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ABSTRACT

Using renewable solar and wind energy is a sustainable and benign approach to
realizing a carbon-neutral economy by mitigating the adverse effects of burning
traditional fossil fuels. However, the capricious nature of solar and wind energy requires
energy storage devices to streamline the energy generation and supply of the electricity
grid. Aqueous redox flow batteries are promising technologies for integrating renewable
energy into the electricity grid because of their scalability, safety, low cost, and modular
design. The aqueous vanadium redox flow batteries are currently state-of-the-art and
most commercially viable technology. However, the price of vanadium-based redox
active materials and environmentally hazardous electrolytes limits their widespread
implementation. The aqueous organic and organometallic redox active molecules and
polymers are low-cost and benign alternatives to traditional inorganic active materials.
The composition of organic materials ensures their widespread availability and limited
cost constraints due to geopolitical-driven trades. The volumetric capacity, redox
potential, and chemical stability of organic materials are limited; however, they can be

tuned by rational molecular engineering.

The primary efforts of this thesis are to synthesize derivatives of ferrocene, viologen,
and aromatic imides with high water solubility, multi-electron storage, chemical
stability, and low crossover using a molecular engineering approach. The ferrocene and
viologen derivatives with multielectron storage capability were synthesized by judicially
incorporating multiple viologen and ferrocene subunits in the molecules. The ferrocene
and viologen-based polymers were designed to limit crossover in combination with a
size exclusion membrane. The polymers were synthesized by combining two units
responsible for redox activity and enhancing water solubility. In the next step, the
molecular engineering of pyromellitic and naphthalene diimide derivatives was done by
tailoring alkyl sulfonates with variable alkyl chain length, alkyl phosphonate, and
zwitterionic functionalities in the molecular backbone. A systematic synthesis approach
was adopted to study the effect of alkyl chain length, counterions, extended -
conjugation, and functional groups on electrochemical performance and the m-m

stacking phenomenon of aromatic diimides.



The electrochemically active ferrocene, viologen, and aromatic diimide derivatives
with desired properties were successfully synthesized using the molecular engineering
approach. The electrochemical properties of the synthesized molecules and polymers
were evaluated extensively with density functional theory -calculations, cyclic
voltammetry, and rotating disk electrode voltammetry measurements. Besides, we
studied the water solubility mechanism using a combined framework of density
functional theory calculations, nuclear magnetic resonance spectroscopic
measurements, and molecular dynamics simulations. The mechanistic insights help in
synthesizing highly water-soluble organic materials by polarizing the charge density on
the molecular structure. The flow battery performance of synthesized molecules and
polymers was evaluated comprehensively with ion exchange and size exclusion
membranes, respectively. A maximum capacity retention of >99.997% per cycle, >90%
energy and voltage efficiency, >95% capacity utilization, and >99.9% coulombic
efficiency have been obtained. The elucidation of electrochemical stability post-battery
cycling has provided an opportunity to improve the molecular structure and design the

next generation of organic materials with superior battery performance.
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capacity showing the effect of current density on the charge/discharge capacity. (d) The
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