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PREFACE

This thesis is organized into six chapters. First five chapters describe the self-assembly of
various low molecular weight gelators (LMWGSs) to hydrogel, organogel, coordination
polymer gels (CPGs), their photophysical properties and versatile applications related to
energy and environment. The last chapter describes the metal-organic cube (MOC)-based
hydrogels and their applications.

Chapter 1 gives brief overview of LMWGs, CPGs, metal-organic cages and cage
derived gels, discusses their importance, properties and potential applications.

Chapter 2 reports rational design and synthesis of a blue emitting LMWG having
9,10-diphenylanthracene core and terminal terpyridine groups. Self-assembly of the
LMWG in organic solvent results in organogel which exhibits nanofiber moephology.
Coordination of Th"' and Eu" ion to LMWG results in green and pink emissive CPGs,
respectively. The CPGs show coiled nanofiber morphology. Moreover, coordination of
both Th" and Eu" to LMWG vyields bimetallic CPGs in which precise stoichiometric
control over LMWG: Eu"":Tb"' leads to tunable yellow and white emitting bimetallic
CPGs. High processability of CPGs is utilized for large area coating applications.
Moreover, a white-light emitting LED has been fabricated through mere coating of white-
light emitting CPG over a commercial blue LED.

Chapter 3 comprises of two parts: Part 3A reports synthesis of a flexible,
amphiphilic LMWG having 4,4',4"-[1,3,5-phenyl-tri(methoxy)]-tris-benzene core and
three terminal 2,2":6',2"-terpyridyl moieties which are connected by alkylamide chain.
The LMWG exhibits bimodal self-assembly in aqueous and organic solvents and results
in hydrogel and organogel, respectively. The donor-acceptor z-stacking results in CT
emission in hydrogel and donor-donor m-stacking results in normal LMWG-based
emission in organogel. Also, different spatial disposition of n-chromophores lead to the
formation of nanospheres and nanofibers in hydrogel and organogel, respectively.
Moreover, the hydrogel-nanospheres having surface-exposed amide groups, are exploited
as soft nano-catalyst for Knoevenagel condensation reaction. Hydrogel-nanocatalysts
show high recyclability without change in morphologies. The enhanced catalytic activity
is correlated to the high surface-to-volume ratio of the nanospheres of hydrogel which
facilitate easy contact between the substrates and catalytic surface. Part 3B reports self-
assembly of the same LMWG with different metal ions which results in CPGs that show

controllable nanomorphologies, tunable emission and stimuli-responsive behaviours. The
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LMWG also act as a selective chemosensor for Zn" with very low limit of detection (0.18
ppm) in aqueous medium. Self-assembly of the LMWG with Zn" in H,O/MeOH solvent
mixture results in a CPG which exhibits sheet-like morphology and charge-transfer
emission. On the other hand, coordination of LMWG with Tbh"' and Eu"" in CHCI3/THF
solvent mixture results in green and red emissive CPGs, respectively with nanotubular
morphology. Moreover, precise stoichiometric control of LMWG: Eu': Th" ratio leads
to the formation of bimetallic CPGs which show tunable emissions, including white-light-
emission. We also explore the multi-stimuli responsive properties of the white-light-

emitting CPG by exploiting the dynamics of Ln"

-tpy coordination.

Chapter 4 reports synthesis and self-assembly of two LMWGs having pyrene
derivatives as core and 2,2":6',2"-terpyridyl groups as metal binding sites. Self-assembly
of the LMWSGs results in organogels which shows nanofiber morphologies. The
coordination driven self-assembly of LMWGs with ruthenium ions (Ru") results in CPGs
that exhibit broad visible-light absorption due to metal-to-ligand charge transfer (MLCT)
transition and n-m* transition of pyrene centres. The CPGs show visible-light driven
hydrogen evolution and good recyclability. Moreover, their photocatalytic activities are
improved by many folds after doping with a transition metal co-catalyst which has
structural resemblance with the naturally occurring [FeFe] hydrogenase.

Chapter 5 reports synthesis of two photo-responsive LMWG, containing stilbene
and azobenzene core which are connected to 2,2":6',2"-terpyridyl moieties by flexible
alkylamide chains. Self-assembly of the stilbene containing LMWG is driven by n-nt
stacking and H-bonding interactions and results in organogel which shows nanofiber
morphology. Interestingly, the azobenzene core based LMWG does not form gel in the
same condition. Coordination driven self-assembly of the LMWG with Zn** results in
CPG which also exhibits nanofiber morphology. Both organogel and CPG show blue
emission which quenched significantly after irradiation with UV light (A=365 nm)
indicating photochemical change of gelators in both. *H-NMR study confirms that the
gelator molecules undergo [2+2] cyclo-addition and form tetraphenyl cyclobutane in gel-
state after photo-irradiation. Such photo-cyclization also affects the nano-morphology of
the photo-irradiated gels which show nanotape morphology.

Chapter 6 comprises of two parts: Part 6A reports synthesis of a water soluble
anionic MOC {[Gag(ImDC)1,]**} and its self-assembly to hydrogels in presence of
different molecular binders. The charge-assisted H-bonding interactions between the

anionic MOCs and cationic molecular binders such as, ammonium ion (NH;"), N-(2-
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aminoethyl)-1,3-propanediamine, guanidine hydrochloride, and g-alanine, drive the self-
assembly. Depending upon the structure and geometry of the molecular binders, the
hydrogels show different morphologies. The hydrogel, formed with ammonium cations
exhibits nanotubular morphology with negatively charged surface. This hydrogel is
explored for gel-chromatographic separation of cationic species from anionic
counterparts. The hydrogels also exhibits pH-responsive behaviours. Part 6B reports the
proton conductivities of a MOC-based supramolecular porous framework and MOC-
based hydrogels. The proton conductivity of all the materials increases with increasing
humidity at a particular temperature and follow the Grotthuss mechanism. The highest
value of proton conductivity of the porous framework is 1.4 x 10 Scm™ at 98% RH and
25 °C. The proton conductivity drops drastically under anhydrous condition which
indicates that the H-bonded guest water molecules present throughout the network play
important role in facilitating the proton conductivity. Proton conductivity of two MOC-
based hydrogels, MOC-G1 and MOC-G2, prepared by using ammonium cations and
guanidium cations as molecular binders, are also studied. Among them, the MOC-G1
having nanotubular morphology exhibits highest proton conductivity (1.8x10% Scm™ at
98% RH and 25 °C) which is comparable with the other highest reported values in
literature. Part 6C reports capacitive behaviour of a hydrogel formed by supramolecular
self-assembly of MOC and graphene oxide (GO). Self-assembly of anionic MOC and GO
is driven by H-bonding interaction between the carboxylate groups of MOC and hydroxyl
or epoxy groups of GO, present on the basal plane and results in MOC+GO hydrogel
which show layered nanostructure. The MOCs are intercalated between the GO sheets.
The hydrogel exhibits capacitive behaviour and its specific capacitance (Csp = 10 F/g) is
higher than the Cs, of as-synthesized GO (0.68 F/g).
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1.1 Gel materials

Over the past few decades, enormous research interest has been directed towards
the development of functional gel materials due to their widespread applications in
biomedicine, optoelectronics, cosmetics, and in food industry.® Gels are soft materials
which are easily recognized by “inversion test” method, which means if a pot of gel is
turned upside down it remains stable under gravitational force.? Daily-life examples of
gel include shower gel, shampoo, toothpaste, hair gel, soft contact lenses, etc. which are
basically multi-component gels. In general, gels are viscoelastic solid-like materials
which comprise of two coexisting phases; a large amount of liquid phase and a solid
network which immobilises the flow of solvents. Depending upon the nature of solid
phase gels are broadly divided into two categories: i) polymeric gels and ii)
supramolecular gels (Chart 1). Among these two types, polymeric gels have been known
for centuries. They consist of cross-linked polymer networks and the interstitial spaces of
the network are filled with fluid. Polymer gels have ability to undergo substantial
swelling and collapsing depending upon the environment. Because of such remarkable
properties polymer gels have been well-explored for diverse applications in the fields of
food, medicine, materials science, cosmetics, pharmacology and sanitation.™® Poly vinyl
alcohol (PVA), poly acrylic acid (PAA) and poly acrylonitrile (PAN) are the commonly
used in industry to prepare polymer gels. The major drawback of polymeric gel is that
they cannot undergo reversible gel-sol transition and therefore have low processability.
Recently, a new type of gel, known as suporamolecular gel, derived from self-assembly
of low-molecular weight gelators (LMWGs) have been developed (Chart 1).*
Supramolecular gels have attracted increasing attention due to easy synthesis, high
solution processability and dynamic sol-gel reversibility which are useful for versatile

applications.

1.2 Different types of supramolecular gels

Supramolecular gels which are also viscoelastic materials contain two phases; the
solid network and the solvent phase. Here the solid networks are made of supramolecular
nano/meso-structures. Depending upon the nature of the liquid phase, supramolecular gels
are broadly classified into two categories: hydrogels and organogels. As the name
indicates, in hydrogels water is immobilized in a solid network, whereas in organogels

organic solvents are immobilized in a solid network. The solid networks of

3 |
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Gelator
Organic gelator Metallogelator
Polymeric Gelator Low Molecular  Discrete metal Coordination polymer
Weight Gelator  complex gelator as gelator
(LMWG)

Chart 1. Classification of gelators. Figure reproduced from ref. 6f with permission.

supramolecular gels consist of a small amount (usually less than 5% by weight) of
LMWGs.> The LMWGs self-assemble in organic solvents or water through various non-
covalent interactions, such as H-bonding, hydrophobic interactions, dipolar interactions,
electrostatic interactions and n—m stacking, which facilitate their one dimensional growth
to fibrils. These fibrils are further assembled through van der Waals interactions and form
fibers. Three-dimensional entanglements of fibers result in a typical fibrous network of
gel (Figure 1).° However, instead of the conventional fibrous network, self-assembly of
LMWGs could also result in other nanostructures, such as ribbons, platelets, spheres,
tubular structures or cylinders, which further entangle to form three-dimensional
networks that encapsulate the solvent molecules and prevent their flow.*® Gelator
molecules can be classified into two categories according to their mode of molecular

aggregation: hydrogen-bond based gelators® and non-hydrogenbond based gelators

Hierarchical self-assembly through non-covalent interactions

| Molecules 1D aggregate Fibres Gel
; ’ ToH. ——
Vg amm - ., S
|/
- / B
Isotropic Anisotropic 0.1-1% (wt)
solution self-assemby Gelator

Figure 1. Bottom-up self-assembly of a supramolecular gel from LMWG. Figure
reproduced from ref. 6e with permission.
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Figure 2. List of hydrogen bond-based gelators (1-16).

(Figure 2, 3).>% Examples of hydrogen-bond based gelators include aliphatic amide, urea,
peptide, amino acid and sugar derivatives, which have both H-bond donating and
accepting sites (Figure 2).” Non-hydrogen-bond based gelators include cholesterol
derivatives, dendrimers, porphyrins and molecules having extended =m-cores which
aggregate through n—m stacking, van der Waals forces and/or solvophobic interactions
(Figure 3).2 There another kind of gelators, known as amphiphilic gelators which have
both H-bonding sites and n-core. The amphiphilic gelators self-assembled by H-bonding
and hydrophobic interactions (Figure 4). Usually, the bottom-up approach to self-
assembly is utilized to construct supramolecular structures of gels. In a typical synthetic
procedure, the gelator molecules are heated in a particular solvent or mixture of solvents
until they completely dissolved to form clear solution (sol form). Upon cooling the sol,
the gelator molecules undergo supramolecular assembly to form three-dimensional nano-

or microstructures which immobilize solvent molecules and form stable gel. The sol—gel
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Figure 3. List of non-hydrogen bond based gelators (17-22).

phase transition process is usually thermoreversible for many times without significant
change in gel-nanostructure. Gels could also be prepared by sonicating the solution of
gelator molecules. The supramolecular organogels and hydrogels exhibit a wide range of
applications which have been nicely summarized by Smith et al.” Despite the great
development in hydrogel and organogel chemistry, recently there has been increasing
interest in the investigation of supramolecular metallogels (Chart 1).*° A metallogel is
defined as a gel which contains both LMWGs and metal ions. The coordination of metal
ions to LMWG directly or indirectly participates in the formation of metallogel network.
Again, metallogelators could be classified into two categories: i) discrete metal complex
as gelator and ii) coordination polymer as gelator. The synergistic combination of metal

ion and LMWG results in many novel functionalities in metallogels. The properties and
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Figure 4. List of amphiphilic gelators that aggregate through both H-bonding and 7-n
stacking or hydrophobic interactions (23-28).

applications of all the different types of supramolecular gels are discussed systematically

in the following sections.

1.3 Hydrogels and its applications

As discussed earlier, the supramolecular gels are mainly divided into two groups,
namely supramolecular hydrogel and organogel. Among them, hydrogel is a swollen
network containing water, and supramolecular nanostructures which consist of self-
assembled gelators. To date, a wide variety of gelators have been explored for preparing
hydrogels. Majority of these gelators are based on natural products, such as amino acids,
saccharides, nucleosides, nucleotides or bile acids.® Despite this variety, there are other
type of gelators which contain both hydrophilic and hydrophobic units, also known as
amphiphilic gelators. The supramolecular interactions, involved in the physical

crosslinking of gelator molecules in hydrogels are mainly hydrophobic interaction,
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hydrogen bonding, electrostatic interaction and host-guest interaction. Next sections are

the discussions about these interactions.

1.3.1 Hydrophobic interaction

Hydrophobic interactions play a dominant role in the formation of large biological
systems. These interactions are also useful for preparing hydrogels. Among different kind
of supramolecular interactions, hydrophobic interaction is especially suitable to the
formation of hydrogels. Water-soluble gelators having hydrophobic core, end groups or
side chains prefer to get self-assembled by hydrophobic cross-linking. Such gelators
usually form micelles at lower concentrations, because they are essentially amphiphilic
molecules and therefore can act as surfactants. At low concentrations the hydrophilic
parts of the gelator form loops, thereby allowing all hydrophobic groups to be
accommodated in the micellar core. However, at higher concentration the pre-formed
micelles aggregates and results in a network (Figure 5).***"' The concentration, at which
the aggregation happens, is dependent on the nature and ratio of the hydrophilic and
hydrophobic groups present in the gelator. It also depends upon additional components
present in water, such as salt or surfactants. The hydrogels formed by hydrophobic
association exhibit a high degree of toughness due to the mobility of the junction zones

within the gel network, which contributes to the dissipation of the crack energy along the

Low concentration: High concentration:

—— Hydrophilic block
—— Hydrophobic block

Figure 5. Behavior of ABA-triblock copolymers with a hydrophobic-hydrophilic—
hydrophobic structure in water at different concentrations. This figure has been

reproduced with permission from reference no. 111

hydrogel sample. Therefore, such hydrogels usually exhibit good self-healing properties.
Several reports are there on hydrophobically associated hydrogels. However, most of

them are made of polymeric gelators.’**? Some of the earliest examples were reported by
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Tsitsilianis et al., who showed the formation of hydrogels from polystyrene-b-
poly(sodium acrylate)-b-polystyrene (PSt-b-PNaA-b-PSt) triblock copolymers. In their
example micelles were formed below 0.2% concentration, while weak gels were formed
above 0.4% concentration.™™! Other hydrogels prepared from triblock copolymers with a
hydrophobic-hydrophilic-hydrophobic structure, in which the hydrophilic block was
formed by poly(sodium methacrylate) and the hydrophobic blocks by polybutadiene (10
Wt%), were reported by Vlassopoulos et al.'y The effect of cationic and anionic
surfactants was also studied, and it was found that the addition of surfactants induces gel
formation by promoting bridge formation between micelles at a low polymer
concentration. Weiss et al. reported physically crosslinked hydrogels made from the
ABA-triblock copolymer with hydrophobic poly(2-(N-
ethylperfluorooctanesulfonamido)ethylmethyl acrylate) as outer blocks and hydrophilic
poly(N,N'-dimethylacrylamide) (PDMAM) as middle block.** Few examples of LMWG
that possess an amphiphilic structure and self-assembled by hydrophobic interaction are
represented in Figure 4. All these amphiphilic LMWG either has flexible long
hydrocarbon chains or a hydrophobic, rigid tetracyclic steroid unit.

1.3.2 Hydrogen bonding

Hydrogen bond is a type of non-covalent interaction (X-H:--Y) that plays an
important role in the structure-property correlation of bio-macromolecules and in various
biological molecular recognition processes.***® Hydrogen bond is also widely employed
in the construction of discrete organic cages, extended crystalline metal-organic
architectures and soft supramolecular gels.}*" The reason behind such versatility of
hydrogen bond is essentially the short and directional electronic interaction between
donors and acceptors that result in wide range of materials with an array of exciting and
complementary properties.*? Interestingly, the hydrogen bonds are well-known to be
dynamic, i.e constantly breaking and reforming when triggered by external stimuli. This
promising feature makes the hydrogen bond one of the most commonly employed
supramolecular interactions in the preparation of hydrogels. There are several examples
of hydrogen-bonding gelators as shown in Figure 2. All of them contain multiple
hydrogen bonds sites, such as in ureidopyrimidinone (UPy), urea, peptide, amino acid and
sugar derivatives. In addition, they often contain water shielding hydrophobic groups
which are required to form a strong network of hydrogel. In the case of biopolymers such

as peptides or agarose, hydrogen bonding stabilizes the secondary structure and induces
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the hydrogel formation by self-assembling into fibrils or fibers (Figure 6).® Most of the

hydrogen bonding gelators follow similar mechanism to form hydrogel networks.
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Figure 6. The primary, secondary, and tertiary structure of a self-assembled gel formed
by H-bonding interaction. Figure reproduced from ref. 11b with permission.

1.3.3 Electrostatic Interaction

As charged groups are easily water-soluble, the strong electrostatic interaction
between oppositely charged species is another common example of supramolecular
interaction utilized for preparing hydrogels. This can be done by using for example blocks
of ionic monomers, which can form complex clusters that will act as supramolecular
crosslinks, together with nonionic water-soluble blocks. Mixtures of homopolymers of
certain weak polyions can also form hydrogels, as the ionic groups will only participate in

crosslinking while others will remain in solution.”

As the solubility of ionic groups is
low in most organic solvents, examples of organogels formed by electrostatic interaction
are very rare. However, weak electrostatic interaction can sometime play role in the
formation of organogel. In a recent review, Yoon et al. have discussed about
supramolecular materials based on electrostatic interactions for biomedical
applications.™®® In an early example, Aida et al. reported a series of dendritic molecular
binders (Gn-binder) which contain multiple guanidinium ions at the end (Figure 7). The
electrostatic interaction in combination with H-bonding interaction, between anionic clay
nanosheets and dendritic molecular binders facilitated the cross-linking of the clay

13c

nanosheets and formed hydrogels (Figure 8).” Another example of a hydrogel formed by

I.le

electrostatic interaction was shown by Hennink et al.” Oppositely charged dextran
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Figure 7. The structure of molecular binder which participate in electrostatic interaction

with clay nanosheets. Figure reproduced from ref. 13c with permission.

E
Figure 8. The mechanism for hydrogelation by the electrostatic interaction between Gn-

binder and exfoliated clay nanosheet. Figure reproduced from ref. 13c with permission.

microspheres were formed by copolymerization of hydroxyethyl methacrylate-
functionalized dextran with either methacrylic acid or DMAEMA. Gelation occurred
when equal volumes of positively and negatively charged microspheres were mixed
together at pH 7. The hydrogen network showed so-called shear thinning behaviour, i.e
the physical network was broken at high stress and reformed when the stress was

removed.
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1.3.4 Host-guest interaction

Another important supramolecular interaction commonly employed for gel
formation is host-guest interaction which is nothing but a resultant of combined hydrogen
bonding and electrostatic interaction.!**® Supramolecular gels formed by host—guest
interactions have several important characteristics, such as strong binding affinity, fixed
geometry and directionality. Moreover, the host-guest gels are often found to be
responsiveness to pH or other external stimuli which make them very appealing for
biomedical applications such as drug delivery. Cyclodextrins (CD) are the most common
example of host molecules. They are hydrophilic on the outside and relatively
hydrophobic on the inside cavity where different guest components (e.g. aliphatic
molecules, adamantine and ferrocene) can be accommodated.**" In addition, they are

commercially available and can be modified relatively easily. Other examples of host that
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Figure 9. A supramolecular hydrogel formed of Ca'"crosslinked B-CD modified alginate
and DETA-modified alginate, which takes advantage of pH-sensitive f-CD-DETA host—

guest interactions to achieve the shape memory behaviour. Figure reproduced from ref.

14j with permission.

14d-f

have been used for supramolecular gel formation are cucurbituril, crown ether™™" and

149,h

pillarene™™". Host-guest interaction is one important driving force for fabricating

supramolecular shape memory hydrogels (SSMHs).'*

A typical example of host-guest
interaction is the pH-sensitive complexation of B-CD and diethylenetriamine (DETA),
which is formed in basic medium but dissociated in neutral medium. Han et al. fabricated
a pH-responsive shape memory hydrogel by crosslinking the 3-CD modified alginate and
(DETA)-modified alginate with Ca" at room temperature (Figure 9).* Due to pH-
responsive nature of the B-CD-DETA interactions, the hydrogel could be deformed into
many different shapes in the basic medium and recovered to the original state in the

neutral medium. The fixity and recovery ratio of this hydrogel were found to be 95% and
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96%, respectively. Such pH-triggered SSMHs have promising medical applications.
Apart from pH-response, supramolecular host-guest hydrogels are known to show photo-
responsive behaviour. Tamesue et al. first showed photo-switchable supramolecular
hydrogels prepared from CD-functionalized glucan as the host and azobenzene

B ! v S UVirradiation /_C/ 9 '
o =]
s, § ”  Vis irradiation 4
2 4 3
_ O\\

Figure 10. Light-responsive sol-gel transition of host-guest supramolecular hydrogels.
Figure reproduced from ref. 141 with permission.
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Figure 11. Schematic illustration of stretchable supramolecular hydrogels with a triple
shape memory effect, (a—c) Acrylamide is polymerized in the presence of Alg-PBA and
PVA, then the supramolecular network is formed via immersion into alkaline solution to
generate dynamic PBA—diol ester bonds, (d) The reversible PBA—diol ester bonds and the
chelation of Alg/Ca" endow the hydrogel with triple shape memory behavior at both the

macro-scale and micro-scale. Figure reproduced from ref. 17m with permission.

functionalized polymer as the guest.** Guan et al. reported a photo-responsive hydrogel
formed by host-guest interaction of poly(N-isopropylacrylamide) (PNIPAM) containing

azobenzene groups and cyclodextrin dimers. Upon UV-light irradiation the azobenzene
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groups undergo trans to cis isomerization which hampers the host-guest interactions and
therefore the hydrogel converts to sol (Figure 10).** Chen et al. reported a mechanical
stretchable supramolecular hydrogel with a triple shape memory effect at the macro/micro
scale. The introduction of a double network concept into supramolecular shape memory
hydrogels endows them with excellent mechanical properties.**™ The design of two non-
interfering supramolecular interaction systems of both dynamic phenylboronic (PBA)—
diol ester bonds and the chelation of alginate with Ca" endues the hydrogel with
outstanding triple shape memory functionalities (Figure 11)

1.4 Organogels and its applications

Usually, organogels are formed by dissolving a small amount of the gelator in hot
organic solvent followed by cooling below the gel transition temperature (Tge).
Organogels are characterized by using a variety of analytical tools, particularly
spectroscopic and microscopic techniques. Organogels exhibit diverse supramolecular
architectures with wide range of properties. The diversity of nanostructures and properties
of the organogels make them promising candidates for several potential applications in
different fields, such as food, cosmetics, medicine, tissue engineering, biomineralization,
catalysis, controlled release etc .***" In recent years, organogels based on functional
chromophoric-gelators and dyes have attracted immense interest as novel functional
materials for optoelectronic applications, especially energy transfer and light hervesting
applictions.***9 Supramolecular alignment of chromophoric assemblies achieved through
gelation provides functional materials with tunable optoelectronic properties which have
potential applications in molecular and supramolecular electronic devices. For example,
chromophore based organogels are excellent model systems for the active layers in plastic
electronic devices.™>*"" Therefore, a large variety of chromophore based organogelators
have been synthesized and studied which include chromophores such as phthalocyanines,
porphyrins, [n]acenes, pyrene, cyanine, squaraine, fluorene, tetrathiafulvene,
phenanthroline, azobenzene, stilbene, butadiene, hexabenzocoronene, thiophene,
phenylene, phenylacetylene, phenylenevinylene etc.’®*¢ Among these, naphthalene,
anthracene, pyrene, perylenes, phenylenevinylenes etc. are useful chromophore systems
for energy transfer processes. In recent years, a large number of reports have appeared on
organogelators based on these chromophores as scaffolds for energy transfer and light

harvesting applications.
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Figure 12. Emission changes in the cholesterol appended phenanthroline based gelator
upon protonation with TFA. Figure reproduced from ref. 15k with permission.
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Figure 13. Emission spectra of an OPV based gel in cyclohexane at 20 °C and 70 °C and
corresponding colour change. Figure reproduced from ref. 4d with permission.

One of the early examples of energy transfer in a gel medium is reported by Sagawa
et al.*¥ Pyrene and porphyrin functionalized L-glutamate derivatives were used for this
purpose. Detailed gelation studies revealed that the pyrene derivative forms physical gels
in benzene and cyclohexane. However, the porphyrin derivative failed to form gel in any
solvents. Spectroscopic studies suggest that amide hydrogen bonding leads these
molecules to form ordered co-facial chiral aggregates even in the solution state. Energy
transfer studies in the mixed assemblies of pyrene and porphyrin derivatives revealed
singlet-singlet energy migration from pyrene excimers to the free base porphyrin. In
another example a cholesterol appended 1,10-phenanthroline based gelator showed proton

sensitive energy transfer phenomena.*™

In the presence of two equivalents of
trifluoroacetic acid (TFA), the purple emission (360 nm) of the gel was quenched

completely, with the appearance of the yellow emission (530 nm) corresponding to the
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protonated form of the gelator due to energy transfer from the neutral to the protonated
form (Figure 12). Electron and energy transport properties of m-conjugated molecules are
strongly influenced by the orientation of the chromophores within the self-assembly. A
viable approach towards this end is the design of conjugated building blocks that form
organogels in appropriate solvents through noncovalent interactions leading to entangled
fibrous assemblies.’®®¢ Oligo(p-phenylenevinylene) (OPV) derived gelators are most
suitable for this purpose. The photophysical and morphological properties of the OPV
based organogels could be modified by simply modifying the structures and the non-
covalent interactions. The most striking feature of the gelation of OPVs is the modulation
in optical properties. Upon gelation, OPVs exhibit a large shift in the emission towards

the long wavelength region (Figure 13).°""

1.5 Metal containing supramolecular gels

In this type of supramolecular gel, the coordination of metal ions is directly or
indirectly involved in the formation of gels and they are usually known as metallogels.
The metallogel contains both LMWGs and metal ions.?*'® Metallogels are broadly
divided into two categories (Chart 1). In one case, discrete metal complexes are self-
assembled through various non-covalent interactions, exerted by ligand or metal ions, and
result in a fibrous network.’® Here, metal ions are integral parts of gelator molecules
which assemble into primary, secondary, and tertiary structures. However, metal ions are
not directly involved in the organization of the fibrous network.'” These systems usually
contain substitutionally inert metal ions which are held by multidentate or macrocyclic
ligands. In 1996, Terech et al. first reported the fibrillar aggregates of Zn'-
metalloporphyrinates in organic solvent.*” In later years, a great deal of work on
porphyrin-based metallogels was carried out by Shinkai et al., who explored a wide
variety of substituents to the porphyrin core.® Later on, Abe et al. developed redox active

metallocene-based metallogelators.*®?

Platinum(ll) containing metallogelators with
luminescence properties were developed by Nolte et al. and Yam et al.® * Recently, a
new kind of metallogel has emerged in which metal ions act as nodes and LMWGs act as
linkers. Therefore, the combination of a metal ion and a LMWG results in a coordination
polymer, which immobilizes the large amount of solvent within it. This type of gel is
called the coordination polymer gel (CPG).®>" In the case of CPG, gelation is induced by
metal— ligand coordination and metal ions actively participate in the formation of the gel

network. Early research on CPGs was started by Xu et al. who reported a series of
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pyridine-based LMWGs which upon coordination with Pd" resulted in catalytically active
CPGs.?% Weiss et al. reported CPGs of bisphosphonate esters, phosphonic acids,
monophosphonate esters, and phosphoric acid esters by the self-assembly with different
metal ions.”® Later on, James et al. and McGrail et al. showed that linkers which are
utilized for synthesizing crystalline coordination polymers could also be used for
synthesizing CPGs.2*> 29 By following their novel examples, different research groups
started to rationally design a large variety of LMWGs, which upon coordination with
metal ions result in CPGs. The reason behind the growth of interest stems from the fact
that the presence of metal ions provides an additional scope for tuning the properties of
the gel materials. Indeed, the unique redox, optical, electronic and magnetic properties of
metal ions could be easily introduced in soft organic—inorganic hybrids which hold great
promise for applications in diverse fields, including biomedicine, catalysis and

optoelectronics.?’ The next sections focus on CPGs.

1.5.1 Coordination polymer gels (CPGs)

The use of metal-ligand coordination chemistry to direct the assembly of LMWGs
has opened up a new platform at the frontiers of supramolecular chemistry and
coordination chemistry. The reason for the utilization of metal-ligand interactions as a
tool to construct higher dimensional structures is due to their dynamic nature, which
allows the formation of controllable and extended structures. Metal-organic frameworks
(MOFs) are well-known examples where extended metal—-organic linker interactions are
utilized to construct infinite, long-range ordered one-, two-, or three-dimensional
structures.”* Usually, MOF are highly crystalline and their structure can be easily
determined by single crystal X-ray crystallography. MOFs showed promising applications
in gas storage, separation, catalysis and optoelectronics.?? However, low solution
processability of crystalline bulk MOFs greatly limits their application in device
fabrication and biological sciences. In this regard, coordination polymer gels or MOF-
gels are superior as reversible sol-gel behaviour and different nano-morphologies,
enhances their processability and facilitates the easy fabrication of large-area and flexible
displays and portable sensing-kits. Moreover, the stimuli-responsive behaviour of CPGs
could be utilized for targeted drug delivery.?® The first step to synthesize a CPG is to
rationally design a LMWG containing, at least, two metal ion binding sites. Binding of
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in various fields. Figure reproduced from ref. 6f with permission.

metal ions to such gelators induces the self-assembly to form 1D/2D/3D coordination
polymers which further assemble to form the fibrous architecture of CPGs. The LMWGs
act as linkers and metal ions act as nodes. The structure of the coordination polymer
network is strongly dependent on the geometry of metal ions, the conformation and
binding sites of LMWGs.?* It is known that, depending on the metal ions, coordination
geometry and structures of LMWGs, CPGs show different properties, such as intriguing
spectroscopic, catalytic and redox properties (Scheme 4).°° In summary, selection of
metal ions, molecular designing of LMWGs and fine tuning of the gelation conditions are
crucial steps that control the self-assembly process to generate various nanostructures and

properties of the resulting CPGs.
1.5.2 Applications of CPGs

1.5.2.1 CPGs for Drug delivery

CPGs have emerged as an alternative to current polymeric gels for controlled drug
delivery. Several coordination polymer hydrogels have been widely employed as
intelligent carriers for controlled drug-delivery.?* Since CPGs are essentially formed by
coordination-driven self-assembly of LMWGs, controlling the reversible formation and
breakage of coordination bonds is an essential step to exploit the CPGs for drug delivery
application. Perturbation of coordination bond in CPGs is normally achieved by chemical
or physical stimuli. Stimuli-responsive CGPs as a drug delivery system are successfully
demonstrated for regenerative medicine by several groups.?® ° Jung et al. reported a

coordination polymer hydrogel, formed by the coordination driven self-assembly of a
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pyridine-based LMWG and Cu" and its efficiency as a delivery system for curcumin

(Figure 14).2%
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Figure 14. (a) Molecular structure of pyridine-based gelator, (b) Photographs of (i) the
coordination polymer hydrogel (ii) CPG with curcumin (iii) CPG with curcumin +
aqueous solution after 10 min and (iv) after 80 min, (c) UV-Vis spectra of the supernatant
aqueous solution after (i) 10 min and (ii) 80 min and (iii) the stock solution of curcumin.
Figure reproduced from ref. 24c with permission.

1.5.2.2 CPG for Self-healing

The ability to automatically heal or restore a damage made by any external force is

22 Over

one of the most fascinating and important properties found in living organisms.
the past few decades, scientists have been trying to develop self-healable synthetic soft-
materials for bio-medical applications.”®®® Significant progress has been made in the
construction of self-healing materials based on covalently cross-linked polymers or
supramolecular gels with polymers. However, the preparation of macroscopic self-healing
materials by coordination interactions continues to be a challenge. On the other hand,
there is increasing evidence that metal-ligand coordination plays an important role in
many dynamic biological processes.”™ From this perspective, supramolecular CPGs are
envisioned as suitable self-healing candidates. Yan et al. studied the self-healing
properties of homo- and hetero-metallic CPGs prepared from tetrazole-based LMWG and
Co" and Ni" ions (Figure 15).*' The homometallic CPGs, Co-CPG and Ni-CPG did not
show self-healing behaviour due to the brittleness and instability in air (Figure 15b, d and
e). However, the heterometallic CPGs, Co-Ni-CPGs exhibited excellent self-healing

behaviour (Figure 15c). In another work, Yan et al. reported a self-healing and moldable
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supramolecular Pd-CPG synthesized from ditetrazole-based LMWG and Pd(OACc);
(Figure 16a-c).?® This CPG not only exhibited self-healing property, but also showed

deformation recovery and bottom-up load-bearing properties (Figure 16d, e).

Figure 15. (a) Molecular structure of tetrazole-based gelator, (b) Picture of brittle Ni-
CPG blocks, (c) Self-healing bridge made of heterometallic Co—Ni-CPG, (d) Fragile
bridge made of Co-CPG, (e) Bouncing trajectory of the gel block Ni-CPG after
rebounding from the bottom of the beaker (beaker wall is 16 cm). Figure reproduced from

ref. 25i with permission.

Oy, B
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Figure 16. (a) Molecular structure of ditetrazole-based LMWG, (b) Blocks of freshly
prepared Pd-CPG, (c) Blocks of Pd-CPG connected horizontally, (d) Blocks of Pd-CPG

connected vertically, can withstand its own weight, (¢) Bottom-up load-bearing ability of

(i)™ (i) ¥

Pd-CPG. Figure reproduced from ref. 25j with permission.

1.5.2.3 CPGs for chemosensing

The chemosensing applications of the CPG are of particular interest as gel networks
and other functional groups present in gel systems can respond to the introduction of
external species by altering the conformation of the coordination complex. Such changes
in CPGs, can be visualized by the naked eye and provide specific information for the
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Figure 17. (a) Molecular structure of 1,2,4,5-tetra(2H-tetrazole-5-yl)-benzene, (b)
Representation of a Co-CPG coated capillary as a portable chemosensor, (b) Photographs
of the Co-CPG coated (20 mm) capillary (i) at the initial stage, (ii) after 10 s and (iii) after
30 s of exposure to chloride gas. Figure reproduced from ref. 26a with permission.

externally added contaminants. Moreover, the ‘‘soft’” nature of the CPGs makes them
excellent candidates for qualitative and quantitative detection of toxic gases or dangerous
chemicals. Shinkai et al. reported a Co-CPG prepared from 1,2,4,5-tetra(2H-tetrazole-5-
yl)- benzene and CoBr, which acted as a chemosensor for chloride containing molecules,
such as HCI, SOCl,, (COCI),, and COClI, (Figure 17a).%®* They also prepared a portable
chemosensor kit by filling a capillary with Co-CPG and closing the ends of capillary with
membrane filters (Figure 17b). After phosgene gas was passed through the capillary, the
colour of the capillary coated with the Co-CPG changed from red to blue (Figure 17b).
Berke et al. reported a Al-CPG prepared from 1,4,5,8-triptycenetetracarboxylic
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Figure 18. (a) Molecular structure of 1,4,5,8-triptycenetetracarboxylic acid, (b) Picture of
Al-CPG under (i) daylight and (ii) UV light, (c) Percentage (%) quenching of
fluorescence of the AI-CPG dispersed in ethanol by the addition of different analytes

(quenchers) at room temperature. Figure reproduced from ref. 26b with permission.
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acid (Figure 18a-b). The AI-CPG exhibited detection of nitroaromatic compounds,

particularly picric acid (Figure 18c).%®

1.5.2.4 CPGs for catalysis

Functional nanoscale CPGs, prepared from metal ions and LMWGs, have
received immense interest in catalysis. The CPG nanofibers have been proven to be
efficient and promising catalysts, because they are self-supported and recycled, and result
in enhanced efficiency because of their well-ordered arrangement of catalytically active
sites.?’Jung and co-workers reported the formation of silver nanoparticles within a CPG,
prepared from a tetrazole-based LMWG and Ag' ions.?’® They also showed the catalytic
activity of silver nanoparticles for reduction of 4-nitrophenol. Xu et al. reported the
design and synthesis of a number of CPGs prepared from a series of pyridine-based
ligands and Pd" and studied their catalytic activity towards the oxidation of benzyl
alcohol to benzaldehyde (Figure 19).%°* Banerjee et al. documented the synthesis,
structure, gas adsorption and catalytic properties of a crystalline porous coordination
polymer (Ca-MOF) as well as a stable CPG (Ca-CPG) both prepared from 5-(1,2,4-
triazoleyl) isophthalic acid and Ca" ions (Figure 20a).2”® The gel showed good catalytic

activity for the hydrosilylation of benzaldehyde with diphenylsilane (Figure 20b). The
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Figure 19. (a) Molecular structures of different pyridine-based gelators, (b) The catalytic
turnovers (cumulative) for the oxidation of benzyl alcohol by air (1 atm) by using gels,
their corresponding dry gels (formed by precipitating coordination polymers in acetone)
and [Pd(en)]** and Pd(OAc), as catalysts, and (c) the catalytic turnover versus time curve

of Gel-B and the compound Pd(OAc),. Figure reproduced from ref. 20a with permission
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Figure 20. (a) (a) Schematic diagram showing the synthesis of Ca-MOF (top) and Ca-
CPG (bottom) under different conditions, (b) The kinetic profiles for the hydrosilylation
of benzaldehyde catalysed by Ca-MOF (red), Ca-CPG xerogel (blue) and Ca-CPG in gel

state (green). Figure reproduced from ref. 27b with permission

key factors responsible for catalytic activity were: (i) a low restriction in mass transport

due to porosity and (ii) the Lewis acid character of Ca".

1.5.2.5 CPGs for optoelectronics

Since CPGs are formed by the assembly of LMWGs and metal ions, a wide range
of emission phenomena can be explored from these soft organic—inorganic hybrids. The
emission properties of CPGs stemmed from either chromophoric linkers or metal ions
(particularly lanthanide ions).?® Apart from this, metal to ligand charge transfer (MLCT)
emission or ligand to metal charge transfer (LMCT) emission, guest-responsive emission
properties could also be observed in CPGs. However, examples of latter cases are very
rare. The below sections discussed about the emission properties of CPGs; (i) luminescent

CPGs based on chromophoric LMWGs and (ii) luminescent CPGs based on metal ions.

Chromophoric LMWG based emission: The rational design of highly =-
conjugated chromophoric LMWGs containing suitable metal binding sites has emerged as
a potential strategy to prepare luminescent CPGs.® In an early example, Vittal et al.
reported a luminescent CPG prepared from N-(7-hydroxyl-4-methyl-8-coumarinyl)-
glycine and Zn" in basic aqueous solution (Figure 21a).2%2 The CPG showed strong blue
emission and pH-responsive change in emission. It exhibited typical fibrous gel networks.

Recently, Maji et al. reported an aggregation induced emission (AIE) active
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tetraphenylethene (TPE)-based LMWG which formed organogel and CPG in presence of
Eu" (Figure 22a). The Eu-CPG showed AIE and MCIE (matrix coordination induced
emission) phenomena and coordination indused change in nano-morphology (Figure 22b,
). The Eu-CPG was highly processable and could easily be cast on a quartz substrate

which upon air drying resulted in a transparent film (Figure 22c-e).
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Figure 21. (a) Molecular structure of N-(7-hydroxyl-4-methyl-8-coumarinyl)-glycine ,
(b) Photographs of the LMWG solution (left) and coordination polymer hydrogel (right),
(c) Emission spectra of the gelator in H,O (solid line) and CPG (dashed line) upon
excitation 340 nm, inset showing the picture of CPG under UV light. Figure reproduced

from ref. 28a with permission

Metal centres based emission: Recently, Gunnlaugsson et al. reported a
luminescent CPG prepared by Eu'"" directed self-assembly of a tripodal terpyridine-based
LMWG which showed fibrous gel structure.?®® The same group demonstrated the
lanthanide ion (Ln** = Eu®, Tb*) directed self-assembly of another pyridine-based
LMWG which resulted in luminescent CPGs (Figure 23a, b). This CPG not only showed
strong Ln**-centred emission but also exhibited self-healing properties (Figure 23c-h).?
Recently, Andersen et al. designed terpyridyl (tpy)-end capped four-arm
poly(ethyleneglycol) polymer which on coordination with lanthanide ions (Ln'"' = Tb""
and Eu"") resulted in luminescent CPGs (Figure 24a).%% The optical properties of these
highly luminescent polymer networks were readily modulated by the stoichiometry of
Ln" ions and a white-light-emitting gel was prepared (Figure 24b). Moreover, the
dynamic nature of the Ln—Nyy coordination bond in white-light-emitting gel was also
exploited for reversible stimuli-responsive changes in the sol-gel transition and optical

properties.
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Figure 22. (a) Molecular structure of TPE-based LMWG, (b) Images of the organogel
and Eu-CPG under UV light, (c)-(e) Formation of transparent and stable films of the Eu-
CPG showing its easy processability and stability, (f) Schematic representation of self-
assembly of TPE-based LMWG through H-bonding between amide groups and formation

of 1D nanostructures. Figure reproduced from ref. 28b with permission
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Figure 23. (a) Molecular structure of pyridine-based LMWG, (b) Schematic of the
formation of higher order self-assembly, (c) Picture of Th-CPG and Eu-CPG under day
light and (d) under UV-light, (¢) Luminescence of Eu-CPG, Th-CPG and mixed CPG on
quartz plates, (f) Emission spectra of Th-CPG (green), Eu-CPG (red), (g) Emission
spectra of mixed CPG, (h) Self-healing experiment of Eu-CPG where (i) is the Eu-CPG in
the day light, (ii) the same gel under UV light, (iii) gel after being cut into halves and (iv)

self-healing of the gel. Figure reproduced from ref. 28d with permission
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Figure 24. (a) Structure of terpyridine capped poly(ethyleneglycol) polymer which was
cross-linked via Ln—tpy coordination, (b) Schematic preparation of red, green and white
emitting CPGs and their pictures obtained under UV light. Figure reproduced from ref.

28e with permission

1.6 Metal-organic cage

Over past few decades, researchers have witnessed the fast growth of fascinating
metal-organic materials (MOMs), e.g., polygons, discrete polyhedral cage systems, and
coordination polymers.”® The structural motif in these materials includes metal moieties
(ions or clusters) coordinated by the polydentate organic linkers. Based on the

connectivity and geometry of the building components, different geometry of MOMSs

ﬁatal-Organic Materials \

MOMs

Discrete 0D

+ Faceted Polyhedra

2D
* MoPs + Sheets
* Cubes « Bilayers
+ Molecular polygons

. 4

Figure 25. Different types of Metal-organic materials encompassing discrete and

extended structures with one, two, or three dimensionality. Figure reproduced from ref.

29a with permission
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Figure 26. (a) (left to right): tetrahedron, hexahedron (cube), octahedron, dodecahedron,
and icosahedron, (b) Truncated tetrahedron, cuboctahedron, truncated cube, truncated
octahedron, and rhombicuboctahedron, (c) Truncated cuboctahedron, snub cube,
icosidodecahedron, and truncated dodecahedron, (d) Truncated icosahedron,
rhombicosidodecahedron, truncated icosidodecahedron, and snub dodecahedron. Figure

reproduced from ref. 29b with permission

such as, 0D (polygons and discrete polyhedra), 1D (chains and ladders), 2D (sheets and
bilayers), and 3D (extended networks) could be achieved (Figure 25).2%%® Metal-organic
cages or metal-organic polyhedral (MOPSs) are one important class of MOM. Unlike
MOFs, they are discrete, 0D metal-organic moieties having well-defined structures and
confined cavities. MOPs are constructed from metal ions and suitable organic linkers
which occupy the edges and vertices of a particular polygon, respectively. MOPs could
exist in different polyhedral forms such as, platonic, Archimedean, faceted, and stellated
and therefore have established themselves as fascinating class of MOMSs.?® Different
examples of platonic and archimedean MOPs are shown in Figure 26. Moreover, the
presence of several point of extensions around the discrete MOPs allow further growth
via metallic nodes (vertices) with higher connectivity and/or polytopic organic spacers
(faces). Hence, MOPs could act as secondary building blocks (SBBs). Recent examples

showed how MOPs as SBBs could be exploited for generation of an extended network
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structures.?®™¢ Another important property of MOP is their high solubility in organic and
aqueous medium." Such soluble nature of MOPs makes them useful materials for certain
applications in the homogeneous media in contrast to MOFs which mostly exist as
insoluble crystalline solids. Further the advantage of robustness and chemical stability

make MOPs important materials for various applications.

1.6.1 Design principles of metal-organic cage

Several strategies are used to design the discrete metal-organic self-assemblies.
These include directional bonding, symmetry interaction, molecular paneling, and
reticular chemistry etc.?® %9 The important parameters to design the geometry, size and
function of the molecular cages are; i) the coordination geometry of the metal center, and
i) the type and shape of the organic bridging linker. On account of these factors, different
spherical or polyhedral cages can be synthesized. Transition metal ions are commonly
employed to construct the MOPs cages. The metal ions which occupy the vertices, play
an important role in achieving the required properties and shape. To date, various
transition metal ions, like Fe', Co", Ni", cu", zn", Mo", Ru", Rh", Pd", and lanthanides

etc. have been used to construct metal-organic cages. Another important component of

a.R=R'=H/b:R=H, R'=8Br; c:RR' =-0OCH,CH,O-

Figure 27. (A) The family of M,L,, polyhedral cages (metals (M) and bridging ligands
(L) are mapped onto the vertices and edges, respectively). (B) Selfassemblies of the

M24L4g rhombicuboctahedron. Figure reproduced from ref. 29g with permission
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Figure 28. (a) Linear ditopic edge components connected with C3 symmetric corner
components, (b) C4 symmetric facial components connected with the bent ditopic edge
components and (c) C4 symmetric facial components connected with C3 symmetric

corner components. Figure reproduced from ref. 4d with permission

Figure 29. Cage connected by corner sharing. Figure reproduced from ref. 31c with

permission

cage is the bridging linkers. Many multidentate ligands bearing different types of
functionalities, e.g., carboxylic, hydroxyl, nitrogen and/or Schiff base groups, etc., have
been utilized to bridge the geometrically pre-fixed metal nodes. The type and shape of the
ligand, and its combination with metal ions basically decide the exact geometry of the

cage (Figure 27).299302 & f

To date, a wide variety of cage structures have been designed by the suitable

combination of the building components (ligands and metal ions/clusters) possessing
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different connectivity. To overview the general design blueprints for the MOP synthesis,
two main approaches are considered: edge-directed and face-directed (Figure 28).2%" An
important requisite for synthesizing a polyhedral structure is, at least one component of
the systems must show a bent (6 < 180°) geometry. This provides the needed curvature
for the formation of a finite symmetry. The edge-directed approach involves the
connection of ditopic edge components with the multitopic components at the vertices of
the polyhedron (Figure 28). However, in the case of face-directed methodology, polytopic
facial components are linked with the ditopic components or tritopic components at the
edges (Figure 28b) or corners (Figure 28c), respectively. The size and geometry of the
MOPs can be modulated accordingly with the control over building components. Various
combinations of the C,, C3, C4, and Cs symmetric components such as edges, faces and
corners can result in interesting MOP’s symmetries. For the cubic symmetry, a C3
symmetric component plays a key role.®* Thus, metal-organic cubical cages with T, O,
and | symmetries result from the combinations of a C3 symmetric building component
with a component of C,, C4, and Cs symmetry, respectively. For example, Eddaoudi and
co-workers reported a series of metal-organic cube which act as a building block for

extended framework which showed zeolite-like topologies (Figure 29).3! Similarly, these

16

n (Multiplicity of the metal to ligand ratio)

0 30 60 90 120
6° (Angle between two carboxylic sites in the ligand)

Figure 30. The modular family of metal-carboxylate self-assembled cages built
fromdinuclear paddlewheel (PW) cluster [M,(COO-)4], wheremetals (M) and angular
ditopic bridging ligands (colored lines) are mapped onto the vertices and edges,

respectively. Figure reproduced from ref. 30d with permission
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approaches have been used to design a wide range of polyhedral cages having platonic
dimensions and significantly larger structures like a cuboctahedron (Archimedean) and so
on. The MOP augmentation can be obtained when SBUs are used as the building
components of the MOPs as compared to primary building units. The paddlewheel
cluster, [M2(COQ")4], serves as a square planar tetratopic SBU in the MOPs (Figure
30).3Od

1.6.2 Synthesis and applications of metal-organic cage

Synthesis of metal-organic polyhedral or cage is achieved by coordinating metal
ions with organic linkers under the given conditions of a suitable solvent system,
temperature, and pressure. The general synthetic protocols involve solvothermal, reflux
and stirring at ambient conditions. Usually, the spontaneous reaction of metallic and
ligand precursors have low activation energy barrier, which can be easily crossed at room
temperature. This has been observed in the case of transition metal cages of carboxylic,
Schiff-base, and/or pyridine based ligands. Sometimes, simple heating over room
temperature is required. For example, Pd"-bispyridyl based cages are synthesized and
characterized in dimethylsulfoxide at 70 °C for a given time scale, ranging from 0.5 to 24
h.2% Fe-cages are prepared by mixing Fe" salt and respective amines and aldehydes in
acetonitrile for 24 h at 50 °C following the addition of diisopropyl ether.?® However,
choosing the suitable solvent system is the most sophisticated step for self-assembly
followed by the crystallization process. Criteria for the proper solvent system are to fulfil
the solubility of starting materials and maintain the reasonable rate of evaporation.
However, the synthesis under the room temperature conditions takes several days to
obtain crystals. Hence, to speed up the process, the solvothermal method is also a
reasonable approach. While in this case along with solvent parameters, reaction
temperature, holding time and the chemical reactivity vs. pressure are crucial for the

product morphology and crystallinity.** ¢

1.6.2.1 Ion transport

In living cell the flow of Na' and K' is regulated by ion channels. To understand the
mechanism and operational details of biological ion channel, artificial ion channels are
designed recently.®**% The ion transport behaviour of metal-organic cage is of great
interest. Furukawa et al. first synthesized a charge-neutral MOP-18 with overall size of 5

nm having a hydrophilic cuboctahedral cavity (diameter of 13.8 A) (Figure 31a).%* Later,
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Kim and co-workers reported a synthetic ion channel formed with MOP-18 that transports
proton and alkali metal ions across lipid membranes (Figure 31b).**¢ Similar to MOP-18,
the rhodium—organic cuboctahedron (C14,RhMOP) having nanopores of 0.6 nm, obtained
from Rhy(OAc)4(MeOH), and 5-dodecyloxy-1,3-BDC embedded into a bilayer of the
lipid membrane, has been studied for ion-transport.’*" Similar to cationic transport,

anionic transport is also possible using the metal-organic self-assemblies. In this regard

Nitschke et al. have established various cationic M'"-cages which offer differential
32a,b

binding affinities for a set of anions though host-guest mechanism.

J—ca. 25 nm—]

Figure 31. (a) MOP-18 with a framework formula Cu24(5-OC12H25-mBDC)24 has a
large cavity (yellow sphere, diameter 13.8 ,). Triangular and square windows are shown
as spheres (purple) that fit into the windows (diameter 3.8, for A and 6.6 , for B). (b) A
schematic diagram for a synthetic ion channel formed by MOP-18 in lipid bilayers.

Figure reproduced from ref. 33g with permission

1.6.2.2 Proton conductivity

The proton conducting materials are essential in many applications, especially
hydrogen fuel cells. Over the years, researchers have developed many organic and
inorganic materials, such as sulfonated polyether ketone, oxo acid, ceramic oxides
hydroxides, apatites etc. as promising candidates for proton conduction.>** However, low

mechanical strength and chemical stability at high temperature limits wide-spread
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application of these materials inproton exchange membrane fuel cell (PEMFC). The
commercially used proton exchange membrane, Nafion shows appreciable proton

conductivity at low temperature and high humidity.>*™

However, the conductivity
decreases drastically with increasing temperature and decreasing humidity. Therefore,
developing new proton conducting materials which operates at wide temperature and
humidity range, without compromising the chemical stability and mechanical strength, is
of utmost importance. Recently, porous materials such as, coordination polymers (CPs) or
metal—-organic frameworks (MOFs) and porous organic materials (POM) have emerged as
a promising proton conducting materials.*® The high crystallinity, open framework
architecture and high structural stability make them better candidates for studying proton
conductivity and understanding its mechanisms. For MOF materials, most common
strategies for enhancing the proton conductivity involve the enhancement of proton
carrier concentration by controlling framework or extra-framework compositions. In

another strategy, the proton mobility is improved by constructing materials with desired

Figure 32. a) Structure of the [Cr4lng(Himdc)12]-H20 cube. b) The distribution of 12 H-
atoms on the surface of each cube. ¢) 3D supramolecular packing of the cubes. d) The
orientation of each cube and six neighboring cubes. Figure reproduced from ref. 35m with

permission
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H-bonded networks. For example, Kitagawa and co-workers reported highly proton-
conductive zinc oxalate MOFs by maximizing the proton carriers with the simultaneous
introduction of adipic acid molecules on the framework and the counter cation (NH4") in
the void space.*** Shimizu et al. reported proton conductivity in PCMOF21 which have

combined trisulfonate and triphosphonate groups.®

However, synthesis of these materials
usually requires greater degree of ligand deprotonation which sometimes reduces the
concentration of proton carriers. For this reason, researchers have recently showed that
discrete metal-organic cages which are formed through partial deprotonation of ligands,
represent a superior materials for improved proton conductivity. The finite structures of
metal-organic cages provide an opportunity to decorate their external surface with free
functional groups (such as, carboxylate, imidazolate etc.) which eventually helps in fast
mobility of proton carriers. Moreover, the extensive hydrogen bonding between the cage
and the surrounding guest molecules also offer an efficient pathway for proton
conduction. Zhai et al. reported two mixed-metal metal-organic cubes that showed high
proton conductivity due to the presence of free carboxylic acid groups on the surface of
each cube which participates in H-bonding with the guest water molecules (Figure 32).%™
The proton conductivity of the cubes was found to be in the order of 102 Scm™ at 23 °C

and 98 % relative humidity.

1.6.2.3 Molecular recognition and imaging

The molecular recognition refers to a specific interaction between two or more
molecules through non-covalent interactions such as hydrogen bonding, metal
coordination, hydrophobic forces, Van der Waals forces, n—= interactions, halogen
bonding, and electrostatic effect. In addition to these direct interactions as well the solvent
can play a dominant indirect role in driving molecular recognition in solution. Molecular
recognition plays an important role in biological systems. Recently, researchers have
shown that specially designed artificial supramolecular systems can exhibit molecular
recognition. Functional moieties in the ligands impart certain desirable properties like
photophysical properties for the given biochemical protocols. More specifically, special
functional groups in MOPs are selected to match with particular molecular species
present in the targeted systems which may be in vivo or in vitro. Luminescent cages can
be used for molecular detection and to better understand the physiological processes for
trapped compounds. Besides this, symmetry, stability, biocompatibility and
biodegradability of MOPs make the task more attractive. Therefore, MOPs have great

34 |



Introduction | Chapter 1

potential in biochemistry owing to solution stability and properties under specific
experimental conditions and chemical environments like acidic, basic, sensing species,

and temperature etc.

Figure 33. Structure of the Ce-H2TTS functional tetrahedron showing the sequence of
fluorescent variation of the tetrahedron upon the addition of PTIO and NO. Figure

reproduced from ref. 36a with permission

Well-confined MOP self-assemblies including adjustable lipophilic features
exhibiting biocompatibility and cell permeability are handy for the application to
biomolecular imaging and detection. MOP functionalization with amide groups, the
characteristic structural motif of a protein, could be a useful attempt to achieve functional
metal-organic polyhedra with suitable hydrophilic/lipophilic characteristics. A robust
neutral cerium-based tetrahedron Ce4-H2TTS incorporates a triphenylamine moiety with
three amide groups (H6TTS), often used as a bright blue emitter, is emphasized as a
luminescent detector of 2-phenyl-4,4,5,5-tetra-methylimidazolineyloxyl-3-oxide (PTIO)
which is a specific spin-labeling nitric oxide (NO) trapper.®*® Interestingly, the molecular
cage Ce-H2TTS also demonstrated a high selectivity and sensitivity towards
quantificational detection of tryptophan (Trp) over all other natural amino acids and Trp-

containing peptides (in vitro) (Figure 33).

1.6.2.4 Drug delivery

Drug delivery to specific locations within the human body using material-based
systems occupied the forefront of biomedical research for the past few decades.
Development of new materials for the well-controlled drug delivery systems remains a
challenging task. Recently, metal-organic cages with proper functionalities and appealing

d.36b

drug hosting and release potential are a new input to the fiel Analogous to enzymes
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and other large biomolecular systems for encapsulating guest in a confined environment,
it is advantageous to use the MOP self-assemblies which offer storage, carriers and then
controlled release.®* Precise surface decoration and hence functionalization with a long
aliphatic hydrocarbon chain to get amphiphilic and biocompatible supramolecular self-
assemblies could achieve an anticipated environment for drug loading and release.
Moreover, metal-organic cages have the potential to selectively encapsulate the
molecules based on the size of the cage cavity. For the drug delivery studies, it is
important to load the drug into a third party carrier agent and then get the release as
required. The release of encapsulated guest molecules from the cage cavity is the working
mechanism for the drug delivery. Therefore, in light of this it is very attractive that self-
assembled cages have the immense potential to be used in pharmaceutics as drug vectors
and delivery agents. The release profile of Caffeine, a widely used stimulant drug, from a
cuboctahedral MOP was investigated by Mallick et al.** The hydrolytic conversion of
MOP to the extended framework, occurring via a potential unfolding process, facilitated
the drug release. The release plot patterned like sustained delivery of cavity-trapped
caffeine;
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Figure 34. Release profile of encapsulated caffeine molecules from the selfassembly
derived from Cu?" paddlewheels and 5-(prop-2-ynyloxy)isophthalic acid. A schematic
representation of the release driven by the unfolding event is also shown. Figure

reproduced from ref. 32d with permission
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Figure 35. Drug release profiles of 5-fluorouracil (5-FU) from; (a) surface functionalized

Cu-cage (circle) and control (square). Figure reproduced from ref. 36b with permission

this outcome is based on gradual departure of the loaded drug from the pores to the
aqueous media (Figure 34). In another work, Zhao et al. reported a porous coordination
nanocage containing surface-exposed alkyne groups which was functionalized through
click reaction with azide terminated polyethylene glycol.*® The surface functionalized
cage was successfully applied as a drug delivery agent for an anticancer drug, 5-
Fluorouracil (5-FU) in agueous medium. The surface functionalized MOP showed a slow
release profile due to the strong interaction between the Lewis acid site of MOP and basic
sites of 5-FU (Figure 35).

1.7 Metal-organic cage based gels

Recently, a new class of gel has emerged where soluble polymers containing
appropriate cage forming functional groups react with metal ions to form gels. This multi-
metal-ligand based supramolecular polymerization approach yields cage-cross-linked
polymer gels, also known as polyMOC gels.®” In polyMOC gels the metal-organic cages
act as the junction points between cross-linked polymers (Figure 36).3"* In the
conventional CPGs, the single metal ion which is typically bound to maximum 2-3
ligands, act as the junction between gelators. Therefore, the ability to tune the average

number of bridges that connects network junction is limited in conventional CPGs.
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a Conventional Gels assembled from polymeric ligands and metal-organic cages,
supramolecular metallogel ‘polyMOCs’
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Figure 36. Schematic representations of traditional supramolecular metallogels compared
with the polyMOCs with M,L4 and M1zl junctions. Figure reproduced from ref. 37a

with permission
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Figure 37. b, Chemical structure of bis-para-pyridine-terminated PEG PL1 and a
schematic of the My,L4 cage that is expected to arise from the assembly of 24 bis-para-
pyridine ligands and 12 Pd®* atoms. ¢, Chemical structure of bis-meta-pyridine-terminated
PEG PL2 and a schematic of the M,L, paddlewheel that is expected to arise from the
assembly of four bis-meta-pyridine ligands and two Pd®* atoms. Figure reproduced from

ref. 37a with permission

However, this is not true in case of polyMOC gels. Since metal-organic cages have
multiple network propagating points, the number of bridges connected to network
junction could be tuned by tuning the size of the cage. Therefore, the polyMOC gels show

enhanced mechanical properties and porosity.
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Recently, Johnson and co-workers described the synthesis of polyMOC gels via the
self-assembly of Pd" ijons and para-bispyridine or meta-bispyridine functionalized
polyethylene glycol (PEG) chains (Figure 37).%"® The difference in the average size of the
junction cage and the corresponding number of polymer chains connected to each cage
determined the network branch functionality (f) of the gel. An increase in f leads to a
direct increase in the elastic modulus of the resultant gel. They also showed that
polyMOC gels containing a large MOC junction and a high number of loop defects, it is
possible to replace the defects selectively with pyrene-based fluorescent free ligands. The
resultant pyrene modified polyMOC gel showed high fluorescence without compromising
the mechanical integrity. The synthesis of cage-cross-linked polymer gels (polyMOC
gels) has offered a new approach to incorporate different organic or metal—organic cages
with a wide range of internal cavities inside themesoscopic pores of polymeric
supramolecular gels. They can be explored for controlled and stimuli-responsive release
of drug molecules, fragrances or pesticides. Johnson and co-workers also reported a
stepwise assembly for the integration of metal—-organic cages into block copolymers
(BCPs).*™ This approach creates “block co-polyMOC” (BCPMOC) materials whose
microscopic structures and mechanical properties are readily tunable by adjusting the size
and geometry of the metal-organic cage and the composition of the BCPs. The same
group also reported star polymer metal-organic cage (poly-MOC) materials whose
structures, mechanical properties, functionalities, and dynamics can all be precisely
tailored through a simple three-component assembly strategy.®”® The star polyMOC
network is composed of tetra-arm star polymers functionalized with ligands on the chain
ends, small molecule ligands, and palladium ions; polyMOCs are formed via metal—
ligand coordination and thermal annealing. The ratio of small molecule ligands to
polymer-bound ligands determines the connectivity of the MOC junctions and the
network structure.

Nitschke et al. reported the first polyMOC gel prepared by metal-templated
condensation of a 2-formylpyridine functionalized water-soluble polymer, 4,4'-
diaminobiphenyl-2,2"-disulfonic acid and iron(ll) sulphate heptahydrate (Figure 38).3"®
The as-prepared MOC-cross-linked hydrogel contained two distinct kinds of spaces
within it (i) mesoscopic pores of polymeric supramolecular gels and (ii) the well-defined
inner pore of the cages. The gel showed selective encapsulation of guest molecules.
Moreover, the hydrogel allowed controlled release of closely related small molecules at

different rates in response to competing guests, depending upon whether they were
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selectively encapsulated within the inner pore of the cages. Also, multi-stimuli responsive

nature of the hydrogel allowed triggered release of the macromolecular cargo.
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Figure 38. Metal—organic cage cross-linked hydrogel formation: (a) synthesis of cages
1-3 using aldehydes A—C, and (b) a schematic view of the structure of the cage-Cross-
linked gel. (c) A photograph showing an inverted vial containing a 15 wt % hydrogel

formed by cage. Figure reproduced from ref. 37e with permission

1.9 Scope of the work

The last few decades have witnessed a rapid growth in the development of
functional hydrogels and organogels which are formed by the self-assembly of LMWGs.
The dynamic nature and high processability of such supramolecular gels have been
exploited for the applications in diverse fields, including tissue engineering, bio-
medicine, and opto-electronics. More recently, the CPGs, formed by the self-assembly of
suitable metal ions and LMWGs, have attracted enormous research attention. CPGs are
highly promising soft-hybrid materials, as the presence of metal ions endows them with
unique redox, optical, electronic, and catalytic properties. To date, various elegant design
principals have been adopted to construct a large number of LMWGs. However, little
attentions have been given to develop both hydrogel/organogel and CPGs from the same
LMWG and systematic study on the influence of metal coordination to the morphology
and photophysical properties of the gels. This thesis reports research work in this
direction (Figure 40). The design principle adapted to construct a series of LMWGs,
reported in this thesis involves: i) the presence of m-chromophores (C,, Cz; and C4
symmetric) as the core, ii) terminal terpyridine groups as metal ion binding sites, iii) the
core and terpyridines are connected via flexible alkylamide chain.

The RGB approach is the most widely adopted technique for tunable emission,

including white-light-emission in supramolecular organic hybrid and crystalline Ln"-
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"_MOF and fluorescence quenching

MOF. However, low processability of bulk Ln
caused by the aggregation of chromophores in organic hybrids are the major drawbacks
which inhibit their practical applications. Moreover, only handfuls of white-light-emitting
materials, suitable for solid-state-lighting applications have been reported to date.
Nevertheless, realizing white-light-emission in Ln"'-CPGs is still an unexplored area of

research. In this thesis different possible applications of Ln""-CPGs have been exploited.

The tunable emissions of the Ln"-CPGs have not only been utilized for solid-state-

lighting, but also explored for multi-stimuli responsive sensing applications exploiting the

"terpyridine coordination bonds. Though ample reports of

dynamic nature of Ln
LMWGs are there in literature, it is still a daunting task to design a priori a LMWG
which can self-assemble to both hydrogel and organogel with different properties. Herein,
this problem has been addressed by designing amphiphilic LMWG which self-assembled
to hydrogel and organogel with distinctly different morphology and photo-physical
properties. Moreover, the hydrogel are exploited as efficient nano-catalyst for facilitating

the reactions of industrial importance. Photo-responsive change in structure and

O b *  Catalysis

Sensing i applications of metal-organic '
“.. Soft materials
Tunable R
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Developing MOC-based gels
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Figure 39: Scheme showing systematic development of various LMWG, CPGs and

MOC-based hydrogels which show different energy and environmental applications.
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properties of bulk MOFs have recently been reported by exploiting well-known photo-
chemical reactions: a) trans-cis isomerization of azobenzene, and b) [2+2] cyclo-addition
of stilbene. However, effect of such photo-chemical changes on the properties and nano-
morphologies of CPGs are not yet reported. This thesis partially deals with such problem.
Visible-light-driven water splitting for hydrogen evolution is the foremost important topic
of research now-a-days. Various organic polymers, inorganic solid-state materials, and
metal-organic frameworks are exploited as efficient photo-catalysts in literature.
Recently, n-conjugated hydrogels containing suitable co-catalysts have emerged as new
type soft photo-catalyst for water-splitting. However, designing CPG as an efficient
photo-catalyst is an obvious gap in this field. This thesis has attempted to fill this gap by
synthesizing Ru"-CPGs which exhibited excellent photo-catalytic activity in presence of
an earth-abundant co-catalyst.

Metal-organic cage is an important supramolecular building block for preparing
supramolecular porous framework. Recently, they are employed as building blocks for
preparing polymeric gels (PolyMOC gels) where cages are formed at the junction of
organic polymer, in-situ during gelation. However, supramolecular self-assembly of
preformed, discrete metal-organic cages to hydrogel is not explored yet. One major part
of this thesis dealt with supramolecular self-assembly of water soluble metal-organic
cubes (MOCs) to hydrogels in presence of different molecular binders and their versatile
applications. Introduction of different kind of molecular binders tuned the nano-
morphology and the properties of the hydrogels which showed gel-chromatograpic
separation of charged species and excellent proton conductivity at ambient condition.
Moreover, the MOC-based hydrogels were employed for preparing mixed dimensional
heterostructures that exhibited capacitive behaviour.

1.10 Outlook

In general, CPGs have been proven as an important class of multi-functional soft-
hybrid materials. The presence of coordinated metal ions endows the CPGs with unique
redox, optical, electronic, catalytic properties and also enhances their mechanical
properties compared to organic gelator-based soft materials. Easy solution processability
and the dynamic nature of CPGs hold great promise for application in different fields,
including nanoelectronics, biomedicine, catalysis, etc. Among various CPGs reported to
date, the luminescent CPGs are employed extensively for the easy fabrication of large-
area displays, white-light-emitting LEDs (WLED), etc. Additionally, the stimuli-
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responsive luminescent CPGs are exploited for fabricating portable sensing Kits. The
reversible sol-gel behaviour of stimuli-responsive CPGs is utilized for targeted drug
delivery. On the other hand, many CPGs showed good catalytic activity due to the
presence of microporosity that allows solvent-assisted easy diffusion of starting materials
and fast removal of the product from the catalytic sites. Despite such overwhelming
applications, the characterization and structure—property correlation of CPGs are the
challenging issues that still need to be addressed. As single-crystal structure
determination is not possible here, scientists have to rely on powder X-ray diffraction or
fiber X-ray diffraction, various spectroscopic and electron microscopic techniques. The
development of new characterization techniques will greatly help us to study the
structure—property correlation in CPGs. Despite many challenges, a limitless combination
of metal ions and organic ligands would provide scientists a vast platform for preparing a
large variety of functional CPGs. It should be noted that CPGs are still in the stage of
exploration and will flourish more in the near future. So far, few CPGs have been
explored for limited applications; however, the full potential of CPGs is yet to be
established. One the other hand, the MOC-based gels have huge unexplored potential as
its property could easily be tuned by designing appropriate molecular binders. It should
be mentioned that the development MOC-based gels is still in budding stage and in future

many different applications of MOC-based gels could be explored.
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Abstract

This chapter reports rational design and synthesis of a blue emitting LMWG (L) having
9,10-diphenylanthracene core and terminal terpyridine groups. Self-assembly of L in
organic solvents results in organogel which exhibits nanofiber morphology. Coordination
of Tb" and Eu" ion to LMWG leads to the formation of green and pink emissive
coordination polymer gels (CPGs), respectively which show coiled nanofiber
morphology. Moreover, coordination of both Tb" and Eu"' to LMWG vyields bimetallic
CPGs in which precise stoichiometric control over LMWG: Eu"": Tb" leads to tunable
yellow and white emitting bimetallic CPGs. High processability of CPGs is utilized for
large area coating applications. Moreover, a white-light emitting LED has been fabricated

through mere coating of white-light emitting CPG over a commercial blue LED.

Metal binding
site !

Luminescent
core

Tunable Emission

Paper published based on this work:
P. Sutar, V. M. Suresh and T. K. Maji, Chem. Commun., 2015, 51, 9876-9879.
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2.1 INTRODUCTION

Over past few decades, enormous research interest has been directed towards the
development of new functional supramolecular gels from low molecular weight gelators
(LMWGs).! Easy solution processability and dynamic nature of such soft materials hold
great promise for applications in diverse fields, including biomedicine, nanoelectronics
and catalysis.> Recently, the concept of coordination polymer gels (CPGs) has been
emerged where coordination of metal ions to a suitably designed LMWG results in
supramolecular self-assembled networks.® Such soft organic-inorganic hybrids are highly
promising since the incorporation of metal ions renders an opportunity to emulate its

unique redox, optical, electronic and magnetic properties in supramolecular gels.® *

Particularly, metallogels of lanthanide ions (Ln"

) are of specific interest as they show
narrow band emissions (red: Eu', Pr'"', sm""; green: Tb" Er'"; blue: Tm", ce'') with
high quantum yields when binded to suitable m-chromophoric linkers.> Such unique

emission properties of Ln""

ions, stemming from sensitized f-f electronic transition have
been investigated in bulk crystalline coordination polymers and exploited for solid state
lighting and sensing applications.® However, low solution processability greatly limits
their application in device fabrication and biological sciences. In this regard, lanthanide
coordination polymer gels (Ln"'CGPs) are superior as reversible sol-gel behaviour with
enhanced processability would facilitate easy fabrication of large-area and flexible
displays, portable sensing Kits.

Recently, white-light-emitting materials have merited immense research interest
due to their potential application in solid state lighting.” White-light-emitting materials
can be trichromatic in which blue, green and red light emitting components are introduced
to cover the entire visible spectral window. Such materials are superior compared to the
monochromatic (that emits entire visible regions) and dichromatic (that emit in blue and
yellow regions) materials due to the finer colour rendering properties and high quantum
efficiencies.® To date a handful of trichromatic white light emitting materials, suitable for
solid state lighting applications have been reported.” However, realization of white-light-
emission based on CPG is yet to be accounted.

In this chapter, the rational design of a new LMWG, 9,10-(4-
carboxyphenyl)anthracenedi-{[3-([2,2":6',2"]terpyridin-4'ylamino)-propyl]-amide (L)
having a blue emitting 9,10-diphenylanthracene core and terminal terpyridine groups and

its gelation properties have been reported. Coordination of L through terpyridine with
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Tb" and Eu" resulted in CPGs (TbL and EuL) which showed green and pink emission
respectively. Moreover, coordination of both Th"' and Eu" to L yielded bimetallic CPGs
(TbEu1, TbEuU2) in which precise stoichiometric control over L: Eu"": Tb"' ratio led to

tunable yellow and white emissions (Scheme 1).

R
< P E et
g P )lw\N‘e
er’ o
HN g WP JOL»J\/\Ie
HN. O 9"""“1‘/’6"” il
HN._O 2
Self- i »“»N\’e—r Ly, 111
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Oee : assembly ﬁ_p £ M (x:y)
i > >y -
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L 1D growth of fibril Gels Nanofibres

Schemel. Schematic showing self-assembly of L through H-bonding and n-n stacking

interactions and its coordination to Ln"" forming luminescent CPGs.

2.2 EXPERIMENTAL SECTION

2.2.1 Materials

9,10-dibromoanthracene, 4-carboxyphenyl boronic acid, 1,3-diaminopropane, 4'-
chloro-2,2":6',2"-terpyridine, trichloroisocyanuric acid (TCIC) and triphenylphosphine
(PPh3) were purchased from Sigma-Aldrich chemical Co. Ltd. Solvents were pre-dried
using standard procedures before using. For UV-Vis experiments, spectroscopic grade

solvents were purchased from Spectrochem.

2.2.2 Physical measurements

'H-NMR was recorded on a Bruker AV-400 spectrometer with chemical shifts
recorded as ppm and all spectra were calibrated against TMS. High resolution mass
spectra (HRMS) was recorded on Agilent 6538 Ultra High Definition (UHD)
Accurate-Mass Q-TOF-LC/MS system using electrospray ionization (ESI) modes.
Elemental analysis was performed on a Thermo Fisher Flash 2000 Elemental Analyser.
UV-Vis spectra were recorded in a Perkin-Elmer lamda 900 spectrometer. Fluorescence

studies were accomplished using Perkin EImer Ls 55 luminescence spectrometer. Fourier
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transform infrared spectra (FTIR) analyses were carried out by making samples with KBr
pellets using Bruker FTIR spectrometer. Powder X-ray diffraction (PXRD) studies were
recorded on a Bruker D8 discover instrument using Cu-Ko radiation. The elemental
analyses were carried out using a Thermo Scientific Flash 2000 CHN analyzer.
Morphology studies were carried out using Lica-S4401 field emission scanning electron
microscopy (FESEM) by placing samples on silicon wafer under vacuum with
accelerating voltage of 10 kV. Energy dispersive X-ray spectroscopy (EDXS) analysis
was performed with an EDAX genesis instrument attached to the FESEM column.
Transmission electron microscopy (TEM) analyses were performed using JEOL JEM-
3010 with accelerating voltage of 300 kV. For this analysis the xerogels were dispersed in

ethanol and then drop casted on a carbon coated copper grid.

2.2.3 Synthesis

Synthesis of 9,10-(4-carboxyphenyl)anthracene : 9,10-dibromoanthracene (740
mg, 2.2 mmol), methyl-4-carboxyphenyl boronic acid (1 g, 5.5 mmol) , CsF (4 g, 2.7
mmol) and Pd(PPhs), (200 mg, 0.17 mmol)) were suspended in 1,2-dimethoxyethane (30
ml). The reaction mixture was refluxed at 100 °C for 48 hours maintaining the inert
condition. After that, the reaction mixture was cooled to room temperature and 100 ml
H,O was added to dissolve the excess CsF, and the organic product was extracted by
CHCIs. Pure 9,10-(methyl-4-carboxyphenyl)anthracene was obtained after running the
crude product through column using CHCls/hexane as eluent. Yield: 96%. The as-
prepared 9,10-(methyl-4-carboxyphenyl) anthracene (563 mg, 1.26 mmol) was suspended
in 30 ml MeOH containing KOH (425 mg, 7.56 mmol) and the reaction mixture was
refluxed at 60° C for 6 hours. After cooling to room temperature 6 N HCI was added
drop-wise into the reaction mixture. The white precipitate formed was filtered and
washed repeatedly by cold water and dried under vacuum. Yield: 96 %. *H-NMR (400
MHz, CDCls) &: 8.23 (d, 4H, ArH), 7.62 (m, 4H, ArH), 7.55 (m, 4H, ArH), 7.46 (m, 4H,
ArH), 13.11 (br, 2H, COOH). Selected FTIR data (KBr, cm™): 2986 (b), 2667 (m), 2547
(m), 1688 (s, sh), 1608 (s), 1425 (m), 1291 (m), 769 (m). CHN analysis for CygH1504:
Calc. C, 80.38; H, 4.30%. Expt.: C, 80.85; H, 4.12%.

Synthesis  of  2,2":6",2"-terpyridin-4’-yl-propane-1,3-diamine:  4'-chloro-
2,2":6'2"-terpyridine, (300 mg, 1.12 mmol) was suspended in 1,3-diamino propane (2.16
ml). The reaction mixture was then refluxed at 120 °C for overnight. After cooling to

room temperature, H,O (25 mL) was added. The white precipitate formed was filtered
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and further washed with H,O. The solid was dissolved in dichloromethane and extracted
twice with H,O. The organic layers were combined and dried over Na,SQ,, filtered and
the solvent was removed under reduced pressure to yield a white solid product. Yield:
82%. 'H-NMR (400 MHz, CDCls) &: 8.53 (d, 2H, ArH), 8.52 (d, 2H, ArH), 7.76 (t, 2H,

H,CO
Step 1: 3
H,CO.__.0
Br
OOO Pd(PPhJ), CsF KOH MeOH
+
DME 100 °C, 60 °C, 6 hrs
48 hrs
Br HO’B\O
H,CO

Step 2:

120 °C, 8 hrs
+ HNTTN"SNHy ey

Step 3:

TCIC, PPh,, NEt,
— O

0 °C-rt, 3hr

Scheme 2. Synthetic scheme for 9,10-(4-carboxyphenyl)anthracene-di-{[3-([2,2":6',2"]-
terpyridin-4’-ylamino)-propyl]-amide} (L).
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ArH), 7.60 (s, 2H, ArH), 7.25 (t, 2H, ArH), 5.16 (t, 1H, NH), 3.41 (m, 2H, NHCH,), 2.84
(m, 2H, CH,), 1.77 (m, 2H, NH,CHy,). Selected FTIR data (KBr, cm™): 3340 (b), 2965
(m), 1610-1560 (s), 1464 (m), 1402 (m), 1261 (m), 1094-981 (s), 791 (s). CHN analysis
for C1gH19Ns Calc.: C, 70.81; H, 6.22; N, 22.95%. Expt.: C, 70.90; H, 6.11; N, 22.83%.

Synthesis of 9,10-(4-carboxyphenyl)anthracene-di-{[3-(]2,2':6',2"]-terpyridin-
4'-ylamino)-propyl]-amide} (L) : 9,10-(4-carboxyphenyl)anthracene (200 mg, 0.478
mmol) was dissolved in anhydrous THF (20 mL). TCIC (244 mg, 1.05 mmol) and PPh;
(275 mg, 1.05 mmol) were added into the reaction mixture and stirred at 0 °C for 40 min
under inert condition. 2,2":6'2"-terpyridin-4’-yl-propane-1,3-diamine (320 mg, 1.05
mmol) was dissolved into anhydrous THF and Et3N (293 pl, 2.1 mmol) was added into it.
This reaction mixture was drop-wise added into 9,10-(4-carboxyphenyl)anthracene/
TCIC/ PPh;3 solution at 0° C and stirred for 45 minutes. After that the reaction mixture
was stirred at room temperature for 3 hrs. Precipitate was collected by filtration and
washed several times with CHCI; and dried under vacuum. Yield: 88%. *H-NMR (400
MHz, CDCly) &: 8.87 (s, 3H, ArH), 8.74 (d, 1H, ArH), 8.30 (m, 1H, ArH), 8.26 (m, 3H,
ArH), 8.15 (m, 5H, ArH), 7.79 (s, 3H, ArH), 7.69 (m, 2H, ArH), 2.98 (m, 4H, NHCH,),
1.99 (m, 2H, CH,).Selected FTIR data (KBr, cm™): 3436 (m), 3239 (m), 2980- 2888 (m),
2740 (m), 2674 (s), 2493 (m), 1645 (s), 1583 (m), 1472 (m), 1396 (s), 1166 (s), 1135(s),
790 (s). CHN analysis for CgsHsN10O, Calc.: C, 77.41; H, 5.24; N, 14.11%. Expt.: C,
77.53; H, 5.33; N, 14.20%. HRMS (+ESI): m/z calculated for CgsHs2N1002: 992.4275,
found: 993.3209 [M+H]".

Synthesis of organogel (OG): 1x10™° M solution of L in 1:1 CHCIy/THF mixture
was heated at 90 °C for few minutes to form a viscous liquid which on cooling resulted in
opaque gel (OG). The formation of gel was confirmed by inversion of test tube method.
Selected FTIR data (KBr, cm™): 3424 (m), 3233 (s), 2968- 2831 (s), 2722 (s), 1638 (s),
1583 (s), 1461 (s), 1376 (s), 1166 (m), 973 (m), 841 (s), 792 ().

Synthesis of coordination polymer gels (TbL and EuL): Solution of L (1x107
M) in CHCI3/ THF (1:1) was mixed with solution of Tb(NO3)3.6H,0 or Eu(NO3)3.6H,0
(1x10° M, in THF) in 1:1 volumetric ratio. The mixture was heated at 90 °C for 3
minutes to prepare a viscous solution which eventually resulted in stable opaque gel upon
cooling. Selected FTIR data (KBr, cm™): For TbL xerogel : 3400 (b), 2964- 2916 (m),
1624 (s), 1479 (s), 1383 (s), 1263 (s), 1103- 1019 (s), 804 (s). For EuL xerogel: 3400 (b),
2976- 2836 (m), 1630 (m), 1464 (m), 1166 (m), 972 (m), 839 (m). CHN analysis:
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Calculated values for TbL: C, 58.33; H, 4.59; N, 12.28%. Found: C, 58.42; H, 4.61; N,
12.26%. Predicted formula: [Th(L)(NOs3)3.2THF]. Calculated values for EuL: C, 58.57,
H, 4.61; N, 12.33%. Found: C, 58.62; H, 4.65; N, 12.38%. Predicted formula:
[Eu(L)(NOg3)3.2THF].

Synthesis of TbEul and TbhEu2: First (1x10° M) and (1.2x10° M) solutions of
Tb(NO3)3.6H,0 and Eu(NO3)3.6H,0 respectively were prepared by dissolving the metal
salts in THF. After that 250 pl solution of Tb(NOs3)s;.6H,O and 250 pl solution of
Eu(NO;)3.6H,0 were added into 500 pl solution of L (1x10° M). The mixture was
heated at 90 °C for few minutes to form viscous solution which eventually converted to
stable gel (TbEuLl) after cooling. ThEu2 was prepared in a similar way. First (1x10° M)
and (2x10° M) solution of Tb(NO3)3.6H,0 and Eu(NO;)s.6H.O respectively were
prepared in THF. After that 250 pl solution of Th(NO3)3.6H,0 and 250 pl solution of
Eu(NOs;)3.6H,0 were added into 500 pl solution of L (1x10° M) and the mixture was
heated at 90 °C for few minutes. The viscous solution formed was cooled and formed
TbhEu2 coordination polymer gel. Selected FTIR data for ToEu2 (KBr, cm™): 3421 (b),
2948- 2829 (m), 1628 (s), 1460 (m), 1161 (m), 974-838 (m), 735 (m).

2.3 RESULTS AND DISCUSSION

2.3.1 Photophysical properties of L

The anthracene based LMWG (L) was synthesized by amine coupling between
9,10-(4-carboxyphenyl)anthracene and 2,2":6',2"-terpyridin-4'-yl-propane-1,3-diamine
(Scheme 2). The product was characterized using *H-NMR and HRMS. Methanolic
solution of L (10 M) showed a broad absorption in the range 280-310 nm which was

assigned to the n-* transition of 9,10-diphenylanthracene (ant) core and terminal
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Figure 1. (a) Absorption spectra of 9,10-(4-carboxyphenyl)anthracene in DMSO, (b)
absorption spectra of 2,2":6',2"-terpyridin-4'-yl-propane-1,3-diamine in MeOH.
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Figure 2. (a) Absorption spectra of L in MeOH , (b) Absorption spectra of L after
subtracting the absorption spectra of 2,2":6',2"-terpyridin-4'-yl-propane-1,3-diamine

which shows peak at 310 nm indicating n-n* transition of ant core.
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Figure 3. (a) Emission spectra of 9,10-(4-carboxyphenyl)anthracene in DMSO (10 M),
(b) 2,2":6' 2"-terpyridin-4"-yl-propane-1,3-diamine in MeOH (10™* M).
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Figure 4. (a) Emission spectra of L in MeOH (10™* M), (b) Combined emission spectra of
9,10-(4-carboxyphenyl)anthracene and 2,2":6’,2"-terpyridin-4'-yl-propane-1,3-diamine .

This indicates emission is originating from both ant and tpy.
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terpyridine (tpy) groups (Figure 1 and Figure 2a). Absorption spectrum of L after
subtracting the absorption spectra of 2,2":6'.2"-terpyridin-4'-yl-propane-1,3-diamine
showed clear presence of n-n* transition of ant core (Figure 2b). Excitation at 280 nm
resulted in strong blue emission with maxima at 428 nm which could be considered as

combined emission from ant and tpy parts of L (Figure 3 and Figure 4).

2.3.2 Titration of L with Tb' and Eu!' ions

Interaction of L with Tb" ions was studied in methanol solution by gradually
adding Th"' (10™* M) to solution of L (10 M) (Figure 5a). With incremental addition of
Tb", absorption spectrum showed a significant bathochromic shift at 280 nm with
appearance of a broad shoulder at 327 nm, suggesting complexation of Th" to the tpy
groups of L.*® The corresponding emission spectra of the solution (Aex= 280 nm) showed
a decrease in intensity at 428 nm with concomitant appearance of sharp peaks at 490 nm,
546 nm, 587 nm and 623 nm which could be attributed to *D.-'F; (J= 6-3) transitions of
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Figure 5. Spectral changes in (a) and (c) absorption and (b) and (d) emission spectra of L

upon incremental addition of methanolic solution of Th"' and Eu", respectively. Arrows

indicate observed changes.

Tb" (Figure 5b). This sensitized emission further confirmed the binding of Tb"" to the tpy

of L.* Interestingly, emission of L at 428 nm was not supressed completely even after
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addition of 2 eq of Th"" ions. This residual emission was attributed to the central ant core
which probably did not involve in sensitization of Tb"' due to large spatial distance
between ant core and Th"" ion. Similar changes in absorption spectra were also observed
in case of Eu"
592 nm and 618 nm, assigned to the °Dq-'F; and °Do-F, transition of Eu'. A feeble
decrease in emission at 428 nm was also observed (Figure 5d). This result indicated weak

energy transfer from tpy to Eu"".

ion (Figure 5c¢). However, the emission spectra exhibited weak bands at

2.3.3 Characterization of organogel (0G)

Heating solution of L (10 M) in CHCI3/THF (2: 1), followed by cooling at room
temperature resulted in an opaque gel (OG) that remained stable upon inversion (Figure
6a). FESEM images of OG xerogel revealed the fibrous morphology (Figure 6b-c).
Nanofibers were several micrometer long with approximate diameter of 40-50 nm.
Interestingly, presence of nanorings was also observed which were formed via coiling of
nanofibers (Figure 6¢). TEM images also supported the existence of nanofibers and nano-
rings (Figure 7a-c). Formation of nanofibers could be explained based on the self-
assembly of L as shown in the Scheme 1. In binary mixture of solvents like CHCI3/THF,
L assembled through the H-bonding between amide groups and n-7 stacking between ant
cores of neighbouring L and formed fibrils. These fibrils on aggregation formed fibers
which further entangled to form typical fibrous gel architecture. The presence of H-
bonding and n-n stacking in gel were supported by PXRD and FTIR analysis. PXRD of
the OG xerogel showed broad peak at 260 =21.8°, corresponding to the d-spacing value of
4.0 A which supported the presence of n-n stacking in gel (Figure 8). Moreover, FTIR
spectrum of OG xerogel on comparison with L exhibited a decrease in -N-H and -C=0

stretching frequency from 3436 cm™ to 3424 cm™ and from 1645 cm™ to 1638 cm™,

Figure 6. (a) Photographs of the OG gel under day and UV light, (b), (c) FESEM images
of OG xerogel.

65 |



Tunable Emission in Lanthanide CPG | Chapter 2

Figure 7. (a), (b), (c) TEM images the OG xerogel.
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Figure 8. PXRD pattern of OG xerogel with corresponding d- spacing values.

1 1

3424cm” 1638cm”

NH stretch C=0 stretch

3200 2400 1600 800
Wavenumber (cm™)

4000

Figure 9. Comparison of FTIR of L (black) and OG xerogel (red).
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Figure 10. (a) Solid state absorption (black) and emission (red) spectra of OG xerogel,

(b) Emission spectra of OG coated quartz substrate.

respectively, indicating the presence of intermolecular H-bonding in this assembly
(Figure 9). The absorption spectrum of OG xerogel showed maxima around 350 nm
(Figure 10a). Upon exciting at 350 nm it showed intense blue emission with maxima at
435 nm, originating from both ant core and tpy (Figure 10a). Emission spectra of
organogel film prepared on quartz substrate was also recorded and it showed similar

emission behaviour with a maximum at 435 nm (Figure 10b).

2.3.4 Characterization of TbL and EuL gels

Heating the mixture of L and Tb(NO3)3.6H,O (molar ratio= 1: 1) in the
aforementioned CHCI3/THF (1: 1) solvent mixture followed by cooling resulted in a
stable CPG (TbL) (Figure 11a). Likewise, EuL was also prepared by using 1:1 molar
ratio of L and Eu(NO3)3.6H,0 (Figure 11b). The formation of gels was confirmed by

& ‘%
3 Day UV
light light light light

Figure 11. (a) Photograph of TbL under day and UV light, (b) Photograph of EuL under
day and UV light.
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Figure 12. EDXS of TbL showing the presence of Th'".
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Figure 13. EDXS of EuL showing the presence of Eu'".

inversion test method. The presence of coordinated Th"' and Eu"

in respective TbL and
EuL xerogels were confirmed by EDXS analysis (Figure 12 and Figure 13). CHN
analysis of TbL and EuL xerogels indicated the probable formula as

[Tb(L)(NOg3)3.2THF] and [Eu(L)(NOs3)3.2THF], respectively. To get insight into the
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Figure 14. (a), (b), (c) FESEM images of TbL xerogel, (d), (e), (f) TEM images of ThL
xerogel showing the presence of coiled-nanofiber morphology.
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Figure 15. (a) Comparison of PXRD of OG (black), TbL (blue) and EuL (red) xerogels
(a low angle peak in TbL and EuL xerogels is highlighted in the box), (b) Probable
coordination environment around Th"" in TbL leads to the formation of coiled-nanofiber

morphology.

mode of packing in CPG, TbL xerogel was analysed by TEM and FESEM images
(Figure 14). The TbL xerogel exhibited uniformly distributed coiled-nanofiber
morphology with diameter of 80-50 nm which was higher than that of OG nanofibers
(40-50 nm) (Figure 14). It was expected that the 1D self-assembled primary structure of
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LMWG with pendent tpy groups on the outer surface would form higher ordered

" jons. This phenomenon has

structures through coordination-driven interaction with Ln
also been affirmed by PXRD analysis. OG xerogel and metallogels (TbL and EuL)
showed similar PXRD pattern with peaks at 26 = 14.1°, 16.9°, 18.6° and 21.8°,
corresponding to d-spacing values of 6.2 A, 5.2 A, 4.7 A, and 4.0 A respectively (Figure
15a). The similarities in PXRD pattern suggested that the primary assembly of L was
retained in CPGs. However, TbL and EuL showed an additional low angle peak at 4.3°,
(d-spacing value of 20.4 A) which indicated formation of higher-ordered self-assembled

structures in CPGs upon metal coordination to tpy moieties (Figure 15b).

2.3.5 Tunable emission of coordination polymer gels

Absorption spectra of TbL and EuL exhibited broad band around 390 nm and 350
nm, respectively (Figure 16a-b). Emission spectrum of TbL xerogel displayed
characteristic peaks for Th"' (Aex= 280 nm) at 486 nm, 540 nm, 580 nm, 618 nm and L
centred peak at 435 nm (Figure 16c). Nevertheless, emission spectrum of EuL xerogel
(Aex= 280 nm), showed well preserved L centred peak at 435 nm along with sharp peaks
for Eu'"" at 590 nm, 615 nm (Figure 16d). TbL and EuL gels showed intense green and
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Figure 16. (a), (b) Solid state absorption spectra of TbL and EuL xerogels, respectively,
(c), (d), Emission spectrum of TbL and EuL xerogels, respectively. Inset showing picture

of TbL and EuL gels coated on quartz substrates.
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Figure 17. (a), (b) Emission spectra of TbEul and TbEu2 xerogels, respectively. Inset
shows the yellow and white-light-emission from the quartz plates coated with TbEul and
TbEu2, respectively), (c) CIE chromatography of TbL (circle), EuL (triangle), TbEul
(square) and TbEu2 (solid circle), (d) Photograph of an illuminating ultraviolet LED (i),
same LED coated with TbEu2 gel under day light (ii) and LED showing bright white
light after switching on the LED (iii).

Figure 18. Photograph of (a) TbL, (b) EuL, (c) TbEul and (d) TbEu2 gels under UV

light showing green, pink, yellow and white emission, respectively.

pink emissions, respectively under UV light. Respective CIE (Commission International

de L’Eclairage) coordinates of ThL and EuL emission were calculated to be (0.25, 0.43)
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and (0.26, 0.23), respectively (Figure 17c). The absolute quantum yield (QY) upon
excitation at 340 nm was 4.2% for TbL and 12.4% for EuL and these values are
comparable with other reported values of Th"'/Eu"' based matallogel and coordination
polymers.>® 8 8°As seen in Figure 16c, emission spectrum of TbL extended from 400 nm
to 600 nm in which blue (from L) and green (from Tb"") parts were major components.
Therefore, by further introducing a red component (from Eu'") into TbL, the entire visible
spectrum (400-800 nm) could be covered via RGB approach. To validate this hypothesis,
bimetallic CPGs were prepared. Th"' and Eu" metal ions of different ratios were
simultaneously added into L solution during gelation. A bimetallic CPG, TbEul with
Tb"™: Eu"'= 1: 1.2 was prepared which showed strong greenish yellow emission under
UV light (Figure 17a and Figure 18). The corresponding emission spectrum displayed

"_centred peaks. The emission intensity from Th""

bands characteristic of L, Th"' and Eu
at 545nm (green) predominated over Eu"' peaks at 590 nm and 615 nm (red) (Figure 17a).
The CIE coordinate of TbhEul was calculated to be (0.24, 0.38) (Figure 17c). It was
envisioned that by further increasing Eu'"

bimetallic CPG could be tuned towards white light. Indeed, by changing the (Tb"":Eu'")

concentration, the emission feature of

ratio to 1:2, a bimetallic CPG (TbEu2) was prepared which showed near white light
emission (Figure 17b). The CIE coordinate of TbEu2 was calculated to be (0.28, 0.34)
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Figure 19. EDXS of TbEu2 showing the presence of both Th" and Eu"" in xerogel.

(Figure 17c).? Upon excitation at 340 nm the absolute QY of TbEu2 was found to be 5.0
%. The presence of both Tb"' and Eu" in TbEu2 xerogel was confirmed by EDAX
(Figure 19). Excellent processability and colour tunability of these “soft hybrids” was
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exploited for coating on various substrates. All the CPGs and the quartz substrates coated
with corresponding CPGs showed strong red, green, yellow and white-light-emissions
(Figure 16¢-d, Figure 17a-b and Figure 18). The white light emitting gel has also been
used to fabricate white-light-emitting-diode (WLED) by simply coating a commercial
ultraviolet LED with TbEu2. Upon turning on the LED, it displayed bright white light
(Figure 17d).

2.4 SUMMARY

In summary, the preceding results demonstrated a rational design of a LMWG
having blue luminescent core ant and a metal chelator tpy which could also act as a
sensitizer for lanthanide ions. Coordination driven self-assembly of LMWG with Ln"
(Tb"'/Eu") resulted in bright green/pink luminescent CPGs. While, self-assembly of L

with mixed metal ions with controlled stoichiometry of L: Tb": Eu"

yielded bimetallic
CPGs with tunable emission including yellow and near white light. These soft
coordination polymer nanostructures were highly processable. Gentle heating of gels
formed viscous liquids which were easily transferred to solid substrate without any loss in
emission intensity. Based on this approach a bright white-light-emitting LED has been
fabricated. Such trichromatic approach of colour tunability in coordination polymer gels
would provide new perspective for developing robust and easily processable light

emitting materials for potential applications in optoelectronics and sensing.
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Abstract

This chapter reports the rational design and synthesis of a flexible, amphiphilic LMWG
(L) having 4,4'.4"-[1,3,5-phenyl-tri(methoxy)]-tris-benzene core (mn-donor) and three
terminal 2,2".6',2"-terpyridyl moieties (m-acceptor) connected by alkylamide chain. L
exhibits bimodal self-assembly in aqueous and organic solvents and results in hydrogel
and organogel, respectively. The donor-acceptor m-stacking results in CT emission in
hydrogel and donor-donor =-stacking results in normal LMWG-based emission in
organogel. Also, different spatial disposition of m-chromophores lead to the formation of
nanospheres and nanofibers in hydrogel and organogel, respectively. Since the exterior of
the hydrogel-nanosphere is decorated with free amide groups, it has been exploited as soft
nano-catalyst for Knoevenagel condensation reaction. The application of LMWG-derived
hydrogel as heterogeneous nanocatalyst is underexplored and catalyzing Knoevenagel
condensation reaction is yet to be reported. Hydrogel-nanocatalysts show high
recyclability without change in morphologies. The enhanced catalytic activity is
correlated to the high surface-to-volume ratio of the nanospheres of hydrogel which
facilitate easy contact between the substrates and catalytic surface. Moreover, hydrogel-

nanocatalysts are eco-friendly as they are metal-free and contain huge amount of water.
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3A.1 INTRODUCTION

Over a past few decades, there has been a growing interest in the development of
hydrogels or organogels from the self-assembly of low molecular weight gelators
(LMWGs).! Owing to the dynamic behaviour and high processability, such
supramolecular gels exhibit impending applications in diverse fields, including tissue
engineering, bio-medicine, opto-electronics.? Although many elegant design strategies
have been implemented to construct a number of LMWGs, it is still a daunting task to
design a prior a LMWG which can act as both organogelator and hydrogelator.® This is
because a critical balance between hydrophobicity and hydrophilicity is required to
design such LMWG. In this regard, a novel strategy would be to design an amphiphilic
LMWG with donor and acceptor m-chromophores, connected by flexible alkylamide
chain. Self-assembly of such LMWG not only advances the possibility to form CT gel,
but also could result in different nanostructures of hydrogel and organogel depending
upon polarity of the solvent medium.* By considering the extensive opto-electronic
applications of supramolecular CT nanostructures, it is worth to design such LMWGs
which can pave the way towards adaptive soft-material.

Knoevenagel condensation is an important base-catalyzed reaction in research and
industry.® Till date, many amide functionalized metal-organic frameworks (MOFs) or
microporous organic polymers (MOPs) are utilized as heterogeneous Knoevenagel
catalysts because amide is a well-explored base-type catalytic site.” However,
inaccessibility of catalytic sites due to small pore size or pore blocking often limit their
activity. In this respect hydrogels of amide-functionalized LMGWs are superior as wide
pores of gel-network facilitate easy diffusion of reactive species towards the catalytic
sites.® Since hydrogels are metal-free and contain huge amount of water within, they are
environmentally more benign compared to MOFs. Moreover, hydrogel-nanocatalysts
could host different hydrophilic substrates on their outer surface and their high surface-to-
volume ratio could facilitate contact with catalytic sites. However, use of LMWG-derived
hydrogel as heterogeneous catalyst for Knoevenagel condensation is yet to be accounted.

This chapter reports a new Cs-symmetric LMWG (L) with a 4,4',4"-[1,3,5-phenyl-
tri(methoxy)]-tris-benzene (tmb) as core, connected to three 2,2":6',2"-terpyridyl (tpy)
moieties through flexible alkylamide chain (Scheme 1). The self-assembly of L in
aqueous and organic solvent mediums resulted in hydrogel (HG) and organogel (OG)

with nanosphere and nanofiber morphologies, respectively. The HG exhibited CT
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emission, whereas the OG showed normal LMWG-based emission. Due to the presence
of surface-exposed amide groups, HG was exploited as heterogeneous nanocatalyst for

Knoevenagel condensation reaction.

Aqueous  ONH Organic
medlum medlum

Nanosphere

% CHO

Knoevenagel
+* NC”NCN Condensation
_—

X

Scheme 1. Schematic showing the self-assembly of L to hydrogel and organogel and their

catalytic activity.

3A.2 EXPERIMENTAL SECTION

3A.2.1 Materials

1,3,5-tris(bromomethyl)benzene, methyl-4-hydroxybenzoate, 4'-chloro-2,2":6',2"-
terpyridine, 1,3-diaminopropane, triphenylphosphine (PPhs), trichloroisocyanuric acid
(TCIC) were purchased from Sigma-Aldrich chemical Co. Ltd. Potassium carbonate,
potassium iodide, malononitrile and all solvents were purchased from Spectrochem. For
doing catalysis all substrates, benzaldehyde, 4-nitrobenzaldehyde, 4-chlorobenzaldehyde,
para-tolualdehyde and para-anisaldehyde, were purchased from Sigma-Aldrich chemical
Co. Ltd. All solvents were pre-dried using standard procedures before using. For UV-Vis

experiments spectroscopic grade solvents were purchased from Spectrochem.

3A.2.2 Physical measurements

'H-NMR was recorded on a Bruker AV-400 spectrometer with chemical shifts

recorded as ppm and all spectra were calibrated against TMS. UV-Vis spectra were
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recorded in a Perkin-Elmer lamda 900 spectrometer. Fluorescence studies were
accomplished using Perkin Elmer Ls 55 Lumeniscence spectrometer. Fourier transform
infrared (FTIR) spectral studies were carried out by making samples with KBr pellets
using Bruker FTIR spectrometer. Powder X-ray diffraction (PXRD) studies were
recorded on a Bruker D8 discover instrument using Cu-Ka radiation. Morphology studies
were carried out using Lica-S440I field emission scanning electron microscopy (FESEM)
by placing samples on silicon wafer under vacuum with accelerating voltage of 10 kV.
Transmission electron microscopy (TEM) analysis was performed using JEOL JEM-3010
with accelerating voltage of 300 kV. For this analysis the xerogels were dispersed in

ethanol and then drop casted on a carbon coated copper grid.

3A.2.3 Synthesis

Synthesis of 4,4',4"-[1,3,5-phenyl-tri(methoxy)]-tris-benzoic acid: methyl-4-
hydroxybenzoate (1.065 g, 7 mmol), potassium carbonate ( 2.89 g, 21 mmol), potassium
iodide (85 mg, 0.518 mmol) were suspended in dry N,N-dimethylformamide (DMF). The
reaction mixture was refluxed at 100 °C for 2 hours maintaining the inert condition. 1,3,5-
tris(bromomethyl)benzene (500 mg, 1.4 mmol) was dissolved in 20 ml dry DMF and was
drop-wise added to the above heated reaction mixture. The mixture was subsequently
stirred and heated at 100 °C for 4 hours. After cooling the reaction mixture to room
temperature, 100 ml distilled water was added and the precipitate formed was collected
by filtration. The precipitate was washed several times with cold water and air dried. The
product obtained was white solid. Yield= 85%. *H-NMR (400 MHz, DMSO-d®) &: 7.92
(d, 6H, ArH), 7.54 (s, 3H, ArH), 7.14 (d, 6H, ArH), 5.29 (s, 6H, -CH,-), 3.82 (s, 9H, -
OCHj3). The product was taken in a round bottom flux. 40 ml methanol and 6 g of NaOH
in 20 ml of distilled water were added into it. The reaction mixture was refluxed at 50 °C
for 12 hours. After cooling to room temperature, the solution was placed in an ice bath
and acidified to pH =2 with 3N HCI. The precipitate was then collected, washed several
times with distilled water and air dried. A brownish solid was obtained. Yield = 98%. 'H-
NMR (400 MHz, DMSO-d®) &: 7.89 (d, 6H, ArH), 7.53 (s, 3H, ArH), 7.11 (d, 6H, ArH),
5.22 (s, 6H, -CH,-). Selected FTIR data (KBr, cm™): 3451 (b), 3078-2879 (s), 2673 (s),
2550 (s), 1680 (sh), 1603 (sh), 1510 (m), 1428 (m), 1248 (sh), 1169 (sh), 1009 (m), 940
(s), 846 (m), 771 (m), 695 (s), 648 (s), 609 (), 564 (S), 504 (5).

Synthesis of 2,2:6',2"-terpyridin-4'-yl-propane-1,3-diamine: The detail

synthetic procedure of 2,2":6’,2"-terpyridin-4'-yl-propane-1,3-diamine was discussed in
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Chapter 2. The *H-NMR, FTIR and CHN analysis of 2,2":6',2"-terpyridin-4'-yl-propane-

1,3-diamine were also discussed in Chapter 2.
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Scheme 2. Synthetic scheme for 4,4',4"-[1,3,5-phenyl-tri(methoxy)]-tris-benzene{[3-
([2,2"-6',2"-terpyridin-4'-ylamino)-propyl]-amide} (L).

Synthesis of 4,4',4"-[1,3,5-phenyl-tri(methoxy)]-tris-benzene{[3-([2,2":6',2"-
terpyridin-4'-ylamino)-propyl]-amide} (L): 4,4',4"-[1,3,5-phenyl-tri(methoxy)]-tris-
benzoic acid (280 mg, 0.529 mmol) was dissolved in anhydrous THF (30 mL).
TCIC (406 mg, 1.748 mmol) and PPh3 (458 mg, 1.748 mmol) were added into the
reaction mixture and stirred at 0 °C for 40 min under inert condition. 2,2;6'2"-
terpyridin-4'-yl-propane-1,3-diamine (532 mg, 1.748 mmol) was dissolved in
anhydrous THF (20 ml) and EtsN (484 pl, 3.496 mmol) was added into it. This
reaction mixture was drop-wise added into 4,4',4"-[1,3,5-phenyl-tri(methoxy)]-tris-
benzoic acid / TCIC / PPhs solution at 0 °C and stirred for 45 minutes. After that
the reaction mixture was stirred at room temperature for 3 hrs. Precipitate was
collected by filtration and washed several times with CHCI; and dried under vacuum.
Yield: 88%. Melting point (m.p) of L= ~300°C. *H-NMR (400 MHz, DMSO-d®) &: 8.65
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(d, 2H, ArH), 8.89 (d, 2H, ArH), 8.23 (m, 2H, ArH), 7.90 (s, 2H, ArH), 7.78 (m, 2H,
ArH), 7.73 (m, 2H, ArH), 7.53 (s, 1H, ArH), 7.05 (d, 2H, ArH), 5.21 (s, 2H, ArCH,0Ar),
3.72 (m, 2H, CONHCHy), 3.02 (m, 2H, CH>), 2.04 (m, 2H, CH,;NH). Selected FTIR data
(KBr, cm™): 3436 (b), 3039 (b), 2779 (s), 2676 (s), 2493 (s), 1721 (sh), 1695(sh), 1600
(m), 1470 (m), 1399 (m), 1249 (s), 1167 (s), 850 (s), 790 (m), 534 (m). HRMS (ESI, m/z):
[M+H]" calculated for CgsHssN1gQs, 1391.4252; found: 1391.4254. Anal. calcd for
Cs4H75N1506 Calc.: C, 72.53; H, 5.43; N, 15.11%; Expt.: C, 72.61; H, 5.53; N, 15.05%.

Synthesis of the hydrogel of L (HG): 9 mg L was dissolved in 600 pl MeOH and
400 ul water was added into the solution during sonication. The mixture was kept at room
temperature. After 5-6 min opaque gel was formed. The formation of gel was confirmed
by inversion-test method. The HG xerogel was prepared by drying the hydrogel in air.
Selected FTIR data of HG xerogel (KBr, cm™): 3436 (b), 3040 (b), 2781 (s), 2679 (s),
2493 (s), 1722 (sh), 1693 (sh), 1594 (m), 1469 (m), 1398 (m), 1248 (s), 1055 (s), 851 (s),
788 (m), 537 (m).

Synthesis of the organogel of L (OG): 8 mg of L was dissolved in 800 pl
CHCI3/THF (v:v= 1:1) solvent mixture. The resulting mixture was heated at 90° C for few
minutes to form a viscous liquid which on cooling resulted in opaque gel. The formation
of gel was confirmed by inversion test method. OG xerogel was prepared by drying the
organogel in air. Selected FTIR data of OG xerogel (KBr, cm™): 3420 (b), 3053 (b), 2778
(m), 1716 (sh), 1688(sh), 1465 (m), 1396 (sh), 1052 (m), 771 (s), 534 (sh).

General procedure for the catalytic reactions: Various benzaldehyde derivatives
(2 mmol) and melanonitrile (1 mmol) were taken in a Schlenk tube and 15 ml dry THF
was added into it under inert atmosphere. The reaction mixture was stirred at room
temperature for 5 minutes and HG xerogel (1 mol %) was added into it. After that the
reaction mixture was refluxed at 40 °C under nitrogen atmosphere. The reaction mixture
was cooled down to room temperature and filtered to recover the catalyst. The filtrate was

concentrated and analysed using GC-MS analyser and *H-NMR spectroscopy.

3A.3 RESULTS AND DISCUSSION

3A.3.1 Characterization of L

The synthesis of L was carried out in multi-steps from commercially available
1,3,5-tris(bromomethyl)benzene, methyl 4-hydroxybenzoate and 4-chloro-2,2":6'2"-
terpyridine (Scheme 2).** Reaction of 1,3,5-tris(oromomethyl)benzene with methyl 4-
hydroxybenzoate first resulted in methyl 4,4',4"-[1,3,5-phenyl-tri(methoxy)]-tris-benzoate
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which was subsequently hydrolysed to corresponding acid. The resulting acid was further
coupled with 2,2":6',2"-terpyridin-4-yl-propane-1,3-diamine in 1:3 stoichiometry to get
the targeted L in approximately 88% yield. The formation of L was confirmed by *H-
NMR, HRMS and FTIR spectra. The HRMS showed peak at m/z = 1391.423
corresponding to the [L+ H]" species. The FTIR spectrum of L exhibited bands at 3436
cm™ and 1695 cm™ corresponding to N-H and C=0O stretching frequency of amide,
respectively. The elemental analysis of L also confirmed its purity. The melting point of
L was found to be ~300 °C. Methanolic solution of L (10 M) showed a broad absorption
band at 250-320 nm which could be assigned to the m-7* transition of the tmb core and
terminal tpy moieties (Figure 1a). Upon excitation at 280 nm, the same solution exhibited
blue emission with maxima at 420 nm which could be considered as combined emission

from tmb and tpy groups of L (Figure 1b).
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Figure 1. (a) Absorption spectra of L (1x10™* M) in MeOH, (b) emission spectra of L
(1x10™* M) in MeOH.

3A.3.2 Characterization of hydrogel (HG)

Gelation propensity of L was thoroughly checked in various solvents. The solution
of L (9 mg/ml) in H,O/MeOH mixture formed the translucent hydrogel (HG) at room
temperature (Figure 2a). Upon shaking, HG was transformed into a sol, which again
converted back to a gel on resting, thereby confirming its thixotropic nature. Insight into
the morphology of HG was obtained by recording FESEM and TEM images of
corresponding xerogel. FESEM and TEM images of HG xerogel revealed the presence of
nanospheres with the diameter in 600- 700 nm range (Figure 2b-h). High resolution TEM
image showed that surface of the nanospheres consisted of layered sheets (Figure 2h).

Formation of the nanosphere occured through a two-step hierarchical self-assembly
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1
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Figure 2. (a) Photograph of HG hydrogel under day light and UV-light, (b), (c) and (d)
FESEM images of HG xerogel, showing of the formation of nanosphere, (e), (f), (g) TEM
images of HG xerogel, (h) High resolution TEM image of HG xerogel.
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Scheme 3. Schematic showing mechanism of self-assembly of L to nanospheres of HG.

process as shown in Scheme 3.° First, in polar solvent the molecules were assembled
through inter molecular n- stacking between the tmb and tpy moieties and resulted in
extended 2D sheets. As time proceeds, the m-stacked tmb and tpy tried to minimize their
contact with H,O/MeOH due to hydrophobic effect, whereas amide groups present on the
sheets tried to be exposed towards the polar medium due to H-bonding with H,O/MeOH.
As a result, sheets were folded to nanospheres whose exterior were decorated with amide
groups. The presence of n-x stacking in HG was supported by PXRD which showed peak
at 20 = 24.5°, corresponding to the d-spacing value of 3.6 A (Figure 3). Comparison of
FTIR spectra of HG xerogel with L, did not exhibit significant change in -N-H and -C=0
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Figure 3. PXRD pattern of HG xerogel.
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Figure 4. FTIR spectra of of L (black) and HG xerogel (red).

stretching frequency which indicated no H-bonding interaction between L and gelation
was driven by only n-nt stacking/hydrophobic interaction between tmb and tpy groups
(Figure 4). UV-Vis spectrum of HG xerogel exhibited maxima at 290 nm and a broad
shoulder at 410 nm which could be attributed to the interligand CT transition between 7-
stacked tmb (m-donor) and tpy groups (m-acceptor) (Figure 5a). Similar Ar—tpy
intraligand charge transfer (ILCT) transition is reported for many Zn" complexes of Ar-
tpy derivatives.’® Upon exciting at 290 nm HG xerogel showed cyan emission with
maxima at A= 478 nm (Figure 5b). Moreover, the intensity of the emission maxima
increased upon excitation at 400 nm, further indicating CT based emission in HG (Figure
5¢). Excitation spectra showed presence of ground state interaction, thus ruling out the
possibility of excited state exciplex formation (Figure 5d).* To further confirm the CT
interaction, the absorption and emission spectra of L in MeOH/H,0 mixture was recorded
by gradually adding H,O in the MeOH solution of L. With incremental addition of H,0,
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Figure 5. (a) UV-Vis spectra of methanolic solution of L (10 M, Black), solid L (Red)

and HG xerogel (Blue), (b) Emission spectra of methanolic solution of L (10> M, Red),
solid L (Blue) and HG xerogel (Black), (c) Emission spectra of HG xerogel when excited
at 290 nm (black) and 400 nm (red), (d) Comparison of excitation spectra of L (red) and

HG xerogel (black).
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Figure 6. (a) Change in absorption spectra of methanolic solution of L with incremental

addition of water, (b) Change in emission spectra of methanolic solution of L with

incremental addition of water.
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Figure 7. Confocal fluorescence microscopy images of HG xerogel showing presence of

cyan emissive nano-spheres.

the absorption spectra of L showed appearance of a new peak at 410 nm, suggesting
intermolecular CT interaction of aggregated L in mixed solvent (Figure 6a). The
corresponding emission spectrum (Aex = 400 nm) of the solution exhibited red shifted
emission with enhanced intensity, confirming CT emission of aggregated L in mixed
solvent (Figure 6b). Comparison of absorption spectra of HG xerogel with solid L,
showed that the CT band at 410 nm becomes more prominent in HG (Figure 5a). This
result indicated that the CT interaction between the m-n stacked tmb and tpy groups
became prominent in the ordered assembly of HG. Confocal fluorescence microscopy
images of HG xerogel confirmed the formation of cyan emissive nanospheres with an
average diameter of 600 + 100 nm (Figure 7).

3A.3.3 Characterization of organogel (0G)

Heating solution of L (8 mg/ml) in CHCIz/THF mixture followed by cooling
resulted in an opaque organogel (OG) (Figure 8a). FESEM and TEM images of OG
xerogel revealed the typical fibrous morphology (Figure 8b-c). Nanofibers were several
micrometer long with an average diameter of 80-100 nm. The presence of nanorings was
also observed which are formed by coiling of nanofibers. In CHCI3/THF mixture, self-
assembly of L was driven by complementary H-bonding interaction between amide
groups and m-m stacking between tmb core of neighbouring L and results in 1D fibril
(Figure 8d). These fibrils upon aggregation formed fibers which further entangled to form
fibrous gel architecture. The presence of H-bonding and n-m stacking in OG was
supported by PXRD and FTIR studies (Figure 9). Comparison of FTIR spectra of L and
OG xerogel exhibited decrease in —C=0 and —N-H stretching frequencies from 1693 cm’

! t0 1688 cm™ and from 3436 cm™ to 3420 cm™, respectively, indicating the presence of
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Figure 8. (a) Photograph of OG organogel under day light and UV-light, (b) FESEM
image of OG xerogel, (¢) TEM image of OG xerogel, (d) The mechanism of self-

assembly of L in OG is driven by the H-bonding and n-n stacking interactions.
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Figure 9. (a) FTIR spectra of L (black) and OG xerogel (red), (b) PXRD of OG xerogel.

intermolecular H-bonding between the amide groups of L (Figure 9a). PXRD analysis of
OG xerogel exhibited broad peck at 20 = 21.7°, corresponding to d = 4.0 A which
indicated the presence of n-n stacking in OG (Figure 9b). Absorption spectrum of OG
xerogel showed maxima around 290 nm. The xerogel exhibited a blue emission with a
maxima at 430 nm (Aex= 290 nm), originating from both tmb and tpy, similar to the
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Figure 10. UV-Vis and emission spectra of OG xerogel.
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Figure 11. (a) Oscillatory strain measurements (frequency = 1.0 rad/s) and (b)
Oscillatory frequency sweep measurements (strain = 0.01%) of HG, the squares (black)
and circles (red) indicate storage (G’) and loss modulus (G") respectively, (c) Oscillatory
strain sweep measurements (frequency = 1.0 rad/s) and (d) Oscillatory frequency sweep
measurements (strain = 0.01%) of OG, the squares (black) and circles (red) indicate

storage (G") and loss modulus (G"), respectively.
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methanolic solution of L (Figure 10). This also suggested that self-assembly of L was
different in HG and OG. Oscillatory strain and frequency sweep measurements on HG
and OG showed that storage modulus (G’) was higher than the loss modulus (G”) over a
long range of strain (%) indicating viscoelastic nature of the gels (Figure 11).
Interestingly, the G' value of OG was two-fold higher than the G' value of HG indicating

greater mechanical strength of OG compared to HG.

3A.3.4 Catalytic activity of the hydrogel nanospheres

The presence of free amide group on the exterior of nanosphere of HG xerogel
prompted us to study its catalytic activity towards the Knoevenagel condensation of
aldehydes and active methylene compounds. In a typical condensation reaction p-
nitrobenzaldehyde (1 equiv), malononitrile (1 equiv), and HG xerogel (1 mol %) were
taken in dry THF and stirred at 40°C under inert conditions. Formation of the product was
confirmed by *H-NMR and GC-MS analysis (Figure 12 and Figure 13). The quantitative
analysis of the product conversion was monitored by a GC-MS analyser at regular
intervals of times. The reaction kinetics showed a sharp increase in conversion (69%) in

20 minutes, after 2 h 90% conversion of product was observed and after 4 h almost all

cPCDﬂJI‘\I\
NV Y/
CN
" CN
NO,
1 | A N

Figure 12. 'H-NMR spectra (in CDCl3) of 2-(4-nitrobenzylidene)malononitrile formed by

the condensation of malononitrile and 4-nitrobenzaldehyde using HG xerogel as catalyst.
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Figure 13. GC-MS of 2-(4-nitrobenzylidene)malononitrile formed by the condensation of

malononitrile and 4-nitrobenzaldehyde after 4 hours using HG xerogel as catalyst.
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Figure 14. Conversion [%] versus time [min] for Knoevenagel condensation reaction of

4-nitrobenzaldehyde and malononitrile at 40 °C in THF.

aldehyde was converted to product (99%) (Figure 14). However, no detectable amount of
product was obtained, when L was used as catalyst under the similar reaction condition.
This suggested that the direct contacts of the substrate with the amide groups present on
the surface of nano-spheres were essential for catalytic activities. The catalytic activities
of HG xerogel towards different p-substituted benzaldehyde (X = -H, -NO, -Cl, -CH3
and -OCHjs) were studied and the obtained products were analysed by *H-NMR and
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Figure 15. 'H-NMR spectra (in CDCIl3) of 2-benzylidenemalononitrile formed by the

condensation of malononitrile and benzaldehyde using HG xerogel as catalyst.
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Figure 16. 'H-NMR spectra (in CDCls) of 2-(4-chlorobenzylidene)malononitrile formed

by the condensation of malononitrile and 4-chlorobenzaldehyde using HG xerogel as

catalyst.
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Figure 17. *H-NMR spectra (in CDCls) of 2-(4-methylbenzylidene)malononitrile formed

by the condensation of malononitrile and p-tolualdehyde using HG xerogel as catalyst.
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Figure 18. 'H-NMR spectra (in CDCls) of 2-(4-methoxybenzylidene)malononitrile

formed by the condensation of malononitrile and p-anisaldehyde using HG xerogel as

catalyst.
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Table 1. The catalytic reactions and the results with varying substituent on the aldehydes.

CN
CHO " CN
HG xerogel
+ NN ————
Dry THF
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Reactant Product Time [h]  Conversion (%)
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Figure 19. (a), (b), (c) TEM images of HG xerogel after 4™ cycle of catalytic reaction,
(d) Size distribution histogram plot of HG xerogel before catalytic reaction, (e) Size

distribution histogram plot of HG xerogel-catalyst, recovered after 4™ cycle of catalytic
reaction.
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Figure 20. PXRD pattern of HG xerogel (HG@THF) after immersed in THF for 6 hours
at 40°C.

S

Figure 21. (a) PXRD pattern of OG xerogel (OG@THF) after immersed in THF for 6
hours at 40°C, (b), (c) TEM images of OG xerogel after it was immersed in THF for 6
hours at 40°C.

GCMS (Figure 12 and Figure 15-18). The conversion results were summarized in Table
1. Although the conversion of product was significant for X= -H, -NO, and -Cl, the yield
was reduced for X = -CHs, -OCHg;. This suggested that electron withdrawing group (-
NO,, -Cl) at the para-position of benzaldehyde enhanced the electrophilicity of the
carbonyl carbon and thereby increased its reactivity.'* However, the electron donating
group (-OCHs, -CHg3) reduced the electrophilicity of the carbonyl carbon and therefore

exhibited lesser yield. The catalyst could be reused for at least 4 cycles. TEM images of
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the catalyst after 4™ cycle showed that the nano-sphere morphology was still retained
(Figure 19a-c). The size distribution histogram plots of HG xerogel before and after the
catalytic reaction also indicated that the sizes of nanosphere were unchanged after
reaction (Figure 19d-e). The PXRD of HG xerogel did not change after immersing it in
THF at 40 °C (HG@THF), thus confirming its stability (Figure 20).To further prove that
the surface exposed amide groups are essential for the catalytic activity, we have
performed same catalytic reactions with nanofiber OG xerogel. Interestingly, no
conversion of product was observed even after 12 hours. This suggested that OG xerogel
cannot catalyze the reaction. Stability of OG xerogel in THF at 40 °C (OG@THF) was
confirmed by PXRD and TEM (Figure 21a-c). Since the amide groups were not exposed
on the surface of nano-fiber, the reactants could not access the catalytic sites and
therefore reaction did not occurred. This further supported our conjecture of different

self-assembly of L in two different solvent systems as discussed earlier.

3A.4 SUMMARY

The preceding results demonstrated design of a LMWG which could self-assemble
in both aqueous and organic medium resulting into hydrogel and organogel, respectively.
Hydrogel showed unique spherical morphology and CT emission. However, the
organogel showed typical fibrous morphology. The nanosphere of hydrogel was utilized
for catalysing Knoevenagel condensation reaction, whereas the nano-fibers of organogel
failed to show catalytic activity due to inaccessibility of free amide groups. This work
would open up a new perspective to rationally design LMWG that can form both
organogel and hydrogel and explore their catalytic applications. Furthermore, the effect of
metal ion coordination on self-assembly of this LMWG and their properties could be

explored.
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Abstract

The recent upsurge in research on coordination polymer gels (CPGs) stems from their
synthetic modularity, nanoscale processability and versatile functionalities. This chapter
reports the self-assembly of an amphiphilic, tripodal low molecular weight gelator (L),
consists of 4,4'4-[1,3,5-phenyl-tri(methoxy)]-tris-benzene core and 2,2":6',2"-terpyridyl
termini, with different metal ions toward the formation of CPGs which show controllable
nanomorphologies, tunable emission and stimuli-responsive behaviours. L also acts as a
selective chemosensor for Zn" with very low limit of detection (0.18 ppm) in aqueous
medium. Coordination driven self-assembly L with Zn" in H,O/MeOH solvent mixture
results in a coordination polymer hydrogel (ZnL) which exhibits sheet-like morphology.
The ZnL xerogel shows charge-transfer emission. On the other hand, coordination of L
with Tb"' and Eu" in CHCI3/THF solvent mixture results in green and red emissive
CPGs, respectively with nanotubular morphology. Moreover, precise stoichiometric

control of L: Eu": Th" ratio leads to the formation of bimetallic CPGs which show

tunable emissions over a broad spectral range, including white-light-emission. The multi-

stimuli responsive properties of the white-light-emitting CPG are also studied by

exploiting the dynamics of Ln""-tpy coordination.
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Paper published based on this work:
P. Sutar, and T. K. Maji, Inorg. Chem., 2017, 56, 9417-9425.
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3B.1 INTRODUCTION

Recently, enormous attention has been focused on the development of multi-
functional CPGs, achieved by the self-assembly of metal ions and low molecular weight
gelators (LMWGs).! CPGs are highly promising soft-hybrid materials as the presence of
metal ions endows them with unique redox, optical, electronic and catalytic properties.®
Also, the metal-LMWG interactions allow the controlled growth of different
nanostructures, such as fibers, tubes, rings, ribbons and vesicles in CPGs.®** Many novel
functionalities such as tunable emission, catalysis, proton conductivity, sensing and gas
storage have been explored in CPGs, which arise due to the synergistic combination of
inorganic and organic components.> Among many divergent classes of LMWGs reported
to-date, the amphiphilic gelator containing donor and acceptor n-chromophores connected
by a flexible alkylamide chain is intriguing.® This is because dynamic self-assembly of
such LMWGs in aqueous or organic solvents results in hydrogel or organogel with
different nanostructures and properties.’ The previous chapter reports the self-assembly of
such flexible, amphiphilic LMWG (L) having 4,4',4"-[1,3,5-phenyl-tri(methoxy)]-tris-
benzene (tmb) core and 2,2".6',2"-terpyridyl (tpy) termini to hydrogel (HG) and
organogel (OG) with nanosphere and nanofiber morphologies, respectively.” Different
spatial organization of tmb (donor) and tpy (acceptor) moieties of L resulted in charge
transfer (CT) emission in HG and LMWG-based emission in OG. It was envisioned that
the coordination of specific metal ions to the tpy units of L could further drive the self-
assembly in different way and resulted in CPGs with added complexity and functionality.
Moreover, metal binding could provide fluorescence readout signal which could be useful
for specific recognition process. Example of LMWG which can act as a chemosensor for
a metal ion and form CPG with the same metal ion is very rare.'® In this regard, designing
of LMWG for selective detection of Zn" from water is important as it is the second most
abundant metal ion in the human body. Zn" is an important structural cofactor in many
biological processes.? However, it is also a significant metal pollutant present in drinking
water which causes several diseases including alzheimer, epilepsy and ischemic stroke.’
Long-term exposure to high levels of Zn" could also induce liver and kidney damage.
Hence, detection of Zn" from drinking water is essential. Among various detection
procedures, chelation enhanced fluorescence (CHEF) is highly effective as it provide
fluorescence enhancement with or without any spectral shifts after chelation with specific

metal ions.™® Hence the presence of metal ion could be easily detected by naked eye. One
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important feature of the gel materials is stimuli-responsive behaviour. In this regard,
significant amount of work has been done on pH-, mechano-, photo-responsive behaviour
of organogels or hydrogels, synthesized from purely organic systems.™ Inspite of such
overwhelming progress, there are still very few reports on stimuli-responsive CPGs. In

this respect, lanthanide (Ln"")-based coordination polymer gels (Ln"'-CPG) could be a

potential platform for studying stimuli-responsive sol-gel transition and corresponding

"_pased materials exhibit narrow band emissions

emission change.> This is because Ln
(red: Eu", Pr'"", sm"": green: Tb"', Er'"; blue: Tm", Ce'"') with high quantum yields when
coordinate to suitable m-chromophoric chelator, such as terpyridine (NANAN). Recently,

many LnIII 1|

-based materials, including Ln™"-CPGs with unique emission properties,
stemming from sensitized f—f electronic transition have been exploited for sensing and
solid state lighting applications.*? However, little attention has been given on fabricating
processable white-light-emitting CPG and exploiting their stimuli-responsive behaviours.
In this respect, Ln"'-CPGs having weak Ln"'-NANAN interactions (hard acid-soft base)
is interesting as they could be explored for the mechanistic understanding of stimuli-
responsive reversible sol-gel transition and corresponding emission dynamics.*

Zn"

a)

N N? Zn" induced
S turn-on emission

Hp / Other M™
%H

Wavelength (nm)

TUN 1 "LE Emission

Y Increasing Tb/Eu ratio
—
‘? ©) Multi-
%_A \ Stimuli

Gelator (L) Stimuli-responsive white-light-emitting gel

Scheme 1. Schematic showing the structure of L, a) L acts as a chemosensor for Zn" ion,
b) Coordination of L with Tb"/Eu" (in different ratios) results in CPGs with tunable
emission property, including white-light-emission, c¢) The white-light-emitting CPG

shows multi-stimuli responsive behaviours.

108 |



Modular Morphologies and Stimuli-responsive Behaviour of CPGs | Chapter 3B

This chapter reports the chemo-sensing property of L, coordination driven self-
assembly of L to CPGs and multi-stimuti responsive behaviours of the CPGs. The gelator
L could detect Zn" in ppm level from aqueous solution based on fluorescence turn-on
response. Furthermore, the coordination driven self-assembly of L with zn" in
H,O/MeOH solvent mixture led to the formation of a coordination polymer hydrogel
(ZnL) which exhibited sheet-like morphology. The ZnL showed CT emission similar to
the previously reported HG. Moreover, coordination of L with Tb" and Eu" in
CHCI3/THF solvent mixture led to the formation of CPGs (TbL and EuL) which
exhibited green and red emissions, respectively. By controlling the stoichiometry of L :
Eu": Tb", bimetallic CPGs were prepared which showed tunable emission over a broad
spectral range, including white-light-emission. Moreover, the multi stimuli-responsive

behaviours of the bimetallic CPGs were explored based on the Ln"-tpy coordination

dynamics (Scheme 1).

3B.2 EXPERIMENTAL SECTION

3B.2.1 Materials

1,3,5-tris(bromomethyl)benzene, methyl-4-hydroxybenzoate, 4'-chloro-2,2":6',2"-
terpyridine, 1,3-diaminopropane, triphenylphosphine (PPhs), trichloroisocyanuric acid
(TCIC) were purchased from Sigma-Aldrich chemical Co. Ltd. All solvents were
purchased from Spectrochem Pvt. Ltd. All the metal salts Zn(NOj3),.6H,0,
Tb(NO3)3-6H,0 and Eu(NO3)3-6H,O were purchased from Alfa Aesar. All the other
chemicals were purchased from Spectrochem Pvt. Ltd. All solvents were pre-dried using
standard procedures before using. For UV-Vis experiments spectroscopic grade solvents
were purchased from Spectrochem Pvt. Ltd.
3B.2.2 Physical measurements

'H-NMR was recorded on a Bruker AV-400 spectrometer with chemical shifts
recorded as ppm and all spectra were calibrated against TMS. High resolution mass
spectra (HRMS) was recorded on Agilent 6538 Ultra High Definition (UHD)
Accurate-Mass Q-TOF-LC/MS system using electrospray ionization (ESI) modes.
Elemental analysis was performed on a Thermo Fisher Flash 2000 Elemental Analyser.
UV-Vis spectra were recorded on a Perkin-Elmer lamda 900 spectrometer. Fluorescence
studies were accomplished using Perkin Elmer Ls55 Luminescence spectrometer. Fourier

transform infrared spectroscopy (FTIR) studies were carried out by making samples with
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KBr pellets using Bruker FTIR spectrometer. Morphology studies were carried out using
Lica-S4401 field emission scanning electron microscopy (FESEM). The xerogel samples
were dispersed in ethanol and drop-casted on silicon wafer. The FESEM images were
taken under high vacuum using accelerating voltage of 10 kV. Elemental mapping was
also performed in the same instrument. Energy dispersive X-ray spectroscopy (EDXS)
analysis was performed with an EDAX genesis instrument attached to the FESEM
column. Transmission electron microscopy (TEM) analysis was performed using JEOL
JEM-3010 with accelerating voltage of 300 kV. For this analysis the xerogel was
dispersed in ethanol and then drop casted on a carbon coated copper grid. Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) measurements were
performed on Perkin EImer Optima 7000dv ICP-AES.

3B.2.3 Synthesis

Synthesis of ZnL hydrogel: 9 mg L was dissolved in 600 ul MeOH. 1.9 mg
Zn(NO3)3-6H,0 was dissolved in 400 pl water. The solution of Zn" was slowly added
into the methanolic solution of L. The mixture was sonicated for 2-3 minutes. The
mixture immediately converted to opaque ZnL gel. The formation of gel was confirmed
by inversion-test method. Selected FTIR data (KBr, cm™): For ZnL xerogel: 3215 (m),
3063 (b), 2978- 2749 (m), 2673 (sh), 2493 (s), 1705 (sh), 1601 (m), 1470 (sh), 1397 (sh),
1245 (m), 1168 (s), 1055 (m), 848 (s), 788 (sh), 531 (sh).

Synthesis of TbL and EuL gels: 500 pl solution of L (1x10° M) in CHCIs/THF
(2:1) was mixed with 500 pl solution of Th(NO3);-6H,0 (1x10° M, in THF). The
mixture was heated at 90 °C for 2-3 minutes to prepare a viscous solution which
eventually resulted in stable opaque TbL gel upon cooling. Similarly EuL gel was also
prepared. 500 pl solution of L (1x10° M) in CHCIy/THF (2:1) was mixed with 500 pl
solution of Eu(NO3)3.6H,0 (1x10° M, in THF). The mixture was heated at 90 °C for 2-3
minutes to prepare a viscous solution which converted to opaque EuL gel upon cooling.
In both case, the formation of gels were confirmed by inversion-test method. Selected
FTIR data (KBr, cm™) for TbL xerogel: 3426 (b), 2973- 2829 (m), 1640 (m), 1457 (s),
1384 (sh), 1168 (s), 997 (s), 973 (s), 840 (s), 808 (s). Selected FTIR data (KBr, cm™) for
EuL xerogel: 3419 (b), 2426 (s), 1637 (sh), 1469 (s), 1382 (sh), 1041 (s), 975 (s), 746 (S).

Synthesis of bimetallic CPGs: First (1x10° M) and (1x10° M) solutions of
Tb(NO3)3.6H,0 and Eu(NO3)3.6H,0 are prepared by dissolving the metal salts in THF.
After that 250 pl solution of Tb(NO3)3.6H,0 and 250 ul solution of Eu(NOs3)3.6H,0 are
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added into 500 pl solution of L (1x10° M). The mixture is heated at 90 °C for few
minutes to form viscous solution which is eventually converted to stable gel (CPGL1) after
cooling. Similarly CPG2 was prepared by using (1x10° M) and (2x10° M) of
Tb(NO3)3.6H,0 and Eu(NO3)3.6H,0 in THF, respectively. The CPG3 was prepared by
using (1x10° M) and (2.2 x 10 M) solutions of Th(NO3)3.6H,0 and Eu(NO3)3.6H,0 in
THF, respectively. Selected FTIR data (KBr, cm™): For CPG1 xerogel: 3420 (b), 2940-
2824 (m), 1635 (sh), 1457 (s), 1382 (sh), 1155 (s), 997 (s), 746 (s). For CPG2 xerogel:
3421 (b), 2938- 2827 (m), 1632 (sh), 1455 (s), 1384 (sh), 1157 (s), 980 (s), 743 (s). For
CPG3 xerogel: 3417 (b), 2941- 2824 (m), 1630 (sh), 1457 (s), 1390 (sh), 1163 (s), 987
(s), 739 (5).

3B.3 RESULTS AND DISCUSSION

3B.3.1 Metal ion sensing

The solution of L (10 M) in methanol showed a broad absorption band at 250-320
nm, attributed to the n-n* transition of the tmb and tpy moieties.” Since terpyridine is a
well-known metal chelating group, the interactions of L with different metal ions (M"™=
cu", Al ca" cd", co", Fe'', Mg", Mn", Ni", Pb", Hg", zn", Cu', Ag") were studied by
gradually adding M"™ solution (10* M) to the solution of L (10° M). Absorption
spectrum of L did not show any spectral shift after addition of 3 equivalents of Cu", AI""
ca", cd", co", Fe" Mg" Mn", Ni", Pb" Hg", Ag', Cu'. However, a significant change
in absorption spectrum was observed after addition of Zn" (Figure 1a). With incremental
addition of zn", absorption maximum of L at 280 nm shifted to 297 nm and a broad
shoulder appeared at 318 nm which suggested complexation of Zn" to tpy groups of L
(Figure 1a). The titration curve saturated after reaching L: Zn" = 2:3 which suggested the
formation of coordination polymer with octahedral geometry of Zn". The fluorescence
response of L in titration with different metal ions has shown in Figure 1b. For this
experiment, 10° M solution of L in methanol was mixed with different metal ions and the
final concentration of the metal ions was fixed at 1.5x10 M. A remarkable enhancement
(10 folds) in fluorescence intensity at 420 nm was observed only after addition of Zn"
(Figure 1c). The change in fluorescence intensity could also be observed by bare eye
under UV light (Figure 1d). Such enhancement in fluorescence was probably attributed to
chelation enhanced fluorescence (CHEF) effect.® As a control experiment, the

fluorescence response of a model compound, 2,2":6'2"-terpyridin-4-yl-propane-1,3-
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diamine in presence of different metal ions under similar condition was studied.
Enhancement of fluorescence after addition of zn", Cd", AI"" and Fe"' was observed,
among which Zn" showed highest enhancement. Also, slight diminution of fluorescence
was observed in some cases (Cu", Co", Ni") (Figure 2). This suggested that the model
compound did not show selectivity. The enhancement in fluorescence occured due to the
spatial reorganization of the terpyridine moieties of L after complexation with Zn" which
was also evident from the UV-Vis titration studies. No significant fluorescent
enhancement was observed when metal ions that prefer N-donors, such as Ag' and Cu'
were added to the solution of L . Above observations indicated that L could be used as
chemosensor for Zn". Since methanol is a bio-hazardous solvent and detection of Zn"
from water is more important, we carried out the sensing experiment using solution of L
(10° M) in H,O/DMSO (99.9: 0.1) solvent mixture and aqueous solution of Zn" (10 M).
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Figure 1. (a) Change in absorption spectra of methanolic solution of L after addition of
different equivalents of Zn", (b) Change in emission spectra of methanolic solution of L
after addition of different metal ions. Turn-on emission is observed after addition of Zn",
(c) Relative fluorescence intensity of L. in MeOH after addition of different metal ion
solution, (d) Photograph of methanolic solution of L and after addition of Zn" under UV
light.
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Figure 2 Change in emission spectra of methanolic solution of 2,2":6',2"-terpyridin-4-
yl-propane-1,3-diamine (10> M) after addition of methanolic solution of different
metal ions. The final concentration of metal ions in the mixture is 1.5 x10™ M in all

cases.

Similar turn-on fluorescence response was observed after gradual addition of zn" to L
(Figure 3a). In order to prove the selectivity of L towards Zn", the calculation of limit of
detection (LOD) was performed through standard deviation and linear fitting. By plotting
the relative fluorescence intensity (I/1g) change as a function of concentration of Zn" the
LOD was calculated to be 6.25x10”7 M (0.18 ppm) (Figure 3b). According to World
Health Organization (WHO) the acceptable limit for Zn" in drinking water is 5 ppm.

Hence L could act as good chemosensor for the detection of Zn" from water.
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Figure 3. (a) Fluorescence spectra of L in H,O/DMSO (99.9: 0.1) upon addition of
aqueous solution of Zn" in ppm scale, (b) Plot of fluorescence intensity of L at 420 nm vs

concentration of Zn'.

113 |



Modular Morphologies and Stimuli-responsive Behaviour of CPGs | Chapter 3B

3B.3.2 Synthesis and characterization of charge transfer CPG

The previous chapter reports how self-assembly of L in water/MeOH and
CHCI3/THF solvent mixtures resulted in hydrogel (HG) and organogel (OG) with
nanosphere and nanofiber morphology, respectively.”® To know how coordination of
metal ions influence the gel nanostructure and corresponding emission properties, the
gelation propensity of L in presence of Zn" and Th"/Eu"' was studied. 400 pl aqueous
solution of Zn(NO;),-6H,0 (6.4 x10° M) was added to the 600 pl methanolic solution of
L (6.5 x10"° M) and the mixture was kept undisturbed at room temperature. The mixture
converted to gel (ZnL) within 2-3 minutes. The formation of gel was confirmed by
inversion test method (Figure 4a). However, when >1 equivalent of Zn" was added,
instead of gelation, precipitation was observed. The precipitate was crystalline in nature.
Insight into the morphology of ZnL was obtained by recording FESEM and TEM images
of the corresponding xerogel (Figure 4b-f). The FESEM and TEM images of ZnL xerogel
revealed the formation of micron sized sheets (Figure 4b-c). High resolution TEM images
showed that sheets were stacked upon one another (Figure 4b-c). Formation of sheet-like

(a)i C——
——

- O Lt

day [0A%
light light

Figure 4. (a) Photograph of ZnL CPG under day light and UV-light, (b), (c) FESEM
image of ZnL xerogel showing the presence of sheet-like morphology, (d), (¢) TEM
images of ZnL xerogel showing sheet-like morphology, (f) High resolution TEM image
of ZnL xerogel showing layering of sheets.

114 |



Modular Morphologies and Stimuli-responsive Behaviour of CPGs | Chapter 3B

~&  w,0Mc0nH ‘S €
S 5

Self-assembled to 2D sheet

No M"+

‘1'1 eq Zn" ‘L> 1 eq Zn"

Precipitation
was observed

Nanosphere of HG Layered sheet of ZnL gel

Scheme 2. Schematic showing the self-assembly of L in H,O/MeOH leads to the
formation of hydrogel (HG) with nanosphere morphology. In presence of 1 equivalent of
Zn"| the coordination polymer gel (ZnL) with sheet-like morphology is formed. Addition
of >1 equivalent of Zn" leads to the formation of precipitate.

morphology could be explained based on the coordination driven self-assembly of L as
shown in Scheme 2. First, in polar solvent L was assembled through intermolecular n-nt
stacking between the tmb and tpy moieties.” In absence of metal ions, like Zn", the n-
stacked tmb and tpy groups tried to minimize their contact with H,O/MeOH due to the
hydrophobic effect. However, the hydrophilic amide groups tried to be exposed towards
the polar solvent medium due to H-bonding interaction with H,O/MeOH. As a result, the
initial 7-stacked nanostructures were folded into nanospheres whose exteriors were
decorated with amide groups.” When Zn" ions were added into the solution of L (L: Zn"
= 1: 1), tpy groups of L coordinated with Zn" and reduced the flexibility of the initially
formed n-stacked nanostructures. Hence, after coordination with Zn" further folding of
the2D-assembly to nanospheres could not happen. Rather, the coordination of zn"
propagated the self-assembly of L in 2D plane and resulted in 2D sheet morphology of
ZnL (Scheme 2). The presence of Zn" in ZnL xerogel was confirmed by energy
dispersive X-ray spectroscopy (EDXS) analysis (Figure 5a). The elemental mapping of
ZnL xerogel showed uniform distribution of C, N, O and Zn" throughout the 2D sheet of
ZnL (Figure 5b-e). The loading of zZn" in ZnL xerogel was measured by ICP-AES
analysis, which showed 39 mg Zn" per gram of ZnL. This indicates L : Zn'' = 1:0.85 in
the ZnL xerogel. The XPS of ZnL showed the binding energy of Zn 2p at 1029 eV
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(Figure 6). These results clearly suggested that coordination of Zn" to L has propagated
the self-assembly of L to ZnL gel. However, it could be noted that some of the tpy
groups remain uncoordinated in the ZnL hydrogel as two tpy groups of L participated in
coordination at L : Zn" =1 : 1 ratio (Scheme 2). The UV-Vis spectrum of ZnL xerogel
exhibited a broad absorption with maxima at 410 nm which was attributed to the
interligand CT transition between zm-stacked tmb (n-donor) and tpy groups (m-acceptor)
(Figure 7a). Similar CT transition was also observed in HG xerogel.”® Upon exciting at
400 nm ZnL xerogel showed cyan emission with maxima at A = 490 nm (Figure 7a).
Such red shifted emission in ZnL xerogel compared to L solution originated due to CT
interaction.'* Moreover, excitation spectrum of ZnL xerogel showed the presence of
ground state interaction, thus ruling out the possibility of excited state exciplex formation
(Figure 7b).

(2) 4000-

3000 -

Si

2000+

Intensity
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Figure 5. Top: (a) EDXS analysis of ZnL xerogel showing the presence of Zn'" ions in
xerogel, Bottom: Elemental mapping of ZnL xerogel for (b) C, (c) N, (d) O, (e) zn"
showing uniform distribution of all the elements throughout the xerogel matrix.
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Figure 6. Zn 2p core level XPS spectrum for ZnL.
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Figure 7. (a) Absorption spectra of ZnL xerogel, (b) Emission spectra of ZnL xerogel

after excitation at 400 nm.

3B.3.3 Synthesis, characterization and emission properties of TbL

and Eul organogels

Next, the gelation propensity of L in presence of different lanthanide ions was
investigated. Heating the solution of L and Tb(NO3)s-6H,O (molar ratio= 1:1) in
CHCI3/THF (2:1) solvent mixture followed by cooling, resulted in stable CPG (TbL)
(Figure 8a). Likewise, the Eu"'-based CPG (EuL) was also prepared by heating and
cooling the mixture of L and Eu(NO3)3-6H,O (1: 1) in the aforementioned solvent
mixture (Figure 8a). To gain insight into the mode of packing, TbL xerogel was analyzed
by FESEM and TEM images. FESEM images of TbL showed the presence of uniformly

distributed 1D-nanostructures with length in micrometer range (Figure 8b-c). However,
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Figure 8. (a) Picture of TbL and EuL under UV-light, (b), (c) FESEM images of TbL
xerogel, (d), (e) TEM images of TbhL xerogel, (f) High resolution TEM image of ThL
xerogel showing the formation of nanotubes.
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Figure 9. EDAX of TbL showing the presence of Th'".

high resolution TEM images of TbL xerogel revealed that the 1D-nanostructures were
actually nanotubes with uniformly spaced dark lines separated by bright core (Figure 8d-
f). Nanotubes were several micrometers long with an approximate diameter in 90-110 nm
range. The presence Th"' on the nanotubes of ThL xerogel was confirmed by EDXS
analysis (Figure 9). The elemental mapping of TbL xerogel revealed uniform distribution
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Figure 10. Elemental mapping of TbL xerogel showing uniform distribution of (a) C, (b)
N, (c) O and (d) Tb"' throughout the gel-matrix.
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Figure 11. Tb 4d level XPS spectrum for TbL.

of Tb" ions throughout the xerogel matrix (Figure 10). The XPS data revealed
coordination of Th"' to tpy group of L (Figure 11). These results confirmed that self-
assembly of L in TbL has been propagated by coordination of Th"' to L. The formation
of nanotubes in TbL xerogel could be explained based on coordination driven self-
assembly of L as shown in Figure 12. Initially, L self-assembled in CHCI3/THF solvent
mixture by complementary H-bonding between amide groups and n-m stacking between
tmb cores of neighboring L and formed the nanofiber. When Th"' was added to the
solution of L in CHCI3/THF solvent mixture, the pendent tpy groups present on the outer
surface of the 1D-assembly coordinated with the Th"' and further extended the assembly.

The coordinated tpy units present around Th"" ions oriented them orthogonally in
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Figure 12. (a) Schematic showing the self-assembly for the formation of TbL nanotubes,
(b) Probable coordination environment around Th"' in TbL which leads to the formation

of nanotube morphology.
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Figure 13. EDAX of EuL showing the presence of Eu'".

order to reduce the steric repulsion and thus facilitated bending of primary 1D

nanostructures into nanotubes.*? Similarly, the presence of Eu'" in the EuL xerogels was

confirmed by EDXS analysis (Figure 13). The elemental mapping of EuL xerogel
showed even distribution of Eu'"" ions throughout the xerogel network of EuL (Figure
14). The ICP-AES analysis of TbL exhibited 130.75 mg loading of Tb"' per gram of TbL
xerogel. This indicated L : Tb" = 1 : 1.02 in TbL. Similarly, ICP-AES analysis of EuL
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showed 66.8 mg loading of Eu'"' per gram of EuL. This indicated L : Eu"=1: 0.7 in
EuL. The XPS showed coordination of Eu'" to tpy group of L (Figure 14e). The UV-Vis
spectra of TbL and EuL xerogels showed broad absorption with maxima at 340 nm
(Figure 15a-b). Upon exciting at 330 nm emission spectrum of TbL xerogel displayed
peaks at 488 nm, 543 nm, 584 nm and 620 nm which could be attributed to the °D,~'F, (J=
6-3) transitions of Th"' (Figure 16a). Moreover, L-centred peak at 440 nm was also observed in
the emission spectrum of TbL. Upon exciting at 330nm emission spectrum of EuL showed
characteristics peaks for *Dy—°F; (J= 1-3) transition of Eu"' at 592 nm, 615 nm and 687 nm
respectively along with L-centred peak at 440 nm (Figure 16b). Under UV-light TbL and EuL
CPG showed intense green and red emission respectively (insets of Figure 16a and 16b). The TbL

140 150
Binding energy (eV)

Figure 14. Elemental mapping of EuL xerogel showing the uniform distribution of (a) C,
(b) N, (c) O and (d) Eu"" throughout the gel-matrix, (€) Eu 4d level XPS spectrum for
EuL.
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Figure 15. (a), (b) Absorption spectrum of TbL and EuL xerogel, respectively.
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Figure 16. Emission spectra of a) TbL, b) EuL, c) CPG1, d) CPG3 and e¢) CPG2 (A
=280 nm). Insets showing photographs of gels showing green, red, cyan, pink and white

emissions under UV-light, f) CIE chromatography of TbL (circle), EuL (square), CPG2
(triangle).
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Figure 17. Photograph of TbL, CPG1, CPG2, CPG3, EuL gels under UV light

showing green, cyan, white, pink and red emission, respectively.

and EuL exhibited long emission lifetime of 303 ps and 1 ms when monitored at 543 nm

and 616 nm, respectively. We also investigated how the emission property of CPGs could
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be tuned by modulating the stoichiometry of two lanthanide ions (Th"' and Eu"") and L. A
series of bimetallic CPGs (CPG1, CPG2, CPG3) were prepared by simultaneously
adding different ratios of Tb"' and Eu"' metal ions into the solution of L during gelation
(Figure 17). The emission spectra of the bimetallic CPGs revealed that the intensity of the
green band at 543 nm decreased and the intensity of the red band at 615 nm increased
gradually with increasing Eu"' concentration (Figure 16c-e). At 1:1 and 1:2.2 Tb"": Eu"
ratios the cyan and pink emitting CPGs (CPG1 and CPG3) were formed. The emission
spectra of CPG1 and CPG3 showed the characteristic peaks of both Th"' and Eu"' when
excited at 330 nm (Figure 16c¢ and 16d). Interestingly, a white-light-emitting gel (CPG2)

"= 1:2 during the gelation. The emission spectrum of

was formed by using Tb"": Eu

in which the L-centered
1]

CPG2 displayed bands corresponding to L, Tb" and Eu
emission at 440 nm (blue), Th"'-centered emission at 545 nm (green) and Eu'"-centered
emission at 615 nm (red) have comparable intensities (Figure 16e). The CIE
(Commission International de L’Eclairage) coordinates of CPG2 was calculated to be
(0.29, 0.29) which is quite near to the CIE of pure white light (0.33, 0.33) (Figure 16f).
The emission colour of CPGs were tuned over a broad spectrum by using a simple

strategy which led to the formation of red, pink, white, cyan and green light-emitting
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Figure 18. EDAX of CPG1 showing the presence of both Th"' and Eu'"".

CPGs (Figure 17). The presence of both Th"' and Eu" in bimetallic CPGs has been
confirmed by EDXS analysis (Figure 18). The elemental mapping of CPG2 showed even
distribution of both Tb"' and Eu"" ions throughout the gel matrix (Figure 19a-b). ICP-
AES analysis was performed to confirm the ratio of Th"' and Eu" loading in CPG1,
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CPG2 and CPG3. This showed Tb"': Eu'"' = 1: 0.88, 1:1.53, 1: 2.2 in CPG1, CPG2 and
CPGS3, respectively. The XPS of CPG2 showed coordination of both Th" and Eu"" to tpy
groups of L (Figure 19c-d). The emission lifetime of CPG1, CPG2 and CPG3 at 543 nm
were found to be 205 ps, 165 ps and 150 ps, respectively. The absolute quantum vyield
(QY) values upon excitation at 365 nm were 45.3%, 18.4%, 7.6%, 21.7% and 7.6% for
TbL, EuL, CPG1, CPG2 and CPG3, respectively. These values were comparable with

1] 12j, 1, p

reported values of the Th"'/Eu"" based matallogel and coordination polymers.
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Figure 19. Elemental mapping of CPG2 xerogel showing uniform distribution of (a) Th""
and (b) Eu"" throughout the gel-network, (c) Tb 4d level XPS spectrum for CPG2, (d) Eu
5s level XPS spectrum for CPG2.

3B.3.4 Stimuli-responsive behaviours of TbL, EuL and Tb/Eu white-
light-emitting CPGs

Furthermore, mechano-, thermo- and chemo-responsive behaviours of green (TbL),
red (EuL) and white-light-emitting (CPG2) gels were investigated. When CPG2 was
exposed to sonication for 5 min, a gradual gel to sol transition was observed (Figure 20a).
In contrast to the intense white luminescence of CPG2 gel, the sol displayed low intense
bluish white emission under UV-light (Figure 20a). The emission spectrum of
mechanically induced sol showed a broad band around 420 nm, similar to the emission
maxima of free L (Figure 20b). This indicated that sonication induced the cleavage of Ln-

Ny coordination bonds which hampered not only the emission colour but also the
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stability of gel network. However, due to incomplete cleavage of all Ln-Ny, bonds, the
sol showed partial retention of Th"' and Eu" centred peaks. The sol converted back to gel
upon resting at room temperature and recovered the white-light-emission. Such sonication
induced reversible gel-sol transition and corresponding change in emission colour
happened due to the dynamic nature of the Ln-Ny,y coordination bonds." Comparative
studies with TbL and EuL showed similar gel to sol transformation (Figure 21). The
TbL and EuL sols exhibited low intense blue and bluish pink emissions respectively
under UV-light. The emission spectra of TbL and EuL sols showed broad L-centered

emission at 400 nm and very low intense Th"' and Eu" centered peaks, respectively

(Figure 21). To prove that the gel to sol transition was not happening due to the presence
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Figure 20. (a) Multi-stimuli responsive properties of white-light-emitting CPG2, (b)
comparison of emission spectra of sols obtained after sonication (red), addition of TFA
(blue) and heating (green) with the xerogel of CPG2 (black).

of water, 1 ml water was layered on the top of TbL gel. No gel to sol transition was
observed even after 6 hours. The CPG2 also exhibited reversible thermo-responsive gel-
sol transition (Figure 8a). The emission spectrum of the sol showed a broad L-centered
emission at 420 nm and weak Th"' and Eu"'-centered peaks (Figure 8b). Furthermore,
when CPG2 was exposed to the vapor of trifluoroacetic acid (TFA) the gel to sol
conversion was observed, along with the change in emission colour (Figure 8a). Emission
spectrum of the sol showed a broad emission at 440 nm, attributed to the free L (Figure
20b). Diffusion of TFA vapour in the CPG2 gel matrix resulted in the protonation of the

Nipy atoms.*® The protonated terpyridine (tpyH") showed a lower affinity for the Ln"" ions
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Figure 21. (a) Sonication induced reversible gel to sol transition of TbL. The TbL gel
showing green emission and TbL sol is showing blue emission under UV light, (b)
Emission spectra of ThL gel (red) and TbL sol (black), (c) Sonication induced reversible
gel to sol transition of EuL. The EuL gel showing red emission and EuL sol is showing
bluish pink emission under UV light, (d) Emission spectra of EuL gel (red) and EuL sol
(black).

due to increased electrostatic repulsion. Hence Ln-Ny,y coordination bonds break and gel
converted to sol. However, after exposing the sol to the vapour of triethylamine (NEts) it
converted back to gel. This was because NEt; deprotonated the tpyH" and reformed the

Ln-Nyy coordination bonds.

3B.4 SUMMARY

In conclusion, the preceding results demonstrate that designing an amphiphilic,
tripodal LMWG could be apposite for synthesizing CPGs with modular nano-
morphologies and versatile functionalities. The LMWG not only acted as a chemosensor
for Zn", but also formed ZnL coordination polymer hydrogel which exhibited layered
sheet morphology. The ZnL CPG showed a CT emission. On the other hand,

coordination driven self-assembly of L with Tb"/ Eu" resulted in bright green/red
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luminescent CPGs. Furthermore, coordination of both Tb"' and Eu™ to L resulted in
bimetallic CPGs whose emissions were tuned over a broad spectral range by simply
tuning L: Th"": Eu'" ratios. By taking advantage of Ln-Ny, bond dynamics, the reversible
mechano-, thermo- and chemo-responsive behaviours of luminescent CPGs were
explored. Our strategy of exploiting a flexible, amphiphilic LMWG for synthesizing a
series of monometallic and bimetallic CPGs could open-up a new platform for developing

multifunctional CPGs from a single LMWG.
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Abstract

This chapter reports synthesis and supramolecular self-assembly of two C,-symmetric
low molecular weight gelators (LMWG) having pyrene core and terminal terpyridine
groups. Self-assembly of the LMWGs results in organogels which show nanofiber
morphology. However, coordination driven self-assembly in presence of ruthenium ions
(Ru") results in coordination polymer gels (CPGs) that exhibit excellent metal-to-ligand
charge transfer transition (MLCT) and nano-sphere morphology. The CPGs show
photocatalytic hydrogen evolution and good recyclability under visible light irradiation.
Moreover, the photocatalytic activities of the CPGs are improved by many folds after
encapsulating an earth-abundant transition metal co-catalyst, [FeFe](bcbdt)(CO)s that

resemble to the active site of [FeFe]-hydrogenases.

Paper based on this work:
P. Sutar, M. Ghosh, P. Kumar, D. Samanta and T. K. Maji, manuscript under
preparation.

133 |



Coordination Polymer Gels for Visible-light-driven Hydrogen Evolution | Chapter 4

134



Coordination Polymer Gels for Visible-light-driven Hydrogen Evolution | Chapter 4

4.1 INTRODUCTION

The increasing energy demand and drastic depletion of fossil fuel have accelerated
the search for sustainable, clean and renewable energy sources. Among different
alternative energy, photocatalytic water splitting using a semiconductor is the most cost
effective and greener route that convert solar energy into hydrogen fuel.' In last few
decades, extensive research has been focused on the development of various inorganic,
organic and inorganic-organic hybrid semiconductors which integrate light-harvesting,
electron transport and catalytic functions and hence acts as efficient photocatalyst.?
Recently, soft materials, such as m-conjugated hydrogels which facilitate optimum co-
localization of light harvesting nanostructures and co-catalyst have emerged as a hew type
of photocatalyst for water splitting.® Till now, only pyrelene based hydrogels, having
strong visible light absorbance and n-type semiconductor properties, are successfully used
for photocatalytic hydrogen evolution.®® In all cases platinum or other noble metals serve
as heterogeneous co-catalysts for hydrogen evolution. Although design principals of these
hydrogels are inspiring, the low chemical stability under harsh photocatalytic reaction
condition limits the recyclability of these photocatalysts. Moreover, the limited earth
abundance and high cost of Pt co-catalyst limits practical application of the hydrogel
photocatalyts. In this regards, designing coordination polymer gels (CPGs) which are
more stable and rigid compared to hydrogel/organogel, for photocatalytic hydrogen
evolution would be both interesting and challenging task. Moreover, stabilization of earth
abundant transition metal co-catalyst inside the CPG matrix would give an opportunity to
enhance the photocatalytic activity. Among different earth abundant co-catalyst,
organometallic Fe, complex that bears structural resemblance to the active site of natural
[FeFe]-hydrogenases is an important one.*

Coordination polymer gels (CPGs) are an important class of soft-hybrid materials
which have potential applications in diverse fields, including biomedicine,
optoelectronics and catalysis.” The coordination of metal ions to the suitably crafted
LMWGs results in the cross-linked network of CPGs. To date, divergent classes of
LMWG have been employed to design wide varieties of CPGs. However, careful design
of pyrene-based CPGs is still unexplored. Different pyrene-derivatives are well-known to
exhibit strong absorption cross-section, excellent emission property, long excited-state
lifetime and high charge-carrier mobility due to the fused-ring aromatic structure.

Moreover, optical properties (such as band gap) of pyrene-derivative could be tune by
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introducing m-conjugated substituents. Such unique properties of pyrene-based materials
make them excellent candidate for photocatalytic hydrogen evolution. To date, many of
transition and lanthanide ions have been employed for designing a wide variety of CPGs.®
In spite of such overwhelming progress, there are still very few reports on ruthenium
(Ru") based CPGs.” The Ru" complexes typically exhibit metal-to-ligand charge transfer
transition (MLCT) in low energy region along with the normal n-n* transition from
organic ligand in UV region. Such unique broad absorption feature of Ru"-complexes
covering both UV and visible region, makes them potential photoactive materials which
show application in solar cell, opto-electronics and photocatalysis. To date many Ru'-
based materials are exploited as photosensitizer in photocatalytic water-splitting because
their high excited state life-time is appropriate for the intermolecular electron transfer
processes.® We envisioned that by designing a pyrene-based LMWG which on
coordination with Ru" results CPGs, we could able to integrate all the necessary
component for photocatalytic water splitting. Moreover, the encapsulation of Fe, complex
inside the CPG matrix would further increase the rate of hydrogen evolution.
Furthermore, high rigidity of the Ru"-CPGs could increase recyclability of the gel-
catalyst. Designing a Ru" based CPGs for the exploration of photocatalytic hydrogen
evolution is still to be demonstrated. Herein, we design two C4-symmetrical LMWGs, G1
and G2 with 1,3,6,8-Tetrakis(benzoate)pyrene and 4,4'4".4™-(pyrene-1,3,6,8-
tetrayltetrakis(ethyne-2,1-diyl))tetra-benzoate core, respectively which are connected to
four 2,2".6',2"-terpyridyl (tpy) moieties through flexible alkylamide chains (Figure 1a and
1b). The self-assembly of G1 and G2 in organic solvents results in organogels (OG1 and
OG2, respectively) with nanofiber morphologies. Coordination of Ru'" to the terminal
terpyridine groups of G1/G2 results in CPGs (Rugell and Rugel2) that show nanosphere
morphologies. The strong MLCT transition of Rugell and Rugel2 encouraged us to
employ them for photocatalytic hydrogen evolution under visible light irradiation
(Scheme 1). Both the CPGs show moderate activity and appreciable recyclability without
any co-catalyst. Moreover, when a Fe, complex as co-catalyst was incorporated inside the
CPGs, the photocatalytic activity is increased by many folds.

4.2 EXPERIMENTAL SECTION

4.2.1 Materials
1,3,6,8-tetrabromopyrene, (4-(methoxycarbonyl)phenyl)boronic acid, palladium
tetrakis(triphenylphosphine), methyl-4-ethynylbenzoate, copper iodide, 4’'-chloro-
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2,2":6'2"-terpyridine, 1,3-diaminopropane, trichloroisocyanuric acid (TCIC) and
triphenylphosphine (PPh3) were purchased from Sigma-Aldrich chemical Co. Ltd.
Potassium carbonate, sodium hydroxide and all solvents were purchased from
Spectrochem. All solvents were pre-dried using standard procedures before using.

4.2.2 Physical measurements

'H-NMR is recorded on a Bruker AV-400 spectrometer with chemical shifts
recorded as ppm and all spectra were calibrated against TMS. High resolution mass
spectra (HRMS) were recorded using Agilent QTOF 7200 spectrometer. UV-Vis spectra
were recorded in a Perkin-Elmer lamda 900 spectrometer. Fluorescence studies were
accomplished using Perkin Elmer Ls 55 luminescence spectrometer. Fourier transform
infrared (FTIR) spectral studies were carried out by making samples with KBr pellets
using Bruker FTIR spectrometer. The elemental analyses were carried out using a
Thermo Scientific Flash 2000 CHN analyzer. Morphology studies were carried out using
Lica-S4401 field emission scanning electron microscopy (FESEM) by placing samples on
silicon wafer under vacuum with accelerating voltage of 10 kV. Transmission electron
microscopy (TEM) analysis was performed using JEOL JEM-3010 with accelerating
voltage of 300 kV. For this analysis the xerogel was dispersed in ethanol and then drop

casted on a carbon coated copper grid.

4.2.3 Synthesis

Synthesis of 1,3,6,8-Tetrakis(benzoicacid)pyrene: 4-
(Methoxycarbonyl)phenylboronic acid (4.35 g, 24.15 mmol), 1,3,6,8-tetrabromopyrene
(2.5 g, 4.83 mmol), K2CO3 (5.34 g, 38.64 mmol) and
tetrakis(triphenylphosphin)palladium(0) (0.09 g, 0.08 mmol) were suspended in dioxane
under Ar-atmosphere. The yellow suspension was continuously heated under stirring
condition at 85 °C for 72 h. The neon-yellow suspension formed was allowed to cool to
ambient temperature and the solvents were removed in vacuum. The residue was taken up
in 50 ml of water and extracted with copious amounts of CHCI3. The organic phase was
dried over anhydrous MgSQO, and the solvent was removed in vacuum. The neon-yellow
residue was suspended in THF and refluxed for 2 h. After that the reaction mixture was
cooled down to ambient temperature and the neon-yellow precipitate was collected and
dried under suction. Yield: 2.6 g (3.5 mmol, 72.9 %). *H-NMR (200 MHz, CDCls): & =
8.23 (d, 8H), 8.15 (s, 4H), 8.01 (s, 2H), 7.75 (d, 8H), 3.99 (s, 12H). The product (1.0 g,
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1.35 mmol) was suspended in a solution of 3.0 g (75 mmol) NaOH in 200 ml THF/H,0O
(2:1) and then refluxed for 24 h. The solvents were removed and water was added to the
residue to give a yellow solution. After acidification to pH < 2 the yellow precipitate was
isolated and dried in vacuum. Yield: 1.09 g (1.6 mmol, 80 %). *H NMR (200 MHz,
DMSO-d®): & = 13.08 (s, 4H), 8.19 (d, 8H), 8.14 (s, 4H), 8.06 (s, 2H), 7.84 (d, 4H).

Synthesis of 2,2:6',2"-terpyridin-4'-yl-propane-1,3-diamine: The detail
synthetic procedure of 2,2":6',2"-terpyridin-4'-yl-propane-1,3-diamine was discussed in
Chapter 2. The 'H-NMR, FTIR and CHN analysis of 2,2":6'2"-terpyridin-4'-yl-propane-
1,3-diamine were also discussed in Chapter 2.

Synthesis of G1: 1,3,6,8-Tetrakis(benzoic acid)pyrene (200 mg, 0.293 mmol)
was dissolved in anhydrous THF (30 mL). TCIC (272 mg, 1.172 mmol) and PPh;
(307.3 mg, 1.172 mmol) were added into the reaction mixture and stirred at 0 °C
for 1 hour under inert condition. 2,2":6',2"-terpyridin-4'-yl-propane-1,3-diamine (358
mg, 1.172 mmol) was dissolved in anhydrous THF (20 ml) and EtsN (330 pl,
2.346 mmol) was added into it. This reaction mixture was drop-wise added into
1,3,6,8-Tetrakis(benzoic acid)pyrene / TCIC/ PPhj solution at 0 °C and stirred for 1
hours. After that the reaction mixture was stirred at room temperature for 6 hrs.
Precipitate was collected by filtration and washed several times with CHCI3; and dried
under vacuum. Yield: 75%. *H-NMR (400 MHz, DMSO-d®) &: 8.89 (t, 3H, ArH), 8.15

Step: 1

HsCO,C CO,CH; HO,C CO,H
NP YOV < Sl JET
O CO,CH;
Pd(PPh,), K,CO, 1) Na(l:H.Tzle/Hz()
Reflux, 24 h
SOE — L] iy ¢
O Dioxane, 85 °C, 3d ‘ 2) HCI
B(OH | |
T i ()
HO,C

H3CO,C CO,CH;

Br

CO,H

Step: 2

HO,C ! g CO2H rq\
s . NH TCIC, PPh,, NEt,
_—
(L

HO,C CO,H

0 °C-rt, 3hr

Scheme 1. Synthetic scheme for G1.
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(m, 7H, ArH), 7.79 (m, 3H, ArH), 7.66 (d, 2H, ArH), 5.53 (m, 2H, CONHCH,), 2.99 (m,
2H, CH,), 2.02 (m, 2H, CH,NH). HRMS (ESI, m/z): [M+4H]* calculated for
C116HgsN2004, 459.1980; found: 458.9533 (z = 4). [M+2H]** calculated for C116HggN20O4,
917.3961; found: 916.8993 (z = 2).

Synthesis of 4,4'4" 4™ -(pyrene-1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetra-
benzoic acid: A mixture of 1,3,6,8-tetrabromopyrene (0.594 g, 1.14 mmol), methyl-4-
ethynylbenzoate (1.0 g, 5.74 mmol), Cul (20 mg, 0.10 mmol) and PdCI,(PPhs), (70 mg,
0.10 mmol) in 70 ml of THF/NEt; (1:1) were heated under Ar-atmosphere at 60 °C. After
48 h the orange suspension was allowed to cool down to ambient temperature and then 35
ml of water was added. This mixture was filtrated and the residue was washed with water
and CHClI; and dried under suction. Yield: 0.75 g (0.84 mmol, 73.4 %). *H-NMR (200
MHz, dMSO-d®): & = 8.75 (s, 4H), 8.47 (s, 2H), 8.11 (d, 8H), 7.78 (d, 8H), 3.98 (s, 12H).
The product (0.75 g, 0.84 mmol) was suspended in a solution of 3.0 g (75 mmol) NaOH
in 200 ml THF/H,O (1:1) and then refluxed for 24 h. The solvents were removed and
water was added to the residue to give an orange solution. After acidification to pH < 2
the yellow precipitate was isolated and dried in vacuum. Yield: 0.45 g (0.58 mmol, 70 %).
'H-NMR (200 MHz, dmso-d®): & = 13.18 (s, 4H, -COOH), 8.56 — 7.69 (m, 22H, ArH).

Step: 1

Br. Br

O CO,CH;

“ . PACL,(PPh,),, Cul, NEt,
_—

0 THF, 60 °C, 2d

H3CO,C

1) NaOH, THF/H,0
Reflux, 48 h

2) HCI

Br

'Q’L
= i TCIC, PPh,, NEt,
X —_
| 0 °C-rt, 3hr
I N N 1 N
~ZN N~
Sy”:
/

Scheme 2. Synthetic scheme for G2.
Synthesis of G2: 4,4'4"4"-(pyrene-1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetra-

benzoic acid (225 mg, 0.289 mmol) was dissolved in anhydrous THF (40 mL).
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TCIC (275 mg, 1.186 mmol) and PPh3;(310 mg, 1.186 mmol) were added into the
reaction mixture and stirred at 0 °C for 1 hour under inert condition. 2,2":6',2"-
terpyridin-4'-yl-propane-1,3-diamine (353 mg, 1.156 mmol) was dissolved in
anhydrous THF (20 ml) and EtsN (240 pl, 1.734 mmol) was added into it. This
reaction mixture was drop-wise added into 4,4'4"4"-(pyrene-1,3,6,8-
tetrayltetrakis(ethyne-2,1-diyl))tetra-benzoic acid / TCIC/ PPh; solution at 0 °C and
stirred for 1.5 hours. After that the reaction mixture was stirred at room
temperature for 8 hrs. Precipitate was collected by filtration and washed several times
with CHCl3 and dried under vacuum. Yield: 70%. *H-NMR (400 MHz, DMSO-d®) &: 8.89
(t, 3H, ArH), 8.15 (m, 7H, ArH), 7.79 (m, 3H, ArH), 7.66 (d, 2H, ArH), 5.53 (m, 2H,
CONHCHy), 2.99 (m, 2H, CH,), 2.02 (m, 2H, CH,NH). HRMS (ESI, m/z): [M+H]"
calculated for C116HgsN2004, 1929.7957; found: 1929.8310.

Synthesis  of  [FeFe](1,4-Dichlorobenzene-2,3-dithiolate)(CO)s  complex
[FeFe](bcbdt)(CO)s: 3,6-dichlorobenzene-1,2-dithiol (0.225 g, 1.06 mmol) and triiron-
dodecacarbonyl (1.2 g, 2.38 mmol) were dissolved in 20 ml dry THF taken in a 100 ml
schlenk tube and stirred at room temperature for half an hour. Then the reaction mixture
was refluxed at 60 °C for 4 hours under inert atmosphere. The mixture was cooled to RT
and the solvent was removed under reduced pressure. Compound was purified by column

chromatography by eluting hexane to get brick-red coloured solid compound. Yield: 41%.

cl Cl
CcO
SH
NXy—s—re"——co
+ Fe;(CO);» dry THF,Reflux N\ I
) T il \
Triiron- 60°C, 4 h, Ar _—s—Fe~co
a dodecacarbonyl
1) o CcO
cl Cl
3,6-dichlorobenzene-1,2- [FeFe](dcbdt)(CO)g

dithiol (dcbdt)

Figure 3. Synthesis of [FeFe](bchdt)(CO)s.

Synthesis of OG1: 5 mg of G1 was dissolved in 300 pl DMF. 400 pl methanol was
added into the mixture and sonicated for 5 minutes. The homogeneous mixture was
heated at 60 °C until it becomes transparent solution which was later kept at room
temperature. The gel was formed after 4-5 hours. The formation of gel was confirmed by
inversion test method. The OG1 xerogel was prepared by drying the gel in vacuum oven
at 60 °C.
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Synthesis of OG2: 5 mg of G2 was dispersed in 1:2 mixture of DMF/water by
sonication. The homogeneous mixture was heated at 60 °C until it becomes a transparent
solution which was later kept at room temperature. The gel is formed after 1 hour. The
formation of gel is confirmed by the inversion test method.

Synthesis of Rugell: 5 mg (2.7 x 10 mmol) of G1 was mixed with 300 pl DMF
and 400 pl MeOH and sonicated to make a homogeneous mixture. The mixture was
heated at 60 °C until it became transparent solution. After that 200 pl solution of
Ru(DMSO),Cl, (2.5 mg, 5.1 x 10 mmol) was added and the reaction mixture was heated
until the total volume of the solution reduced to half and the colour turned dark red. At
this stage, 200 pl of water was added and the mixture was heated for 2-3 minutes. The
mixture was kept at room temperature for overnight to form gel. The formation of gel was
confirmed by inversion test method.

Synthesis of Rugel2: 5 mg (2.6 x 10 mmol) of G1 was mixed with 300 pl DMF
and 400 pl MeOH and sonicated to make a homogeneous mixture. The mixture was
heated at 60 °C until it became transparent solution. After that 200 pl solution of
Ru(DMSO0)4Cl, (2.5 mg, 5.1 x 10 mmol) was added and the reaction mixture was heated
until the total volume of the solution reduced to half and the colour turned dark red. At
this stage, 200 pl of water was added and the mixture was heated for 2-3 minutes. The
mixture was kept at room temperature for overnight to form gel. The formation of gel was
confirmed by inversion test method.

4.2.4 Photocatalytic hydrogen evolution experiment

Photocatalytic H, evolution experiments were carried out in a 80 ml stoppered
flask. The flask was charged with 5 mg Rugell / Rugel2 xerogel and 40 ml aqueous
solution of triethylamine (10 vol%). The suspension was ultrasonicated to make a
homogeneous dispersion which was later purged with N, for 30 minutes to remove all the
dissolved gases. The reaction mixture was irradiated with 290 W Xe lamp (Newport)
fitted with 12 cm path length of water filter for removal of IR radiation. A visible-
bandpass filter (400 nm-800 nm) was used to block the UV-light. The evolved gas was
analysed by Agilent CN15343150 Gas Chromatography which use a thermal conductivity
detector referencing against a standard (H2/N,) gas mixture with a known concentration
of hydrogen. No hydrogen evolution was observed for a mixture of
water/methanol/trimethylamine under A >290 nm irradiation in absence of a

photocatalyst.
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4.3 RESULTS AND DISCUSSION

4.3.1 Characterization of [FeFe](bcbdt)(CO)e
[FeFe](bcbdt)(CO)s is a brick-red complex and was prepared by the reaction of

3,6-dichlorobenzene dithiol with triiron dodecacarbonyl (Figure 3). The product was
characterized by FTIR and HRMS. FTIR of [FeFe](bcbdt)(CO)s showed three prominent
C=0 stretching vibration bands at 2080, 2048 and 1995 cm™ corresponded to three
different C=0 attached to Fe' metal ion. Metal-carbonyl Fe-CO vibrations were observed
at 619, 577 and 550 cm™. Also, the aromatic C=C stretching peak was observed at 1424
cm™ (Figure 4). HRMS analysis also proved the formation of [FeFe](bcbdt)(CO)s (Figure
5). HRMS (+ESI): m/z calculated for C1,Fe,S,C1,06: 488.8751, found: 495.9055 [M+H]"

4.3.2 Characterization of G1 and G2

Gl and G2 were synthesized by amide coupling reaction between 2,2":6'2"-
terpyridin-4'-yl-propane-1,3-diamine,  1,3,6,8-Tetrakis(benzoic  acid)pyrene  and
4,4'4" 4"-(pyrene-1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetra-benzoic acid respectively.
The purity of G1 and G2 was confirmed by 'H-NMR, HR-MS, FTIR and elemental
analysis. The solution of G1 (10 M) in DMSO exhibited two absorption bands. The
absorption maxima at 285 nm was attributed to the n-n* transition of terminal terpyridine
moieties, whereas the band at398 nm was considered as the m-n* transition of 1,3,6,8-

Tetrakis(benzoate)pyrene core (Figure 6a). Similarly, the solution of G2 (10 M) in

A

v(C=C)

v(Fe-CO)

v(CO)

2500 2000 1500 1000 500
Wavenumber (cm'l)

Figure 4. FTIR spectra for [FeFe]dcbdt)(CO)s.
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Figure 5. HRMS analysis [FeFe](bClbdt)(CO)s

DMSO showed the absorption maxima at 285 nm and a band at 432 nm, assigned to the
n-m* transition of the terpyridine and 4,4',4",4"-(pyrene-1,3,6,8-tetrayltetrakis(ethyne-2,1-
diyl))tetra-benzoate, respectively (Figure 7a). Such red-shifted absorption of G2 was
attributed to the extended conjugation, causing due to the incorporation of triple bond in
pyrene core. When excited at 390 nm, G1 (10° M) exhibited intense emission at 450 nm
(Figure 6b). However the intensity of the emission maxima decreased after exciting at
330 nm which indicated major contribution of 1,3,6,8-Tetrakis(benzoate)pyrene core in
the emission of G1 (Figure 8a). Similar observation was found in case of G2 (10° M)
(Figure 8b). However, G2 (10 M) exhibited red-shifted emission compared to G1 with
maxima at 496 nm. Such red shifted emission was originating from highly conjugated
4,4'4" 4"-(pyrene-1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetra-benzoate of G2
(Figure 7b).

core
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Figure 6: (a) Absorption spectra and (b) emission spectra (Aex = 360 nm) of G1 (10™ M)
in DMF (Black), DMSO (Red), Methanol (Blue) and diethyl ether (Green).
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Figure 7: (a) Absorption spectrum and (b) emission spectrum (kex = 360 nm) of G2 (10
M) in DMSO.

4.3.3 Characterization of organogels

The gelation propensity of G1 and G2 was checked in a number of solvents.
Heating the solution of G1 in DMF/MeOH (1:2) followed by cooling resulted in a
translucent gel, OG1 (Figure 9a). G2 did not show gelation in the same solvent mixture.
However, heating and cooling the solution of G2 in DMF/water (2:1) mixture resulted in
a stable gel, OG2. The formation of gels was confirmed by inversion test method. The
FESEM images of OG1 and OG2 xerogels revealed the formation of entangled fibrous
networks in both (Figure 9b-c and Figure 10a-b). The TEM images of OG1 xerogel
showed that length of the nanofibers varies from 100 nm to 1 um and the diameter is in
40 - 50 nm range (Figure 9d-f). TEM images of OG2 xerogel revealed that nanofibers of

(2) 800- (b)
—— Agx= 330 nm 600 -
= 360
600+ e 500
2 400
2 g
i 400- 5 300-
[ £
E 200+
= 2004
100+
0' T ) 0 T T T T T J
400 500 600 400 450 500 550 600 650 700 750

Wavelength (nm) Wavelength (nm)

Figure 8: (a) Emission spectra of G1 (10-5 M) in DMSO after exciting at 330 nm (red)
and 360 nm (blue), (b) Emission spectra of G2 (10> M) in DMSO after exciting at 330
nm (red) and 390 nm (blue).
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Figure 9. (a) Picture of OG1 under day light and UV light, (b), (c) FESEM images of
OGl1, (d), (e), (f) TEM images of OG2.

Figure 10: (a), (b) FESEM images of OG2 xerogel showing the formation of fibrous
network, (c), (d) TEM images of OG2.

OG2 were longer than the nanofibers of OG1 xerogel. The nanofibers of OG2 xerogel
were several micrometres long (~10 pum) with diameters in 90-110 nm range (Figure 10c-
d). The UV-Vis spectrum of OGL1 xerogel showed a broad band at 380-443 nm which
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Figure 11: Comparison of the (a) absorption and (b) emission spectrum of G1 solution
(10° M in DMSO) (black) and OG1 (red), Comparison of the (c) absorption and (d)
emission spectrum of G2 solution (10> M in DMSO) (black) and OG2 (red)

was highly red-shifted compared to the original G1 (Figure 11a). Corresponding emission
spectrum of OG1 (480 nm, Ae= 400 nm) also exhibited a ~30 nm red-shift compared to
G1 (Figure 11b). The fast rotation of phenyl groups around C-C single bonds in G1 was
restricted in OG1 due to the aggregation which increased extend of w-conjugation and
thus caused red-shifted absorption and emission in OG1. The UV-Vis spectrum of OG2
xerogel displayed almost identical Amax (285 nm and 430 nm) to that of G2 (Figure 11c).
The corresponding emission spectrum of OG2 xerogel showed green emission with
maxima at 511 nm (Aem= 426 nm) which was ~5 nm red-shifted compared to the G2
(Figure 11d). The four triple bonds which connect the pyrene core with four phenyl ring
enhance the rigidity of G2 which did not exhibit any change in electronic structure or

conjugation, before and after gelation.

4.3.4 Characterization of CPGs

Since Ru" was well known to form stable bis-terpyridine complex, we studied

gelation propensity of G1 and G2 in presence of Ru". Initially, the interaction of G1 with
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Ru" was studied by gradually adding Ru" solution into G1 solution. With increasing
amount of Ru", the absorption peaks at 294 nm and 387 nm showed hypochromic shift
and a weak band appeared at 445 nm which became more prominent after heating the
mixture at 60 °C for 2-3 minutes. This new peak at 445 nm represented the Ru" MLCT
transition. Next, the Ru"-coordinated CPGs (Rugell, Rugel2) were prepared. Heating the
mixture of G1 and Ru(DMSO0),Cl, (molar ratio = 1 : 1) in DMF/MeOH/water solvent
mixture, followed by cooling resulted in stable coordination polymer gel (Rugell)
(Figure 12a inset). Likewise, Rugel2 was prepared by using 1:1 molar ratios of G2 and
Ru(DMSQ),Cl, (Figure 12b inset). Both the CPGs were dark red in colour which
indicated MLCT transition of coordinated Ru". The presence of coordinated Ru" in
Rugell and Rugel2 was confirmed by EDXS analysis. Furthermore, electrochemical
behaviours of Rugell and Rugel2 were investigated in acetonitrile solution containing
TBAPF¢ as supporting electrolyte under N, atmosphere. The cyclic voltammetry (CV)
curves of Rugell and Rugel2 showed irreversible oxidation peak at0.79 mV and 0.78 mV

vs. CpzFe*/CpaFe, respectively which were attributed to the Ru" — centred oxidation
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Figure 12: (a) CV curve of Rugell (in MeCN, 10™ M ) in presence of Cp,Fe*/Cp,Fe, (b)
CV curve of Rugel2 (in MeCN, 10 M ) in presence of Cp,Fe*/Cp,Fe.

process (Figure 12a and 12b). In both cases, the oxidation peak intensity decreased with
increasing number of cycle which further supported that Ru" centres were irreversibly

converting to Ru""

. To gain insight into the mode of packing the Rugell and Rugel2
xerogels were analysed by FESEM and TEM images. The FESEM images of Rugell and
Rugel2 revealed the formation of evenly distributed nanospheres (Figure 13a-c). TEM
images of Rugell show that the nanospheres are very small (15- 20 nm diameter) and

degrade fast under the electron beam (Figure 13d-f). The nanospheres of Rugel2 had
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Figure 13: (a), (b), (c) FESEM images of Rugell xerogel, (d), (e), (f) TEM images of

Rugell xerogel.

Figure 14: (a), (b), (c) FESEM images of Rugel2 xerogel, (d), (e), (f) TEM images of
Rugel2 xerogel.

140£30 nm diameter which was evident from FESEM and TEM images (Figure 14a-f).
Similar nanosphere morphology of metallogels was previously reported in literature. The

148 |



Coordination Polymer Gels for Visible-light-driven Hydrogen Evolution | Chapter 4

coordination of Ru'" drove kinetically controlled self-assembly of G1/G2 which probably
led to the formation of nanospheres.® The UV-Vis spectrum of Rugell exhibited a
maximum at 400 nm and a broad shoulder around 550 nm, which was attributed to the
MLCT transition of coordinated Ru" (Figure 15a). Rugel2 also exhibited broad
absorption with maxima at 527 nm, however the MLCT transition was not distinguishable
in this case as it mages with the n-n* transition of G2 (Figure 15b) The Rugell xerogel
showed weak emission at 480 nm when excited at 385 nm, originating from pyrene core
of G1 (Figure 15c). However, upon exciting at 550 nm, the Rugell xerogel showed Ru"
based MLCT emission at 665 nm (Figure 15d). On the contrary, The Rugel2 was found
to be completely non-emissive. The optical band gaps of Rugell and Rugel2 were 2.8

and 2.3 eV as calculated by Kubelka-Munk plots.
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Figure 15: Absorption spectra of (a) Rugell and (b) Rugel2, Normalized emission
spectra of Rugell after excitation (c) at 385 nm and (d) at 490 nm.

4.3.5 Photocatalytic hydrogen evolution

The low band gap and high visible light absorbance of Rugell and Rugel2
encouraged us to look into the photocatalytic activity. First, the photocatalytic hydrogen
evolution abilities of CPGs were investigated in presence of different sacrificial electron

donors. Both the CPG xerogels showed highest photocatalytic activity in presence of 5%
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triethylamine (TEA) as sacrificial electron donor (Figure 16a). In a typical experiment, 5
mg CPGs were dispersed in 40 ml water containing 5% TEA. The homogeneous
dispersion was taken into a 80 ml photocatalytic reactor and purged with N, for 30
minutes to remove the dissolved oxygen. The system was irradiated (290 W xenon arc
lamp) under stirring condition to ensure uniform irradiation of the dispersion. The time
course of hydrogen evolution was monitored by gas chromatography. Both the CPGs
exhibited hydrogen production under illumination of visible light (A>400 nm) (Figure
16b). The rate of hydrogen evolution was found to be 3.45 and 2.5 pmol g™ h* for
Rugell and Rugel2 xerogel, respectively (Figure 16¢). Furthermore, the stability of
Rugell was studied by carrying out the “repeated runs” H; evolution experiment under
visible-irradiation for total 15 hours (Figure 16d). The reaction was stopped and degasses
after every 5 hours. As shown in Figure 16d, the photocatalytic performance of Rugell

xerogel was consistent and stable even after three consecutive cycles. Rugell did not
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Figure 16. (a) Amount of hydrogen evolved from RuGell in presence of different
sacrificial electron donor, (b) The time course of hydrogen evolution of Rugell (black)
and Rugel2 (red) xerogels under visible light irradiation, (c) Rate of hydrogen evolution
in presence of Rugell and Rugel2 xerogel as photocatalyst, (d) The Rugell xerogel

shows photocatalytic activity even after three consecutive cycles.

150 |



Coordination Polymer Gels for Visible-light-driven Hydrogen Evolution | Chapter 4

(a) (b)
1600- 3004 .
—_ __———'._h- g /. .E.
2 3 2504 .
©1200-
E =200
= o
§ 8004 . 2 150
ey (2]
S 2 100
400 i
= I 504
04 o.#
0 1 2 3 4 00 05 10 15 20 25 3.0
Time (h) Time (h)
() a0 C) Cycle 1 Cycle2 | Cycle3
700 - 2000-
2 600 S ‘
= =
R K 3 15001 v v
E EL
5 400 T 10001 / / /
2 300 A 2 o ° .
& 3
200 - = 500+
100 -
0 > 4 > 4 04e >
0 1 2 3 4 5 6 17

Rul@Fe Ru2@Fe Rugell Rugel2 )
Time (h)

Figure 17. (a) The time course of hydrogen evolution of Rugell@Fe-C under visible
light irradiation, (b) The time course of hydrogen evolution of Rugel2@Fe-C under
visible light irradiation, (c) Comparison of rate of hydrogen evolution of Rugell,
Rugel2, Rugell@Fe and Rugel2@Fe., (d) The Rugell@Fe xerogel shows

photocatalytic activity even after three consecutive cycles.

Figure 18. Schematic representation of hydrogen evolution under visible light from

Rugell@Fe xerogel.
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show any significant changes in absorption, and FT-IR spectra after 15 hours of
irradiation (A> 400 nm), indicating high stability and structural integrity of the xerogel.
No H; evolution was detected when the same reaction was performed under dark,
indicating irradiation of visible light played the most important role in the H, evolution.
Moreover, when a blank solution (without catalyst) containing 5% TEA in water was
irradiated by visible-light no H, evolution was observed. These results confirm that
evolution hydrogen is occurred by reduction of proton via an electron transfer process,
and not simply by decomposition of the hydrogen bearing donor or CPGs. Next, to
improve the photocatalytic activity of the CPGs we incorporate an organometallic Fe,
complex that bears structural resemblance to the active site of [FeFe] hydrogenase into
the CPGs. [FeFe](bchdt)(CO)e (bchdt =3,6-Dichloro-1,2-benzenedithiol) was synthesized
by following a literature report. 0.01M solution of [FeFe](bcbdt)(CO)s was prepared in
de-oxygenated methanol and added slowly into the solution of G1 and Ru(DMSO),Cl,
during gelation to prepare a hybrid gel Rugell@Fe. Similarly, [FeFe](bcbdt)(CO)s was
also incorporated into the Rugel2 to form a hybrid gel Rugel2@Fe. Both Rugell@Fe
and Rugel2@Fe xerogels were investigated for photocatalytic hydrogen evolution in
aqueous solution of 5% TEA. They showed improved photcatalytic activity compared to
the parent CPGs (Figure 17a-b). The rate of hydrogen evolution to calculated to be 725.45
and 291.6 pmol g™ h™* for Rugell@Fe and Rugel2@Fe respectively (Figure 17c). The
turn over number (TON) was found to be 2.44 and 0.48 with respect to the mole of
[FeFe](bcbdt)(CO)s for Rugell@Fe and Rugel2@Fe respectively. The photocatalytic
activity of Rugell@Fe was retained even after three cycles of reaction, indicating the
stability of the Fe-cluster catalyst inside the hydrophobic gel-matrix (Figure 17d). The
mechanism of photocatalysis was explained in Figure 18. Initially, upon visible light
irradiation the photosensitive Ru'-CPGs get excited and generate photoelectrons which
are possibly transferred to the encapsulated [FeFe](bcbdt)(CO)s co-catalyst.
[FeFe](bcbdt)(CO)s molecules then subsequently reduced water to hydrogen. The
encapsulated [FeFe](bcbdt)(CO)s molecules increase the lifetime of the photogenerated
electrons and decrease the chances of the electron—hole recombination and hence increase

the rate of hydrogen evolution.

4.3.6 DFT calculation

In order to understand the difference in catalytic performance between Rugell and

Rugel2, we have performed DFT computations to evaluate energy difference between
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Figure 19. (a), (b) HOMO and LUMO on the pyrene centres of Rugell and Rugel2 as
model-1 and model-2, respectively, (c) and (d) HOMO and LUMO on the Ru'-
terpyridine parts of Rugell and Rugel2 resulting due to MLCT.

highest occupied and lowest unoccupied orbital located on both pyrene and Ru'-
terpyridine chromophore. For this purpose, we have considered two different model
systems, namely model-1 and model-2 for Rugell and Rugel2, respectively (Figure 19a-
b). The only difference was that model-2 contains four ethynyl groups connected to
pyrene unit whereas model-1 has no ethynyl groups. HSEH1PBE method in conjugation
with 6-31+G* basis set was utilized for the computations as the method was known to
simulate more accurate orbital energy.’® LANL2DZ was used for basis set and ECP of
ruthenium.’® All calculations were performed using Gaussian09 program package.'% In
model 1, the energy difference between highest occupied and lowest unoccupied
molecular orbital on pyrene chromophore was only 2.72 eV whereas the value was 2.79

eV on Ru'"-terpyridine complex (Figure 19a and 19c). Strikingly, in model 2, the energy
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difference on pyrene chromophore has dropped down to 2.00 eV due to the presence of
four ethynyl groups that provide additional stabilization by extended conjugation (Figure
19b). The energy difference on Ru'-terpyridine part was 2.84 eV which remained similar
as in model-2 (Figure 19c). In the catalytic process, pyrene chromophore and the MLCT
of Ru'-terpyridine part acted as a sensitizer i.e. it absorbed light energy and generated
photoelectrons which were eventually transferred to the encapsulated Fe-cluster where
water got reduced to hydrogen. In case of Rugel2 the low band gap induced the fast
electron-hole recombination and hence the photo-catalytic activity decreased.

4.4 SUMMARY

In summary, we have synthesized two LMWGs containing four terminal terpyridine
groups which self-assemble in organic solvent to form organogels with nanofiber
morphology. The coordination driven self-assembly of LMWGs in presence of Ru" leads
to the formation of CPGs that show nanosphere morphology. The CPGs exhibits broad
absorption in visible region due to the Ru" centred metal to ligand charge transfer
transition which make them a unique photoactive material for hydrogen evolution
reaction. Both the CPGs exhibit good photocatalytic activity under visible light
irradiation. Moreover, the rate of hydrogen evolution enhances by many folds when an
organometallic Fe, complex was encapsulated in the CPG matrixes. This study will open

up a new perspective for generating hydrogen from coordination polymer gels.
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Abstract

This chapter reports design and synthesis of two photo-responsive gelators (L1 and L2),
one containing stilbene core (L1) and another having azobenzene core (L2) which are
connected to two 2,2".6',2"-terpyridyl (tpy) moieties through flexible alkylamide chains.
Self-assembly of L1 results in organogel (OG1) which shows nanofiber morphology.
However, L2 fails to form gel in either agueous or organic solvent medium. Coordination
driven self-assembly of L1 in presence of Zn" results in coordination polymer gels
(ZnL1) which exhibits nanofiber morphology. Both OG1 and ZnL1 show blue emission
which is quenched considerably after irradiation with UV light (A=365 nm) indicating
photochemical change of gelators in OG1 and ZnL1 gels. The *H-NMR studies indicated
that the self-assembled L1 undergo [2+2] cyclo addition during photo-irradiation and
leads to the formation of tetraphenyl cyclobutane derivatives. Moreover, the photo-

irradiation also modulate the morphology of OG1 and ZnL1 from nano-fibers to

nanotapes.
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5.1 INTRODUCTION

Development of supramolecular gels by the self-assembly of low molecular weight
gelators (LMWGs) have gained enormous attention in last few decades.! Easy solution
processability and dynamic nature of these soft materials hold great promise for
applications in diverse fields, including biomedicine, nanoelectronics and catalysis.> One
important class of supramolecular gel which has been emerged very recently is known as
coordination polymer gels (CPGs).® The coordination of metal ions to a suitably designed
LMWG results in supramolecular self-assembled networks of CPGs. The CPGs are
highly promising soft-hybrid materials, as the presence of metal ions endows them with
unique redox, optical, electronic, and catalytic properties.* Also, the metal-LMWG
interactions allow the controlled growth of different nanostructures, such as fibers, tubes,
rings, ribbons, and vesicles in CPGs.> Many novel functionalities such as tunable
emission, catalysis, proton conductivity, sensing, and gas storage have been explored in
CPGs, which arise due to the synergistic combination of inorganic and organic
components.® Another important property that has been exploited recently in
supramolecular gels/CPGs, is the stimuli-responsive behaviours.” The stimuli-responsive
supramolecular gels/CPGs generally exhibit multifarious changes in their properties by

8d-e

the application of various physicochemical stimuli, e.g., pH®®, temperature®®®, redox®,

81 and in the presence of small molecules and biomolecules®™®. They

mechanical force
usually exhibit reversible sol-gel transformations, hydrophilic—hydrophobic transitions,
shape and volume changes, or assembly—disassembly ordering in presence of these
external stimuli. Such intelligent soft-materials have found many applications in the fields
of biology, medicine and can be used as sensors and biosensors, for controlled and
triggered drug delivery, environmental remediation, chemo-mechanical actuators, and for
many other applications.® Among different stimuli exploited to date, light is the most cost
effective and non-hazardous external stimulus.’%¢ However, there are very few examples
of photo-responsive CPGs*®,

Over past few years, development of photo-responsive materials has gained
significant research attentions. In this regard, substantial advancement has been done in
the field of crystalline porous coordination polymers (PCPs)/ metal-organic frameworks
(MOFs), where light is used as a tool to post-synthetically modulate the porosity,
magnetic property and polarity of pore.!’ The photo-chemical reactions which are

exploited to develop such photo-responsive material include polymerization of
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diacetylenes to PDA, dimerization of anthracene, [2+2] cycloaddition of alkenes, cis-
trans isomerization of azobenzene etc. Stilbene and azobenzene derivatives are the most
examined systems for developing photo-responsive materials as their photochemistry are
well-explored in literature. The only possible photochemical pathway of azobenzene is
the cis-trans isomerization which is extremely rapid, occurring on picosecond timescales
(Scheme 1).> However, there are three possible photochemical pathways for stilbene. i)
dimerization by [2+2] cyclo-addition, first discovered by Ciamician and Silber™®; ii) the
E/Z-isomerization, first described by Stormer’®; and iii) the photocyclization via
oxidative dehydrogenation of dihydrophenanthrene, found by Smakula** (Scheme 1).
[2+2] cycloaddition occurs between the first excited singlet state S; of an E-stilbene and
ground state of a second E-stilbene and results in cyclobutane ring. It is noteworthy that
photochemical cycloaddition only occurs when the compounds satisfy Schmidt’s [2+2]

cycloaddition criteria which tells that i) the two olefinic bond should be parallel to each

a) —N

hv' or heat

@
T

@@é
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S/ 9

-~ [ N Ox1dlzmg
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Scheme 1. Schematic showing a) Photo-isomerization of azobenzene, b) Three possible
photochemical pathways for stilbene (i) dimerization by [2+2] cyclo-addition, (ii) E/Z-
isomerization and iii) the photocyclization via oxidative dehydrogenation of

dihydrophenanthrene.
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other and ii) the distance between them should be <4.2 A.**¥¢ |n most of the photo-
responsive gels reported to date azobenzene derivative are used as gelators, however
development of stilbene-based gelators for preparing photo-responsive gels is still
underexplored.** This chapter reports design and synthesis of two photo-responsive
gelators (L1 and L2), one containing stilbene core (L1) and another having azobenzene
core (L2) which are connected to two 2,2":6',2"-terpyridyl (tpy) moieties through flexible
alkylamide chains. Self-assembly of L1 results in organogel (OG1) which shows
nanofiber morphology. L2 fails to form gel in either aqueous or organic solvent medium.
Self-assembly of L1 in presence of Zn" results in CPGs (ZnL1) which exhibits similar
nanofiber morphology. Both OG1 and ZnL1 show blue emission which is considerably
quenched after irradiation with UV light (A=365 nm), indicating photochemical change of
gelators in OG1 and ZnL1 gels. The gelator molecules undergo [2+2] cyclo-addition
during photo-irradiation as confirmed by *H-NMR study which shows the formation of
tetraphenyl cyclobutane. Also after photo-irradiation the morphologies of organogel and

CPG is changed from nano-fibers to nano-tapes.

5.2 EXPERIMENTAL SECTION
5.2.1 Materials

4,4'-stilbenedicarboxylic acid, 4-nitrobenzoic acid, 4'-chloro-2,2":6',2"-terpyridine,
1,3-diaminopropane, trichloroisocyanuric acid (TCIC) and triphenylphosphine (PPhs)
were purchased from Sigma-Aldrich chemical Co. Ltd. Sodium hydroxide, glucose,
sodium chloride and triethylamine were purchased from Spectrochem Pvt. Ltd. All the
solvents were purchased from Spectrochem and were pre-dried using standard procedures
before using.

5.2.2 Physical measurements

'H-NMR was recorded on a Bruker AV-400 spectrometer with chemical shifts
recorded as ppm and all spectra were calibrated against TMS. High resolution mass
spectra (HRMS) were recorded using Agilent QTOF 7200 spectrometer. UV-Vis spectra
were recorded in a Perkin-Elmer lamda 900 spectrometer. Fluorescence studies were
accomplished using Perkin Elmer Ls 55 luminescence spectrometer. Fourier transform
infrared (FTIR) spectral studies were carried out by making samples with KBr pellets
using Bruker FT-IR spectrometer. The elemental analyses were carried out using a

Thermo Scientific Flash 2000 CHN analyzer. Morphology studies were carried out using
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Lica-S4401 field emission scanning electron microscopy (FESEM) by placing samples on
silicon wafer under vacuum with accelerating voltage of 10 kV. Transmission electron
microscopy (TEM) analysis was performed using JEOL JEM-3010 with accelerating
voltage of 300 kV. For this analysis the xerogel was dispersed in ethanol and then drop

casted on a carbon coated copper grid.

5.2.3 Synthesis

Synthesis of 2,2':6',2"-terpyridin-4’-yl-propane-1,3-diamine: The detail
synthetic procedure of 2,2":6',2"-terpyridin-4'-yl-propane-1,3-diamine was discussed in
Chapter 2. The 'H-NMR, FTIR and CHN analysis of 2,2";6',2"-terpyridin-4'-yl-propane-
1,3-diamine were also discussed in Chapter 2.

Synthesis  of  4,4'-stilbenedi-{[3-([2,2":6",2" ]terpyridin-4'-ylamino)-propyl]-
amide} (L1): A mixture of 44'-stilbenedicarboxylic (300 mg, 1.11 mmol) and
trichloroisocyanuric acid (545 mg, 2.34 mmol) was dissolved in anhydrous THF (30
ml). PPh3 (616 mg, 2.35 mmol) was added into the reaction mixture and stirred at
0 °C for 2 h under inert condition. 2,2":6'2"-terpyridin-4'-yl-propane-1,3-diamine
(717 mg, 2.35 mmol) was dissolved in anhydrous THF (20 ml) and Et;N (624 pl,
4.47 mmol) was added into it. This reaction mixture was drop-wise added into 4,4'-
stilbenedicarboxylic acid /TCIC/ PPhs solution at 0 °C and stirred for 1 h. After that
the reaction mixture was stirred at room temperature for 6 h. Precipitate was

collected by filtration and washed several times with CHClz and dried under vacuum. The

TCIC, PPh,, NEt,
D

0 °C-rt

Figure 1. Synthetic scheme for L1.
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product was refluxed in methanol for 30 min to remove unreacted 4,4'-
stilbenedicarboxylic acid. The mixture was filtered under hot condition and washed
repeatedly with methanol. The filtrate was evaporated under reduced pressure to get the
pure product. Yield: 80%. *H-NMR (400 MHz, DMSO-d®) &: 8.70 (s, 2H, ArH), 8.54 (t,
2H, ArH), 7.96 (d, 2H, ArH), 7.89 (d, 2H, ArH), 7.76 (d, 1H, ArH), 7.7 (d, 3H, ArH),
7.48 (m, 2H, ArH), 3.43 (m, 3H, NHCH,), 1.92 (t, 2H, CH,). Selected FTIR data (KBr,
cm™): 3429 (b), 3027 (m), 2779 (m), 1723 (sh), 1469 (m), 1398 (sh), 1053 (s), 774 (m),
534 (m). CHN analysis for Cs;HssN100;, Calc.: C, 74.07; H, 5.50; N, 16.62%. Expt.: C,
74.16; H, 5.40; N, 16.55%. HRMS (+ESI): m/z calculated for Cs;HssN1002: 843.3839,
found: 843.3879 [M+H]".

Synthesis of 4,4'-dicarboxyazobenzene: 4-nitrobenzoic acid (1 g, 5.98 mmol) and
NaOH (3.4 g, 85 mmol) were mixed in a round bottom flux. 15 ml water was added and
the mixture was heated until the solid was dissolved completely. The hot aqueous solution
of glucose (6 g in 10 ml water) was added drop-wise into the above reaction mixture. The
temperature was maintained at 50 °C while adding glucose solution. After that the
reaction mixture was cooled down to room temperature and continued to stir for 8 h. The
brown coloured compound was formed. The reaction mixture was filtered and the product
was washed thoroughly with saturated NaCl solution. The product was dissolved in water
and carefully acidified by acetic acid to form pink precipitate. The mixture was filtered
and the product was washed repeatedly with water and dried under vacuum. Yield: 90%.
'H-NMR (400 MHz, DMSO-d®) &: 8.15 (d, 4H, ArH), 8.00 (d, 4H, ArH). Selected FTIR
data (KBr, cm™): 2671 (s), 2554 (s), 1685 (sh), 1604 (m), 1427 (sh), 1294 (sh), 943 (m),
871 (m), 781 (m), 698 (m), 539 (s).

Synthesis of 4,4'-azobenzenedi-{[3-([2,2":6",2""]terpyridin-4'-ylamino)-propyl]-
amide} (L2): A mixture of 4,4'-dicarboxyazobenzene (300 mg, 1.11 mmol) and
trichloroisocyanuric acid (566 mg, 2.44 mmol) was dissolved in anhydrous THF (30
mL). PPh3 (639 mg, 2.44 mmol) was added into the reaction mixture and stirred at
0 °C for 2 h wunder inert condition. Next, 2,2":6'2"-terpyridin-4'-yl-propane-1,3-
diamine (711 mg, 2.33 mmol) was dissolved in anhydrous THF (20 ml) and Et;N
(650 ul, 4.66 mmol) was added into it. This reaction mixture was drop-wise added
into 4,4'-stilbenedicarboxylic acid / TCIC/ PPhs solution at 0 °C and stirred for 1 h.
After that the reaction mixture was stirred at room temperature for 6 h. Precipitate
was collected by filtration and washed several times with CHCI3 and dried under vacuum.

The product was refluxed in methanol for 30 min to remove unreacted 4,4'-
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dicarboxyazobenzene. The mixture was filtered under hot condition and washed
repeatedly with methanol. The filtrate was evaporated under reduced pressure to get the
pure product. Yield: 73%.*H-NMR (400 MHz, DMSO-d°) §: 8.88 (s, 2H, ArH), 8.25 (s,
2H, ArH), 8.16 (s, 4H, ArH), 8.01 (d, 2H, ArH), 7.85 (s, 2H, ArH), 7.71 (s, 2H, ArH),
3.69 (s, 2H, NHCHy), 2.99 (s, 2H, NHCH,), 2.00 (s, 2H, CH,). Selected FTIR data (KBr,
cm™): 3422 (b), 3233 (s), 3053 (b), 1690 (m), 1585 (m), 1467 (m), 1295 (sh), 1160 (s),
994 (sh), 871 (m), 792 (sh), 697 (s), 620 (s). CHN analysis for CsoH44N1,0; Calc.: C,
71.05; H, 5.25; N, 19.90%. Expt.: C, 71.10; H, 5.22; N, 19.11%. HRMS (+ESI): m/z
calculated for Cs,HasN100,: 845.3744, found: 845.3800 [M+H]".

Step 1: o OH
COOH
i) NaOH, glucose sol"
50 °C
N
ii) CH,COOH N
NO,

Step 2:

NH TCIC, PPh,, NEt,

_—
0 °C-rt

Oé EOH
N¢N "
Oi OH

Figure 2. Synthetic scheme for L2.

Synthesis of OG1 gel: 2.1x10° M solution of L1 in 1:1 CHCI3/THF mixture was
heated at 80 °C for few minutes to form a viscous liquid which on cooling resulted in
opaque gel. The formation of gel was confirmed by inversion test method. Selected FTIR
data (KBr, cm™): 3434 (b), 2964-2859 (b), 1719 (sh), 1617 (m), 1463 (sh), 1168 (m),
1099 (s), 997 (sh), 806 (m), 557 (s).

Synthesis of ZnL1 CPG: Solution of L1 (2.1x10° M) in CHCI3y/ THF (1:1) was
mixed with solution of Zn(NO3),.6H,0 (1.5 10 M, in THF) in 1:1 volumetric ratio.

166 |



[2+2] Cycloaddition in Organogel and CPG | Chapter 5

(@)

ML/

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm’ ) Wavenumber (cm 1)

Figure 3. (a) FTIR spectrum of L1, (b) FTIR spectrum of L2.

The mixture was heated at 80 °C for 3 min to prepare a viscous solution which eventually
resulted in stable opaque gel upon cooling. The formation of gel was confirmed by
inversion test method Selected FTIR data (KBr, cm™): 3424 (b), 2960-2855 (b), 1720
(sh), 1618 (m), 1465 (sh), 1178 (m), 1098 (s), 995 (sh), 808 (m), 547 (s).

5.3 RESULTS AND DISCUSSION
5.3.1 Characterization of L1 and L2

Synthesis of L1 was carried out via amide coupling between 4,4'-
stilbenedicarboxylic and 2,2":6',2"-terpyridin-4’-yl-propane-1,3-diamine (Figure 1).
Similarly L2 was prepared by amide coupling between 4,4'-dicarboxyazobenzene and
2,2":6',2"-terpyridin-4'-yl-propane-1,3-diamine (Figure 2). The formation of L1 and L2
was confirmed by 'H-NMR, HRMS and FTIR spectra. The *H-NMR spectrum of L1
showed peaks corresponding to terminal 2,2":6',2"-terpyridine groups at & = 8.68, 8.54,
7.70 and 7.43 ppm and the peaks corresponding to 4,4'-stilbenedicarboxylate core
appeared at 8 = 7.94, 7.87 and 7.76 ppm. Similarly, *H-NMR spectrum of L2 showed
peaks corresponding to the aromatic protons of terminal 2,2';6',2"-terpyridine and central
4,4'-dicarboxyazobenzoate at 6= 8.8, 8.25, 8.16, 8.01, 7.85 and 7.71 ppm. In both cases
the peaks corresponding to the aliphatic protons of flexible alkylamide chain appeared in
3.7-2.0 ppm range. The formation of L1 and L2 was also confirmed by HRMS which
showed signals at m/z = 843.3879 and 845.3800, corresponding to [L1+H]" and [L2+H]",
respectively. The formation of amide bond in L1 was confirmed by the FTIR spectra
which displayed band at 3429 and 1722 cm™ corresponding to the N-H and C=0
stretching of amide, respectively (Figure 3a). Similarly, the FTIR spectrum of L2 showed
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peaks corresponding to N-H and C=O stretching of amide at 3406 and 1698 cm™,

respectively (Figure 3b). The elemental analysis of L1 and L2 also confirmed their purity.

5.3.2 Photophysical properties of L1 and L2

The solution of L1 (10 M) in DMSO showed a broad absorption with a maxima at
284 nm, corresponding to the n-* transition of terminal terpyridine groups, as previously
observed by other terpyridine—based LMWG (Figure 4a)™. Another broad absorption
band appeared around 333 nm which was attributed to the n-* transition of stilbene core.
Upon exciting at 333 nm, the solution of L1 showed blue emission with maxima at 385
nm which could be considered as the combine emission from terpyridine groups and
stilbene core (Figure 4b). Similarly, the solution of L2 (10 M) in DMSO showed the
absorption maxima at 284 nm and a broad band at 330 nm, assigned to the -* transition
of terpyridine and azobenzene core, respectively (Figure 5b). However, L2 did not show

any emission probably due the presence of azo group.
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Figure 4. (a) Absorption spectrum of solution of L1 (10° M) in DMSO, (b) Emission

spectrum of the solution of L1 (10° M) in DMSO.

Next the photophysical properties of L1 and L2 were studied after photo-irradiation
with UV light (A= 365 nm). When solution of L1 in DMSO (10 M) was irradiated with
UV light, the absorption spectrum showed significant hypochromic shift at 333 nm and
appearance of a new band at 265 nm, indicating photo-isomerization of trans-L1 to cis-
L1 (Figure 5a). Similarly, after irradiating the solution of L2 (10° M in DMSO) with UV
light the absorption spectrum showed a drastic change (Figure 5b). The absorption peak at
330 nm, assigned to the trans-conformation of azobenzene core showed sudden decrease
in absorbance after 2 min of irradiation. This indicated fast conversion of trans-L2 to cis-

L2 in DMSO solution. The photo-isomerization of L1 in DMSO-d° solution was also
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Figure 5. (a) Change in absorption spectrum of L1 (10° M, in DMSO) after irradiation
with UV light, (b) Change in absorption spectrum of L2 (10° M, in DMSO) after
irradiation with UV light.
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Figure 6. Change in *H-NMR spectra of L1 in DMSO-d® after irradiation with UV light
for one hour. The red arrows indicate the appearance of new peaks, attributed to the cis-

conformation of stilbene core.

confirmed by recording time-dependent *H-NMR spectrum. The L1 solution in DMSO-d®
was irradiated with UV light and *H-NMR spectra were recorded after every 10 minutes

of photo-irradiation. The solution was irradiated for total 1 h. With increasing irradiation

169 |



[2+2] Cycloaddition in Organogel and CPG | Chapter 5

time the peaks at 6 = 7.87 and 7.74 ppm, assigned to the aromatic protons of trans-
stilbene core weakened slowly and new peaks appeared at 6 = 7.82 and 7.30 ppm (Figure
6). These new peaks were attributed to the aromatic protons of cis-stilbene core. Since the
first excited singlet state (S;) lifetime of trans-stilbene core is very low it couldn’t find
the dimerization partner through diffusion in dilute solution, hence trans-to-cis

isomerization was observed instead of cycloaddition.

5.3.3 Titration of L1 and L2 with Zn!

Interaction of L1 and L2 with Zn" was studied in DMSO solution by gradually
adding the solution of Zn" (10 M) to the solution of L1 and L2 (10° M in DMSO). With
incremental addition of Zn" the absorption maxima of L1 at 284 nm showed a
hypochromic shift and a new band appeared around 310 nm which suggested
complexation of Zn" to terpyridine groups of L1 (Figure 7a). However, no significant

change was observed at 333 nm which indicated that stilbene core was not interacting
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Figure 7. (a) Change in absorption spectrum of L1 after gradual addition of Zn" ions to
the solution of L1 (10° M, in DMSO), (b) Change in absorption spectrum of L2 after
gradual addition of Zn" ions to the solution of L2 (10° M, in DMSO), (c) Change in
emission spectrum of L1 (Aex = 285 nm) during titration with Zn" ions, (d) Change in

emission spectrum of L1 (hex = 330 nm) during titration with Zn" ions.
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with metal ions. Similar changes were observed when the solution of L2 (10° M in
DMSO) was titrated with Zn" (10* M in DMSO) solution (Figure 7b). Upon gradual
addition of Zn" to the solution of L2, the absorption maxima at 283 nm displayed
hypochromic shift and a broad shoulder appeared around 310 nm, indicating
complexation of Zn" to the terpyridine group of L2. The change in emission spectrum
was also monitored while titrating the solution of L1 with Zn". The emission spectrum of
the solution showed decrease in intensity of 385 nm (A = 285 nm) (Figure 7c).
Surprisingly a new peak appeared at around 440 nm and the intensity of this peak
increased with incremental addition of Zn'" ions. Such bathochromic shift became more
prominent when the titrating solution was excited at 330 nm (Figure 7d). Such change in
emission spectra of L1 probably occurred because Zn" coordination induced the

formation of excimer.

5.3.4 Characterization of 0G1 organogel

Next, we checked the gelation propensity of L1 and L2 in different solvents and
mixture of solvents. Gelation of L1 was achieved in CHCI3/THF solvent mixture. Heating
the solution of L1 (2.1x10° M) in CHCIy/THF (2:1), followed by cooling at room
temperature resulted in an opaque gel (OG1) (Figure 8a). The formation of gel was
confirmed by inversion test method. Insight into the morphology of OG1 was obtained
by recording the FESEM and TEM images. FESEM showed the presence of nanofibers
which were entangled to each other and formed the typical fibrous morphology of OG1
(Figure 8b and 8c). Nanofibers were several micrometers long with diameters in 70- 80
nm range. The Scheme 2a explained the probable mechanism of self-assembly of L1. In

the binary solvent mixture, the self-assembly of L1 was driven by H-bonding between

Figure 8. (a) Picture of OG1 gel under day light and UV light, (b) FESEM and (c) TEM

images of OG1 xerogel showing nanofiber morphology.

171 |



[2+2] Cycloaddition in Organogel and CPG | Chapter 5

N | o
& ! ) - ; & }:N\'(
HN ) AN H
r?N"” 0 HN O = ? & or};/\/\(
Self- v R 5
0 O assembly ‘? @ o»N\(
N - S A »
= » oy ;
) & Sy
H Q 4
OZ*NH 0P NH »v y ’
E‘NH i .-"o &, OH"N\(
. H Q /
< W 2 \ D e
. L1 . 1D- growth of fibril Nanofibers

: 0 &
L g HN. O wgr@_au—@nfm(
= x No n-n stacking ‘ No gelation

Sy S on? Q o g
H 5 N.N\(
N ? @ Prdp O

0P NH Ip-Ip repulsion

Scheme 2. (a) Schematic showing self-assembly of L1 through H-bonding and n-n
stacking interactions, (b) L2 does not undergo self-assembly due to lone pair-lone pair

repulsion.

(@) (b)

T v T v T T 1

10 20 30 40
20 (Degree)

4000 3000 2000 1000

Wavenumber (cm'1)

Figure 9. (a) PXRD pattern of OG1 xerogel, (b) Comparison of FTIR of L1 and OG1

xerogel.

amide groups and 7-7 stacking between the stilbene cores of adjacent L1 molecules. Such
self-assembly process resulted in fibriles which aggregated and formed fibers as shown in
figure 8d. The presence of H-bonding and n-7 stacking in OG1 were supported by PXRD
and FTIR analysis (Figure 9). PXRD of the xerogel showed broad peak at 20 =21.8°,
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corresponding to the d-spacing value of 4.0 A which supported the presence of n-n
stacking in OG1 gel (Figure 9a). Comparison of the FTIR spectra of L1 and OG1 xerogel
exhibited a decrease in C=0 and N-H stretching frequency from 1722 cm™ to 1710 cm™
and 3429 to 3411 cm™, indicating the presence of intermolecular H-bonding in this
assembly (Figure 9b). However, L2 did not form gel in any solvents, probably because
the lone pair-lone pair repulsion between the azo groups inhibited the m-m stacking
interaction of L2 (Scheme 2b). The UV-Vis spectrum of OG1 xerogel showed broad
absorption with maxima at around 333 nm (Figure 10a). Upon exciting at 333 nm, the
OG1 xerogel showed blue emission with maxima at 430 nm which was red shifted
compared to the monomer L2 (Figure 10b). Such red shifted emission in OGL1 could be
attributed to the excimer emission. The PXRD analysis suggested that the nanofibers of
OG1 gel were formed by the n-n stacking interaction between the stilbene cores of L1
and the distance between two m-stacked stilbene cores was 4.0 A. Therefore, OG1
followed Schmidt’s photochemical [2+2] cyclo-addition criteria which stated that the

distance between two olefinic bonds should be below 4.2 A. This motivated us to irradiate
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Figure 10. (a) Absorption spectrum of OGL1 xerogel, (b) Emission spectrum of OG1
xerogel (Aex = 333 nm), (c) Absorption spectrum of OG1 xerogel after irradiating with
UV light for an hour, (d) Emission spectrum of OG1 xerogel after irradiating with UV
light (Aex = 333 nm).

173 |



[2+2] Cycloaddition in Organogel and CPG | Chapter 5

MO T W T T OO ONMWOOON 0,0 ™ ©
REKS3 82 8IRBIBINEIH2E=S 3
€0 0 0 © WO MNNMNNMNNMNNMNNMNNMNNMNNMNNNNNNNS 0w
N I NS\ = \/
Cyclobutane
5I7 516 5{5 ppmI

85 8.0 75 7.0 65 6.0 “o.....ppIN

2.000 —
1.414

Figure 11. 'H NMR spectrum of OG1_hv gel showing the presence of cyclobutane
protons at 6= 5.62 ppm.

Figure 12. (a) Schematic showing photochemical [2+2] cyclo-addition of stilbene core of
L2 leads to the formation of tetraphenylcyclobutane, (b), (c) and (d) TEM images of
OGL1_hv xerogel showing the formation of nanotapes.
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the OGL1 xerogel with UV-light which could drive photo-cyclization of stilbene cores of
L1. Such photo-cyclization could modulate the nanostructure and properties of the OG1
gel. While irradiating the OGL1 gel with 365 nm UV-light (22.5 W) the blue emission of
OG1 quenched slowly and after an hour the organogel (OG1_hv) became considerably
less-emissive, as observed under UV light (Figure 10d, inset). The absorption spectrum of
OG1_hv xerogel showed hypsochromic shift (Figure 10c). Moreover, when OG1_hv
xerogel was excited at 333 nm, low emission was observed (Figure 10d). This indicated
that the m-stacked stilbene cores of OG1 probably underwent [2+2] cyclo-addition and
formed the tetraphenylcyclobutane which is non-emissive due to the loss of conjugation.
To further support the formation of cyclobutane ring, *H-NMR spectrum of the OG1
xerogel was recorded. *H-NMR spectrum showed the peak at 5= 5.62 ppm, corresponding
to the protons of cyclobutane ring (Figure 11). These results confirmed the formation of
the tetraphenylcyclobutane core in OG1_hv through the [2+2] cyclo-addition of stilbene
cores. The figure 12a showed how the n-stacked stilbene cores underwent [2+2] cyclo-
addition and formed tetraphenylcyclobutane derivative. The percentage of conversion was
calculated to be 40%. However, cyclo-addition was not observed when solution of L1
was irradiated with UV-light. Interestingly, the TEM images of OG1_hv showed the
presence of nanotapes which were several micrometers long with the diameters in the
170-180 nm range (Figure 12b-d). Such nanofiber to nanotape morphology
transformation probably occured due to [2+2] cyclo-addition of stilbene cores of L1. No

significant change was observed in PXRD pattern of OG1_hv (Figure 13).
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Figure 13. PXRD pattern of the OG1_hv xerogel.

5.3.5 Characterization of ZnL1 coordination polymer gel

Next, the gelation propensity of L1 in presence of Zn" ions was checked. Heating
the solution of L1 and Zn(NOs3),:6H,0 in the aforementioned CHCI3/THF (1:1) solvent

mixture followed by cooling resulted in stable coordination polymer gels (ZnL1) (Figure
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14a). The formation of gel was confirmed by inversion test method. Insight into the
morphology of ZnL1 xerogel was obtained by recording FESEM and TEM images. The
FESEM and TEM images reveled the formation of nanofibers which were several
micrometer long and the diameter in 100-110 nm range (Figure 14b-d). However, the
nanofibers of ZnL1 xerogel had greater diameter than the OG1 nanofibers. The
formation of such higher dimensional nanofibers in ZnL1 xerogel could be explained by
coordination driven self-assembly of L1. Initially, L1 self-assembled in CHCIs/THF
solvent mixture by complementary H-bonding between amide groups and n—7 stacking
between stilbene core of neighbouring L1 and form the primary 1D self-assembled
structures with pendent terpyridine groups on the outer surface. These pendent terpyridine
groups coordinated with Zn'" ions and formed the higher dimentional nanostructures. The
presence of Zn" in ZnL1 xerogel was confirmed by EDXS analysis. The PXRD of ZnL1
xerogel showed similar pattern as OG1 xerogel which indicated that the primary self-
assembled m-m stacked structure was retained in ZnL1 (Figure 14e). However, ZnL1
showed additional low angle peaks at 26= 4.3° (d-spacing= 20.4 A), indicating the
formation of higher order assembly in ZnL1 upon metal coordination with terpyridine.

——2ZnL1 xerogel

10 20 30 40 50
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Figure 14. (a) Picture of ZnL1 coordination polymer gel under UV light, (b) FESEM
image of the ZnL1 xerogel, (b) and (c) TEM images of ZnL1 xerogel showing the
formation of nanofibers, (¢) PXRD pattern of ZnL1 xerogel, inset highlight the low angle
peak.
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Figure 15. (a) Emission spectrum of ZnL1 xerogel, (b) Emission spectrum of the

ZnL1 hv xerogel. Inset showing the picture of ZnL1 and ZnL1_hv under UV-light.

The absorption spectrum of ZnL1 xerogel showed maxima at 335 nm. Upon exciting at
333 nm the emission spectrum of ZnL1 xerogel exhibited blue emission with maxima at
420 nm (Figure 15a). Later, we studied how irradiation of UV-light affected the nano-
morphology and properties of the ZnL1 coordination polymer gel. When the ZnL1 gel
was irradiated with 365 nm UV-light, the blue emission was quenched slowly and after
one hour of irradiation the CPG (ZnL1_hv) became considerably less-emissive, as
observed under UV light (Figure 15b, inset). The emission spectrum of ZnL1_hv xerogel
(Aex = 333 nm) did not show any peak, indicating non-emissive nature of ZnL1 hv
(Figure 15b). This indicated that the n-stacked stilbene cores of ZnL1 underwent [2+2]
cyclo-addition and resulted in the non-emissive tetraphenylcyclobutane. The TEM images
of ZnL1_hv xerogel also showed the formation of nanotapes with diameter in 220-240
nm range (Figure 16). Such nanofiber to nanotape morphology transformation probably
occurs due to [2+2] cyclo-addition of stilbene cores in ZnL1. The PXRD of ZnL1_hv did

not show significant change (Figure 17).

i L

.‘.)\ﬁ ?A’p P

Figure 16. TEM images of ZnL1_hv xerogel showing the formation of nanotape.
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Figure 17. PXRD pattern of ZnL1_hv xerogel.

5.4 SUMMARY

In Summary we have synthesized two LMWG, one having stilbene core (L1) and
another having azobenzene core (L2) which is connected to terpyridine moiety through
flexible alkylamide chains. Self-assembly of L1 in organic solvent is driven through the
H-bonding and n-w stacking interaction and results in nanofiber morphology in OG1 gel.
However, L2 falls to show gelation in any solvent probably because the lone pair-lone
pair repulsion between two adjacent azobenzene core inhibits the self-assembly of L2
trough n-n stacking. The n-stacked stilbene cores in OG1 provide the right environment
for [2+2] cyclo-addition to occur. Hence, on irradiating the OG1 gel with UV-light the
blue emissive gel become less-emissive due to the formation of tetraphenylcyclobutane
ring which is proven by studying *H-NMR. Moreover, the cyclo-addition leads to the
morphology transformation from nanofiber to nanotapes. Coordination driven self-
assembly of L1 in presence of Zn" results in ZnL1 CPG which also undergoes [2+2]

cycloaddition upon irradiation with UV-light.
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Abstract

The process of assembling astutely designed well defined metal-organic cube (MOC)
into hydrogel by using a suitable molecular binder is a promising method for preparing
processable functional soft materials. This chapter reports the synthesis of a water soluble
anionic MOC {[Gag(ImDC):,]**} and its self-assembly to hydrogels in presence of
different molecular binders. The charge-assisted H-bonding interactions between the
anionic MOCs and cationic molecular binders such as, ammonium ion (NH4"), N-(2-
aminoethyl)-1,3-propanediamine, guanidine hydrochloride, and S-alanine, drive the self-
assembly to hydrogels. Depending upon the structure and geometry of the molecular
binders, the hydrogels show different morphologies. The hydrogel prepared with
ammonium cations exhibits nanotubular morphology with negatively charged surface and
is explored for gel-chromatographic separation of cationic species from anionic
counterparts. The hydrogels also show pH-responsive behaviour.
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6A.1 INTRODUCTION

Charge-assisted hydrogen bond (CAHB) is a type of non-covalent interaction (X-
H®...Y®Y) that plays an important role in the structure-property correlation of bio-
macromolecules and in various biological molecular recognition processes." CAHB is
also widely employed in the construction of discrete organic cages, extended crystalline
metal-organic architectures® and soft supramolecular gels.®> The reason behind such
versatility of CAHB is essentially its intrinsic strength (stronger than neutral X-H---Y
bond) and directionality, that result in wide range of materials with an array of exciting
and complementary properties.* In this regard, CAHB driven self-assembly of
predesigned metal-organic polyhedrals (MOPs)® which are discrete metal-organic cages
with confined cavities and large number of connecting sites, into soft supramolecular
hydrogel is unprecedented.

Among different classes of MOPs, metal organic cubes (MOCs) with a general
formula [MsL12]* (x= 0, n-), comprising metal ions ( M"= Ni", zn", In", Cr'") as vertices
and imidazoledicarboxylate (L) as edges of a cube have been well explored.® Aesthetic
appeal, structural modularity and robustness pertaining to the MOCs showed great
promise for diverse applications.” MOCs are neutral (x= 0) or anionic (x= n-, a-MOC)
depending upon the charge balance between M" and L.2 MOCs are exploited as molecular
building blocks by connecting the peripheral free carboxylate oxygens with metal ions or
with H-bond donor molecules and the resulting extended structures showed potential
applications in gas storage/ separation and proton-conductivity.® Since exteriors of a-
MOC:s are decorated with free polar carboxylate groups, they could be soluble in polar
solvents, like water."® We envisioned that interaction of soluble a-MOCs with the
positively charged or neutral, H-bond donor molecular binders through CAHB interaction
could result in extended, supramolecular network.*’ In aqueous solution, such
supramolecular assembly between a-MOC and different molecular binders could result in
hydrogels. Aida et al. have shown that CAHB interaction between anionic clay
nanosheets and dendritic molecular binders containing multiple guanidinium ions
facilitated the cross-linking of the clay nanosheets and formed hydrogels.'® Recently,
Johnson et al. and Nitschke et al. have reported metal-organic cage based hydrogels.*?
However, in their method, soluble polymers with appropriate functional groups were
reacted with metal ions to yield gels that consist of cages linked together by polymers.
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Although their approach is inspiring, use of a water soluble a-MOC as a platform to

study self-assembly in the presence of different molecular binders is yet to be accounted.
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Scheme 1: (a) Schematic showing interaction of MOC with small molecular binders
results in hydrogel, (b) Schematic showing charge assisted H-bonding between MOC and
NH," induces the self-assembly of MOCs, (c) Self-assembly of MOC with different

molecular binders resulting in hydrogels with different morphologies.

It was envisioned that introduction of different molecular binders would tune the
properties and nano-morphologies of the resulting MOC-hydrogels. For example, the
surface charge of the hydrogel-nanostructure could be altered by choosing appropriate
cationic/anionic binders, making the hydrogel useful for gel-chromatographic separation
of oppositely charged species. Moreover, suitably designed chromophoric molecular

binder would result in a processable soft luminescent hybrid hydrogel.
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This chapter reports the synthesis of a new MOC-based supramolecular framework,
{(Me;NH,)1,[Gag(ImDC);2]-DMF-29H,0} (1), which was formed by the CAHB
interaction between the anionic [Gag(ImDC)12]** (MOC) and Me,NH,* (DMA) cations.
Compound 1 was highly soluble in water. In aqueous solution though the extended
networks broke, the discrete MOCs remained intact. This particular phenomenon was
exploited to crosslink the dissolved MOCs with a wide range of molecular binders that
led to the formation of charge-assisted hydrogels. Different molecular binders were
assembled with MOC and the resulting hydrogels showed different morphologies and
properties. When ammonium cation (NH4") was used as molecular binder, the resulting
hydrogel showed tubular nanostructures with negatively charged surface. This hydrogel

was exploited for gel chromatographic separation of positively charged species.

6A.2 EXPERIMENTAL SECTION

6A.2.1 Materials

4, 5-Imidazoledicarboxylic acid (4, 5-ImDC), Ga(NO3)3.6H,0, N-(2-aminoethyl)-
1,3-propanediamine, B-alanine and guanidine hydrochloride were purchased from Sigma-
Aldrich chemical Co. Ltd. All the dyes, sulforhodamine G, nile blue, rhodamine B,
methylene blue, acridne orange were purchased from Sigma-Aldrich chemical Co. Ltd.
Ammonia solution was purchased from SDFCL. All solvents and triethylamine (NEts)
were obtained from Spectrochem. For UV-Vis experiments, spectroscopic grade solvents
were purchased from Spectrochem Pvt. Ltd. (Mumbai, India).

6A.2.2 Physical measurements

'H-NMR was recorded on a Bruker AV-400 spectrometer with chemical shifts
recorded as ppm and all spectra were calibrated against TMS. UV-Vis spectra were
recorded in a Perkin-Elmer lamda 900 spectrometer. Fluorescence studies were
accomplished using Perkin Elmer Ls 55 Luminescence spectrometer. Fourier transform
infrared (FTIR) spectral studies were carried out by making samples with KBr pellets
using Bruker FTIR spectrometer. Powder X-ray diffraction (PXRD) studies were
recorded on a Bruker D8 discover instrument using Cu-Ka radiation. Thermal stability
was analysed using Mettler Toledo TGA 850 instrument under inert atmosphere in the
temperature range of 25-800°C at the heating rate of 3°C per min. Morphology studies
were carried out using Lica-S440I field emission scanning electron microscopy (FESEM)

by placing samples on silicon wafer under vacuum with accelerating voltage of 10 kV.
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Energy dispersive X-ray spectroscopy (EDXS) analysis was performed with an EDAX
genesis instrument attached to the FESEM column. Transmission electron microscopy
(TEM) analysis was performed using JEOL JEM-3010 with accelerating voltage of 300
kV. For this analysis the samples were dispersed in ethanol and then drop casted on a
carbon coated copper grid. Rheological measurement was performed using a Physical

interfacial rheology system (IRS).

6A.2.3 Adsorption measurements

Porosity measurements were carried out using QUANTACHROME
QUADRASORD-SI analyser at 77 K for N, and 195 K for CO,. In the sample tube the
adsorbent sample (~100-150 mg) was placed and degassed at 160 °C under 1x10™ Pa
vacuum for about 10 h prior to the isotherm measurement. Helium gas (99.999 % purity)
was introduced in the gas chamber at a certain pressure and allowed to diffuse into the
sample tube by opening the valve. The amount of gas adsorbed was calculated from the
pressure difference (Pca — Pe), Where Pgy was the calculated pressure with no gas
adsorbed and P, was the observed equilibrium pressure. All operations were computer-
controlled.

6A.2.4 Single-crystal X-ray diffraction

X-ray single-crystal structural data of 1 was collected on a Bruker Smart-CCD
diffractometer equipped with a normal focus, 2.4 kW sealed tube X-ray source with
graphite monochromated Mo—Ka radiation (4 = 0.71073 A) operating at 50 kV and 30
mA. The program SAINT*? was used for integration of diffraction profiles and
absorption correction was made with SADABS™ program. All the structures were solved
by SIR 92 and refined by full matrix least square method using SHELXL-97.%¢ All the
non-hydrogen atoms were refined anisotropically and the hydrogen atoms were fixed by
HFIX and placed in ideal positions. All calculations were carried out using SHELXL 97,
PLATONY® and WinGX system, Ver 1.70.01." All crystallographic and structure
refinement data of 1 are summarized in Table 1. Selected bond lengths and angles are
displayed in Tables 2.

6A.2.5 Synthesis
Synthesis of {(Me;NH;):2[Gag(ImDC);,]-DMF-29H,0} (1): 4, 5-ImDC (0.5
mmol, 78 mg), Ga(NO3)3.H,0 (0.5 mmol, 128 mg) and 10 ml DMF were mixed in a 20
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ml Teflon container and stirred for 30 minutes at room temperature. 15 pl NEt; was
added into the reaction mixture and stirred for additional 30 minute. After that the Teflon
container was kept inside a stainless steel autoclave which was heated at 120 °C for 24
hours. After the reaction was over, the autoclave was slowly cooled down to room
temperature. The white product formed was centrifuged and washed repeatedly by
methanol and dried in air. The air dried powder was dissolved in 10 ml water and kept
for recrystallization at room temperature. Within 4 days colourless, block shaped crystals
were formed. The crystal structure determination reveals the molecular formula of the
compound as {(Me;NH;)12[Gag(ImDC);,]-DMF-29H,0}. Selected FTIR data (KBr,
cm 1): 3447 (b), 3086 (m), 2775 (M), 1676 (s), 1473 (s), 1363 (s), 1100 (s), 857 (m), 660
(m), 550 (m). Anal. Calcd for CgoH12GagN2404s: C, 30.15; H, 0.50; N, 14.07. Found: C,
30.14; H, 0.55; N, 14.76. The phase purity of the powder sample was checked by
comparing PXRD of the bulk powder sample with the simulated data from single crystal.

Preparation of MOC-G1 hydrogel: 15 mg 1 was dissolved in 1 ml water. 100 pl
aq. NHj3 solution was added in the solution and sonicated for few minutes. The mixture
was kept at room temperature. After 8 hours the solution formed transparent hydrogel.
Formation of gel was confirmed by inversion test method. The hydrogel was found to be
stable over several months. The xerogel was prepared by air-drying the MOC-G1
hydrogel. Selected FTIR data of MOC-G1 xerogel (KBr, cm™): 3436 (b), 3120 (m),
1663 (s), 1471 (m), 1357 (s), 1102 (s), 844 (m), 658 (m), 492 (m).

Preparation of MOC-G2 hydrogel: 80 ul N-(2-aminoethyl)-1,3-propanediamine
was dissolved in 5 ml water to make 0.126 M solution of N-(2-aminoethyl)-1,3-
propanediamine. 20 mg 1 was dissolved in 500 ul water. 500 pl N-(2-aminoethyl)-1,3-
propanediamine solution (0.126 M) was added dropwise and the mixture was sonicated
for few minutes. The mixture was kept undisturbed at room temperature. The mixture
became viscous after 4-5 hours and formed MOC-G2 hydrogel after one day. The
formation of hydrogel was confirm by inversion test method. The xerogel was prepared
by air-drying the MOC-G2 hydrogel. Selected FTIR data of MOC-G2 xerogel (KBr,
cm%): 3438 (b), 3110 (m), 1763 (s), 1471 (m), 1355 (s), 1102 (s), 844 (m), 658 (m), 492
(m).

Preparation of MOC-G3 hydrogel: 0.1 M solution of guanidine hydrochloride was
prepared by dissolving 24 mg guanidine hydrochloride in 2.5 ml water. 20 mg 1 was
dissolved in 300 ul water. 600 ul solution of guanidine hydrochloride was added into the

solution of 1 and the mixture was sonicated for few minutes. The mixture was kept
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undisturbed at room temperature. Transparent hydrogel was formed after 1 day. The
formation of hydrogel was confirmed by inversion test method. The xerogel was prepared
by air-drying the MOC-G3 hydrogel. Selected FTIR data of MOC-G3 xerogel (KBr,
cm 1): 3400 (b), 3166 (m), 2781 (m), 1666 (sh), 1473 (sh), 1357 (sh), 1232 (s), 1103 (sh),
1022 (m), 855 (m), 828 (s), 655 (s), 550 (S).

Preparation of MOC-G4 hydrogel: 0.1 M solution of B-alanine was prepared by
dissolving 22 mg B-alanine in 2.5 ml water. 20 mg 1 was dissolved in 500 pl water. 500
ul solution of B-alanine was added into the solution of 1 and the mixture was sonicated
for few minutes. The mixture was kept undistured at room temperature. Transparent
hydrogel was formed after 1 day. The formation of hydrogel was confirmed by inversion
test method. The xerogel was prepared by air-drying the MOC-G4 hydrogel. Selected
FTIR data of MOC-G4 xerogel (KBr, cm™): 3436 (b), 3220 (m), 1673 (s), 1471 (m),
1367 (s), 1102 (s), 844 (m), 658 (m), 492 (m).

Table 1. Cell parameters and structure refinement parameters for 1

Parameter 1
Empirical formula Ceo Hi2 Gag Nas Oug
Formula weight 3556.46
Crystal system trigonal
Space group R-3 (N0.148)
a, A 26.96000
b, A 26.96000
c, A 22.676(5)
y, deg 120
Vv, A3 14274(4)
z 3
T, K 295
w,mm’ 1.205
Deatca,g/cm° 1.241
F (000) 5401
reflections [>20(1)] 3358
unique reflections 6281
measured reflections 109182
Rint 0.110
GOF on F? 1.11
AR [>20(1)] 0.0667
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Ru[[>26(1)] 0.2640
R= YIIFo||Fel/ZIFolPRu= [Z{W(Fo>—F 22 HE{W(F2)2

Table 2. Selected bond distances (A) and bond angles (°) for 1.

Gal-O1 1.980(5) Gaz-02 1.970(5)
Gal-05 1.980(5) Ga2-N2 2.023(6)
Gal-N1 2.024(5) Ga2-02_a 1.969(6)
Gal-N3 2.030(5) Ga2-N2_a 2.023(6)
Gal-O8_e 1.976(8) Ga2-02_b 1.970(5)
Gal-N4_e 2.034(5) Ga2-N2_b 2.023(6)
01-Gal-05 89.8(2) 02_a-Ga2-N2 168.5(2)
01-Gal-N1 80.4(2) N2-Ga2-N2_a 95.0(2)
O1-Gal-N3 169.23(19) 02_b-Ga2-N2 96.0(3)
01-Gal-08 e 89.6(2) N2-Ga2-N2_b 95.0(3)
O1-Gal-N4_e 95.4(2) 02_a-Ga2-N2_a 80.8(2)
05-Gal-N1 96.5(2) 02_a-Ga2-02_b 89.0(3)
05-Gal-N3 81.2(2) 02_a-Ga2-N2_b 96.0(3)
05-Gal-08 e 88.9(2) 02_b-Ga2-N2_a 168.5(3)
05-Gal-N4_e 168.4(2) N2_a-Ga2-N2_b 95.0(2)
N1-Gal-N3 94.8(2) 02_b-Ga2-N2_b 80.8(2)
08_e-Gal-N1 168.6(2) Gal-01-C4 118.0(5)
N1-Gal-N4_e 94.7(2) Ga2-02-C5 117.7(4)
08_e-Gal-N3 96.0(2) Gal-05-C9 117.1(5)
N3-Gal-N4_e 94.6(2) Gal_d-08-C10 117.2(4)
08_e -Gal-N4_e 80.8(3) Gal-N1-C1 140.7(4)
02-Ga2-N2 80.7(2) Gal-N1-C3 112.4(5)
02-Ga2 -02_a 89.0(2) Ga2-N2-C1 141.9(5)
02-Ga2-N2_a 96.0(2) Ga2-N2-C2 112.1(4)
02-Ga2-02_b 89.0(2) Gal-N3-C6 142.1(4)
02-Ga2-N2_b 168.5(2) Gal-N3-C7 111.2(4)
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6A.3 RESULTS AND DISCUSSION
6A.3.1 Characterization of {(Me:NH:)12[Gas(ImDC)12]-DMF-29H:0}

(1)

Solvothermal reaction of Ga(NOs)3.6H,O and 4,5-imidazoledicarboxylic acid
(ImDC) in N,N’-dimethylformamide (DMF) in presence of triethylamine (EtsN) at 120 °C
afforded a pale yellow powder. Aqueous solution of the powder on slow evaporation
yielded block-shaped single crystals of 1. The asymmetric unit of 1 contained two Ga""'

(Gal, Ga2) centers, two ImDC®, two dimethyl ammonium cations (Me,NH,", DMA) and

Figure 1. Asymmetric unit of 1 containing two Ga"' (Gal, Ga2) centres, two ImDC?¥,
two dimethyl ammonium cations (Me;NH?*, DMA). Guest water molecules are deleted

for clarity.

(b)

Figure 2. (a) Structure of [Gag(ImDC),]** cube, (b) two [Gag(ImDC)12]** cube are
connected to each other via intermolecular H-bonding with four DMA cations.

eight guest water and one DMF molecules (Figure 1). The DMA cations were formed in-
situ from DMF under solvothermal condition.”® Each ImDC* (ImDC_a or ImDC_b)
linker chelated two Ga"' (Gal---Ga2 or Gal---Gal) centres in a bis(bidentate) fashion
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through two imidazole nitrogen atoms (N1, N2 or N3, N4) and two carboxylate oxygen
atoms (01,02 or O5, 08), while other two oxygen atoms (03,04 or O7, O6) remained

" centres to form an

free (Figure 2a). Twelve ImDC? alternatively connected eight Ga
anionic metal-organic cube, [Gag(ImDC)12]'* (MOC), where Gal---Ga2 and Gal---Gal
distances were 6.232 A and 6.244 A, respectively and Gal---Ga2---Gal,
Gal---Gal---Ga2, Gal---Gal---Gal angles were 90.11° 90.00° 89.89° respectively
(Table 2). In the [Gag(ImDC)1,]** cube eight Ga"' ions occupied the vertices and twelve
ImDC? occupied the edges (Figure 2a). The negative charge from 12 carboxylate group
of each cube was neutralized by twelve surrounding DMA cations. Two DMA cations
(N5 and N7) played an important role in the extending of MOCs as they connected two
adjacent cubes through N-H---O H-bonding interaction with pendent carboxylate oxygen
atoms (O3, O4 and O7, 06) (Figure 2b). The N-H---O H-bond distances and N-H---O H-

bond angles were in the range of 1.992-2.127 A and 127-166°, respectively which

(b)

Figure 3. (a) 3D supramolecular packing of the cubes in 1, (b) Space filling model of 1
showing the bimodal channels.
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Figure 5. PXRD patterns of 1 simulated (black) and as-synthesized (red).
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Figure 6. (a) N adsorption profile of 1 at 77 K, (b) CO, adsorption profile of 1 at 195 K.
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indicated strong charge-assisted intermolecular H-bonding interaction (Table 2). The
minimum distance between two adjacent cube (O3---07) was 3.429 A. Each cube was
concomitantly connected to six neighbouring ones through H-bonding with DMA cations
and forming 3D extended structure (Figure 3a). The periodic arrangement of cubes
generated an open framework which exhibited two types of alternative 3D channels with
an approximate window size of (8.14 x 5.95 A?) and (7.66 x 4.9 A?), respectively (Figure
3b). TGA of as-synthesized 1 showed an initial weight-loss of 15 % at 200 °C that
corresponds to a loss of guest molecules (Figure 4).The similar PXRD pattern of the as-
synthesized powder and the simulated one indicates purity of the compound (Figure 5).
N, adsorption isotherm of desolvated 1 (1') at 77 K shows a type-II profile indicating
surface adsorption ( Figure 6a). However, CO, adsorption isotherm of 1" at 195 K shows
type-1 behaviour with the total uptake of ~75 mL g™ suggesting microporous nature of the

extended framework of 1 (Figure 6b).

6A.3.2 Characterization of MOC-G1 hydrogel

1 was highly soluble in water (Figure 7a-b). HRMS analysis of the aqueous solution
showed presence of discrete anionic cubes (m/z =1234.2459, z =2) suggesting high
stability of [Gag(ImDC)1.]** in water (Figure 7c). Moreover, *H-NMR spectrum of 1 in
D,0 showed the presence DMA cations (Figure 8). Addition of 3.5% ag. NHj3 into the
aqueous solution of 1 resulted in stable, transparent hydrogel (MOC-G1) after 8 hours at
room temperature (critical gelation concentration = 15 mg ml™) (Figure 9a). MOC-G1
did not show any visible weakening over a month. The sol-gel transition was completely
reversible after multiple shaking - resting cycles, indicating its thixotropic behaviour.
MOC-G1 was also pH responsive; it (intrinsic pH=11) formed a precipitate on addition
of 0.1 M HCI (pH= 4 - 5) and reformed gel on adding aq. NH3; (pH= 12) (Figure 9b). This
indeed suggested the interaction of NH," with MOC was crucial for hydrogelation and it
was feasibly driven through charge-assisted H-bonding between NH;" and peripheral
carboxylate oxygens of MOC. PXRD of 1 and xerogel showed no significant change,
which suggested MOCs were intact in the gel state (Figure 10). Rheology studies of
MOC-G1 revealed that storage modulus (G’) was higher than the loss modulus (G") and
both of them (G’ and G") were independent of angular frequency (w) over a large range of
strain (%) indicating viscoelastic nature of the hydrogel (Figure 11). The FESEM images
of MOC-G1 xerogel showed micrometer (3 um — 8 um) long tubular nanostructures with

rectangular cross-section (Figure 12a-c). The wall thickness of the nanotubes was found
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to be 9-10 nm from TEM analysis (Figure 12d-f). To get an insight into the growth
mechanism of these nanotubes, FESEM images of MOC/aqg.NHj; solution were recorded

at various stages of hydrogel formation (Figure 13a-i). Initially, MOCs self-assembled to
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Figure 7. (a) The solid powder of 1, (b) The aqueous solution of 1.
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Figure 8. "H-NMR spectrum of 1 after dissolving in DO.
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Figure 10. Comparison of PXRD pattern of simulated 1 (black), as-synthesized 1 (red)
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form cubic seeds. Higher concentration of NH," at the early stage of gelation led to fast
aggregation of seeds and resulted in irregular crumpled sheets, as observed from FESEM
images after 2 h (Figure 13a-c). Each crumpled sheet acted as a nodal point for further
anisotropic growth towards the closely spaced 1D tapes which were observed in FESEM
images after 4 h (Figure 13d-f). Such anisotropic growth to 1D tape was probably
governed by the competitive binding of DMA and NH,cations.’® As the reaction
proceeds, these 1D tapes further assembled to form partially-grown nanotubes in which
three sides of nanotubes were formed, as seen from FESEM after 6 h (Figure 13g-i). It
was interesting to note that the solution converted to viscous liquid at this stage. After 8 h
stable transparent gel was formed and FESEM images showed complete formation of
nanotubes (Figure 12). The above analysis indicates that DMA cations might have a
critical role in theformation of nanotube and the growth mechanism involved nucleation,
followed by aggregation of particle seed, fusion, growth and finally annealing processes®
(Figure 14).

Figure 12. (a), (b), (c) FESEM images of MOC-GL1 xerogel, (d), (e), (f) TEM images of
MOC-G1 xerogel showing the formation of nanotubes.

6A.3.3 Characterization of other hydrogels

To generalize the hypothesis that externally added cationic molecular binder with
H-donor sites were facilitating the self-assembly of MOCs, the gelation propensity of
MOC:s in presence of various aliphatic amines and amino acids, such as
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Figure 13. (a), (b), (c) FESEM images of MOC/aq.NHjs solution at 2 h, (d), (e), (f)at 4 h
and (g), (h), (i) at 6 h.

"&w

%‘)\ L4 4(2
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Flakes Wavy Sheets Partially formed Nanotubes

nanotubes

Figure 14. Schematic showing time dependent change in morphology from flakes to

wavy sheets to half-folded tubes to full tubes.

N-(2-aminoethyl)-1,3- propanediamine (AEPD), guanidine hydrochloride (gua.HCI), and
p-alanine ($-ala), were checked (Figure 15a). When certain concentration of aq. AEPD,
aq. gua.HCI and ag. p-ala were added to the aqueous solution of MOC, within one day
the mixtures transformed into stable MOC-G2, MOC-G3 and MOC-G4 hydrogels,
respectively (Figure 15a). FESEM and TEM images of MOC-G2 xerogel showed
bouquet-like morphology in which individual needles were several micrometer long with
an approximate diameter of 200-300 nm (Figure 15b-c and Figure 16 and 17). FESEM
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and TEM images of MOC-G3 xerogel revealed sheet-like nanostructure (Figure 18).
Similar analysis with MOC-G4 xerogel revealed nanocube morphologies with dimension
in 200-250 nm range (Figure 19). The above observations indicated that structure,
geometry and number of H-bonding donor sites of molecular binders had immense impact

on the morphology of hydrogel nanostructures.

(@) |-|2N’(’)2*”’(~)3N|-|2

Figure 15. (a) Structure of molecular binders, N-(2-aminoethyl)-1,3-propanediamine,
guanidine hydrochloride, B-alanine, and their respective hydrogels, (b) and (c) FESEM
and TEM images of MOC-G2 xerogel, (d) and (¢) FESEM and TEM images of MOC-
G3 xerogel, (f) and (g) FESEM and TEM images of MOC-G4 xerogel.

2um

Figure 16. FESEM images of MOC-G2 xerogel showing the formation of bouquet-like

nanostructures.
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y :
Figure 17. TEM images of MOC-G2 xerogel.

(a) (b 2
1 pm -

Figure 18. (a) FESEM and (b) TEM images of MOC-G3 xerogel showing the formation
of sheet-like morphology.

Figure 19. (a), (b) FESEM and (c) TEM images of MOC-G4 xerogel, showing the

formation of nanocubes.

6A.3.4 Gel-column chromatographic separation

Zeta potential MOC-GL1 xerogel was found to be -22 mV which indicated surfaces
of the nanotube was negatively charged (Figure 20). The negatively charged surface of
one dimensionally aligned nanotubes prompted us to use MOC-G1 for gel
chromatographic separation of oppositely charged species from their mixture. For this

study, anionic (sulforhodamine G, SHG) and cationic (nile blue, NB and acridine orange,
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Figure 20. Zeta potential of MOC-GL1 xerogel (dispersed in MeOH) indicating the value
-22 mV.
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Figure 21. The molecular structures of cationic (nile blue, acridine orange), anionic

(sulforhodamin G) and zwitterionic (rhodamine B) dyes.
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Figure 22. (a) 10 M aqueous solution of nile blue (NB) was layered on the MOC-G1
gel. After few hours most of the nile blue gets absorbed in the gel. A is the 10° M nile
blue solution. B is the clear solution collected below the gel after few hours. This solution
was taken out by using a syringe. (b) Absorption spectra of 10° M nile blue solution

(black) and the clear solution (red) collected below the hydrogel.
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Figure 23. (a) The molecular structure of acridne orange (AO). (b) A is the 10° M
acridne orange solution. B is the clear solution collected below the gel after few hours. (c)
Absorption spectra of 10 M acridne orange solution (black) and the clear solution (red)

collected below the hydrogel.
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Figure 24. (a) The molecular structure of sulforhodamin G (SRh G). (b) A is the 10° M
sulforhodamin G solution. B is the solution collected below the gel after few hours. ()
Absorption spectra of 10° M sulforhodamin G solution (black) and the solution (red)

collected below the hydrogel.

AO) dye molecules were used, since they would give better visual demonstration (Figure
21). Initial studies showed that the hydrogel could fully adsorb (~100%) the cationic
dyes (10" M solution) but not the anionic dyes (10° M solution) as observed from UV-
Vis spectra (Figure 22, 23 and 24). For demonstrating separation of dyes from their
mixture, a chromatographic column (2.5 cm long) was packed with hydrogel (stationary
phase) and eluted with mixture of NB (1x10° M) and SHG (1x10® M) in methanol
(Figure 25). On passing the feed solution the column first became orange because SHG
eluted rapidly through the column due to electrostatic repulsion with nanotubes (Figure
25b). Gradually, all SHG molecules passed through the column and at that point the

column turned completely blue indicating the presence of NB in hydrogel (Figure 25b
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Increasing time

Figure 25. (a) The schematic of choloumn-chromatographic separation of dye molecules,

(b) change in gel-column with time indicating separation of SHG from NB.
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Figure 26. comparison of absorption spectra of eluent indicating gradual separation of
SHG from NB. With increasing time, more SHG molecules come out of the column
which is evident from increase in absorbance of 530 nm band. After all SHG has come

out, the gel-column is converted to precipitate and washed with methanol to remove NB.

and Figure 26). Such selective adsorption of NB in MOC-G1 was resulting due to the
electrostatic interaction of the cationic dye onto the surface of anionic nanotubes.
However, the as-synthesized 1, which also has negatively charged surface as confirmed
by zeta potential, showed minimal adsorption (29%) of NB (Figure 27). This observation
indicated that not only the negative surface but also the entangled nanotube morphology
and the entrapped water molecules between them were helping the selective adsorption of
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Figure 27. (a) A is the 10° M methanolic solution of nile blue. B is the solution of nile
blue after soaking the crystals of 1 into it for 2 days, (b) Absorption spectra of 10° M nile
blue solution (black) and the solution (blue) obtained after soaking the crystals of 1, (c)
The picture of the crystals of 1 after soaking it in the nile blue solution for 2 days and

washing repeatedly by methanol.
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Figure 28. (a) The molecular structure of rhodamine B (RhB), (b) A is the 10° M
rhodamine B solution. B is the solution collected below the gel after few hours, (c)
Absorption spectra of 10° M rhodamine B solution (red) and the solution (black)

collected below the hydrogel.

cationic dyes in gel and the fast removal of anionic dyes through gel. To the best of our
knowledge, this was the first example of hydrogel utilized for the column-
chromatographic separation of oppositely charged species. Next, rhodamine B (RhB) dye
was selected which have cationic group [=N(Et)," ] and the easily deprotonable
carboxylic acid group (-COOH). The hydrogel adsorbed only 34% RhB (Figure 28).
Since the hydrogel was basic (pH=11) the -COOH group of RhB got deprotonated easily
while passing through the gel and hence was repelled by the surface of anionic nanotubes.

On the other hand, the cationic part of RhB [=N(Et)," ] forced the molecule to be
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attached with the gel matrix. Because of such two opposite forces, only 34% dye was
absorbed by MOC-G1. Moreover, the hydrogel column was recyclable as it could be
easily converted to precipitate by adding HCI (pH=4 - 5), which was washed by methanol
to remove adsorbed dyes and the recovered MOC could be converted to hydrogel by

adding ag. NHs.

6A.3.5 pH responsive behaviour

A pyrene-based molecular binder was synthesized, 1,8-bis (1-methylpyrenyl)-
1,4,8-triazaheptane which is well-known to exhibit pH dependent emission.
Conformations of 1,8-bis-(1-methylpyrenyl)-1,4,8-triazaheptane are pH dependant
(Figure 29a) . Under acidic condition, owing to the electrostatic repulsion of protonated
nitrogen atoms, 1,8-bis-(1-methylpyrenyl)-1,4,8-triazaheptane remained in unstacked
condition. Therefore, at lower pH it exhibited monomer emission at 377-435 nm which
arose from locally excited pyrene chromophores (Figure 29b). However, in basic pH the
molecule existed in a stacked conformation owing to 7-7 interaction and showed a broad
emission at 470 nm (Figure 29d). Under neutral condition (pH 7) the aqueous solution of
1,8-bis-(1-methylpyrenyl)-1,4,8-triazaheptane showed presence of both monomer and

excimer which was clear from the emission spectra (Figure 29¢). When aqueous solution
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Figure 29: (a) Two different pH-dependent conformations of 1,8-bis-(1-methylpyrenyl)-
1,4,8-triazaheptane, (b), (c) and (d) Emission spectra of the aqueous solution of 1,8-bis-
(1-methylpyrenyl)-1,4,8-triazaheptane at pH=2, 7 and 14, respectively. Inset shows the

picture of the corresponding solutions under UV-light.
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Figure 30: (a) The picture of MOC-G5 and the sol formed after addition of acid, (b)
Emission spectrum of MOC-G5 hydrogel, (c) emission spectrum of sol formed after

addition of acid.

of MOC was mixed with aqueous solution of 1,8-bis-(1-methylpyrenyl)-1,4,8-
triazaheptane (2 x 10" M) the mixture converted to opaque hydrogel (MOC-GS5) after 24
hours (Figure 30a). Upon mechanical shaking the hydrogel easily converted into sol.
Emission spectra of the sol exhibited contribution from both monomer and excimer and
displayed blue emission under UV light. However, the hydrogel was cyan emissive under
UV light and showed only excimer emission at 470nm (figure 30b). Gelation via the H-
bonding interaction reinforced the pyrene molecule to come closer and form the excimer.
The hydrogel was pH responsive. At low pH the hydrogel network disrupted and formed
the precipitate and the solution showed monomer emission (Figure 30a, ¢). However on
increasing pH the hydrogel reformed and the emission of the pyrene excimer was
regained.

6A.4 SUMMARY

In summary, we have prepared a water soluble MOC which self-assembled to
hydrogel in presence of different molecular binders. Depending upon shape and geometry
of the molecular binders, the hydrogels showed different morphologies, such as nanotube,
nano- bouquet, nanosheet and nanocube. Moreover, the properties of the hydrogels were
tuned by selecting the suitable binders. The surface negative charge of the nanotubes of
MOC-G1 was exploited for gel-chromatographic separation of cationic dyes from

anionic dye. We believe that MOC hydrogels would provide a new platform to realize
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novel properties, like high temperature proton conductivity or supercapacitive behaviour

after integrating with 2D materials like graphene oxide.
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Abstract

This chapter reports the proton conductivity of a metal-organic cube (MOC)-based
supramolecular porous framework (1) and MOC-based hydrogels. 1 was formed by the
charge-assisted intermolecular H-bonding between anionic MOC {[Gag(ImDC);.]**'} and
dimethyl ammonium cations. The proton conductivity of 1 increases with increasing
relative humidity and follow the Grotthuss mechanism. Under ambient condition (25 °C
and 40% RH) the proton conductivity of 1 was found to be 5.6 x 10° S cm™, which
increased to 1.4 x 10° S cm™ at 98% RH and 25 °C. However, a drastic drop in proton
conductivity of 1 was observed under anhydrous condition. This indicates that the
extended H-bonded framework involving guest water molecules have an important role in
facilitating the proton conductivity of 1. Proton conductivity of two MOC-based
hydrogels, MOC-G1 and MOC-G2, prepared by using ammonium cations and
guanidium cations as molecular binders, respectively, were also studied. The H-bonded
nanostructures and the presence of additional proton carriers (ammonium cations and
guanidium cations) facilitated the proton conductivity of MOC-G1 and MOC-G2
xerogels. Among all the three materials, the MOC-G1 having tubular nanostructures
exhibited highest proton conductivity o =1.8x10% S cm™ (at 25°C and 98 % RH) which is

comparable with the highest reported values.

Proton conducting hydrogel

e ]

Paper based on this work:
P. Sutar and T. K. Maji, manuscript under preparation
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6B.1 INTRODUCTION

The development of renewable clean energy has been the subject of recent
attention. Among various energy storage and conversion systems, fuel cell is a promising
one as it delivers energy density that are greater than conventional batteries and
capacitors." The proton conducting membrane is the integral part of fuel cell. Over the
years, researchers have developed many organic and inorganic materials, such as
sulfonated polyether ketone, oxo acid, ceramic oxides hydroxides, apatites etc. as
promising candidates for proton conduction.? However, low mechanical strength and
chemical stability at high temperature limits wide-spread application of these materials in
proton exchange membrane fuel cell (PEMFC). The commercially used proton exchange
membrane, Nafion shows appreciable proton conductivity at low temperature and high
humidity.® However, the conductivity decreases drastically with increasing temperature
and decreasing humidity. Therefore, developing new proton conducting materials which
operates at wide temperature and humidity range, without compromising the chemical
stability and mechanical strength, is of utmost importance.* Recently, porous materials
such as, coordination polymers (CPs) or metal-organic frameworks (MOFs) and porous
organic materials (POM) have emerged as a promising proton conducting materials.® The
high crystallinity, open framework architecture and high structural stability make them
better candidates for studying proton conductivity and understanding its mechanisms.®
The reported strategies for improving the proton conductivity of these materials focused
on increasing the concentration of proton carriers by controlling framework or extra-
framework compositions as well as on improving proton mobility by constructing
materials with desired H-bonded networks.” However, synthesis of these materials usually
requires greater degree of ligand deprotonation which sometimes reduces the
concentration of proton carriers. For this reason, researchers have recently showed that
discrete metal-organic cages which are formed through partial deprotonation of ligands,
represent a superior materials for improved proton conductivity.® The finite structures of
metal-organic cages provide an opportunity to decorate their external surface with free
functional groups (such as, carboxylate, sulfonate, imidazolate etc.) which eventually
helps in fast mobility of proton carriers. Moreover, the extensive hydrogen bonding
between the cage and the surrounding guest molecules also offer an efficient pathway for
proton conduction. Nevertheless, low processability of solid, crystalline MOFs or cages

sometimes inhibits easy fabrication of membrane which is practically used in PEMFC.
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The above discussions indicate that there is no single best proton conducting material and
still ample opportunities are there to improve the conductivity by designing new
materials. It was envisioned that soft-hybrid materials containing self-assembled metal-
organic cages inside the gel matrix could be a new promising candidate for proton
conductivity as it would blend the goodness of metal organic cage (structural regularity

and surface functionality) and gel (high processibility) together.

In last few years, there has been a growing interest to develop a new type of hybrid-
gel by the integration of rigid metal-organic cages into the elastic polymer matrix.” The
metal-organic cages served as the cross-linked junction of the soft-hybrid whose
mechanical properties and functionalities had been extensively tuned by choosing right
combination of suitably designed polymers and metal ions.” In the previous chapter it was
reported that predesigned, water soluble metal-organic cubes (MOCs) whose exteriors
were decorated with free carboxylate groups could also self-assemble to hydrogel in
presence of positively charged, H-bond donating molecular binders.!® The self-assembly
was driven by the charge-assisted H-bonding interaction between MOCs and molecular
binders. The nanostructures and intrinsic properties of the hydrogel were readily tuned by
selecting wide varieties of molecular binders. An important property of such MOC-based
hydrogels would be their ability to conduct protons exploiting the inherent H-bonded
nanostructures. To date, limited gel systems are exploited for proton conductivity and

MOC-based hydrogel systems are yet to be explored for this purpose.

In this chapter, proton conductivity of a MOC-based supramolecular porous
framework and MOC-based hydrogels were reported. The MOCs, {[Gag(ImDC)1,]**
were connected to each other by charge assisted H-bonding interaction with dimethyl
ammonium cations (Me,NH,") and form supramolecular open framework
{(Me;NH,)12[Gag(ImDC);,]- DMF-29H,0}(1). Abundant free carboxylate groups on the
surface of each cube (24 oxide groups per cube), the guest water molecules, together with
the extensive hydrogen bonds between guest water and DMA cations around the cube
contributed to the high proton conductivity of 1. Self-assembly of MOCs in presence of
molecular binders such as, ammonium cation, guanidine hydrochloride, resulted in
hydrogels with nanotube and nanosheet morphologies which exhibited higher proton
conductivity than parent framework 1 due to high loading of proton carrier.
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6B.2 EXPERIMENTAL SECTION

6B.2.1 Materials

4,5-Imidazoledicarboxylic acid (4,5-ImDC), Ga(NOs3)3;.6H,O, and guanidine
hydrochloride were purchased from Sigma-Aldrich chemical Co. Ltd. Ammonia solution
was purchased from SDFCL. N,N-dimethylformamide and triethylamine (NEt;) were
obtained from Spectrochem. For preparing saturated salt solution NaCl, KCI and K;SO,4

were purchased from Spectrochem.

6B.2.2 Physical measurements

Fourier transform infrared (FTIR) spectral studies were carried out by making
samples with KBr pellets using Bruker FTIR spectrometer. Powder X-ray diffraction
(PXRD) studies were recorded on a Bruker D8 discover instrument using Cu-Ka
radiation. Thermal stability was analysed using Mettler Toledo TGA 850 instrument
under inert atmosphere in the temperature range of 25-800°C at the heating rate of 3°C
per min. Morphology studies were carried out using Lica-S4401 field emission scanning
electron microscopy (FESEM) by placing samples on silicon wafer under vacuum with
accelerating voltage of 10 kV. Energy dispersive X-ray spectroscopy (EDXS) analysis
was performed with an EDAX genesis instrument attached to the FESEM column.
Transmission electron microscopy (TEM) analysis was performed using JEOL JEM-3010
with accelerating voltage of 300 kV. For this analysis the samples were dispersed in

ethanol and then drop casted on a carbon coated copper grid.

6B.2.3 Proton conductivity measurement

The ac impedance spectroscopy measurements were performed on Multi-autolab
M204 and the obtained data were analysed using NOVA 2.1 software. The temperature
variation (T= 25 °C to 35 °C) proton conductivity measurements at different relative
humidity (RH) were performed inside a glass chamber containing saturated salt solution
(saturated aqg. solution of NaCl= 75% RH; saturated ag. solution of KCl= 85% RH;
saturated ag. solution of K,SO,= 98% RH). The measurements under humid conditions
were performed up to a temperature of 35 °C to maintain the humidified condition. The
proton conductivity measurements under inert (Ar) atmosphere were performed after
removing the guest water molecules from the material by evacuating the sample pellet for
8 hours at 100 °C. The high temperature proton conductivities of the materials were

performed inside an oven in the temperature range of 30 °C- 100 °C, without maintaining
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any humidity. The proton conductivities of all the materials were estimated from the
intercept of the low frequency spike with the real axis as obtained from the impedance
measurements. The reproducibility of the data and the compound stability were checked
by collecting the data for a single set of heating-cooling cycle on the same pellet. The
equivalent circuit used for the analysis of the impedance plots is shown in Scheme 1. The
data were fitted to a series combination of two resistances which were parallel with
constant phase elements (CPE), using the NOVA 2.1 software. The proton conductivity
(o) at a particular humidity and temperature was finally calculated using the following

equation

where L and A are the thickness (cm) and cross-sectional area (cm?) of the pellet
respectively, and R is the bulk resistivity of the sample.

R1 R2 CPE2

LY

_TW W r iy
CPE1 CPE3
LY 5
r iy r s

Scheme 1: Equivalent circuit used for analysing the impedance plots of 1, MOC-G1 and
MOC-G2. Here, R1 and R2 correspond to the bulk and grain-boundary resistances
respectively and CPE1, CPE2 and CPE3 are constant phase elements.

6B.3 RESULTS AND DISCUSSION

6B.3.1 Synthesis and structure description

Detailed synthesis and structural characterization of
{(Me;NH,)1,[Gag(ImDC)1,]-DMF-29H,0} (1) were given in Chapter 6A. Compound 1
was synthesized from Ga(NOs)3.6H,0 and 4,5-imidazoledicarboxylic acid (ImDC) under
solvothermal condition. The 3D supramolecular structure of compound 1 consisted of

"ions

anionic metal-organic cubes, [Gag(ImDC):.]** (MOC) which contained eight Ga
at the vertices and twelve ImDC?¥ at the edges of the cube (Figure 1a). The negative
charges of each cube were neutralized by the surrounding dimethyl ammonium
(Me;NH,", DMA) cations which played an important role in the extending the

supramolecular structure. Two DMA cations connect two adjacent cubes through
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Figure 1. (a) Structure of [Gag(ImDC)1,]** cube, (b) two cubes are connected to each
other via intermolecular H-bonding with four dimethyl ammonium cations, (c) 3D
supramolecular packing of [Gag(ImDC)1,]**cubes in 1, (d) The H-bonding interaction

[Gag(ImDC)12]** with surrounded water molecules.
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Figure 2. (a) PXRD pattern of as-synthesized 1 (red) and simulated pattern (black), (b)
CO; adsorption isotherm de-solvated 1 at 195K.

N-H---O H-bonding interaction with pendent carboxylate oxygen atoms of
[Gag(ImDC)1]** (Figure 1b). Each cube was concomitantly connected to six
neighbouring ones through H-bonding with DMA cations and form the 3D extended
structure (Figure 1c). The guest water molecules were also H-bonded with the free
carboxylates of [Gag(ImDC)1,]'* and DMA cations (Figure 1d). The phase purity of the
bulk compound 1 was confirmed by matching the PXRD pattern of the as-synthesized
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powder with the simulated pattern (Figure 2a). The microporosity of compound 1 was
confirmed by the CO, adsorption isotherm at 195K which showed type | profile (Figure
2b). Such hydrogen-bonded open framework of compound 1 containing abundant protons
from carboxylic acids, DMA cations and guest water molecules could provide efficient

pathway for proton conduction.

6B.3.2 Characterization of MOC-G1 hydrogels

Compound 1 was highly soluble in water. In aqueous solution the anionic cubes
[Gag(ImDC)12]** remain stable and solvated as confirmed by HRMS and *HNMR
analysis (discussed in Chapter 6a). The MOC-G1 hydrogel was synthesized by adding
aq. NHs; solution into the aqueous solution of 1. The gelation was driven by charge-
assisted H-bonding interaction between peripheral carboxylate groups of MOC and
ammonium cations. Comparison of the FTIR spectra of 1 and MOC-G1 xerogel
exhibited a decrease in COO™ asymmetric and symmetric stretching frequency from 1678
cm™ to 1660 cm™ and 1474 cm™ to 1472 cm™, respectively (Figure 3a). The difference
between asymmetric and symmetric stretch (Ava.s) was found to be 204 cm™ and 188 cm™
for 1 and MOC-G1 xerogel, respectively. Such significant decrease in Av, indicated the
presence of strong intermolecular H-bonding between the carboxylate oxygen of MOC
and ammonium cations in MOC-G1 assembly. The PXRD of 1 and MOC-G1 xerogel
showed no significant change suggesting the structure of MOCs was intact MOC-G1
(Figure 3b). FESEM and TEM images of MOC-G1 xerogel showed the formation of

(a) Asym veoo Sym Veoo™

—moc-G1
1660 cm™” 1472cm t :h,: ﬁ R :
W 2l0 | 30 | 4l° | SIO
1678cm™ 14740’" 20 (degree)
2000 1800 1600 1400 1200

Wavenumber (cm’ )

Figure 3. (@) Comparison of the FTIR spectra of 1 (blue) and MOC-G1 (red)
highlighting the asymmetric and symmetric COQO" stretching frequency, (b) Comparison
of the PXRD pattern of 1 (blue) and MOC-G1 (red).
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Figure 4. (a), (b), (c) FESEM images MOC-G1 showing the formation of nanotubes, (d),
(e), (f) TEM images MOC-GL.

nanotubes which were several micrometer (3 um — 8 um) long with diameters in 500-600
nm range (Figure 4). Interestingly, the TEM and FESEM images indicated rectangular
cross-section of the nanotubes (Figure 4c and 4f). The wall thickness of the nanotubes

was in 9-10 nm range.

6B.3.3 Characterization of MOC-G2 hydrogels

Next, MOC-G2 hydrogel was prepared by adding ag. solution of guanidine
hydrochloride (0.1 M) into the ag. solution of 1. Comparison of the FTIR spectra of 1 and
MOC-G2 xerogel showed a decrease in COO™ asymmetric and symmetric stretching
frequency from 1678 cm™ to 1665 cm™ and 1474 cm™ to 1472 cm™, respectively (Figure
5a). Av,s value was found to be 118 cm™ for MOC-G2 xerogel. Such decrease in Av,.
value in MOC-G2 xerogel indicated intermolecular H-bonding between the carboxylate
oxygen of MOC and guanidium cations drove the self-assembly in MOC-G2 hydrogel.
The PXRD pattern of MOC-G2 xerogel showed similar diffraction peaks as that of as-
synthesized 1 indicating structural integrity of MOCs in MOC-G2 hydrogel (Figure 5b).
However, the change in peak intensity and appearance of some new peaks in MOC-G2
suggested different packing of MOCs after binding with guanidium ions. FESEM and
TEM images of MOC-G2 xerogel show the formation of uniformly distributed micron

size nanosheets (Figure 6).
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Figure 5. (a) Comparison of the FTIR spectra of 1 (black) and MOC-G2 (red)
highlighting the asymmetric and symmetric COO- stretching frequency, (b) Comparison
of the PXRD pattern of 1 (black) and MOC-G2 (red).

Figure 6. (a), (b) FESEM images and (c) TEM image of MOC-G2 xerogel.

6B.3.4 Proton conductivity of 1

It was envisioned that the extended H-bonded structure of 1 involving carboxylate
groups, DMA cations and water molecules could provide efficient pathways for proton
conduction. The proton conductivity of 1 was measured using the AC impedance
spectroscopy. First, the pelletized sample was sandwiched between two gold-coated
stainless steel electrodes and kept inside a closed glass chamber. The electrodes were then
connected to electrochemical work station (Figure 7). The pellet was scanned in the
frequency range of 10 to 10° Hz to get the Nyquist plots which were later fitted to the
equivalent circuit to obtain the proton conductivity values. The Nyquist plot of the as-
synthesized 1 under ambient condition (40% RH and T= 25 °C) is shown in Figure 8a.
The semi-circle in the high frequency region indicated bulk and grain boundary

resistance, whereas the tail at low frequency corresponded to the mobile ions that are
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Figure 7. (a) The picture of gold-coated stainless steel electrode used for measuring
proton conductivity, (b) One electrode is connected to working electrode connector
(green) and other electrode is connected to reference (red) and counter (white) electrode

connector, (c) the whole proton conductivity set-up.

blocked by electrode-electrolyte interface. The proton conductivity of the as-synthesized
1 was found to be 2.3 x 10° S cm™ under ambient condition. Upon increasing the
temperature from 25 °C to 100 °C (without maintaining any particular RH) the proton
conductivity of 1 decreased and the values were found to be 2.7 x 10®, 6.1 x 107, 2.9 x
107,9.9x 10®, 3.6 x 10®, 2.5 x 10®%and 1.0 x 10" at 40 °C, 50 °C, 60 °C, 70 °C, 80 °C,
90 °C and 100 °C, respectively (Figure 8b). Such decrease in proton conductivity
probably resulted because at high temperature the number of H-bonded water molecules
present inside the channels of compound 1 decreased. These observation motivated us to
measure the proton conductivity of 1 under humid condition (RH=75%, 85% and 98%).
The sample pellet was exposed to a particular humidity for 4-5 hours prior to the
impedance measurement. Interestingly, the proton conductivity of 1 increased drastically
with increasing RH and the values were 5.6 x 10 (40% RH), 1.8 x 10™ (75% RH), 4.6 x
10 (85% RH), 1.4 x 10 Scm™ (98% RH) at 25°C (Figure 9). The room temperature
(25°C) proton conductivity value of 1 (1.4 x 10 Scm™) under 98% RH is comparable
with some of the highest reported values. No noticeable change in PXRD pattern of 1 was
observed before and after the impedance measurement which indicated structural integrity
of 1 during the measurement (Figure 10). To obtain a clear insight of the mechanism of
proton conductivity under humid condition, temperature-dependent conductivity
measurements (both heating and cooling process) were performed in the temperature
range of 23—36 °C (Figure 1la-c). On increasing the temperature the conductivity of 1

(under 75%, 85% and 98%) increased linearly and the trend was reversible while
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Figure 8. (a) Nyquist plot of 1 at 25 °C and 40 % RH, (b) Nyquist plots of 1 at 40 °C, 50
°C, 60 °C, 70 °C, 80 °C, 90 °C and 100 °C without maintaining any particular RH.
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Figure 9. (a), (b) and (c) Nyquist plots of 1 at 75%, 85% and 98% RH, respectively and
25°C, (d) The plot of proton conductivity of 1 vs RH (%).

decreasing the temperature at the same rate. The calculated activation energy values of 1
were 0.26 eV, 0.08 eV and 0.083 eV at 75%, 85% and 98% RH, respectively which were
well below the energy threshold (0.5 eV), indicating Grotthuss mechanism of proton

conductivity in 1 (Figure 11d- f). Moreover, the decrease in activation energy with rise in

RH indicated facile proton conduction at higher RH. To prove the importance of guest
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Figure 10. PXRD patterns of as-synthesised 1 before (black) and after (red) the

impedence measurement at 98% RH.
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Figure 11. (a) Nyquist plots of 1 in the temperature range of (25—33) °C under 75 % RH,
(b), Nyquist plots of 1 in the temperature range of (25—34) °C under 85, (¢) Nyquist plots
of 1 in the temperature range of (23—35) °C under 98% RH, (d), (e), (f) Arrhenius plots of
1 under 75%, 85% and 98% RH conditions, respectively. Black plots indicate

experimental data and red line indicates linear fits of the experimental data.
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Figure 12. (a) Nyquist plot of 1" at 25 °C, (b) Nyquist plot of re-hydrated 1" at 25 °C.

water molecules, the proton conductivity of de-solvated 1 (1') was also measured. First,
the sample was evacuated at 100 °C for 6 hours to ensure removal of guest water
molecules. Then the pallet was prepared and kept inside an argon chamber for 24 hours.
The proton conductivity of 1' dropped down to 4.0 x 107 S cm™ at 25 °C under inert
condition (Figure 12a). However, after exposing the pellet to 40 % RH, it re-gained the
conductivity values of 8.7 x 10° S cm™ (Figure 12b). This clearly indicated the role of
guest water molecules in the proton conductivity of 1. From the crystal structure of 1, it is
evident that many guest water molecules were loosely H-bonded with carboxylate groups
of MOCs and DMA cations. These water molecules probably facilitated the proton
conduction of 1. However, activating the pallet under inert atmosphere removed the
loosely bounded water molecules and affected the proton conduction pathway.

6B.3.5 Proton conductivity of MOC-G1

Next, the proton conductivities of MOC-G1 xerogel at different temperature and
humidity condition were measured. It was envisioned that the hydrogen bonded
nanotubes of MOC-G1 could exhibit facile proton transport due to the presence of NH,"
and DMA cations which can act as good proton carrier. The Nyquist plots of the MOC-
G1 xerogel showed the semi-circle in the high-frequency region and a tail in the low-
frequency region, as observed in the case of 1. At 25°C and 40% RH the proton
conductivity of MOC-G1 xerogel was calculated to be 6.0 x 10° Sem™ which was higher
than the conductivity of 1 under the similar condition (Figure 13a). The extended H-
bonding interaction of MOC with ammonium and dimethyl ammonium cations in MOC-
G1 probably facilitated the proton conduction. However, the proton conductivity of the

material decreased drastically with increasing temperature. At 40°C, 50 °C, 60°C, 70 °C
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Figure 13. (a) The Nyquist plot of MOC-G1 xerogel at 40 % RH and 25 °C, (b) The
Nyquist plots of MOC-G1 xerogel at T= 40°C, 50 °C, 60°C, 70 °C and 80°C (without

maintaining any particular RH%).
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Figure 14 (a), (b) and (c) Nyquist plots of MOC-G1 at 75%, 85% and 98% RH,
respectively and 25 °C and, (d) The plot of proton conductivity of MOC-G1 vs RH (%).

and 80°C the proton conductivity of MOC-G1 xerogel was found to be 2.7 x 10°, 2.7 x
107, 6.3 x 10®, 4.8 x 10® and 3.7 x 10® S cm™ (Figure 13b). Such decrease in proton

conductivity indicated the importance of H-bonded water molecules inside the nanotubes
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in the proton conduction. The proton conductivity of MOC-G1 was also measured under
humid condition by exposing the sample at different RH (75%, 85% and 98%). As
expected, with increasing RH% the proton conductivity of MOC-GL1 increased drastically
(Figure 14). At 25°C it exhibited the proton conductivity values of 2.0 x 10, 8.1 x 10,
1.8 x 102 S cm™ under 75%, 85% and 98% RH, respectively (Figure 14a-c). The room
temperature (25°C) proton conductivity value of MOC-G1 (1.8x 10% Scm™) under 98%

10 20 30 40 50
20(degree)

Figure 15. PXRD patterns of as-synthesised MOC-G1 before (black) and after (red) the
impedence measurement at 98% RH.

RH was comparable with some of the highest reported values of metal-organic hybrid
materials. Moreover, no noticeable change in PXRD pattern of MOC-G1 was observed
before and after the impedance measurement which indicated structural integrity of
MOC-G1 during the measurement (Figure 15). To obtain a clear insight of the
mechanism of proton conductivity under humid condition, the temperature dependent
conductivity measurements (both heating and cooling process) were performed in the
temperature range of 23-36 °C (Figure 16a-c). On increasing the temperature the
conductivity of MOC-G1 (under RH= 75%, 85% and 98%) increased linearly and the
trend was reversible while decreasing the temperature at the same rate (Figure 16d-f). The
calculated activation energy values of MOC-G1 were 0.093 eV, 0.08 eV and 0.037 eV at
75%, 85% and 98% RH, respectively. Such low activation energy indicated that
Grotthuss mechanism of proton conductivity was operating in MOC-G1 xerogel. The
decrease in activation energy with rise in RH% indicated facile proton conduction at
higher RH%. Interestingly, the activation energy for MOC-G1 xerogel was lower than
that of 1, indicating facile proton conduction in MOC-G1 due to the presence of

ammonium cations. To prove the importance of guest water molecules, the proton
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Figure 16. (a) Nyquist plots of MOC-G1 in the temperature range of (25—33) °C under
75 % RH, (b), Nyquist plots of MOC-G1 in the temperature range of (25—34) °C under
85, (c) Nyquist plots of MOC-G1 in the temperature range of (23—35) °C under 98% RH,
(d), (e), (f) Arrhenius plots of MOC-G1 under 75%, 85% and 98% RH conditions,
respectively. Black plots indicate experimental data and red line indicates linear fits of the

experimental data.
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Figure 17. (a) Nyquist plot of MOC-G1" at 25 °C, (b) Nyquist plot of re-hydrated MOC-
G1l'at 25 °C.

conductivity of de-solvated MOC-G1 xerogel (MOC-G1") was measured under argon
atmosphere after evacuating the pellet at 100 °C for 6 hours. The proton conductivity of
MOC-G1' dropped down to 6.5 x 10™ S cm™ at 25 °C under inert condition (Figure

17a). However, after exposing the pellet to 85 % RH, it re-gained the conductivity values
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of 3.2 x 10° S cm™ (Figure 17b). This clearly indicated the important role of guest water

molecules in the proton conductivity of MOC-GL1.

6B.3.6 Proton conductivity of MOC-G2

Next, the proton conductivity of MOC-G2 xerogel was measured at different
temperature and humidity. We envisioned that the guanidium cations which acted as a
molecular binder, could facilitate the proton conductivity in MOC-G2 xerogel. The
Nyquist plots of MOC-G2 xerogel showed two well-defined semi-circles in higher
frequency region and a small tail in the low-frequency region. At 25°C and 40% RH the
proton conductivity of MOC-G2 xerogel was calculated to be 2.27 x 107 Scm™ (Figure
18a). Surprisingly, the value of proton conductivity was less compared to the as-
synthesized 1. However, we could not perform the proton conductivity measurement at
high temperature as the pallet was not stable after 35 °C. The proton conductivity of
MOC-G2 xerogel was measured under different humidity conditions (RH= 75%, 85%).
As expected, with increasing relative humidity the proton conductivity increased and the
values were found to be 6.57x10° S cm™ and 7.76x10° S cm™ under RH= 75% and 85%,

respectively at 25 °C (Figure 18b,c). However, we could not carry out the measurement at
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Figure 18. (a), (b) and (c) Nyquist plots of MOC-G2 at 25 °C and 40%, 75% and 85%
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RH, respectively, (d) The plot of proton conductivity of MOC-G2 vs RH (%).
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Figure 19. (a) Nyquist plots of MOC-G2 in the temperature range of (25—33) °C under
75 % RH, (b), Nyquist plots of MOC-G2 in the temperature range of (25—29) °C under
85% RH, (c) and (d) Arrhenius plots of MOC-G2 under 75% and 85% and RH
conditions, respectively. Black square symbols indicate experimental data and red line

indicates linear fits of the experimental data.

98% RH because the pallet was fragile at high humidity. The proton conductivity of
MOC-G2 increased with increasing RH% (Figure 18d). No significant change in PXRD
pattern of MOC-G2 xerogel was observed before and after the impedance measurement,
indicating stability of MOC-G2 xerogel during the measurement. To know the
mechanism of proton conductivity in MOC-G2 under humid condition, temperature
dependent conductivity (both heating and cooling process) was measured in the
temperature range of 25 °C-33 °C (Figure 19a-b). On increasing the temperature the
conductivity of MOC-G2 (under RH= 75% and 85%) increased linearly and the trend
was reversible while decreasing the temperature at the same rate (Figure 19c-d). The
activation energy values, calculated from Arrhenius plots were 0.43 eV and 0.24 eV at
75% and 85% RH, respectively. The decrease in activation energy with increase in RH%

indicated facile proton conduction at higher RH%.
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6B.4 SUMMARY

In summary, we have synthesized a MOC-based supramolecular porous framework
and MOC-based hydrogels which exhibited good proton conductivity at room
temperature. The proton conductivity of 1 increased with increasing humidity. The
highest value of proton conductivity of 1 was found to be 1.4 x 103 S cm™ at 98 % RH
and 25 °C. The presence of H-bonded guest water molecules played important role in
facilitating the proton conductivity of 1. Hence, under anhydrous condition the proton
conductivity dropped drastically. Moreover, two MOC-based hydrogels, MOC-G1 and
MOC-G2, were prepared by using ammonium cations and guanidium cations as
molecular binders. The H-bonded nanostructures as well as the presence of additional
proton carriers (ammonium cations and guanidium cations) facilitated the proton
conductivity of MOC-G1 and MOC-G2 xerogels. Among all the three materials, MOC-
G1 having H-bonded tubular nanostructure showed the highest proton conductivity and

the value was 1.8x102 S cm™ which was comparable with the highest reported values.
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Abstract

This chapter reports three hydrogel, formed by the supramolecular self-assembly of MOC
(metal-organic cube), GO and 1T/2H-MoS,, which show capacitive behaviour in non-
aqueous medium. Self-assembly of anionic MOC and GO is driven by H-bonding
interaction between the carboxylate groups of MOC and hydroxyl or epoxy groups of
GO, present on the basal plane. Such self-assembly results in MOC+GO hydrogel which
show layer-by-layer nanostructure. Similarly, self-assembly of MOC and MoS; in
presence of ammonium cations results in hydrogel (MOC+MoS; hydrogel) which show
layered sheet-like morphology. Both of the di-component hydrogels exhibits capacitive
behaviour. Next we prepare a tri-component hydrogel by the supramolecular self-
assembly of GO, MoS, and MOC (MOC+GO+MoS; hydrogel) which exhibits capacitive
behaviour and it is superior compared to the di-component hydrogels.

Paper based on this work:

P. Sutar, C. Das and T. K. Maji, manuscript under preparation
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6C.1 INTRODUCTION

Recently, multi-component layered materials, also known as van der Waals (vdW)
heterostructures have emerged as new functional hybrid materials which have potential
for various applications.*® They are usually formed by integrating 0D/2D/3D materials
into the layers of 2D material via vdW interaction (Scheme 1a). Several combination of
2D materials and 0D/2D/3D materials have been reported to date which exhibit unique
properties such as, field-effect tunneling transistor, vertical field-effect transistor, logic
transistors, flexible and transparent electronics etc.™®" Another important application that
could be realized from vdW-heterostructure is supercapacitive behaviour.
Supercapacitors, also known as electrochemical capacitors or ultracapacitors, have
attracted significant attention owing to their high power density, fast charge-discharge
rate and long cycle life (1000000 cycles).? When compare with other energy conversion
or storage devices, as shown in the simplified ‘Ragone plot’, supercapacitors occupy an
important part as they have superior power density and relatively large energy density
(Scheme 1b).% This indicates that supercapacitors are promising materials to meet the
ever increasing power demands of energy storage systems. Currently, supercapacitors are
widely used for many applications, such as electronics, transportation, military, aerospace
etc. * Depending upon the energy storage mechanism, they are classified into two
categories: i) electrical double layer capacitors (EDLC) and, ii) pseudo-capacitor.* In
EDLC, the capacitance originates from the electrical double layer formation at the
electrode-electrolyte interface.” However, in pseudo-capacitor reversible faradic process
takes place due to the presence of electro-active species.® These two mechanisms can
function simultaneously depending upon the nature of the electrode material. So far,
carbon based materials such as, activated carbon (AC), template carbon, carbide-derived

Capacitor |

Super-
capacitor

10! 1 10 10?2 107
Enerav Density (Wh/ka)

Scheme 1. (a) The schematic representation of vdWs heterostructure, (b) Ragone plot for

energy storage devices. Figures reproduced with permission from ref. 1a.
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carbon, carbon nanotube (CNT) and graphene are mostly used as active electrode
materials in EDLC.? ’ High processability, inert electrochemistry, tunable porosity, low
cost and easy availability in different form (powder, fibers, aerogels, sheets, tubes etc.)
make them suitable materials for EDCL. Among different carbon materials, one ideal
electrode material is graphene oxide (GO), which exists as layered sheet.® GO is mainly
produced by oxidation of graphite in presence of strong acids and oxidants.” GO has
many active edges and oxygen functional groups which in one hand enhance the
wettability and capacitance value, and on the other hand provides the opportunity of
functionalization by grafting organic/inorganic moieties.*® Such chemically modified GO
having extraordinary electrochemical properties and mechanical stability, found
applications in energy storage devices. Recently, a non-carbon based two-dimensional
layered material, molybdenum disulphide (MoS;) nanosheet, has been emerged as
efficient supercapacitor material. MoS, exists in two possible phase, i) a naturally
occurring semiconducting phase (2H-MoS;) and ii) chemically derived metallic state (1T-
MoS,).** The 1T-MoS; is prepared from bulk MoS, either by lithium intercalation or
electrochemical exfoliation and is highly conducting (10" times higher than the 2H
phase).’? Due to such high conductivity 1T-MoS, has found many electrochemical
applications, including supercapacitor electrode, catalysts for hydrogen evolution, dye-
sensitized solar cell etc.*® Chhowalla et al. showed that chemically exfoliated nanosheets
of MoS,, containing high concentration of 1T phase show extraordinarily high
capacitance value in different aqueous electrolytes.? It was envisioned that a self-
assembled heterostructure based on 2D nanostructure of GO and MoS, with another
active component would be a new material to look for supercapacitive application.
Recently, the development of flexible solid-state supercapacitors has drawn
significant research attention due to their application in portable and light weight energy
storage devices. Generally, flexible supercapacitors are composed of hydrogels or
aerogels. The unique inherent properties of the hydrogels make them superior candidates
for flexible electrode. The intrinsic 3D nanostructures and water medium of the hydrogels
promote easy transportation of charges or ion. The hydrogel supercapacitors reported to
date are mainly made of conducting polymers such as, polythiophen, polyaniline and
polypyrrole.** Hence ample opportunities are there to make new type of hydrogel
suprecapacitors. This chapter reports preparation of three different hydrogels, by
supramolecular self-assembly of MOC, GO and MoS,, which showed capacitive

behaviour in non-aqueous medium. As described in Chapter 6A, MOC has a 0D-structure
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with molecular formula [Gag(ImDC)1,]**. All the three hydrogels showed mixed
dimensional 0D-2D-heterostructure where 0D MOC component was stabilized on the 2D
GO/ MoS2 layered materials. It should be noted that use of MOC as a OD matrix for
designing vdWs heterostructure has not been accounted yet. Self-assembly of anionic
MOC and GO was driven by H-bonding interaction between the carboxylate groups of
MOC and hydroxyl or epoxy groups of GO, present on the basal plane. Such self-
assembly resulted in MOC+GO hydrogel which showed layer-by-layer nanostructure.
Similarly, self-assembly of MOC and MoS; in presence of ammonium cations resulted in
hydrogel (MOC+MoS; hydrogel) which showed layered sheet-like morphology. Both of
the di-component hydrogels exhibited capacitive behaviour. Moreover, a tri-component
hydrogel was prepared by the supramolecular self-assembly of GO, MoS, and MOC
(MOC+GO+MoS; hydrogel) which exhibited superior capacitive behaviour compared to

the other two di-component hydrogels.

6C.2 EXPERIMENTAL SECTION

6C.2.1 Materials

4,5-Imidazoledicarboxylic acid, Ga(NO3)3.6H,0O, Graphite and molybdenum
sulphide (MoS,) powder were purchased from Sigma-Aldrich chemical Co. Ltd. Aqueous
ammonia solution was purchased from SDFCL. Triethylamine (NEt3) was obtained from
Spectrochem. For electrochemical studies anhydrous acetonitrile, polyvinylidene fluoride
(PVDF), N-methyl-2-pyrrolidone (NMP), tetraethylammonium tetrafluoroborate
(Et4sNBF,) and carbon black were purchased from Sigma-Aldrich.

6C.2.2 Physical measurements

Fourier transform infrared (FTIR) spectral studies were carried out by making
samples with KBr pellets using Bruker FTIR spectrometer. Raman spectroscopic
measurements were carried out using a LabRAM HR Evolution Raman spectrometer with
a HeNe laser of wavelength 632.8 nm and 1800 lines/mm grating. The laser power was
~5 mW at the sample. Powder X-ray diffraction (PXRD) patterns were recorded on a
Bruker D8 discover instrument using Cu-Ko radiation. Thermal stability was analysed
using Mettler Toledo TGA 850 instrument under inert atmosphere in the temperature
range of 25-800°C at the heating rate of 3°C per min. Morphology studies were carried
out using Lica-S4401I field emission scanning electron microscopy (FESEM) by placing

samples on silicon wafer under vacuum with accelerating voltage of 10 kV. Energy

243 |



Layered Heterostructure Hydrogels as Capacitive Materials | Chapter 6C

dispersive X-ray spectroscopy (EDXS) analysis was performed with an EDAX genesis
instrument attached to the FESEM column. Transmission electron microscopy (TEM)
analysis was performed using JEOL JEM-3010 with accelerating voltage of 300 kV. For
this analysis the samples were dispersed in ethanol and then drop casted on a carbon

coated copper grid.

6C.2.3 Electrochemical measurement

The supercapacitor measurements were performed on Multi-autolab M204
electrochemical workstation at room temperature in a closed three-electrode system with
platinum wire as the reference electrode, platinum mesh as the counter electrode and
sample coated stainless steel as working electrode. 1 M solution of tetraethylammonium
tetrafluoroborate (Et;NBF,) in anhydrous acetonitrile (CH3CN) was used as non-aqueous
electrolyte. The cyclic voltammetry (CV) measurements were conducted at different scan
rates (10 to 1000 mV s) within the positive and negative potential windows ranging
from 0 to 0.8 V and 0 to -0.8 V, respectively. The electrochemical impedance
spectroscopy (EIS) was performed in the frequency range of 10° Hz to 102 Hz at the
amplitude = 0.01 V with an AC perturbation of 5 mV. The EIS plots were fitted in the
equivalent circuit using the Nova 2.1.2 software. The galvanostatic charge—discharge
(GCD) measurements were performed at different current densities (0.1 - 5 A g™). The
specific capacitance values were calculated from the CV and GCD curves using the
formula (1) and (2), respectively:

At .

Sp - meAV ( )
Ig

Cp = 2

P slope @

The specific energy density and power density were calculated from the equation (3) and
(4), respectively:

1
Eq = E Csp (AV)Z 3)
Eq
Py = . (4)
d

. . AV )
m,= mass of the active material, T = scan rate, I;= current density, slope= slope for

discharge, t;= discharge time.

244 |



Layered Heterostructure Hydrogels as Capacitive Materials | Chapter 6C

6C.2.4 Synthesis
Synthesis of MOC: Detailed synthetic procedure and characterization of MOC

were discussed in Chapter 6A.

Preparation of GO: GO was prepared by using a modified Hummers and Offeman
method.? In a typical synthesis, 1.5 g of NaNO3 and 1.5 g graphite powder were slowly
added to 75 ml concentrated H,SO, in ice bath and allowed to mix properly under
constant stirring for 10 min. 10 g KMnO,4 was added to this uniform mixture and then it
was transferred into an oil bath (40 °C) and the reaction was continued under stirring
condition for 30 min. Graphite was oxidized and very viscous dark brown product was
formed after 30 min. To this mixture 75 ml deionized water was added and the
temperature of oil bath was raised to 75 °C. The reactants were stirred at 75 °C for
another 15 min. Then 15 ml H,0; (30%) was mixed with 150 ml warm water (at 70 °C)
and added to the reaction mixture. Colour of dispersion was changed from brown to
yellow. Then product was centrifuged and washed several times with water. Washed
product was dispersed in water and dialysed for 24 h. Dialysed product was centrifuged to
remove excess water and solid product was freeze dried. The as-synthesized GO was also
characterized by PXRD, FTIR, TEM, Raman and absorption spectra. Selected FTIR data
(KBr, cm™): 3413 (b), 1722 (sh), 1621 (sh), 1258 (s), 1078 (s).

Exfoliation of bulk MoS;,: The bulk MoS;, was exfoliated to 1T/2H-MoS, by
following a previously reported procedure.> 300 mg bulk MoS, was taken in round
bottom flax and dissolved in 5 ml anhydrous hexane. 2 ml n-butyl lithium (2.5 M) was
added into the reaction mixture under inert condition. After that the reaction mixture was
refluxed at 80 °C for 72 h. The product was filtered and washed repeatedly with n-hexane
to remove excess reactant. The product was dried in vacuum oven at 45 °C and dispersed
in water and centrifuged repeatedly to remove LiOH and other impurities. The product
obtained was dispersed in water (1 mg in 1 ml) by sonication for 4-5 h and kept under
dark. The as-synthesized 1T/2H-MoS, was characterized by Raman spectroscopy, PXRD
and TEM studies.

Preparation of MOC+GO hydrogel: First, 5 mg GO was taken in 1 ml water and
the mixture was sonicated for 4-5 h until a uniform dispersion is formed. 20 mg of MOC
was dissolved in 500 ul water and the solution was added into the GO solution. The

mixture was sonicated for 10 min and kept at room temperature under undisturbed
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condition. The solution turned into stable hydrogel after 2 days. The formation of gel was
confirmed by inversion test method. The xerogel was prepared by freeze-drying the
hydrogel. Selected FTIR data (KBr, cm™): 3444 (b), 2787 (s), 1675 (sh), 1473 (sh), 1365
(sh), 1102 (sh), 857 (s), 660 (s), 549 (s).

Preparation of MOC+MoS; hydrogel: 5 mg 1T/2H-MoS, was taken in 5 ml water
and the mixture was sonicated for 4-5 h to make a uniform dispersion. 20 mg MOC was
dissolved in 200 ul water and 1 ml dispersion of 1T/2H-MoS, was added into it. The
mixture was sonicated for 15 min to make a homogeneous dispersion. Into this mixture
100 ul aqueous NHj3 solution was added and the mixture was sonicated for another 2-3
min. The mixture was kept at room temperature in undisturbed condition. The stable
hydrogel was formed after 24 h. The formation of gel was confirmed by inversion test
method. Selected FTIR data (KBr, cm™): 3448 (b), 3140 (s), 1668(sh), 1470(sh),
1397(sh), 1111(s), 858(m), 656(s).

Preparation of MOC+GO+MoS; hydrogel: 5 mg GO was taken in 2 ml water
and the mixture was sonicated for 4-5 h until a homogeneous dispersion is formed.
Similarly, 5 mg MoS, was taken in 5 ml water and the mixture was sonicated to form a
uniform dispersion. 20 mg of MOC was dissolved in 200 pl water and to it 300 ul
dispersed solution of MoS; and 500 ul dispersed solution of GO were added. The mixture
was sonicated for 10-15 min. After that, 100 ul aqueous NH3 was added and the mixture
was sonicated for another 2-3 min. The mixture was kept at room temperature in
undisturbed condition. The stable hydrogel was formed after 24 h. The formation of gel
was confirmed by inversion test method. Selected FTIR data (KBr, cm™): 3446 (b), 3170
(s), 1655(sh), 1469(sh), 1357(sh), 1105(sh), 858(m), 656(S).

6C.2.5 Preparation of electrode

The working electrode was prepared by mixing 85% xerogel, 10% carbon black and
5% PVDF binder in a mortar until a homogeneous black powder was obtained. To this
mixture few drops of anhydrous NMP solvent were added to make homogeneous paste
which was uniformly coated on the stainless steel working electrode (1 x 1 cm?). Prior to
coating, the stainless steel electrode was polished and washed thoroughly in ethanol (by
sonication) and dried at 120 °C under vacuum. After preparing the working electrode it
was kept for drying at 120 °C for 12 h.
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6C.3 RESULTS AND DISCUSSION
6C.3.1 Characterization of GO and 1T/2H-MoS:

GO was synthesized by using a modified Hummers and Offeman method.® The as-
synthesized GO was characterized by PXRD, FTIR, TEM, Raman and UV-Vis
spectroscopy. The PXRD pattern of GO showed a sharp peak at 20 = 11.1°
corresponding to the d-spacing value of 8.4 A (Figure 1a). This confirmed the formation
of GO. The FTIR spectrum of GO showed peaks at 3424, 1736, 1624 and 1070 cm™,
corresponding to O-H, C=0, C=C and C-O stretching frequencies, respectively (Figure
1b). The presence of oxygen containing functional groups, such as C=0, C-O and O-H
confirmed that graphite has been oxidized to GO. The Raman spectrum of GO showed
the characteristic defect (D) and graphene (G) band at 1360 and 1613 cm™, respectively
and the Ip/lg value was found to be 0.99, indicating the formation of GO (Figure 1c).
Moreover, the TEM images showed the formation of randomly oriented GO layers
(Figure 1d). The absorption spectrum of dilute solution of GO in water showed two
characteristic peaks. The maximum at 243 nm was attributed to the n-n* transition of
aromatic rings and the shoulder at 298 nm was attributed to the n-n* transition of the
C=0 groups of GO (Figure 1e). Similarly, the exfoliated MoS, was characterized by
Raman spectrum, PXRD and TEM analysis. The Raman spectrum of bulk MoS, showed
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Figure 1. (a) PXRD pattern of GO, (b) FTIR spectrum of GO, (c) Raman spectrum of
GO, (d) TEM image of GO, (e) UV-Vis spectrum of GO dispersion in water.
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Figure 2. (a) Comparison of Raman spectra of bulk MoS; (red) and 1T/2H-MoS; (black).

Inset shows the Ji, J, and J; peaks, correspond to 1T-MoS,, (b) Comparison of PXRD

pattern of bulk MoS, (black) and 1T/2H-MoS, (red), (c), (d) TEM images of 1T/2H-

MoS,.

three peaks at 284.8, 381.7 and 407 cm™, corresponding to the Ejq, E'py and Ay
longitudinal acoustic phonon modes of 2H-MoS,, respectively (Figure 2a). Interestingly,
the exfoliated MoS; showed a decrease in intensity and broadening of Elgg and Aqq peaks
which indicated low crystallinity due to less concentration of 2H-phase in exfoliated
MoS,. Moreover, new peaks appeared at 153.7, 221.3, 328.8 cm™ could be assigned as
the Ji1, J, and J; peaks, corresponding to the phonon modes of 1T-MoS; (Figure 2a). This
result indicated the co-existence of 1T and 2H-phases in the exfoliated MoS;, which was
therefore named as 1T/2H-MoS,. The comparison of PXRD pattern of bulk MoS, and
1T/2H-MoS; indicated the broadening of (002) peak which could be deconvoluted into
two peaks at 9.7 A and 14.7 A (Figure 2b). This indicated interlayer expansion in 1T/2H-
MoS; due to the formation of 1T-phase. The interlayer distance was calculated to be 9.1
A, which is ~3A greater than the interlayer distance of bulk MoS, (6.02 A). This was also
supported by TEM images which showed the interlayer distance of ~10 A (Figure 2c-d).

6C.3.2 Characterization of hydrogels
GO is a 2D layered material with hydroxyl or epoxy groups on the basal plane. It
was envisioned that these active groups of GO could interact with carboxylate groups of

MOC and thus drove the self-assembly towards gel. The gelation study of MOC with GO
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was carried out in water at room temperature. Water was chosen as a solvent for gelation
study because MOC is highly soluble in water and the GO is highly dispersible in water.
In a typical gelation experiment 20 mg MOC was dissolved in 500 pl water and 1 ml
homogeneous water dispersed GO solution (5 mg in 2 ml water) was added into it. After
2-3 days formation of stable hydrogel was observed. The formation of gel was confirmed
by inversion test method. Probably, the free carboxylate groups of MOC participated in
H-bonding with the hydroxyl or epoxy groups of GO and thus MOC was intercalated
between two consecutive GO sheet. Such intercalation drive the self-assembly of GO
sheets resulted in the MOC+GO hydrogel (Figure 3a). Insight into the morphology of the
hydrogel was obtained by recording FESEM and TEM images. The cross-sectional
FESEM image of MOC+GO xerogel showed the formation of stacked layered structure,
indicating the formation of ordered 3D stack of layered material (Figure 3b-c). However,

Ga

R—
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 keV

Figure 3. (a) Picture of the MOC+GO hydrogel, (b), (c) cross-sectional FESEM images
of MOC+GO xerogel showing the layered structure based on intercalation of MOCs
between GO sheets, (d), (e) EDAX spectrum of MOC+GO xerogel showing the presence
of Ga"'.
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Figure 4. (a), (b) TEM images of MOC+GO xerogel, (c) Schematic of layered
heterostructures of MOC+GO hydrogel.

the as-prepared GO did not show such ordered arrangement, rather randomly oriented GO
sheets were observed. Moreover, the point EDAX recorded between two layers shows the
presence of Ga'""' ions (Figure 3d). This indicates that MOCs are intercalated between two
layers of GO sheet. The TEM images also show the stacked layered structure of
MOC+GO xerogel and the distance between two layers is found to be 15-20 A (Figure
4a-b). The PXRD analysis of MOC+GO xerogel provided more insight into the self-
assembly process of GO and MOC (Figure 5). The PXRD pattern of GO showed sharp
peak at 26=11.15°, corresponding to the d-spacing values of 7.9 A. The PXRD pattern of
MOC+GO xerogel exhibited peaks at 26= 6.3°, 11.0°, 11.7°, 14.2°, 16.1° and 27.3°,
corresponding to the d-spacing values of 14.3, 15.1, 15.12, 12.4, 11.0, 6.5 A. The broad
peak at 206=6.3° (d= 14.7 A) corresponded to the distance between two consecutive layers
of GO which increased by 6.8 A. The distance between two GO sheets in MOC+GO
xerogel could be correlated with the size of MOC (13.5x13.5 A?) (Figure 4c). The other
peaks in the PXRD pattern of MOC+GO xerogel corresponded to the MOC, as they

—— MOC+GO gel
ﬂ “ ‘\ [——Assynthesized MOC]

Figure 5. Comparison of PXRD of GO, MOC and MOC+GO xerogel.
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Figure 6. (a) Comparison of FTIR spectra of GO, MOC, MOC+GO xerogel, (b)
Comparison of Raman spectra of GO and MOC+GO xerogel.

were matching with the PXRD pattern of as-synthesised MOC. Next, the FTIR spectra of
GO, MOC and MOC+GO xerogel were compared. FTIR spectrum of GO showed peak
corresponding to O-H, C=0, C=C and C-O stretching frequency at 3424, 1736, 1624 and
1070 cm™ (Figure 6a). The FTIR spectrum of MOC+GO xerogel showed peaks
corresponding to both MOC and GO, indicating presence of both in the self-assembled
material. To further validate the interaction between MOC and GO in the hydrogel, the
Raman spectrum of GO and MOC+GO xerogel were recorded (Figure 6b). For the as-
synthesized GO, the D and G band appeared at 1360 and 1613 cm™, respectively and the
In/lg value for was found to be 0.99. Interestingly, for MOC+GO xerogel the D and G
bands appeared at 1348 and 1604 cm™, respectively and the Ip/lg value was calculated to
be 1.09. Such red shift of D and G band and increase of Ip/lg value in MOC+GO xerogel
indicated strong coupling between GO sheets and MOC. In order to investigate the
thermal stability, the thermogravimetric analysis of GO, MOC and MOC+GO xerogel
were performed. The as-synthesized GO exhibited a weight loss of 29.4% between 170
°C to 238 °C which was attributed to the removal of chemical functionalities of GO
sheets. The MOC showed an initial weight loss of 13 % at 170 °C, corresponding to a
loss of guest water and DMF molecules. After that it showed a two-step weight loss of
64% in between 196 °C to 440 °C, indicating decomposition of the extended framework.
Interestingly, MOC+GO xerogel showed a three step TGA curve. It showed a weight
loss of 7.8 % between 130 °C to 216 °C, indicating the removal of chemical
functionalities from the stacked GO sheets of MOC+GO xerogel. After that, 36.7 %
weight loss was observed between 220 °C to 464 °C, indicating the degradation of MOC
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which were intercalated between two GO sheets. To know the porosity of the material gas
adsorption study was carried out. N, adsorption isotherm of desolvated MOC at 77 K
showed a type-11 profile indicating surface adsorption. However, N, adsorption isotherm
of the composite MOC+GO hydrogel showed a type-I profile and the surface area was
measured to be 43.88 m? g
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Figure 7. (a) Comparison of TGA curve of GO, MOC and MOC+GO xerogel, (b) N,

keV

Figure 8. (a) The MOC+MoS; hydrogel, (b) The cross-sectional FESEM image of
MOC+MoS; xerogel, (c) The EDAX spectrum of MOC+MoS; xerogel.
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Figure 9. (a), (b) TEM images of MOC+MoS; xerogel.

Next, the self-assembly of MOC with 1T/2H-MoS; was carried out. The 1T/2H-
MoS, was prepared by exfoliating the bulk MoS; by conventional lithium intercalation
technique and dispersed immediately in water (1 mg in 1 ml). The gelation propensity of
MOC in presence of 1T/2H-MoS, was checked. In a typical experiment 20 mg of MOC
was dissolved in 200 pl water and 1 ml homogeneous dispersion of 1T/2H-MoS;, was
added into it. After sonication for 10-15 min the mixture was kept undisturbed. The

solution did not turn out to gel even after 3-4 days. This was probably because the
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Figure 10. (a) Comparison of FTIR spectra of MOC and MOC+MoS2 xerogel, (b) FTIR
of MOC+MoS; xerogel.

negatively charged surface of 1T/2H-MoS, got repealed by the peripheral carboxylate
groups of MOC and hence self-assembly did not occur. However, when 100 pl aq. NH3
solution was added into the mixture, the solution converted to hydrogel after one day. The
formation of MOC+MoS, gel was confirmed by inversion test method (Figure 8a).
Probably, the ammonium cations facilitated the self-assembly by participating in H-
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bonding which connected the MOC with MoS, nanosheets. The MOC+MoS; hydrogel
was characterized by FTIR, PXRD, TGA, Raman, TEM and FESEM analysis. The cross-
section FESEM images of the MOC+MoS, xerogel showed the layered nanostructure

" jons which

(Figure 8b). Moreover, the point EDAX showed the presence of Ga
indicated that MOC was intercalated between two MoS, layers (Figure 8c). Moreover,
the TEM images showed the layered nanostructures and the distance between two layers
was found to be ~17 A (Figure 9). The FTIR spectrum of The MOC+MoS; xerogel
showed peaks corresponding to both MOC and 1T/2H-MoS,, indicating presence of both
in the self-assembled material (Figure 10a). The PXRD of MOC+MoS, showed similar
pattern as that of MOC indicating the presence of MOC in the self-assembled structure
(Figure 10b). The Raman spectrum of MOC+MoS; xerogel showed characteristic Elgg

and Ay, peaks of 1T/2H-MoS; at 386 and 411 cm™ (Figure 11)

411 cm!

MOC+MosS,

.

100 200 300 400 500
Wavenumber (cm'1)

Figure 11. Raman spectrum of MOC+MoS; xerogel.

To know the effect of both GO and 1T/2H-MoS; in the structure and properties of MOC-
based hydrogel a tri-component gel was prepared by the self-assembly of MOC with
mixture of GO and 1T/2H-MoS; in presence of ammonium cation. In a typical gelation
experiment 20 mg of MOC was dissolved in 200 pl water and 300 pl of 1T/2H-MoS;
dispersion and 500 pl of GO dispersion was added into the solution. The mixture was
sonicated for 10-15 min. After that, 100 ul aq. NH; was added and the mixture was
sonicated for another 2-3 min. The mixture converted to stable hydrogel
(MOC+GO+MoS;, hydrogel) after 24 hours (Figure 12a). The formation of
MOC+GO+MoS; hydrogel was confirmed by inversion test method. In this case also
ammonia cation facilitate the self-assembly by connecting MOC, GO and 1T/2H-MoS;
by H-bonding interaction. The MOC+GO+MoS; hydrogel was characterized by FTIR,
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PXRD, TGA, FESEM and TEM analysis. The cross-sectional FESEM image of
MOC+GO+MoS; xerogel showed the layered nanostructure morphology (Figure 12b).
The EDAX analysis indicated the presence of MOC in the xerogel matrix (Figure 12c).
The TEM images of MOC+GO+MoS; xerogel also confirmed the formation of layered
nanostructures and the distance between two layers was ~17 A (Figure 13a-b). The FTIR
spectrum of MOC+GO+MoS; xerogel showed peaks corresponding to GO, MOC and
1T/2H-MoS,, indicating presence of all three in the self-assembled material (Figure 14a).
The PXRD MOC+GO+MoS;, shows similar pattern as that of MOC indicating the
presence of MOC in the self-assembled structure (Figure 14b). The Raman spectrum of
MOC+GO+MoS; xerogel showed characteristic peaks of 1T/2H-MoS, at 384 and 408
cm™, whereas the D and G band of GO came around 1343 and 1591 cm™, respectively
(Figure 15).
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Figure 12. (a) Picture of MOC+GO+MoS; hydrogel, (b) The cross-sectional FESEM
image of MOC+GO+MoS, xerogel, (¢) The EDAX spectrum of MOC+GO+MoS,

xerogel.
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Figure 13. (a), (b) TEM images of MOC+GO+MoS; xerogel.
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Figure 14. (a) Comparison of FTIR spectra of MOC and MOC+GO+MoS2 xerogel, (b)
FTIR of MOC+GO+MoS; xerogel.
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Figure 15. Raman spectrum of MOC+GO+MoS, xerogel showing the characteristic
peaks of MoS;. The inset shows the D and G peaks of GO.
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6C.3.3 Electrochemical studies of hydrogels

The supercapacitive behaviour of the binary and the ternary hydrogels were
evaluated by cyclic voltammetry (CV), cyclic charge-discharge (CCD) and
electrochemical impedance spectroscopy (EIS). GO is a well-known capacitive material
which shows charge storage in the positive potential region. Hence, the CV of MOC+GO
binary hydrogel was recorded in the potential window between 0 and 0.8 V at various
scan rates. The CV is devoid of any faradaic peak confirming the electrochemical double
layer capacitive behaviour (Figure 16a). The CCD recorded in the same region shows fast
charging and discharging which are also very symmetric in nature (Figure 16b). The
specific capacitance (Csp) calculated from CV was 1.8 F/g at a scan rate of 50 mV/s. The
maximum capacitance calculated from the slope of the discharge plot of CCD was found
to be 10 F/g at a current density of 0.1 A/g. From the CV shown in Figure 16c, the
calculated Csp of GO and MOC+GO was 0.68 and 1.65 F/g respectively. When GO is

(2) 2] —1omv (b) 1.0
C 0.8
=T S
i S 0.6
g 0 2
s S 0.4
Q
=t 0.2
o =~
'2 T T T T T 0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 0 20 40 60 80 100
Potential (V) Time (s)
(©) g4
—Go@100mV
o 031 —moc:co@100mv
< 02]
2
2 0.1
[<}]
T 0.04
=
S .0.1.
-
=]
O -0.24
-0.3

00 02 04 06 08
Potential (V)
Figure 16. (a) CV of MOC+GO xerogel at 10, 50, 100, 500 and 1000 mV scan rate, (b)

Galvanostatic charge discharge curve of MOC+GO xerogel at the current density of 0.1,
0.2,0.3,0.4,0.5and 1 A/g, (c) Comparison of CV of GO and MOC+GO xerogel.
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derived from graphite by Hammer’s method, the GO layers exist in a very disordered
orientation, which makes the flow of electron tortuous. On gelation with MOC, the GO
layers became more ordered consequently providing a smoother electron flow. This is
reflected by the increase in the current density in the CV of MOC+GO compared to that
of the GO (Figure 16c¢), consequently increasing the capacity of the former. 1T/2H-MoS,,
another layered capacitive material, was also subjected to gelation with MOC, with the
same hypothesis of achieving more ordered orientation to improve the capacity. Since
MoS, showed the capacitive behaviour in the negative region, CV and CCD of
MOC+MoS, xerogel was studied between the potential windows of 0 to -0.8 V. The CVs
showed no faradaic peak unfolding the double layer nature of the capacitance (Figure
17a). Cs, from CV is found out to be 2 F/g at 50 mV/s scan rate. The CCD plots of
MOC+MoS; xerogel are symmetrical in nature with same charging and discharging rates
(Figure 17b). Cs, calculated from the slope of the discharge curve was 1.16 F/g at a
current density of 0.1 A/g. Energy density, one of the two most important aspects of
energy storage devices, is directly proportional to the potential window between which
the device performs. Therefore, a material which can perform in a wide potential range is
expected to have an impressive energy density. As seen above, MOC+GO shows
capacitance in the positive potential window and MOC+MoS; shows capacitance in the
negative potential window. It is hypothesized that a material having both GO and MoS,
would outperform the materials containing any one of the two. Thus, the ternary gel

consisting GO and MoS; as the capacitive component and MOC as the gelator was
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Figure 17. (a) CV of MOC+MoS; xerogel at 10, 50, 100, 500 and 1000 mV scan rate,
(b) Galvanostatic charge discharge curve of MOC+MoS, xerogel at the current density of
0.1,0.2,0.3,0.4 and 0.5 A/g.
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synthesized. To examine the capacitive behaviour of MOC+GO+MoS;, CVs and CCDs
were recorded both in the negative and positive potential windows. The CVs at both the
potential windows showed purely capacitive nature without any faradaic electron
transfers (Figure 18a and 18c). The calculated Cs, was 20 F/g for both positive and
negative potential regions. The CCDs recorded at a various current density in the positive
potential region shows symmetric charging and discharging with a slight improvement in
the Csp (Figure 18b). Importantly, the rate of decrease in the Cs, with increasing current
density are slowed in Figure 19a-b. In case of MOC+GO, the Cy, at 0.5 A/g is 66 %
lower than that at 0.1 A/g, whereas, in case of MOC+GO+MoS; the decrease is only 40
%. This could be an effect of ordering of the GO and 1T/2H-MoS; planes. Similarly, CVs

and CCDs of the same material were recorded in the negative potential region (Figure 18c
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Figure 18. (a) CV of MOC+GO+MoS, xerogel at 10, 50, 100, 500 and 1000 mV scan
rate in the positive potential range, (b) CV of MOC+GO+MoS; xerogel at 10, 50, 100,
500 and 1000 mV scan rate in the negative potential range, (c¢) Galvanostatic charge
discharge curve of MOC+GO+MoS; xerogel at the current density of 0.1, 0.2, 0.3, 0.4
and 0.5 A/g in the positive potential range, (d) Galvanostatic charge discharge curve of
MOC+GO+MoS; xerogel at the current density of 0.1, 0.2, 0.3, 0.4 and 0.5 A/g in the

negative potential range.
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Figure 19. Specific capacitance vs current density plot for (a) MOC+GO and (b)
MOC+GO+MoS; xerogel.
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Figure 20. Comparison of CCD plot of MOC+MoS, and MOC+GO+MoS; xerogels at
the current density of 0.1 A/g.

and 16d). The CVs at different scan rates revealed purely capacitive nature of the material
with a Cg, of 20 F/g at 50 mV/s (Figure 18c). The CCDs recorded at different current
densities were not symmetrical, implying uneven rates of charging and discharging
(Figure 18d). However, drastic improvement in the Cs, (Csp =56 F/g at 0.1 A/g) was
achieved as compared to the binary MOC+MoS; gel (Figure 20). Having examined the
capacitive performance of MOC+GO+MoS, at both positive and negative potential
windows, the outcomes prompted to examine the capacitive behaviour in the range of -0.8
to 08 V. CVs recorded at various scan rates are shown in Figure 21a. From Figure 21b,
the effect of ternary hydrogel operated in the region -0.8 to 0.8 is comprehensible. The

CCDs at various current densities show unsymmetrical charging and discharging with
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discharge profile having characteristics similar to discharge profiles obtained for the
individual regions (Figure 21c). EIS of the electrodes coated with all the hydrogels were
also recorded. The high-frequency intercept of the Nyquist plot indicates the equivalent
series resistance (ESR) and the vertical plot explains the capacitive behaviour (Figure
21d). ESR for the hydrogels were 4, 3.9 and 3.8 Q for MOC+MoS,;, MOC+GO and
MOC+GO+MoS; respectively, which are very close to each other. Whereas the vertical
region is steeper for the ternary hydrogel portraying its higher capacitive nature compared
to the binary hydrogels. At this point, an insight into the energy and power density is
both important and interesting. The highest energy density of 6.2 Wh/kg was obtained for
the electrode examined in the entire potential range from -0.8 to 0.8 V (Figure 22).
Interestingly, the power densities obtained for the electrode performance in the individual
regions were 2000 W/kg and it was doubled (4000 Wh/kg) for the same electrode when
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Figure 21. (a) CV of MOC+GO+MoS; xerogel at 10, 20, 50, 100, 200, 500, 1000, 1500,
2000 and 2500 mV scan rate in the full potential range, (b) Comparison of CV of
MOC+GO+MoS; (Full range), MOC+MoS; (negative potential range) and MOC+GO
xerogel (positive potential range), (c) charge discharge of MOC+GO+MoS; using the full
potential range, (d) The Impedence spectra of all three xerogels.
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Figure 22. Ragone plot of all three hydrogel.

studied for the whole potential range. Thus, the capacitive behaviour of the binary and the
ternary hydrogels were studied. Improved capacitive performance of the ternary
hydrogels compared to the binary hydrogels and also the individual components
highlights its effectiveness. After achieving elevated performance at the positive and
negative potential regions, the performance of the ternary hydrogel between -0.8 to 0.8 V
was also examined. Improved performance in terms of Cs, and energy density was
achieved. Impressively a very high power density of 4000 W/kg was obtained. Thus
proving the ternary hydrogel when operated between the potential region of -0.8 to 0.8 V
outperforms the binary gels operated separately at the positive and negative potential

regions.

6C.4 SUMMARY

In summary, we synthesized three hydrogels by supramolecular self-assembly of
MOC, GO and 1T/2H-MoS,, which showed capacitive behaviour in non-aqueous
medium. Self-assembly of MOC and GO was driven by the H-bonding interaction
between the carboxylate group of MOC and hydroxyl/epoxy group of GO and resulted in
hydrogel. The MOC+GO hydrogel showed layered nanostructures where MOCs were
intercalated between two consecutive GO sheets and formed mixed dimensional
heterostructures. Similar soft heterostructures (MOC+MoS;) were prepared by the self-
assembly of MOCs and 1T/2H-MoS;. MOC+GO and MOC+MoS; hydrogels showed

moderate capacitive behaviour in positive (0 to +0.8 V) and negative potential (0 to -0.8),
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respectively. Moreover, a ternary hydrogel (MOC+GO+MoS;) was prepared by self-
assembly of MOCs, GO and 1T/2H-MoS; which operate over a wide potential range (-
0.8 to +0.8 V) and hence showed better capacitive behaviour compared to the bi-
component MOC+GO and MOC+MoS; hydrogels.
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Thesis Summary

The thesis work comprises self-assembly of various low molecular weight gelators
(LMWG) and metal-organic cubes (MOCs) to supramolecular hydrogel/organogel and
inorganic-organic hybrid-gels which are exploited for energy and environmental
applications. Before going into the self-assembly study, a series of LMWGs were
designed and synthesized. The common design principle adopted to construct the
LMWSGs involves: i) the n-chromophores as the core, ii) terminal terpyridine groups iii)
the core and terpyridines were connected via flexible alkylamide chain. The different z-
chromophores used to prepare LMWG were: i) C2 symmetric 9,10-diphenylanthracene,
stilbene and azobenzene, ii) C3 symmetric 4,4'.4"-[1,3,5-phenyl-tri(methoxy)]-tris-
benzene, and iii) C4 symmetric 1,3,6,8-Tetrakis(benzoate)pyrene and 4,4',4",4"-(pyrene-
1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetra-benzoate. These cores were specifically
chosen by keeping their respective properties in mind. In all cases, the m-cores were
connected to terpyridine via alkylamide chain which induced flexibility and drove the
self-assembly of LMWGs to hydrogels or organogels. The terpyridine termini of LMWGs
involved in the coordination with different metal ions, such as Tb"', Eu"', zn" and Ru"
and drive the self-assembly to CPGs. The synergistic combination of LMWGs and the
metal ions induced exciting properties in the CPGs, such as tunable emission, stimuli-
responsive properties, catalysis, tunable nano-morphology, photo-responsive behaviour,
photo-catalytic properties etc (Scheme 1).

In one approach it was shown that coordination driven self-assembly of a blue
emitting LMWG having 9,10-diphenylanthracene in presence of Th"' and Eu"" resulted in
CPGs with tunable emission, including white-light-emission. The high processability of
the white-light-emitting CPG was exploited for coating purpose. On the same line,
another white-light-emitting gel was prepared from self-assembly of 4,4'.4"-[1,3,5-
phenyl-tri(methoxy)]-tris-benzene-based LMWG and Tb"'/ Eu" ions. In this case, the
white-light-emitting gel showed reversible mechano-, thermo- and chemo-responsive gel-
sol transition and change in emission properties by exploiting dynamic nature of Ln"'-
terpyridine coordination bond. In another study it was shown that the 4,4',4"-[1,3,5-
phenyl-tri(methoxy)]-tris-benzene-based LMWG behaved as a amiphilic gelator and
underwent bimodal self-assembly to hydrogel and organogel with nanosphere and
nanofiber morphologies, respectively. Due to the different special disposition of the donor

and acceptor chromophores, the hydrogels showed charge transfer emission whereas the
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organogel showed LMWG-based emission. Moreover, the nanospheres of the hydrogel
having surface exposed amide groups were exploited as nano-catalyst for Knoevenagel
condensation reaction. In addition, this gelator showed Zn" sensing properties and the
CPG prepared with Zn" showed change in morphology. In another work, photo-
responsive bahaviours of stilbene and azobenzene-based gelators were studied. Moreover,
the photo-chemical [2+2] cyclo-addition was used as a tool to tune morphology and
properties of organogels and CPG. The two pyrene-based gelators were self-assembled to
organogels and CPGs in presence of Ru". The broad visible-light absorption of the CPGs
resulting due to combined Ru'-terpyridine LMCT and pyrene-centred absorption made
them excellent photo-sensitizer. After encapsulating an earth-abundant co-catalyst,
[FeFe](bcbdt)(CO)s that resemble to the active site of [FeFe]-hydrogenases inside the
CPGs, they showed excellent visible-light-driven catalytic hydrogen evolution.
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Scheme 1: Self-assembly of different LMWGs to hydrogel/organogel and coordination
polymer gel and their applications.

In another work, synthesis of water soluble metal-organic cube its self-assembly to
hydrogels in presence of different H-bond donating molecular binders, such as
ammonium ion (NH,"), N-(2-aminoethyl)-1,3-propanediamine, guanidine hydrochloride,

and p-alanine, were studied. The hydrogels showed different morphologies depending
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upon the structure and geometry of the molecular binders. The hydrogel, formed with
ammonium cations exhibits nanotubular morphology with negatively charged surface
which was utilized for gel-columnchromatograpic separation of charged species.
Moreover, proton conductivity of these MOC-based hydrogels were studied. Due to the
presence of ammonium cations as proton carrier and 1D nanotube morphology, the
hydrogel with NH;" cation as binder showed high proton conductivity. In another
approach MOC was used as 0D material to prepare soft heterostructure materials with
graphene oxide/ MoS,. These materials also exhibited good charge storage behaviour. In
conclusion, MOC was used as a template to prepare hydrogels with various applications
(Scheme 2).
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Scheme 2: Self-assembly of MOC to hydrogels in presence of different binders and there

applications.
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