday constant (in C mol-1), m is the number of active sites
(in mol) and 2 is the number of electrons required to form one hydrogen molecule
from two protons.

The number of active sites m can be calculated using the equation, m = Q/2F,
where, Q (1.65 x 10* C) is the charge calculated by integrating the current vs
time plot (within the potential range —0.201 to —0.849 V) generated from the
cyclic voltammogram trace (in Figure 7) recorded using [(UO2)2(u-L).]/carbon-
black/Nafion/FTO as the working electrode under non-catalytic conditions
(CH3CN medium rather than phosphate buffer) and the factor % is for the 2
electron reduction of the catalyst [(UO2)2(-L)2].

Now, putting Q/2F for m in the equation for TOF (in h~t) we get:

TOF = (1/2mF) x 3600 = (1/Q) x 3600 = {(L1.76 x 105)/(1.65 x 104} x 3600 =
384 ht

Quantitative Hydrogen Evolution Experiment. The quantitative estimation of

the evolved hydrogen was done using a locally constructed electrolysis setup?
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where the working electrode and the counter electrode are placed in two separate
chambers (Figure 11). Bulk electrolysis at constant current of —500 pA was
carried out for 5 h using the two electrode system and 0.1 M phosphate buffer of
pH 7 as the electrolyte. Surface modified FTO with surface area 0.5 cm?was used
as the working electrode (cathode) and a spiral platinum wire was used as the
counter electrode (anode). The loading of the catalyst on FTO was maintained at
1 mg/cm?. During electrolysis hydrogen bubbles were formed at the surface
modified FTO electrode which gradually accumulated in the graduated tube by
displacing the electrolyte. The set up was constructed in such a way that the
bubbles formed at the counter electrode could no way interfere with those formed

on the working electrode.

Figure 11: Set-up for quantitative hydrogen evolution.

Calculation of the Faradaic Efficiency.”® From the above mentioned
quantitative  estimation  of  hydrogen using  [(UO2)2(u-L):]/carbon-
black/Nafion/FTO electrode, it was found that 0.18 mL h! of hydrogen was
evolved at ambient temperature and pressure. Therefore, the number of moles of
hydrogen evolved in 1 h = 0.18/22400 mol = 8.03 x 10-° mol.

The controlled experiment was performed using carbon-black/Nafion/FTO
electrode keeping all other experimental conditions identical. The total amount of
hydrogen evolved in 5 h was ~0.025 mL.
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Therefore, in terms of number of moles, the amount of hydrogen evolved in 1 h =
0.025/(5 x 22400) mol = 0.22 x 10~ mol.

Thus, the amount of hydrogen actually evolved = (8.03 — 0.22) x 10-° mol = 7.81

X 10-% mol

The ideal number of moles of hydrogen expected to be evolved Hx(ideal) = Q/nF,
where Q is the total charged employed, n is the number of electrons involved for
H> production and F is the Faraday constant. The value of n for HER is2 as it is a
two electron process and since we employed —500 pA current, Ho(ideal) in 1 h =
(0.5 x 102 x 3600)/(2 X 96500) = 9.32 x 106 mol.

The expression used to calculate the Faradaic Efficiency is as follows:

: L s i Moles of hydrogen evolved experimentally
Faradaic Efficiency = X 100
Moles of hydrogen evolved ideally

= {(7.81 x 10%) / (9.32 x 10} x 100 = 83.7%

Another important feature which defines a good catalyst is its stability and
robustness under the given experimental conditions. Constant potential
electrolysis (CPE) was performed to gain insights into the stability of the present
catalyst. CPE was conducted at the onset potential of —1.1 V for a period of 12 h.
The current was constant with negligible change for the whole range of 12 h
confirming the robust nature as well as the durability of the catalyst (Figure 12).
The CVs taken before and after CPE were almost identical to each other with a
slight decrease in the current density, indicating no significant change of the
catalyst. ICP analysis of the electrolyte after 12 h of CPE showed presence of
approximately 0.4% of the total metal content on the electrode surface and
therefore confirms negligible leaching of the catalyst and very good
electrochemical stability of [(UO2)2(x-L)2] for showing HER activity. Thus both
electrolysis (CPE and CCE) experiments clearly indicate the high stability and
competence of [(UO2)2(-L)2] as HER catalyst.
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Figure 12: Constant potential electrolysis (CPE) using the surface coated FTO
electrode in 0.1 M phosphate buffer of pH 7 for 12 h at a constant potential of
-1.1V (vs Ag/AgCl).

To understand whether HER causes any change of the catalyst [(UO2)2(u-L)2],

the surface analyses of the [(UO2)2(u-L)2], carbon-black and Nafion mixture
coated FTO electrode were done before electrolysis as well as after running 500
CV cycles by X-ray photoelectron spectroscopy (XPS). Both spectra are
presented in Figure 13. There is essentially no difference between the two
spectral profiles. The binding energies of the two major peaks in each spectrum
reveal the presence of uranium only in +6 oxidation state.?® For a better
comparison, both curves were fitted and the best fits led to the same number of
satellite peaks in each of them. In the two deconvoluted spectra, there are little
variations in the relative intensities of the resolved peaks and small differences
(within 0.1-0.7 eV) in the peak maxima. However, absence of any new peak in
the spectrum obtained after CV cycles indicates that there is effectively no

significant alteration in the composition of the complex catalyst due to HER.
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Figure 13: XPS spectra of surface coated FTO electrode before (left) and after
(right) 500 cyclic voltammetry cycles.

4.3.6. Photocatalytic Hydrogen Production:

One of the major prerequisites for a good composite photocatalyst for hydrogen
evolution from water is that it should absorb in the visible region. We have
prepared some binary and ternary composite materials using TiO2 as catalyst,
[(UO2)2(1L)2] as co-catalyst and the dyes N719, 4-hydroxycoumarin and
coumarin 343 as photosensitizers. The diffuse reflectance spectroscopy was used
to study the absorption features of these composite materials. All the spectra are
illustrated in Figure 14. The dye sensitized composite materials display broad
absorption bands in the wavelength range of 370-650 nm and hence they can be
activated in the visible region, which in turn attributes potential light harvesting
ability to them for solar energy conversion. The band gap energies of the
complex [(UO2)2(u-L)2] and the composites have been calculated by using the
Tauc plots (Figure 15). The value for the complex has been obtained as 1.78 eV,

whereas for the composite materials it spans a narrow range of 2.50-2.66 eV.

The hydrogen production activity of a dye sensitized composite photocatalyst

depends not only on the type of dye being used but also on the photocatalytic
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reaction conditions such as dye/co-catalyst loading, nature of the sacrificial

electron donor (SED), wavelength of the illuminating light, and time.”®

= [(UO,),{ i~L),] (U)
2.04 ——U-TiO,
TiO,-N719

~ ——U-TIO,-N718
E 1,54 U-TiO,~4-Hydroxycoumarin
8 U-TiO,-Coumarin 343
c
8 1.04
<]
w
o
<

0.5+

0.0~

] ] ]

300 400 500 600 700 800
A{nm)

Figure 14: Diffuse reflectance spectra (DRS) of different catalyst composites.
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Figure 15: Tauc plots for different catalyst composites.

Herein we have used the above described binary and ternary composite materials
with triethanolamine (TEOA) as the SED for the photocatalytic hydrogen
evolution experiments at neutral pH under visible light irradiation for a period of
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4 h. The results are summarized in Table 3 and Figure 16. The composite U-TiO>
(U represents the co-catalyst [(UO2)2(x-L)2]) without any dye showed very little
photocatalytic activity. Almost similar results were observed for the composites
U-TiO2-coumarin 343 and U-TiO2-4-hydroxycoumarin. In these three cases, the
H> yields and the AQY values were obtained within the ranges 449-708 pmol
Ocat * and 1.0-1.6%, respectively (Table 3). The TON values for the two dye
containing ternary composites were obtained as 108 and 142. In comparison, the
binary composite TiO2-N719 exhibited considerable amount of H> production
(2117 umol gear t) with much higher TON (423) and AQY (4.7%) values.
However, the maximum H; yield of 3439 umol ger * with a TON and AQY
values as high as 688 and 7.6%, respectively were obtained with the U-TiO»-
N719 composite. These values indicate a very decent photocatalytic hydrogen
production ability of the U-TiO2-N719 combination.”®
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Figure 16: Kinetic profile (top) and the bar graph representation (bottom) of the
photocatalytic hydrogen production activity under the reaction conditions as

described in the text.
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Table 3. Photocatalytic Hydrogen Evolution Activity of the Composites

Composite H> Yield? TON AQY (%)
(umol gear ™)

U-TiO2 449 - 1.0

TiO2-N719 2117 423 4.7

U-TiO2-N719 3439 688 7.6

U-TiO2-4-hydroxycoumarin 708 142 1.6

U-TiO2-Coumarin 343 541 108 1.2

®Reaction conditions: 10 mg of composite in 20 mL of 10 vol% TEOA
aqueous solution at pH 7 (attained by using 1 M aqueous HCI
solution) under 4 h of light irradiation (1 > 420 nm).

The turnover number (TON) was calculated according to the following

equation.?’

2 x No. of evolved hydrogen molecules (pmol g_)
Turnover Number (TON) =

No. of dye molecules adsorbed (umol g2l

The apparent quantum vyields (AQY) have been measured under the same
photoreaction conditions. An optical power/energy meter (Newport, Model: 842-
PE) was used for determination of the number of incident photons (Npnotons). The

values of Nphotons and AQY (%) was calculated using the following equations.?”28

Here, P represents power of the light (0.16 J s~ cm™2) in an area of 11.17 cm?, A
is the wavelength of the light (420 nm), t is the duration of irradiation (4 h), h is
the Planck’s constant (6.626 x 1034 J s) and c is the velocity of light (3 x 108 m
s,

N _ 0.16x 11.17 x 420 x 10~ x 4 x 3600
__PM photons 6.626 x 10 x 3 x 108

photons — he
5.44x10%

99



Chapter 4 Electrocatalytic and Photocatalytic...

2 x No. of evolved hydrogen molecules
AQY = — x 100
No. of incident photons

The photoactivity of a dye sensitized semiconductor is strongly influenced by the
attachment modes between the dye, semiconductor and the co-existing species
(such as the SED and the co-catalyst) in the suspension systems, which dominate
the charge generation, separation, transfer and recombination. All three ternary
composites used in this work contain the same co-catalyst [(UO2)2(u-L)-] and all
the reactions were performed in aqueous TEOA (SED) solution under long-term
(4 h) irradiation. The superior photocatalytic activity of U-TiO2>-N719
combination compared to the other two composites is most likely due to the
effective surface binding of the carboxyl anchoring groups of N719 (a Ru(ll)-
complex having visible light absorption capability within 400-600 nm) onto the
semiconductor TiO>. In all probability, the low efficiency of each of the other two
composites containing the dyes 4-hydroxycoumarin and coumarin 343 results
from the low injection yields of photoinduced electrons across the dye-

semiconductor interface due to relatively poor attachment of the dye to TiOa.

A possible reaction sequence for the photocatalytic hydrogen production has been
given in Scheme 2. Upon visible light irradiation of N719, the Ru-dye, electron
transfer takes place from HOMO to LUMO and the excited species Ru-dye* is
formed (eq. 1). Oxidation of Ru-dye* by the semiconductor TiO; results into the
formation of the oxidized dye Ru-dye* and the reduced species TiO2(e”) (eq. 2).
In the third step (eq. 3), the co-catalyst U(VI)-complex gets reduced to U(V)
containing species with regeneration of the semiconductor catalyst TiO.. The
U(V) containing species then reduces the water molecule to hydrogen (eq. 4).
The oxidized Ru-dye® takes up the electron from sacrificial electron donor

(TEOA) (eq. 5) and drives the process of photocatalytic hydrogen generation.
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Ru-Dye —V> Ru-Dye* (1)
Ru-Dye* + TiO, — Ru-Dye* + TiOy(e') (2)
TiO,(e) + U(VI)0, — TiO, + U(V)0O, (3)
U(V)O, + Hy,0 — > U(VI)O, + 1/2H, + OH" (4)

Ru-Dye* + TEOA —— Ru-Dye + TEOA* (5)

Scheme 2. A possible mechanism for the photocatalytic evolution of hydrogen.
4.4. Conclusions

A dinuclear trans-uranyl(V1) complex of formula [(UO2)2(u-L)2] has been
reported. X-ray crystal structure reveals the meridional fused 5,5,6-membered
chelate rings forming ONNO-coordination mode of the bridging ligands L2~ and
the formation of edge-shared pentagonal N2Os plane around each trans-UQ;?*
unit. In the crystal lattice, the dinuclear molecules form a supramolecular chain-
like structure via intermolecular N---H—O hydrogen bonding interactions. The
spectroscopic features of the complex are consistent with its X-ray molecular
structure. The complex exhibited decent activity in electrocatalytic as well as
photocatalytic hydrogen evolution reaction in neutral aqueous medium. In the
electrocatalytic process, the complex exhibits a Faradaic efficiency of 84% with a
TOF as high as 384 h=l. On the other hand, using the complex-TiO2-N719
composite in photocatalytic hydrogen production under visible light irradiation a
TOF of 172 h~* with an apparent quantum yield of 7.6% has been obtained. To
the best of our knowledge, [(UOz2)2(u-L)2] is the first trans-uranyl(VI) complex
that can act as both electrocatalyst and photocatalyst for the hydrogen evolution

reaction in neutral aqueous medium.

101



Chapter 4 Electrocatalytic and Photocatalytic...

4.5. References

1. (a) W. Lubitz, W. Tumas, Chem. Rev. 2007, 107, 3900. (b) S. Dultta, J.
Ind. Eng. Chem., 2014, 20, 1148. (c) I. Staffell, D. Scamman, A. V. Abad,
P. Balcombe, P. E. Dodds, P. Ekins, N. Shah, K. R. Ward, Energy
Environ. Sci. 2019, 12, 463.

2. (a) M. Frey, ChemBioChem 2002, 3, 153. (b) Evans, D. J.; Pickett, C. J.
Chemistry and the hydrogenases. Chem. Soc. Rev. 2003, 32, 268.

3. (a) A. A. Ismail, D. W. Bahnemann, Sol. Energy Mater. Sol. Cells 2014,
128, 85. (b) S. Rajaambal, K. Sivaranjani, C. S. Gopinath, J. Chem. Sci.
2015, 127, 33. (c) T. Jafari, E. Moharreri, A. S. Amin, R. Miao, W. Song,
S. L. Suib, Molecules 2016, 21, 900. (d) K. Takanabe, ACS Catal. 2017,
7, 8006. (e) Z. Wang, C. Li, K. Domen, Chem. Soc. Rev. 2019, 48, 2109.

4. (@) V.S. Thoi, Y. Sun, J. R. Long, C. J. Chang, Chem. Soc. Rev. 2013, 42,
2388. (b) M. Zeng, Y. Li, J. Mater. Chem. A 2015, 3, 14942. (c) X. Zou,
Y. Zhang, Chem. Soc. Rev. 2015, 44, 5148.

5. K. Kunimatsu, T. Senzaki, M. Tsushima, M. Osawa, Chem. Phys.Lett.
2005, 401, 451 and references therein.

6. A. Z. Haddad, S. P. Cronin, M. S. Mashuta, R. M. Buchanan, C. A.
Grapperhaus, Inorg. Chem. 2017, 56, 11254.

7. A. Fujishima, K. Honda, Nature 1972, 238, 37.

8. (a) K. Maeda, M. Eguchi, W. J. Youngblood, T. E. Mallouk, Chem.Mater.
2008, 20, 6770. (b) T. Peng, D. Ke, P. Cai, K. Dai, L. Ma, L. Zan, J.
Power Sources 2008, 180, 498. (c) R. Abe, K. Shinmei, K. Harac, B.
Ohtani, Chem. Commun. 2009, 3577. (d) P. D. Tran, L. Xi, S. K.
Batabyal, L. H. Wong, J. Barber, J. S. C. Loo, Phys. Chem. Chem. Phys.
2012, 14, 11596. (e) A. Tanaka, S. Sakaguchi, K. Hashimoto, H.
Kominami, ACS Catal. 2013, 3, 79. (f) R. Abe, K. Shinmei, N. Koumura,
K. Hara, B. Ohtani, J. Am. Chem. Soc. 2013, 135, 16872. (g) B. N.
Mongal, A. Tiwari, C. Malapaka, U. Pal, Dalton Trans. 2019, doi:
10.1039/C9DT01506J.

9. (a) R. J. Abe, Photochem. Photobiol. C 2010, 11, 179. (b) X. B. Chen, S.
H. Shen, L. J. Guo, S. S. Mao, Chem. Rev. 2010, 110, 6503. (c) Y. Qu, X.

102



Chapter 4 Electrocatalytic and Photocatalytic...

10.

11.

12.

13.

14.

15.
16.

17.

18.
19.

Duan, Chem. Soc. Rev. 2013, 42, 2568. (d) X. H. Zhang, T. Y. Peng, S. S
Song, J. Mater. Chem. A 2016, 4, 2365. (e) H. Junge, N. Rockstroh, S.
Fischer, A. Brickner, R. Ludwig, S. Lochbrunner, O. Kiihn, M. Beller,
Inorganics 2017, 5, doi:10.3390/inorganics5010014.

D. P. Halter, F. W. Heinemann, J. Bachmann, K. Meyer, Nature 2016,
530, 317.

R. R. Gagné, C. L. Spiro, T. J. Smith, C. A. Hamann, W. R. Thies, A. K.
Shiemke, J. Am. Chem. Soc. 1981, 103, 4073.

APEXS3: Program for Data Collection on Area Detectors, Bruker AXS
Inc., Madison, Wisconsin, USA, 2016.

G. M. Sheldrick, SADABS: Program for Area Detector Absorption
Correction, University of Gottingen, Gottingen, Germany, 1997.

G. M. Sheldrick, Acta Crystallogr. Sect. A 2008, 64, 112.

L. J. Farrugia, J. Appl. Crystallogr. 2012, 45, 849.

F. Macrae, 1. J. Bruno, J. A. Chisholm, P. R. Edgington, P. M. Cabe, E.
Pidcock, L. Rodriguez-Monge, R. Taylor, J. van de Streek, P. A. Wood, J.
Appl. Crystallogr. 2008, 41, 466.

(@) M. Aberg, Acta Chem. Scand. 1969, 23, 791. (b) J. Jiang, M. J.
Sarsfield, J. C. Renshaw, F. R. Livens, D. Collison, J. M. Charnock, M.
Helliwell, H. Eccles, Inorg. Chem. 2002, 41, 2799. (c) B. Masci, P.
Thuéry, Polyhedron 2005, 24, 229. (d) K. Lyczko, L. Steczek, J. Struct.
Chem. 2017, 58, 102. (e) S. Hadjithoma, M. G. Papanikolaou, E.
Leontidis, T. A. Kabanos, A. D. Keramidas, Inorg. Chem. 2018, 57, 7631.
(f) X. Zhao, D. Zhang, R. Yu, S. Chen, D. Zhao, Eur. J. Inorg. Chem.
2018, 1185. (g) S. Ghosh, A. K. Srivastava, S. Pal, New J. Chem. 2019,
43, 970.

C. J. Burns, A. P. Sattelberger, Inorg. Chem. 1988, 27, 3692.

(@) Z. Asadi, M. Asadi, A. Zeinali, M. Ranjkeshshorkaei, K. Fejfarova, V.
Eigner, M. Dusek, A. Dehnokhalaji, J. Chem. Sci. 2014, 126, 1673. (b) C.
Camp, L. Chatelain, V. Mougel, J. Pécaut, M. Mazzanti, Inorg. Chem.
2015, 54, 5774. (c) S. Ghosh, S. K. Kurapati, A. Ghosh, A. K. Srivastava,
S. Pal, ChemistrySelect 2018, 3, 4865.

103



Chapter 4 Electrocatalytic and Photocatalytic...

20.

21.

22.

23.

24,

25.

26.

27.
28.

W. Kemp, Organic Spectroscopy; 2" Ed., Macmillan: Hampshire, 1987,
pp 46-51.

(@ V. A. Volkovich, T. R. Griffiths, D. J. Frayand, R. C. Thied,
Phys.Chem.Chem.Phys. 2001, 3, 5182. (b) P. M. Almond, T. E. Albrecht-
Schmitt, Inorg. Chem. 2002, 41, 1177.

(@) Y.-H. Fang, Z. —P. Liu, ACS Catal. 2014, 4, 4364. (b) T. Shinagawa,
A. T. Garcia-Esparza, K. Takanabe Sci. Rep. 2015, 5, 13801.

J. Mahmood, F. Li, S.M. Jung, M. S. Okyay, I. Ahmad, S. J. Kim, N.
Park, Y. H. Jeong, J. B. Baek, Nature Nanotech. 2017, 12, 441.

S. Mukhopadhyay, J. Debgupta, C. Singh, A. Kar, S. K. Das, Angew.
Chem. Int. Ed. 2018, 57, 1918.

B. C. Patra, S. Khilari, R. N. Manna, S. Mondal, D. Pradhan, A. Pradhan,
A. A. Bhaumik, ACS Catal. 2017, 7, 6120.

E. S. llton, P. S. Bagus, Surf. Interface Anal. 2011, 43, 1549.

A. Kudo, Y. Miseki, Chem. Soc. Rev. 2009, 38, 253.

F. Razig, Y. Qu, X. Zhang, M. Humayun, J. Wu, A. Zada, H. Yu, X. Sun,
L. Jing, J. Phys. Chem. C 2016, 120, 98.

104



Chapter 5

Catecholase Activity of Chiral Diuranyl(V1) Complexes:
Experimental and Computational Study

Four chiral dinuclear uranyl(V1) complexes with the general molecular formulas
[(UO2)2(R/S-LY)2(H20)2]-:2MeCN (1-2MeCN and 2:2MeCN) and [(UO2)2(R/S-
L%)2(Me2NCHO),] (3 and 4) (where, (R/S-LY* = (R/S)-2-((1-oxidopropan-2-
ylimino)methyl)-phenolate and  (R/S-L3?>~ = (R/S)-1-((1-oxidopropan-2-
ylimino)methyl)naphthalen-2-olate) were synthesized in 70-75 % yields. The
complexes were characterized by elemental analyses, mass spectrometric,
magnetic susceptibility and solution electrical conductivity measurements. Single
crystal X-ray diffraction studies confirmed the dinuclear structure and
pentagonal-bipyramidal NOe coordination sphere around the metal atoms in 1-4.
In each complex, the metal centers of the two trans-UO22* units reside in a NO4
pentagonal plane constituted by the two alkoxide end bridging ONO-coordinating
(LY?)> and the two O-coordinating solvent (H20 or MeaNCHO) molecules.
Spectroscopic (IR, UV-Vis and H-NMR) features of the complexes corroborate
well with their X-ray molecular structures. Complexes 3 and 4 exhibit good
catecholase-like activity (oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC) to
3,5-di-tert-butylquinone (3,5-DTBQ)) in Me2NCHO solution with TOF as high as
3686 and 3774 h™t. For both complexes, the catalytic reaction follows a radical
pathway, as is confirmed by a sharp EPR signal at g = 1.99. A computational
study of the reaction mechanism suggests a 7?-syn type conformation of the
adduct between the substrate and each of the two catalysts 3 and 4, which is
favorable for an effective catalysis. On the other hand, an unfavorable 7*-anti
conformation of the substrate—catalyst adduct has been found for both 1 and 2.
This conformation results in inactivity of both 1 and 2 towards the catecholase

activity.
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5.1. Introduction

There is a continuous quest for developing simple and effective small molecule
catalysts having the potential to mimic the activities of various metalloenzymes.
Catecholase also known as tyrosinase and polyphenol oxidase is a copper
containing enzyme! and it is primarily present in various plant bodies. Over the
years a diverse range of catalysts containing various transition metal ions have
been developed which successfully mimic the catecholase activity.? Although the
original enzyme is a member of type Il copper proteins® having hydroxy-
bridged dicopper(ll) center, mechanistic pathway for the catecholase activity of
model catalysts containing not only Cu'" but also Mn", Mn"!, Fe!!, Co", Ni'" and
Zn" has been widely investigated.>* Exhaustive mechanistic study of these
biomimetic catalysts reveals that the catalytic pathway may either follow a metal
centered redox pathway?® or a ligand centered radical process, where the oxidation

state of the metal remains unaltered.®

Since the transition metals have already been exploited to a great deal for
preparing biomimetic catalysts, we have explored the possibility of developing
model catalysts containing actinides as the active center. Recently, the trans-
uranyl(VI) chemistry has attracted tremendous attention due to its unique
(0=U=0) bonding’ as well as its application in various catalytic fields.”*® But to
the best of our knowledge, no trans-uranyl(\V1) based catalyst has been developed
so far that can act as a model for a biomimetic reaction such as catecholase
activity. Herein, we report two pairs of enantiomeric diuranyl(\V1) complexes of
the general molecular formula [(UO2)2(R/S-LY?),(solvent)z] (1-4) with the Schiff
bases (R/S)-(1-hydroxypropan-2-ylimino)methyl)phenol (H2R/S-L*) and (R/S)-(1-
hydroxypropan-2-ylimino)methyl)naphthalen-2-ol (HzR/S-L?) (Chart 1) and their
applications as catalysts in the oxidation reaction of 3,5-di-tert-butylcatechol
(3,5-DTBC) to 3,5-di-tert-butylquinone (3,5-DTBQ). To our surprise 1 and 2
(having H20 as the coordinated solvent) do not show any catecholase-mimetic

behavior, whereas both 3 and 4 (having Me2NCHO as the coordinated solvent)
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exhibit decent catecholase activities with comparable turnover frequencies
(TOF). A comprehensive computational study has been carried out for a better
understanding of the reasons responsible for the disparity in the catalytic
behaviors of the two pairs of enantiomers. In the following account, synthesis,
physical properties, X-ray crystal structures and catecholase activities of 1-4 and
a possible mechanistic pathway explaining the inactivity of 1 and 2 and activity
of 3 and 4 as catalysts in the oxidation of 3,5-DTBC to 3,5-DTBQ are described.

H3G
HsC
7/\OH _N\ﬁ o )
N U/ \“/O
_ AN
OH H,0 o IS
HoR/S-L' CHs
[(UO,)2(R/S-L"),(H20),] (1 and 2)
H,C _~NMe,
HC
o PN o |
OH —N 5 O O
T O SN
LSS0y
OH N N =
I 70\
J
HoR/S-L2 Me,N~" CH,

[(UO,),(R/S-L2),(Me,NCHO),] (3 and 4)

Chart 1: Chemical structure diagrams of (R/S-H.L?) (top left) and (R/S-H.L?)
(top right) and their corresponding complexes (bottom).

5.2. Experimental Section

5.2.1. Materials:

The enantiopure (R/S)-(1-hydroxypropan-2-ylimino)methyl)phenol (HzR/S-LY)
and (R/S)-(1-hydroxypropan-2-ylimino)methyl)naphthalen-2-ol (H2R/S-L?) were
prepared in 70-85% vyields by condensation reactions of equimolar amounts of
enantiopure  (R/S)  2-aminopropan-1-ol with salicylaldehyde and 2-
hydroxynapthaldehyde, respectively in methanol by following a procedure very
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similar to those reported for analogous Schiff bases.® All other chemicals and
solvents used in this work were of reagent grade and used as received without

further purification.
5.2.2. Physical Measurements:

Elemental (CHN) analyses were performed on a Thermo Finnigan Flash EA1112
series elemental analyzer. Magnetic susceptibilities were measured using a
Sherwood Scientific balance. A Digisun DI-909 conductivity meter was used to
measure the solution electrical conductivities. A Thermo Scientific Nicolet 380 or
a Bruker Tensor-1I FT-IR spectrophotometer was used to record the infrared
spectra. Electronic spectra were collected using a Shimadzu UV-3600 UV-Vis-
NIR spectrophotometer. The *H (400 MHz) NMR spectra were recorded on a
Bruker NMR spectrometer. High resolution mass spectra were recorded with a
Bruker Maxis (ESI-TOF analyzer) spectrometer. A CH Instruments model 620A
electrochemical analyzer was used for cyclic and differential pulse voltammetric
measurements. Electron spin resonance (EPR) experiment was done with the help
of a JEOL JES-FA200 spectrometer.

5.2.3. Syntheses of [(UOz2)2(R/S-L1)2(H20)2/-2MeCN (1-:2MeCN and 2-2MeCN):

A methanol solution (10 mL) of UO2(OAc)2-2H20 (85 mg, 0.2 mmol) was added
dropwise to a hot methanol solution (10 mL) of enantiopure (R/S)-HzL! (36 mg,
0.2 mmol) and the mixture was refluxed for 5 h. The yellow solid precipitated
was collected by filtration and dried in vacuum. The precipitate was then
dissolved in acetonitrile (~8 mL) and the resulting solution was allowed to
evaporate slowly at room temperature in air. The yellow crystalline solvated

complex separated in 67 days was collected by filtration and dried in air.

[(UO2)2(R-LY)2(H20)2]-2MeCN (1-2MeCN): Yield: 71 mg (70%). Anal. Calcd
(%) for C24H32N4O10U2: C, 28.47; H, 3.19; N 5.53. Found: C, 28.12; H, 3.08; N
5.26. Selected IR data (v (cm™1)): 2360 (C=N), 1620 (C=N), 894 (UO2). UV-Vis
data (Amax (nm) (e (10° M~ cm1))): 460 (1.42), 389 (6.31), 340 (14.13) 'H NMR
data (6 (ppm) (J (Hz))): 9.46 (s, 1H, H'), 7.64 (6,1) (dd, 1H, H®), 7.60 (1) (dd—t,
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1H, H3), 7.09 (8) (d, 1H, H?), 6.73 (1) (dd—t, 1H, H*), 6.37 (8,1) (dd, 1H, H%),
5.84 (8,2) (dd, 1H, H®), 4.82 (m, 1H, H?®), 1.84 (4) (d, 3H, Me). CV data (Epc
(V)): —0.60, —1.22. ESI-MS (m/z) calcd for {[(UO2)2(R-L1)2(H20).] + H},
{[(UO2)2(R-LY2(H20)] + H}*, and {[(UO2)2(R-LY)] + H}": 931.2681, 913.2576,
and 895.2470, found 931.2442, 913.2335, 895.2249 (base peak).

[(UO2)2(S-LY)2(H20)2]-2MeCN (2:2MeCN): Yield: 73 mg (72%). Anal. Calcd
(%) for C24H32N4O10U2: C, 28.47; H, 3.19; N 5.53. Found: C, 28.19; H, 3.06; N
5.28. Selected IR data (v (cm™1)): 2363 (C=N), 1620 (C=N), 893 (UO2). UV-Vis
data (Amax (NM) (¢ (10* Mt cm~1))): 460 (0.78), 388 (3.42), 340 (7.59). 'H NMR
data (6 (ppm) (J (Hz))): 9.45 (s, 1H, H), 7.64 (6,1) (dd, 1H, H%), 7.60 (1) (dd—t,
1H, H3), 7.09 (8) (d, 1H, H?), 6.73 (1) (dd—t, 1H, H%), 6.37 (8,2) (dd, 1H, H%),
5.84 (8,2) (dd, 1H, H%), 4.82 (m, 1H, H?), 1.83 (4) (d, 3H, Me). CV data (Epc
(V)): —0.61, —1.22. ESI-MS (m/z): calcd for {[(UO2)2(R-L)2(H20)2] + H}",
{[(UO2)2(R-LY)2(H20)] + H}*, and {[(UO2)2(R-L1),] + H}*: 931.2681, 913.2576,
and 895.2470, found 931.2593, 913.2495, 895.2421 (base peak).

5.2.4. Syntheses of [(UO2)2(R/S-L?),(MeaNCHO):] (3 and 4):

To a hot methanol solution (10 mL) of enantiopure (R/S)-H2L2 (46 mg, 0.2 mmol)
a methanol solution (10 mL) of UO2(OAc)2-2H20 (85 mg, 0.2 mmol) was added
dropwise and the mixture was refluxed for 6 h. An orange solid precipitated was
filtered and dried in vacuum. It was then dissolved ~4 mL dimethylformamide
(Me2NCHO) and the solution obtained was allowed to evaporate in air at room
temperature. The orange crystalline complex separated in about 14-15 days was

collected by filtration and dried in vacuum.

[(UO2)2(R-L?)2(Me2NCHO),] (3): Yield: 85 mg (75%). Anal. Calcd (%) for
CasH40N4O10U2: C, 35.80; H, 3.53; N 4.91. Found: C, 35.92; H, 3.49; N 4.98.
Selected IR data (v (cm™)): 2849 ((O)C-H), 1641 (C=0), 1605 (C=N), 895
(UO2). UV-Vis data (Amax(nm) (g( 10° M~tcm1))): 460 (1.58), 405 (5.53), 365
(8.09), 304 (16.8). *H NMR data (5 (ppm) (J (Hz))): 10.35 (s, 1H, H), 8.43 (8)
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(d, 1H, H%), 8.16 (8) (d, 1H, H%), 7.87 (8) (d, 1H, H®), 7.57 (6) (t, 1H, H), 7.47
(8) (d,1H, H), 7.29 (6) (t, 1H, HE), 6.43 (8,2) (dd, 1H, H3?), 5.94 (8,3) (dd, 1H,
H13), 5.10 (m, 1H, H'?), 1.87 (8) (d, 3H, Me). CV data (Epc (V)): —0.61, —1.23.
ESI-MS (m/z): calcd for {[(UO2)2(R-L3)2(Me:NCHO),] + H}* 1141.3838, found:
1141.3610.

[(UO2)2(S-L?)2(Me2NCHO)2] (4): Yield: 80 mg (70%). Anal. Calcd (%) for
CasH40N4O10U2: C, 35.80; H, 3.53; N 4.91. Found: C, 35.72; H, 3.56; N 4.85.
Selected IR data (v (cm1)): 2848 ((O)C-H), 1643 (C=0), 1613 (C=N), 895
(UO2). UV-Vis data (Amax (nm) (¢ (10° M-lcm1))): 460 (1.47), 406 (5.6), 365
(7.89), 304 (16.55). *H NMR data (5 (ppm) (J (Hz))): 10.36 (s, 1H, H), 8.4 (4)
(d, 1H, H%), 8.16 (8) (d, 1H, H*), 7.88 (8,1) (dd, 1H, H?), 7.57 (1) (dd—t, 1H, H"),
7.45 (8) (d,1H, H3), 7.29 (6) (t, 1H, HE), 6.44 (10,2) (dd, 1H, H3?), 5.94 (8,3) (dd,
1H, H¥P), 5,10 (m, 1H, H'?), 1.86 (8) (d, 3H, Me). CV data (Epc (V)): —0.59, —
1.21. ESI-MS (m/z): calcd for {[(UO2)2(R-L3)2(Me2NCHO)2] + H}* 1141.3838,
found: 1141.62109.

5.2.5. X-ray Crystallography:

Single crystals suitable for X-ray data collection 1-MeCN, 2:-MeCN, 3, and 4
were collected from the corresponding recrystallized samples isolated during
their syntheses. Unit cell determination and the intensity data collection for all
four the complexes were performed at 298 K on a Bruker D8 Quest
diffractometer fitted with a Photon 100 CMOS area detector and an Incoatec
microfocus source for graphite monochromated Mo Ka radiation (4 = 0.71073
A). Data acquisition, integration and reduction were performed using the APEX3
software package.'® In each case, the structure was solved by direct method and
refined on F? using full-matrix least-squares procedures. All the non-hydrogen
atoms were refined with anisotropic thermal parameters. For 1-MeCN and
2-MeCN, the coordinated water molecule hydrogen atoms were located in the
corresponding difference maps and refined with geometric and thermal restraints.

The remaining hydrogen atoms in 1-MeCN and 2-MeCN and all the hydrogen
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atoms in 3 and 4 were placed in idealized positions and refined using a riding
model. The SHELX-97 programs*! accessible in the WinGX software suite®?
were used for structure solution and refinement. The Mercury package®® was used
for structural illustrations. Significant crystal and refinement data for all the four

structures are summarized in Tables 1 and 2.
5.2.6. Catecholase Activity:

The catalytic activities of 3 and 4 towards oxidation of 3,5-DTBC to 3,5-DTBQ
were investigated at room temperature under aerobic conditions. The substrate
(50-500 equivalents) was added to the Me>NCHO solution (10 mL) of the
catalyst (1 x 10% M). The progress of the reaction was followed
spectrophotometrically by monitoring the increase in the absorption of the

characteristic quinone band at 400 nm at every 5 min. for a total period of 1 h.
5.2.7. Detection of H20x:

lodometric test was done to detect the formation of H>O; that is formed during
the catalytic reaction. In the reaction mixture (10 mL), the catalyst-substrate
concentration ratio was maintained as 1:100. After 1 h, an equal volume of water
was added to the reaction mixture and the quinone formed was extracted using
dichloromethane as the organic layer. The aqueous layer was acidified with
H2S04 (0.1 M) to pH 2 to quench further oxidation followed by addition of 1 ml
of 10% KI solution and three drops of 3% ammonium molybdate solution. In
presence of H202 and excess iodide, the reaction H2O2 + 31" + 2H" — 2H,0 + I3
takes place. Appearance of the characteristic 13~ peak at 353 nm confirms the

generation of H20,.14
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Table 1: Selected crystallographic data for 1-2MeCN and 2:2MeCN

Complex 1-2MeCN 2:2MeCN
Chemical formula C24H32N4010U> C24H32N4010U2
Formula weight 1012.59 1012.60
Crystal system Orthorhombic Orthorhombic
Space group P21212; P21212;

a(A) 9.1862(3) 9.1280(3)

b (A) 17.8581(7) 17.7349(6)
c(A) 19.7352(8) 19.5818(6)

a (%) 90 90

£(°) 90 90

7(°) 90 90

Volume (A3 3237.5(2) 3169.98(18)

z 4 4

p(gcm) 2.077 2.122

4 (mm™) 10.045 10.259
Reflections collected 30520 26060
Reflections unique 5697 5569
Reflections [1 > 26(1)] 5132 5130

Data / restraints / parameters 5697 / 6 / 375 5569 /6 /375
R1, wR2 [I > 25(1)] 0.0344, 0.0796 0.0209, 0.0438
R1, wR2 [all data] 0.0400, 0.0817 0.0245, 0.0448
GoF on F? 1.044 0.972
Absolute structure parameter0.020(7) 0.012(7)

Max. / Min. Ap (e A-®) 2.457 1 -0.860 1.040/-0.686
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Table 2: Selected crystallographic data for 3 and 4

Complex 3 4

Chemical formula CasH40N4010U> C34H40N4010U2
Formula weight 1140.76 1140.76
Crystal system Monoclinic Monoclinic
Space group P21 P21

a (A) 13.5636(5) 13.5437(6)

b (A) 9.1354(3) 9.1327(4)
c(A) 15.9187(6) 15.9077(8)

a (%) 90 90

£(°) 109.6930(10)° 109.593(2)°
7(°) 90 90

Volume (A3 1857.10(12) 1853.70(15)

z 2 2

p(gcm3) 2.040 2.044

4 (mm™) 8.768 8.785
Reflections collected 20966 26507
Reflections unique 6434 6483
Reflections [1 > 2o(1)] 6258 6273

Data /  restraints  /6434/1/451 6483/1/451
parameters

R1, wR2 [I > 25(1)] 0.0151, 0.0324 0.0237, 0.0544
R1, wR2 [all data] 0.0161, 0.0326 0.0251, 0.0550
GoF on F? 1.034 1.017
Absolute structure0.022(4) 0.059(6)
parameter

Max. / Min. Ap (e A3 0.307 / -0.675 1.647 /-0.993
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5.2.8. Theoretical Calculations:

All the theoretical calculations were performed using B3LYP functional in
GaussianQ9 suite of program. The geometries of all the structures were optimized
using LANL2DZ-ECP basis set for uranium and 6-31g(d,p) basis set for carbon,
hydrogen, oxygen and nitrogen atoms.’® The electronic transitions were
calculated using time-dependent DFT method and polarized continuum model
with Me2NCHO as solvent.

5.3. Results and Discussions

5.3.1. Synthesis and Characterization:

Complexes  with  the general  molecular formula  [(UO2)2(R/S-
L1)2(H20)2]-2CHsCN ~ (1-2CHsCN  and  2:2CH3CN) and  [(UO2)2(R/S-
L?)2(Me2NCHO),] (3 and 4) were synthesized in good yields (70-75%) by
refluxing the methanol solution of UO2(OAc)2-2H.O and the corresponding
Schiff base (H-L") for 5-6 h. Elemental analysis data of all four complexes match
very well with their molecular formulas. The room temperature magnetic
susceptibility measurements suggest the diamagnetic character of all four
complexes and hence the +6 oxidation state of the uranium centers in them. All
the complexes are highly soluble in Mea2NCHO and Me>SO. Complexes 1 and 2
are also soluble in MeCN. In solution, each of the four complexes is electrically
non-conducting. The non-electrolytic character supports the neutral molecular
formula of each of the four complexes.

5.3.2. X-ray Molecular Structures:

The structures of 1.2MeCN and 2.2MeCN were solved in orthorhombic P2:212;
space group whereas the structures of the unsolvated complexes 3 and 4 were
solved in monoclinic P21 space group. The structures of 1.2MeCN and 2.2MeCN
are illustrated in Figure 1 and that of 3 and 4 are illustrated in Figure 2. The bond
lengths associated with the uranium centres for all the complexes are listed in
Table 3. The asymmetric units of both 1.2MeCN and 2.2MeCN contain one
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dinuclear complex molecule and two acetonitrile molecules which are hydrogen
bonded with the two metal coordinated water molecules. The O---N distances and
the O-H-~N angles are within 2.889(8)-2.939(13) A and 157(7)-162(4)°,
respectively. The asymmetric unit of each of 3 and 4 has one dinuclear complex
molecule. In all four dinuclear molecules, the uranium atoms are in edge-shared
NOes pentagonal bipyramids. The phenolate-O, azomethine-N and the bridging
alkoxide-O coordinating meridional tridentate (LY?)> ligands and the O-atoms of
the solvent molecules constitute the two edge-shared NO4 pentagonal planes (rms
deviations, 0.07-0.11 A) around the uranium atoms of the two trans-(UO2)?*
moieties and form the edge-shared pentagonal bipyramids. The small fold angles
(2.8(2)-4.2(2)°) at the common edge (O(2)-O(4)) suggest that the edge-shared
pentagonal planes are essentially coplanar. The U--U distances in 1-4 are very
similar (3.8816(3)-3.9207(5) A).The U(1)-0O(4) and U(2)-O(6) bond lengths are
comparable with the uranium(VI1) to bridging alkoxide-O distances observed
before.*® Overall U=0, U-O(phenolate) and U-N(azomethine) bond lengths in 1—
4 are within the ranges reported for uranium(VI1) complexes having similar

coordinating atoms. 816172

Figure 1: Molecular structures of [(UO2)2(R-L1)2(H20)2]-:2MeCN (1-2MeCN)
(left) and [(UO2)2(S-LY)2(H20)2]-2MeCN  (2:2MeCN) (right). All the non-
hydrogen atoms in each structure are represented by their 40% probability

thermal ellipsoids.
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Figure 2: Molecular structures of [(UO2)2(R-L?)2(Me2NCHO),] (3) (left) and
[(UO2)2(S-L?)2(Me2NCHO)] (4) (right). All the non-hydrogen atoms in each
structure are represented by their 40% probability thermal ellipsoids.

Table 3: Selected bond lengths (A) for 1-2MeCN, 2-2MeCN, 3 and 4

Complex 1.2CH3CN 2.2CH3CN 3 4

U(1)-0(2) 2.302(5) 2.282(3) 2.281(3) 2.281(4)
U(1)-0(2) 2.381(5) 2.369(3) 2.364(3) 2.365(4)
U(1)-0(4) 2.347(5) 2.333(3) 2.364(2) 2.359(4)
U(1)-0(5) 1.790(6) 1.770(4) 1.775(3) 1.787(4)
U(1)-0(6) 1.798(7) 1.777(4) 1.778(3) 1.774(5)
U(1)-0(9) 2.494(6) 2.471(4) 2.428(3) 2.433(5)
U(1)-N(2) 2.575(7) 2.544(5) 2.534(3) 2.536(5)
U(2)-0(2) 2.372(6) 2.352(4) 2.339(2) 2.337(3)
U(2)-0(3) 2.302(6) 2.288(3) 2.284(3) 2.286(4)
U(2)-0(4) 2.370(5) 2.353(3) 2.379(3) 2.382(4)
U(2)-0(7) 1.794(6) 1.770(4) 1.779(3) 1.793(5)
U(2)-0(8) 1.754(7) 1.774(4) 1.775(3) 1.779(4)
U(2)-0(10) 2.471(5) 2.452(4) 2.453(3) 2.450(4)
U(2)-N2) 2.588(7) 2.568(4) 2.524(3) 2.518(5)
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5.3.3. Self-assembly via Hydrogen Bonding

Both 1-MeCN and 2-MeCN contain the classical hydrogen bond donor
coordinated H>O molecules and several acceptors such as phenolate-O, alkoxide-
O and oxo groups. In contrast, 3 and 4 do not have any such donor. Thus the
structures of the two solvated complexes were only scrutinized for hydrogen
bond assisted self-assembly patterns. The geometric parameters for the hydrogen
bonds found in the two structures are listed in Table 4. As mentioned in the
previous section, two MeCN molecules in each of 1:-MeCN and 2-MeCN are
involved in strong O-H--N hydrogen bonds with the two coordinated water
molecules on two sides of the dinuclear molecule (Figure 1). The remaining
hydrogen atom of each water molecule is involved in strong inter dinuclear O—
H-+O hydrogen bonding interaction, where the metal coordinated phenolate-O
(O(2) or O(3)) acts as the acceptor. The O--O distances and the O—H---O angles
are in the ranges 2.658(5)-2.719(9) A and 166(6)-172(9)°, respectively. Because
of these O-H-+O hydrogen bonds both 1-MeCN and 2-MeCN form one-
dimensional linear supramolecular structures along a-axis in the corresponding

crystal lattices (Figure 3).

Table 4: Hydrogen bonding parameters for 1-MeCN and 2-MeCN?

Complex D-H-A DA (A) ZDHA (°)

1-MeCN 0(9)-H(9c)-N(3) 2.939(13) 158(7)
0(9)-H(9d)--O(3)! 2.719(1) 170(8)
O(10)-H(10d)--O(1)" 2.665(1) 172(9)
O(10)-H(10e)-+N(4) 2.908(1) 157(7)

2.MeCN 0(9)-H(9c)--0(3)! 2.691(5) 166(6)
0(9)-H(9d)-N(3) 2.921(8) 162(4)
O(10)-H(10d)-N(4) 2.889(8) 159(4)
O(10)-H(10e)--O(1)" 2.658(5) 168(6)

& Symmetry transformations used: (i) x —1,y, z. (i) x+1,y, z.
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8!

Figure 3: One dimensional assembly of 1-MeCN (left) and 2:-MeCN (right).
5.3.4. Spectroscopic Characterization:

Infrared spectra of all the complexes were recorded from 4000 to 550 cm™. The
spectra are shown in Figures 4 and 5. A broad band near 3000 cm™ is due to the
presence of coordinated H20O molecules in 1.2CH3CN and 2.2CH3CN. The
presence of acetonitrile in the crystal lattice of 1-:2MeCN and 2-:2MeCN is
indicated by the C=N stretching band at ~2362 cm™. For complex 3 and 4, the
C—-H stretching band of the aldehyde of the coordinated Meo2NCHO molecule
appears at 2848 cm2. This is followed by the (C=0) stretch of the Me;NCHO at
1643 cm. All the complexes display a band in the range 1605-1620 cm™* which
is attributed to the azomethine —HC=N stretching.!’” The strong sharp band ~894
cm™ for all four complexes is assigned to the asymmetric stretching vibration of

the uranyl moiety.2*"172 No attempts were made to assign rest of the bands.
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Figure 4: Infrared spectra of [(UO2)2(R-LY)2(H20)2]-:2MeCN (1-:2MeCN) (left)
and [(UO2)2(S-L1)2(H20)2]-2MeCN (2:2MeCN) (right) in powder phase.
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Figure 5: Infrared spectra of [(UO2)2(R-L?)2(Me2NCHO)2] (3) (left) and
[(UO2)2(S-L?)2(Me2NCHO)2] (4) (right) in powder phase.

The electronic spectra of all the complexes were recorded in Me2NCHO in 800 to
200 nm range. The spectral profiles are illustrated in Figure 6. Complexes
1-2MeCN and 2-2MeCN display a broad band at ~460 nm followed by a strong
shoulder at ~389 nm and an very intense band at 340 nm. In case of complexes 3
and 4, the highest energy intense absorption is at ~304 nm, which is preceded by
a strong band at 365 nm, a shoulder at 405 nm and another shoulder at ~460 nm.
Comparing with previously reported literatures having similar metal-ligand

coordination it can be concluded that for both pair of enantiomers the highest
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energy transition is due to ligand centered transitions whereas the lower energy
absorptions in the range 365-460 nm are due to ligand to metal charge transfer

transitions.17ab. 18
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Figure 6: Electronic spectra of [(UO2)2(R/S-L1)2(H20)2]-2MeCN (1-2MeCN and
2:2MeCN) (left) and [(UO2)2(R/S-L?)2(Me2NCHO)2] (3 and 4) (right) in
Me2NCHO.

DMSO-ds solutions of all the complexes were used for recording the *H NMR
spectra (Figures 7-10). The absence of the singlet corresponding to the phenolic
and the alcoholic proton in all the spectra clearly indicates the deprotonated
dianionic state of the ligands ((R/S-LY)> and (R/S-L?)?). The singlet at & 9.46
ppm for 1-2MeCN and 2-2MeCN and that at & 10.36 ppm for 3 and 4 is attributed
to the azomethine (-HC=N-) proton (H’ in 1-:2MeCN and 2-2MeCN and H! in 3
and 4). The aromatic protons of 1-2MeCN and 2-2MeCN appear in the range o
6.73-7.65 ppm whereas in case of 3 and 4 they appear within 6 7.29-8.43 ppm
with the expected splitting patterns. The two aliphatic protons H%® in 1-2MeCN
and 2:2MeCN and H*%® in 3 and 4 appear as a doublet of doublet at ~ § 6.44 and
5.84 ppm, respectively. The single proton at the chiral carbon H® in 1-:2MeCN
and 2-2MeCN and H*2 in 3 and 4 appears as a multiplet at & 4.82 and 5.10 ppm,
respectively. The methyl protons appear as a three proton doublet at ~ & 1.85 ppm

due to the coupling with the proton (H®) at the adjacent chiral carbon.
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Figure 7: 'H-NMR spectra of [(UO2)2(R-L')2(H20)2]-2MeCN (1-2MeCN) in
DMSO-ds.
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Figure 8: H-NMR spectra of [(UO2)2(S-LY)2(H20)2]-2MeCN (2:2MeCN) in
DMSO-ds.
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Figure 9: 'H-NMR spectra of [(UO2)2(R-L?)2(Me2NCHO)2] (3) in DMSO-ds.
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Figure 10: 'H-NMR spectra of [(UO2)2(S-L?)2(Me2NCHO)2] (4) in DMSO-ds.
5.3.5. Redox Behavior:

Redox properties of all the complexes have been studied in MeaNCHO solution
(102 M) using a Pt-disk working electrode, a Pt-wire auxiliary electrode and an
Ag/AgCI reference electrode under nitrogen atmosphere at 298 K with tetra-n-
butylammonium perchlorate (TBAP) as the supporting electrolyte. The redox
responses of all the four complexes are quiet similar (Figure 11). Each of them
displays two irreversible cathodic responses. The Epc of the first response is
within —0.77 to —0.82 V, followed by the second response with the Epc in the
range of —1.16 to —-1.24 V. Cyclic voltammogram of a ~1 mM Me,NCHO
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solution of ferrocene (Fc) was taken under identical conditions reveals that the
peaks corresponds to one electron reductions. 8f172b1% Thys the observed

reductions are assigned to U(V)U(VI) - U(V)U(VI) > U(V)U(V) processes.

Complex 1
1504 4 Complex 2 15 0p o —— Complex 3
_/ —— Complex 4
o=
1004 10.0u
< <
T S0u4 T 50u-
g E
3
5 Q
o
004
0y 4 Oy
\J T v T T v L4 T
T , [N VL TSk A ) - 06 1
o c4 08 8 T 14 00 04 06 08 0 42 14
E (V) vs Ag/Agcl

E (V) va Ag/AgCI
Figure 11: Cyclic Voltammograms of [(UO2)2(R/S-LY)2(H20)2]-2CH3CN
(1-2CH3CN and 2:2CH3CN) (left) and [(UO2)2(R/S-L?)2(Me2NCHO).] (3 and 4)
(right) in Me2NCHO.

5.3.6. Catecholase activity:

The catalytic activity of the complexes towards catechol oxidation was studied in
Me,NCHO. Solutions (10 mL) of the complex catalysts 3 and 4 (1 x 10™* M)
were treated with 0.01 mole of 3,5-DTBC. The catecholase activity was
monitored for 1 h using UV-Vis spectroscopic measurements at an interval of
every 5 mins after the addition of the substrate 3,5-DTBC. Initially, the spectrum

of the complex was recorded and it displayed a hump at ~400 nm.

Upon addition of 3,5-DTBC into the Me2NCHO solution of the catalyst (3 or 4),
the intensity of the characteristic 3.5-DTBQ band at 400 nm gradually increases
with time (Figure 12). This increase confirms the oxidation of 3,5-DTBC to 3,5-
DTBQ. The solution of pure 3,5-DTBC in absence of 3 or 4 does not show any
band at 400 nm even after a period of 12 h.

In case of both 1 and 2 as catalyst, no such increase in the 400 nm band was

observed during a period of 1 h (Figure 13). No increment of the characteristic
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3.5-DTBQ band clearly indicates the inactivity of 1 and 2 towards catecholase

activity.
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Figure 12: Catalysts 3 and 4 showing catecholase activity over a period of 60
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Figure 13: Catalyst 1 and 2 showing no catecholase activity over a period of 60

mins.

To understand the efficiency of catalysts 3 and 4 kinetic studies were performed
(Figures 14 and 15). The catalyst concentration was fixed at 1 x 10™* M whereas
the substrate concentration was varied from 50 to 500 equivalents with respect to
the catalyst. The kinetic parameters are listed in Table 5. All the experiments

were done under aerobic condition at room temperature. For each set of
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catalyst—substrate combination the UV—Vis spectra were recorded over a period
of 1 h. The experiments were done following initial slope methods and since the
complexes show saturation kinetics, Michaelis—Menten approach was used to
determine the rate constant (Kecat i.e the turnover number). From the

Lineweaver—Bruke plot of 1/V vs 1/[S] and using the equation 1/V =
{Km/VmaxH{U[S]} + 1/Vmax, the kinetic parameters Vmax, Kecat and Km were

calculated.
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Figure 14: Initial rates vs substrate concentration for the oxidation of 3,5-DTBC

to 3,5-DTBQ by complexes 3 and 4 in Me2NCHO.
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Figure 15: Lineweaver-Burk plot for complexes 3 and 4 in Me2NCHO.
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Table 5: Kinetics Data for Complexes 3 and 4.

catalyst | Vmax (MS_l) Kwm (M) Kcat (h_l)
3 6.14x 1073 2.346 x 10°% | 3685.71
4 6.29x 1073 1.409 x 10°% | 3774.23

The ESI-MS spectra of the complexes as well as that of the catechol-complex
mixture were recorded to get an insight of the mechanistic pathway. The spectra
of 3 and 4 display a base peak at 1141.3610 amu and 1141.6219 amu,
respectively corresponding to the monocationic {[(UO2)2(R/S-L2)2(Me2zNCHO),]
+ H}" (m/zcaq = 1141.3833). ESI-MS spectra of the complexes also display peaks
at 1068.3080 amu for 3 and at 1068.5615 amu for 4 corresponding to the mono
solvated species {[(UO2)2(R/S-L?)2(Me:NCHO)] + H}" (m/zcas = 1068.3232).
However no peak at 994.2705 amu is observed for either of 3 and 4 suggesting
that at no time both the solvent molecules get detached from the two metal
centers. The spectra of [3/4 + 3,5-DTBC] taken after 10 min of mixing reveal a
peak at 1312.4498 for 3 and at 1312.7181 amu for 4 (Figures 16 and 17). These
peaks indicate the formation of the catalyst-substrate adduct [3/4 + 3,5-DTBC 1+
Na + H]" (m/zcas = 1312.4671) where the monoanionic substrate has a
monodentate binding mode of [3/4 + 3,5-DTBC '+ Na + H]* (M/Zcaw =
1312.4671). The peaks at m/z = 243.1315 and 243.2509 amu in the spectra
(Figure 18) of [3/4 + 3,5-DTBC] corresponds to the [3,5-DTBQ-Na]* aggregate.
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Figure 16: ESI-MS spectra of catalyst 3 and 3,5-DTBC (1:100) immediately
after mixing (left) and after 10 min of mixing (right).
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Figure 17: ESI-MS spectra of catalyst 4 and 3,5-DTBC (1:100) immediately

after mixing (left) and after 10 min of mixing (right).
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Figure 18: ESI-MS spectrum showing the formation of 3,5-DTBQ by catalyst 3
(left) and catalyst 4 (right).

The electron paramagnetic resonance (EPR) spectra of frozen (70 K) Me2NCHO
solutions of the catalyst—substrate (1:100) mixtures show a sharp signal at g =
1.99 (Figure 19). Catalysts 3 and 4 are EPR silent owing to their diamagnetic
character. Thus the appearance of the EPR signal in the spectrum of each
catalyst—substrate mixture clearly indicates towards the formation of radical
intermediate during the oxidation of 3,5-DTBC to 3,5-DTBQ.
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Figure 19: EPR spectra of 1:100 mixtures of 3—substrate (left) and 4—substrate
(right) in Me2NCHO at 70 K.
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5.3.7. Computational Study:

To get a further insight into the mechanistic pathway of the catecholase activity
and to understand the underlying reasons for the catalytic inactivity of complexes
1 and 2, computational study for complexes 1 and 3 was performed. As per the
ESI-MS spectrum of 3, the oxidation of 3,5-DTBC to 3,5-DTBQ is initiated by
the loss of one of the coordinated solvent molecule from the catalyst and
simultaneous coordination of one of the hydroxyl oxygen to the respective
uranium center. In view of the experimental results, the theoretical studies were
conducted  using  [(UO2)2(R-LY)2(H20)(3,5-DTBC)] and  [(UO2)(R-
L%)2(DMF)(3,5-DTBC)] as the optimized structures (referred to as A and B
respectively). The optimized configurations of these structures reveal that in case
of complex A, only the coordinated —OH hydrogen of the substrate 3,5-DTBC is
involved in strong H-bonding with the nearest bridging alkoxide-O at a distance
of 1.82 A. This type of interaction leads to 7'-anti binding mode of the substrate
with respect to the catalyst (Figure 20). On the other hand, in case of complex B,
the coordinated —OH hydrogen of 3,5-DTBC are involved in strong hydrogen
bonding with the nearby phenolate-O (1.70 A) and the other —OH is involved in a
relatively weak hydrogen bond with the adjacent bridging alkoxide-O (2.72 A)
due to the 77—syn type conformation of 3,5-DTBC with respect to the catalyst
(Figure 20). The binding mode of the substrate with respect to the catalyst plays
an important role in understanding the mechanistic pathway.?® A closer view of
complex B shows that there is a favorable dispersion interaction between the
methyl group of Me2NCHO and the methyl group of the coordinated ligand (L2)?-
at a distance of 3.83 A. As a result of this interaction, the N-U-U—-N torsion
angle (138.61°) in B is significantly smaller than that (152.77°) in A where this
interaction is not possible due to the presence of H>O instead of MeaNCHO. In
addition, there is another similar kind of interaction between the hanging —CHs of
the coordinated (L?)?>" and one of the two —CHs groups of the 3,5-DTBC (distance
between the methyl groups being 3.94A). It appears that the decrease in the N—
U-U-N torsion angle in B is responsible for the additional dispersion interactions
between the —CHs group of the 3,5-DTBC and that of (L%)? as well as the
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weakening of the hydrogen bond between the 3,5-DTBC —OH and the bridging
alkoxide-O leading to the n-syn type conformation of the 3,5-DTBC favorable

for effective catalytic oxidation of it.

Figure 20: n!-anti and n?-syn conformations of the optimized structures A (left)
and B (right).

The formation of 7?-syn conformation only in complex B was further
investigated by studying two different systems; i) by removing the tert-butyl
groups of the catechol (optimized structure B1) and ii) by replacing Me2NCHO
with H2O as the coordinating solvent (optimized structure B2) (Figure 21). In the
first case, the hydrogen bonds in the new optimized complex (B1) that is formed
between the catalyst and the substrate (as discussed earlier) has a little change in
their bond length with no other major alterations as compared to the optimized
structure B. But in the second case, we observe that in the new optimized
complex B2, the conformation of the substrate i.e. 3,5-DTBC is n'-anti with
respect to the catalyst. This anti conformation in B2 is similar to the substrate-
catalyst conformation in the optimized structure A. Due to the absence of the
Me2NCHO molecule as the coordinated solvent in B2, two of the —OH hydrogens
are involved in H-bond with the phenolate oxygen and —trans oxo atom of the
same metal center. The distance between methyl groups of 3,5-DTBC and
hanging methyl groups of ligand moiety is increased by 0.5A as compared to the

optimized structure B and is at a distance of 4.36A as similar to structure A. This
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result clearly infers that the weak dispersion interaction between the methyl
group of coordinated solvent moiety (Me2NCHO in this case) and methyl of
coordinated ligand plays the primary role in the formation of the syn substrate—
catalyst conformation in the optimized structure B (Figure 21). The dispersion
interaction between the tert-butyl groups of 3,5-DTBC and the hanging —CHs
moiety of the complex is also helpful in the formation of the favorable 77-syn
type conformation, which is the pre-requisite for the catalysis of 3,5-DTBC to
3,5-DTBQ. The experimental results also show that the catalysis activity does
not take place when 3,5-DTBC is replaced by pure catechol and thus support the

computational results.

Figure 21: (Left) B1(n2-syn) complex in presence of modified 3,5-DTBC and

(Right) B2 (n*-anti) complex in presence of water as solvent.

Figure 22 shows the energy diagram of different transition states involved in the
catalytic conversion of 3,5-DTBC to 3,5-DTBQ in presence of complex 3 as
catalyst. The formation of B occurs via two transition states (TS1 and TS2) where
tert-butyl groups between 3,5-DTBC and the uranyl catalyst move to distance
below 4A leading to favorable dispersion interaction. Further there is a loss of
proton from —OH group of 3,5-DTBC which is closer to the catalyst leading to
the formation of three transition states (TS3, TS4 and TS5) where the hydrogen
bond of other —OH group of 3,5-DTBC shifts from axial oxo group of uranyl
moiety to phenoxy oxygen of ligand. The loss of second proton from 3,5-DTBC
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occurs via the formation of a radical in its triplet state as shown in TS6. The
formation of the radical intermediate is also confirmed by the observation of an
EPR signal at g = 1.99. The relative energy for the formation of singlet state is
higher (AE = 31.3 eV) than TS6 state (AE = 29.9 eV) and has no imaginary
frequency that further suggests that catalytic reaction proceeds through the
formation of triplet transition state. The spin density plot for TS6 complex shows
that atomic spin density is localized on the aromatic rings of 3,5-DTBC and

methylene groups of one of the ligands of uranium complex as shown in Figure

g e s
Qb= PR

- TS6(29.9)
/ T83(15.09)", / Ts5(14.36)
TS4(13.66)

AE, eV

Cas0 GS
TS1(1.29) -

TS2(0.78) .
GS(0.0)

Reaction Coordinate
Figure 22: Relative energy diagram for different transition states involved in the
catalytic oxidation of 3,5-DTBC to quinone via B as catalyst.
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Figure 23: Spin density plot for B

5.4. Conclusions

Herein, we report the syntheses and characterization of two pairs of enantiomers
of molecular formulas [(UO2)2(R/S-LY)2(H20)2]-2CHsCN  (1-2MeCN  and
2:2MeCN) and [(UO2)2(R/S-L2)2(Me:NCHO),] (3 and 4). X—ray crystallographic
analysis of each of the four complexes shows an edge-shared pentagonal-
bipyramidal structure. Complexes 1-MeCN and 2-MeCN form one-dimensional
linear supramolecular structures via classical hydrogen bonds in their
corresponding crystal lattices. The IR and NMR spectroscopic data compliment
the molecular structures of all the complexes. The electronic spectra of
[(UO2)2(R/S-LY)2(H20)2]-2MeCN (1-2MeCN and 2-:2MeCN) reveal three major
transitions. Whereas the spectral profiles of [(UO2)2(R/S-L?)2(Me:NCHO):] (3
and 4), display four major transitions. In both pair of enantiomers, the highest
energy band is attributed to a ligand centered transition and the preceding lower
energy transitions are assigned to ligand to metal charge transfer transitions.
Investigation of the catecholase activity of all four complexes brings forward
some very interesting facts. Complexes 3 and 4 show efficient catecholase
activity with TOF 3686 and 3774 h™%, respectively in MeaNCHO solution. On the
other hand, under the same experimental conditions complexes 1 and 2 are

completely inert towards catecholase activity. Low temperature EPR analysis of
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the substrate—catalyst mixture (1:100) confirms that the catalytic reaction follows
a radical pathway for oxidation of 3,5-DTBC to 3,5-DTBQ. Computational
elucidation reveals that the catecholase like activities of these complexes depend
on the type of coordinated solvent molecule present in them. The catecholase
activity is favored when the conformation of the substrate is 72-syn over n*-anti
in its adduct with the catalyst. In the cases of in 3 and 4, the dispersion
interactions between the methyl groups of the coordinated MeaNCHO with that
of 3,5-DTBC as well as the methyl group of the coordinated ligands (R/S-L2)?-
play a key role in the 7%-syn binding mode of the substrate to the catalyst. In
contrast, in absence of such interactions the 7'-anti binding mode of the substrate
to the catalyst is preferred for H.O coordinated complexes 1 and 2 and hence they
become inactive towards catechol oxidation. To the best of our knowledge, till
date there is no report of uranyl(V1) complexes to mimic catecholase activity.
The turnover number (TOF) and the rate constants (Vmax) Obtained for the
catalytic cycles are quite notable as well as comparable or better than the already
reported transition metal catalysts.
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Appendix

Tables for atomic coordinates (x 10*) and equivalent isotropic displacement
parameters (A? x 10%). U(eq) is defined as the one third of the trace of the

orthogonalized UY tensor.

Table A.1. [(UO2)2(u-OAc)2(LY)2] (1) (Chapter 1)

Atom X y z U(eq)
U(1) 336(1) 3095(1) 4517(1) 29(1)
O(1) 749(13) 2906(11) 3537(6) 55(4)
0(2) -1090(11) 2551(10) 4384(7) 45(3)
0(3) 1766(11) 3676(9) 4655(6) 41(3)
O(4) -179(11) 3905(10) 5431(6) 42(3)
0(5) 497(14) 5342(9) 5885(7) 57(4)
N(1) 399(12) 1630(11) 5328(7) 34(3)
N(2) 1800(14) 738(11) 4758(8) 45(4)
N(3) 1687(13) 1436(11) 4297(7) 36(3)
C(1) -367(18) 1649(14) 5816(11) 49(5)
C() -362(19) 909(15) 6280(10) 53(5)
C@) 435(19) 73(15) 6234(10) 52(5)
C() 1153(17) 2(13) 5733(9) 41(4)
C(5) 1130(17) 800(12) 5276(8) 39(4)
C(6) 2321(16) 1257(14) 3808(10) 43(4)
C(7) 2375(18) 1887(14) 3259(9) 44(4)
C(8) 1613(17) 2742(15) 3157(8) 44(4)
C(9) 1780(20) 3365(18) 2619(9) 62(6)
C(10) 2700(30) 3125(19) 2208(13) 80(9)
C(11) 3440(30) 2300(20) 2316(11) 78(9)
C(12) 3284(19) 1699(17) 2815(10) 55(5)
C(13) 430(14) 4370(12) 5851(8) 34(4)
C(14) 1170(20) 3749(16) 6308(10) 55(5)
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Table A.2. [(UO2)2(u-OAcC)2(L?),] (2:4MeOH) (Chapter 1)

Atom X y z U(ea)
u(L) 3712(1) 730(1) 3069(1) 21(1)
O(1) 1411(15) -700(10) 1827(8) 34(3)
0(2) 2126(17) 1390(14) 3705(10) 36(3)
0(3) 5334(15) 97(13) 2424(11) 37(3)
0(4) 5820(18) 1678(12) 4784(10) 42(3)
0(5) 6884(18) 756(13) 5953(10) 46(4)
N(1) 5214(17) 2964(12) 3005(11) 21(3)
N(2) 4310(20) 2355(13) 1033(11) 34(4)
N(3) 3376(17) 1184(12) 1074(10) 21(3)
C(1) 6010(30) 3871(16) 3964(15) 41(5)
C() 6670(30) 5097(17) 3942(16) 36(4)
C@) 6600(30) 5371(19) 2945(18) 55(7)
C(4) 5910(30) 4421(18) 1938(15) 36(5)
C(5) 5150(20) 3228(14) 2010(13) 20(4)
C(6) 2700(20) 420(16) 99(12) 24(4)
C(?) 1640(20) -852(15) -123(12) 20(3)
C(8) 1120(30) -1602(18) -1251(14) 34(4)
C(9) 100(20) -2782(17) -1570(14) 33(4)
C(10) -480(30) -3333(19) -689(16) 39(5)
C(11) -60(20) -2650(15) 421(14) 23(4)
C(12) 980(20) -1430(16) 731(12) 23(4)
C(13) -350(30) -3550(20) -2846(18) 68(8)
C(14) 6960(20) 1650(15) 5528(13) 21(3)
C(15) 8620(30) 2810(20) 5970(20) 77(8)
0(6) 4353(18) 3060(12) -994(9) 50(4)
C(16) 5910(40) 3060(30) -1390(30) 87(9)
o(7) 1726(17) 1546(15) -2617(10) 59(4)
C(17) 1900(40) 970(20) -3694(16) 71(8)
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Table A.3. [(UO2)2(u-OAC)2(L3)2] (3) (Chapter 1)

Atom X y z

U(1) 2110(1) 7850(1) 4567(1)
0(1) 2673(7) 6598(4) 6239(4)
0(2) 4515(7) 8166(5) 4265(4)
0(3) -311(6) 7581(4) 4842(4)
O(4) 1349(8) 9683(5) 3281(5)
o(5) -1164(7) 10839(4) 4114(4)
0(6) 1310(7) 2169(5) 9144(5)
N(1) 3102(7) 7496(5) 2385(5)
N(2) 2908(7) 5484(5) 3145(5)
N(3) 2671(7) 5649(5) 4307(5)
C(1) 3544(9) 8382(7) 1419(6)
C(2) 4008(9) 8219(7) 241(6)
C@3) 3980(10) 7099(7) 53(7)
C(4) 3582(9) 6185(7) 1023(6)
C(5) 3221(8) 6396(6) 2197(6)
C(6) 2515(8) 4674(6) 5122(6)
C(?) 2203(8) 4571(6) 6406(6)
C(8) 2236(9) 5522(7) 6928(7)
C(9) 1931(10) 5294(7) 8195(6)
C(10) 1622(9) 4190(7) 8901(6)
C(11) 1614(9) 3253(7) 8375(6)
C(12) 1892(9) 3446(6) 7143(6)
C(13) 176(13) 10629(7) 3229(7)
C(14) 350(20) 11527(10) 2056(9)
C(15) 1532(11) 1183(7) 8616(8)

U(eq)

32(1)
40(1)
43(1)
35(1)
54(1)
40(1)
50(1)
35(1)
35(1)
32(1)
38(2)
42(2)
44(2)
40(2)
33(2)
31(1)
32(1)
38(2)
41(2)
42(2)
39(2)
38(2)
52(2)
114(5)
54(2)
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Table A.4. [(UO2)2(u-OH)2(LY)2] (1-H20-2Me,NCHO) (Chapter 3)

Atom X y z U(ea)
U(1) 7397(1) 3945(1) 6567(1) 27(1)
u() 7683(1) 1898(1) 8388(1) 28(1)
Cl(L) 6677(6) 729(2) 5277(2) 93(1)
cl(2) 7558(5) 5269(2) 9553(2) 72(1)
O(1) 7154(10) 5435(4) 6603(3) 49(2)
0(2) 4843(7) 3907(4) 6542(3) 44(1)
0(3) 9907(8) 4009(4) 6491(3) 42(1)
O(4) 7558(8) 3541(3) 7837(2) 34(1)
0(5) 7616(8) 2315(3) 7092(3) 36(1)
0(6) 7717(12) 403(4) 8393(3) 64(2)
o(7) 5231(9) 1898(4) 8435(3) 50(2)
0(8) 10210(8) 1898(4) 8427(3) 49(1)
N(1) 7480(8) 5107(4) 5220(3) 31(1)
N(2) 7348(9) 4719(4) 4628(3) 38(2)
N(3) 7235(9) 3248(4) 5450(3) 36(1)
N(4) 7037(11) 2296(5) 5592(4) 45(2)
N(5) 7680(9) 816(4) 9756(3) 32(1)
N(6) 7803(10) 1252(4) 10318(3) 38(2)
N(7) 7724(9) 2700(4) 9446(3) 32(1)
N(8) 7665(10) 3656(4) 9278(3) 39(2)
C(1) 7576(11) 6304(5) 6275(4) 36(2)
C() 7691(13) 6971(6) 6676(5) 49(2)
C@) 8086(16) 7888(7) 6333(6) 65(3)
C() 8415(16) 8194(7) 5581(6) 66(3)
C(5) 8289(13) 7563(6) 5168(5) 55(2)
C(6) 7898(11) 6610(5) 5497(4) 36(2)
C(7) 7766(10) 6013(5) 5006(4) 37(2)
C(8) 7201(10) 3791(5) 4753(4) 33(2)
C(9) 7013(13) 3395(7) 4146(5) 50(2)
C(10) 6834(14) 2457(7) 4294(5) 58(2)
C(11) 6854(14) 1951(6) 5043(5) 53(2)
C(12) 7476(13) -479(5) 8768(4) 41(2)
C(13) 7411(11) -738(5) 9544(4) 34(2)
C(14) 7198(12) -1694(5) 9932(5) 47(2)
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C(15) 7028(15) -2362(6) 9560(5) 59(3)
C(16) 7067(16) -2100(6) 8793(6) 62(3)
c(17) 7293(16) -1169(6) 8397(5) 60(3)
C(18) 7468(12) -98(5) 9999(4) 39(2)
C(19) 7802(11) 2190(5) 10157(4) 34(2)
C(20) 7861(13) 2615(6) 10747(4) 47(2)
C(21) 7788(14) 3570(6) 10570(4) 48(2)
C(22) 7700(13) 4051(5) 9813(4) 42(2)
0(9) 7728(10) 507(4) 11837(3) 60(2)
N(9) 7795(12) -807(5) 12821(4) 52(2)
C(23) 7441(12) -333(6) 12131(4) 44(2)
C(24) 7346(14) -1808(6) 13106(5) 57(2)
C(25) 8830(30) -379(10) 13305(7) 121(6)
0(10) 5742(13) 3696(6) 12126(6) 102(3)
N(10) 7401(11) 5037(5) 11965(4) 51(2)
C(26) 5828(16) 4571(8) 11971(7) 70(3)
c(27) 9149(16) 4531(8) 12168(7) 77(3)
C(28) 7386(17) 6057(7) 11777(7) 78(3)
0(11) 6870(30) 1854(10) 12751(7) 231(9)
Table A.5. [(UO2)2(1-OH)2(L?)2] (2-1.5H.0) (Chapter 3)

Atom X y z U(eq)
u(1) 6592(1) 1783(1) 257(1) 32(1)
Cl(1) 10026(3) 777(3) 3700(3) 125(2)
0(1) 5120(5) 1573(4) -864(4) 44(2)
0(2) 6239(5) 2718(4) 763(5) 44(2)
0(3) 6927(5) 804(4) -205(5) 43(2)
0(4) 6843(4) 2679(4) -864(4) 38(1)
0(5) 1419(6) 1772(6) -1218(7) 76(2)
N(1) 5568(5) 883(5) 964(5) 35(2)
N(2) 6041(6) 396(6) 1812(6) 50(2)
N(3) 7465(5) 953(5) 1885(5) 38(2)
N(4) 8389(6) 1029(6) 2312(6) 51(2)
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c(1) 4224(6) 1647(6) -903(6) 38(2)
c) 3499(8) 2007(6) -1703(8) 51(3)
c(3) 2591(8) 2033(7) -1803(8) 55(3)
C(4) 2360(7) 1702(7) -1065(8) 50(3)
c(5) 3051(7) 1328(7) -271(8) 51(3)
C(6) 3998(7) 1292(6) -170(7) 42(2)
c(7) 4665(7) 867(6) 677(6) 39(2)
C(8) 6984(7) 446(6) 2243(6) 42(2)
C(9) 7460(8) -78(7) 3099(7) 50(3)
C(10) 8393(8) -11(7) 3518(7) 58(3)
C(11) 8833(7) 581(7) 3115(8) 58(3)
C(12) 1137(12) 1429(12) -575(15) 117(6)
O(6) 5000 780(6) -2500 44(2)
o) 0 3030(20) -2500 129(13)
Table A.6. [(UO2)2(x-L)2] (1) (Chapter 4)

Atom X y z U(eq)
u@) 4258(1) 6571(1) 4410(1) 30(1)
o(1) 6453(6) 5982(6) 5140(2) 37(1)
0(2) 1825(7) 6105(7) 3847(2) 51(1)
0@3) 5502(7) 5361(7) 4008(2) 50(1)
0(4) 3092(6) 7960(6) 4800(2) 43(1)
0(5) -2274(8) 3082(8) 3210(3) 74(2)
N(1) 6867(7) 8745(7) 4512(2) 42(1)
N(2) 3857(7) 9235(7) 3775(2) 41(1)
c(1) 8126(10) 6807(11) 5205(3) 57(2)
C(2) 8422(9) 7778(11) 4729(3) 48(2)
c(3) 6972(10) 9791(11) 4052(3) 55(2)
C4) 5272(10) 10592(11) 3848(4) 61(2)
C(5) 2544(9) 9631(9) 3441(3) 41(2)
C(6) 923(8) 8587(9) 3295(2) 36(2)
c(7) -370(9) 9340(9) 2930(2) 38(2)
C(8) -1931(9) 8489(10) 2744(3) 40(2)
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C(9) -2122(9) 6761(10) 2917(3) 41(2)

C(10) -874(9) 5905(9) 3284(3) 36(2)
C(11) 658(8) 6856(9) 3490(2) 34(2)
C(12) -3331(11) 9382(12) 2366(3) 64(2)
C(13) -1145(10) 4040(10) 3424(3) 49(2)

Table A.7. [(UO2)2(R-L1)2(H20)2]-2MeCN (1-2MeCN) (Chapter 5)

Atom X y z U(eq)
u@) -1944(1) 5219(1) 5413(1) 35(1)
u@) 1990(1) 4684(1) 4814(1) 36(1)
0(1) -4132(8) 5761(4) 5700(4) 43(2)
0(2) 469(8) 5658(4) 5221(5) 50(2)
0(3) 4108(9) 4105(4) 4476(5) 47(2)
0(4) -363(8) 4245(4) 5102(5) 46(2)
0(5) -1604(8) 5029(4) 6289(4) 49(2)
0(6) -2422(9) 5387(5) 4543(5) 53(2)
o(7) 2574(9) 4487(4) 5662(4) 49(2)
0(8) 1492(8) 4879(5) 3973(5) 58(2)
0(9) -3691(8) 4149(5) 5396(5) 41(2)
0(10) 3746(8) 5733(5) 4781(5) 43(2)
N(1) -1578(9) 6599(5) 5752(6) 46(3)
N(2) 1500(9) 3300(5) 4501(5) 39(2)
c(1) -4520(13) 6149(6) 6269(6) 41(3)
o)) -5799(15) 5974(8) 6596(7) 58(4)
c(3) -6247(18) 6396(11) 7147(9) 84(5)
C(4) -5446(16) 7007(11) 7367(8) 76(5)
C(5) -4202(15) 7192(8) 7040(7) 57(4)
C(6) -3680(12) 6758(7) 6490(6) 39(3)
c(7) -2319(13) 6993(7) 6163(7) 46(3)
c(8) -202(16) 6923(7) 5474(10) 74(5)
C(9) 931(16) 6335(8) 5590(11) 88(6)
C(10) -430(20) 7158(10) 4745(12) 135(10)
C(11) 4418(12) 3721(6) 3905(6) 39(3)
C(12) 5636(14) 3914(8) 3524(8) 58(4)
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C(13) 5999(18) 3511(9) 2955(9) 73(5)
C(14) 5168(17) 2881(9) 2766(8) 65(4)
C(15) 3966(15) 2701(7) 3148(7) 51(3)
C(16) 3541(11) 3122(6) 3710(6) 38(3)
c(17) 2218(12) 2903(6) 4077(6) 41(3)
C(18) 108(13) 2980(6) 4785(7) 46(3)
C(19) -337(13) 3495(6) 5364(7) 48(3)
C(20) -1057(15) 2927(10) 4229(9) 81(5)
N(3) -4426(18) 3883(8) 6825(8) 88(5)
Cc(21) -4110(20) 4178(12) 7302(10) 80(5)
C(22) -3770(30) 4612(18) 7915(12) 179(14)
N(4) 4350(20) 6138(9) 3382(8) 101(6)
C(23) 4070(20) 5856(10) 2900(10) 79(5)
C(24) 3690(30) 5519(18) 2261(11) 161(12)
Table A.8. [(UO2)2(S-LY)2(H20)2]-2MeCN (2:2MeCN) (Chapter 5)

Atom X y z U(eq)
u(1) 3057(1) 10218(1) -412(1) 29(1)
u(Q2) 6990(1) 9684(1) 189(1) 31(1)
0(1) 873(4) 10758(2) -698(2) 37(1)
0(2) 5470(4) 10659(2) -214(2) 47(1)
0(3) 9122(4) 9113(2) 521(2) 41(1)
0(4) 4636(4) 9244(2) -97(2) 40(1)
0(5) 2585(4) 10391(2) 455(2) 43(1)
0(6) 3402(3) 10031(2) -1285(2) 42(1)
o(7) 6497(3) 9886(2) 1046(2) 48(1)
0(8) 7562(4) 9484(2) -656(2) 42(1)
0(9) 1313(4) 9151(2) -396(2) 37(1)
0(10) 8733(4) 10736(2) 221(2) 39(1)
N(1) 3424(4) 11594(3) -740(3) 40(1)
N(2) 6506(4) 8301(2) 506(2) 31(1)
c(1) 494(5) 11146(3) -1262(3) 35(1)
C(2) -792(7) 10968(4) -1606(3) 56(2)
c@) -1227(8) 11391(5) -2152(4) 76(2)
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C(4) -442(7) 12006(5) -2372(4) 69(2)
C(5) 824(7) 12184(4) -2042(3) 54(2)
C(6) 1318(6) 11755(3) -1489(3) 35(1)
c(7) 2690(6) 11985(3) -1156(3) 41(2)
C(8) 4808(7) 11922(3) -483(5) 67(2)
C(9) 5932(7) 11324(4) -579(5) 84(3)
C(10) 4563(11) 12163(5) 242(6) 149(6)
c(11) 9419(5) 8729(3) 1092(3) 35(1)
Cc(12) 10640(6) 8908(4) 1481(4) 53(2)
C(13) 11002(8) 8491(4) 2040(4) 68(2)
C(14) 10179(8) 7883(5) 2242(3) 60(2)
C(15) 8960(7) 7692(4) 1856(3) 46(2)
C(16) 8547(5) 8125(3) 1293(3) 33(1)
c(17) 7210(5) 7903(3) 928(3) 33(1)
C(18) 5104(6) 7972(3) 223(3) 41(1)
C(19) 4651(6) 8494(3) -354(3) 44(2)
C(20) 3959(6) 7921(5) 771(4) 75(2)
N(3) 574(8) 8875(4) -1825(4) 83(2)
C(21) 887(9) 9168(5) -2302(4) 71(2)
C(22) 1257(11) 9574(8) -2924(5) 170(7)
N(4) 9373(9) 11133(4) 1620(4) 98(3)
C(23) 9075(9) 10851(5) 2106(4) 73(2)
C(24) 8697(12) 10495(7) 2739(5) 142(5)
Table A.9. [(UO2)2(R-L?)2(Me2NCHO)2] (3) (Chapter 5)

Atom X y z U(eq)
u(1) 8837(1) 3868(1) 2905(1) 28(1)
u(2) 6004(1) 2316(1) 2138(1) 27(1)
0(1) 10573(3) 4418(5) 3527(3) 42(1)
0(2) 7708(3) 2067(5) 3145(2) 32(1)
0(3) 4272(3) 1718(5) 1530(3) 41(1)
0(4) 7099(3) 4222(4) 1938(3) 34(1)
0(5) 9108(3) 2838(4) 2062(3) 38(1)
0(6) 8612(3) 4892(5) 3773(3) 44(1)
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o(7)
0(8)
0(9)
0(10)
N(1)
N(2)
N(3)
N(4)
C(1)
C(2)
CE)
C(4)
CE)
C(6)
C()
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)

6308(3)
5669(3)
8984(3)
5911(3)
9744(3)
5060(3)
9563(5)
5301(4)
11442(4)
12318(4)
13219(5)
13348(4)
14295(5)
14421(5)
13589(5)
12656(5)
12497(4)
11531(4)
10715(4)
9054(4)
7985(4)
8997(5)
3410(4)
2551(5)
1651(5)
1498(4)
560(5)
415(5)
1230(5)
2160(5)
2336(4)
3297(4)
4101(4)
5753(4)
6701(5)
6028(6)
9690(5)

1242(5)
3347(4)
6192(5)

-22(5)
1882(5)
4153(5)
8419(6)

-2280(6)
3639(7)
4320(8)
3582(8)
2101(9)
1347(9)

-51(10)
-739(9)

-52(8)
1425(7)
2207(9)
1543(7)

980(7)
1702(6)
-570(7)
2487(8)
1852(7)
2582(8)
4048(8)
4787(9)
6176(9)
6838(9)
6133(8)
4701(7)
3913(9)
4531(7)
4934(7)
5423(7)
3977(8)
7113(8)
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1325(3)
2947(3)
2218(3)
2865(3)
4006(3)

956(3)
2016(4)
2973(4)
3677(4)
3531(5)
3663(5)
3979(4)
4121(5)
4443(5)
4599(5)
4453(5)
4151(4)
4009(4)
4262(4)
4364(4)
4072(3)
4031(5)
1381(4)
1570(5)
1434(5)
1086(4)

949(5)

596(5)

403(5)

538(5)

874(4)
1013(4)

713(4)

564(4)
1343(4)

-88(5)
2343(4)

40(1)
38(1)
50(1)
46(1)
32(1)
32(1)
55(2)
47(2)
36(2)
48(2)
53(2)
39(2)
49(2)
60(2)
62(2)
53(2)
36(2)
36(2)
38(2)
40(2)
35(1)
60(2)
33(1)
45(2)
49(2)
37(2)
49(2)
55(2)
60(2)
52(2)
34(2)
35(1)
32(1)
36(2)
46(2)
64(2)
46(2)



C(30) 8533(7) 8917(13) 1470(6) 95(3)
C(31) 10444(8) 9422(9) 2137(7) 98(3)
C(32) 5185(5) -907(7) 2699(4) 42(2)
C(33) 6292(6) -2852(11) 3518(6) 80(3)
C(34) 4395(7) -3234(8) 2808(6) 84(3)
Table A.10. [(UO2)2(S-L?)2(Me2NCHO),] (4) (Chapter 5)

Atom X y z U(eq)
u() 1163(1) 6132(1) 7095(1) 28(1)
u(2) 3995(1) 7684(1) 7863(1) 27(1)
0o(1) -572(4) 5573(7) 6475(4) 43(2)
0(2) 2291(4) 7940(7) 6857(4) 33(1)
0(3) 5729(4) 8280(7) 8473(4) 42(2)
0(4) 2897(4) 5771(6) 8060(4) 34(2)
0(5) 890(5) 7174(7) 7943(4) 43(2)
0(6) 1377(5) 5114(7) 6222(4) 44(2)
o(7) 3685(5) 8774(7) 8678(4) 45(2)
0(8) 4324(5) 6653(6) 7046(4) 38(2)
0(9) 1023(5) 3803(8) 7789(5) 51(2)
0(10) 4082(5) 10020(7) 7134(5) 47(2)
N(1) 253(5) 8111(8) 5988(4) 34(2)
N(2) 4936(5) 5853(8) 9042(5) 34(2)
N(3) 436(8) 1571(9) 7985(6) 58(3)
N(4) 4693(6) 12276(9) 7025(6) 49(2)
c() -1431(6) 6367(11) 6318(6) 39(2)
C(2) -2317(6) 5682(11) 6468(7) 49(3)
C(3) -3219(7) 6423(12) 6340(7) 52(3)
C(4) -3347(6) 7884(13) 6019(6) 39(2)
C(5) -4291(7) 8675(13) 5886(7) 51(3)
C(6) -4421(7) 10048(14) 5554(8) 61(3)
c(7) -3592(7) 10742(13) 5396(7) 60(3)
C(8) -2652(7) 10057(11) 5547(7) 48(3)
C(9) -2496(6) 8575(11) 5846(6) 36(2)
C(10) -1529(6) 7794(13) 5995(5) 36(2)
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C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
Cc(17)
C(18)
C(19)
C(20)
c(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)

-710(6)
946(6)
2014(6)
1008(8)
6574(5)
7453(6)
8354(6)
8498(6)
9438(7)
9588(7)
8777(7)
7850(7)
7661(6)
6701(6)
5891(6)
4247(6)
3298(6)
3965(9)
299(7)
1476(11)
-453(11)
4816(7)
3707(9)
5605(10)

8460(11)
9031(11)
8296(10)
10583(11)
7535(11)
8152(11)
7416(12)
5957(13)
5221(13)
3835(13)
3164(13)
3873(13)
5295(10)
6089(14)
5467(9)
5070(10)
4587(10)
6021(13)
2885(12)
1070(20)
586(14)
10904(11)
12838(16)
13223(13)

5724(6)
5633(6)
5930(5)
5968(8)
8621(5)
8439(7)
8574(7)
8916(5)
9057(7)
9402(7)
9599(8)
9465(8)
9120(6)
8976(5)
9287(6)
9440(6)
8654(6)

10092(7)
7651(6)
8516(9)

7855(11)

7304(6)
6477(8)
7179(9)

37(2)
40(2)
38(2)
59(3)
35(2)
48(2)
48(3)
38(2)
51(3)
56(3)
64(3)
58(3)
34(2)
38(2)
33(2)
39(2)
44(2)
68(3)
46(2)
100(5)
101(5)
43(2)
82(4)
91(4)
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