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PREFACE

This current thesis entitled “Polymer grafted Nanomaterials: Synthesis via RAFT
Polymerization and the Applications” has been divided into eight chapters. Chapter 1 as the
introductory chapter, demonstrates the elementary idea and the aim of the thesis. Also contains
a detailed discussion on the basics of controlled radical polymerization technique, RAFT
technique along with the SI-RAFT approach on different nanomaterial surface to grow homo
polymer and block copolymer chains of predeterminant architecture. Furthermore, different
blending techniques to prepare mixed matrix membranes and their application in fuel cell is
discussed elaborately with the benefits and use of heterocyclic nano catalyst in organic
catalysis. Chapter 2 explains the details of chemicals and materials used in this thesis work.
Chapter 3 demonstrates the synthesis of SiNP and the use of SI-RAFT polymerization
technique to grow block copolymer chains containing imidazole and 1,2,4-triazole pendants on
the SiNP surface along with the preparation of polymer-g-SiNP@OPBI nanocomposite
membrane with OPBI polymer and tested their physical properties and application towards
proton conductivity. Chapter 4 demonstrates the synthesis of polymer brushes consisting of
neutral, quaternary ammonium and zwitterionic units on the nano MOF surface (PGM) using
aqueous SI-RAFT technique. The material was characterized and further used to prepare
OPBI@PGM Mixed matrix membranes and utilized for proton conductivity application.
Chapter 5 illustrates the grafting of poly vinyl phosphonic acid chains on the UiO-66 NH»
(PVPA-g-MOF) surface via aqueous SI-RAFT technique and thoroughly checked their proton
conducting ability upon preparing pellets from the powdered nanomaterials. Chapter 6
validates the grafting of block copolymer chains on the MWCNT surface (PGNT) upon
chemical modification and utilized to prepare PGNT@OPBI MMMs which were then tested
extensively for proton conduction abilities upon H3PO4 doping. Chapter 7 utilized RAFT
modified MWCNT to grow pNVI chains on the MWCNT surface and further utilized then to
grow Pd nanoparticle on the polymer modified surface of MWCNT (Pd@PGNT). The material
was extensively tested as heterogeneous catalyst in Suzuki-Miyaura coupling reaction. Chapter
8 comprises of all the summaries of the importance of this current thesis which concludes all
the remarks and demonstrates the future scopes of numerous scientific findings associated with

this work.

January, 2024 Nilanjan Mukherjee
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Introduction

This thesis documenters the synthesis along with the development of different
functional polymer, block copolymer chains (N-heterocyclic polymers, acidic polymers) and
polymer brushes (neutral, quaternized, zwitterionic) grafted on different solid and porous
nanomaterial surface (silica, MOF, MWCNT) with better control over polymer architecture,
molecular weight and narrow polydispersity (D). The surface chemistry of different
nanomaterial was explored upon the grafting of polymer and block copolymer chains using
surface initiated reversable addition fragmentation chain transfer (SI-RAFT) technique. The
thesis also aims to provide deep insight towards the alteration of different physical properties
of the polymer grafted inorganic organic super hybrid materials when compared with the
pristine one. Furthermore, the challenges regarding the processability of the nanomaterials
were also addressed and mixed matrix membranes (MMMs) were synthesized from the
polybenzimidazole type oxypolybenzimidazole polymer wusing the polymer grafted
nanomaterials and utilized them as high temperature proton exchange membranes (HT-PEM).
Polymer grafted MWCNTs were further utilized to grow Pd nanoparticles without the need for

an external reducing agent and examined their catalytic activity in C-C coupling reaction.

Living radical polymerization

‘Living or controlled radical polymerization’ (CRP) or in different words ‘reversible-
deactivation radial polymerization’ (RDRP) as suggested by IUPAC is considered to be one of
the frequently reconnoitring area in polymer chemistry and material science.!™ The dynamic
equilibria in RDRP achieved in two different traditions such as (i) formation of a dormant
species by reversable deactivation of the propagating radicals which then can immediately
reactivated by a catalyst (in ‘atom transfer radical polymerization’ or ATRP) (i1) spontaneously
in the existence of an organometallic species or aminoxyl radicals (in ‘stable radical mediated
polymerization’ or SRMP). Degenerative transfer between the dormant species and the
propagating radicals occur for ‘degenerative transfer radical polymerization’ or DTRP which
includes ‘reversible addition-fragmentation chain transfer’ (RAFT) polymerization technique.
RAFT polymerization kinetics is comparable to conventional radical polymerization technique
where the external source of radicals are essential however, the presence of a chain transfer
agent (commonly known as CTA or RAFT agent) is needed to perform RAFT polymerization
technique. On the other hand, ATRP requires the presence of Cu-based catalyst and NMP
(Nitroxide mediated polymerization) which requires the presence of both nitroxide and a free

radical initiator or alkoxyamine which can serve the requirement for both. A huge number of
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publications are available to date on CRP technique but a few drawbacks are associated with
ATRP, NMP and RAFT techniques. Requirement of transition metal catalyst which can affect
the purification process of the synthesized polymer and limits the usability in pharmaceuticals.
Although the purification step is not prominent for NMP the limitation in the range of the
monomers can be effectively controlled makes it less versatile. However, RAFT
polymerization provides a vast scope towards the synthesis of homo polymer, block copolymer
and polymeric architectures with excellent control. The process can be useful for a variety of
monomer types and the control towards the polymerization process can further be enhanced by

designing a more suitable RAFT agent according to the monomer type.

RAFT polymerization

The RAFT polymerization technique, first reported by the ‘Commonwealth Scientific
and Industrial Research Organization’ (CSIRO) in 1998 and in a decade, it became the most
suitable and multipurpose method for the synthesis of living polymer materials with
predetermined molecular weight and low polydispersity (D). A RAFT polymerization process
involves the presence of a RAFT agent in very tiny amount (tenth to several mole percentage
in order to reduce the termination process®’) in a free radical polymerization process. RAFT
polymerization technique is suitable for bulk, solutions (organic or aqueous), emulsions, mini-
microemulsions, suspensions and also in ionic liquids, even it can be employed at room
temperature or even lower temperatures.® A typical RAFT polymerization process involves
five steps where the first step corresponds to the initiation step (a) where, the radical initiator
generates radicals in the reaction mixture and initiates a small amount of the monomers present
in the system to create a few growing polymer chains. Then, the initial growing polymer chains
with the active radical species reacts with the RAFT agents present in the system to produce
intermediate RAFT adduct or the intermediate radical species which further undergo S-R bond
cleavage to regenerate raft agent active structure attached with a growing polymer chain (Pn)
and produces Re (active radical). This process is well known as RAFT pre-equilibrium step. Re
(active radical) then initiates new polymer chains which is called re-initiation step. The initial
initiator concentration is intentionally kept low in order to generate most of the polymer chains
by re-initiation step. The most important step in the RAFT polymerization step is the RAFT
main equilibrium step where the growing polymer chains detach and reattach from the RAFT
agent reversibly and this step is considered to be the rate determining step. When the active
polymer chain is detached from the RAFT agent is free to undergo further polymerization with

the monomer units present in the reaction mixture. Upon recombination with the RAFT agent,

Nilanjan Mukherjee, University of Hyderabad, 2024
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it generates an active intermediate radical species (3) with two dormant polymer chains
attached on the RAFT agent. Here the attached Z group of the RAFT agent plays a crucial part
for the stabilization of the intermediate radical species. The other dormant polymer chain can
however detach from 3 to undergo further polymerization. This particular step influences the
equal distribution of the radicals amongst the active polymer chains and helps to attain better
control over the polydispersity (D) of the growing polymer chains and avoids premature
termination of the active polymer chains. However, the termination of the active radicals are
possible upon combination of two radical species such as Pne, Pme, I or Re. (Described

schematically in Scheme 1.1.)

(a) Initiation and chian growth

M M
Initiator —— 3 | — ™m° e Pn.
ki

(b) Reversible chain transfer (initialization or RAFT pre-equilibrium)
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Scheme 1.1. Mechanism of RAFT polymerization showing initiation, propagation, reversible

chain transfer, re-initiation, chain equilibration and termination steps.®’

RAFT agents

The alteration of Z as well as R group on the RAFT agent controls the activity thus
provides a huge possibility in order to design specific RAFT agents for the polymerization of
specific monomer units. Roughly, four types of RAFT agents are of particularly interesting

namely dithioesters, trithiocarbonates, xanthates and dithiocarbamates (see Figure 1.1).
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Figure 1.1. Representation of different types of RAFT agents.

The effect of different Z and R groups towards the responsiveness of the RAFT agents
have extensively been studied by numerous groups (Scheme 1.2). The acuteness of the C=S
bond is affected by Z group and the responsiveness decreases as Z= aryl> alkyl> S-alkyl> O-
alkyl> N, N-di alkyl. Dithioester and trithiocarbonate type RAFT agents are among the most
reported class of CTA or RAFT agents and are highly effective towards the polymerization
reaction involving styrene, acrylate and methacrylate type monomers but inhibit vinyl acetate
polymerization.>!* Chiefari et al. reported the value for chain transfer coefficients of RAFT
agents with varrying Z group where the R group differs between benzyl moiety and
cyanoisopropyl moiety. The chain-transfer rate declines in the order from dithiobenzoate to
trithiocarbonate to xanthate and further to dithiocarbamate type.!! The presence of two stable
canonical forms in the case of O-alkyl xanthate and N, N-dialkyl dithiocarbamate type RAFT
agents makes them less reactive (Scheme 1.4.). Furthermore, the interaction between the lone
pairs of e of the oxygen atom and the nitrogen atom, respectively, and the double bond of
thiocarbonyl group. Electron-withdrawing moiety present on the Z group strongly upsurges the
double bond character of C=S and decreases interaction between the oxygen or nitrogen lone

pairs with the C=S bond.

Free radical leaving group, R+ S  Reactive C-S double bond

R
/(\S Z (RAFT agent basic structure)
Monomer inserted into weak Z-group controls the
C-S single bond reactivity of the C-S double

bond

Block copolymer formation via RAFT polymerization process

K, moomep X . i
monomer, monomer,
R R e AT 2 e R-GIXIIAAA-§ 2

RAFT agent RAFT polymer chains ~ RT—N=N-R"

(initiator) (initiator) RAFT block copolymer chains

Scheme 1.2. Representation of the basic raft structure for the synthesis of homo polymer and
block copolymer structure.
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Scheme 1.3. representation for the selecting appropriate Z and R group in order to polymerize
the most commonly used monomers. The fragmentation rate reduces from left to right for the
R group. The fragmentation rate increases and also the addition rate drops from left to right for
the Z group. Dashed line here designates a partial control over the polymerization process (i.e.,
less control over ). Here MMA is for methyl methacrylate, St is for styrene, MA is for methyl

acrylate, AM represents acrylamide and VAc represents vinyl acetate.’
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Scheme 1.4. Zwitterionic canonical forms of xanthates and dithiocarbamates.

Being a versatile technique, a wide range of monomer type can be efficiently
polymerized using RAFT technique. From the Scheme 1.3. we can optimize the R and Z
substituent of a RAFT agent in order to polymerize the concerned monomer as the rule of
thumb suggests that, the more activated monomers (MAM) require a more activated RAFT
agent (with high transfer constant) and less activated monomers (LAM) require less activated
RAFT agent (with less transfer constant) in order to satisfy the compatibility between the
monomer and the RAFT agent. However, the problem arises during the formation of block
copolymer structure formation with a MAM and LAM units.!? The problem can easily be
addressed by using a switchable raft agent (a class of dithiocarbamate RAFT agent) where the
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Z group can act as an electron rich or electron deficient unit which helps towards the double
bond character of C=S bond can subsequently the transfer constant varies.!* This provides us
better control over the polymerization reaction while synthesizing a block copolymer chain

using both the MAM and LAMs. !#13

©
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Scheme 1.5. Representative switchable RAFT agent structure under acidic and basic

conditions.

Engineering the nano surface

Nanomaterials are identified as a particular class of compounds where the material
must have at least one dimension in the range of 1-100nm scale.'® Nanomaterials can be
synthesized and tuned in a number of possible ways in order to obtain particular shape, size,
defects etc. which effects the desired properties of the nanomaterial vastly. Nanomaterials
exhibit outstanding improvement in the physical and chemical properties when compared with
the bulk counterpart and this inherent characteristic nature makes nanomaterials particularly
interesting.!” In terms of chemical composition nanomaterials can be classified broadly into 4
category (i) purely inorganic, (ii) organic based, (iii) carbon based and (iv) composite based or
hybrid nanomaterials.'® Although nanomaterials can also be branded depending on of different
shape and sizes (i) spherical (silica nanoparticle, TiO», spherical gold nanoparticle, etc.), (ii)
sheet like (graphene, clay, MoS,, etc.) and tube or rod like (carbon nanotube, cellulose
nanotube, gold nano rod, palladium nano wire, etc.) which can be porous or nonporous in nature

and can affect the properties tremendously.!*2*
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Figure 1.2. Representative image of different nano and macro material and their size range.
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Figure 1.3. Representation of inorganic, organic, metal nanoparticles and hybrid materials.?’

However, the properties can be enhanced tremendously by combining the nano world
with the versatility of the polymer materials. A number of reports are present in the literature
providing direct proof towards the improvement of the properties of both the materials when
the nano materials were combined with the polymer material upon physical mixing. However,
there are a few drawbacks regarding the physical mixing (less uniformity, stability issue due to
the absence of covalent linkage etc.). The issue can be addressed upon synthesizing a covalent

bond between the nano surface and the polymer chains. A number of approaches are present to
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synthesize polymer chains covalently bound on the nano surface otherwise known as grafiting
of polymer chains. Surface grafting can be achieved using grafting to, grafting from or grafting
through techniques (Scheme 1.6.). A previously synthesized polymer chain is attached
covalently on the nano surface using the end groups in ‘grafting to” approach but the problem
associated with this approach is to achieve high polymer grafting density by means of steric
hindrance making the covalent bond formation less susceptible for longer polymer chains. In
the case of ‘grafting through’ approach the nano surface was modified with characteristically
vinyl groups in order to utilize the nano surface as macromonomer unit which then further
reacts with the growing polymer chains in the system upon initiation to create polymer grafted
nano surface. However, during ‘grafting from” approach the polymerization process carries out
using specific small molecules (RAFT agents, ATRP agents) upon initiation (photo initiated,
thermally initiated, enzyme initiated). ‘Grafting from’ approach is beneficial to achieve high
‘grafting density’, better uniformity and ease of polymerization and purification of the polymer
grafted nano surface. ‘Grafting from’ approach is considered to be supreme in order to achieve

tailor made architectures on the nano surface.?’

Graftlng “to” Grafting “through”
- _ g Monomer

., O

|

Initiator
Grafting “from” In situ preparation
Activated Inorganic
nanoparticle L.\'I precursor
o Monomer + o

- +O Polymer

Scheme 1.6. Schematic representation of ‘grafting to’, ‘grafting from’ and ‘grafting through’

approach.?’

Smart nanomaterials
Smart nanomaterials or intelligent materials are considered to be those particular

materials which provides a distinctive response upon stimulation with temperature, pH,
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moisture, electric or magnetic fields, reduction, oxidation, stress or chemical environment etc.?
Smart nanomaterials are considerably expanding market all over the world considering their
potential in medicinal and health care sector, pharmaceutical industries, aerospace, defence,
electronic industries, automobile and shipping industries, paints and coating industries,
protective equipment manufacturing industries and many more. Further application includes
self-healing polymers,?’ thermo-responsive materials,*® invisible inks,*' photo responsive and

switchable surface®?*3

etc. The implementation of such smart materials in different applicative
fields are wide spread. Among many different nanomaterials the utilization of silica

nanoparticle (SiNP)**38, metal organic framework (MOF)***°# carbon nanotube (CNT)*4+

48,48-51 )52755

, graphene (GO and metal nanoparticles are worth mentioning. In this thesis further
improvement of nanoparticle properties of SINP, MOF and multi walled carbon nanotube
(MWCNT) are explored upon grafting from approach using RAFT polymerization technique

in organic as well as aqueous medium.

Surface functionalization of SiNP

Monodispersed silica nanoparticle is one of the fascinating nanomaterials which
gained enormous interest among the material scientists since the discovery by Werner Stober
and the team in 1968.%° The synthesis method is simple and can be modified in order to alter
the nanoparticle size. SINP is well known for its biocompatibility, chemical as well as
mechanical stability and compatibility in different polymer media.’’ % Although, there are
issues regarding the dispersibility of SiNP in polymer matrix without polymer grafting.
Unmodified SiNP do not interact much with the matrix polymer.®* Thus, the grafiing of
polymer chains with homo polymer and block copolymer chains can provide better interaction
with the matrix polymer and results in better homogeneity and better mechanical properties.
Hyper branched and miktoarm polymer chain grafting further addresses specific processability
and stimuli responsiveness and can be utilized in serving medicinal and pharmaceutical
purposes (Figure 1.4.).°> Also fluorinated polymer grafted silica nanoparticles and silica
supported super hydrophobic membranes are reported with a high contact angle to be used as

hydrophobic coating material and can be used in surface coating purposes (Figure 1.5.).57:66:67
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Figure 1.5. Schematic representation of super hydrophobic SiNP surface.®

Surface functionalization of MOF

Metal organic framework (MOF) is an unique type of material which consists of metal
cluster or ions coordinated by organic ligands in order to form 1D, 2D or 3D structures.®®%
The inherent and permanent porosity with large internal surface area and well defined crystal
structure makes this material particularly interesting.”®’! Although the possibility of
amorphous or MOF glasses were recently published.”? Specific MOF structures can be
designed by tuning the particular metal cluster and organic linker molecules in order to
incorporate specific properties in the MOF system and to alter the porosity and crystal structure
depending on the application such as UiO type, ZIF type, MOF-74 type, MIL type etc.®®"3
Also, there are substructures of each type of MOFs by functionalizing the active functional
groups of the MOF which is well known as post synthetic modification (PSM).*"+76 The
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tuning ability of the pores, linker molecules, surface area as well as available functional groups
make MOF materials an model candidate for the application in gas adsorption, gas separation,
chiral molecule separation, guest molecule hosting, drug delivery, sensing, heterogeneous
catalysis, dye separation, light emission, data storage, lasing, proton conduction etc (Figure

1.6.).778

However, this thesis focuses on particularly UiO-66 NH» type MOF structure and tries
to improve different physical and chemical aspects upon polymer grafting in order to

synthesize MOF-polymer super hybrid material.

Tunable pores

:
s \ A i
Gas storage f X

Figure 1.6. Graphic illustration on engineering the pores and functional groups for the

development of MOF materials for different applicative fields.

Surface functionalization of CNT
Carbon nanotubes (CNTs) attracted immense curiosity of material chemists due to its
specific physical properties and versatile chemical characteristics. Since the discovery by

Sumio Iijima in 1991,% CNTs have proven their potential in many applicative fields such as

87,88 89,90 91-93

catalysis®’®® gas adsorption*’, water purification®*°, electrical and thermal conductivity
and high mechanical stability,”*. This characteristic behaviour of CNT material comes from
a number of unique physical and chemical structure such as high aspect ratio, hollow tube
structure, concentric nanotube structure which arises in case of MWCNTs, strong Sp’

hybridisation present in the core structure like graphene.”®®” Combination of such distinct
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properties has already been proven MWCNT as a special material, though several scientists are
trying to further improve the properties by chemical treatment, surface modification, uniformly
creating defects in the material and so on.***-?8-1% Conversely, there is a significant limitation
on the usage and processability of CNTs because of the presence of strong van der Waals
interaction acting upon the concentric nanotubes CNTs which makes it insoluble in almost all
the solvents and are held together tightly to form bundles and rope like aggregation in solution
and also in the polymer matrix.*$4->1:191-193 Hydrophobicity of the core material along with the
limitation to design the methodology of precisely grafting of polymer chains significantly
limits their processability as composite materials. Although, few approaches are reported in
literature to chemically modify the CNT surface for biological and other specific

applications. !0+

Single Walled CNTs, 1993

—\ Greenland Ice Core,
7990 BC

Multi Walled
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Planetary Nebula

lgneous Rocks
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Figure 1.7. Graphical representation of CNT footprints. (image source: nanowerk.com)
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Surface initiated RAFT (SI-RAFT) polymerization on different nano surface

In order to graft polymer chains on nano material surface via RAFT polymerization
technique, the nano surface needs to be modified with CTAs (RAFT agents) covalently which
can be obtained utilizing the available functional groups (by using -NH», -COOH groups of
UiO-66 NH») and in some cases the nano surface needs chemical treatment to modify the
surface accordingly (SiNP and MWCNT needs chemical modification to synthesize -NH>
groups on the surface). However, a RAFT agent can be attached on the nano surface either by
R substituent (R-group approach) where the propagating R-group is attached on the nano
surface and the Z-group is free detach or by Z substituent (Z-group approach) where the
stabilizing Z-group is attached on the surface. Although, there are a few advantages and
shortcomings associated with both the approaches (Figure 1.9.). The situation becomes
complicated in the case of trithiocarbonate type RAFT agents as there is a possibility of C-S
bond cleavage at both the ends. However, upon strategical designing the RAFT agent it is
possible to force the cleavage of C-S bond at a particular side and hence can be applied the

consequences of both the approaches.
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The propagating radicals, found at the terminal of grafted chains for the R-group
method, and the solid support is still a member of the departing R group. In this instance,
greater molecular weights of grafted polymers with high grafting densities can be obtained,
albeit probable chain coupling may cause the molecular weight distribution to be more widely
distributed.'!? The polymeric radical is constantly propagating in solution before it attaches to
the surface bounded functionality in the Z-group approach, which is more akin to "grafting to"
technique. In contrast, the surface grafted backbone stays a component of the Z-group. As a
result, these methods entail the production of linear radical chains on functional solid supports
and produce relatively monomodal molecular weight distribution with well-defined grafted
polymer chains. Because of the shielding effect, the grafting density is likely to decrease in Z-
group approach.!!’> However, the advantage of this strategy is that it produces exact living
polymer chains, easily separable among the dead materials generated in the medium by
filtration and washing, leading to the creation of clean block copolymer synthesis as opposed
to alternate CRP techniques.
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Figure 1.9. R-group and Z-group approach of SI-RAFT polymerization technique.''*

Fuel cell

Utilizing energy effectively is the most important component in determining how
sustainably a contemporary industrialized civilization will grow. Energy is a necessary
resource when human power is insufficient to operate in areas like transportation,
communication, agriculture, and industry. For a nation to grow, consolidate, advance, and
retain its culture, it needs energy. At the moment, all nations rely heavily on the generation of

energy from fossil fuels, which are not renewable energy sources.!!>!!® It is crucial to transition
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to alternative, clean, and sustainable energy sources that do not have long-term detrimental
effects on the environment in order to satisfy the energy requirements of the people, which is
expanding quickly.!'”"!'® Additionally, rising energy prices and growing energy use are
significant. A quick literature search of the Fuel cells (FCs) history reveals that these devices
have been developed around 160 years ago.!!”!?! The essential electrochemical mechanism of
fuel cells was discovered by Swiss scientists who segregated positive and negative ions on the
anode. However, fuel cells can be classified in different types depending on their structure and

the method of operation.'?? Different kinds of Fuel cells -

v’ Polymer electrolyte membrane fuel cells.
Direct methanol fuel cells.

Phosphoric acid fuel cells.

Alkaline fuel cells.

Molten carbonate fuel cells.

Reversible fuel cells.

AN N N NN

Solid oxide fuel cells.

Proton exchange membrane fuel cell (PEMFC)

In the case of PEMFC an intermediate membrane electrolyte acts as an insulator for
the passage of electrons while allowing positive ions, frequently protons, to go to the cathode.
These electrons participate in an anodic reaction on the opposite side of the membrane after
travelling through the cathode side of an electrical circuit, which produces electric current that
powers an electrochemical device. At the cathode, an exothermic reaction between the
hydrogen ion, electron, and oxygen atom results in formation of water molecules. On the anode,
hydrogen is divided into positive ions and electrons. The in-between membrane electrolyte acts
as an electron insulator while permitting the transmission of positive ions, frequently protons,
to the cathode. These electrons participate in an anode semi reaction on the opposite side of the
membrane after passing through the cathode side of an electrical circuit, which produces
electric current that powers an electrochemical device. At the cathode, an exothermic reaction
between the hydrogen ions, electrons, and O2 atoms produces water molecules. Continuous
fuel supply will result in continuous power output. shows a schematic for an operating
flowchart for a polymer electrolyte fuel cell (PEMFC).!?*124 Described in Figure 1.10. and
Figure 1.11.
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Figure 1.10. Representative diagram of PEMFC operations. (Image source: stanford.edu)

At the anode reaction: 2H>— 4H ™+ 4e (1)
At the cathode reaction: Ox+ 4H + 4¢'— 2H20 )

Overall cell reaction: 2Hx+ Ox— 2H20 + electrical energy + heat

Figure 1.11. Representation of anode and cathode reactions of PEMFC.

Polymer electrolyte membrane fuel cell

Because a polymeric membrane is employed as the electrolyte in these cells, they are
known as PEMFCs. There are numerous designations in the literature published for this kind
of fuel cells, including PMFC (polymeric membrane fuel cell) and PEFC (polymer electrolyte
fuel cell). PEMFC's polymer electrolyte membrane (PEM) is a crucial component.'? It is
essential for assessing a PEMFC's efficiency since it transports protons from the anode to the
cathode in a selective manner. In an FC, a PEM was originally used as supplementary source
of power during the ‘Gemini’ space missions in the 1960s.'!® Because of its advantages, such
as (1) high energy and power densities (ii) zero or very low emissions (iii) noiseless process
(iv) wide variety of claims vacillating from everyday devices (v) automobiles (vi) power grids

and (vii) ability to produce heat and energy at remote places, PEMFCs are now viewed as a
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viable energy source in order to develop clean and effective energy conversion technologies in
this century.'?¢ Also, several automakers have started selling green FC vehicles at competitive
pricing in an effort to appeal to the middle-class population as the global fuel cell market is
now growing quickly. As a result, tremendous efforts are being made to design and upgrade
potential polyelectrolyte materials to be used as a proton conducting polymer membrane in

PEMFCs.

H3PO4 doped PBI polymer as proton exchange membrane

In general, perfluorinated'?” molecules like ‘Nafion’ are employed as proton
transporting membranes because they have greater thermal and chemical stability under fuel
cell operation conditions and may be used safely for extended periods of time as proton
exchange membranes. However, perfluorinated polymers exhibited a low glass transition
temperature of roughly 120 °C'?% resulting in limited mechanical stability at higher
temperatures. Other disadvantages include a decrease in proton conductivity at higher
temperatures and, also very expensive. All of these disadvantages made it difficult to obtain a
steady and highly effective membrane in fuel cells. In order to address these difficulties with
‘Nafion’, substantial research is being conducted to replace perfluorinated polymers with
different membranes for fuel cells. H3PO4 doped PEMs has developed as the effective alternate
PEM for HT-PEMFC (high temperature PEM) applications. Prof. Marvel and researchers from
the University of Illinois pioneered the synthesis of polybenzimidazole, very stable at high
temperatures, has greater chemical steadiness. These polymers have a highly stable linear
structure with aromatic heterocyclic backbone (containing nitrogen or oxygen).
Polybenzimidazoles were previously employed by the United States Air Force due to their

exceptional qualities such as mechanical, thermal, and oxidative steadiness.!?%!3

Polybenzimidazoles'®! are a type of amorphous polymers with high glass transition
temperatures ranges between 290 - 350 °C. The majority of polybenzimidazole polymers
resemble strong threads with good film forming characteristics. To enhance the characteristics
of PEM, Savinell et al originally added acid doped PBI. This study has resulted in a low-cost,
high-efficiency fuel cell that is being actively investigated by various scientists in order to
attain high performance in PEMFC. Also, H3PO4 doped PBI polymers are reported by several
authors to have excellent proton conduction, low gas penetrability, oxidative as well as high
temperature durability, and a low water drag coefficient.!*? Because of the creation of 3D
network of H3POa, the membranes are amphoteric, high temperature stable, and provide low

vapour pressure at both temperature range low and high. In general, the literature proposes two
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types of proton transport systems associated which are (i) Grotthuss' proton transport

mechanism or proton hopping and (ii) Vehicular mechanism or dispersed mechanism.!33-140

Polybenzimidazole synthesis

Polybenzimidazole synthesis with higher molecular weights and solubility features (in
high polar mediums such as DMAC, DMF, DMSO, etc.) remains a concern for scientists. Many
research groups produced polybenzimidazoles for various application in the late twentieth
century, beginning in 1961. Marvel et al. created a variety of PBI structures with great thermal
and chemical resistance.!*' Several techniques for the synthesis of PBIs with various chemical
structural backbones have been devised. Polycondensation of tetraamine (TAB) and diacids

1427195 There are different types of

can be used to produce polybenzimidazoles.
polycondensation reaction techniques reported in literature such as (i) melt condensation

polymerization, (ii) solution condensation polymerization and (iii) catalytic condensation

H,N NH,
n Q O + N HOOC-Ar—-COOH
HoN NH,

TAB DCA

polymerization.

PPA, 24h
N,, 270 °C

H
N N
ik N
N N
H n
PBI

Scheme 1.7. Schematic representation of the synthesis procedure of PBI type polymer.'*

PBI membrane casting technique

By studying the nature of the PBI polymers and their solubility, various methods for
membrane casting were established. To create proton exchange membranes, three basic casting
processes were employed. Benicewiz et al. described a sol-gel technique in the manufacturing
process of PBI membranes. !¢ After polymerization in the polyphosphoric acid (PPA) medium

is complete, the viscous solution is immediately casted onto a glass plate. By collecting ambient
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moisture, the membranes were able to pass through a sol-gel transition. These membranes

demonstrated strong proton conductivities, thermal and mechanical stability.

Mixed matrix membrane preparation

The nanofiller material is dispersed in the appropriate solvent and then combined with
pure PBI polymer solution. After agitating the nanofiller-PBI polymer solution for 24-36 hours,
it is placed onto the Petri dish to dry the solvent. Since 1970s, the physical blending method has
been used to fabricate mixed matrix membranes (MMMs). The procedure of membrane casting
is identical to that of pure PBI membrane casting.'*’ The homogeneous mixing of the solution
is critical for this membrane production procedure. In general, high surface area fillers are the
most effective for the synthesis of better MMM s to be used as PEM.!*® Strong and complex
interaction patterns between the nanofiller and the membrane matrix plays a significant role in
the production of homogeneous MMMs (Scheme 1.8.).'47'3! The problem arises if the
interaction between the nanofiller material is stronger than the interaction between nanofiller
and membrane polymer which results in formation of agglomeration of nanofiller in the
composite membrane.'*> However, the problem can be addressed by the grafting of appropriate
polymer chains on the nano surface of the nanomaterial.'** The alternative method is to modify
the polymer matrix with specific chemical functionality but this may alter/hamper the polymer
properties. Upon mixing the nanofiller and the polymer material in solution state helps to create
better interaction between the nanofiller and the swollen polymer chains thus creating
interconnected network morphology to obtain improved physical properties of the MMM. The
interconnected network further helps to create proton conducting nano channels which helps

in effective proton hopping (Figure 1.12.).!%*
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Scheme 1.8. Schematic representation of the solvent casting blending method to prepare

nanocomposite membrane.

e“ 1o Y )

0 -’ -o_on
Ogs/\/N‘R,NH: H-0,

“u H'N < \0'\

06 330 'E-OH Refers to R group
HO-P-0.7 N 'y e in representation

90 “0 . B
HO-P-0.7 "\ o5l HN_ N
b ()/K/N‘R 1o,
o no-F-o. 7\ H HO-P-O,
0. OH 6@ /& 0® 8 H o
1o’ Yo ) H HO-H-O.“ 0y HO F—o\;\
n-o_ OH 0\\5/\/1\'\'{,\'". by Myg oH o Moo
HO” \\0‘\"008 H:‘\.'";\./\I}) HO~- '-[O
5SS
o o-F-on &
o\ 'OH 6 \\
rP\ 9 lil lll
HO ‘o:\ o ;& I
Mo IR0,
N "l n
(S) | I
H H i )
N o i’
R /\/4”0 "0-8-0‘" o
H,NT N 3
H = uo-l"-o,"’“\
0
©no-t-0/ 05,2°
on "ud ‘on

Figure 1.12. Representative diagram of proton transport hopping mechanism in MMM. !>
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Catalyst

Catalyst is a substance which can change the rate of a chemical reaction without being
consumed in the process. It does this by providing a different mechanism for the reactants to
follow, that has a lower energy barrier to overcome.'*> As a result, catalysts can enhance the
efficiency of chemical reactions and make them more cost-effective. They are used in various
industrial applications including production of drugs, fertilizers, fuels and plastics. Catalysts
can be either homogeneous, in the same phase as the reactants or heterogeneous, in a different
phase such as solid or gas.!*® Heterogeneous catalysts (solid) have unique properties which
make them ideal for different industrial applications.'*”"!>® One of their main benefits is their
high surface area-to-volume ratio, which allows for more access to the active sites of the
catalyst by the reactants, thus increasing reaction rates and improving product selectivity.'**-
162 Additionally, these catalysts can be easily removed after the reaction, making them easy to
handle and recover. They can also be reused multiple times, making them more
environmentally friendly and cost-effective. The ability to control and modify the reaction
condition easily makes heterogeneous catalyst ideal for fine-tuning chemical processes and
achieving desired products properties. They also contribute significantly to the development of
new catalytic materials and understanding of chemical reaction mechanisms. They are used in
various type of chemical reactions like hydrogenation, oxidation, dehydrogenation and many

more.

Suzuki-Miyaura coupling reaction
The Suzuki-Miyaura coupling is a widely used method to create carbon-carbon bonds

163 1t's one of the most versatile and

between organoboron compounds and aryl or alkyl halides.
efficient techniques for complex organic molecule synthesis. The reaction is often executed
under mild conditions, which allows a wide range of substrate compatibility and functional
group formation. It uses low temperature and a palladium catalyst that provides high selectivity
and yield. Additionally, it is compatible with a variety of halides, such as aryl and alkyl, and
has the ability to form biaryls which are present in many natural products and biologically
active compounds. This makes it widely used in the synthesis of drugs, agrochemicals, and
natural products.!®*1%> Additionally, there has been an effort to make this reaction more
environmentally friendly by developing more efficient, selective, active and recyclable
catalysts. In summary, the Suzuki-Miyaura coupling is a powerful and versatile method for the

synthesis of complex organic molecules, especially bioactive compounds, through the

formation of carbon-carbon bonds. The Suzuki-Miyaura coupling reaction mechanism
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generally comprises the following steps: (i) Initial step is the formation of a complex between
the palladium catalyst and the organoboron compound through oxidative addition of the
palladium atom to the boron atom. (ii) Nucleophilic attack of the aryl or alkyl halide on the
palladium-boron complex forms a palladium-halide bond and the liberation of a boron
byproduct. (ii1) The next step is the reductive elimination of halide ligand from the palladium
atom, resulting in the formation of a carbon-carbon bond between the aryl or alkyl group and
the boron compound. (iv) The final step is the reductive elimination or the release of the
palladium catalyst. A number of attempts were made in order to design efficient catalyst for
Suzuki-Miyaura reaction such as Pd salts coordinated in nitrogen rich polymer matrix, Pd
deposition on several nano surface.!°® However, there are scopes for the proper designing of
Pd catalyst using nanomaterial and polymer chemistry techniques in order to result high

catalytic activity without compromising on substrate scope and reusability of the catalyst.

[Pd("]
¢Activation
L Pd© Arl-x
Ar2-Ar! " L y
Oxidative Addition
Reductive
Elimination
X
(n
cis/trans ligand AP L”P‘iﬁ
isomerisation and(”)
Na .
A O Ar-B(OH),

X HO-B(OH), Transmetalation

Figure 1.13. Schematic representation of Suzuki-Miyaura coupling reaction mechanism.'®’

Aim and objective of this thesis

In this Chapter I we have discussed the general idea of CRP along with the detailed
understanding of RAFT polymerization. Also, different aspects of nanomaterials and the
surface engineering technique of different nano surface to synthesize smart nanomaterials are
explained. The idea and the detailed application of procedure of SI-RAFT technique on the
nano surface are explained to synthesize polymer grafted nano materials which can be useful
for a number of applicative fields. The strategy of synthesizing PBI based polymers and the
nanomaterial blending and casting techniques and also the benefits of mixed matrix membranes

towards the real-life applications have been demonstrated. The need for alternative energy
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source and different ways of energy harvesting with zero emission is unavoidable in the present
time. In order to, provide a better understanding of the future necessities and supply of energy
to meet the requirements fuel cell can be a perfect alternative to the conventional fuel. The
details of fuel cell application and different types of fuel cells are explained in details.
Furthermore, properly designed nanomaterials and the choice of polymer matrix can result in
the production of stable, proton conducting, robust MMMs which can be considered as an ideal
candidate to be used in PEMFC. The efficiency can further be enhanced by engineering the

nano surface and the grafting techniques.

In Chapter 2, the synthesis process of OPBI and the list of materials which were used
throughout this thesis work are mentioned. This chapter also includes different spectroscopic,
microscopic and other techniques which were used in order to thoroughly characterize the
synthesized nanomaterials which provide better understanding of the homo and block
copolymer grafted nano surface. The techniques were also used in terms of proper
characterization of the synthesized MMMs. The stability and the different physical aspects are
described in the corresponding chapters. This said chapter as a whole provides the insight of

different instrumentation techniques used throughout this thesis work.

Chapter 3 involves the synthesis of highly monodispersed silica nanoparticles (SiNPs)
and the synthesis of CPDB RAFT agent. This chapter also deals with the grafting of RAFT
agent on the SiNP nano surface and the methodology to synthesize block copolymer chains
consisting of N-heterocyclic polymer units grafted on the SiNP surface with better control over
the molecular weight and P in one-pot grafting from technique. The modified nanoparticles
were thoroughly characterized and nanocomposite membranes were prepared. The
nanocomposite membranes were characterized and tested for proton conducting abilities upon

H3PO4 doping.

In chapter 4 the synthesis of UiO-66 NH> MOF, synthesis of BSIPA RAFT gent and
surface grafting of MOF surface with the BSIPA RAFT agent (MOF-BSIPA) are explained.
MOF-BSIPA was further utilized to grow three different sets of polymer brushes consisting of
neutral, quaternary ammonium and zwitterionic units grafted MOF materials with varying
molecular weight of the grafted polymer brushes. Here, we have used aqueous SI-RAFT
grafting process to grow the polymer brushes. We have further used detachment techniques to
isolate bare polymer brushed which was detached from the MOF surface and analyzed them.

The polymer grafted MOF (PGM) samples were thoroughly characterized using different
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techniques as described in Chapter 2 and were utilized further to prepare MMMs with OPBI
polymer. The loading of PGMs were also varied to check the influence of the nanofiller
material in the membrane matrix. The MMMs were further characterized and tested for proton

conducting abilities and mechanical properties upon H3PO4 doping.

In Chapter 5 we have utilized the BSIPA RAFT agent grafted MOF (MOF-BSIPA)
material to grow polymer chains of vinyl phosphonic acid on the nano MOF surface using SI-
RAFT technique in aqueous medium. The grafted polymer chains were detached to analyze by
using GPC technique and to have a proper understanding of the molecular weight distribution
upon the utilization polymerization technique. The thorough characterization demonstrated the
presence of moisture holding capacity and nano proton conducting channel formation ability
without the need for external acid doping. The material was checked for stability under
different harsh conditions and was also utilized to check the proton conducting properties under
varying humidity conditions. This study can provide answers towards the inherent properties
and inherent proton conducting ability of the PGM sample without the support of the membrane

matrix.

Chapter 6 deals with the chemical modification of the MWCNT surface to hinder the
¢ flow and thus, can be useful for the proton conductivity applications. The MWCNT surface
was attached covalently with the synthesized BEPA RAFT agent (MWCNT-BEPA).
MWCNT-BEPA was then utilized to grow the block copolymer chains consisting of N-vinyl
imidazole (NVI) and N-vinyl-1,2,4-triazole (NVT) units with varying molecular weights of the
grafted block copolymer chains on the MWCNT surface. Here, different techniques were
utilized in order to detach the block copolymer chain from the stable MWCNT surface and
were characterized using different instrumental techniques available. The grafting of block
copolymer chains consisting of NVI and NVT units creates a gradient of different pKa values
around the block copolymer grafted MWCNTs (PGNTs) which proposes unique potential as a
nanofiller for PEM synthesis. The PGNT samples were utilized to prepare composite
membranes with OPBI polymer with varying nanofiller loading and were tested for mechanical
and proton conducting properties upon phosphoric acid doping. This approach can provide
better understanding of using the surface grafted hollow nanotubes towards the development

of nanofiller material for efficient proton conducting membranes to be used in PEMFC.

In Chapter 7 the MWCNT-BEPA was utilized to grow the polymer chains consisting

of NVI units via SI-RAFT technique and was characterized using the available instrumental

Nilanjan Mukherjee, University of Hyderabad, 2024



[Introduction] [Chapter 1]

procedures. The polymer grafted MWCNT material was further utilized to grow Pd
nanoparticles on the polymer modified MWCNT surface without the need for an external
reducing agent. The synthesized Pd nanoparticle modified polymer grafted MWCNT
(Pd@PGNT) sample were characterized thoroughly and were tested for the catalytic activity
of the synthesized Pd nanoparticles. The PGNT support can extensively increase the catalytic
properties of heterogeneous catalyst with the ability to use the catalyst repeatedly with excellent
yields. The stability of the PA@PGNT sample was checked upon utilizing the catalyst in

Suzuki-Miyaura coupling reaction.
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Chapter 2

Materials, Synthesis and Methods

This chapter describes the detailed experimental as well as synthesis procedures, all the

characterization techniques and the details of the instruments used in the working Chapters 3
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Source of materials

Benzyl bromide (97%), 2-mercaptopropionic acid (2-MPA) (=99%), a-methylbenzyl
bromide (97%), 3-mercaptopropionic acid (3-MPA) (=99%) and Carbon disulfide (CS>)
(>99%) were purchased from Sigma-Aldrich India. Tetraethylorthosilicate (TEOS, 99%), (3-
aminopropyl) triethoxysilane (APTES, 99%), 4-dimethylamino pyridine (DMAP), N-vinyl
imidazole (NVI) (99.9%), N-vinyl-1,2,4-triazole (NVT) (=97%), 4-dimethylamino pyridine
(DMAP), 2-(dimethylamino)ethyl methacrylate (DMAEMA) (98%), 2-
trimethylammonioethyl methacrylate chloride (METAC) (75 wt. % in H»O), 3-((2-
(methacryloyloxy)ethyl)dimethylammonio)propane-1-sulfonate (DMAPS) (95%), vinyl
phosphonic acid (VPA) (97%) and 1,3-dicyclohexyl carbodiimide (DCC) were purchased from
Sigma-Aldrich and used as received without any further purification except for the monomers.
Zirconium chloride (ZrCls), 2-aminoterephthalic acid (99%) were purchased from TCI
chemicals and used as received. Ammonium hydroxide (NH4OH, 28%), ethyl alcohol (EtOH,
99%), sodium bicarbonate (NaHCO3; 99%), sodium hydroxide (NaOH), potassium hydroxide
(KOH), sodium carbonate (Na>CO3), potassium carbonate (K2CO3), dry toluene (AR grade)
were purchased from Finar chemicals Ltd, India. MWCNT (type 4) purchased from Sisco
research laboratories Pvt. Ltd. N-hydroxysuccinimide (NHS) (99.8%) and N, N'-
dimethylformamide (HPLC grade) were purchased from Merck, India. 2,2'-azobis(2-
methylpropionitrile) (AIBN, 98%) and 4,4’-azobis(4-cyanopentanoic acid) (ACP, 98%) from
Sigma-Aldrich was freshly recrystallized from distilled methanol and was kept under nitrogen
for its further use. 2-bromotoluene, 3-bromotoluene, 4-bromotoluene, phenylboronic acid, 1-
naphthylboronic acid, 2-naphthylboronic acid, iodobenzene, 9-bromophenenthrene, 2-
iodobenzoic acid were purchased from Avra Scientific and used as received. 3,3'.4.,4'-
tetraaminobiphenyl (TAB), 4,4"-oxybis (benzoic acid) (OBA) polyphosphoric acid (115%)
(PPA), formic acid (99%) and ortho phosphoric acid (85%) were purchased from Merck India.
Sulphuric acid (98%), hydrochloric acid (HCI), N, N-dimethylformamide (DMF) (AR Dry),
dichloromethane (DCM), acetone and ethanol were purchased from Finar Chemicals. DDI

water was used throughout the projects.
Synthesis
Synthesis of CPDB RAFT agent and activation of RAFT agent

The synthesis of 4-cyanopentanoicacid dithiobenzoate (CPDB) was carried out

according to the methods in literature.? The activation of CPDB was carried out by using NHS
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as described elsewhere.® Briefly, CPDB (2.04 g, 7.3 mmol), N-hydroxysuccinimide (0.84 g,
7.3 mmol) were dissolved in dry dichloromethane (15 mL) and then N,N'-
dicyclohexylcarbodiimide (DCC, 1.51 g, 7.3 mmol) was added to the above reaction mixture
under nitrogen atmosphere, stirred at room temperature for 18 h in dark condition. The
insoluble byproduct was filtered, the remaining solution was concentrated and was purified by
using silica column chromatography in 4:1 (v/v) n-hexane/ethyl acetate giving crystalline red

solid (2.28 g, 83% yield).
Synthesis of BSIPA RAFT agent

BSIPA [2-(((benzylthio)carbonothioyl)thio)propanoic acid], a RAFT agent, was
synthesized using the modified literature reported synthetic procedure.* 9.42 mmol of 2-MPA,
9.42 mmol of K3PO4 and 10.4 mmol of CS> were taken in a round bottom flask having 15 mL
of dry acetone under nitrogen atmosphere. The reaction mixture was stirred under ice bath
condition for 30 min and 9.42 mmol of benzyl bromide was added slowly in the solution with
the help of a syringe. The reaction was further stirred for an hour and quenched with water.
The compound was extracted with ethyl acetate and the yellow liquid was dried under reduced
pressure. The compound was further purified using column chromatography and yellow
crystalline compound was obtained. The compound was also subjected to 'H-NMR and *C-

NMR for structural characterization (Figure 2.1).

Me CSz, K3PO4

e J

Scheme 2.1. Synthetic scheme for the synthesis of BSIPA RAFT agent.
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Figure 2.1. 'H NMR (A) and '*C NMR (B) spectra of BSIPA RAFT agent.

Activation of BSIPA RAFT agent (activated BSIPA)

According to literature reported procedure to activate the carboxylic acid group of

RAFT agents, 0.122 mmol of BSIPA, 0.183 mmol of DCC along with 0.012 mmol of DMAP
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were taken in a round bottomed flask filled with 20 mL dry DCC under N; atmosphere. The
reaction was kept at 0 °C for 15 minutes and then slowly added 0.159 mmol NHS dissolved in
5 mL dry THF. The reaction was continued at 0 °C for 18 h and then the reaction mixture was
kept in refrigerator for overnight which helps to precipitate out excess DCC from the solution.
The reaction mixture was filtered out in cold condition to remove solids from the reaction
mixture and purified using column chromatography. The purified activated BSIPA was then

used for further reaction.
Synthesis of BEPA RAFT agent

BEPA [3-((((1-phenylethyl)thio)carbonothioyl)thio)propanoic acid] RAFT agent was
synthesized (Scheme 2.2) using the modified literature reported synthetic procedure.* 9.42
mmol of 3-MPA, 9.42 mmol of K3PO4 and 10.4 mmol of CS, were taken in a round bottom
flask having 15 mL of dry acetone under nitrogen atmosphere. The reaction mixture was stirred
under ice bath condition for 30 min and 9.42 mmol of a-Methylbenzyl bromide was added
slowly into the solution with the help of a syringe. The reaction was further stirred for an hour
and quenched with water. The compound was extracted with ethyl acetate and the yellow liquid
was dried under reduced pressure. The compound was further purified using column
chromatography and the yellow crystalline compound was obtained. The compound was also
subjected to '"H-NMR, '3C-NMR, HRMS (Figure 2.2) and FT-IR (Figure 2.3) studies for

structural characterization.

o CS
Br Hs/\)j\o’ 2 - H‘o’u\/\le\s

H =
Acetone, K;PO,

Scheme 2.2. The synthetic scheme for the synthesis of BEPA RAFT agent.
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Figure 2.2. '"H NMR (A), >*C NMR (B) spectra and HRMS data (C) of BEPA RAFT agent are

represented.
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Figure 2.3. FT-IR spectrum of BEPA.
Synthesis of activated RAFT agent (BEPA-NHS)

To activate the carboxylic acid group of RAFT agents, 0.122 mmol of BEPA, 0.183
mmol of DCC along with 0.012 mmol of DMAP was taken in a round bottom flask filled with
20 mL dry DCC under N> atmosphere. The reaction was kept at 0 °C for 15 minutes and then
slowly added 0.159 mmol NHS dissolved in 5 mL dry THF. The reaction was continued at 0

°C for 18 h and then the reaction mixture was kept in the refrigerator overnight which helped
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to precipitate out the excess DCC from the solution. The reaction mixture was filtered out in
cold condition to remove solids from the reaction mixture and was purified using column
chromatography (Scheme 2.3). The purified activated BEPA (BEPA-NHS) was then used for

further reaction.

o
s 0 s o
)]\ |(| DCC, DMAP )J\ |(| !
—_—
S s” " on DCM s 7 NS No”
O o)

BEPA BEPA-NHS
N=—OH

(o]
(NHS)

Scheme 2.3. The synthetic scheme to synthesize activated BEPA RAFT (BEPA-NHS) agent.
Synthesis of nanoparticles

Synthesis of silica nanoparticle (SiNP)

The widely adopted Stober method was used to prepare SiNPs from TEOS by way of
a hydrolysis and condensation reaction.’ Briefly, the method is as follows: ammonium
hydroxide (28 wt% in water, 10 mL) and ethanol (400 mL) were added to a 1000 mL round
bottomed flask at room temperature. To this tetraethylorthosilicate (TEOS, 10 mL) and HPLC
water (10 mL) were added dropwise under vigorous stirring. After stirring for 24 h at room
temperature, the formed SiNPs were isolated by using centrifugation method at 10,000 rpm for
30 min. The sediments were then re-dispersed in ethanol (one time) and water (3 times)
followed by centrifugation at a rate of 10,000 rpm for 30 min, respectively. The obtained SiNPs
were dried under vacuum at 50 °C for 48 h. The yield obtained was 3.2 g.

Synthesis of amine modified SiNP (SiNP-NH2)

The above synthesized SiNPs (3 g) were transferred into a round bottom flask
containing dry toluene (70 mL) and was dispersed by using ultrasonication for 45 min, followed
by the dropwise addition of (3-aminopropyl) triethoxysilane (APTES, 0.4 mL, 1.7 mmol) under
vigorous stirring in presence of N> atmosphere and the reaction is continued for 24 h at 90°C.
After the reaction, the reaction mixture was cooled down to room temperature and the reaction
mixture was precipitated in hexane (300 mL). The amine functionalized SiNPs were then
isolated by using centrifugation at 5000 rpm for 30 min. The sediments were re-dispersed in

acetone and isolated by centrifugation at 5000 rpm for 15 min. This purification cycle was
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repeatedly done for three times. The obtained amine modified SiNPs (SiNP-NHz) were dried
under vacuum at 70 °C for 48 h and the mass obtained was 2.85 g (95% yield) (Scheme 2.4).

Modification of SiNP surface with RAFT agents

The surface modified SINP-NH» (SiNP-NH,, 2.75 g) were dispersed in 50 mL dry
THF and subjected to ultra-sonication for 30 min followed by nitrogen bubbling for 20 min
while stirring. To this activated CPDB (CPDB-NHS, 0.5 g, 1.3 mmol) was added under stirring
and the mixture was stirred for 24 h at room temperature by closing the reaction vessel with
aluminum foil. After the reaction, the reaction mixture was precipitated from 4:1 mixture of
cyclohexane and diethyl ether (400 mL) and isolated by using centrifugation (7000 rpm) for 20
minutes. The sediments were redispersed in THF followed by the precipitation from 4:1
mixture of cyclohexane and diethyl ether (400 mL) and isolated by using centrifugation (7000)
rpm for 20 minutes for purification. This purification cycle was repeated four times and the
obtained RAFT functionalized SiNPs were dried under vacuum at 50 °C for 24 h, and 2.45 g
(89% yield, called as SINP-CPDB) sample was collected (Scheme 2.4). The relative grafting
amount of RAFT (CPDB) agent which is covalently attached on the SiNPs was estimated by

using TGA analysis and is discussed in the results and discussion section of Chapter 3.

OH EtO

HO OH EtO-Si\_~_NH,
HO OH EtO
—_—
OH
HO 6n Toluene ” s
o NH S
24 h at 90°C 2 chy, \\"'/N?(CHas
SiNP HaN s NH
Amine functionalized SiNP “
o He OH
HO OH
Dry THF HO

24h, room temp
NH
HiC >f_"/"<o NC~g

o] s
¥NC, CHs OH  DCC,DMAP SNC CH;3
Sx/\rr NHS, DCM Sx/\rrN
R EE—
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CPDB CPDB-NHS E:v i
3K =CPDB attachment on SiNP CPDB modified SiNP

Scheme 2.4. Schematical representation of SiNP synthesis, amine modification of SiNP,

CPDB RAFT activation and attachment of RAFT agent on SiNP surface.
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Synthesis of UiO-66 NH: MOF

Synthesis of UiO-66 NH2 MOF was adapted from the works of Farha and co-workers.®
UiO-66 NH> MOF was prepared using 5.4 mmol of ZrCls which was dissolved in 50 mL DMF
in the presence of 10 mL concentrated HCl by sonication. Then 7.5 mmol of 2-
aminoterephthalic acid (BDC-NHz) was added along with 100 mL of DMF. The reaction
mixture was then kept at 80 °C temperature for 24 hours in a sealed Teflon capped container.
After slow cooling of the reaction vessel over a period of 6 hours, the reaction mixture was
filtered and washed thoroughly. Then, the crude UiO-66 NH> MOF was stirred in dry ethanol
for 72 hours to remove absorbed DMF molecules and dried prior to further characterizations

(Scheme 2.5).

H,N

DMF, HCI
ZrCl, + HOOC COOH ——m»
Heat

Ui0-66 NH, MOF

[ © = Zrs metal nodes ]

Scheme 2.5. Schematic representation of the synthesis of UiO-66 NH> MOF.
Attachment of activated BSIPA on UiO-66 NH2 MOF surface (BSIPA-MOF)

Attachment of activated BSIPA RAFT agent on the surface of UiO-66 NH> was
achieved by utilizing the free amine functionality present on the MOF surface arising from the
BDC-NH> linker. UiO-66 NH; (300 mg) in 200 mL dry THF under N atmosphere and
activated BSIPA (30 mg, 0.081 mmol) in dry THF were added in the dispersion slowly and
was allowed to stir under dark condition for 18 hours at room temperature. After completion
of 18 hours, covalently attached BSIPA RAFT agent on the surface of UiO-66 NH, (MOF-
BSIPA) was separated from the reaction mixture using centrifugation at 13000 rpm for 10
minutes. Followed by re-dispersion of the collected material in dry THF and centrifuged again
to separate from the dispersion. The step was repeated thrice with a final re-dispersion and
washing with dry acetone to separate all the unbound RAFT agents from the MOF. The MOF-

BSIPA was dried under vacuum at 50°C for 24 hours before any further characterization.
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Synthesis of MWCNT-COOH and MWCNT-NH:

To obtain synthetically modified polymer grafted MWCNT (PGNT1, PGNT2,
PGNT3) compounds first, carboxylic acid group modified MWCNT (MWCNT-COOH) was
prepared from MWCNT using Hammer’s method.” In a typical synthesis procedure 0.4 g of
MWCNT was dispersed in 500 mL mixture of HoSO4 / HNO; (3:1, v/v) at 50 °C for 24 hours.
The black solid which was obtained upon filtration was washed several times with distilled
water until the traces of H2SO4 and HNO3 were removed from the black solid and dried under
vacuum for 24 hours at 80 °C. Acid functionalized MWCNTs (MWCNT-COOH) were further
functionalized with amine functionality (MWCNT-NH;) using ethylene diamine (EDA) in
presence of DCC-DMAP as described by Yuen et. al.’

Attachment of BEPA-NHS on MWCNT-NH: surface to make MWCNT-BEPA

Attachment of BEPA-NHS RAFT agent on the surface of amine modified MWCNT
(MWCNT-NH2) was achieved by dispersing MWCNT-NH> (300 mg) in 200 ml dry THF under
N> atmosphere and the BEPA-NHS (50mg) in dry THF was added drop wise in the dispersion
and was allowed to stir under dark condition at room temperature for 18 hours. After the
completion of 18 hours, the MWCNT with covalently attached BEPA RAFT agent MWCNT-
BEPA) was separated from the reaction mixture using centrifugation at 13000 rpm for 10
minutes. Then, the collected black coloured MWCNT-BEPA was re-dispersed in dry THF and
was then centrifuged to separate from the dispersion. This step was repeated thrice to separate
the unbound RAFT agents. The MWCNT- BEPA was dried under vacuum at 50°C for 24
hours. The characterization of this newly developed material MWCNT-BEPA has been

discussed in result and discussion section of the chapter 6.
Detachment of grafted polymer chains from polymer grafted nanoparticles
Removal of SiNP core from BC-g-SiNP to analyse the bare polymers

Cleavage of the polymer chains from the polymer grafted SiNP was carried out
according to the similar procedure as described elsewhere.®® In a polyethylene tube, the pNVI-
b-pNVT-g-SiNP (50 mg) was dispersed into 6 ml of methanol. In this solution, aqueous HF
(48 wt%, 1.5 mL) was added, and the reaction mixture was stirred at room temperature for 12
hours as shown in the Scheme 2.6 below. After completion of the reaction, the excess HF was
neutralized with NaHCOj3 solution and the polymer was extracted with methanol. The polymer

was precipitated by adding the polymer solution in an excess of dry acetone and then the
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precipitate was recovered by filtration. The bare polymer chain obtained through precipitation
was dried inside a vacuum oven at 80°C for 24 hours. The recovered bare polymer chains were
then subjected to gel permeation chromatography (GPC) analysis for molecular weight
determination.

.

L &

SiNP
J —_——————
Room temp, 12h

N2 s = Aquous HF
P 8 % MeOH
T &
J(._-:.\'

‘ '\,v;:\:‘\\,‘. - N

B\ 1=
— N\
& oA
~

Polymer grafted on SiNP surface Bare polymer chains in solution

Scheme 2.6. Removal of silica core by treating polymer grafted SiNPs with aqueous HF.
Removal of grafted polymer chains from MOF core

Detachment of the polymer brushes from the MOF core was achieved by using
aqueous HF acid solution which helps to break down the framework structure. The polymer
grafted MOF (PGM) samples were subjected to dilute HF solution in PTFE vials. Upon
digestion the solid residue was removed using centrifugation technique and the supernatant
was further purified to obtain bare polymer chains. The bare polymer chains which were
detached from the MOF surface were dissolved in HPLC water and the molecular weight was
determined by gel permeation chromatography (GPC) technique using PEG/ PEO as standards
and eluted in HPLC water at a flow rate of 0.5 mL/min at 30 °C on a GPC (Waters 515 HPLC)
fitted with Waters 2414 refractive index detector and using Ultrahydrogel 250 Water column.

Aqueous HF

Polymer grafted MOF Bare polymer chains
(PGM)

Scheme 2.7. The schematic representation for the detachment of grafted polymer brush from

the surface of MOF.
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Detailed procedure for the removal of the polymer chains from polymer grafted
MWCNT samples are discussed in detail in the respective Chapter 6, Chapter 7 and the

respective Appendix sections.

Synthesis of OPBI polymer

According to the literature reported procedure!®!?, equimolar amounts of

3,3'diaminobenzidine and 4,4'-oxybis(benzoic acid) (OBA) along with the required amount of
polyphosphoric acid (PPA) were placed in a three-necked round bottom flask. Then the
reaction mixture was subjected to mechanical stirring with an overhead stirrer at 60 rpm in the
presence of nitrogen gas purging to maintain inert atmosphere. The polymerization reaction
was carried out at 190-220 °C for about 24-26 h. Thereafter, the reaction mixture was poured
into the distilled water where the polymer melt gets isolated as brown fibrous mass. Then, the
fibrous mass was neutralized with sodium bicarbonate, washed thoroughly with DDI water and
then finally dried in a vacuum oven at 100 °C for 24 h to obtain dry OPBI powder. The inherent
viscosity (I.V.) of the poly (4,4'-diphenyl-5,5'-bibenzimidazole) (OPBI) polymer was measured
at 30 °C. The obtained 1. V. value of the synthesised OPBI is 2.12 dL/g.

Synthesis procedures for all the other materials used and nanocomposite preparation

procedures are described in details in the respective Chapters and its Appendix section.
Experimental methods
FT-IR study

FT-IR spectra of the samples were recorded on an iD7 ATR Thermo Fisher Scientific-
Nicolet iS5 instrument. The sample was directly put on the sample holder without any

modification and collected data for 32 scans.
TH-NMR, 3C-NMR, *'P-NMR study

The samples were dissolved in CDCl3, DMSO-Ds or D0 in order to analyze using
Brucker 500 and 400 MHz Spectro meter. The collected data was analyzed using MestReNova

software and fitted in order to isolate the compound peaks and solvent peaks.
X-ray studies (PXRD)

All the membranes and the powder samples were subjected to PXRD studies and the
data were collected in a Bruker Dg Advance powder diffraction apparatus. The samples were

placed on a glass slide and the diffractograms were recorded with Cu Ka radiation (A = 1.5406
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A) operated at 40 kV and 30 mA current in the angular range (20) of 5 to 60° at a scanning rate

of 1°/1.2 minutes.
Field emission scanning electron microscope (FESEM) study

The morphology, mapping and the EDX data of all the powder samples and composite
membranes along with the pellets were evaluated by using a field emission scanning electron
microscope (FESEM) (Model: Zeiss Merlin Compact). The powder samples were dispersed in
dry ethanol by using sonication and drop casted on a clean piece of glass slide. The slides were
dried at 70 °C overnight to remove the solvent traces from the sample cavity and were gold
coated before analysis. The FESEM cross section morphology of the membrane samples were
done by breaking the membranes in liquid nitrogen medium. Samples were gold coated before

imaging in FESEM.
Transition electron microscopy (TEM) study

Transmission electron microscopy (TEM), EDX and mapping studies were conducted
on JEOL (JEM Model No. F200) TEM machine at an accelerating voltage of 200 kV. The
nanoparticles, polymer modified nanoparticles, composite membrane samples were prepared
by placing a drop of the sample dispersed in ethanol or DMAC on the carbon coated side of
the copper grid (200 mesh) and were dried overnight in an oven. The composite samples were
prepared by placing a drop of formic acid dispersed polymer grafted nanoparticle@OPBI

solution on carbon coated side of the copper grids (200 mesh).
Atomic force microscopy (AFM) study

Atomic force microscope (AFM) images of the samples were acquired from Oxford
Asylum Research AFM instrument model MFP-3D Origin. 1 cm x 1 cm piece of completely
dried membrane samples were cut and was glued on a glass substrate by using a double-sided
carbon tape and was mounted on the AFM instrument. These samples were scanned in AC air
topography mode with a microcantilever spring at a constant scan rate of 0.30 Hz and 256
points per line with a scan size of 5 um. The collected data was analyzed using Asylum

Research Igor pro version 6.3 software.
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RAMAN study

Raman spectral analysis of the samples were performed on a WITec model Alpha 300
R. 405 nm laser was used as the excitation source in Raman microscope. The laser intensity

was maintained constant for all the samples
Thermogravimetric study analysis (TGA)

Thermogravimetric analysis of all the oven dried powder samples, nanocomposite and
phosphoric acid doped membranes were carried out on Q500 TA Instruments, USA from 30 to
700 °C with a scanning rate of 10 °C/min in the presence of nitrogen flow. All the membrane
samples were kept in isothermal condition at 100 °C for 30 minutes under N> atmosphere in
order to get rid of surface adsorbed moisture molecules. The samples were then cooled to room

temperature under N> atmosphere and recorded TGA data.
Dynamic mechanical analyzer (DMA) study

The mechanical properties of all the membranes were studied by using a dynamic
mechanical analyser (DMA model Q-800). The loaded membranes dimensions were around 30
mm X 7 mm % 0.02 mm (L x W x T) and clamped on the films tension clamp of the pre-
calibrated instrument. The samples were annealed at 400 °C for 15 minutes and were then
scanned from 100 °C to 400 °C with the heating rate of 4 °C/min. The storage modulus (E'),
loss modulus (E") and tan 6 values were measured at a constant linear frequency 10 Hz with

constant preloaded force of 0.01N.
Tensile stress-strain studies (UTM analysis)

The tensile strength measurement (stress-strain profile) of all the doped OPBI and
nanocomposite membranes were obtained from the universal testing machine (UTM,
INSTRONS5965). 100 mm x 10 mm x 0.1 mm size PA doped films were used for this
experiment. For each sample, at least for three times the measurements were carried out to
check the reproducibility. Tensile stress and elongation at break values of the PA loaded

nanocomposite membranes were obtained from the stress-strain plot.
Gel permeable chromatography (GPC)

Molecular weights (M.W.) and polydispersity index (D) of detached polymers, which
were obtained after detaching the polymer chains from the SINP, MOF or MWCNT core was

achieved by using aqueous HF treatment or Aminolysis treatment in appropriate solvent
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(discussed in the respective Chapters and the Appendix section). The solid residue was
removed using centrifugation technique and the supernatant was further purified to obtain bare
polymer chains. The water-soluble bare polymer chains were dissolved in HPLC water and the
molecular weight was determined by Gel permeation chromatography (GPC) technique using
PEG/ PEO as standards and eluted in HPLC water at a flow rate of 0.5 mL/min at 30 °C on a
GPC (Waters 515 HPLC) fitted with Waters 2414 refractive index detector and using
Ultrahydrogel 250 Water column. The N-heterocyclic polymer chains were dissolved in
DMF/LiBr, were injected in gel permeation chromatography (GPC) and molecular weight was
measured by using polystyrene standards and eluted in DMF/LiBr as an eluent at a flow rate
0of 0.4 mL/min at 30 °C on a GPC (Waters 515 HPLC) fitted with Waters 2414 refractive index
detector and using Styragel HR 4 DMF column.

Column chromatography

The products obtained upon Suzuki-Miyaura catalysis reaction were purified by
column chromatography technique using hexane and ethyl acetate mixture as eluent. The
polarity of the eluent was increased gradually to isolate the product molecules from the reaction

mixture.
Dynamic light scattering (DLS) study

Particle size measurements of water dispersed nano material samples were performed
using a Zetasizer Nano S90 (Malvern Instruments, Germany) operating at 4mW He-Ne laser

with 633nm wavelength at 25°C.
Zeta potential measurements

Zeta potential for all the samples were measured using a Horiba Scientific nano partica
nano particle analyzer SZ-100 instrument. All the nanoparticles were dispersed in two different
solvents namely milliQ water and 98 % formic acid solution and were sonicated for 5 minutes

and the measurements were taken.
Dynamic vapor sorption (DVS) study

The dynamic vapor sorption (DVS) was measured for the nano materials (dry powder

samples) were taken using TA instrument model Q5000 SA.

Nilanjan Mukherjee, University of Hyderabad, 2024



[Materials, Synthesis and Methods] [Chapter 2]

Brunauer-Emmett—Teller (BET) study

BET experiments of the nano material and polymer grafted samples were conducted
in Autosorb 1Q (Quantachrome ADIQC0000-4) using nitrogen as the adsorbing gas. Samples
were activated and degassed at 100 °C under vacuum for 24 h prior to N> sorption analysis.
The temperature for adsorption measurements (77 K) was controlled by using the refrigerated

bath of liquid nitrogen.
Viscosity measurement

The inherent viscosity (I.V.) of the poly (4,4'-diphenyl-5,5'-bibenzimidazole) (OPBI)
polymer was measured at 30 °C in water bath with the help of Cannon (model F725) Ubbelohde
capillary dilution viscometer and the 1.V. values were calculated from the flow time data. A
solution of OPBI in H>SO4 was used for the viscosity measurement. The concentration of the
OPBI solution in H>SO4 is 0.2 g/dL. The obtained I.V. value of the synthesised OPBI is 2.1
dL/g.

PA doping level, swelling ratio, water uptake

Three similar size pieces of the OPBI and PGNT-@OPBI membranes were made from
the formic acid and were immersed in the phosphoric acid for 5 days. After that the doped
membranes were wiped with the filter paper and transferred to 50 mL water and then were
titrated against 0. 1N sodium hydroxide (NaOH) by using an Autotitrator (Model Metrohm702).

The phosphoric acid content was calculated as the number of PA moles per PBI repeat unit.'?

Swelling ratio of the membranes were calculated from the following equation.

%Swelling Ratio = L“’L;Ld X 100% (1)

d

Where, L., and Ls are the length of the wet membranes and dry membranes,

respectively.

Swelling ratio of the membranes were calculated from the following equation.

%Water uptake = % X 100% (2)

d

Where, W,, and W, are the weight of the wet membranes and dry membranes,

respectively.
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Phosphoric acid leaching studies

Phosphoric acid leaching or in other terms phosphoric acid retention studies were
performed using a setup where the phosphoric acid doped membranes were hung under a
inverted funnel, over a boiling water bath. The boiling water vapour mimics the harsh humid
and high temperature conditions and the inverted funnel allows more water vapour retension
around the membrane and to form water droplets which may further enhance the leaching of

doped acid molecules as shown in the Figure 2.1.

COVER TO RETAIN
WATER VAPOUR

-~ > MEMBRANE

BOILING WATER BATH

Figure 2.4. Schematic representation of the setup for the phosphoric acid leaching study.
Proton conductivity studies

Proton conductivity was carried out by four probe impedance analysis by using
Autolab Impedance analyser (PGSTAT302N) over a frequency range from 1 Hz to 100 KHz.
The phosphoric acid doped composite membranes were cut in rectangular shape and were then,
kept sandwiched between the two Teflon plates with four platinum electrodes. Two outer
electrodes (1.5 cm apart) supply current to the cell while, the two inner electrodes 0.5 cm apart
on opposite sides of the membrane measure the potential drop. At first, the surface PA of the
membranes were wiped out carefully and fitted into the conductivity cell. Then, the whole

conductivity cell set up was kept in a vacuum oven to measure the temperature dependence of
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the proton conduction. The conductivity cell was placed in a vacuum oven at 100 °C for 2h to
avoid the conduction due to the presence of water molecules. The conductivities of the
membranes were measured from room temperature to 180 °C at an interval of 20 °C. At every
temperature jump, the sample was kept for 30 minutes to attain isothermal equilibrium and then
the measurements were recorded. The conductivities of the membranes were calculated from

the following equation:

® = RBL )
Where, D is the distance between the electrodes (here it is 0.5 cm), B is the

thickness of the membrane, L is the width of the membrane and R is the bulk resistance

obtained from the Nyquist plot.
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Figure 2.5. Schematic representation of the four electrode set up which was used for al the

proton conductivity measurements of the membranes.'*
Proton conductivity measurements for pellets

Electrochemical impedance spectroscopy (EIS) was conducted using an Ametek

(PARSTAT MC) electrochemical workstation operated with VersaStudio software.

Electrochemical impedance measurements were performed using a 2-electrode setup
in parallel plate mode. A similar protocol for sample preparation and experimental setup were

followed for all the samples as reported earlier.

The MOF (approximately 400 mg) was powdered and pelletized as a sandwich
between two carbon wafers, using a custom-made pellet maker die, using a hydraulic pressure
of 2 tons for 2 minutes. After the pellets were prepared, they were checked for any cracks or

breakage (Figure 2.6). The thickness of the pellets was then measured carefully using a screw

Nilanjan Mukherjee, University of Hyderabad, 2024



[Materials, Synthesis and Methods] [Chapter 2]

gauze. To determine the thickness of each pellet, three readings from screw gauze were
averaged to minimize the manual error. The use of pellet maker die ensures that all the pellets
have identical diameter. As the same pellet-maker die and same electrodes were used for all
the samples, thus equal surface area of contact between the sample and the electrodes should

be achieved.

The pellet was then placed between the two electrodes such that, the carbon wafers of
the pellet were in contact with each of the stainless-steel plates of the two electrodes (Figure
2.7). This electrode setup was then placed in a double-walled incubating chamber maintaining
the required humidity and temperature. The inner chamber of the incubator maintains the
required temperature by circulating hot air. And the humidity is maintained by a separate flow

of water vapor inside this chamber (Figure 2.8).

The impedance spectra were recorded at the open circuit potential for each sample,
using a sinusoidal signal of amplitude 5 mV. The frequency was swept from 1 MHz to 1 Hz.
Before any measurement at a given temperature and relative humidity (RH), the sample pellet

was kept for two hours to equilibrate.

Diameter

2 / Carbon coating

I Thickness

Sandwiched
sample

Figure 2.6. Representative image of the pellets prepared.
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Figure 2.7. Schematic diagram of the two-electrode setup used for the proton conductivity

experiment.

Figure 2.8. picture of the two-electrode setup inside humidity chamber.
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Chapter 3

Block Copolymer Grafted Silica
Nanoparticles: Designer Nanofiller for
Improving Proton Exchange Membrane
Properties
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Abstract

Though surface functionalized silica nanoparticles (SiNP) have gained immense
attention as an efficient nanofiller in improving proton exchange membrane (PEM) properties
but there are lot more which can be done on the SiNP surface to prepare smart nanofiller for
further improvement in the PEM performance. SiNP surface functionalized with the suitable
polymers consisting of similar chemical functionalities of the pristine polymer with which
nanocomposite is to be made, can create a drastic enhancement in the properties of the
nanocomposite PEM. Herein we report, the development of the block copolymer grafted SINP
(BC-g-SiNP) as functional nanofiller which was further solution blended with
oxypolybenzimidazole (OPBI) to prepare nanocomposite based PEM. Block copolymer chains
comprising of poly (N-Vinyl imidazole) (pNVI) and poly (N-Vinyl-1,2,4-triazole) (pNVT)
were grown on the polymerizable SiNP surface using grafting-from RAFT polymerization in
one pot process. Two series of BC-g-SiNP namely pNVI-b-pNVT-g-SiNP and pNVT-b-pNVI-
g-SiNP were synthesized by altering the polymer chain grafting sequence. In addition, the chain
length of each block was altered to obtain series of BC-g-SiNP so as to understand the effect
of chain sequence and chain length on the properties of nanofiller and their influence in altering
the PEM properties. The block copolymer structure, chain sequence and chain length were
confirmed by means of NMR and GPC analysis of the cleaved copolymer chains. The BC-g-
SiNP displayed core-shell morphology, where the thickness of the shell alters as the chain
length and sequence of the grafted chain vary. OPBI/BC-g-SiNP hydrid nanocomposite
membranes having different wt% of nanofillers were loaded with phosphoric acid (PA) to
produce PEM. The nanocomposite PEM displayed very high thermal, mechanical and chemical
stabilities along with proton conductivity as high as 0.278 S cm™ at 180°C in case where OPBI
was blended with 3wt% of P6 [pNVTos-b-pNVIss-g-SiNP]. A very clear-cut dependence of
PEM properties was observed on the architecture such as chain length, chain sequence etc. of

the grafted block copolymers.
Introduction

In order to meet the increasing demand of the non-conventional energy sources over
conventional resources, development of efficient polymer electrolyte membrane (PEM) for the
use in fuel cell has become subject of immense interests among polymer chemists.!> Majority
of the well-researched PEMs encounter a number of serious problems which includes decrease

in conductivity at higher temperature, low mechanical strength, weaker thermal and chemical
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stabilities, low phosphoric acid (PA) loading and high leaching of PA in case of
polybenzimidazole (PBI) based PEM.*” Several studies showed that nitrogen containing
heterocyclic compounds can play an effective role in alleviating the concerns raised above
owing to stable basic heterocyclic rings and ability to form strong interactions with PEM
forming polymers.®!! It has also been reported widely that polymers consisting of N-
heterocycles can efficiently execute the acid-base complexes with the complementary

molecules / polymers and hence, resulted efficient materials for the use in various fields.!* !¢

Polymers containing imidazole and triazole rings are being mostly used to prepare

1719 but it has been also observed that polymerization of imidazole and triazole

blend materials
ring containing monomers are tricky. Controlling the polymerization of N-vinylic monomers
which contains heterocyclic rings such as N-vinyl imidazole, N-vinyl triazole are challenging
as propagating N-vinyl radicals present in the polymerization are highly reactive and unstable
owing to the absence of resonance stabilization and thereby propagating radicals are

t20

responsible not only for chain transfer but also for chain termination event.”” Therefore, it is an

important task to get control over the polymerization of these N-vinylic monomers.

In the last few years, the combination of the surface initiated polymerization and the
controlled polymerization techniques has become a very useful tool to design the surface
functionality with the desired properties.?'?® Among such approaches, the surface initiated
reversible addition-fragmentation chain-transfer (SI-RAFT) polymerization has become a
promising one because of its ability to polymerize a wide range of vinyl monomers containing
different functionality, high precision over grafted polymers and easy functionalization of the
end group of polymer chains.?’ 33 Despite many useful functional characteristics and properties
of N-vinyl-1,2,4-triazole (NVT) units, the research on NVT based monomers through RAFT
polymerization technique are very limited. Fouillet et al. has used NVT to prepare protic ionic
liquid monomers and synthesized polyampholytic copolymers via RAFT polymerization.>*
Mori et al. has presented the controlled synthesis of the four-arm pNVT stars and amphiphilic
star block copolymers by RAFT polymerization using the xanthate-type tetrafunctional chain
transfer agent (CTA).>> K. Nakabayashi et al. has introduced RAFT polymerization of a new
family of triazolium based monomers and successfully exploited in the preparation of novel
1,2,4-triazolium salt-based polymers and block copolymers having well-defined self-
assembled structures.*® Unfortunately, no reports were found where SI-RAFT polymerization

techniques were used to prepare NVT based polymer over SiNP surface.
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There are substantial number of reports where, NVT monomer has been polymerized
in several different ways and has also been extensively used as potential candidate in a number
of electro chemical and energy applications.’”** Vestergaard et al. reported that the molten
mixture of 1,2,4-triazolium chloride-aluminium chloride can be used as secondary battery
electrolyte which produced conductivity values between 4.02x107 and 7.78x102 S cm™ for a
wide range of temperature (-31°C to 123°C).*! Luo et al. has demonstrated that, the use of
1,2,4-triazolium methane sulfonate results in high ionic conductivity of 0.149 and 0.128 S cm’
I'at 200 °C.* Sen et al. has used pNVT blended with Nafion to produce PEM with temperature
stability up to 220 °C.!7 It has also been suggested by Zhou et al. that the presence of several
proton-carrying isomers in case of triazole ring containing systems, the proton conductivity
largely differs than imidazole ring containing systems.*¢ Therefore, triazole ring containing

membranes are of special interest for the enhancement of PEM performance.*’

A quite good amount of research articles have been appeared in the recent past in
which imidazole and triazole based compounds / polymers are blended with polybenzimidazole
(PBI) to develop high temperature PEM. Meanwhile, many research groups have also tried to
improve the PBI based PEM properties by incorporation of MOF, clay, silica and other
nanofillers.*>* Among various nanofillers, surface functionalized SiNP appeared to be the

most suitable in improving PBI based PEM performance.?%>4+38

In this work, our idea is to combine the properties of both imidazole and triazole based
polymers grafted on to the surface of SiNP to yield a better hybrid nanofiller for developing
PEM from PBI based nanocomposites. To do so, we have grafted a series of block copolymer
consisting of pNVT and pNVI on the SiNP by using SI-RAFT grafting from approach with
varying block sequence and molecular weights. After that these nanofillers were mixed with
OPBI polymer through the solution blending method in different weight % to produce
nanocomposite membranes. All the synthesized BC-g-SiNP were thoroughly characterized
using NMR, GPC, TEM, SEM and DLS. Nanocomposite membranes were tested for their
proton conductivity at different temperatures in anhydrous condition, acid holding capacity,

mechanical strength, thermal and chemical stabilities.
Experimental Section

Source of the materials, synthesis of the SiNP, preparation of amine modified SiNP,
RAFT agent synthesis, activation of RAFT agent, attachment of it on the surface of SiINP were
reported by our group previously®® and are described briefly in Chapter 2 and Appendix I.
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We have used 4-cyanopentanoicacid dithiobenzoate (CPDB) as the RAFT agent for this work.
Grafting density of the RAFT agent (CPDB) on the SiNP surface was kept constant for all the
particles and grafting density of CPDB attached on SiNP (SiNP-CPDB) was calculated by
means of thermal gravimetric analysis and found to be 0.97 number of CPDB/nm? of SiNP
surface. We have followed our previously reported procedure >**° for the synthesis of (4,4’-

diphenyl ether-5,5’-bibenzimidazole) (OPBI) polymer (also described in detail in Chapter 2).
Synthesis of block copolymer grafted SINP (BC-g-SiNP)

We have carried out the reactions in two different sets. In the first set (P1-P3), we
have grown poly-N-vinyl imidazole (pNVI) chains on the surface of SiNP followed by chain
extension with poly-N-vinyl-1,2,4-triazole (pNVT) to form block copolymer grafted SiNP
abbreviated as pNVT-b-pNVI-g-SiNP. In the second set, we have grown pNVT chains on the
surface of SiNP first and then extended the polymer chains with pNVI to form the block co-
polymer grafted SiNPs (P4-P6) which are abbreviated as pNVI-b-pNVT-g-SiNP. In both these
cases, we have varied the monomers amount to alter the chains length in such a way that the
mole ratio of the first block monomer: second block monomer remains as 3:1 in all of the six
cases. However, the chain length of each block was altered in both the series to obtain different

size polymers though keeping the mole ratio of monomers constant to 3:1.

Into a series of Schlenk tubes containing dry DMF (5 mL), SINP-CPDB (0.3 g, 22.71
umol of RAFT agent), NVI (calculated amount, we have varied the amount to prepare different
chain lengths of pNVI first block), CPDB (6.34 mg, 22.71 umol), 4,4’-azobis (4-
cyanopentanoic acid) (ACP) (1.27 mg, 4.54 umol) were added. The ratio of [SINP-CPDB]:
[CPDB]: [ACP] = 1:1:0.2 was kept constant throughout all the reaction procedure. The reaction
flasks were then sealed with septum and subjected to three freeze-pump-thaw cycles and
backfilled with nitrogen at the end of the third cycle and were sealed properly. The Schlenk
tubes were sonicated for 10 minutes and stirred for 16 hours in a pre-heated oil bath at 70 °C.
After completion of 16 hours, second monomer N-vinyl-1,2,4-triazole, NVT (calculated
amount, we have varied the amount of monomer in order to obtain different chain lengths of
pNVT, second block) and ACP (1.27 mg, 4.54 umol) in degassed DMF was added via cannula
transfer method and then sealed properly. The reaction tubes were then heated with continuous
stirring at 75 °C for another 16 hours. The [RAFT agent]: [ACP] ratio kept 1:0.2 throughout
the reaction constantly. After completion of 32 hours, the reaction mixtures were quenched

using liquid N2 and exposed to air. The block copolymer grafted SINP (pNVT-b-pNVI-g-SiNP)
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were precipitated from large excess of THF: hexane (80:20) mixture and isolated by using the
centrifugation technique. The obtained precipitate was then re-dispersed into methanol (40 mL)
and centrifuged at a rate of 7000 rpm for 30 min to separate the polymer modified SiNP from
the dispersion. This step was repeated thrice, and the obtained block copolymer grafted SINP
(BC-g-SiNP) were dried under vacuum at 90°C for 48 hours.

The BC-g-SiNP with reverse block sequence (pNVI-b-pNVT-g-SiNP) were also
prepared by altering the first and second monomer sequence keeping rest of the reaction
procedure and amount of reactants constant to obtain 3:1 chain length ratio of the first block:
second block for all the BC-g-SiNP samples. We have also varied the amount of NVI and NVT
monomers to prepare a series of pPNVI-b-pNVT-g-SiNPs with varying chain lengths of each
block. The complete procedure for the synthesis of these particles are illustrated in the Scheme
3.1 with all detailed conditions, the polymer structure and the pictorial presentation of the block

copolymer grafted particles.

To obtain the chain length of the first block of the copolymer attached on SiNP
surface, parallel reaction sets were kept with the same compositions and quenched after
completion of the first phase i.e. 16 hours. The nanoparticles were then precipitated, washed
and dried under vacuum following the procedures as mentioned above. The obtained polymer
modified SiINP samples were subjected to characterization along with the BC-g-SiNP samples.
The mono-block grafted intermediate forms of P1-P6 nanoparticles are mentioned in this

article as P1(i), P2 (i), P3 (i) and so on.

P1 to P6 samples were also utilized as nanofillers to prepare nanocomposite
membranes with varying nanofiller loading amount. All the experimental procedure used for
characterization of pNVI-b-pNVT-g-SiNP, pNVT-b-pNVI-g-SiNP, the intermediate
compounds and the composites prepared with the OPBI are discussed in details in Chapter 2

and Appendix I.
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Scheme 3.1. One-pot RAFT polymerization method for the synthesis of pNVT-b-pNVI-g-
SiNP (P1-P3) and pNVI-b-pNVT-g-SiNP (P4-P6). All the samples (P1-P6) were obtained in
a one pot method by adding monomers one after another without separating the intermediate
products [P1(i)-P6(i)]. In a separate controlled experiment P1(i)-P6(i) were separated and

characterized.
Preparation of OPBI/ BC-g-SiNP Nanocomposite Membranes

Homogeneous nanocomposite membranes were prepared using solution blending
technique by adding 1 wt % and 3 wt % (with respect to OPBI polymer concentration) of
pNVT-b-pNVI-g- SiNP and pNVI-b-pNVT-g-SiNP which were dispersed individually in
formic acid and then added into 2 wt % OPBI solution in formic acid separately. The final
OPBI concentration of the solution was 1 wt %. The solution was then stirred vigorously at
room temperature for 24 hours, poured into a glass petri dish and then the solution was slowly
evaporated at 60 °C. The formed membrane was then peeled from the petri dish and then dried

inside a vacuum oven at 100 °C to remove every little trace of the solvent molecules.
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Results and Discussion
Synthesis of Block Copolymer-g-SiNP

Surface functionalization of SiNP is necessary to grow polymer chains on its surface
via RAFT polymerization technique. Therefore, first we have covalently attached RAFT agent
CPDB on the SiNP surface via a multistep process following our earlier method and a detailed
description of this is presented in the Appendix 1.2°** The amount of covalently bound CPDB
on SiNP surface was measured by TGA analysis (Appendix I-Figure 3.1) and the grafting
density (number of CPDB molecules/ nm? of SiNP surface) is found to be 0.97. We kept
grafting density constant for all the samples developed in this work. The particle size of the
bare SiNP was measured and found to be 47 (£3) nm in diameter by FESEM and TEM analysis
and 50 nm from DLS measurement. The size of SINP-CPDB shows increase in size: 48 (£2)
nm from microscopic studies and 58 nm from DLS study (Appendix I-Figure 3.1). Size of the
nanoparticles are measured by microscopic means showing monodisperse morphology. The
particle size measured by light scattering experiment displays very low PDI (<0.1) and
comparatively higher size than FESEM and TEM measurements because of the attached amine
and CPDB on the particle surface which forms a hydration cell on the nanoparticle surface and
we get hydrodynamic diameter of the particle in the light scattering experiments instead of the

diameter of the particle in dry state.

After the attachment of RAFT agent on the SiNP surface, the block copolymer chains
were grown on the SiNP surface using the procedure as depicted in Scheme 3.1 and described
in the experimental section. SI-RAFT technique was utilized on RAFT modified SiNP (SiNP-
CPDB) by keeping the amount of the nanoparticle (SINP-CPDB) constant in each case with
varying the amount of monomer feed to grow polymer chains on to the nano-surface. Monomer
ratio (NVL: NVT) in the feed was controlled and sequence of monomer addition was altered to
obtain two different sets of BC-g-SiNP separately in one-pot grafting from approach. The
amount of polymer grafted on the SINP surface is obtained from the weight loss of the samples
in the TGA scan (Figure 3.1) which were performed for all the samples of pNVT-b-pNVI-g-
SiNP (P1-P3) and pNVI-6-pNVT-g-SiNP (P4-P6). Weight loss in the temperature range up to
150 °C implies to bound and unbound moisture loss as both the block copolymer forming units
are highly hydroscopic in nature. A second degradation in the temperature range 350°C-400°C
for all the polymer grafted SINP samples is observed. To understand this degradation, we have

also cleaved the polymer chains from the P6 polymer grafted SiNP and scanned in TGA
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following similar experimental condition. The cleaved polymer sample shows degradation at
around 350°C-400°C which indicates that the degradation at around 350°C-400°C range is due
to degradation of the attached polymer chain. We have also observed that pNVI-b-pNVT-g-
SiNP (P4-P6) samples show more weight loss compared to pNVT-b-pNVI-g-SiNP (P1-P3)
though the attached polymer chains are of comparable length. (See the later section and Table
1 for the molecular weight and chain length). A comparison of TGA plots of P1 vs P4, P2 vs
PS and P3 vs P6 in Figure 3.1 gives us a clear picture about their relative stability. This results
also attribute to the significance of the chain sequence on the thermal stability of the block
copolymer grafted SINP (BC-g-SiNP). The TGA data of SINP-CPDB are also compared with
the weight loss of the BC-g-SiNP samples to calculate the amount of block copolymer grafted
on the SiNP (in wt %) and the values are given in Table 3.1. We have also calculated the
polymer grafting density using these data and considering the SiNP density as 2.4gm/cm?.
These values (grafting amount and grafting density) increases with the increasing chain length
and also found to be marginally higher in case of P4- P6 samples than P1-P3 which signifies
the influence of the chain sequence. It is also to be noted that for all the samples, polymer
grafting density and amount of polymer in wt % much smaller that the grafting density of SINP-
CPDB (0.97, Table 3.1) and the amount of CPDB grafted. This means that all the

polymerization sites on the surface of SiNP did not take part in the polymerization process.
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Figure 3.1. TGA plots of the block copolymer grafted SINP (P1-P6) along with block co-
polymer chain cleaved from P6 and SiNP-CPDB.

In order to measure the molecular weight of the polymer chains grafted on the SINP

surface, the silica core was dissolved by HF treatment to obtain bare polymer chains for GPC
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analysis as reported elsewhere 2%-27-3

and schematically described in Appendix I-Scheme 1.
The obtained GPC traces of the bare polymer chains are shown in Figure 3.2 and the molecular
weights and polydispersity (D) values are summarised in Table 3.1. The GPC results (Figure
3.2 and Table 3.1) clearly show that the molecular weight (M,,) increases in both the sets of
copolymers from P1 to P3 and P4 to P6. Also, in all the cases the D values are very narrow
attributing to the successful RAFT polymerization on the surface of the SiNP. It is also to be
noted that in all the cases, the obtained M,, is quite close to the targeted M,, (compare the 5%
and 6™ columns in Table 3.1). We have also performed controlled polymerization reactions to
obtain the molecular weight of the polymer chains of the first block before addition of the 2™
monomer to form the block copolymer structure. In each case, the controlled batch is denoted
as intermediate (i) such as P1(i), P2(i) and so on. Appendix I-Table 1 provides the complete
details of the molecular weight distribution of the intermediate polymer chains and the GPC
chromatographs of these intermediates are shown in Appendix I-Figure 3.2. All the
intermediates also show the M,, variation and narrow D. The degree of polymerization (DP)
values of each block, which are indicated in Table 3.1 (see the numbers in the suffix of the
polymer chain in the 2" column of Table 3.1), are calculated from the values obtained from
the molecular weight of the block copolymer and the intermediate polymers. The M,, values of
intermediate polymers (Appendix I-Table 3.1) are subtracted from the M, of the block
copolymer (Table 3.1) to find the DP value of the other polymer chains. A closer look at the
DP values and comparison among the various samples clearly indicate the ratio of chain length
among two blocks (first block: second block) in both the cases varies approximately as 1:1 in
case of P1 and P4, 2:1 for P2 and P5 and 3:1 in case of P3 and P6 even though in all the cases
monomers mole feed ratio was kept as 3:1 (see the experimental section). This means as the
molecular weight of the first block increases, the growth of the second block slows down
relatively. In other words, the reactivity of the second monomer reduces with the increasing
chain length of the first block. This may be due to the increase in the dormant active site with
increasing chain length of the first block. It is to be noted that the molecular weight data are in
good agreement with the increasing weight loss and higher grafting of polymer from P1 to P3
and P4 to P6 as seen from TGA studies (Figure 3.1 and Table 3.1). Overall, these results
clearly demonstrate the formation of the unique architecture of the block copolymer chain
grown on the SiNP surface comprising of nitrogen containing aromatic heterocyclic pendent

rings.
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Table 3.1. Summary of various physical data of synthesized block copolymer grafted SINP.

Sample Sample typea Grafting Polymer Targeted M, ¢ pe Size (nm) Poly
name amount grafting M, dispersity
polymer  gepgity® in size®
)" TEM DLS'

- SiNP-CPDB - 0.97 - - 48+2 58 0.18

P1 pNVT,-b- 2.38 0.02 10,000 13600 1.06 5243 97 0.09
pNVI_-g-SiNP

P2 pNVT, -b- 29.26 0.19 20,000 19759 1.03 57£2 119 0.07
pNVI,, -g-SiNP

P3 pNVT, -b- 53.89 0.20 40,000 34622 1.01 61+4 159 0.24

pNVL,_ -g-SiNP

P4 pNVI,_-b- 6.16 0.06 10,000 13179 1.18 50+3 103 0.39
pNVT_-g-SiNP

P5 pNVIL -b- 35.26 0.21 20,000 20930 1.15 54+3 118 0.04
pNVT,, -g-SiNP

P6 pNVI -b- 59.3 0.21 40,000 36073 131 623 165 0.23

pNVT, -g-SiNP

* describes the chain sequence of each block and the degree of polymerization for each block included in the
suffix which are obtained from the molecular weight measurement, ° estimated from the TGA analysis and
cexpressed as amount of polymer chains/nm’ of SiNP, ‘ and " determined by gel permeation chromatography,

f, . .. . .
and ~° obtained from DLS analysis in aqueous dispersion.
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Figure 3.2. GPC traces of polymer chains eluted in DMF/LiBr solvent. Bare polymer chains
from the samples were obtained after cleaving the chains from polymer grafted SiNPs by using
aqueous HF treatment as described in Appendix I-Scheme 3.1. (A) P1-P3 samples refer to
pNVT-b-pNVI-g-SiNPs and (B) P4-P6 samples are for the pNVI-b-pNVT-g-SiNPs.

The grafting of block copolymer on SiNP surface with altering block sequence is
further confirmed by 'H-NMR and '*C-NMR analysis. NMR data were collected from the bare
block copolymer chains obtained after HF treatment (Appendix I-Scheme 3.1). The 'H-NMR
spectra along with the peak assignments are shown in Appendix I-Figure 3.3. The resonance
of imidazole protons (c, d, e) are clearly observed in the range of 6.6-7.5 ppm whereas the
triazole protons (f, g) being more de-shielded than imidazole protons appeared in the ppm range
of 7.6-8.2. The peaks appearing at 1.7-2.3 ppm and 2.8-3.2 ppm correspond to CH> and CH
protons, respectively of the block copolymer chains which proves the successful
polymerization in yielding the block copolymer chains of pNVI-b-pNVT and pNVT-b-pNVI
grafted on the SiINP surface. The observed splitting of CH and CH» protons of polymer
backbone is due to the chain configuration (different chain tacticities) of the block copolymer
chains. The amount of pNVI and pNVT grafied on SiNP are calculated from '"H-NMR spectra
and the ratio is well matched with the DP ratio tabulated in Table 3.1. As can be seen from
Appendix I-Figure 3.3 spectral integration of P3 and P6 polymers, the ratio of pNVIto pNVT
for P3 is 3:1 and the same is found for pNVT to pNVI (see the integral ratio as highlighted in
the Figure 3.8 by different color). *C-NMR spectra and the peak assignments are shown in
Appendix I-Figure 3.4 displays all the carbons of the copolymer chains and hence the
successful formation of block copolymer structure is proved. IR spectrum of a representative

sample P6 (Appendix I-Figure 3.5) shows characteristic peak at 3416 cm™! and 3108 cm™
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which corresponds to non-hydrogen-bonded N-H stretching frequency and C-H (sp?) stretching
frequency, respectively. Peak at 2929 cm™ is observed due to the stretching frequency of C-H
(sp®) bond present in the polymer chain. The peak at 1659 and 1434 cm! are the characteristic
peaks of C=N and C-N bonds, respectively. 1276 cm™' peak represents the characteristic ring
N-N bond stretching of NVT.!®

A distinguishable change in the morphology (both in FESEM and TEM images as
shown in Figure 3.3) of the BC-g-SiNP is observed in comparison to SINP-CPDB. The later
shows smoother surface (Appendix I-Figure 3.1) while the former (BC-g-SiNP) samples show
rough surface and also the agglomeration is observed in the later cases. This phenomenon
implies confirmed grafting of polymer chain on the SiNP surface which is well agreement with
our earlier recent observations for various kind of polymer grafted SiNP.?*3** Figure 3.3
images clearly show that the SiNP surface when grafted with polymer chains of lower
molecular weight, the tendency of aggregation is negligible but in case of SiNPs grafted with
polymer chains of higher molecular weight shows significant tendency to aggregate and show
worm like morphology (see the TEM images P3, P5, P6) and this may be due to higher
interaction between grafted polymer chains. This observation is most prominent in the case of
P3 and P6 samples those which are having the highest molecular weight polymers among all
the samples. The increase in particle size from 48 (£2) nm (SiNP-CPDB) to 52(+3) nm (P1)
to 61 (#4) (P3) and similar increase from P4 to P6 are clearly visible in FESEM and TEM
images (Figure 3.3) and also tabulated in Table 3.1. These observations also confirm the

successful surface grafting of polymer chains on SiNP with variable chain length.

The P1-P6 particles are inorganic-organic hybrid nanoparticles consisting of
inorganic silica cores of same sizes but the outer shell contains polymer chains of different
chain lengths. If the outer polymer shell is hydrophilic then the particles should swell in
aqueous medium. In order to find this, the particles were subjected to dynamic light scattering
(DLS) experiment under aqueous dispersion. The DLS plots are shown in Appendix I-Figure
3.6 and the particle size and polydispersity are included in the Table 3.1. All the particles show
two to three-fold increase in size (hydrodynamic diameter) which is directly proportional with
increase in the chain length of the grafied block copolymer chains. These results provide us an
indirect proof of successful grafting of hydrophilic polymer chains of variable chain length on

the SiNP surface.
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Figure 3.3. FESEM images (top two rows) and TEM images (bottom two rows) of all the block
copolymer grafted SINP samples. Inset: a magnified particle to show the core-shell

morphology.

We have also calculated the distance (D) between neighbouring grafted block
copolymer chains and radius of gyration (R;) of the grafied copolymer chains from the grafting
density and degree of polymerization, respectively and these values are summarized in the
Appendix I-Table 3.2 along with D/R; values. D values drastically falls from P1 to P2 & P3
and similarly from P4 to P5 & P6, attributing the effect of chain length. Also, much lower D
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value of P4 compared to P1 even though they are having comparable chain length signifies the
influence of block copolymer chain sequence. The increasing R, value with increasing M,, is
expected. The D/R; values of all the samples are less than 2 indicating the brush type
morphology of the BC-g-SiNP samples.5*6162 As noted earlier, SiNP forms the core and block
copolymer chain forms the shell in the BC-g-SiNP. The increasing Ry and decreasing D/Rg
values from P1 to P3 and P4 to P6 attribute the change in the shell thickness with increasing
chain length of the block copolymer. Core-shell morphology is also visible from the zoomed
TEM image (inset of Figure 3.3 of P6) though the separation between core-shell is not greatly
clear-which may be due to agglomeration of the particles as seen in Figure 3.3 owing to the
strong interparticle interaction. It is also to be noted that D/R values are not exactly identical
for the samples with similar M,, values between two sets (P1-P3 and P4-P6) indicating the

influence of block copolymer chain sequence.
OPBI/Block copolymer-g-SiNP Nanocomposite Membrane

We have prepared nanocomposite membranes by mixing each nanoparticle with two
different concentrations (1 wt% and 3 wt %) with OPBI polymer by solution blending process.
Then, we have studied thermal stability, proton conductivity, morphology and mechanical
strengths of these OPBI/BC-g-SiNP nanocomposite membranes. Visual observations clearly
indicated the formation of homogeneous membrane and FT-IR study of the nanocomposite
membrane confirms the interactions between the OPBI and BC-g-SiNP. FT-IR spectra of
representative nanocomposite membranes along with pristine OPBI and P6 are shown in
Appendix I-Figure 3.7. In case of nanocomposite samples, the non-hydrogen bonded N-H
stretching of OPBI at 3416 cm™ shifted to lower frequency at 3393 cm™ and also becomes
broad due to formation of specific interaction between block copolymer chains and OPBI
polymer. The self-associated N-H peak at 3147 cm’! is also shifted to higher frequency at 3177
cm’! which can be attributed to the weakening of N-H-N hydrogen bonding of the OPBI chain
owing to the interaction with the copolymer chain of the nanofiller. Hence, from the IR studies
it is clearly evident that the N-H functionalities of OPBI polymer take part in the interaction
with the block copolymer chains consisting of pNVI and pNVT moieties upon blending. Also
spectral broadening at 1237 cm™! along with the red shifts of 1276 cm™ and 1434 cm™! peaks to
1290 cm™ and 1442 cm’!, respectively indicate the interaction between OPBI polymer and

block copolymer chains. The peak at 1659 cm'!

shows substantial broadening and shifting
towards lower frequency attributes the presence of a N-H--*N type interaction in the

nanocomposites. '8
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Thermogravimetric analysis (TGA) plot (Appendix I-Figure 3.8) of the
nanocomposite membranes shows that the stability decreases with the increasing filler loading
and block copolymer chain length. If we just compare the remaining weight % at 700°C, then
the order of stability of the composites is OPBI/P1>OPBI/P2>0OPBI/P3 and for the other
series it is OPBI/P4>OPBI/P5>0OPBI/P6. Though the stability of the nanocomposite
membranes is little lower than the pristine OPBI but this much stability is sufficient for the use

as PEM.

The dynamical mechanical analysis (DMA) was performed for OPBI and all the
nanocomposite membranes to find out the effect of nanofiller type and loading on the
membrane thermomechanical properties. A huge reinforcement of mechanical strength is
observed for all the nanocomposite membranes for all the loadings over the complete
temperature range compared to pristine OPBI [Figure 3.4(A) and 3.4(B)]. The reinforcement
is more prominent in the glassy state than the rubbery state, which shows different nature of
interaction between OPBI and the nanofiller in these two different states. The interactions
between the nanofiller and the OPBI is the key factor for high storage modulus values.
However, it is to be noted that both the loading and the block copolymer chain sequence show
improvement in storage modulus to a similar extent. But most importantly, a huge increment
in modulus is observed when the block copolymer chain length (M,,) increases irrespective of
the chain sequence. For example, OPBI/P1(3%) sample storage modulus at 150°C is found to
be 4500 MPa however for OPBI/P3(3%) sample this value is ~6500 MPa. This means almost
2000 MPa (about 50%) increase in modulus when M,, of grafted block copolymer of SiNP
increase from 13600 Da (P1) to 34622 Da (P3). Similar, results are seen in case of composite
with P4 and P6 [Figure 3.4(B)]. In several earlier works, we have observed higher T, of
nanocomposite membranes compare to pristine OPBI because of the decrease in the free
volume fraction of the polymer in the blend and hence higher temperature is required for the
mobility of the free volume segments of the polymer chain®®->® But in the recent study, all the
nanocomposite membranes show nearly similar Ty like OPBI as observed from the loss
modulus versus temperature plot in Figure 3.4(C) and (D) and also Appendix I-Figure 3.9
(tan 6 vs temperature plots). This may be explained in terms of very small loading of nanofiller
with respect to OPBI and the nature of interaction between them. Since the grafted polymer
chain and the matrix polymer (OPBI) have many similarities in terms of their functionality

(both have a lot of nitrogen containing heterocycles) hence, they are most likely to interact very
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strongly resulting almost single-phase material and hence insignificant change in Ty is

observed.
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Figure 3.4. Comparison of thermo-mechanical properties: storage modulus versus temperature
plots (top panel) and loss modulus vs. temperature plots (bottom panel) for all the
nanocomposite membranes with 1 wt % and 3 wt % loading of nanofiller P1-P6. T, values [the
peak temperature as shown in (C) and (D) plots using a dotted vertical line] are also indicated
in the figure along with the sample name. tan & vs temperature plots are shown in Appendix I-

Figure 3.9.

BC-g-SiNP and OPBI which are needed to prepare the nanocomposite membranes do
not show any crystalline peaks but on the other hand, the nanocomposite membranes show very
sharp crystalline peaks [Figure 3.5(A)]. The appearance of the peaks attributes to the formation
of crystalline order in the nanocomposite membranes. Similar observations were previously
reported by us and other researchers when polymer nanocomposites were prepared made with
surface modified SiNPs as nanofiller.?’ In the current cases, we have observed sharp and
intense peaks than our previous results where SiNP surface modified with smaller polymer

chains of pNVI, indicating higher degree of crystalline order and this may be due to the
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presence of block copolymer chain on the surface of SiINP consisting of imidazole and 1,2,4-
triazole pendent rings which interacts with OPBI in much greater extent. It is expected that
strong interaction between BC-g-SiNP with OPBI chain is the driving force for the formation
of such crystalline order. We have observed earlier that with the increase in nanofiller loading
the ordered structure increases significantly which influences various properties especially
proton conductivity significantly.?’ We believe that this high crystallinity can play a significant
role for obtaining high proton conductivity values of these nanocomposite membranes which

1s discussed in the later section of this article.

The morphology of the nanocomposite membranes after cryogenic breaking of the
membranes in liquid N is studied using FESEM. Porous features morphology is observed in
case of nanocomposite membranes and the intersection shows thick fibrous kind of
morphology whereas pristine OPBI is almost feature less [Figure 3.5 (B)]. The modified silica
nanoparticles are well dispersed and the nanofillers are visible clearly in the images as indicated
by circle [Figure 3.5 (C) and (D)]. The entirely different morphology of nanocomposite than
OPBI is responsible for the formation of crystalline character of the former which is seen in
PXRD [Figure 3.5(A)]. Further, we have taken TEM image of OPBI/P6 (3 wt%) [Figure
3.6(A)], which clearly shows that the BC-g-SiNP is very well dispersed within the OPBI
matrix. This is due to the fact that hydrophilic blocks of pNVI and pNVT on the surface of the
nano particles are interacting quite well with the OPBI and hence well dispersed in the matrix.
The current observation is quite different than our earlier observation where we have observed
that the OPBI composite with surface modified SiNP usually results a self-assembled
anisotropic morphology but here we do not see such morphology rather we see very well
dispersed morphology. This may be due to the strong interaction between similar kind of

functionality present both in surface grafted chain and OPBI.
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Figure 3.5. (A) PXRD patterns of OPBI, BC-g-SiNPs (P3 and P6) and nanocomposite
membranes OPBI/P3 (3%) and OPBI/P6 (3%) displaying the formation of crystalline ordering
in case of nanocomposite membranes. FESEM images of OPBI (B), OPBI/P6 (1%) (C) and
OPBI/P6 (3%) (D).

Acid Loaded Nanocomposite PEM

All the OPBI/BC-g-SiNP nanocomposite membranes prepared in this work were
converted to proton exchange membrane (PEM) by loading phosphoric acid (PA) into them.
The amount of PA loaded on each PEM expressed as number of PA moles/OPBI repeat unit is
given in Appendix I-Table 3.3. Few important observations must be noted from Appendix I-
Table 3.3 data: (i) no increase in PA loading in nanocomposite in comparison to pristine OPBI,
(i1) almost no change in PA loading with increasing nanofiller content and (iii) no effect on PA
loading because of increasing chain length (M,,) of grafted chain and also altering chain
sequence. Though these observations were quite unexpected as per our previous
experience®?%343-38 byt these observations hints a completely new kind of structural interface

between nanoparticles and OPBI owing to the strong interactions between them.
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The conductivity vs. temperature plots of PA doped pristine OPBI and the
nanocomposite PEM are shown in Figure 3.6(B) and Appendix I-Figure 3.10. In our previous
works, we have reported that when OPBI is mixed with 3 wt% of pNVI-g-SiNP (M,,= 7300
Da) to form nanocomposite PEM that showed conductivity 0.15 S cm™ at 180°C.2° In this work,
our aim is to achieve higher proton conductivity by utilizing strategically modified dual
hydrophilic block copolymer, consisting of basic imidazole and 1,2,4-triazole functionality,
grafted on SiNP as potential nanofiller with OPBI polymer. We have achieved 0.278 S cm™ as
highest proton conductivity for OPBI/P6 (3 wt %) at 180°C which is the highest value achieved
so far in case of OPBI/SiNP nanocomposite-based PEM. The conductivity at 180°C for all the
membranes are listed in Table S3. All the conductivity data presented in Figure 3.6(B),
Appendix I-Table 3.3 and Appendix I-Figure 3.10 clearly pointed out three important facts:
(1) higher nanofiller loading increases conductivity [for example OPBI/P3(1%) sample shows
0.21 S/cm at 180°C which increases to 0.247 S/cm in case of OPBI/P3(3%) and so on], (2) a
significant increase in conductivity is observed when chain length of the graffed copolymer
increases [OPBI with 3 wt % P4 loading shows conductivity 0.2 S/cm at 180°C whereas when
loaded with 3 wt % P6 the conductivity increases to 0.278 S/cm at 180°C] and (3) the chain
sequence of block copolymer also plays a role though not so significantly - a comparison of
data of composites with P1 to P3 against P4 to P6 reveals that quite clearly. Hence, overall,
from the above discussion, it can be said that the surface grafted block copolymer chain type,
chain length and chain sequence have significant influence in conductivity behaviour of these
PEM which may be driven by the nature of interactions between the OPBI and surface grafted

block copolymer chains.

Few representative membranes were subjected to PA leaching test in order to find out
the acid loading capacity of these nanocomposite PEMs. Figure 3.6(C) clearly displays less
leaching in case of nanocomposite membranes than pristine OPBI. This is because of the basic
character of pNVI and pNVT present in nanocomposite membranes which is holding the PA
more tightly. It is also noted that less (though not so drastic) leaching of PA with increase in
chain length of grafted block copolymer chains (P4 to P6) in nanofillers. We believe that the
block copolymer of pNVI and pNVT chains on SiNP surface increases the basic nature of the
SiNP surface which in turn helps to achieve lower leaching of doped PA than our earlier
reported”® pNVI-g-SiNP nanocomposite PEM and hence results in much higher proton

conductivity of the nanocomposite PEM studied in this work.
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Figure 3.6. (A) TEM image of OPBI/P6 (3%) nanocomposite membrane. A dilute
nanocomposite solution was drop casted on TEM grid for TEM imaging. (B) Proton
conductivity vs. temperature plot for OPBI and all the nanocomposite membranes with 1 and
3 wt % loading of nanofiller P4-P6. (C) Leaching study (weight loss ratio vs. time) plot for
OPBI and 3 wt % membranes of P4-P6 with OPBI. (D) Stress -strain profiles of PA loaded

OPBI and PA loaded nanocomposite membranes of various loadings of P1-P3.

We have observed a huge improvement in tensile properties in case of PA loaded
nanocomposite membranes when compared to PA loaded pristine OPBI [Figure 3.6(D) and
Appendix I-Figure 3.11]. We have also found increase in tensile strength from 1 to 3 wt %
loading in each case. The best result is observed in the case of P3 and P6 composite with almost
three-fold increase in tensile strength when compared with pristine OPBI. Also, tensile
properties increase with the increasing molecular weight of the grafted chains. This can be
concluded that the nanostructure formation leading to the strengthening of the nanocomposite

membranes. Various tensile properties like tensile strength (MPa) and elongation at break (%)
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are listed in Appendix I-Table 3.4. The data of Appendix I-Table 3.4 clearly confirms

significant reinforcement of mechanical strength in case of nanocomposite PEM.
Conclusion

We have demonstrated here in this chapter, the successful grafting of block copolymer
chains on the SiNP surface by using one pot grafting from RAFT polymerization technique.
The block copolymer contains nitrogen enriched aromatic heterocyclic pendent rings of
imidazole and 1,2,4 triazole moiety which resulted in the increase in basic character of the
particles. NMR, GPC, TGA, DLS and microscopic studies proved the successful formation of
core (silica)-shell (polymer) inorganic-organic hybrid nanomaterial with narrow dispersity.
The block copolymer which was grown on the silica nanoparticle surface showed a unique
sequential block architecture. The hybrid nanomaterials were mixed with OPBI with varying
wt % to form nanocomposite membranes which were tested extensively upon PA doping for
proton conduction and mechanical properties. The dangling of N-heterocyclic pendent rings,
interacting with phosphoric acid molecules by making it less labile and ensures better proton
hopping among the proton conduction channels. Thus, the membranes showed high proton
conductivity, mechanical strength and less acid leaching which made the membranes potential
candidate for the use in PEM fuel cell. We believe that, this strategically fine-tuned silica
surface can provide a new path to develop future nanofiller to improve the properties of

polymer nanocomposites.
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Abstract

In recent years, post synthetic modification (PSM) of a metal organic framework
(MOF) has gained immense interests for the synthesis of hybrid materials with improved
functionality. However, further improvement in the PSM strategies to make them scalable and
synthetically tuneable MOF surface however, can provide the picture-perfect opportunity to
create a polymer chain grafted MOF hybrid materials in which polymer chains provide the
stability, robustness and desired functional performances and MOF offers interesting physical
properties. Towards these goals, in this work we have developed a simple and effective method
to functionalize the UiO-66-NH, MOF surface by grafting functional polymer brushes using
surface-initiated RAFT polymerization. At first, the MOF surface was transformed into a
polymerizable surface by attaching a trithiocarbonate based chain transfer agent (CTA) and
then, three different sets of polymer brushes consisting of (i) neutral but basic nitrogen
functionality (PGM-N), (ii) tri-methyl substituted quaternary ammonium functionality (PGM-
(), and (ii1) quaternary ammonium along with sulphonate functionality (PGM-Z) were grown
on the activated MOF surface, termed as polymer grafted MOF (PGM). The uniqueness of this
work has additionally been enhanced by utilizing these synthesized and fully characterized
PGMs as nanofiller into the oxypolybenzimidazole (OPBI) membrane matrix to obtain
homogeneous mixed matrix membranes (OPBI@PGM) that show a brilliant thermomechanical
and tensile properties, exceptional thermal stability; interestingly, these membranes exhibit
superior proton conductivity when doped with H3PO4 (PA) and minimal acid leaching. Grafting
of functional polymer brushes on MOF surface induces strong H-bonding, acid-base
interactions with OPBI chains and H3PO4 molecules, responsible for such high acid uptake and
excellent acid retention and thereby displayed proton conductivity as high as 0.241 S cm™! at
160°C (~ 4-fold increase when compared to OPBI), which is among the highest values reported

till date for MOF based proton exchange membrane with excellent mechanical vigour.

Introduction

Metal organic frameworks (MOFs) with ultra-high porosity, inherent crystallinity and
very high surface area are emerging materials."”> The applications of MOFs have been
demonstrated in diverse fields ranging from gas separation, CO; capture,®> to water splitting
through water purification®® and from drug delivery to energy applications.!*!* Recent
literature study indicates a growing interest in the field of post synthetic modification (PSM)
of MOF materials.!*!° This modification can be achieved by anchoring functional monolayer

on the MOF surface but the efficiency of the modification is limited owing to less number of
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active groups of the monolayer and the inability to achieve 100% functionalization using
currently available PSM techniques.!>?°?> However, the number of functional units can be
increased substantially by attaching polymer chains on the MOF surface.?*> A few number of
reports in the literature demonstrated improvement in various physical properties in the post
synthetically modified MOFs when functional polymers are attached to MOFs, or composites
are prepared by mixing MOFs and polymers.'*!1*242¢ However, no known PSM for MOF so
far addressed the challenges of the non-uniformity in the composites made from MOF and
polymer owing to the thermodynamic incompatibility between these two components. In order
to resolve this issue, loading or grafting of polymer chains on the surface can be considered to
provide better uniformity of the MOF-polymer composite because of the favourable
interactions between post synthetically modified MOF-anchored polymer chains and the matrix
polymer.

Several attempts have been made to upgrade the properties and improve the
interfacial compatibility of UiO-66 based MOF materials by utilizing different strategies.>>*¢
2% However, further exploration to develop PSM techniques to functionalize outer crystal
structure of MOFs are needed.?? A proper synthetic strategy and thorough study is missing in
the literature to grow precise polymer chains on the outer nano surface of UiO-66 based MOF
grafted covalently using reversible addition fragmentation chain-transfer (RAFT)
polymerization process under aqueous medium. In the current work, surface-initiated RAFT
(SI-RAFT) polymerization is used to grow functional polymer chains on the UiO-66-NH, MOF
(referred as UiO-66) surface through grafting from approach in the aqueous medium. The
obtained hybrids should consist of brush like structures in which polymer chains are like
bristles, and are attached to MOF handle. Important to mention that, the availability of the
appropriate functionality on the MOF (in this case —NH> of UiO-NH>), is crucial to grow
polymer chains using SI-RAFT polymerization. The grafted polymer chains are expected to be
highly uniform in length as SI-RAFT process enables synthesis of polymer chains with low
polydispersity. Next, the different variants of the polymer chain containing MOF were used as
nanofillers to synthesize OPBI supported mixed matrix membranes.

To understand the functional behaviour of the PGM hybrids, we have further utilized
the PGM hybrids as nanofiller with varying concentrations into the membrane matrix called
oxypolybenzimidazole (OPBI) to prepare a series of porous nanofiller containing mixed matrix
membranes. Different aspects of their physical properties such as mechanical properties, ability
towards proton conduction upon phosphoric acid loading etc were thoroughly investigated. Use

of proton exchange membranes (PEMs) are undoubtably a huge leap towards generating energy
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using greener sources which are worth mentioning and are necessary part to separate H> from
the oxidant.>**! However, researches are going on to further improve PEM properties using
nanocomposite membranes as well.>?> The complex interaction patterns between the UiO-66-
NH> MOF, the grafted functional polymer brush and the OPBI polymer play crucial role
towards the processability, dispersibility and the nanochannel formation ability of the
nanofiller in the membrane matrix. These complex interactions may include acid-base
interaction, H-bonding, ionic interaction, m-m and non-covalent interactions among the
constituents of the mixed matrix membrane. The improved mechanical properties and the nano
domain formation in the mixed matrix membrane helped to retain PA molecules which further

helped to create a super protonic conductor.

Experimental section
Synthesis of UiO-66-NH2 (MOF), MOF-BSIPA

We have used a well-known MOF namely UiO-66 NH> and modified its surface by
covalently attaching a RAFT agent to grow polymer brushes on the MOF surface. To obtain
synthetically modified polymer grafted UiO-66-NH> (PGM-N, PGM-C, PGM-Z), firstly UiO-
66-NH, MOF was prepared from ZrCls salt and 2-aminoterephthalic acid (BDC-NH>) using an
established synthetic procedure (synthesis procedure is described in details in Chapter 2).!53
Synthesis, characterization and activation of 2-(((benzylthio)carbonothioyl)thio)propanoic
acid (BSIPA), a RAFT agent, are described in the Chapter 2. Attachment of activated BSIPA
RAFT agent on the surface of UiO-66 NH>, MOF was achieved by dispersing UiO-66 NH> in
dry THF solvent by the use of sonication method under N> atmosphere and activated BSIPA
was added slowly in the dispersion and the product which is UiO-66 NH> MOF with covalently
attached BSIPA RAFT agent, called as MOF-BSIPA, was separated from the reaction mixture
using centrifugation. Detailed synthetic procedure is described in Chapter 2.
Synthesis of polymer brush grafted MOF via aqueous SI-RAFT polymerization technique

Poly[2-(dimethylamino)ethyl methacrylate] [pDMAEMA] grafted MOF (PGM-N),

poly(2-trimethylammonioethyl methacrylate chloride) [pMETAC] grafted MOF (PGM-C) and
poly[3-((2-(methacryloyloxy)ethyl)dimethylammonio)|propane-1-sulfonate [P DMAPS]
grafted MOF (PGM-Z) were synthesized in aqueous medium using SI-RAFT grafting-from
polymerization approach. In a typical synthetic procedure to grow polymer brush grafted on
the Ui0-66 NH, MOF surface via SI-RAFT polymerization, 150 mg (21.65 pmol) MOF-
BSIPA was taken with 5 mL 3:2 (v/v) mixture of water: EtOH in a 25 mL Schlenk tube. 5.89
mg (21.65 umol) of BSIPA and 1.5 mg of AIBN (8.66 umol) were also added in the system
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with 2-(dimethylamino)ethyl methacrylate (DMAEMA) (calculated amount of monomer
added to grow the polymer chains of different molecular weights on the UiO-66 NH> MOF
surface). The Schlenk tube was sealed with a septum and was subjected to ultra-sonication for
5 minutes and was kept under stirring to make the reaction mixture dispersed evenly. The
Schlenk tube was subjected to undergo four freeze-pump-thaw cycles to ensure the complete
removal of oxygen and dissolved air from the reaction mixture. The tube was back filled with
ultra-high pure N> and kept under stirring at 70 °C for 16 h. Upon the completion of 16 h, the
RAFT polymerization reaction was quenched using liquid N> and was exposed to atmosphere.
The quenching with liquid N> helps to freeze the active propagating radicals present in the
reaction mixture and the exposure to air, terminates the reactive radicals responsible for the
propagation of the polymer chain growth. In other cases, the monomer was altered with
METAC and DMAPS monomers in order to prepare polymer brushes grafted MOF PGM-C
and PGM-Z, respectively. The synthesized polymer brush grafted UiO-66 NH> MOF of the
three different polymer chains (hDMAEMA, pMETAC and pDMAPS) attached on the UiO-
66 NH> nano surface was abbreviated as PGM-N (pDMAEMA-g-MOF), PGM-C (pMETAC-
g-MOF) and PGM-Z (pDMAPS-g-MOF). The different chain lengths of the polymer brush
were represented by ‘1’ and ‘2’ after the abbreviation in each case as PGM-N1, PGM-N2,
PGM-C1, PGM-C2, PGM-Z1 and PGM-Z2. The whole process is shown schematically in
Scheme 4.1.
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Scheme 4.1. (A) Schematic representation of the synthesis of UiO-66 NH>» MOF, BSIPA
RAFT agent and surface functionalization procedure of UiO-66 NH> MOF with BSIPA RAFT

agent. (B) MOF-BSIPA was further used to grow three sets of different polymer brushes on
the surface of the MOF using SI-RAFT technique.
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The synthesis of OPBI was adapted from the literature, following a modified literature

reported procedure®*3°

and is described in detail in Chapter 2.
Preparation and characterization of mixed matrix membrane

To prepare mixed matrix membrane (MMM), comprised of OPBI polymer matrix and
PGM nanoparticles, solution blending and casting technique were utilized. Firstly, PGM
samples (calculated amount) were dispersed in formic acid and were mixed with 2 wt% of
OPBI polymer in formic acid solution prepared separately. This results in the final
concentration of OPBI polymer to be 1 wt% in the solution. The solution was stirred for 24 h
at room temperature to form a homogeneous mixture, which was then poured on to a glass petri
dish and allowed for slow evaporation of the solvent at 60 °C. The homogeneously formed
MMMs were then peeled off and were dried in a vacuum oven at 100 °C to remove the traces
of the solvent molecule and moisture present if any.

All the prepared MMMs were thoroughly characterized and subjected to various
studies namely thermal, thermos-mechanical, tensile, microscopic analysis etc. to obtain in
depth information about the structural properties and interaction behaviours between PGM and

the membrane matrix. Other data obtained from various studies (XRD, TEM etc) supporting
the findings of the results are also summarized in the Appendix II.
Results and discussion
Choice of monomers and RAFT agent

We have strategically grafted polymer brushes on the MOF surface with three
different types of polymer chains which are consisting of (i) neutral charges and tri-substituted
basic nitrogen units (pKy ~ 7.8), (i1) cationic charges in each unit with a tetra substituted
quaternized nitrogen and (iii) zwitterionic pair along with a tetra substituted quaternary
nitrogen and a very strong sulfonic acidic (-SOzH) group (pKa ~ -7) (Scheme 4.1). The brush
structured polymer chains covalently bound on the MOF surface, wraps the MOF surface while
partially maintaining the inherent porous structure of the MOF intact, resulting in a porous
MOF-polymer hybrid conjugate material. The presence of hydrophilic self-assembled hexa-
nuclear Zrs-oxo core in the UiO-66 makes it suitable to create hydrophilic proton conducting
nano-channel. The inherent porosity of the MOF makes it even a better choice. Additionally,
the tactically designed charged polymer brushes create loosely bound proton rich environment
in proximity to the MOF upon doping with phosphoric acid. The presence of neutral/ cationic/
zwitterionic charged polymer chains effectively contribute to the strong interaction between

polymer chains and MOF and thereby creates a loosely bound proton rich environment for
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better proton hopping ability upon doping with phosphoric acid (a more detailed discussion is
given at the later stage).

The design of the BSIPA RAFT agent is carefully chosen so that the activated
carboxylic acid group when attached covalently with the free primary amine groups of UiO-
66-NH: by forming amide linkage, the phenyl group resides away from the MOF surface. The
phenyl methyl group acts as Z group to control the reactivity of the C-S bond while, the free
radical leaving group Re remains attached to the MOF nano surface during the RAFT
polymerization process (Scheme 4.1). Also, there is a methyl group positioned strategically on
the -CH position (acting as R group here) adjacent to the trithiocarbonate group to ensure extra
stability to the generated free radical species upon dissociation of the C-S bond between
trithiocarbonate and the R group (Scheme 4.1). Upon SI-RAFT polymerization process the
growing polymer chain will reside between the trithiocarbonate group and the R group in our
case. Thus, the polymer brush is grown towards the MOF surface and trithiocarbonate group
resides away from the MOF surface. This predominantly designed synthetic strategy and the
choice of BSIPA RAFT agent allows us to keep the polymer brush which consist of neutral/
cationic/ zwitterionic pendent units close to the MOF core (see Scheme 4.1) and will also help
not only to provide greater amount of interaction with the adjacent MOF moieties and the
membrane matrix but also to incorporate and retain higher amount of phosphoric acid (PA)
units into the inherent pores of the MOF core. Thus, the hybrid polymer grafted MOF materials
can result in an improvement of the membrane properties when used as nanofiller in the
membrane matrix to create an MMM. MMMs are well known in the literature which has been
used in a number of applications owing to their unique contributory effects between the

polymer matrix and the solid (here polymer grafted porous MOF) nano particles.

Grafting of various types of polymer chains on MOF surface

Figure 4.1(A) shows the thermal degradation patterns of all the polymer grafted MOF
materials with varying polymer chain type and length. In all the cases, a gradual decrease in
weight % is observed till 200 °C which reflects the hygroscopic nature of the materials and
accounts for the adsorbed water molecules. Except this weight loss, all the PGM materials are
stable up to ~400 °C while a little premature degradation is observed in case of PGMs with
zwitterionic polymer brushes (PGM-Z). The sharp degradation at ~400 °C indicates the
breakdown of the polymer brush structure attached covalently on the MOF surface. The
degradation increases for each set (neutral/ cationic/ zwitterionic) with the increase in the

polymer chain length. Thermal stability of the BSIPA RAFT agent is only up to 200 °C [see
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Appendix II-Figure 4.4] which is also reflected in the case of thermal stability of the MOF-
BSIPA (BSIPA RAFT agent attached to UiO-66-NH>). Among the three different types, the
polymer brushes containing neutral amine functionality shows a little better thermal stability
when compared with the cationic one and the highest thermal degradation is observed in the
case of zwitterionic polymer [Figure 4.1(A)]. We have achieved a maximum polymer grafting
density of 549 mg g'! of MOF in the case of PGM-Z2.

We have also performed gel permeable chromatography (GPC) after treating the
polymer grafted MOF samples with the aqueous HF. This procedure has been used by us and
others in recent times to detach the surface grafted polymer chains by the action of HF leaching
of the framework structure'>>7-? (see details in the Chapter 2 Scheme 4.7). Upon completion
of the HF treatment, the solution was kept in a petri dish to dry. The bare polymer chains were
extracted with HPLC water, purified and the molecular weight was determined with the help
of GPC measurements using HPLC water as eluent [shown in Figure 4.1(B)]. All the molecular
weights (PGM-N1 to PGM-Z2) have been tabulated in Table 4.1. All the synthesized PGM
samples show a narrow polydispersity index (D) and the molecular weights acquired from the
GPC technique are in good agreement with the targeted molecular weight, which suggests that
the polymer grafting took place using the SI-RAFT polymerization technique. Design of the
RAFT agent plays an important role in controlling the dispersity of the polymer chains.**4!
But, in order to check the effect of nano surface support towards the growth of the polymer
chains, further, controlled experiments were also performed with all the three monomers in
absence of MOF-BSIPA under similar conditions in presence of free RAFT agents in order to
check the effect of surface grafting on the polymerization process. The polymers were purified
upon reaction and characterized using GPC (Appendix II-Figure 4.2 and Appendix II-Table
4.1). The samples were named as Controlled-N, Controlled-C and Controlled-Z for neutral,
cationic and zwitterionic polymer samples respectively. The observation illustrates that the
relative increment of P observed in the case of controlled experiments. The observation
suggests that the nano surface plays an important role in order to control the growth of the
polymer chains under similar solid support. Also, the unbound polymer chains are getting
washed out during the purification process which provides us a synthetic edge to eliminate any
amount of unbound polymer chains in the system which results in narrow D. Thus, creating an
even distribution of polymer brushes as well as providing better control over the growing

polymer chains in the system.
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Figure 4.1. (A) TGA plot of polymer grafted MOF materials. (B) GPC plots for the PGM

samples after the detachment of the grafted polymer chains.

Table 4.1. Physical properties of the polymers grafted on the surface functionalized MOFs.

Sample Sample type? Remaining Polymer M,¢ M,* bf
name weight %  content®
at 700 °C
(Wt%) P

UiO-66-NH» - 55.20 - - - -

MOEF-BSIPA UiO-66-NH2-BSIPA 53.03 39.31 - - -
PGM-NI1 pDMAEMA 59(L)-g-MOF 48.31 126.72 9197 9017 1.02
PGM-N2 pDMAEMA 130(H)-g-MOF 29.21 486.89 20209 19620 1.03
PGM-C1 pPMETAC6(L)-g-MOF 47.43 143.31 9510 9144 1.04
PGM-C2 pPMETAC 05(H)-g-MOF 27.45 502.08 21616 21192 1.02
PGM-Z1 pDMAPS;5(L)-g-MOF 46.06 169.15 9667 9207 1.05
PGM-Z2 pDMAPSs3(H)-g-MOF 25.20 566.28 22911 21614 1.06

#sample type describes the chain sequence for each of the copolymer chain and the degree of

polymerization for each chain included in the suffix which are obtained from the molecular

weight measurements using gel permeation chromatography, ° estimated from the TGA
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analysis (at 600 °C) and “polymer content was obtained from the analysis of the TGA curves
in Figure 1(A) and expressed as amount (in mg) of polymer chains /g of MOF-BSIPA, ¢, ¢ and

Fare determined by gel permeation chromatography.

UiO-66-NH>, MOF, MOF-BSIPA, PGM-N2, PGM-C2 and PGM-Z2 samples were
subjected to powder XRD analysis [see Figure 4.2(A)] and the patterns are validated against
the simulated pattern®® of UiO-66-NH, MOF. The synthesized MOF material and the PGM
samples PXRD patterns are matching very well with the simulated patterns suggesting that the
integrity of the UiO-66 framework is maintained and the crystal structures of UiO-66 NH: are
stable during the grafting-from SI-RAFT polymerization process. We have observed a decrease
in the intensity of the sharp peaks of PGMs when compared with the pristine MOF and MOF-
BSIPA. This can be a result of grafting of polymer chains on the MOF surface. All the materials
are found to be stable even after keeping for 6 months at room temperature. Further PXRD
analysis was performed on PGM-N1 sample after 6 months and found that the sample can
retain crystalline structure as seen from the PXRD pattern (Appendix II-Figure 4.4). The
PGM-Z samples were also kept under high temperature and 100% humidity condition for 10
days and even then, samples can retain crystalline structure as seen from PXRD pattern
(Appendix II-Figure 4.5).

Notable similarities are present among the FT-IR spectra of PGM samples and UiO-
66 [see Figure 4.2(B)]. Stretching frequency at 1565 cm! is present in all the five samples
which corresponds to the presence of C=0 bond of the carboxylate group. The stretching of N-
H bond is present at 3352 cm™ while in case of PGM-Z2, an intense peak appears at 3420 cm”
' which corresponds to the O-H bond stretching due to the presence of sulphonate group on the
attached polymer brush. The stretching frequency at 2962 cm! is present in all the three PGM
samples corresponding to C-H stretching frequency and the intensity increases from PGM-N2
to PGM-C2 and appears sharp in the case of PGM-Z2 which implies the presence of additional
-methyl group in case of PGM-C2 and a longer alkyl chain in the case of PGM-Z2. In all the
PGM samples, stretching frequency at 1721 cm is present due to the abundance of
methacrylate ester C=0O bond, present in the polymer brushes attached at the outer shell of all
the PGMs. Two distinct new peaks appear at 1166cm™ and 1034 cm™! in case of PGM-Z2
indicating the presence of -SOsH group which are absent in all the other samples. The peak
position of -SOsH group is shifted a little due to the presence of intense intra- and inter-

molecular H-bonding interactions between quaternary amine group and the strong acid (-SO3H)
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group and strong interaction between the adjacent zwitterionic polymer chains with the
unbound amine groups of UiO-66-NHa,.

"H-NMR and '3C-NMR analysis [Appendix II-Figure 4.6-4.8 and Figure 4.2(C)] of
the polymer samples, recovered after the aqueous HF treatment of the PGM samples, reveal
the grafting of targeted polymer chains on the MOF surface. The peaks are assigned for each
sample and the peaks observed corresponding to each sample further confirms the formation
of polymer chains using RAFT technique. The data obtained from GPC and NMR studies
further provide direct proof towards the applicability of the RAFT polymer grafting technique

for nano materials.
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Figure 4.2. (A) PXRD plots and (B) FT-IR plots of UiO-66-NH,, MOF-BSIPA and PGM
samples along with simulated patterns of UiO-66 MOF sample. (C) 13C NMR spectra of the
polymer chains detached from PGM-N, PGM-C and PGM-Z.
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Detailed morphological analyses [Figure 4.3 and Appendix II-Figure 4.9-4.22] were
carried out using FESEM, TEM and EDX techniques. FESEM analysis reveals that the MOF
particles are roughly spherical in nature with a diameter of 150-200 nm (Appendix II-Figure
4.9). MOF-BSIPA represents a rough surface with little coagulation of the particles whereas
the coagulation increases in case of PGM samples which is expected, as the interaction between
particles via extensive H-bonding and electrostatic interactions start to dominate upon removal
solvent molecules in the dry state of the prepared samples for the microscopic analysis
[Appendix II-Figure 4.9 and Figure 4.3 (A-F)]. A visible change in the particle surface is
observed as the polymer patches are visible covering the surface of the MOF [Figure 4.3 (A-
F)]. Similar observations are validated using TEM analysis [Figure 4.3 (I-J)]. The polymer
patch increases with the increment of the chain length of the grafted polymer chains. In case of
PGM-Z1 and PGM-Z2, where the dangling zwitterionic pendent chain is larger in size
compared to neutral and cationic moiety in the case of PGM-N and PGM-C materials, the effect
is more prominent as observed from FESEM and TEM analysis. In the case of PGM-Z
(zwitterionic polymer grafted MOF) samples, the abundance of sulphur could be detected due
to the presence of -SO3H group The EDX data suggests increase in the nitrogen content of the
PGM material upon the increment of the chain length. This is a direct consequence of the
increase in the self-repeating nitrogen containing monomer unit in the increased polymer chain
length. Similarly, the sulphur content found to increase with increasing chain length of the
PGM-Z samples. In all the cases, the abundance of the elements (C, N, O, S, Zr) are observed
to be evenly dispersed throughout the material surface (Appendix II-Figure 4.10-4.15).
Similar distributions of the atoms are also validated from TEM-EDX and mapping studies
(Appendix II-Figure 4.16-4.18). HR-TEM analysis proves the inherent porosity>***** of the
MOF material [Figure 4.3 (H)]. The TEM images of PGM samples clearly show the polymer
patches on the MOF surface which suggests the successful implication of the integrity of the
SI-RAFT process on the MOF surface. Careful observation of the data obtained from TEM
analysis suggests that the polymer grafting effects the porosity of the PGM samples as the
polymer chains found to cover the porous MOF core (Appendix II-Figure 4.19). The
observation was further analyzed and proved from the BET studies (discussed in latter section).
Upon extensive stability treatment of the PGM samples, PGM-C2 and PDM-Z2 were again
analyzed under FESEM and EDX which directly prove that the polymer grafted MOF samples
are stable under the harsh conditions (Appendix II-Figure 4.20-4.22) suggesting the integrity

of the process and the newly synthesized super hybrid materials.
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Figure 4.3. FESEM images of polymer grafted MOFs (A) PGM-N1, (B) PGM-N2, (C) PGM-
Cl1, (D) PGM-C2, (E) PGM-Z1 and (F) PGM-Z2. TEM images of (G) UiO-66-NH., (H) high
resolution image of UiO-66-NH», (I) PGM-Z1 and (J) PGM-Z2.

BET adsorption analysis was performed in order to get further insight on the
successful grafting of polymer brushes on the porous MOF surface [see Figure 4.4 (A)-(C) and
Appendix II-Figure 4.23]. All the PGMs were subjected to vacuum dry at 80 °C for 18 hours
in order to remove the air and moisture adsorbed in the inherent pores of the material. All the
six samples illustrate the type-I behaviour with rapid rise of the isotherm at around P/Py =
0.9—1, which is a typical phenomenon observed in the case of microporous materials. UiO-66-
NH: shows a surface area of 918 m? g! (high value considering activation at 80 °C) while, we
have observed a decrease in the surface area for PGM samples (PGM-N1 having surface area
of 677 m? g'!) owing to the grafting of the polymer brush which fills-up the pores present in
the MOF. Also, decrease in the surface area with the increase in the chain length of the grafted
polymer brush is observed in all the cases (PGM-C1 having surface area of 561 m? g'! while
PGM-C2 shows surface area of 222 m? g'!). The decrease in the surface area in the case of
PGM-C2 (222 m? g'!) from PGM-N2 (593 m? g!) considering similar molecular weight of the
grafted polymer chains, indicates that the cationic polymer brushes can take up more space.
This is due to the presence of an extra methyl group in the cationic unit when compared to the
neutral one. More particularly, the special arrangement of the three methyl groups around the
cationic nitrogen centre incorporates extra bulkiness like a propeller, when compared with the

neutral nitrogen with two methyl groups. Similar observations are observed in the case of
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PGM-Z having a much longer alkyl chain with a bulky sulphonate group dangling at the end
of each bristle of the grafted polymer brush. The significant decrease in the surface area in the
case of PGM-Z1 (90.6 m? g'') and PGM-Z2 (66.6 m? g!) directly imply the consequence of
the less availability of the free space due to the impregnation of long polymer bristles inside
the pores of the PGM samples.!> The distribution of pore size data [Appendix II-Figure
4.23(B)] also indicates that the abundance of small pores is getting lesser in the PGMs when
compared with the pristine UiO-66-NH> sample. This observation effect is also found to tally
with the increase in the molecular weight of the grafted polymer brush. This data implies that,
the grafted polymer chains not only reside on the surface of the MOF but also filling up of the

hollow interior which is in well agreement with the observations from the FESEM and TEM

analysis shown in earlier section.
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Furthermore, water vapour adsorption and desorption of all the samples were studied
using dynamic vapour sorption (DVS) technique and the data are shown in Figure 4.4(D) and
Appendix II-Figure 4.24. In the case of MOF material, the observed hydrophilicity is 0.14 g
of water/ g of the MOF material which comes from the free amine groups present in the
framework structure along with the highly hygroscopic Zrs-oxo nodes which are surrounded
by carboxylic acid groups from the BDC-NH> ligand. DVS analysis shows a clear increase in
hydrophilicity upon grafting of polymer chains on the MOF surface. The hydrophilicity
increases with the increase in the molecular weight of the grafted polymer brushes. An
ascending order of hydrophilic nature is noted while moving from neutral to cationic and again
to zwitterionic charged polymer brush grafted MOF. The maximum observed hydrophilicity is
obtained for PGM-Z2 (0.24 g of water/g of PGM-Z2) which is nearly double when compared
to the pristine MOF. The PGM samples display hysteresis loop which attributes to the fact that,
the diffusion of water molecules from the bulk to the surface has a different kinetics. It also
implies that, the PGMs possess high affinity towards water molecules not only on the surface
but also the water molecules go into the bulk of the material. So, PGMs show a box suction
dominated mechanism as the hollow hydrophilic interiors are decorated by hydrophilic
polymer brushes. In the case of PGM-Z samples the initial and the final points of the isotherm
are well disconnected suggesting that, the sample can hold moisture to a better extent.

The aqueous stability of the PGMs were analyzed by checking Zeta potential values
(Appendix II-Figure 4.25). The study shows that all the PGM samples are highly dispersed
and stable in the aqueous medium. The zeta potential values are positive in the case of PGM-
N and PGM-C samples and are negative for PGM-Z samples which is expected in terms of the
different charge present at the surface of the nanoparticles with respect to the polymer brushes
grafted on the surface. Moreover, the data also suggests that the zeta potential increases a little
with higher chain length of the grafted polymer brush. The robustness and the stability of the
PGMs were further checked under 100% humid condition with high temperature for a period
of 10 days and afterwards analysed using PXRD. The study shows that the framework structure
is quite stable under the chosen harsh environments and able to retain its crystalline patterns

(Appendix II-Figure 4.5).

OPBI@PGM mixed matrix membranes
In order to demonstrate the possible application of the PGM materials in the
improvement of proton exchange membrane (PEM) properties, we have utilized PGM samples

with higher polymer content to prepare nanocomposite mixed matrix membrane (MMM) by
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dispersing PGM sample in OPBI matrix to prepare MMMs containing different weight
percentage of PGMs in the matrix (Scheme 4.2). We have thus produced MMMs by varying
the amount of nanofiller loading of 2.5 wt% and 5 wt % PGM content with respect to the OPBI
weight. We have also evaluated the effect of structure of different polymer brushes grafted on

the nano MOF surface.

. . Solvent
Formic acid o casting
| 4

| &
Stirring, room 60 °C
temperature

Scheme 4.2. Schematic representation of the fabrication of OPBI@PGM nanocomposite

mixed matrix membrane.

Powder XRD analysis of the MMMs indicate the presence of new semicrystalline
peaks between 10°-20° of 20 value which indicates the strong interaction patterns acting
between PGM and the membrane matrix (Appendix II-Figure 4.26). However, this is to note
that the OPBI polymer is amorphous in nature and PGMs contain crystalline MOF. The
intensity of the new semicrystalline peaks increases with the increment in the nanofiller
loading. From the TEM analysis (Appendix II-Figure 4.27) of the MMMs which indicates the
dispersion of the PGMs in the membrane matrix are better when we move from neutral to
cationic and again to zwitterionic polymer grafted MOF material. The presence of ionically
charge reflects in better interaction with the membrane matrix and thus results in better
dispersion of the nanofiller. The data indicates the variation in the dispersion abilities of the
PGMs with the alternation of the surface charge of the polymer grafted MOFs. The dispersion

ability of the nanofiller material in the matrix imposes significant impact on the different
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physical as well as mechanical properties (discussed in the later sections) of the MMMs which
are in agreement with our recent studies.?*>*

Thermal stability is one of the most important features in order to design high
temperature-PEMs (HT-PEMs). Thus, all the OPBI@PGM membranes along with pristine
OPBI membrane were thoroughly checked for thermal stability up to 700 °C [Figure 4.5 (A)].
All the MMM samples show initial weight loss around 200 °C which is better than initial
weight loss of OPBI. Thermal stability of MMM samples decrease from neutral to cationic and
further to zwitterionic polymer brush grafted MOF when used as nanofiller. But the increase
in the nanofiller loading from 2.5 wt % to 5 wt % in the MMM increases the thermal stability
up to 400 °C indicating the strong interaction pattern between the nanofiller and the membrane
matrix which helps to resist the thermal degradation. Above 300 °C thermal stability of the
MMMs is observed to decrease a little bit compared the pristine OPBI which can be interpreted
with respect to the thermal degradation patterns of the UiO-66-NH> framework. After 550 °C,
the degradation indicates the breakdown of the main polymer backbone of the OPBI polymer.
The data illustrates that all the MMMs show even better stability than pristine OPBI (below
200 °C) and the overall thermal stability is also impressive to be used as HT-PEM.
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Figure 4.5. (A) TGA plot and (B) storage modulus vs temperature plot of all the OPBI@PGM

membranes along with the pristine OPBI membrane.

The dispersibility and the strong interaction pattern between the nanofiller and the
membrane matrix have great consequences on the thermo-mechanical behaviour of the
nanocomposites. Temperature-dependent storage modulus (E’) plot of OPBI along with all the
OPBI@PGM mixed matrix membranes are shown in Figure 4.5 (B) (obtained from DMA
study). The storage modulus values at 100 °C and 400 °C for all the membranes are tabulated
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(Appendix II-Table 4.2). The increment of storage modulus in the case of MMMs are
incontestable when compared with the pristine OPBI membrane. The storage modulus (E’) is
found to increase significantly at 100 °C for all the OPBI@PGMs with the values 11019, 10913
and 6563 MPa recorded for OPBI@PGM-N2.5%, OPBI@PGM-C2.5% and OPBI@PGM-
72.5%, respectively. Similarly, a significant increase in storage modulus is observed at 400 °C
for all the samples in comparison to pristine OPBI. Two important observations to be noted:
firstly, the type of grafted polymer chain on the PGM has a strong influence on the E’ value of
MMM and then the increment of E’ value is much more significant at higher temperature, for
example, the data (Appendix II-Table 4.2) show that the % of increment in E’ value for
OPBI@PGM-N2.5% at 100 °C and 400 °C are 305% and 600%, respectively. However, the
value decreases as the amount of nanofiller loading increases which originates due to the
presence of greater amount of hydrophilic nanofiller loading which makes the membrane more
flexible, though the lowest value (OPBI@PGM-Z5%) was 67% higher at 100 °C and 231%
higher at 400 °C when compared with the pristine OPBI. The controlling the amount of
nanofiller loading must be taken into account in order to obtain best mechanical properties out
of the MMM s. The plots of loss modulus (E”) and tan 6 against temperature (see Appendix I1-
Figure 4.28) show only one relaxation peak for all the composites and OPBI membrane. The
Tg values obtained from tan 6 vs temperature plot for all the OPBI@PGM membranes, range
between 280- 291 °C whereas the value obtained for OPBI membrane is 321 °C. The little
change in the T, values is observed for the nanocomposites because of the presence of
plasticizer effect arising from the hydrophilic and porous nature of the nanofiller.

All the OPBI@PGM membranes along with the pristine OPBI membrane were
analyzed for water uptake ability, swelling ratio and phosphoric acid (PA) doping levels, and
all the data are tabulated in Appendix II-Table 4.3. OPBI polymers tend to absorb moisture
and PA molecules inside the membrane matrix, owing to its tendency to form strong H-bonds
with the imidazole functionality present in the OPBI structure.” Therefore, the membranes often
undergo dimensional changes due to excessive swelling upon PA loading which limits their
usability as a potential proton conducting membrane material. Hygroscopic nanofiller materials
are reported in literature to increase the water uptake ability of the resulting nanocomposite.?**
On the other hand, dimensional stability must be maintained at the same time. We have
observed slight increase in the water uptake of the MMMs and the value increases with the
increase in the nanofiller loading which signify the water absorptivity and the water holding
abilities of the PGMs as observed from the DVS studies (discussed in the earlier section).

Changes in the swelling ratio in water and PA of the OPBI@PGM membranes are observed,
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when compared with the pristine OPBI membrane and there is a clear-cut dependence of the
type of PGM nanofillers and the % of nanofillers in the MMMs. PA doping level of OPBI is
15.77 mol/ repeat unit (r.u) while a significant jump in PA doping level is observed for all the
MMMs and the effect of neutral, cationic and zwitterionic moiety present in the grafted
polymer brush structure are very significant. Best values are obtained with ionic moiety present
in the case of OPBI@PGM-C and OPBI@PGM-Z with 5 wt% nanofiller loading. The presence
of Zrs-0xo nodes, free amine functionality presents on the MOF surface and the inherent
porosity present in the basic UiO-66-NHa also play a noteworthy role in achieving higher PA
doping levels.

We have also studied the stress-strain profiles of the PA doped membranes to
investigate the dimensional stability of the proton exchange membranes which has always been
a serious problem to utilize the membranes further. A huge increase in the tensile strain is
observed in the case of the PGM loaded membranes when compared with the pristine OPBI
[Figure 4.6 (A)]. Incorporation of crystalline materials even in small amounts in the system
have proven to improve tensile properties of the membrane in many folds.*** Strong
interactions acting between the OPBI matrix, the hydrophilic nanofiller materials and absorbed
PA molecules directly contribute to the mechanical and tensile reinforcement of the PA doped
membranes which indicates the importance of properly designed nanofiller material for the
compatibility with the polymer matrix. Also, the effect of grafted polymer structure of
hydrophilic nanofiller is observed from the stress-strain profile. With the increase in the amount
of nanofiller loading, the MMMs experience better PA doping levels which plays a great role
in the stretchability of the membranes as observed from the less stress values and more strain
% values in all the cases. OPBI@PGM-C5% PA doped membrane shows 220% increase in
elongation at break value (%) while, with 2.5 wt% nanofiller loading resulted in 200%
increment with respect to OPBI membrane [Figure 4.6 (A)].

Proton conductivity (o) measurements were performed for all the PA doped
OPBI@PGM membranes and OPBI membrane at different temperature using a four-electrode
set-up, utilizing impedance spectroscopy [Figure 4.6 (B)]. The proton conductivity for OPBI
is 0.064 S cm™! at 160 °C whereas proton conductivity value for OPBI@PGM-C5% is 0.214 S
cm™! at 160°C. The highest proton conductivity value obtained is 0.241 S cm™ at 160 °C in the
case of OPBI@PGM-Z5% membrane. A significant increment of proton conductivity (~3.8
fold) is obtained for PA doped OPBI@PGM-Z5% composite membrane when compared to the
pristine OPBI polymer. The higher conductivity of the zwitterionic PGM-Z, compared to
PGM-N and PGM-C was a result of the =SOsH groups, which serve as suitable Brensted acidic
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cites, and is present in the polymer chain of PGM-Z. Because of the —SO3H groups, and the
zwitterionic nature of the PGM-Z, it can also form strong H-bonding within the material, which
also results to high hydrophilicity. All these factors lead to high observed conductivity of the
material compared to its other counterparts. Important to mention that the proton conducting
ability of the MMM increases with the nanofiller content in the membrane in all the cases.
Careful analysis of the proton conductivity data reveals that the increased proton conductivity
is not only due to the high PA uptake (although the main source for labile proton here is PA
molecules) but also the presence of strategically designed polymer grafted porous MOF
particles as nanofiller, that plays a significant role. Nevertheless, the presence of cationic and
zwitterionic pendent groups dangling from the grafted polymer chains creates a stronger ionic

environment surrounding the MOF particles containing free amine functionality and Zrs-oxo

nodes.
—e—OPBI 0.30 {—=—oOPBI
2.5 {—<—OPBI@PGM-N2.5% PA (A) — »— OPBI@PGM-N2.5% (B)
—e— OPBI@QPGM-N5% PA E —a— OPBI@PGM-N5%
—e—OPBI@PGM-C2.5% PA O 0.25 |—v—OPBI@PGM-C2.5%
2.0 OPBI@PGM-C5% PA (7)) OPBI@PGM-C5%
" |-»—OPBI@PGM-Z22.5% PA g —&— OPBI@PGM-Z22.5%
S  {—v—OPBI@PGM-Z5% PA ; = 0.20 [~ OPBI@PGMZ5%
= 1.5+ b
7] . =
¢ T 0.15
» 1.0 - 8
5 0.10
L~
0.5 - o
] o ¥ T
0.05 - .
0'0 T T ] T T L] T ] T T T
0 50 100 150 200 250 80 100 120 140 160
Strain (%) Temperature (°C)

Figure 4.6. (A) Stress-strain and (B) proton conductivity vs. temperature plots of OPBI and
OPBI@PGM membranes.

Appendix II-Figure 4.29 represents the Arrhenius plots of PA doped OPBI@PGM
membranes along with the pristine OPBI. The activation energy (E,) values derived from
Arrhenius plots are calculated based on the proton conductivity values observed within the
temperature range 80 °C to 160 °C. All the OPBI@PGM membranes and OPBI show activation
energy values in the range of ~9-12 kJ/mol. Thus, it could be inferred that, the proton
conduction is occurring through Grotthuss proton transport mechanism. Continuous
construction and distraction of the extensive H-bonding network between the: (a) functional

groups of the OPBI polymer, (b) ionic network of dangling ionic polymer brush grafted on the
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porous MOF and (c) absorbed PA molecules, are the key to achieve such high proton
conductivity.

In order to utilize the newly developed nanocomposite membranes as PEMs, two most
important properties must be examined which are (i) retention of proton conductivity for longer
period and (ii) holding of the doped PA molecules by the membrane under high temperature
and high humidity conditions. The data shown in Figure 4.7 (A) indicate an initial decrease in
the proton conductivity for all the samples due to initial leaching of PA molecules from the
system but after that all the nanocomposite membranes are retaining the proton conductivity
quite well even after 24 hours. In order to study the leaching behaviour, all the membranes
were treated under high temperature (100 °C) and high humidity conditions (98% RH) using a
home-made set-up adapted from the previous studies.'®3**® The weight was measured
periodically for all the membranes to obtain the weight loss owing to the PA leaching. The
membranes were flooded with continuous boiling water vapour which provides an ideal
environment for PA to leach out from the system. Figure 4.7 (B) clearly reveals that OPBI
membrane can hold only around 56 % of PA after the 1 hour of the leaching treatment and
upon completion of 3 hour only 30.7 % of the doped PA molecules are retained in the
membrane. Whereas, in the case of MMMs, upon the completion of 3 hour of the treatment,
the membranes display better PA holding abilities by retaining on an average around 73% of
PA molecules. The strong acid-base, m-m, noncovalent interactions acting between the
nanofiller and the matrix polymer along with free amine decorated hollow MOF interior,
presence of Zrs-oxo nodes and presence of grafted ionic polymer brushes provides a
quintessential environment which helps to hold the PA molecules in the system.

Further, thermal stability of the MMMSs upon PA doping were checked using TGA
study. TGA analysis of undoped membranes [Figure 4.5 (A)] shows that the nanocomposite
membranes have less thermal stability with respect to the pristine OPBI membrane (in the
temperature range >200 °C) but the PA doped membranes show thermal stability in a reverse
order. The PA doped OPBI@PGM membranes show better stability than the PA doped OPBI
membrane in the temperature range of 100 °C — 300 °C (Appendix II-Figure 4.30). This
observation implies that the PGM nanofillers are well designed to incorporate and embrace
more PA in the membrane matrix efficiently when compared to pristine OPBI, which directly
infers with our conclusions obtained from the PA leaching studies. Upon PA doping, a number
of new and complicated interaction patterns arise in the matrix which contribute towards better
thermal stability of the membranes. In this context it has to be mentioned that, at around 500

°C, the composite membranes lead to a sharp decay in the weight loss with respect to OPBI PA
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membrane, which can be attributed to the evaporation and polycondensation of PA molecules

present in the composite matrix.
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Figure 4.7. (A) Isothermal conductivity at 160 °C and (B) acid retention studies of PA loaded
OPBI@PGM samples.

Conclusion

We have successfully demonstrated a simple but efficient way to attach RAFT agent
on the UiO-66-NH> (a MOF) surface which opens an enormous amount of possibility towards
controlled surface modifications. Further, we have grown ionic polymer brushes of varied

chain lengths containing neutral (PGM-N), cationic (PGM-C) and zwitterionic (PGM-Z)
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functional groups on the nano MOF surface using SI-RAFT grafting-from approach.
Furthermore, mixed matrix membranes (MMMs) of oxypolybenzimidazole (OPBI) and porous
nanofiller (PGM) were developed with different amount of nanofiller loading and were
characterized methodically. The achievement of high storage modulus value of 11019 MPa at
100 °C in the case of OPBI@PGM-N 2.5% indicates the effect of basic nitrogen content of the
neutral polymer brushes towards the complex interaction patterns that have been arisen in the
MMM. The ionic functionality present in the grafted polymer brush impacts on the
dispersibility of the nanofiller in the membrane matrix and the best results were obtained for
OPBI@PGM-Z 5%. We have also proved that, the strong and complex interaction patterns
acting between the nanofiller and the membrane matrix in the MMM help to achieve better
phosphoric acid (PA) doping levels without compromising on the dimensional stability of the
membrane resulting in excellent PA holding capabilities of the MMM, thereby less leaching of
PA. Better PA doping levels and the ability to form nano proton migration pathway by virtue
of the extensively porous network structure of the framework along with precise grafting of the
ionic polymer brushes helped to create super protonic conductors with conductivity as high as
0.241 S cm™ (~ 4 fold increase when compared to pristine OPBI) for OPBI@PGM-Z5% which
is among the utmost values reported till date for MOF based PEM systems with excellent

mechanical robustness.
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Abstract

In recent times, metal organic frameworks (MOFs) along with the evolution of
different post-synthetic modification (PSM) procedures are being used frequently to design
better hybrid materials for numerous applications. However, the combination of polymers with
MOF systems (polymer-MOF conjugates) has proven to be an interesting area for improving
the stability factors of MOF systems even under harsh environments. Nevertheless, the need
for a proper synthetic approach and extensive study limits the designing flexibility of ‘MOF-
polymer’-based efficient hybrid materials. An efficient surface functionalization technique,
without the use of harsh chemicals, simple but scalable with synthetic tuneability and
inexpensive, with uniformly of chemically stable grafted polymer chains can provide immense
freedom to synthesize functional polymer-grafted MOF materials. In this work, at first, the
MOF surface was chemically transformed into a polymerizable surface by trithiocarbonate
based chain transfer agent (CTA) namely, RAFT agent. This modified MOF surface was
utilized to grow poly vinyl phosphonic acid (PVPA) chains using aqueous surface initiated
RAFT polymerization technique with varying chain length and grafting density. Grafting of
PVPA polymer chains were confirmed by TGA, GPC, FT-IR, NMR, FESEM, TEM, EDX and
mapping studies. The stability of the novel hybrid material under various harsh environments
were further analyzed. The applicability of this work was further explored by analysing the
newly synthesized PGMs for proton conductivity under varying temperature and relative
humidity conditions. Pendent phosphonic acid group containing stable polymer chain grafted
on the MOF surface creates strong H-bonding, acid-base, ionic and non-covalent interaction
patterns with the neighbouring PGMs and the water molecules which are responsible for such
high stability, water sorption ability and also exhibits inherent proton conductivity of 1.26x10"
2S em! at 80 °C for PGM-L3 sample under 98% relative humidity, and 9.8x107 S cm™ at 60
°C for PGM-HI1 sample under 75% relative humidity, which is amongst the highest values
reported so far for MOF based systems.

Introduction

Research on metal organic framework (MOF), a class of porous crystalline
framework material with high surface area, is rapidly growing owing to its application in

12 CO, capture®*, water splitting’, water

numerous fields including gas separation
purification®’, drug delivery®’ and energy applications'®!*. A recent literature review reveals,

a growing curiosity in developing post synthetic modification (PSM) approaches of MOF
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materials in order to create MOF based hybrid materials with further enhancement in the
properties'*'®. PSM of a MOF can be achieved by attaching small molecules like sultone,
anhydride, halogens etc. on the MOF surface which yields a functional monolayer on the MOF
surface. Unfortunately, improvement of properties of the resulting MOF hybrid obtained by
this method is inadequate because of the limited number of active functionality available on
the modified MOF surface owing to the synthetic challenges to achieve 100% functionalization
1922 Alternatively, amplification of such properties are reported either by impregnation of
small molecules in the confined pores or incorporating polymer with the MOF particles to
make nanocomposite, and is based on non-covalent interactions between the nanofiller and the
polymer matrix.?>~?® However, uneven distribution of the filler (MOF) material in the matrix
can encumber the improvement in desired properties. On the other hand, grafting of polymer
chains on the MOF surface is found to provide improved homogeneity of the material resulting

significant improvement in the properties of MOF hybrid.?’

In recent times, many research groups have reported polymer-MOF composites with
improved compatibility by doing appropriate surface chemistry and enhancing the interfacial
interactions between MOF and polymer.>*=? However, proton conducting behaviour of bare
polymer-grafted MOF, without mixing (blending) with another polymer to make composite,
has not been explored to a great detail. In this work, we made an effort to study this aspect of
polymer-grafted MOF. Here, we have taken UiO-66NH; as a model MOF system and our plan
is to come up with a simple method to grow different types of polymer chains consisting of
ionic functionality on the MOF nano surface which will create a new class functional materials

for their use as ion conducting hybrid MOF.

In this work, we have modified the surface of the UiO-66NH, MOF by grafting
phosphonic acid unit containing polymer chains (PVPA) using SI-RAFT grafting from
technique. FT-IR, TGA, NMR, GPC, BET, DVS, FESEM, TEM, EDX and mapping

techniques were used to confirm the grafting of PVPA chains on the nano surface.

We have judiciously chosen to graft PVPA chain on the MOF surface as diprotic acid
monomer VPA has (i) two acid dissociation constant with values of pKa;=2 and pKa,=8, (ii)
stable phosphorus atom with +5 oxidation state and (iii) P>*=0°% units along with -OH
functionality. These features of the PVPA chains can enable holding more amount of H' ions
and water molecules so that nano proton conducting channels may be created in the resulting

PGMs. Additionally -POsH; unit dangling from the polymeric chain has two possible conjugate
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base structures and the abundance of each of the microspecies varies with the change in the pH
value of the medium. Also, we have calculated the abundance of each of the microspecies under
different pH conditions from the predicted acid dissociation constant data available publicly at
Chemicalize.com & Marvin (details are shown in Appendix III and Appendix III-Figure 5.1).
Considering the variation in the abundance of different microspecies, -PO3H" is considered to
be the dominating species under the humidified conditions while -PO3H> is under low pH
condition. -PO3H™ species is considered to be an ideal candidate for the creation of an
environment for better proton hopping considering the presence of both, (i) negative charged
oxygen dispersed over two oxygen atoms and also (ii) the presence of a dissociable acidic
proton attached to oxygen. Thus, the presence of strong acidic protons when interacts with the
water molecules of pH=7 in the polymeric chain grafted MOF system, creates a loosely bound
H" enriched environment which can be beneficial for inherent proton conductivity of the
polymer-MOF super hybrid material. The presence of strong and complicated interaction
patterns (ionic, acid-base, H-bonding and non-covalent interactions) acting amongst the grafted
PVPA polymer chains, hollow MOF interior consisting of free amine functionality and
hexanuclear core of Zre metal nodes (consisting of Zr** species) helps to build a strong
interconnected network which can contribute extensively towards the stability of the super
hybrid material under harsh thermal and mechanical environment. The grafting of PVPA
polymers chains on particularly Zr based UiO-66 NH> MOF is very fascinating because the
grafted polymer chains tend to wrap up around the hollow interiors of the MOF material which
is well anticipated to create hygroscopic proton conducting nano channels by improving the
stability of the core framework structure and there by not only creating a protective shield
around the MOF core but also populating the neighbourhood with enriched H' ions. Thus,
tactically designed polymer chains with dangling phosphonic acid units play a crucial role
towards the creation of well-organized proton conduction channels to achieve super proton

conductivity via simultaneously breaking and making of H-bonds (discussed in latter section).
Materials and Methods
Preparation of polymerizable MOF surface

We have synthesized UiO-66 type MOF (UiO-66-NH>) and modified the surface
chemically with the synthesized RAFT agent (BSIPA) to convert the MOF surface into a
polymerizable surface (MOF-BSIPA) using PSM technique. The details of MOF synthesis and
modification by RAFT agents are given in Chapter 2 and Appendix-III. The amount of
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BSIPA (RAFT agent) attached on the MOF surface was varied to obtain two sets of MOF-
BSIPA namely MOF-BSIPA(L) and MOF-BSIPA(H) with low and high RAFT agent attached
on the MOF surface, respectively (see Chapter 2 and Appendix III for detailed procedure).
RAFT agent attached UiO-66-NH> (MOF-BSIPA) was used in aqueous SI-RAFT
polymerization in order to grow polymer chains of poly vinyl phosphonic acid (PVPA) on the

nano MOF surface (Scheme 5.1).
Synthesis of poly(vinyl phosphonic acid) grafted MOF

Poly (vinyl phosphonic acid) grafted MOF (PVPA-g-MOF) materials were prepared
using ‘grafting from’ approach of SI-RAFT polymerization technique in aqueous medium.
Two types of polymer PVPA-g-MOF (hereafter called as PGM) were prepared using MOF-
BSIPA (L) and MOF-BSIPA (H) and these are named as PGM-L and PGM-H, respectively.
The procedure to prepare PGM-L is as follows: 200 mg (21.66 pmol) MOF-BSIPA(L) was
taken with 5 mL 3:2 (v/v) mixture of water: EtOH in a 25 mL Schlenk tube. 5.9 mg (21.66
umol, 1 eq.) of BSIPA and 1.5 mg of AIBN (8.66 umol, 0.2 eq.) were also added in the Schlenk
tube with vinyl phosphonic acid (VPA) (calculated amount of VPA monomer added to grow
the polymer chain of PVPA with different molecular weights). The Schlenk tube was sealed
with a septum and then sonicated for 5 minutes and further the tube was kept under stirring
condition to make the reaction mixture dispersed uniformly. To ensure the complete removal
of oxygen and dissolved air from the reaction mixture the Schlenk tube was subjected to
undergo four freeze-pump-thaw cycles. The tube was then back filled with ultra-high pure No,
sealed and kept under stirring at 70°C for 16 h. Upon the completion of 16 h, the active
propagating radicals in the RAFT polymerization reaction were frozen by quenching with
liquid N> and the exposure to air terminates the reactive radicals responsible for the propagation
of the active polymer chain growth. Similarly, to grow PVPA polymer chains on the MOF-
BSIPA(H) surface to get PGM-H following protocol was followed: 200 mg (69.35 pumol)
MOF-BSIPA(H) was taken with 5 mL 3:2 (v/v) mixture of water: EtOH in a 25 mL Schlenk
tube. 18.89 mg (69.35 umol, 1 eq.) of BSIPA and 4.6 mg of AIBN (27.74 umol, 0.2 eq.) were
also added in the Schlenk tube with vinyl phosphonic acid (VPA) (calculated amount of
monomer added to grow the PVPA polymer chain with different molecular weights grafted on
the MOF surface). Similar reaction procedure was employed in the case of PGM-H sample

synthesis as described earlier for the PGM-L samples.

Characterization Methods
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All the details characterization procedures which include the detachment procedure
of grafted polymer chains from the MOF surface, GPC, NMR, FT-IR, BET studies, powder
XRD, FESEM, TEM, EDX and mapping technique along with TGA, DVS, zeta potential and

proton conductivity measurement studies are given in Chapter 2 and Appendix III.
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Scheme 5.1. Schematic representation of the synthesis of (A) BSIPA RAFT and activation, (B)
surface functionalization procedure of UiO-66 NH> MOF with BSIPA RAFT agent with
varying the amount of RAFT agent attached. MOF-BSIPA(H) and MOF-BSIPA(L) was further
utilized to graft two different sets (PGM-H and PGM-L) of polymer grafted MOF using
aqueous SI-RAFT technique.
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Two different sets of PGM namely PGM-L and PGM-H were prepared with varying
grafted PVPA chain length as described above. These samples are named as PGM-L1, PGM-
L2, PGM-L3, PGM-H1, PGM-H2 where L. and H represents lower and higher grafting of
polymer chains on MOF surface. The different chain lengths of the polymer brush are
represented by ‘1°, ‘2° and ‘3’ after the abbreviation. The complete process of making these
samples are schematically represented in Scheme 5.1 and physical properties of these samples

are tabulated in Table 5.1.

Result and Discussion

An interesting fact to note that, here we have altered the polymer grafting density by
carefully tuning the amount of trithiocarbonate based RAFT agent grafted on the surface of the
nanomaterial by utilizing the available free amine groups on the UiO-66 NH> MOF surface.
This helps us to get better control over the growth of the PVPA polymer chains during the SI-
RAFT aqueous polymerization process. The low polydispersity (D) and high uniformity of the

polymer grafted surface were possible to achieve by virtue of the RAFT process.

The BSIPA RAFT agent was sensibly designed thus, the activated carboxylic acid
group (-COO-NHS) when attached covalently with the free primary amine groups (-NH>) exist
on the UiO-66 NH; surface by means of forming amide linkage so that, the phenyl group stays
away from the MOF surface and acts as a Z group to control the reactivity of the C-S
functionality of the BSIPA while the free radical leaving group Re remains attached to the
MOF surface during the RAFT propagation process. Also, the methyl group was positioned
strategically on the -CH position (which is a part of the R group here) adjacent to the
trithiocarbonate group [-S-C(=S)-S-] to ensure the desired extra stability to the generated free
radical species upon dissociation of the C-S bond present between the trithiocarbonate and the
R group. Upon SI-RAFT polymerization process the growing polymer chains (PVPA) will
reside between the trithiocarbonate group and the R group. Thus, the monomer units are getting
attached towards the MOF surface of the active polymer chain keeping the trithiocarbonate
group residing away from the MOF surface. This fundamental synthetic design strategy and
the choice of RAFT agent (BSIPA) allows us to keep the polymer chains which consist of
phosphonic acid pendent units closer to the MOF hollow core which will help not only to
provide greater amount of interaction with the adjacent MOF moieties but also to incorporate

and retain higher amount of water molecules in the inherent pores of the hollow MOF core.
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Thus, the PVPA grafted MOF hybrid materials can result in designing better and improved

materials for efficient proton conducting materials.

PGM-1(Li) was prepared by implementing ion exchange technique between the labile
protons and Li" ions. Briefly, PGM-1 sample was stirred in 0.5 M aqueous LiCl solution for
24 h. upon completion of 24 h the sample [PGM-L1(Li)] was thoroughly washed in order to
get rid of excess LiCl salt after ion exchange process. PGM-L1(Li) was particularly interesting
as the material can provide better incite about the proton transfer process upon the exchange of

labile protons with Li" ions.

Figure 5.1(A) illustrates the thermal degradation profiles of all the polymer grafted
MOF materials with varying polymer chain grafting amount and chain lengths. In all the cases
an initial gradual weight loss is observed till 200 °C which reflects the hygroscopic nature of
the materials and accounts for the absorbed water molecules in the hollow framework. All the
PGM materials are fairly stable up to ~450 °C while a little premature degradation is observed
in case of PGM-H where the grafted polymer chain length is higher. We have observed that
the PGM-L samples are showing even higher stability than the UiO-66-NH: under high
temperature environment (till 450 °C) which contradicts to the fact that upon SI-RAFT
polymerization the organic content of the MOF material increases and thus more weight loss
is expected from the PGM samples. The anomaly in the TGA pattern can however be explained
as the presence of phosphonic moiety in the grafted polymer chains plays a crucial role towards
the thermal stability of the PGMs.* The presence of stable phosphorus (+5) moiety (acidic in
nature) interacts at a greater extent with the available -NH» functionality (basic in nature) of
the neighbouring framework structure, thus making the framework not only inter-connected in
nature by virtue of strong acid-base, ionic, H-bonding and non-covalent interactions but also
incorporates crystallinity in the system as observed from the HR-TEM and SAED data
(described in the latter section). These interactions and crystallinity make the PGM materials
less susceptible towards thermal degradation. Stability of Zr based MOF materials are well
reported for better thermal stability even at 500 °C when the Zr nodes are surrounded by
phosphonate ligands when compared to carboxylate ligands.>** Furthermore, different
systems are also reported where the presence of phosphoric acid doping enhances the thermal
degradation of the materials.’® On the other hand, when the polymer chain grafting density
increases and crosses the optimum polymer loading, the presence of high polymer content in
the system induces instability in the structure as observed from the weight loss pattern at 350

°C and finally the degradation at ~500 °C which originates from the decomposition of the
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backbone structure of the PGM. Therefore, the grafting amount must be optimized in order to
synthesize polymer-MOF conjugate with better thermal properties. TGA data of the BSIPA
RAFT agent attached UiO-66-NH> [see Figure 5.1(A)] indicates that the thermal degradation
increases with the increase in the BSIPA loading on the MOF surface as the BSIPA RAFT
agent degrades above 200 °C. Among the two different types of the polymer grafting variation,
we have achieved a maximum polymer grafting density (calculated from the weight loss data
of TGA plot) of 336 mg/g of MOF material in the case of PGM-H2.

Gel permeable chromatography (GPC) was performed after chemically treating the
polymer grafted MOF samples with HF in H>O medium. As the grafting of the polymer chains
are covalent in nature so, the MOF core needs to be digested in order to detach the grafted
polymer chains to be analyzed by GPC technique. This treatment is well known in the literature
to free the surface grafted polymer chains by the action of HF digesting the framework
structure’®¥’* (see details in the Chapter 2 and Appendix IIT). Upon completion of the MOF
core digestion treatment with HF, the solution was kept in a Petri dish in order to dry. The bare
polymer chains were extracted with HPLC water, purified and then the molecular weights were
determined with the help of GPC measurements using HPLC water as eluent [shown in Figure
5.1(B)]. All the molecular weights and the polydispersity index (P) value (PGM-L1 to PGM-
H2) have been tabulated in Table 5.1. All the synthesized PGM samples showed a narrow D
and the molecular weights acquired from the GPC technique are in agreement with the targeted
molecular weight, which suggests that the polymer grafting took place using the RAFT
polymerization technique.

UiO-66-NH>, MOF-BSIPA(H), PGM samples were analyzed by powder XRD
analyzer [see Figure 5.1(C)] and the samples were thoroughly validated against the simulated
XRD pattern of the UiO-66 MOF. The synthesized UiO-66-NH> MOF material and all the
PVPA polymer grafted MOF samples are in well agreement with the simulated crystallinity
patterns which suggests that the integrity of the UiO-66 framework was undisturbed and the
synthesized UiO-66-NH: is stable even after grafting PVPA chains. Upon evaluating the data
obtained from PXRD studies, no significant change in the crystalline patterns are observed
upon grafting of the RAFT agent on the MOF surface. Whereas, a decrease in the intensity and
broadening of the sharp crystalline peaks for the polymer grafted MOF materials are observed
and the broadening tend to increase as the polymer content increased. This observation is well
justified owing to the fact that the MOF material is highly crystalline but the PVPA polymer
shell is amorphous in nature and the insertion of polymer chains inside the inherent pores of

the MOF material supresses the crystallinity of the MOF. The crystalline peaks around 26
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values 8°, 20°, 35° and 55° indicates the presence of highly crystalline MOF core, although the
peak positions are found to shift indicating the strong interactions acting between the grafted
PVPA polymer chains and the MOF core. Another interesting observation is noticed upon
increasing the grafting density of the grafted polymer chains is that the peak at 26=8.26° shifted
to 8.04° implying that the polymer chains are prone to interact with the MOF core at a higher
extent when the polymer chain density is increased resulting an increase in the d-spacing value.
The observation was further evaluated from the TEM studies (discussed in the later section).
To analyze further in terms of stability, PGM-L3 material is found to be stable in terms of
retaining the crystalline nature even after keeping for 6 months at room temperature. Further
analysis was performed on PGM-L3 sample after keeping under high temperature and humidity
condition for 10 days and the samples were evaluated for EDX analysis and the sample is able

to retain its Zr and phosphorus ratio (Appendix III-Figure 5.2).
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Figure 5.1. TGA plot of surface polymer grafted MOF materials along with the UiO-66-NH>,
MOF-BSIPA(L) and MOF-BSIPA(H) (A). GPC plots for the PGM samples after the
detachment of the grafted polymer chains from the MOF surface (B). PXRD plot (C) and BET
isotherm plot (D) of polymer grafted MOF samples.
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All the samples were further analyzed using FT-IR technique to understand the effect
of polymer grafting on the MOF samples. Notable similarities are existing between the PGM
samples and the core MOF [see Appendix III-Figure 5.6 and Appendix III-Figure 5.7].

Stretching frequency at 1565 cm’!

is present in all the samples which corresponds to the
presence of C=0 bond of the carboxylate group. The N-H bond stretching vibration is present
at 3365 cm™! and an intense peak appears at 3460 cm™ which corresponds to the symmetric O-
H bond stretching present due to the presence of unbound water molecules. The broad peak
originated in the range 1700-1630 cm™! for all the PGM-L and PGM-H indicates the presence
of phosphonic acid. An additional broad peak in the range of 3600-2800 cm-1 corresponds to
the presence of phosphonic acid units along with the presence of sp> C-H stretching (originating
from the PVPA backbone) and the presence of unbound water molecules. The broad FT-IR
peak in the range of 3600-2800 cm™' becomes more get intense with the higher grafting of the
PVPA polymer chains. To check the stability, the samples were subjected to different harsh
environments and are found to be highly stable (see Appendix III-Figure 5.2). PGM-L1(L1i)
and PVPA polymer (without the presence of MOF core) were also analyzed and the peak

positions were validated (Appendix III-Figure 5.7).

In order to confirm the grafting of the PVPA polymer chains on the UiO-66-NH, MOF
surface, we have taken dry PGM-L3 as a representative sample, dispersed the sample in DO
and recorded '"H-NMR, '3C-NMR and *'P-NMR spectra (Appendix III-Figure 5.3-5.5). In 'H-
NMR spectra peak at 1.1 ppm corresponds to the -CHj3 group present in the RAFT moiety. The
NMR signals at 1.75 ppm and 2.5 ppm correspond to the presence of -CH and -CH»
functionality in the PVPA backbone, respectively. Peak at 2.75 ppm arises due to the presence
of -CH group attached to the amide functionality. Peak at 3.8 ppm corresponds to the benzylic
protons. The phosphonic acid units containing -OH groups appear at 4.8 ppm and cannot be
separated from the peak arises due to the presence of trace amount of H>O present in the D>O.
The broad peaks arise ~7-8 ppm corresponds to the BDC-NH; linker. '*C-NMR data further
confirms the grafting of the polymer chain on the MOF surface (Appendix III-Figure 5.4).
3'P_NMR reveals the presence of two sets of peaks corresponding to the PVPA polymer chain
where the first peak along with a shoulder peak appears ~24 ppm originating from the terminal
phosphonate groups (neighbouring the trithiocarbonate and the amide linkage respectively) and
a broad peak around 30 ppm corresponding to the remaining phosphonic acid units in the

grafted polymer chain (Appendix III-Figure 5.5).
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Strong acid-base and H-bonding interactions have a dominating effect towards the
structural aspect of the PVPA-g-MOFs. BET nitrogen adsorption analysis [see Figure 5.2 (D)
and Appendix III-Figure 5.8] of PGM samples were performed to understand the change in
the porous nature of the core MOF upon polymer chain grafting. Samples were subjected to
vacuum at 80 °C for 18 hours to remove the air and moisture molecules adsorbed in the inherent
pores of the material. PGM samples display the type-I behaviour with rapid rise of the isotherm
at around P/P¢ value = 0.9—1, a typical phenomenon which is often observed in the case of
microporous materials. UiO-66-NH, gives a surface area of 1012 m? g"!, but we have observed
a significant decrease in the surface area values for PGM samples attributing that the grafting
of the PVPA polymer chains must have covered the pores present in the pristine MOF material.
We have also observed a reduction in the surface area as the chain length of the grafted polymer
chain increases as 262, 245 and 217 m?g™! for PGM-L1, PGM-L2 and PGM-L3, respectively.
The PVPA polymer chain contain small dangling cones (~2.7 A in height) of phosphonic acid
unit from the polyvinyl backbone which can easily penetrate the pores of the MOF unit. The
decrease in the pore size value from 15.83 A (UiO-66-NH,) to 15.28 A (PGM-L1) and from
15.15 A (PGM-L2) to 14.96 A (PGM-L3) supports our conclusion that the grafted polymer
chains are not only covering up the surface of the pristine MOF but also filling up the inherent
pores of the framework structure and the effect gets prominent as the chain length of the grafted
polymer chain increases (Appendix III-Figure 5.8). The increase in the number of dangling
phosphonic acid units also increases with the higher chain length of the grafted polymer chains
and there by increases acid-base, H-bonding, non-covalent interactions by many folds and
creates a much-suited environment not only to adsorb water molecules in the newly polymer
decorated pores but also to hold the adsorbed water molecules with better efficiency by virtue
of H-bonding, ionic and non-covalent interactions. In order to investigate deep into the water
sorption and water retention properties of the material, samples were subjected to dynamic
vapor sorption studies (Appendix III-Figure 5.29). The data indicates that upon the grafting
of PVPA polymer chains, the material becomes highly hygroscopic in nature as the water
sorption capacity increases to 0.19g of water /g of PGM-L3 while the water sorption value was
0.14g of water/g of UiO-66-NH>. The enhancement in the water sorption capacity arises due to
the presence of highly hygroscopic nature of the grafted PVPA chains. The sorption value
further increases for PGM-H samples and the highest value obtained was 0.204g of water/g in
case of PGM-H2. The pristine MOF sample has inherent pores, which can be observed from
the absence of a substantial hysteresis loop in the adsorption-desorption isotherm. In contrast,

the PGM samples showed a considerable large hysteresis loop, which suggests that the
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diffusion of water molecules from the bulk to the surface has a different kinetics, and the PGMs
have a high affinity towards water molecules not only on the surface but also the water
molecules that enter the bulk of the material. Therefore, PGMs exhibit a box-suction-
dominated mechanism as the hollow hydrophilic interiors are decorated with hydrophilic
polymer chains. In the case of the PGM samples, the initial and final points of the isotherm are
disconnected, suggesting that the sample could hold water molecules in the polymer-decorated
cavity even after a reduction in the relative humidity to a greater extent. The adsorption
isotherm further supports our argument of the highly hygroscopic nature induced in the system
upon grafting with phosphonic acid units containing polymer chains.

Detailed morphological investigations [Figure 5.2(A-D) and Appendix III-Figure
5.9-5.28] of the PGM samples were performed using FESEM, TEM and EDS FESEM analysis
confirms that the MOF particles are spheroid in nature with a diameter of 150-200 nm. MOF-
BSIPA shows a porous surface with slight agglomeration of the nanoparticles whereas the
increased agglomerated morphology is observed with the grafting of the polymer chains and
becomes more prominent with increasing polymer chain length. This is expected because of
the strong interactions between PVPA-g-MOF particles through H-bonding, acid-base and
electrostatic interactions. A noticeable change in the particle surface in case of PGM-L3, PGM-
H1 and PGM-H2 samples, is also spotted as the polymer patches are significantly visible where
the grafted polymer chains are of high molecular weight or the grafting density of the polymer
chains are high. The same observation is also validated from TEM images (Figure 5.3). The
evidences were further crosschecked with FESEM-EDX and TEM-EDX data (Appendix III-
Figure 5.10-5.18 and Appendix III-Figure 5.23-5.26) which confirms the phenomenon is
predominantly observed because of the presence of the grafted PVPA chains on the surface.
This study again confirms directly that the grafting of polymer chains is covalent in nature and
are uniformly distributed throughout the material at a molecular level. The elemental mapping
data obtained from FESEM and TEM EDX analysis (Appendix III-Figure 5.10-5.18 and
Appendix III-Figure 5.23-5.26) further confirms the even distribution of the elements
throughout the material surface. The EDX data indicates the increase in the phosphorus content
of the PGM materials upon the increment of the chain length and the grafting density of the
PVPA polymer chains and in the case of PGM-H2 (highest chain length and the highest grafting
density of the grafted PVPA chains) sample, the abundance of phosphorus is found to be the

highest as per expectation.
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Figure 5.2. FESEM images of polymer grafted MOFs (A) PGM-LI1, (B) PGM-L3, (C) PGM-
H1, (D) PGM-H2.

HR-TEM analysis provides insight about the inherent porosity of the PGM materials.
Careful observation of the data obtained from TEM analysis suggests that the grafted polymer
chains have an adverse effect on the porosity of the PGM samples in the dry state as the polymer
chains are found to cover up the porous core of the MOF. The detailed analysis of the lattice
fringe spacing measurements obtained from the HR-TEM images (Figure 5.3) illustrates that
the spacing between the lattice planes are getting narrower upon the increment of the grafted
polymer chain length and the grafting density. This observation suggests that the inherent pores
are getting filled up with the grafted polymer chains and are getting closer by means of strong
interaction patterns acting between the MOF and the PVPA chains. The observation converges
with the data obtained from the BET analysis (discussed in earlier section). Upon extensive
stability treatment, the PGM samples were analyzed under FESEM and EDS which directly
proves that the grafted polymer chains are highly stable and the PVPA grafted MOF materials
are stable under the harsh conditions (Appendix III-Figure 5.2 and Appendix III-Figure
5.19).
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Figure 5.3. TEM images of (A) PGM-L3, (B) PGM-HI and (C) PGM-H2. (D), (E) and (F)
represent the high-resolution images corresponding to (A), (B) and (C), respectively.

The aqueous dispersion stability of the PGMs were studied by measuring Zeta
potential (Appendix III-Figure 5.30). The study shows that all the PGM samples are highly
stable under aqueous dispersion condition. The zeta potential values are negative for all the
PGM samples which is expected owing to the presence of phosphonic acid units dangling from
the grafted PVPA chains on the surface of the nanoparticles under aqueous dispersion
condition. The zeta potential values are also listed in the Table 5.1. Moreover, the data also
suggests that the zeta potential is observed to increase a little with higher chain length of the
grafted polymer chains but with increment in the polymer grafting density the reverse trend is
observed. For the PGM-LI(Li) a little increase in the zeta potential value is observed (-
59.8mV) which directly implies the presence of Li+ ions in the system which enhances the

dispersion stability in the aqueous medium.
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Table 5.1. Physical properties of the surface functionalized MOF materials.

Sample name Sample type’ Remaining Polymer 3 ¢ M ¢ p’ Zeta
weight %  .ontent® potential
at 700 °C (mV)g
Wt%)"

UiO-66-NH> - 56.96 - - - - -20
MOF-BSIPA(L) UiO-66-NH-BSIPA 55.28 29.5 - - - -7.5
MOF-BSIPA(H) UiO-66-NH-BSIPA 51.58 94.45 - - - -5.8

PGM-L1 PVPAys-g-MOF 74.21 - 10373 10270 1.01 -49.6
PGM-L2 PVPAIs2-g-MOF 69.91 - 20417 19632 1.04 -57.9
PGM-L3 PVPA2s-g-MOF 66.40 - 30346 28901 1.05 -63.6
PGM-H1 PVPA9g-g-MOF 45.88 110.5 10756 10545 1.02 -22.9
PGM-H2 PVPA372-g-MOF 34.23 336.4 31169 29405 1.06 -18.4

! sample type describes the degree of polymerization for each sample included in the suffix which are

. . . . b .
obtained from the molecular weight measurements using gel permeation chromatography, estimated

from the TGA analysis (at 700 °C) and CPolymer content was obtained from the analysis of the TGA curves

in Figure 5.1(A) and expressed as amount (in mg) of polymer chains /g of MOF-BSIPA, ‘ , ° and fare

determined by gel permeation chromatography, and ® obtained from Zeta potential analysis in HPLC water.

Proton conductivity studies

Taking into consideration the grafting of hygroscopic PVPA polymer chains on the

MOF surface and the promising physical properties including high thermal stability, low

polydispersity of the grafted polymer chains, considerably high hydrophilicity of the PGM

samples, we further studies proton conducting abilities of PGMs under humidified environment

at varying temperatures. In order to verify whether the origin of the conductivity is due to the

available protons in the polymer grafted MOFs system (Brensted acid groups) or due to the

transportation of other mobile charge carriers, such as electrons and metal ions, we have taken

PGM-LI as a representative sample and exchanged the available protons in the sample with
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Li" ions, following a procedure from previous literature report. This controlled experiment is
expected to provide us with better understanding of the origin of the conductivity.

Proton conductivity was measured using electrochemical impedance spectroscopy
(EIS) (details of sample preparation procedure and the methodology are given in Chapter 2
and Appendix III). Nyquist plots were constructed using the real (Z") and imaginary (Z") part
of the impedance as obtained from the EIS measurements. The samples in the form of pellets
were allowed to equilibrate for 30 minutes under a constant temperature and relative humidity
condition before taking impedance readings. The PGM pellets were further analyzed after EIS
measurements using PXRD, FT-IR, FESEM, TEM, EDX and mapping studies, and no notable
changes were observed which directly provides evidence towards the stability of the material
under the experimental conditions. Further PGM samples were tested by keeping the samples
under high pressure (6 ton) for 1 h and high temperature (80 °C) in 98% relative humidity
condition. FT-IR and FESEM data reveals that the samples were highly stable under the above-
mentioned conditions which provides a direct proof of the stability of the samples (Appendix
ITI-Figure 5.7).

The proton conductivity recorded at 40 °C and 98% RH for PGM-L1 is 3.5x10° S
cm™! whereas for PGM-L3 the conductivity is 7x10 S cm’!, that is ~2 times increase. The
increment in the proton conductivity considering the fact that both the samples were kept under
identical conditions is only possible because of the presence of varying molecular weight of
the grafted polymer chains which contributes to the proton conduction abilities of the material
to a great extent. The proton conductivity value observed for PGM-L3 sample at 80 °C is
1.26x102 S cm™! which is an 80% increase in the proton conductivity as compared to that in
lower temperatures. Nyquist plots obtained from impedance measurements of the samples are
provided in Appendix III-Figure 5.32. A careful observation of the data sets (Appendix III-
Figure 5.32 and Figure 5.4) obtained from various experiments suggests that the presence of
strong and complex interaction patterns including H-bonding interactions, acid-base
interaction, ionic and non-covalent interactions between the cationic Zrs nodes {ZrsOs(OH)4},
-NH> groups (Brensted base), the grafted PVPA chains consisting of dangling phosphonic acid
groups (Brensted acid) and the adsorbed water molecules in the structure create numerous
proton enriched nano channels in the matrix leading to the strong proton conduction

characteristics.
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Figure 5.4. (A) Temperature dependent proton conductivity values and (B-E) activation energy
plot of PGM samples.

The close proximity and the tight packing of the sample particles in a pellet, as evident
from the microscopic evaluation of the prepared pellet (Figure 5.5) provides an ideal platform
for the formation of water channels under humidified condition. The FESEM EDX mapping
data further confirms that the pellets are able to hold the structural integrity during the proton
conductivity measurements and the distribution of the elements are uniform throughout the
system. Moreover, the pellets maintained a stable Zr: P ratio even after the EIS measurements
at 80 °C and 98% RH confirming to the fact that the grafting of PVPA polymer chains on the
MOFs are stable in nature (Appendix III-Figure 5.14 and Appendix III-figure 5.19). Thus,

the PGM samples were found to be efficient proton conducting solid electrolyte materials.

Figure 5.5. FESEM image of PGM-L3 sample after conductivity studies (A) in pellet form and

(B) magnified surface image.
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In order to investigate the effect of the replacement of the labile protons from the
system, PGM-L1(Li) was studied for its proton conductivity using EIS (Figure 5.4 and
Appendix ITI-Figure 5.32). The data reveals that the Li" ion exchange results in a significant
loss in proton conducting ability of the solid electrolyte. The highest observed proton
conductivity for PGM-L1(Li) is 1.37x107 at 80 °C and 98% RH, which is pretty low compared
to its parent material PGM-L1, and having an activation energy of 0.2756 eV/atom. This data
illustrates that the replacement of H" ions with Li" ions naturally lower the carrier concentration
in the material and also disrupts the H-bonded network. And this caused a lowering of the
proton conductivity of the material.

For the sake of curiosity and to have a better understanding of the effect of polymer
grafting we have chosen PGM-H1 as another example and have studied its proton conductivity
(Figure 5.6). In this case, due to the presence of a high amount of hygroscopic polymer chain
grafted on the MOF particles, the bulk material was difficult to be studied as pellets under high
relative humidity of 98%. But upon careful designing of the proton conductivity experiment
under low humidity condition, the PGM-H1 sample is able to function as a much better proton
conductor (9.8x10% S cm™) at mild temperatures (60 °C) and relative humidity (75%) as
compared to PGM-L3.
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Figure 5.6. (A) Temperature dependent proton conductivity value and (B) activation energy
plot of PGM-HI1 at 75% relative humidity condition.

An evaluation of the various experiments along with the activation energy studies
(Figure 5.4 and 5.6) suggest that the water assisted proton conductivity of the samples is due
to the presence of labile protons in the system and primarily due to the presence of grafted
polymer chains containing phosphonic acid moieties. The activation energy (E.) values [Figure

5.4 (B-E)] for PGM-L samples suggest that the proton transport is occurring by continuous
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making and breaking of labile H-bonds i.e., Grotthuss mechanism (proton hopping
mechanism). Scheme 5.2 illustrates the proton hopping pathway in the PGM matrix. On the
other hand, an anomaly is observed for PGM-H1 as the E. for the sample is on much higher
range (0.5062 eV/atom). The presence of higher amount of polymer chains (considering the
ratio of MOF and the grafted polymer chains) in the matrix is well known to introduce vehicular
mechanism along with the Grotthuss mechanism, which might be affecting the activation
energy parameters of the system. Nevertheless, a sweet balance between the MOF material and
the grafted polymer chain is an essential factor in order to achieve high proton conductivity
with low activation energy. This work opens up new possibilities and new scopes towards
designing and upgradation of solid electrolytes which can enhance the proton conduction
efficiently and can withstand the harsh environments of high temperature and relative humidity
conditions. Upon evaluation of the proton conductivity and stability data, PGM-L samples have
been found to remain better resistant under high humidified condition, whereas the PGM-H
sample showed better efficiency of proton conduction even at low temperature and less humid

environment.

Scheme 5.2. Proton hopping mechanism during the proton conductivity study of PGM samples

under humidified condition.
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Conclusion

We have successfully designed an efficient method for grafting polymer chains, in the
current study PVPA chains, on the MOF surface by the utilization of the available functionality
on the MOF surface. We have executed the grafting of polymer chains in an easy, efficient and
less hazardous way under aqueous condition using SI-RAFT grafting from approach resulting
narrow polydispersity and better control over molecular weights of the grafted chains. We have
also varied the grafting density of the grafted PVPA polymer chains on the MOF surface
(PGM-L and PGM-H) with further variation in the chain length of the attached polymer chains
and the grafting was confirmed in terms of FT-IR, NMR, FESEM, TEM, EDX and mapping
studies. High thermal stability, strong water affinity and the ability to create labile proton
enriched environment in the vicinity of the material by virtue of the presence of the grafted
PVPA chains makes PGM particles a potential candidate to conduct protons efficiently under
humidified condition. Further investigation on the proton conduction ability of the PGM
samples under different temperatures and relative humidity conditions were conducted along
with the stability studies of the samples under such conditions. We have achieved proton
conductivity of 1.26x102 S cm™ at 80 °C for PGM-L3 sample under 98% relative humidity
and 9.8x107 S cm™! at 60 °C for PGM-H1 sample under 75% relative humidity which are
amongst the premium values reported till date for MOF based systems operating below 100
°C. We have successfully investigated and proved that the origin of the conductivity is because
of the presence of the labile protons owing to the presence of dangling phosphonic acid groups
of the grafted PVPA chains in the system and the polymer-MOF super hybrid materials (PGMs)

are highly stable and can retain their proton conductivity upon long term usage.
Reference

(1) Daglar, H.; Keskin, S. Combining Machine Learning and Molecular Simulations to
Unlock Gas Separation Potentials of MOF Membranes and MOF/Polymer MMMs. ACS
Appl. Mater. Interfaces 2022, 14,32134-32148.

(2) Li, Y.-Z.; Wang, G.-D.; Ma, L.-N.; Hou, L.; Wang, Y.-Y.; Zhu, Z. Multiple Functions
of Gas Separation and Vapor Adsorption in a New MOF with Open Tubular Channels.
ACS Appl. Mater. Interfaces 2021, 13,4102—4109.

(3) Emerson, A. J.; Hawes, C. S.; Marshall, M.; Knowles, G. P.; Chaffee, A. L.; Batten, S.
R.; Turner, D. R. High-Connectivity Approach to a Hydrolytically Stable Metal—
Organic Framework for CO 2 Capture from Flue Gas. Chem. Mater. 2018, 30, 6614—
6618.

(4)  Chen, C.-X.; Wei, Z.-W_; Jiang, J.-J.; Zheng, S.-P.; Wang, H.-P.; Qiu, Q.-F.; Cao, C.-

Nilanjan Mukherjee, University of Hyderabad, 2024

136



[Chapter 5]

)

(6)

(7)

(8)

©)

(10)

(11)

(12)

(13)

(14)

(15)

C.; Fenske, D.; Su, C.-Y. Dynamic Spacer Installation for Multirole Metal-Organic
Frameworks: A New Direction toward Multifunctional MOFs Achieving Ultrahigh
Methane Storage Working Capacity. J. Am. Chem. Soc. 2017, 139, 6034-6037.

Shekhawat, A.; Samanta, R.; Barman, S. MOF-Derived Porous Fe 3 O 4 /RuO 2 -C
Composite for Efficient Alkaline Overall Water Splitting. ACS Appl. Energy Mater.
2022, 5, 6059-6069.

Chang, R.; Ma, S.; Guo, X.; Xu, J.; Zhong, C.; Huang, R.; Ma, J. Hierarchically
Assembled Graphene Oxide Composite Membrane with Self-Healing and High-
Efficiency Water Purification Performance. ACS Appl. Mater. Interfaces 2019, 11,
46251-46260.

Saleem, H.; Rafique, U.; Davies, R. P. Investigations on Post-Synthetically Modified
UiO-66-NH 2 for the Adsorptive Removal of Heavy Metal Ions from Aqueous Solution.
Microporous Mesoporous Mater. 2016, 221, 238-244.

Alves, R. C.; Schulte, Z. M.; Luiz, M. T.; Bento da Silva, P.; Frem, R. C. G.; Rosi, N.
L.; Chorilli, M. Breast Cancer Targeting of a Drug Delivery System through
Postsynthetic Modification of Curcumin@N 3 -Bio-MOF-100 via Click Chemistry.
Inorg. Chem. 2021, 60, 11739-11744.

Lawson, H. D.; Walton, S. P.; Chan, C. Metal-Organic Frameworks for Drug Delivery:
A Design Perspective. ACS Appl. Mater. Interfaces 2021, 13, 7004—7020.

He, B.; Zhang, Q.; Pan, Z.; Li, L.; Li, C.; Ling, Y.; Wang, Z.; Chen, M.; Wang, Z.; Yao,
Y.; Li, Q.; Sun, L.; Wang, J.; Wei, L. Freestanding Metal-Organic Frameworks and
Their Derivatives: An Emerging Platform for Electrochemical Energy Storage and
Conversion. Chem. Rev. 2022, 122, 10087-10125.

Somnath; Waris; Ali, A.; Ahmad, M.; Siddiqui, K. A. Bifunctional Self-Penetrating
Co(IT)-Based 3D MOF for High-Performance Environmental and Energy Storage
Applications. Cryst. Growth Des. 2022, 22, 7374-7394.

Li, X.-M.; Wang, Y.; Mu, Y.; Liu, J.; Zeng, L.; Lan, Y.-Q. Superprotonic Conductivity
of a Functionalized Metal-Organic Framework at Ambient Conditions. ACS Appl.
Mater. Interfaces 2022, 14, 9264-9271.

Paul, S.; Choi, S.-J.; Kim, H. J. Enhanced Proton Conductivity of a Zn(II)-Based
MOF/Aquivion Composite Membrane for PEMFC Applications. Energy & Fuels 2020,
34, 10067-10077.

Mukhopadhyay, S.; Das, A.; Jana, T.; Das, S. K. Fabricating a MOF Material with
Polybenzimidazole into an Efficient Proton Exchange Membrane. ACS Appl. Energy
Mater. 2020, 3, 7964-7977.

Nguyen, H. L.; Matheu, R.; Diercks, C. S.; Doan, T. L. H.; Nguyen, B. T.; Cordova, K.
E. Postsynthetic Metalation of a New Metal-Organic Framework To Improve Methane
Working Storage Capacity. ACS Mater. Lett. 2022, 4, 2375-2380.

Nilanjan Mukherjee, University of Hyderabad, 2024

137



[Chapter 5]

(16)

(17)

(18)

(19)

(20)

1)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

Li, F.; Du, M.; Xiao, X.; Xu, Q. Self-Supporting Metal-Organic Framework-Based
Nanoarrays for Electrocatalysis. ACS Nano 2022, 16, 19913-19939.

Cohen, S. M. Postsynthetic Methods for the Functionalization of Metal-Organic
Frameworks. Chem. Rev. 2012, 112, 970-1000.

Ponomareva, V. G.; Kovalenko, K. A.; Chupakhin, A. P.; Dybtsev, D. N.; Shutova, E.
S.; Fedin, V. P. Imparting High Proton Conductivity to a Metal-Organic Framework
Material by Controlled Acid Impregnation. J. Am. Chem. Soc. 2012, 134, 15640—-15643.

Zhang, B.; Bai, X.; Wang, S.; Li, L.; Li, X.; Fan, F.; Wang, T.; Zhang, L.; Zhang, X.;
Li, Y.; Liu, Y.; Chen, J.; Meng, F.; Fu, Y. Preparation of Superhydrophobic Metal—
Organic Framework/Polymer Composites as Stable and Efficient Catalysts. ACS Appl.
Mater. Interfaces 2021, 13,32175-32183.

Mukhopadhyay, S.; Debgupta, J.; Singh, C.; Sarkar, R.; Basu, O.; Das, S. K. Designing
UiO-66-Based Superprotonic Conductor with the Highest Metal-Organic Framework
Based Proton Conductivity. ACS Appl. Mater. Interfaces 2019, 11, 13423—13432.

Qian, Q.; Chi, W. S.; Han, G.; Smith, Z. P. Impact of Post-Synthetic Modification
Routes on Filler Structure and Performance in Metal-Organic Framework-Based
Mixed-Matrix Membranes. Ind. Eng. Chem. Res. 2020, 59, 5432-5438.

Wang, H.; Zhu, Q.-L.; Zou, R.; Xu, Q. Metal-Organic Frameworks for Energy
Applications. Chem 2017, 2, 52-80.

Gavinehroudi, R. G.; Mahjoub, A.; Karimi, M.; Sadeghi, S.; Heydari, A.; Mohebali, H.;
Ghamami, S. Non -Covalent LDH/MOF Composite Formation: A New Approach in
Sustainability for Solvent-Dependent Photocatalytic Aerobic Alcohol Oxidation. Green
Chem. 2022, 24, 6965—-6979.

Baumann, A. E.; Burns, D. A.; Liu, B.; Thoi, V. S. Metal-Organic Framework
Functionalization and Design Strategies for Advanced Electrochemical Energy Storage
Devices. Commun. Chem. 2019, 2, 86.

Qian, Q.; Wu, A. X.; Chi, W. S.; Asinger, P. A.; Lin, S.; Hypsher, A.; Smith, Z. P.
Mixed-Matrix Membranes Formed from Imide-Functionalized UiO-66-NH 2 for
Improved Interfacial Compatibility. ACS Appl. Mater. Interfaces 2019, 11, 31257—
31269.

Basu, O.; Das, A.; Jana, T.; Das, S. K. Design of Flexible Metal-Organic Framework-
Based Superprotonic Conductors and Their Fabrication with a Polymer into Proton
Exchange Membranes. ACS Appl. Energy Mater. 2023, 6, 9092-9107.

Figueroa-Quintero, L.; Villalgordo-Hernandez, D.; Delgado-Marin, J. J.; Narciso, J.;
Velisoju, V. K.; Castafio, P.; Gascon, J.; Ramos-Fernandez, E. V. Post-Synthetic Surface
Modification of Metal-Organic Frameworks and Their Potential Applications. Small
Methods 2023. https://doi.org/10.1002/smtd.202201413.

Basu, O.; Mukhopadhyay, S.; De, A.; Das, A.; Das, S. K. Tuning the Electrochemical

Nilanjan Mukherjee, University of Hyderabad, 2024

138



[Chapter 5]

(29)

(30)

€2))

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

and Catalytic ORR Performance of C 60 by Its Encapsulation in ZIF-8: A Solid-State
Analogue of Dilute Fullerene Solution. Mater. Chem. Front. 2021, 5, 7654—7665.

Mukherjee, N.; Das, A.; Mukhopadhyay, S.; Das, S. K.; Jana, T. Grafting of Polymer
Brushes on MOF Surface to Achieve Proton-Conducting Membranes. ACS Appl. Polym.
Mater. 2024, 6, 846-858.

Shanahan, J.; Kissel, D. S.; Sullivan, E. PANI@UiO-66 and PANI@UiO-66-NH 2
Polymer-MOF Hybrid Composites as Tunable Semiconducting Materials. ACS Omega
2020, 5, 6395-6404.

Muldoon, P. F.; Venna, S. R.; Gidley, D. W.; Baker, J. S.; Zhu, L.; Tong, Z.; Xiang, F.;
Hopkinson, D. P.; Yi, S.; Sekizkardes, A. K.; Rosi, N. L. Mixed Matrix Membranes
from a Microporous Polymer Blend and Nanosized Metal-Organic Frameworks with
Exceptional CO 2 /N 2 Separation Performance. ACS Mater. Lett. 2020, 2, 821-828.

Kalaj, M.; Cohen, S. M. Postsynthetic Modification: An Enabling Technology for the
Advancement of Metal-Organic Frameworks. ACS Cent. Sci. 2020, 6, 1046—1057.

Lv, X.; Fang, J.; Xie, J.; Yang, X.; Wang, J. Thermal Stability of Phosphorus-Containing
Epoxy Resins by Thermogravimetric Analysis. Polym. Polym. Compos. 2018, 26, 400—
407.

Malfatti, L.; Falcaro, P.; Amenitsch, H.; Caramori, S.; Argazzi, R.; Bignozzi, C. A.;
Enzo, S.; Maggini, M.; Innocenzi, P. Mesostructured Self-Assembled Titania Films for
Photovoltaic Applications. Microporous Mesoporous Mater. 2006, 88, 304-311.

Barthelet, K.; Merlier, C.; Serre, C.; Riou-Cavellec, M.; Riou, D.; Férey, G.
Microporous Hybrid Compounds: Hydrothermal Synthesis and Characterization of Two
Zinciomethylenediphosphonates with 3D Structures, Structure Determination of Their
Dehydrated FormsElectronic Supplementary Information (ESI): Final Rietveld Plots for
MIL-48. J. Mater. Chem. 2002, 12, 1132—-1137.

Mukherjee, N.; Das, A.; Jana, T. Poly( N -Vinyl Triazole- b - N -Vinyl Imidazole)
Grafted on MWCNTs as Nanofillers to Improve Proton Conducting Membranes. ACS
Appl. Nano Mater. 2023, 6, 544-557.

Wang, H.; Mahle, J. J.; Tovar, T. M.; Peterson, G. W.; Hall, M. G.; DeCoste, J. B;
Buchanan, J. H.; Karwacki, C. J. Solid-Phase Detoxification of Chemical Warfare
Agents Using Zirconium-Based Metal Organic Frameworks and the Moisture Effects:
Analyze via Digestion. ACS Appl. Mater. Interfaces 2019, 11,21109-21116.

Ploskonka, A. M.; DeCoste, J. B. Tailoring the Adsorption and Reaction Chemistry of
the Metal-Organic Frameworks UiO-66, UiO-66-NH2, and HKUST-1 via the
Incorporation of Molecular Guests. ACS Appl. Mater. Interfaces 2017, 9, 21579-21585.

Nagata, S.; Kokado, K.; Sada, K. Metal-Organic Framework Tethering PNIPAM for
ON-OFF Controlled Release in Solution. Chem. Commun. 2015, 51, 8614-8617.

Nilanjan Mukherjee, University of Hyderabad, 2024

139



Chapter 6

Poly(N-vinyl triazole-b-N-vinyl imidazole)
Grafted on MWCNTSs as Nanofillers to
Improve Proton Conducting Membranes

Nilanjan Mukherjee, Anupam Das, and Tushar Jana*. Poly(N-vinyl triazole-b-N-vinyl
imidazole) Grafted on MWCNTs as Nanofillers to Improve Proton Conducting Membranes.
ACS Applied Nano Materials. 2023, 6, 544-557.




[Chapter 6]

Abstract

Carbon nanotubes (CNTs) are of particular interest because of their ability to enhance the
mechanical strength in the material, however, processing difficulties of CNTs often restrict
utilization up to its full potential. To resolve this, in the current study, we have developed a
simple and efficient method to functionalize the surface of multiwalled carbon nanotube
(MWCNT) with precise functional polymer chains, which were covalently grafted on the
surface of the MWCNT and delved into an application to demonstrate this material as an
efficient nanofiller in developing proton conducting membrane (PEM) from
polybenzimidazole (PBI). At first, MWCNT surface was converted to a polymerizable surface
by attaching a trithiocarbonate based chain transfer agent (CTA). Then, N-heterocyclic block
copolymer namely poly-N-vinyl-1,2,4-triazole-b-poly-N-vinyl imidazole (pNVT-b-pNVI) was
grown from the CTA anchored surface in one-pot surface initiated reversible addition
fragmentation chain transfer (SI-RAFT) technique. Grafting of block copolymer chain was
confirmed by GPC, NMR and TGA studies. To the best of our knowledge, this will be the first
report of growing block copolymer structure grafted covalently on the surface of the MWCNT.
The novelty of the work was further enhanced by incorporating pNVT-b-pNVI-g-MWCNT as
nanofiller into the oxypolybenzimidazole (OPBI) membrane to obtain homogeneous
nanocomposite membranes with an excellent thermomechanical and tensile properties, thermal
stability, superior proton conduction when doped with phosphoric acid (PA) and the acid (PA)
holding capacity. The nanocomposite membrane with 2.5 wt% nanofiller loading displayed a
tensile stress of 1.8MPa, strain of 176% at break and exhibited proton conductivity as high as
0.164 S cm™ at 180°C which is a 2.6-fold increment when compared with pristine OPBI
membrane. This significant increase in conductivity is attributed to the new proton conducting

nano channel pathway generated along the polymer-g-MWCNT surface.
Introduction

Carbon nanotubes (CNTs) have attracted immense interest of material scientists due

to its versatile chemical characteristics and physical properties in catalysis' >, gas adsorption®,

7-10 11,12

water purification>®, electrical and thermal conductivity’'° and high mechanical stability,
since the discovery.!® However, there is a significant limitation on the usage of CNTs because
of the presence of strong van der Waals interaction which makes it insoluble in almost all the
solvents and are held together tightly to form bundles and rope like aggregation in solution and

also in the polymer matrix.'*!® This strong aggregating nature restricts their processability and
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hampers the performance in nano level.!”"!8 To address these problems, different approaches
have evolved in literature which include modification with surfactant, polymer absorption,
encapsulation of polymer, end group modification of CNT surface for covalent grafting of
different molecules and polymers.!”1°2! While investigating, we have observed that covalent
functionalization of CNTs with polymer chains or surface modification of CNT with
strategically designed grafted block copolymer chains can be of great advantage as the design
of the polymer structure can enhance the material properties significantly and can be modified
to further improve the processability with the target matrix which can significantly improve to

meet the requirements for particular applications.

“Grafting to” and “grafting from” are the major two approaches towards the grafting
of polymer chains on the surface of a nanomaterials. Only few reports are found in the literature
for grafiing of polymer chain on CNT by emulsion polymerization, ATRP, RAFT processes.’*
25 Herrera et al. reported the growth of polymer brush modified single walled CNTs using SI-
ATRP approach.?® Pan et al. reported poly(N-isopropylacrylamide) modified MWCNT for
better water dispersion using RAFT agent which was created in situ using organometallic
reaction.”” Jiang et al. used distillation-precipitation-polymerization approach to grow polymer
chains covalently attached on the MWCNT surface and used then as nanofiller with Nafion
matrix to create low energy barrier proton transport pathway.'> A number of interesting articles

were published in recent years exploring the effect of surface functionalization of CNTs.2837

But, no report is found to grow block copolymer chains on the CNT surface. In a series
of studies, we found that surface initiated grafting from RAFT polymerization approach allows
the in-situ formation of the polymer chains on the modified solid surface effectively*®*? and
hence we have chosen this technique in the current work, so that we can control the gradual
growth of the block copolymer chain at the molecular level, on the surface of the CNT with
better precision and check their properties. Our objective here, is to grow block copolymer
consisting of pNVT and pNVI chains on MWCNT in such a way so that pNVI portion of the
chain, which has pKa 7.05%, resides near to the nanotube walls while, the pNVT part which
has pKa 2.33 and high hydrolysis stability*’, resides away from the nano walls. This particular
arrangement can enhance the formation of proton conducting nanochannel formation as the
more basic moiety can hold the protons strongly along the nanotube walls creating a proton
enriched nanochannel while the more acidic pNVT part creates loosely bound proton enriched

environment which is ideal for long range proton hopping upon protonation using an acidic
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environment. The specific architecture is ideal towards formation of better proton conducting

materials.

Further, pNVT-b-pNVI-g-MWCNT was utilized as a nanofiller to prepare oxy-
polybenzimidazole (OPBI) based proton exchange membrane (PEM) in order to study the
contribution of block copolymer grafted MWCNT towards the enhancement of physical
properties especially proton conducting behaviour of PEM. To the best of our knowledge, this
will be the first ever report to study the effect of block copolymer grafted MWCNT as a

nanofiller on the properties of PBI based nanocomposite PEM.
EXPERIMENTAL SECTION

The sources of material are given in Chapter 2. RAFT agent [3-((((1-
phenylethyl)thio)carbonothioyl)thio)propanoic acid] (BEPA) synthesis, characterization and
activation of RAFT agent (BEPA-NHS) are described in Chapter 2. Also, the preparations of
MWCNT-COOH, MWCNT-NH; and attachment of BEPA-NHS on the surface of MWCNT-
NH> to form MWCNT-BEPA are discussed in Chapter 2 and shown in Scheme 6.1(A).

Synthesis of pNVT-b-pNVI-g-MWCNT via SI-RAFT polymerization

In a typical SI-RAFT polymerization in order to grow block copolymer chains on the
MWCNT surface, 150 mg (15.4 pmol) MWCNT-BEPA was taken with 4 mL dry DMF in a
25 mL Schlenk tube along with 4.4 mg (15.4 pmol) of BEPA and 0.5 mg of AIBN (3.08 umol).
Calculated amount of N-vinyl-1,2,4-triazole (NVT) was added in the reaction mixture to grow
the poly(N-vinyl-1,2,4-triazole) (pNVT) polymer of different chain lengths on the MWCNT
surface. The Schlenk tube was sealed with septum and was subjected to sonication for 5
minutes and was kept under rotation to make the reaction mixture evenly dispersed. The
Schlenk tube was subjected to 3 freeze-thaw cycles to ensure complete removal of O, and
dissolved air from the system. The tube was back filled with ultra-high pure N> and kept under
stirring at 70 °C for 16 h. Upon the completion of 16 h, calculated amount of N-vinyl imidazole
(NVI) to grow the poly(N-vinyl imidazole) (pNVI) chain of different chain length and AIBN
(3.08umol) were dissolved in DMF (2 mL) and degassed thoroughly and injected into the
polymerization mixture. After injecting, the tube was kept at 75°C for another 16 hours under
stirring condition. The reaction was quenched after 32 hours using liquid N> and was exposed

to air. The whole polymerization process is schematically represented in Scheme 6.1 (B).
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We kept the mole ratio of the two monomers (NVT and NVI) as constant at 3:1 in the
grafted block copolymer on the MWCNT surface where the pNVT is the first block and the
second block is pNVI. We purposefully kept the first block pNVT three times larger than the
pNVIblock. The combination of pNVT and pN VI is very important as pNVI, having 2 N atoms
in the heterocyclic ring structure is basic in character which helps to hold the protons tightly.
While, the pNVT chains having 3 N atoms on the corresponding ring experiences an
enhancement in the acidic character of the ring which helps for protons to hop easily. The ratio
was maintained 3:1 purposefully because, we aimed here to grow pNVT (having pKa 2.33)
chains away from the MWCNT surface and with greater chain length to create a loosely bound
proton rich environment for better proton hopping ability (discussed in details in the result and
discussion section). The growth of pNVI (having pKa 7.05) chains were designed to place near
the nanotube walls to hold the acid more tightly with the careful design of RAFT agent
(discussed in latter section). We have altered the chain length of both pNVT and pNVI by
adjusting the NVT and NVI monomer feed in the reaction mixture though the overall relative
mole ratio between the NVT and NVI kept constant at 3:1. By following the above procedure
three different chain length of the graffed block copolymers were prepared and these samples
were named as polymer grafted nanotubes and abbreviated as PGNT1, PGNT2, PGNTS3.
Higher the numbers after PGNT indicates higher chain length of the grafted block copolymer
chain. A parallel set of reactions were conducted where the second monomer was not
introduced in the polymerization reaction. The first monomer was allowed to undergo
polymerization reaction using the same recipe described above but the reaction was stopped
after the completion of 16 h (before the introduction of the second monomer NVI) to isolate
the intermediate product which is pNVT-g-MWCNT. The intermediates of the corresponding
PGNT samples were abbreviated as PGNT1i, PGNT21 and PGNT3i in the manuscript.
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Scheme 6.1. Schematic representation of the surface functionalization of MWCNT by a RAFT
agent to make polymerizable surface on MWCNT (A) and the growth of the block copolymer
consisting of pNVT and pNVI chains on the surface of the MWCNT using SI-RAFT technique
(B). The schematic representation for the detachment of grafted polymer chain from the surface
of MWCNT for the GPC study (C).
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Detachment of polymer chains from the MWOCNT surface for molecular weight
measurements

Molecular weights (M.W.) and polydispersity index (P) of detached polymers, which
were obtained after detaching the polymer and block copolymer chains from the MWCNT core
by breaking the trithiocarbonate moiety linking between the polymer chains and nanotube
walls. The polymer chains for all the samples PGNT1 to PGNT3 including their intermediates
which were isolated after growing the first block of the polymer chain (designated with ‘i’ at
the end to signify the intermediate state such as ‘PGNTI1i’). All the polymer modified
nanotubes were subjected to polymer detachment using N-hexyl amine in the presence of
sodium dithionite and was purified in order to isolate the bare polymer chains [Scheme 6.1
(O)]. The bare polymer chains were dissolved in DMF/LiBr, were injected in gel permeation
chromatography (GPC) and molecular weight was measured by using polystyrene standards
and eluted in DMF/LiBr as an eluent at a flow rate of 0.4 mL/min at 30 °C on a GPC (Waters
515 HPLC) fitted with Waters 2414 refractive index detector and using Styragel HR 4 DMF
column.

The various characterization details of block copolymer grafted MWCNT and their
composites with OPBI samples are discussed in Chapter 2 and Appendix IV.
RESULT AND DISCUSSION

Grafting of pNVT-b-pNVI on MWCNT surface

Scheme 6.1 (A) illustrated the synthetic strategy to functionalize the MWCNT in
order to convert the electronically conducting surface into an insulating surface upon reduction
with EDA. Further, the material was treated with activated RAFT agent (BEPA-NHS) to
covalently attach BEPA on the surface of the concentric nanotubes which helps in terms of
growing block co-polymer chains using ‘grafting from’ approach. The design of the RAFT
agent and the sequence of the addition of the two monomers are carefully designed. The RAFT
agent is designed in such a way that the activated carboxylic acid group when attached
covalently with the free amine groups dangling on the MWCNT surface so that the methyl
phenyl group resides away from the surface. The synthesis of the BEPA RAFT agent is carried
out by reacting thiopropanoic acid (C3HeO2S) with carbon disulfide (CS;) and 1-
bromoethylbenzene (CsHoBr) in presence of K3POs (for detailed synthetic procedure see
Chapter 2) that the ethylbenzene group acts as a R group ensuring the propagation of the
growing polymer chain by providing extra stability to the propagating radial while the

carboxylic acid part is bound to the nanotube surface acting as Z group to stabilize the radical
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species. The stability of the radical Re is important in terms of propagation of the growing
polymer chain which is enhanced by the careful placement of a methyl group adjacent to phenyl
group of the BEPA RAFT agent. The modification of MWCNT to carboxyl group modified
MWCNT (MWCNT-COOH) and then to amine modified MWCNT (MWCNT-NHb) is already
described in details in the earlier section. The attachment of BEPA to the MWCNT surface is
discussed in Chapter 2. The formation of covalently modified MWCNT surface with BEPA
RAFT agent (MWCNT-BEPA) has been proved by microscopic analysis and
thermogravimetric analysis (described in details in the following section). 'H NMR data
supports the grafting of block copolymer chain on the MWCNT surface and described in detail
in Appendix IV-Figure 6.1.

Upon RAFT polymerization process, the polymer chain will grow between the trithio
carbonate group and methyl phenyl group. When we added the second monomer in the system,
the pre- grown polymer chain is extended by the addition of the new monomer units but the
incorporation of the new monomer units will be between the trithiocarbonate group and the
pre-grown polymer chain attached to the trithiocarbonate group. Thus, the second block is
grown towards the core (MWCNT) and not away from it. This particularly designed synthetic
strategy allows us to keep the polymer chain which consist of 1,2,4 triazole pendent units away
from the core and will help to interact in a great extent with the OPBI further, which makes the

polymer modified MWCNTSs more suitable to be used as nanofiller.

The thermal degradation patterns of MWCNT, MWCNT-COOH, MWCNT-NH> and
MWCNT-BEPA shown in Figure 6.1(A) suggest that they are highly stable until 600 °C. As
the thermal stability of the BEPA RAFT agent is only up to 200 °C [see inset Figure 6.1(A)],
MWCNT-BEPA thermal stability decreases a little upon RAFT agent BEPA attachment.
Though the thermal degradation increases with the increase in the grafted polymer content of
the polymer grafted MWCNT samples (PGNT1, PGNT2, PGNT3), all the materials are pretty
stable up to 300 °C [Figure 6.1(B)]. The increasing weight loss (Table 6.1 column 3) as we
go from PGNT1 to PGNT3 attributing the grafting of longer chain polymers. Also, the
calculated polymer content (in mg) per gram of MWCNT tabulated in Table 6.1 (column 4)
clearly increases from PGNT1 to PGNT3 indicating the presence of large size polymer chains.
We have achieved a maximum polymer grafting density of 549 mg/g of MWCNT in case of
PGNTS3 (Table 6.1).

We have performed gel permeable chromatography (GPC) after chemically treating
the polymer grafted MWCNT samples with N-hexylamine (5-fold excess) in presence of
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sodium dithionite (Na2S204) in DMF-H>O medium [Scheme 6.1 (C)]. This treatment breaks
trithiocarbonate bond**, linking between the block copolymer chain with the surface of
MWCNTs, and releases bare polymer chains in the solution as discussed in the experimental
section. The polymer chains were purified by extracting using DMF and the molecular weight
was determined with the help of GPC measurements using DMF/LiBr as eluent [shown in
Figure 6.1(C)]. All the molecular weights (PGNTI1-PGNT3) are tabulated in Table 6.1 and
the intermediates (where the reaction was quenched at the first step) are shown in Appendix
IV-Table 6.1. All the prepared samples show a narrow polydispersity index (P) and the
molecular weights obtained from the GPC technique are in well agreement with the targeted
molecular weight, which suggests that the polymer grafting took place using the RAFT
polymerization technique. The increase in the molecular weight after addition of the second
monomer (NVI) provides direct proof about the successful synthesis of the block copolymer

on the surface of MWCNTs. A comparison of IVIrl values in Table 6.1 (column 5) and

Appendix IV-Table 6.1 (column 2) clearly display the increase in molecular weights from
intermediates, where pNVT is grafted on MWCNT, to the final products in which pNVT-b-
pNVI is grafted on MWCNT surface. In addition to that, it is to be noted from degree of
polymerization value (which are indicated in the suffix of sample identity in column 2 of Table
6.1) clearly indicates the formation of longer chain length of pNVT chains as we increase the
NVT feed in the polymerization reaction but pNVI chain length does not alter even though
NVI feed increases. This attributes to the fact that the pNVT chain growth is happening in the
first step of the polymerization reaction, and in the second step NVI monomer was added in
the reaction mixture to grow the block copolymer chains. The growth of the pNVI block is to
occur between the trithiocarbonate group and the pre grown pNVT chains, which is getting
slightly hampered due to the presence of steric factor arising because of the larger pNVT chains
containing pendent heterocyclic triazole rings already present in the polymer structure. Block
copolymer grafted MWCNT (BC-g-MWCNT) samples are thereby providing a nitrogen rich
aromatic heterocyclic ring surrounded environment around multiwalled hollow carbon
nanotubes which may be useful for various purposes.

All the PGNT samples along with MWCNT and MWCNT-BEPA were subjected to
RAMAN studies using 405 nm leaser. Prominent D band and G band were observed around
~1350cm™ ~1570 cm™ (Appendix IV-Figure 6.2). Ip/Ig values obtained for MWCNT,
MWCNT-BEPA, PGNT1, PGNT2 and PGNT3 are 0.9, 0.91, 0.86, 0.85 and 0.73 respectively.

The data suggests that upon RAFT agent attachment the system incorporates a little amount of
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chaos. But the descending trend observed as we move from PGNTI1 to PGNT3 suggests no
exfoliation however took place during the grafting process of block copolymer chain length
via RAFT process. Rather this observation suggests that the grafting of block copolymer chains
on the MWCNT surface introduces orderliness in the hybrid system. The lower Ip value also
indicates the growth of the polymer chain does not hamper the internal structure of MWCNT
and thus provides another proof that the block copolymer has grown on the outer surface of
MWCNT via RAFT polymerization technique and integrity of our polymerization method to
retain the core structure MWCNT under the described reaction conditions. This phenomenon
is reported in the literature for other nanomaterials.*’

We have further analysed the MWCNT, PGNT1 and PGNT3 utilizing BET surface
area analyser [Appendix I'V-Figure 6.3 and Figure 6.1(D)]. Pristine MWCNT sample shows
a well-defined type-IV like isotherm with nearly vertical and parallel adsorption-desorption
branches with an H1 hysteresis loop.*® The isotherm nature indicates a typical mesoporous
material while the H1 hysteresis loop suggests the presence of cylindrical pores in the material.
The surface area obtained is 192.36 m?*/g which is an acceptable value as per the literature (170-
280 m*g) considering the uneven distribution of the multi wall thickness.*” PGNT1 shows a
surface area of 153.62 m?/g while PGNT3 shows a much lower surface area of 9.61 m?/g, and
display a type-1V isotherm consists of an H2 hysteresis loop. The significant H2 hysteresis loop
indicates the presence of ink-bottle pores in the material. The shape of the pore changes from
cylindrical to ink-bottle from bare MWCNT to PGNT indicates the incorporation of polymer
chains in the hollow interior of the nanotubes. The decrease in the surface area in the case of
PGNT samples and significantly low surface area in the case of higher chain length of the
grafted polymer suggest the filling of mesoporous channels by the polymer chains. The
decrease in the surface area is proportional with the increasing order of the graffed polymer
chains on the MWCNT surface. This data implies that, the grafted polymer chains not only
reside on the surface but also filling up of the hollow interior of the concentric nanotubes and
the amount of insertion increases with the increase in polymer chain length. The similar kind
of observation about the filling up of the hollow interior of the MWCNT is also confirmed by

TEM analysis as discussed in the following section.
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Figure 6.1. TGA of surface functionalized MWCNTs (A) and polymer grafted MWCNTs (B).
GPC plots (C) for the polymer grafted MWCNT samples after the detachment of the polymer
and block copolymer chains from the surface of the MWCNT. BET N3 sorption isotherm of
PGNT1 and PGNT3 samples (D).
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Table 6.1. Physical properties of the surface functionalized MWCNT samples and polymer
grafted MWCNT samples.

Sample name Sample typea Remaining Polymer Mn ¢ pe Zeta
weight % content’ potential
at 600 °C (mV)f
(Wt%) "
MWCNT - 97.13 - - - -15.9
MWCNT- - 96.55 - - - -20
COOH
MWCNT-NH2 - 98.02 - - - -8.6
MWCNT-BEPA - 95.14 29.38 - - -4.9
PGNTI PNVT,,-b-pNVI, -g- 69.82 266 9891 1.07 9.3
MWCNT
PGNT2 pNVT, ,-b-pNVIL -g- 56.52 406 13826 1.05 -5.6
MWCNT
PGNT3 PNVT ,-b-pNVI, -g- 42.86 549 18119 1.08 -3.1
MWCNT

’ sample type describes the chain sequence for each of the block corresponding the block
copolymer chain and the degree of polymerization for each block included in the suffix which are

. . . . b
obtained from the molecular weight measurements using gel permeation chromatography,

estimated from the TGA analysis (at 600 °C) and cpolymer content was obtained from the analysis
of the TGA curves in Figure 6.1(A, B) and expressed as amount (in mg) of grafted polymer

chains /g of MWCNT-BEPA, Gana ¢ are determined by gel permeation chromatography, and :
obtained from zeta potential analysis in appropriate medium [see Appendix IV-Figure 6.13

(A)].

Detailed morphological analysis [Figure 6.2 and Appendix IV-Figure 6.4-6.11]
using FESEM and TEM provides a clearer picture towards the grafiing of polymer chains on
the MWCNT surface. MWCNT, MWCNT-COOH and MWCNT-NH> FESEM morphology
show that the nanotubes are tangled and looped together (Appendix IV-Figure 6.4) which is
also confirmed from TEM analysis of MWCNT [Figure 6.2(D)]. Nevertheless, MWCNT-
BEPA shows increased aggregating behaviour when compared to pristine MWCNT
[Appendix IV-Figure 6.4(D) and Figure 6.2(E)]. Also, BC-g-MWCNTs show significant
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morphological change from the pristine MWCNT and resulted in the agglomerated
morphology [Figure 6.2(A)-(C)]. BC grafting induces polymer patch formation on the
nanotube surface which is evidently visible from the FESEM images. The polymer patch
formation and aggregation increases with the increased polymer molecular weight of the
grafted BC as can be seen from the comparison of Figure 6.2 (A)-(C). All the samples were
further analysed by FESEM-EDX [Appendix IV-Figure 6.5-6.9] which confirms the surface
modification with amine, BEPA and block copolymer. A significant increase in the EDX signal
has been observed for nitrogen element in case of all PGNT samples compare to MWCNT-
NH> sample which is another proof by spectroscopic means towards the growth of the BC
chains on the MWCNT surface via SI-RAFT technique [Appendix IV-Figure 6.5-6.9].
Similarly, the nitrogen content increases with increasing BC chain length as we go from
PGNTI1 to PGNT3 (see Appendix IV-Figure 6.7-6.9). For the shake of curiosity sodium
dithionite and N-hexylamine treated PGNTI1, denoted as polymer detached nanotubes
(PDNT1), was subjected to FESEM, EDX and elemental mapping analysis. The data
(summarized in Appendix IV-Figure 6.10 and 6.11) clearly indicates a sheer morphological
change of the nanotube surface before and after the polymer detachment process. The surface
looks smoother than the PGNT1 but the nanofiber structure retains its stability even after
treated with sodium dithionite/ N-hexylamine though the polymer chains were separated. Thus,
the disconnection approach as shown in Scheme 6.2 (C) is effective towards the treatment of
this kind of materials. The EDX and mapping data (Appendix IV-Figure 6.11) shows that
even after washing the PDNT1 for several times with DMF and H,O-acetone mixture, around
6-7 wt% of sodium and sulfur are still present in the nanotube interior. However, nitrogen
content decreased significantly and in fact it became lower than MWCNT-NH; (Appendix I'V-
Figure 6.5) indicating complete removal of BC chains which consist large amount of N atoms.

HR-TEM data supports the grafting of RAFT agent on the MWCNT surface which is
distributed evenly at the microscopic level. Small patches of crystalline patterns arises from
the incorporation of RAFT agent which is indicated using red colour circle in the Figure 6.2
(E). These small crystalline patches were completely absent in MWCNT. Upon careful
observation of the PGNT samples using TEM technique, it is evident that the surface grafted
polymer chains are not only residing at the surface but also getting filled up inside the cavity

of the hollow tubes [Figure 6.2(F)].
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Figure 6.2. FESEM images of block copolymer grafted MWCNTs (A) PGNT1, (B) PGNT2
and (C) PGNT3. TEM images of (D) unmodified MWCNT, (E) MWCNT-BEPA and (F)
PGNTI.

MWCNT is not much susceptible to water vapour sorption (only ~0.04 g of water/g
of MWCNT) as evident from dynamic vapour sorption (DVS) studies (see Appendix IV-
Figure 6.12). But, water vapour sorption value of PGNT1 and PGNT3 are 0.12 g of water/g
and 0.14 g of water/g, respectively. The values suggest that MWCNT is hydrophobic in nature
because of the presence of concentric tubes of aromatic graphene sheets while the presence of
carboxylic acid groups and epoxide groups on the surface are only responsible for the amount
of water uptake. In the case of BC-g-MWCNTs the hydrophilicity arises due to the presence
of N rich heterocyclic rings. However, the n-mt interaction between pendent imidazole and
1,2,4-triazole of the polymer chain in the water dispersion leading to the aggregation of the
nanotubes. Zeta potential data (Table 6.1 last column) for the PGNT samples in aqueous
dispersion at ambient temperature suggests that the increase in the polymer chain length is
responsible for the aggregation behaviour due to the presence of strong n-w interaction between
the polymer chains of the adjacent nanotubes. PGNT1 shows better stability in aqueous
dispersion than the other two BC-g-MWCNTs [see Appendix IV-Figure 6.13(A)]. We have
also performed the Zeta potential studies of MWCNT, PGNT1, PGNT2 and PGNT3 in formic

acid dispersion in order to check their dispersion ability upon protonation. The values
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[Appendix IV-Figure 6.13(B)] suggest that the nanotube materials are stable in the formic
acid dispersion. The positive zeta potential values suggest that the formation of a positively
charged electrostatic layer on the nano surface which helps to create an electrostatic repulsion
barrier along the surface of the block copolymer grafied nanotubes. With the increase in the
chain length, the zeta potential also increases in formic acid dispersion which is opposite from
what we have observed in the aqueous dispersion which suggests that the formic acid medium
is able to protonate the dangling N heterocyclic pendent of the block copolymer chains
successfully. A pictorial observation of the samples both in aqueous and formic acid medium
are presented in Appendix IV-Figure 6.14. The striking features to be noted that in aqueous
and formic acid medium BC-g-MWCNT are dispersible, but after 7 days these samples are
precipitated in case of aqueous medium but remains in solution even after 7 days in formic acid
medium and this is because of high positive zeta potential of the samples due to the formation
of positively charged layer owing to the protonation of heterocyclic triazole and imidazole
moiety. Thereafter, we believe these BC-g-MWCNT can be a good filler for making
composites with PBI in acidic medium.

PGNT1@OPBI nanocomposite membranes

In order to explore the possible application of the block copolymer grafted MWCNT
materials, we have taken PGNTI1 as a representative sample and used it as a nanofiller with
oxypolybenzimidazole (OPBI) polymer using solvent casting blending technique. We have
varied the amount of nanofiller loading and to obtain 1 wt% and 2.5 wt % PGNTI1 content
(with respect to the OPBI weight) in the resulting nanocomposite. The PGNT1 polymer was
dispersed in formic acid and mixed with 2 wt% of OPBI polymer in formic acid solution
resulting in the final concentration of OPBI polymer to be 1 wt% in the solution. Finally, the
solution was stirred for 24 h at room temperature to form a homogeneous mixture which was
then poured on to a glass petri dish and let the solvent evaporated slowly at 60 °C. The formed
homogeneous composite membrane was then peeled off and was dried in a vacuum oven at
100 °C to remove the traces of the solvent molecule present. Composite membrane with 2.5
wt% of MWCNT-NH: loading was also prepared using the same synthetic protocol as a
control. Phosphoric acid (PA) loaded nanocomposite membranes were obtained by dipping the
membranes into 85% PA solution for 5 days.

PXRD plots shown in Figure 6.3 (A) suggest that both PGNT1 and the pristine OPBI
are amorphous in nature. OPBI exhibits a broad peak in the 20 range of 20° to 30° which
attributes to the amorphous halo of the polymer.***¥4 MWCNT shows an intense peak at 20 =
26° and low intensity peak at 43° corresponds to (002), (100) diffraction pattern of a typical
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graphite type material, respectively.’® Upon carboxylic acid modification (MWCNT-COOH),
amine modification (MWCNT-NH;) or RAFT modification (MWCNT-BEPA), the PXRD
pattern of the material remain unchanged because these modification does not impose any
structural change in the MWCNT (Figure 6.3A). PGNT1-PGNT3 (Figure 6.3A and Appendix
IV-Figure 6.15) show similar PXRD patterns which are expected owing to the amorphous
nature of the grafted BC chains consisting of pendent imidazole and 1,2,4-triazole rings.’!~>*
Alternatively, PGNT1-@OPBI membranes which consist of amorphous OPBI and PGNT1
nanofiller exhibited a large number of sharp crystalline peaks in the 20 range 10°-60°. The
observed new crystalline peaks are highlighted with * in the Figure 6.3 (A). Crystalline peak
which arises at 26=26° and 43° in the nanofiller (PGNT1) material shows splitting and
sharpening nature (shown using dotted line and box in the figure) in the case of PGNT1@OPBI
sample. The generation of the new crystalline peaks in the composite material arises because
of the strong m- m interaction between the PGNT1 nanofiller and the OPBI which can be the
result of the self-assembly driven crystalline pattern. Similar observations have been observed
in various nanocomposites of PBI where though both the nanofiller and the polymer are
amorphous in nature but the final nanocomposite display strong crystalline peaks.384%3+57
These results have been explained as the outcome of self-assembly of nanofiller in the polymer

matrix. %%

(A) OPBI

-, PGNTI- 2 5% @OPBI
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Figure 6.3. (A) PXRD pattern of the MWCNT, MWCNT-BEPA, PGNTI1, PGNT1@OPBI

nanocomposite and OPBI samples. TEM images (in various magnifications) of (B, C) PGNT1-
1%@OPBI and (D, E) PGNT1-2.5% @OPBI nanocomposite membrane.
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TEM images of 1% and 2.5% membrane are represented in Figure 6.3. Fibre like
network morphology formation can be confirmed for both the nanocomposites for the lower
magnification images [Figure 6.3(B) and (D)] and cluster of the fibres [inset of Figure 6.3
(D)] are more prominent in the case of higher filler loading because of the presence of more
amount of BC-g-MWCNT. Figure 6.3(C) and (E), are the high-resolution images which
provide an insight of the nanofiller dispersion in the nanocomposite membranes. The highly
dispersed and well distributed polymer-g-MWCNT fibres in the OPBI are clearly visible from
these images. The dispersibility ascends due to the presence of strong H-bonding interaction
between the imidazole, 1,2,4-triazole units and the benzimidazole nitrogen which makes the
nanofiller inseparable and easy to form nanocomposite. Higher amount of filler loading gives
rise to higher amount of aggregation behaviour and increase in the interfacial H-bonding as
well as n- 7 interaction in the polymer matrix. The formation of such fibrillar structure with
aggregation of BC-g-MWCNT all over the membrane matrix provides better thermal,
mechanical and tensile properties with enhanced chemical stability and improved acid retention
properties (discussed in the later section), but increasing the filler loading even higher (> 2.5%)
may cause predominant aggregation behaviour in the membrane matrix which may cause
mechanical failure. Thus, a fine balance has to be maintained with nanofiller loading to obtain
better mechanical properties in the case of composite membranes. We believe the nanofiber
assembly and alignment in the membrane matrix helps to rise the new crystalline plane as
obtained from the PXRD studies.

We have also analysed the surface of PGNT1-1%@OPBI, PGNT1-2.5%@OPBI, and
OPBI samples using atomic force microscopy (AFM) and these studies support our argument
regarding the orientation of the nanofiller tubes in the interface of OPBI chains. Even though
the PGNTI1 nanofiller is distributed evenly in the membrane matrix, the surface roughness in
the case of nanocomposite sample increases significantly upon increasing nanofiller loading as
can be seen from 3D AFM morphology and height profile [Figure 6.4 (A)-(D)] while OPBI
membrane showed rather smooth surface (Appendix IV-Figure 6.16). Therefore, AFM data
provides evidence for the formation of rough fibrillar surface in the PGNT1%@OPBI
membranes which is clearly absent in the pristine OPBI. The results provide a direct proof of
the successful dispersion of the nanofiller material with the OPBI matrix. The aligned nano-
fibrils structure can contribute significantly towards the formation of the proton conducting
nanochannels in the membrane matrix. The membrane samples cross-sections were also

subjected to FESEM analysis upon cryogenic fracture to investigate the morphology at the
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interface of nanofiller (BC-g-MWCNT) and OPBI. Figure 6.4 (E, F) provide a clear picture
of the interface in which thick fibrillar network of nanofiller inside the polymer cavity is
evident in both the nanocomposite case and the nanofiller is distributed evenly, and aligned
with the polymer matrix (shown with a red circle). However, only pristine OPBI membrane
morphology is rather smooth and featureless in cross-sectional FESEM image.’® It can be stated
that the influence of strong n- © interaction between the PGNT1 modified MWCNTs and the
PBI polymer is solely responsible for the formation of such thick fibre like network
morphology and it can be therefore expected that the nanocomposite samples will have

significantly different physical properties than pristine OPBI.

6om " / (C) 10 nm ‘\“ ) ‘\‘-"\ “‘ (D) /

Height
Height
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WD = 68mm Mag= 25.00 KX WD = 7.2mm Mag= 2500KX

Figure 6.4. AFM 3D images of the surface morphology of (A) PGNT1-1%@OPBI, (B)
PGNTI1-2.5%@OPBI. (C) and (D) represents the height profile of (A) and (B) surface
morphology, respectively. FESEM cross-sectional image of (E) PGNT1-1%@OPBI, (F)
PGNT1-2.5%@OPBI. Nanofillers are scattered into the cross-section of composite membranes
marked with red circles in the images.
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Studies of various physical properties of PGNT1@OPBI composites:
Thermal and mechanical properties:

TGA [Figure 6.5 (A)] results shows that OPBI membrane along with the composite
membranes are quite stable up to 200°C while a little weight loss is observed due to the bound
water molecules and absorbed moisture which arises due to the presence of polymer modified
hollow nanofiller material. With the increase in the filler loading the weight loss increment is
little bit visible in the temperature range <200 °C. The degradation starts for all the membranes
including OPBI and composites >200 °C. All the PGNTI1 loaded membranes show better
thermal stability above 200 °C with respect to pristine OPBI. With the increase in nanotube
content the thermal stability is found to be increased slightly. For all the membranes, thermal
degradation was observed after 550 °C which indicates the degradation of polymer main
backbone. ¥4

The dispersion pattern along with the nanofiller content imposes a great effect on the
thermo-mechanical properties obtained from DMA study of the nanocomposite membranes.
Temperature-dependent storage modulus (E’) plot for OPBI along with all the PGNT1-@OPBI
composite membranes shown in Figure 6.5 (B). The storage modulus values at 100 °C and 400
°C for all the membranes are also tabulated in Table 6.2. It is observed that, with the increase
in PGNTI1 loading in the nanocomposite, the storage modulus of the nanocomposite
membranes has increased drastically. The storage modulus (E’) increment at 100 °C for 1 wt
% nanofiller loading is ~25% higher than the pristine OPBI whereas the value increases
drastically to ~184% when the nanofiller content is 2.5%. The storage modulus value for
PGNTI1-2.5%@OPBI is 160% more than the value possessed by OPBI membrane at 400 °C
where as it is only 9% more than OPBI when loading is 1%. Significant difference in the
morphology and strong n-n interaction within the nanocomposite matrix with OPBI is the key
factor for such high value of E'. The effective increase in the fibrillar network in case of higher
filler loading as obtained from FESEM, AFM and TEM studies explain the higher value of E’
obtained for composite with high PGNT1 content. The plots of loss modulus (E") and tan o
against temperature (Appendix IV-Figure 6.17) show only one relaxation peak for all the
composites and OPBI membrane. The T, value obtain from E” and tan & vs temperature plots
are 288 °C and 308 °C, respectively for all the membranes. No significant change in Ty is
observed for the nanocomposites because of two reasons: (i) the nanofiller and membrane
matrix both having similar kind of functional groups consist of N-heterocyclic rings, thus, the

nanofiller and membrane matrix is expected to interact strongly in a very similar fashion and
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(i1) the amount of BC-g-MWCNT loading is very less with respect to matrix polymer which

contributes insignificantly towards the overall Ty of the composite membranes.
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Figure 6.5. (A) TGA and (B) storage modulus vs temperature plots of the PGNT1-@OPBI

membranes along with the pristine OPBI membrane.

Table 6.2. Temperature dependent storage modulus of the nanocomposites along with OPBI

membrane obtained from DMA study.

Sample E' (MPa) % of increment E'(MPa) % of increment
at 100°C  at 100°C at 400°C at 400°C

OPBI 2439 - 1188 -

PGNTI1-1% @OPBI 3055 25.30 1298 9.3

PGNT1-2.5% @OPBI 6934 184.3 3097 160.7

Water uptake, swelling ratio and phosphoric acid (PA) loading and proton conductivity:

Water uptake, swelling ratio and PA doping levels were measured for all the PGNT-
@OPBI membranes along with the pristine OPBI membrane and the data are tabulated in Table
6.3 (see Chapter 2 and Appendix IV for detailed experimental procedure). OPBI polymers
are prone to absorb PA and the moisture inside the membrane matrix due to its tendency to
form H-bonds with the ‘-N=" moiety present in the polymer structure,* therefore, often
undergo excessive swelling and dimensional changes upon PA loading which limits their use
as a potential proton conducting membrane. We have observed a significantly decreased

swelling ratio for all the PGNT-@OPBI membranes in water and PA when compared with the
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pristine OPBI membrane. The reason behind this particularly interesting behaviour is attributed
to the presence of strong interfacial interactions acting between the pendent imidazole and
triazole rings immobilized on the MWCNT nanofiller surface with the OPBI functional groups.
The strong interaction hinders water and PA molecules to penetrate into the cavity of polymer
chains and hence resists excessive swelling and resulted lower water uptake in the composite
membranes in a comparison with OPBI (Table 6.3). Our experimental analysis reveals that,
the PA doped composite membranes have better dimensional stability when compared with the
pristine OPBI. PA doping level for OPBI is observed 15.98 mol/ repeat unit (r.u) which is in
agreement with earlier reports while, for PGNT1-1%@OPBI is 18.26 mol/ r.u and for PGNT1-
2.5%@OPBI is 17.69 mol/ r.u, respectively which are marginally higher than OPBI. As the
composites show higher PA loading and significantly less swelling upon PA loading, the PA

doped nanocomposites can be highly useful as efficient PEMs.

Table 6.3. Water uptake, swelling ratio, PA loading data of OPBI and the nanocomposite
membranes of PGNT1.*

Sample Water uptake Swelling ratio Swelling ratio PA doping level (no.
(wt%) in water (%) in PA (%)  of PA mol/OPBI r.u)
OPBI 12.41 (0.63) 4.58 (0.77) 6.30(0.87) 15.98 (0.71)
PGNT1-1% 10.61 (0.31) 2.63 (0.41) 2.08(0.61) 18.26 (0.39)
@OPBI
PGNTI1-2.5%  9.63 (0.28) 2.41(0.37) 1.64(0.52) 17.69 (0.51)
@OPBI

#Standard deviation of the data are included in the parenthesis.

Figure 6.6 (A) presents the temperature dependent proton conductivity of the PA
loaded membranes. The obtained proton conductivity of OPBI membrane is 0.062 S cm™ at
180 °C whereas the observed proton conductivity of PGNT1-1%@OPBI is 0.128 S cm™ at
180°C. On the other hand, highest proton conductivity is observed in case of PGNTI-
2.5%@OPBI composite membrane and that is 0.164 S cm™ at 180 °C. A significant increase
(~2.5 fold) in proton conductivity in case of PA doped PGNT1-2.5%@OPBI composite
membrane with respect to the pristine OPBI is observed. In order to compare, we have also
taken into account the proton conducting ability of PA doped MWCNT-NH2-2.5%@OPBI

composite membrane and found that this sample shows almost similar proton conductivity
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(0.089 S cm! at 180°C) like OPBI. These all data together indicate that a huge increment in
proton conductivity in case of PGNT1@OPBI samples is only achieved because of the
presence of block copolymer chains of dangling imidazole and 1,2,4-triazole pendent rings
which is grafted covalently on the MWCNT surface. The main source for proton conduction
in these membrane is PA, thus, higher PA loading usually reflects higher proton conductivity.
But this simple proportionality trend does not hold here as PA loading of PGNT1@OPBI
samples are not significantly high compare to OPBI and also higher loading samples (PGNT1-
2.5%@OPBI) has even lower PA loading than PGNTI1-1%@OPBI (Table 6.3) but still
displays high conductivity. Thus, we believe in case of nanocomposites, the two most
important factors: (i) highly basic block copolymer grafted chain of the PGNT1 play an
important role as the dangling imidazole and 1,2,4-triazole polymer chain increases proton
hopping sites and (ii) the presence of new crystalline phases in the case of nanocomposites
helps to achieve high proton conducting ability.3¥#-3%6 Thus, PGNTI loaded membrane
resulted more proton conductivity despite of having comparable PA doping level with pristine
OPBLI. In our earlier reports, we have demonstrated that the presence of crystallinity in the
composite enhances the proton conduction of the membrane upon PA doping.*’** The most
interesting fact here is that neither the nanofiller nor the pristine OPBI is crystalline in nature
but the nanocomposite membranes possess a number of sharp crystalline planes observed in
the PXRD analysis®®® as displayed in Figure 6.3 which arises from the strong interaction
between the nanofiller and the polymer which led to the formation of proton conducting
nanochannels responsible for the super protonic conductivity.

Figure 6.6 (B) represents the Arrhenius plots of PA doped pristine OPBI with all the
PGNTI1-@OPBI membranes. The activation energy (E,) values, derived from Arrhenius
equation are calculated and included within the Figure 6.6 (B). All the samples show activation
energy value are in the range of ~7-10 kJ/mol attributing to the fact that the proton conduction
is occurring through Grotthuss proton transport mechanism.®' The E, values for the composite
sample (PGNT1-2.5%@OPBI) is little lower than the pristine OPBI which suggests that the
block copolymer grafted MWCNT interacts in a greater extent with the OPBI polymer creating
a extended network of proton rich environment, which helps in transportation of protons easily.
The existence of acid-base dangling proton enriched network of N-heterocyclic rings connected
with a polymer backbone attached to the interconnected network of hollow carbon nanotubes

providing extensive proton conduction channels for the hopping of protons within the matrix.
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Figure 6.6. (A) proton conductivity and (B) Arrhenius plot of PA loaded pristine OPBI and
nanocomposite membranes. Calculated activation energy from the plots are shown in the
figure. (C) Stress-strain plot and (D) acid leaching plots at the PA loaded OPBI and
PGNT1@OPBI nanocomposite membranes.

We have also studied the stress-strain profiles [Figure 6.6 (C)] of the PA doped
membranes to investigate the dimensional stability of the proton exchange membranes which
has always been a serious problem for utilization of the membranes in the fuel cell. A huge
increase in the tensile strength is observed in the case of the nanocomposite membranes when
compared with the pristine OPBI. The interfacial interaction presents between the OPBI matrix
and the nanofiller directly contributes to the mechanical and tensile reinforcement of the
membranes. The nanocomposite membrane with 1 wt% nanofiller loading shows 76% (from
84% of OPBI to 148.2% in case of 1 wt% nanocomposite) increase in elongation at break value
while with 2.5 wt% nanofiller loading resulted 110% increment with respect to OPBI
membrane [Figure 6.6 (C)]. With the increase in PGNT1 loading, both the stress (MPa) and

strain (%) values observed to be increased simultaneously. The tensile strength value of OPBI,
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1 wt% and 2.5wt% nanocomposite membrane are 0.49 MPa, 0.95 MPa and 1.18 MPa,
respectively suggesting a huge mechanical reinforcement in nanocomposite samples. The
altered morphology of the nanocomposites evident from the FESEM, TEM and AFM images
(shown in earlier section) are responsible for such huge reinforcement in the tensile properties.

In order to utilize the nanocomposite membranes as PEM, the PA leaching from
membrane under high temperature and high humidity conditions should be minimum. Though
PBI based membranes have become quite popular as PEM but, acid leaching is a serious
drawback and as a result proton conductivity of the membrane diminishes under these
conditions. To verify the leaching probability and holding ability, our nanocomposite
membranes were subjected to leaching studies under high temperature and high humidity
conditions using a home-made set-up (see Chapter 2 and Appendix IV)*®>3°8 The results
shown in Figure 6.6 (D) clearly state that OPBI membrane loses around 43 % of PA after the
1t hour of the leaching treatment and at the completion of the 3™ hour total acid leaching
observed was ~69.3 %. In the case of composite membranes, upon the completion of 1% hour
the weight loss of 21 % and 17 % were observed for 1 wt% and 2.5 wt% membranes,
respectively and after 3 hours total leaching increased very little to 33.33% and 25.79% for
Iwt% and 2.5wt%, respectively. The strong acid-base interactions present between the
nanofiller owing to the presence of pNVT and pNVI chains enable the holding of PA in the
membrane more tightly. The basic nature of dangling imidazole, 1,2,4-triazole rings along with
the strong interfacial interaction with the benzimidazole units plays an important role in holding
the PA in the cavity which is reflected in the temperature dependent proton conductivity
measurements too.

We have also checked the thermal stability of the PA doped membranes and this study
validates the results obtained from acid leaching studies. We have observed less thermal
stability of the nanocomposite membranes with respect to the pristine OPBI membrane in the
temperature range 100-200 °C [Figure 6.5 (A)] but the PA doped membranes show reverse
order (Appendix IV-Figure 6.18). The PA doped PGNT1@OPBI membranes are bit more
stable than the PA doped OPBI membrane in the given temperature range of 100 °C — 300 °C
(see Appendix I'V-Figure 6.18) which is the operating temperature for PEM. This observation
suggests that the nanofiller is holding more PA molecules in the membrane effectively than
OPBI, which is in agreement with leaching data shown in Figure 6.6.

CONCLUSION
Our current work demonstrates, a simple but highly effective strategy to modify the

MWCNT surface by grafting functional polymer chain with high control over surface
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functionalization. In, a one-pot SI-RAFT “grafting from” approach was used to covalently
grow block copolymer chains consisting of pNVT and pNVI on the surface of the MWCNT
with controlled molecular weight to obtain pNVT-b-pNVI-g-MWCNT. These samples have
been thoroughly characterized by several techniques to prove the attachment and various
physical parameter. The main objective here, is to create the proton conduction nanochannels
into the polymer grafted MWCNT surface. The prepared block copolymer grafted MWCNT
(BC-g-MWCNT) was further utilized as a nanofiller to fabricate an efficient PBI based PEMs
and was characterized thoroughly. Nanocomposite membranes with two different amounts of
nanofiller loading (1 wt% and 2.5 wt %) were prepared to check the effect of the polymer
modified MWCNTs towards proton conduction and the other various physical and mechanical
properties of the membranes. The newly generated crystalline phases in the nanocomposite
membrane are not only responsible for superior proton conductivity but also for high acid
retention at elevated temperature (160 °C — 180 °C). The basic N-heterocyclic rings from the
grafted polymer chain units which are dangling allowed to form strong H-bonding interaction
with PA which is responsible for high acid uptake and superior PA retention. The BC-g-
MWCNT loaded membranes remains mechanically stable and highly flexible even after the
proton conductivity measurements which was performed at 180 °C. So far, block copolymer
grafted MWCNTs have never been explored in literature to be used as potential nanofiller
materials for improving PEM properties, and to the best of our knowledge this will be the first
report on such materials.
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Abstract

Palladium catalysts are well known for their role in Suzuki-Miyaura cross coupling reactions
between an aryl halide and an aryl boronic acid to generate coupled aryl and poly cyclic systems
by means of formation of a new C-C bond. C-C bond formation between two aryl compounds
is particularly interesting as this is not only the key step in the synthetic procedures of a number
of organic chemicals and natural products but also useful in a number of industrial applications.
On the other hand, Pd is costly. Heterogeneous Pd catalysts are preferred over homogeneous
catalysts due to their facile reusability and compatibility with flow systems. Another preferred
route for cross-coupling reactions involves reusable palladium nanoparticles that promote these
reactions in organic solvents or in water. Multi walled carbon nanotubes on the other hand are
well known for their stability, durability and hollow interior design. Furthermore, covalently
grafting of the MWCNT surface with strategically designed functional polymer chains can
however provide a stable and reducing environment to coordinate Pd*" ions on the surface of
the nanotubes. The dangling imidazole rings of poly (N-vinyl imidazole) (pNVI) chains help
in the formation of Pd nanoparticle on the polymer grafted MWCNT walls in the absence of
any external reducing agent. Microscopic studies along with the EDX data provided concrete
evidence towards the formation of Pd nanoparticles. The synthesized polymer grafted
MWCNT supported Pd nanoparticles (Pd@PGNT1) were taken into account to thoroughly
investigate the catalytic properties in Suzuki-Miyaura coupling reaction. The reaction
conditions were investigated and optimizes. The solvent scope, utilization of mild basic
conditions were checked thoroughly and the substrate scope was also examined by
incorporating different functional group containing aryl bromide and aryl boronic acid in the
reaction medium as substrate. The efficiency of the catalyst was also validated for 1 gm scale
reaction in EtOH solvent with K>2CO3 as base at 80 °C in the presence of as low as 1 mg of the

Pd@PGNTT catalyst which contains only 12.65 mass % of Pd was able to produce 99% yields.
Introduction

Carbon nanotube (CNT) is particularly interesting among carbon based materials
because of the unique chemical and physical properties.! Hollow interior along with the
stacked concentric tube structure makes multiwalled carbon nanotubes (MWCNTSs) of
particularly interesting material. CNT based materials are particularly used in a number of

34

applicative fields such as gas adsorption?, water purification®*, catalysis>’ and better

mechanical robustness,®’ since its discovery. Although, the presence of strong van der Waals
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forces acting among the concentric tubes often initiates agglomeration nature in the material to
result in the formation of tightly tangled loop structures which hinders the processability of the

110

material.!*!? The strong interaction patterns (van der Waals, - and non-covalent interaction)

are often reported in literature to hamper the performance of the material in the nano level.!>!*
A number of different approaches are reported in the literature to overcome these issues by
physically or chemically modifying the CNT surface with surfactants, polymer absorption and
encapsulation. Chemical treatments to introduce new functionalities and alteration of the
existing functional groups of the nanotubes are also known in the literature. Furthermore,
covalent grafting on the hollow nanotube surface with different small molecules and functional
polymer chains which are also known to enhance the properties of the nanotube material many
folds.!>!5"18 Upon further investigation it is been found that the covalently functionalization of
the nanotubes with functional polymer chains particularly the surface modification with grafted
homo polymer or block copolymer chains can enhance the properties of the pristine CNT

material efficiently and also holds an opportunity in terms of modifying the material further

more to improve the desired properties and the processability.

“Grafting to”, “grafting from” and “grafting through” are considered to be the major
approaches in order to graft the polymer chains on the nanomaterial surface. Also, few reports
are there in the literature where emulsion polymerization, ATRP and RAFT processes were
used to grafi polymer chains on CNT.!822 Herrera et al. reported the use of SI-ATRP process
on single walled CNTs to grow polymer brush structures.”* Pan et al. focused on the better
aqueous dispersibility of the MWCNTs by carefully using organometallic reactions to
synthesize RAFT agent in situ to grow poly(N-isopropylacrylamide) chains on the MWCNT.**
A few interesting literatures were published recently reporting the effects of surface

functionalization of the carbon nanotubes.?>3*

We have reported recently, the growth of block copolymer chains grafted on the CNT
surface using surface initiated RAFT grafiing from approach.'® We have observed that surface
initiated grafting from RAFT polymerization approach provides us opportunity to grow
different polymer chains on the RAFT agent attached nano surface efficiently.>>>° Thus, here
we have preferred SI-RAFT technique in the work to grow poly (N-vinyl imidazole) chains on
MWCNT surface with better precision and to investigate into the effect of the grafted polymer
chains on the properties of the material. We have chosen to grow pNVI chains on the MWCNT
surface because of the presence of dangling N-heterocyclic chains which are basic in nature

(pKa 7.05%7). The grown polymer chains reside on the nanotube surface thus providing an
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opportunity to grow metal nanoparticles on the polymer grafted MWCNT support. Here the
basic nature and the easy coordinating ability of the imidazole rings with the metal ions like
Pd?* opens up a new possibility to design polymer grafted MWCNT supported transition metal
catalyst for organic catalytic reactions.**** Our idea is to utilize the basic character of the
imidazole rings and the effect of cluster polymer chains on hollow nanotube to synthesize Pd
nanoparticles without the need for external reducing agents. This particular arrangement of
pNVI chains on the nanotube surface can enhance the reducing properties leading to the
formation of metal nano particles. Heterogeneous Pd catalysts are well preferred over the
homogeneous one due to their reusability and compatibility with the flow systems considering
the high cost of Pd catalysts. Another preferred route for cross-coupling reactions involves
reusable palladium nanoparticles which promotes the reaction in different organic and aqueous
mediums. The catalytic activity increases as the size of particles decreases. Thus, the catalyst
needs to be recovered and regenerated and then can be reused after the reaction in order to
preserve the precious metal catalyst. Thus, the design of the heterogeneous catalyst is much

tricky in terms of reusability and durability.

In order to examine the catalytic properties of MWCNT bound, polymer supported
metal nanoparticles, we have utilized pNVI-g-MWCNT to use grow Pd nanoparticles and the
synthesized material was characterized by means of spectroscopic and microscopic studies.
Further we have used the material in Suzuki-Miyaura coupling reaction to synthesize coupled

aryl and polycyclic systems.
EXPERIMENTAL SECTION

The sources of the materials which were used in the project are provided in Chapter
2. Synthesis and characterization procedure of BEPA RAFT agent [3-((((1-
phenylethyl)thio)carbonothioyl)thio)propanoic acid] along with the activation of BEPA
(BEPA-NHS) are discussed in Chapter 2. The preparations of MWCNT-COOH, MWCNT-
NH:> and attachment of BEPA-NHS on MWCNT-NH; surface in order to synthesize MWCNT-
BEPA are discussed in Chapter 2.

Synthesis of pNVI-g-MWCNT via SI-RAFT polymerization

In a characteristic SI-RAFT polymerization reaction to grow poly-N-vinyl imidazole
(pNVI) chains on the MWCNT surface, 100 mg (10.27 umol) MWCNT-BEPA was taken with
3 mL dry DMF in a 25 mL Schlenk tube with 2.9 mg (10.27 pmol) of BEPA RAFT agent and
0.3 mg of AIBN initiator (2.05 umol). Calculated amount of N-vinyl-imidazole (NVI) was
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taken in the reaction mixture in order to grow the poly(N-vinyl-imidazole) (pNVI) polymer
chains of different chain lengths, grafted on the MWCNT surface. The Schlenk tube was sealed
with septum and was subjected to sonication for 5-6 minutes and was kept under stirring to
make the reaction mixture consistently dispersed. The Schlenk tube was subjected to 3 freeze-
pump-thaw cycles to ensure the complete removal of O> and dissolved air from the system.
The Schlenk tube was back filled with ultra-high pure N> and kept under stirring at 70 °C for
16 h. Upon the completion of 16 h, the reaction was quenched using liquid N> and was exposed

to air. The whole polymerization process is schematically represented in Scheme 7.1 (A).

We purposefully chosen to grow polymer chains with dangling imidazole rings which
is very important as pNVI chains, having 2 N atoms in each heterocyclic ring structure which
are basic in character and are reported in literature to bind with positively charged atoms or
protons in the system. The growth of pNVI (having pKa 7.05) chains were controlled to
synthesize pNVI-g-MWCNT (PGNT) samples with varying molecular weight of the grafted
pNVI chains which can interact strongly with Pd** ions and to further reduce the metal ion
without the need of an external reducing agent to form Pd nanoparticles. The above synthesis
procedure was followed to synthesize three different chain lengths of the grafted polymer
chains and these samples were named as polymer grafted nanotubes and abbreviated as
PGNTI1, PGNT2, PGNT3. Higher the numbers after PGNT indicates higher chain length of the
grafted polymer chain.

Polymer detachment procedure was employed in order to detach the grafted polymer
chains from the MWCNT surface using ammonolysis process (Discussed in Chapter 6 and

Appendix IV).
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N-vinyl imidazole (NVI)
BEPA, DMF, AIBN

70°C, 16h

N-vinyl imidazole (NVI)
BEPA, DMF, AIBN

70°C, 16h

MWCNT-BEPA

N-vinyl imidazole (NVI)
BEPA, DMF, AIBN

70°C, 16h

K
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(8) .
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Scheme 7.1. Schematic representation of the growth of the polymer consisting of pNVI chains
on the surface of the MWCNT using SI-RAFT technique (A) and the schematic representation
for the detachment of grafted polymer chain from the surface of MWCNT for the GPC study

(B).
In order to check the binding abilities and the ability to reduce metal ions in absence

of an external reducing agent (NaBH4 or LiAlH4 or NaH), PGNT1 was taken as a model

system and further studies were performed.
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Synthesis of PA@PGNT1

Scheme 7.2 represents the schematic representation towards the synthesis procedure
of the PA@PGNTI. 70 mg of PGNT1 was taken in a dry 50 mL round bottom flask with 20
mL dry THF and purged with dry N gas for 15 minutes. The flask was subjected to ultra-
sonication for 10 minutes followed by stirring under N> gas. 70 mg of PdCl> was added to the
flask and reflux condenser was set under N2 atmosphere. The reaction mixture was refluxed
under nitrogen atmosphere for 5 h and allowed to cool slowly. The resulted mixture (yellow
solution with black MWCNT dispersion) was subjected to centrifugation at 13000 rpm for 15
min in order to get rid of the unreacted supernatant liquid containing PdCl, dispersed in THF.
The collected black solid was redispersed in dry THF and centrifuged in order to get rid of the
unbound Pd species. The process was repeated 3 times followed by a final washing with dry
Acetone to washout any impurities from the system. The collected PA@PGNT1 material was
dried under vacuum at 60 °C to get black powdered material which was subjected to further

analysis.

PACI,
Dry THF, 5h OO o (@)

reflux, N, atm

PGNT1 Pd@PGNT1

= N-vinyl imidazole o = Pd nanoparticle

Scheme 7.2. Schematic representation of the synthesis procedure to produce Pd nano particle

loaded PGNT1 (Pd@PGNT1).
Result and discussion
Grafting of pNVI on MWCNT surface

Appendix V-Scheme 7.1 shows the synthetic pathway to modify the nanotube to
change the electronically conducting surface into an insulating one after reduction with
ethylene diamine. The material was then treated with activated RAFT agent (BEPA-NHS) to

attach BEPA RAFT agent on the concentric nanotube surface which helps to grow polymer
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chains using ‘grafting from’ approach. The synthetic procedure was reported by our group
elsewhere.!® The structure of the RAFT agent is designed in such a way so that the activated
carboxylic acid group side when attached covalently with the -NHz groups, dangling on the
MWCNT surface, the methyl phenyl group of the BSPA resides away from the surface. The
synthesis of the BEPA RAFT agent is carried out by reacting thiopropanoic acid (C3HeO2S)
with carbon disulfide (CS2) and 1-bromoethylbenzene (CsHoBr) in presence of K3POs (for
detailed synthetic procedure see Chapter 2)'® that the ethylbenzene group acts as a R group
which ensures the propagation of the growing polymer chain (living polymer chain) by
providing extra stability to the propagating radial species while the carboxylic acid part is
bound to the MWCNT surface acting as Z group in order to stabilize the radical species. The
stability of the radical Re is important in terms of propagation of the living polymer chain which
is enhanced by the careful placement of a methyl group adjacent to phenyl group of the BEPA.
The modification of MWCNT to carboxyl group modified MWCNT (MWCNT-COOH) and
then to amine modified MWCNT (MWCNT-NH>) is already described in details with the
attachment process of BEPA on the MWCNT surface in Chapter 2. The formation of BEPA
RAFT agent modified MWCNT surface has been proved by microscopic analysis and
thermogravimetric analysis (described in details in the later section). 'H NMR data supports
the grafting of pNVI chains on the MWCNT surface and described in detail in the Appendix
V-Figure 7.1.

The thermal degradation shapes of MWCNT, MWCNT-COOH, MWCNT-NH; and
MWCNT-BEPA shown in Figure 7.1 (A) suggest their high thermal stability until 600 °C.
MWCNT-BEPA thermal stability decreases a little upon RAFT agent BEPA attachment owing
to the fact that BEPA RAFT agent shows sharp degradation ~200°C [see Figure 6.1 (A)]. The
thermal degradation is observed to increase with the increment in the molecular weight of the
grafted polymer chains of the polymer grafted MWCNT samples (PGNT1, PGNT2, PGNT3)
considering the grafting amount of the RAFT agent is same for all the samples, all the materials
are quite stable till 300 °C [Figure 7.1(A)]. The high thermal stability can be interpreted in
terms of strong interaction patterns (n-nt, H-bonding, non-covalent interaction) acting between
the MWCNT hollow fibres and N-heterocyclic imidazole rings. The increase in the weight loss
pattern (Table 7.1 column 3) as we move from PGNT1 to PGNT3 indicates the grafting of
longer polymer chains. Also, the calculated polymer content (in mg) per gram of MWCNT are
tabulated in Table 7.1 (column 4) clearly rises from PGNT1 to PGNT3 which indicates the

presence of larger size pNVI polymer chains. We have achieved a maximum polymer grafting
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density of 501 mg/g of MWCNT in the case of PGNT3 (Table 7.1). On the other hand, less
thermal stability and early degradation pattern is observed for PA@PGNT1 sample. The less
thermal stability can be corelated with the coordination of imidazole rings with the PdCl> which
then reduces the Pd*" ions into Pd nano particles. The strong interactions acting between
dangling imidazole rings and Pd nano particles reduces the inter nanotube interactions which

results in reduction of the thermal stability of the material compared to the pristine PGNT].

We have performed gel permeable chromatography (GPC) after detaching the grafted
polymer chains upon chemically treating the polymer grafted MWCNT samples with N-
hexylamine (5-fold excess) in the presence of sodium dithionite (Na2S204) in DMF-H>O
medium [Scheme 7.1 (B)]. This treatment breaks trithiocarbonate bond!®*, which is present
between the polymer chain and the surface of MWCNTs. The process releases bare polymer
chains in the solution which were purified by extraction using DMF and the molecular weights
were determined by GPC measurements using DMF/LiBr as eluent [shown in Figure 7.1 (B)].
All the molecular weights (PGNT1-PGNT3) are represented in Table 7.1. The PGNT samples
display narrow polydispersity index (D) and the molecular weights as obtained from the GPC
measurements are in glowing agreement with the targeted molecular weight, which suggests
that the grafting of the polymer chain was obtained using the RAFT polymerization technique.

A comparison of l\_/ln values in Table 7.1 (column 5) clearly display the increase in molecular

weights from PGNT1 to PGNT2 and PGNTS3. In addition to that, it is to be noted that, the
degree of polymerization value (which are indicated in the suffix of sample identity in column
2 of Table 7.1) clearly indicates the formation of longer chain length upon the increment in the
monomer feed ratio. PGNT samples are thus provides a basic, nitrogen rich, aromatic
heterocyclic ring surrounded neighbourhood around the multiwalled hollow carbon nanotube

core which may be useful for a number of purposes.
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Figure 7.1. TGA of surface functionalized MWCNTs and polymer grafted MWCNTSs (A).
GPC plots (B) for the polymer grafted MWCNT samples after the detachment of the polymer
chains from the surface of the MWCNT.
Table 7.1. Physical properties of the MWCNT samples upon surface functionalization and

polymer grafting.
Sample name Sample typea Remaining Polymer Mn 4 pe Zeta
weight % at . ontent potential
600 °C (Wt%)" o)’
MWCNT - 97.13 - - - -15.9
MWCNT- - - - - 220
COOH 96.55
MWCNT-NH, - 98.02 - - - -8.6
MWCNT-BEPA - 95.14 29.4 - - -4.9
PGNTI pNVIL -g¢-MWCNT 75 47 207 9891 1.07 -12.9
PGNT2 pPNVI, .,-g-MWCNT 62.17 347 13826 1.05 -6.1
PGNT3 pNVIL,, ,-g-MWCNT 4751 501 18119 1.08 -2.9
Pd@PGNT1 Pd attached PGNT1 68.89 87.19 - - -12.2
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! sample type describes the chain sequence for each of the block corresponding the block copolymer

chain and the degree of polymerization for each block included in the suffix which are obtained
from the molecular weight measurements using gel permeation chromatography, ° estimated from

the TGA analysis (at 600 °C) and Cpolymer content was obtained from the analysis of the TGA
curves in Figure 7.1 (A) and expressed as amount (in mg) of grafted polymer chains /g of MWCNT-
BEPA but, for PdA@PGNTT1 the value represents the Pd content and was calculated with respect to

PGNTI, dande are determined by gel permeation chromatography, and fobtained from zeta potential

analysis in aqueous medium (see Appendix V-Figure 7.XX).

PXRD plots illustrated in Figure 7.2 suggest that MWCNT, MWCNT-BEPA and
PGNT]1 are amorphous in nature. Although, MWCNT represents an intense peak at 20 = 26°
and a low intensity peak at 43° which corresponds to diffraction pattern of a typical graphite
type material (002), (100), respectively.** Upon carboxylic acid modification (MWCNT-
COOH), amine modification (MWCNT-NH») or RAFT modification (MWCNT-BEPA), the
PXRD patterns of the material remain unaffected because these chemical modifications does
not enforce any structural change in the basic structure as reported earlier.!® PGNT1 (Figure
7.2 ) shows a broad amorphous peak at 26 value between 20-30° owing to the fact that pendent
imidazole rings are amorphous in nature.!®*>%6 A small broadening is also observed below 20
= 10° for PGNT1, Pd@PGNTI1 and Pd@PGNT1 AR. Alternatively, PA@PGNT1 which
consist of amorphous PGNT1 and crystalline Pd nanoparticles exhibited a number of sharp
crystalline. The peak at 20 = 40.5° and 46.8° corresponds to the (1 1 1) and (2 0 0) diffraction
pattern of face centred cubic (fcc) Pd, respectively.*’ This confirms the presence of Pd
nanoparticles in the PA@PGNT]1 in high purity and high crystallinity (according to JCPDS
No. 05-0681). The X-ray crystallite size as calculated from Scherrer equation is 22.13 nm
which is in well agreement with the size observed using TEM studies (discussed in later
section). A number of new peaks were observed in the PA@PGNT1 material which arises
because of the presence of strong interaction patterns acting between the PGNT1, nanotubes
and the pNVI along with the Pd nanoparticles. The observation can be the result of the self-
assembly driven crystalline pattern. Similar kind of observations have been reported in
different polymer modified nanofiller systems where the interaction patterns between the
amorphous nanomaterial and the polymer chains gives rise to strong crystalline peaks upon

PXRD analysis.*>*32 The presence of crystalline nature was further evaluated using SAED
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patterns as observed from TEM studies. The SAED pattern reflects the presence of Pd
nanoparticle in the system (Appendix V-Figure 7.11).

(111)
200)

1

Ty LA

i | PA@PGNT1

R TR TN

L.

Intensity (a.u.)

MWCNT-BEPA

MWCNT

o T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60
20

Figure 7.2. PXRD patterns of MWCNT, MWCNT-BEPA, PGNT1 along with PA@PGNT]1
and Pd@PGNTI1 AR (here AR represents the sample was taken into account for catalytic
reaction studies and represents the PXRD patterns after reaction).

The detailed morphological pictures [Figure 7.3 and Appendix V-Figure 7.2-7.7]
using FESEM and EDX studies provide significant evidence towards the successful grafting
of polymer chains on the MWCNT surface. MWCNT and MWCNT-BEPA FESEM images
show that the carbon nanotubes are tangled together (Appendix V-Figure 7.2). Nevertheless,
MWCNT-BEPA shows increased aggregating behaviour when compared to unmodified
MWCNT [Appendix V-Figure 7.2 (A and B)]. pNVI-g-MWCNTs show significant change in
the morphology from the pristine MWCNT and give rise to highly clustered morphology. The
grafting of polymer chains induces polymer patch formation on the MWCNT nano surface and
is clearly visible from the FESEM data. The tendency to form polymer patch and the increase
in the agglomeration behaviour increases with the increase in the polymer molecular weight of
the grafted polymer chain which can be seen from the comparison of Figure 7.3 (A)-(D). All
the samples were further analysed by FESEM-EDX [Appendix V-Figure 7.5-7.7] which
confirms the successful surface alteration with BEPA and polymer. A substantial increment in
the EDX signal was observed for nitrogen in the case of PGNT2 material when compared to

PGNT]1 sample and is another proof towards the growth of the pNVI chains on the nanotube
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surface by spectroscopic means [Appendix V-Figure 7.6-7.7]. The surface of the nanofibers
are observed to be stable even after the polymerization process showing the integrity of the SI-
RAFT process. Alternatively, upon Pd nanoparticle formation on the PGNTI1 surface,
formation of small nodes are visible under the FESEM and the surface morphology changes
drastically. Further we have analyzed the sample using FESEM EDS instrument which
reflected the presence of Pd on the surface of the PA@PGNT1. Mapping studies confirms the
even distribution of the elements along with Pd and the Pd is only observed on the pNVI-g-
MWCNT surface exclusively which further supports our argument that the Pd nanoparticle
formation is supported by the grafted pNVI chains only. Which was also evident from the TEM

studies (discussed in the later section).

0
WO= 65mm wag= s000KX |7 wo=s .5 mm Mag= E000KX WO =100mm Mag= 5000 KX ‘I

Figure 7.3. FESEM images of pNVI polymer grafted MWCNTs (A, B) PGNTI1, (C, D)
PGNT3 and (E, F) PdA@PGNT1 with different magnification. The red dotted circle represents

the formation of small nodes upon Pd nanoparticle formation.

TEM data suggests that the grafting of pNVI polymer chains create a morphological
change as evident from Figure 7.4 (A and B) where the MWCNT can be seen as a clear
stacking of hollow concentric tubes but in the case of PGNTI1 the polymer grafting is clearly
evident. Furthermore, PdA@PGNT]1 illustrates the presence of dark crystalline particles on the
polymer grafted MWCNT walls. Although the presence of BEPA raft agent creates slightly
dark patches on the nanotube walls as observed from the previous studies reported by our
group. Further analysis using HR-TEM and EDX confirms that, the presence of dark spots
reflects the presence of sulphur originating from BSPA RAFT agent and not due to Pd
(Appendix V-Figure 7.9-7.12). But, in the case of PdA@PGNT]1 the black spots are highly
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crystalline and indicates the presence of heavier element which was studied using TEM EDX
technique and confirms the presence of Pd nanoparticles of ~20 nm size (Figure 7.4 and
Appendix V-Figure 7.11). The presence of grafted polymer chains are also visible in the case
of PdA@PGNTI1. SAED pattern further implies the presence of Pd and the crystalline nature
(Appendix V-Figure 7.11). Aliquots were obtained during the Pd nanoparticle synthesis
procedure to and examined under TEM (Appendix V-Figure 7.10). The data reveals the
incomplete formation of Pd nanoparticle on the MWCNT surface but upon the completion of

the total reaction procedure the spherical Pd nanoparticles were observed.

o MWCNT walls

Figure 7.4. TEM images of MWCNT (A), PGNT1 (B). (C) and (D) represents the TEM image
of PdA@PGNT1 in different magnification. The red dotted circle represents Pd nanoparticles.
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Pd@PGNT1 as a catalyst towards the Suzuki-Miyaura coupling reaction

As a probable application of pNVI polymer grafted nanotube supported Pd
nanoparticle, we have considered PA@PGNT]1 as a heterogeneous catalyst and have used it in
Suzuki-Miyaura (SM) coupling reaction between an aryl halide and an aryl boronic acid to
generate coupled aryl and poly cyclic systems. The reaction conditions were investigated and
optimizes. The solvent scope and the utilization of mild basic conditions were checked
thoroughly towards the SM coupling reaction. The substrate scope was examined by
incorporating different functional group containing aryl bromide and aryl boronic acid in the
reaction medium as substrate. NMR analysis for the structural confirmation of the products
synthesized towards checking the substrate scope are represented in Appendix V.
SM coupling reaction procedure

In a typical SM reaction aryl bromide (Immol, leq.), aryl boronic acid (1mmol, leq.),
base (2 eq.), Pd catalyst (amount was varied in order to optimize the reaction procedure) were
taken in a 25 mL sealed tube with 3 mL of solvent (a wide range of polar and nonpolar solvents
were checked to optimize the reaction procedure). The reaction mixture was subjected to
stirring using a magnetic bead in a preheated oil bath at 80 °C for 1-2 h. The reaction was
stopped after the predetermined time and subjected to workup using water and ethyl acetate.
The ethyl acetate layer was further washed with brine solution and concentrated using a rotary

evaporator. The concentrated solution was purified using column chromatography.
Optimization of SM reaction conditions

The reaction of iodo benzene with phenyl boronic acid in the presence of Pd catalyst
were examined in different solvent medium and also in the presence of different bases in
different temperatures (Scheme 7.3). The variation of solvent medium used are tabulated in
Table 1. The reaction produced better yield in the presence of THF, dioxane, MeOH and EtOH
solvent (see Table 2). The yield was compromised in the presence of water. The variation of
base used in the reaction was varied with KOH, NaOH, K>COs3, K3POy4 in different temperature
conditions (see Table 3). The observation suggested the use of mild basic condition
incorporated with KoCO3 and K3POj4 is adequate to carry out SM reaction in EtOH condition
and the yield decreases with lowering of the temperature. The yield observed at room

temperature with K2CO3 and EtOH condition is 30%.
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The optimization studies of base, solvent and temperature suggests that mild basic
condition of K,CO3 with EtOH as solvent at 80 °C is sufficient to carry out the reaction and

this condition is followed for our current investigation.

I B(OH),
Solvent, base
Pd catalyst
+ il
heat, 2h
Iodo benzene Phenyl boronic acid biphenyl

Scheme 7.3. The general reaction procedure of SM reaction between an aryl halide (iodo
benzene) and an aryl boronic acid (phenyl boronic acid) in the presence of a base, solvent and

a Pd catalyst.

Table 7.2. The variation of yield % in presence of different bases and solvents for SM reaction

between iodo benzene and phenyl boronic acid.

Entry Base Solvent Yield%
1 K CO, DMF 30-40

2 K CO, THF 88

3 K CO, Dioxane 99

4 K CO, EtOH: H20 (1:1) 20

5 K CO, MeOH 95

6 K CO, EtOH 99

7 NaOH EtOH 99
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Table 7.3. The variation of yield % in different solvent conditions at different temperature for

SM reaction between iodo benzene and phenyl boronic acid.

Entry Solvent Base Temp Yield%
1 EtOH KOH Reflux 99
2 EtOH KOH 80 99
3 EtOH NaOH Reflux 99
4 EtOH NaOH 80 99
5 EtOH K2COs 80 99
6 EtOH K2COs 70 94
7 EtOH K2COs RT 30
8 EtOH K3POq4 80 95

RT represents room temperature.
Optimization of catalyst concentration in SM reaction

Upon optimization of the optimum reaction condition for the SM coupling reaction
the amount of PdA@PGNT1 was varied in order to check the performance of the synthesized
catalyst. The amount was reduced to 1 mg of Pd@PGNTT for a 1 gm scale reaction. The yield
obtained is 99% considering the reaction between iodo benzene and phenyl boronic acid in
presence of KoCO3 at 80 °C in ethanol. TEM EDX analysis of Pd@PGNT1 suggested the
presence of 12.65 mass % of Pd in the material. Thus 1 mg of PA@PGNT]1 contains 0.127 mg
(1.189 umol) of Pd. The high presence of MWCNT support provides a stable backbone towards
the high catalytic activity of the material. We have also investigated the reusability of the
catalyst and performed SM coupling reaction between iodo benzene and phenyl boronic acid
in 1 gm scale. The catalyst was separated from the reaction mixture using ethanol solvent and
the same catalyst was subjected to 5 consecutive reactions and provided excellent yield. The
catalyst obtained after 5 consecutive reactions were washed thoroughly and subjected to TEM
analysis (Appendix V-Figure 7.12). PA@WPGNTI1 was observed to retain the structural
integrity while an increase in the agglomeration nature is observed as evident from the TEM
studies. Which indicates the robustness of the synthesized material. Substrate scope for the

reaction was investigated using 1 mg PA@PGNT1 for ~200mg scale reaction.
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Investigation of substrate scope

The substrate scope for the reaction was explored upon varying the aryl group and
substituted aryl groups of the boronic acid and aryl halides. The reaction was carried out using
different substitutions of the halide group (-Cl, -Br, -I) to understand the effect of different
halide groups in the case of yield % of the SM reaction. The yield % was observed to be
increased with the better leaving nature of the halide group (see Table 7.4). Thus, better yield

obtained for iodo and bromo substituents.

Table 7.4. The effect of different halide groups towards the yield % of SM reaction between
aryl halide and phenyl boronic acid.

X B(OH),
EtOH, K,CO3
+ Pd catalyst
80°C,2n
aryl halide Phenyl boronic acid biphenyl

Entry X Yield % Product®
1 Chloro 93 1
2 Bromo 98 1
3 iodo 99 1

# The numbers in the product column represents the product code which is used to differentiate

between the products formed in each case.

Substrate scope of the reaction were further checked by altering the substituents of the
aryl boronic acid in the optimal conditions (see Table 7.5). The reaction was performed under
the influence of electron donating and withdrawing groups and the products were obtained in
quantitative yields in most of the cases. Although the yields were observed to be a little less in
case of strong electron withdrawing group (-F, -CHO) present in the aryl boronic acid. But the
unsubstituted naphthyl moiety with the boronic acid functionality produced high yields in SM

reaction with phenyl iodide.
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Table 7.5. Yield % of products (substituted biphenyl) for different substituted aryl boronic

acids in the SM reaction.

I B(OH),
7 |+ Peatairt
SA - 80°C,2n R R,
Aryl iodide Substituted aryl Substituted biphenyl
boronic acid
Entry R Ri Yield % Product®
1? o0 —-Me H 94 2
28 m —-Me H 98 3
32 p—Me H 99 4
4 H p—F 35 5
5° H 1 —nap BA 94 6
6° H 2 —nap BA 96 7

2 The aryl bromide derivative were used here is instead of aryl iodide. ® In case of 6™ and 7%
entry, the second column (R) represents the aryl boronic acid name where as in all the other
cases the second column represents the substituent of the phenyl boronic acid. © The numbers
in the product column represents the product code which is used to differentiate between the

products formed in each case.

The variation of the aryl group of the phenyl halide was examined with a variety of
aryl group substituted boronic acids under optimized reaction conditions. The results are
tabulated in Table 7.6. Better yields of the products were obtained in each case. The data
suggests that the reaction is well controlled and provides better yields even in the presence of

polycyclic aryl systems in both the halide and boronic acid part.
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Table 7.6. Yield % of products for different substituted aryl boronic acids with 9-bromo

phenanthrene in the SM reaction.

: &

B(OH),

EtOH, K,CO3
+ Pd catalyst
Ol = OO
9-bromo phenanthrene SUbStitlfted z.u'yl product
boronic acid
Entry Aryl Yield Product?®
1 1 —nap 96 Q
8
2 2 —nap 98

) '

? The numbers in the product column represents the product code which is used to differentiate

between the products formed in each case.
Conclusion

Our work validates, a simple and highly efficient approach for the covalent grafting
of polymer chains on the nanotube surface by utilizing grafting from SI-RAFT technique. The
growth of the polymer chains on the nano surface was highly controlled and with narrow .

All the samples were thoroughly characterized by numerous techniques and various physical
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parameters to confirm the surface grafting. Our main objective here, is to create dangling
imidazole ring enriched reducing environment around the MWCNT surface in order to reduce
the Pd*" ions to synthesize Pd nanoparticles on the polymer grafted MWCNT surface which
was validated in terms of microscopic studies. TEM EDX data confirms the presence of 12.65
mass% of Pd in the PA@PGNT1 material. The material was further checked for its catalytic
activities in Suzuki-Miyaura coupling reaction. The product yield was checked in terms of
varying different parameters of the reaction condition including temperature, solvent, base, etc.
The efficiency of the catalyst as well as substrate scope were further evaluated confirming the
high efficiency of the catalyst. The reusability as well as the stability of the catalyst upon
Suzuki-Miyaura reaction was examined and found to be the catalyst is stable under the reaction

conditions.
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Summary

The thesis entitled “Polymer grafied Nanomaterials: Synthesis via RAFT
Polymerization and the Applications” illustrates the synthesis procedure and the
characterization techniques to synthesize and chemically modify SiNP UiO-66 NH, MOF and
MWCNT nano surface in order to graft different RAFT agents attached covalently on the
surface of the nanomaterials. This thesis also describes the SI-RAFT techniques used to grow
homo polymer, block copolymer and polymeric brushes on the nano surface in aqueous and
non-aqueous medium which can further be detached using the described different polymer
detachment techniques to isolate the grafted polymer chains in order to characterize them. The
use of polymer grafted SINP, MOF and MWCNT materials as nanofiller to prepare flexible,
stable and robust MMMs were also described thoroughly. Different techniques in order to
estimate the stability of the nanomaterials and the inherent and matrix supported proton
conductivity were illustrated in detail. The complete thesis comprises of five working chapters
along with the introduction and material, synthesis and method chapter. A brief description

about the out come corresponds to each chapter is mention below.
Chapter 1

Chapter 1 illustrates the brief history of CRP, RAFT technique and advantages of
smart nanomaterials. Also, the SI-RAFT technique on the nano material surface (SiNP, MOF
and CNT) was discussed in detail in order to synthesize the smart nano surface for the use in
different applicative fields. Furthermore, the benefits of fuel cells and its classifications,
PEMFC and its working principle along with the need for the improvement of PEM material
were described. Different techniques for the synthesis of MMMs using a properly designed
nanofiller material with PBI polymer were also described in order to enhance the efficiency of
the PEM material. This chapter also explains the benefits of the heterogeneous catalyst for
industrial and commercial purpose. The requirement for better and efficient catalyst for Suzuki-
Miyaura coupling is explained in detail. In brief this chapter provides ephemeral understanding

of the background and the history of the working chapters (Chapter 3-7)
Chapter 2

This chapter comprises of all the materials utilized for the whole thesis work, as well
as details on the synthesis of precursor materials and the different instrumentation methods

used for the synthesis and characterization of all of the compounds listed in the thesis.
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Chapter 3: Block Copolymer Grafted Silica Nanoparticles: Designer Nanofiller for

Improving Proton Exchange Membrane Properties

Surface functionalized silica nanoparticles (SiNP) have gained massive attention as
an efficient nanofiller in improving the properties of the proton exchange membrane (PEM)
but, a lot more can be done on the SiNP surface to prepare smart nanofiller for the further
improvement in the PEM performance. Strategic surface functionalization of SiNP surface can
enhance the properties of nanocomposite PEM in the matrix. Here, we report about the
development of the block copolymer grafted SINP (BC-g-SiNP) as functional nanofiller which
was further blended with oxypolybenzimidazole (OPBI) polymer to prepare nanocomposite
based PEM. Block copolymer chains which comprise of poly (N-Vinyl imidazole) (pNVI) and
poly (N-Vinyl-1,2,4-triazole) (pNVT) were grown on the polymerizable SiNP surface using
grafting-from RAFT polymerization in one pot process. Two series of BC-g-SiNP namely
pNVI-b-pNVT-g-SiNP and pNVT-b-pNVI-g-SiNP were synthesized by altering the polymer
chain grafting sequence. In addition to that chain length of each block was changed to obtain a

series of BC-g-SiNP to understand

v Block : pNVI [poly(1-vinyl imidazole)],
PNVT [poly-(1-vinyl-1,2 4-triazole)|

v Better D

¥ Flexibler

v Higher H* ¢

the effect of the chain sequence and

Flexible, strong PEM

Etching silca core the chain length on the properties of

HF - ormipurs
= s

the nanofiller and their influence in

altering the PEM properties. The

e
1 —
2 I —
—S—
—
Conductivit;

block copolymer structure, the chain

Morphology

sequence and the chain length were

NVI-b- -g-SINP b-p\ 1-g-SINP

- o confirmed by means of NMR and

2

GPC analysis of the cleaved copolymer chains. The BC-g-SiNP exhibits core-shell morphology
where the thickness of the shell alters as the chain length and the sequence of the grafted chain
start to vary. OPBI/BC-g-SiNP a hybrid nanocomposite membrane, having different wt% of
nanofillers were loaded with phosphoric acid (PA) to produce PEM. The nanocomposite PEM
showed very high thermal, mechanical and chemical stabilities along with the proton
conductivity as high as 0.278 S cm™ at 180°C in case of OPBI/P6(3%). A very clear-cut
dependence of the PEM properties was observed on the architecture of the BC-g-SiNP such as

chain length, chain sequence and so on.
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Chapter 4: Grafting of Polymer Brushes on MOF Surface to Achieve Proton-Conducting

Membranes

In recent years, metal organic framework (MOF) and its post synthetic modification
(PSM) procedures have gained an immense interest in order to synthesize a better hybrid
material for their applications in their respective fields. Polymer-MOF conjugates were proved
to incorporate better stability of the MOF materials even in harsh conditions. Nevertheless, the
absence of proper synthetic strategy and extensive study limits the full potential of designing a
MOF based better hybrid material. Proper surface functionalization technique (inexpensive,
scalable with synthetically tuneable) with functional polymer chains (physically and
chemically stable) however, can provide the picture-perfect opportunity to create a polymer
chain grafted MOF material with polymer chains comprising the shell attached covalently on
the MOF core in order to enhance the properties and the applicability of a MOF material in a
larger extent which also opens up an enormous scope towards designing of a metal organic
framework based organic inorganic super hybrid material. In order to provide a better incite
into the surface chemistry and the limitations faced during the surface functionalization
approach, we have developed a simple and effective method to functionalize the MOF surface

precisely with functional polymer brushes which were grown covalently step by step using

2 Ve~ 2 o grafting  from  SI-RAFT
N D) T N A m technique. At first, the MOF

v - ——V bﬁ /.,,gfﬁ’? ‘i J D)
!I:e surface was transformed into a

polymerizable surface by the
@ attachment of a

+‘) 2 o trithiocarbonate based chain
0 @ Jﬁ 0 transfer agent (CTA). Then,

g Polymer-g-MOF 4 : three different sets of polymer
brushes were grown which comprised of neutral but basic nitrogen functionality (PGM-N), tri
methyl substituted quaternary ammonium functionality (PGM-C) and quaternary ammonium
along with sulphonate functionality (PGM-Z) on the nano MOF surface using SI-RAFT
technique. Grafting of polymer brushes were confirmed by GPC, FT-IR, NMR, TGA, FESEM,
TEM, EDX and Mapping studies. The stability of the novel super hybrid material under various
harsh environments were further analyzed using PXRD, TEM, FESEM, EDX and Mapping
studies. The uniqueness of this work was additionally enhanced by using the synthesized PGMs

as nanofiller into the oxypolybenzimidazole (OPBI) membrane matrix to get homogeneous
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mixed matrix membranes with a brilliant thermomechanical and tensile properties, well
thermal stability, superior proton conductivity when doped with H;PO4 (PA) and PA holding
capabilities. Neutral, cationic and zwitterionic functional group containing polymer brush
grafted on the MOF surface forms strong H-bonding, acid-base interaction with OPBI chains
and H3PO4 molecules which is responsible for such high acid uptake, progressive PA retention
and also displayed proton conductivity as high as 0.241 S cm™ at 160°C (~ 4 fold increase
when compared to OPBI) which is among the supreme values reported till date for MOF based

PEM systems with excellent mechanical vigour.

Chapter 5: Grafting of Poly(vinyl phosphonic acid) to MOF surface by RAFT

Polymerization: A Novel Method for the Development of Proton Conducting Materials

In recent times, metal organic frameworks (MOFs) along with the evolution of
different post-synthetic modification (PSM) procedures are being used frequently to design
better hybrid materials for numerous applications. However, the combination of polymers with
MOF systems (polymer-MOF conjugates) has proven to be an interesting area for improving
the stability factors of MOF systems even under harsh environments. Nevertheless, the need
for a proper synthetic approach and extensive study limits the designing flexibility of ‘MOF-
polymer’-based efficient hybrid materials. An efficient surface functionalization technique,
without the use of harsh chemicals, simple but scalable with synthetic tuneability and

inexpensive, with uniformly of chemically stable grafted polymer chains can provide immense

freedom  to synthesize

Polymer-grafted-MOF: A New Class of Proton Conducting MOF

functional  polymer-grafted
MOF materials. In this work,
at first, the MOF surface was
chemically transformed into a
polymerizable surface by

trithiocarbonate based chain

transfer agent (CTA) namely,
RAFT agent. This modified MOF surface was utilized to grow poly vinyl phosphonic acid
(PVPA) chains using aqueous surface initiated RAFT polymerization technique with varying
chain length and grafting density. Grafting of PVPA polymer chains were confirmed by TGA,
GPC, FT-IR, NMR, FESEM, TEM, EDX and mapping studies. The stability of the novel
hybrid material under various harsh environments were further analyzed. The applicability of

this work was further explored by analysing the newly synthesized PGMs for proton
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conductivity under varying temperature and relative humidity conditions. Pendent phosphonic
acid group containing stable polymer chain grafted on the MOF surface creates strong H-
bonding, acid-base, ionic and non-covalent interaction patterns with the neighbouring PGMs
and the water molecules which are responsible for such high stability, water sorption ability
and also exhibits inherent proton conductivity of 1.26x102 S cm™ at 80 °C for PGM-L3 sample
under 98% relative humidity, and 9.8x10 S cm™ at 60 °C for PGM-H1 sample under 75%

relative humidity, which is amongst the highest values reported so far for MOF based systems.

Chapter 6: Poly(N-vinyl triazole-b-N-vinyl imidazole) Grafted on MWCNTs as

Nanofillers to Improve Proton Conducting Membranes

Carbon nanotubes (CNTs) are of particular interest because of their ability to enhance
the mechanical strength in the material, however, processing difficulties of CNTs often restrict
utilization up to its full potential. To resolve this, in the current study, we have developed a
simple and efficient method to functionalize the surface of multiwalled carbon nanotube
(MWCNT) with precise functional polymer chains, which were covalently grafted on the
surface of the MWCNT and delved into an application to demonstrate this material as an
efficient nanofiller in developing proton conducting membrane (PEM) from
polybenzimidazole (PBI). At first, MWCNT surface was converted to a polymerizable surface
by attaching a trithiocarbonate based chain transfer agent (CTA). Then, N-heterocyclic block
copolymer namely poly-N-vinyl-1,2,4-triazole-b-poly-N-vinyl imidazole (pNVT-b-pNVI) was
grown from the CTA anchored surface in one-pot surface initiated reversible addition
fragmentation chain transfer (SI-RAFT) technique. Grafting of block copolymer chain was
confirmed by GPC, NMR and TGA studies. To the best of our knowledge, this will be the first
report of growing block copolymer structure grafted covalently on the surface of the MWCNT.
The novelty of the work was further enhanced by incorporating pNVT-b-pNVI-g-MWCNT as
nanofiller into the oxypolybenzimidazole (OPBI) membrane to obtain homogeneous
nanocomposite membranes with
an excellent thermomechanical
and tensile properties, thermal
stability, superior proton
conduction when doped with
phosphoric acid (PA) and the acid
(PA) holding capacity. The

nanocomposite membrane with
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2.5 wt% nanofiller loading displayed a tensile stress of 1.8MPa, strain of 176% at break and
exhibited proton conductivity as high as 0.164 S cm™ at 180°C which is a 2.6-fold increment
when compared with pristine OPBI membrane. This significant increase in conductivity is
attributed to the new proton conducting nano channel pathway generated along the polymer-g-

MWCNT surface.

Chapter 7: Poly (N-Vinyl Imidazole) Grafted MWCNT Supported Pd Nanoparticle: An
Efficient Catalyst for Suzuki-Mayura Coupling Reaction

Pd catalysts are well known for their role in Suzuki-Miyaura cross coupling reactions
between an aryl halide and an aryl boronic acid to generate coupled aryl and poly cyclic systems
by means of formation of a new C-C bond. C-C bond formation between two aryl compounds
is particularly interesting as this is not only the key step in the synthetic procedures of a number
of organic chemicals and natural products but also useful in a number of industrial applications.
On the other hand, Pd is costly. Heterogeneous Pd catalysts are preferred over homogeneous
catalysts due to their facile reusability and compatibility with flow systems. Another preferred
route for cross-coupling reactions involves reusable palladium nanoparticles that promote these
reactions in organic solvents or in water. Multi walled carbon nanotubes on the other hand are
well known for their stability, durability and hollow interior design. Furthermore, covalently
grafting of the MWCNT surface with strategically designed functional polymer chains can
however provide a stable and reducing environment to coordinate Pd*" ions on the surface of
the nanotubes. The dangling imidazole rings of poly (N-vinyl imidazole) (pNVI) chains help
in the formation of Pd nanoparticle on the polymer grafted MWCNT walls in the absence of
any external reducing agent. Microscopic studies along with the EDX data provided concrete
evidence towards the formation of Pd nanoparticles. The synthesized polymer grafted

MWCNT supported Pd nanoparticles (PA@PGNT1) were taken into account to thoroughly

investigate the catalytic properties in Cl
Suzuki-Miyaura coupling reaction. ©/
) .. B(OH),
The reaction conditions were
investigated and optimizes. The
solvent scope, utilization of mild o

basic conditions were checked
thoroughly and the substrate scope
was also examined by incorporating different functional group containing aryl bromide and

aryl boronic acid in the reaction medium as substrate. The efficiency of the catalyst was also

Nilanjan Mukherjee, University of Hyderabad, 2024 201



[Chapter 8]

validated for 1 gm scale reaction in EtOH solvent with KoCO3 as base at 80 °C in the presence
of as low as 1 mg of the PA@PGNT]1 catalyst which contains only 12.65 mass % of Pd was
able to produce 99% yields.

Chapter 8

This particular chapter illustrates the summery and conclusions corresponds to all

the previous chapters of this thesis.
Conclusion

The following concluding remarks can be drawn from the studies of “Polymer grafted

Nanomaterials: Synthesis via RAFT Polymerization and the Applications”

1. An effective method was established in order to grow monodispersed SiNP of ~50nm size.

2. Successful grafting of two series of BC-g-SiNP namely pNVI-b-pNVT-g-SiNP and
pNVT-b-pNVI-g-SiNP were synthesized by altering the polymer chain grafting sequence
with core-shell morphology.

3. Grafted polymer and block copolymer chains were detached from the SiNP surface using
HF treatment in order to have better insight of the SI-RAFT technique used.

4. Successful preparation of composite membranes of OPBI polymer and the BC-g-SiNP
nanofiller and further testing of the nano composite membrane shows excellent mechanical
and thermal properties.

5. Proton conductivity of 0.278 S cm™! at 180 °C in case of OPBI/P6(3%) nanocomposite
membrane was achieved with very less leaching of PA which is among the supreme values
reported till date.

6. Successful transformation of MOF surface into a polymerizable surface by the attachment
of a trithiocarbonate based RAFT agent (BSIPA).

7. Successful grafting of three different sets of polymer brushes were grown comprised of
neutral but basic nitrogen functionality (PGM-N), tri methyl substituted quaternary
ammonium functionality (PGM-C) and quaternary ammonium along with sulphonate
functionality (PGM-Z) on the nano MOF surface using SI-RAFT technique.

8. Homogeneous mixed matrix membranes were prepared with a brilliant thermomechanical
and tensile properties, well thermal stability, superior proton conductivity when doped

with H3PO4 (PA) and PA holding capabilities.
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10.

11.

12.

13.

14.

15.

16.

. Highest proton conductivity achieved for OPBI@Z5% was 0.241 S cm™ at 160°C (~ 4-

fold increase when compared to pristine OPBI) which is among the supreme values
reported till date.

We have successfully executed the grafting of PVPA polymer chains in an easy, efficient
and less hazardous way under aqueous condition using SI-RAFT grafting from approach
with narrow polydispersity and better control over molecular weights. We have also varied
the grafting density of the grafted polymer chains on the MOF surface (PGM-L and PGM-
H) with further variation in the chain length of the attached polymer chains.

We have achieved proton conductivity of 1.26x102 S cm™ at 80 °C for PGM-L3 sample
under 98% relative humidity and 9.8x107 S em™ at 60 °C for PGM-H1 sample under 75%
relative humidity which are amongst the premium values reported till date for MOF based
systems, operating below 100 °C.

We have successfully investigated and proved that, the source of the conductivity is
because of the presence of the labile protons in the system and the polymer-MOF super
hybrid materials (PGMs) are highly stable and can retain their proton conductivity upon
long term usage.

Block copolymer chains consisting of pNVT and pNVI successfully grafted on the
MWCNT surface with excellent control over molecular weights to obtain pNVT-b-pNVI-
g-MWCNT.

The prepared block copolymer grafted MWCNT (BC-g-MWCNT) was further utilized as
a nanofiller to fabricate an efficient PBI based PEMs.

So far, block copolymer grafted MWCNTSs have never been explored in literature to be
used as potential nanofiller materials for improving PEM properties, and to the best of our
knowledge this will be the first report on such materials.

Pd nanoparticles were efficiently grown on the polymer grafted MWCNT surface and
thoroughly tested for catalytic properties of the material under Suzuki-Miyaura coupling

reaction conditions.
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Scope of future work

The investigation and the findings of this thesis addressed some of the problems

associated with the surface grafting approach on different nano surface and thus, opens up new

possibilities in terms of growing polymer brushes or block copolymer chains on the nano

material surface. This thesis also provides a concrete background in terms of the development

of MMMs with not only excellent mechanical properties and proton conducting abilities but

also for different applicative fields.

1.

Chapter 3 demonstrates successful grafting of block copolymer chains of pNVI and
pNVT moiety with core-shell morphology. Efforts should be made in order to partially
and completely convert the grafted block copolymer chains with quaternization with

varying alkyl chains and further investigate their antimicrobial activity.

. Efforts should be made in order to leach out the silica from the polymer grafted SiNP in

the membrane matrix. This methodology can create monodispersed pores inside the
membrane matrix. Further more the pores will be pre decorated with the functional
polymer or block copolymer chains for efficient PEM properties.

Different organic polymer particles can also be taken into account to grow functional
polymer brush structure for different applications.

A number of different membrane matrix other that PBI can be employed to develop new
class of MMMs.

Fuel cell testing of the MMMs can be performed in order to have further understanding
of the nanofiller and membrane matrix interactions.

Efforts should be made to investigate the doping of the MMMs in different organic/
inorganic acid conditions in order to have better understanding and choice of the dopant
acid for these particular MMM type.

Investigations can be performed in order to grow Pd nanoparticles inside the polymer
grafted MOF material where the unique pore structure of the MOF material can be used
to selectively transform organic molecules and potential stability can be achieved from
the polymer decorated MOF structure. The material can also be investigated for flow

chemistry.
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Appendix I-Figure 3.1. FESEM (A & B) and TEM (C & D) images of SiNP and SiNP-CPDB,
respectively. (E) and (F) are the DLS plots for SiNP and SiNP-CPDB, respectively. (G)
comparison of FT-IR spectra of SINP & SiNP-CPDB. (H) TGA of SiNP, SiNP-NH> and SiNP-

CPDB to calculate CPDB grafting density of SiNP surface.

Appendix I-Table 3.1. Summary of molecular weight (M,,) and D of bare polymer chains after
cleaving the polymer from pNVI-g-SiNP [P1(i)-P3(i)] and pNVT-g-SiNP [P4(1)-P6(1)]. All the

data obtained from the controlled reactions of P1to P6 are mentioned as intermediates (i).

Sample identity M, b
P1(1) 7199 1.03
P2(1) 13129 1.06
P3(1) 25444 1.24
P4(1) 6907 1.01
P5(1) 13903 1.07
P6(1) 27155 1.31
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Appendix I-Figure 3.2. GPC traces of bare polymer chains eluted in DMF/LiBr solvent. Bare

polymer chains of pNVI (A) and pNVT (B) chains were obtained after cleaving the chains

from polymer grafted SiNPs by using aqueous HF treatment.
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Appendix I-Figure 3.3. 'TH-NMR spectra of (A) pNVT-b-pNVI-g-SiNP (P3) and (B) pNVI-
b-pNVT-g-SiNP (P6) samples after removal of SiNP core using HF treatment to obtain bare

polymers.
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Appendix I-Figure 3.4. 3C NMR spectra of (A) pNVT-b-pNVI-g-SiNP (P3) and (B) '*C
NMR spectra of pNVI-b-pNVT-g-SiNP (P6) after HF treatment.
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Appendix I-Figure 3.5. FT-IR spectrum of P6 (pNVI-b-pNVT-g-SiNP).
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Appendix I-Figure 3.6. DLS plots of block copolymer grafted SINP samples dispersed in

aqueous medium.
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Appendix I-Table 3.2. Distance (D) between the grafted chains, Radius of gyration (R,) and
the ratio of D to Ry (D/Ry) values of all the BC-g-SiNP samples.

Sample D(nm)? Rg (nm)P D/Rg
P1 7.07 6 1.2
P2 2.29 7.25 0.32
P3 2.24 9.6 0.23
P4 4.08 6 0.68
P5 2.18 7.4 0.29
P6 2.18 9.8 0.22

@ Calculated from D=c""2!2 where o is the grafting density and ° calculated from Re= 0.5

NO3 -2 Where N is the degree of polymerization of the block copolymer.
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Appendix I-Figure 3.7. FT-IR spectra of P6, OPBI/P6 (3%), OPBI/P6 (1%), OPBI are
shown in (A) 3750-2000cm™ and (B) 1800-550cm™! range.
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Appendix I-Figure 3.8. TGA plots of OPBI/BC-g-SiNP nanocomposites along with OPBI:
Effect of nanofiller loading (A) and nanofiller type (B).
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Appendix I-Figure 3.9. Tan delta vs. temperature plot for all the nanocomposite membranes:

(A) OPBI/P1-P3 and (B) OPBI/P4-P6.
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Appendix I-Table 3.3. PA loading and conductivity values at 180°C for all the nanocomposite
PEM.

Sample identity PA loading” Conductivity at 180°C
(no. of PA moles/OPBI repeat unit) S cm-l)

OPBI 13.18 (+1.48) 0.061
OPBI/P1 (1%) 12.98 (+1.51) 0.129
OPBI/P1 (3%) 12.92 (£1.40) 0.148
OPBI/P2 (1%) 12.72 (+1.29) 0.153
OPBI/P2 (3%) 12.49 (+1.22) 0.184
OPBI/P3(1%) 12.82 (+0.87) 0.209
OPBI/P3 (3%) 12.36 (+0.46) 0.247

COPBIP4 (1%)  13.02(x140) T 0.154
OPBI/P4 (3%) 12.96 (+1.34) 0.173
OPBI/PS (1%) 12.89 (+0.92) 0.199
OPBI/P5 (3%) 12.55 (£0.73) 0.234
OPBI/P6 (1%) 12.81 (£0.67) 0.253
OPBI/P6 (3%) 12.35 (+0.38) 0.278

# Standard deviation in the measurements are given in the parenthesis.

0.30 OPBI/P1 (1%)
OPBI/P1 (3%)
0.25 4——OPBI/P2 (1%)

[——oPBIP2 (3%)

—o—OPBI/P3 (1%)
—e— OPBI/P3 (3%)

'—":

(>}

€  {——opBI

.

': - /——()-——‘-{a
Z 015 P

= 0.10 - ¢

o :

&) . -
0.05“’/”‘./—_‘__‘
0.00 A—————— e —— :

T
80 100 120

Tem perature (°C)

140

T
160

T
180

Appendix I-Figure 3.10. Proton conductivity vs. temperature plot for OPBI and all the

nanocomposite membranes with 1 and 3 wt % loading of nanofiller P1-P3.
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Appendix I-Table 3.4. Summary of various tensile properties for all the nanocomposite

membranes.
Sample Tensile Elongation Sample Tensile Elongation
identity strength  at break (%) identity strength  at break (%)
(MPa) (MPa)
OPBI/P1(1%) 0.5 120 OPBI/P4(1%) 0.67 124
OPBI/P1(3%) 1.1 131 OPBI/P4(3%) 0.89 134
OPBI/P2(1%) 0.75 167 OPBI/P5(1%) 0.74 174
OPBI/P2(3%) 1.2 171 OPBI/P5(3%) 0.83 181
OPBI/P3(1%) 1.4 207 OPBI/P6(1%) 0.93 211
OPBI/P3(3%) 1.1 250 OPBI/P6(3%) 1.1 249
1.6 -
—— OPBIP4(1%)
1.4 - —#—OPBUP4(3%)
’ | —&—OPBLUP5(1%)
12 - —a— OPBI'P5(3%)
- | —©—OPBLP6(1%)
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Appendix I-Figure 3.11. Stress-strain profiles of PA loaded OPBI and PA loaded

Strain (%)

nanocomposite membranes of P4-P6 with various loading.
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Appendix II-Figure 4.1 FT-IR spectrum of BSIPA.

Molecular weight (M. W.) determination of polymer chains detached from the MOF
surface

Molecular weights (M.W.) and polydispersity index (D) of detached polymers, which
were obtained after detaching the polymer brushes from the MOF core was achieved by using
aqueous HF acid solution which helps to break down the framework structure. Detailed

synthetic procedure is described in Chapter 2.

Controlled-N
Controlled-C
Controlled-Z

Normalized intensity (a.u.)

10 12 14 16 18
Time (min)

Appendix II-Figure 4.2. GPC plots of the polymer chains obtained from the controlled
experiments in absence of MOF-BSIPA.
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Appendix II-Table 4.1. Details of the molecular weight distribution of neutral, cationic and

zwitterionic controlled samples.

Samples Mw M b
Controlled-N 9690 8320 1.16
Controlled-C 9811 8636 1.14
Controlled-Z 9657 8557 1.14

TGA studies

Thermal study of UiO-66 NH2, MOF-BSIPA, RAFT agent (BSIPA), along with the
PGM samples, OPBI and all OPBI@PGM dried membranes and its PA doped membranes were
carried out between the temperature range from 35 °C to 700 °C with a heating rate of 10°C /

min under nitrogen gas flow of 0.4-0.6 mL/min.
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Appendix II-Figure 4.3. TGA of UiO-66 NH>, MOF-BSIPA and BSIPA RAFT agent (in the

inset).
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Powder X-ray study (PXRD)

Intensity (a.u.)

—— PGM-N1 (after 6 months)

Appendix II-Figure 4.4. PXRD pattern of PGM-N1 sample after keeping the sample at room

temperature for 6 months.
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Appendix II-Figure 4.5. PXRD pattern of PGM-Z1 and PGM-Z2 sample after the sample at
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80 °C under 100% humidity condition for 10 days (here AT represents after treatment).
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NMR analysis of detached polymer brush from PGM
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Appendix II-Figure 4.6. 'H NMR (A) spectra of the detached polymer from PGM-N.
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Appendix II-Figure 4.7. 'H NMR (A) spectra of the detached polymer from PGM-C.
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Appendix II-Figure 4.8. 'H NMR (A) spectra of the detached polymer from PGM-Z.

Morphology study

Field Emission Scanning Electron Microscopy (FESEM)

The morphology of UiO-66 NH>, MOF-BSIPA, PGM-N, PGM-C, PGM-Z and all the
OPBI@PGM composite membranes were evaluated by using a field emission scanning
electron microscope (FESEM) (Model: Zeiss Merlin Compact). The powder samples were
dispersed in dry ethanol by using sonication and drop casted on a clean piece of glass slide.
The slides were dried at 70 °C overnight to remove solvent traces from the sample cavity and
gold coated before analysis. The FESEM cross section morphology of the membrane samples
were done by breaking the membranes in liquid nitrogen medium. Samples were gold coated

before imaging in FESEM.
Transmission electron microscopy (TEM)

The MOF and PGM powder samples were prepared by placing a drop of the sample
dispersed in ethanol on the carbon coated side of the copper grid (200 mesh) and dried in an
oven overnight. The composite samples were prepared by placing a drop of formic acid

dispersed OPBI@PGM solution on carbon coated side of the copper grids (200 mesh).
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Appendix II-Figure 4.10. FESEM and EDX data of PGM-N1 with elemental mapping.
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Quantitative results
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Appendix II-Figure 4.11. FESEM and EDX data of PGM-N2 with elemental mapping.

Quantitative results
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Appendix II-Figure 4.12. FESEM and EDX data of PGM-C1 with elemental mapping.
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Quantitative results
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ZrL 19.12 3.32

Totals 100.00

Appendix II-Figure 4.13. FESEM and EDX data of PGM-C2 with elemental mapping.

Quantitative results
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Appendix II-Figure 4.14 FESEM and EDX data of PGM-Z1 with elemental mapping.
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Quantitative results
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Appendix II-Figure 4.15. FESEM and EDX data of PGM-Z2 with elemental mapping.
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C K 0.277 13.87 0.13 49.82 11.6708
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Appendix II-Figure 4.16. TEM EDX data of PGM-Z1.
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Fitting Coefficient : 0.2200
Element (keV) Mass% Sigma Atom% Compound Mass% Cation K
C K 0.277 11.50 0.27 42.26 8.9289
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Appendix II-Figure 4.17. TEM EDX data of PGM-Z2.
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Appendix II-Figure 4.18. Elemental mapping of PGM-Z2 using TEM-EDX analysis. The
distribution of C, N, O, S and Zr throughout the image prove the successful polymer grafting
on the MOF surface.
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Appendix II-Figure 4.19. TEM images of the (A) PGM-N1, (B) PGM-CI1, (C) PGM-N2 and
(D) PGM-C2. (E) and (F) are the high-resolution images of PGM-NI and PGM-C1,
respectively representing the porous nature and pore alignments of the MOF samples upon

polymer grafting.
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Appendix II-Figure 4.20. FESEM images (A) of PGM-N2 and (B) of PGM-Z2 after keeping
the samples at 80 °C in presence of 100% humidity for 10 days.
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Appendix II-Figure 4.21. FESEM and EDX data of PGM-C2 with elemental mapping after
keeping the samples at 80 °C in presence of 100% humidity for 10 days.
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Quantitative results
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Appendix II-Figure 4.22. FESEM and EDX data of PGM-Z2 with elemental mapping after
keeping the samples at 80 °C in presence of 100% humidity for 10 days.

BET isotherm analysis

The samples were activated and degassed at 100 °C under vacuum for 18 h prior to N> sorption

analysis.
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Appendix II-Figure 4.23. (A) BET isotherm of UiO-66 NH> and (B) pore size distribution of
PGMs along with UiO-66 NHo.
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Dynamic vapor sorption study (DVS)

The dynamic vapor sorption (DVS) was measured for UiO-66 NH,, PGM-N1, PGM-N2, PGM-
C1, PGM-C2, PGM-Z1, PGM-Z2 with dry powder samples.
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Appendix II-Figure 4.24. DVS adsorption-desorption isotherm of (A) UiO-66 NHa, (B) PGM-
N1, (C) PGM-C1, (D) PGM-Z1, (E) PGM-N2, (F) PGM-C2 and (G) PGM-Z2.
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Zeta potential study

Zeta potential for all the nanoparticles were dispersed in milliQ water and sonicated for 5

minutes before the measurements were taken.
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Appendix II-Figure 4.25. Zeta potential of all the PGM samples along with UiO-66 NH> and
MOF-BSIPA in MiliQ water.
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Appendix II-Figure 4.26. PXRD data of all the OPBI@PGM MMMs along with PGM-Z2
and OPBI polymer.
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Appendix II-Figure 4.27. TEM images of (A) OPBI@PGM-N5%, (B) OPBI@PGM-C5%
and (C) OPBI@PGM-Z5% represents the dispersion of PGMs in the MMM.
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Mechanical study
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Appendix II-Figure 4.28. (A) Loss modulus and (B) tan & plots of all the OPBI@PGM membranes
of different filler loading along with pristine OPBI.

Appendix II-Table 4.2. Temperature dependent storage modulus of the nanocomposites along

with OPBI membrane obtained from DMA study

Sample E' (MPa) at % of E’' (MPa) at % of
100°C increment  400°C increment

OPBI 2719 - 791 -
OPBI@PGM-N2.5% 11019 305 5537 600
OPBI@PGM-N5% 5258 93 2796 253
OPBI@PGM-C2.5% 10913 301 5383 580
OPBI@PGM-C5% 4877 79 2353 197
OPBI@PGM-Z2.5% 6563 141 3482 340
OPBI@PGM-Z5% 4552 67 2619 231
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Appendix II-Table 4.3. Water uptake, swelling ratio, PA loading data of OPBI and the

nanocomposite membranes.

Sample Water Swelling ratioSwelling ratioPA doping level (no. of
uptake in water (%) in PA (%) PA mol/OPBI r.u)
(wt%)
OPBI 11.87 wt% 4.37(0.73) 5.89 % 15.77 (0.72)
OPBI@PGM-N2.5%  11.11 wt% 1.07 (0.32) 2.10% 18.67 (0.41)
OPBI@PGM-N5% 12.41 wt% 0.72 (0.28) 1.76 % 20.88 (0.46)
OPBI@PGM-C2.5%  12.11 wt% 3.77 (0.41) 5.92% 21.36 (0.51)
OPBI@PGM-C5% 15.34 wt% 3.17 (0.34) 5.60 % 25.85(0.49)
OPBI@PGM-Z2.5%  13.87 wt% 5.32(0.45) 527 % 21.31(0.51)
OPBI@PGM-Z5% 16.54 wt% 4.74 (0.42) 4.18 % 24.98 (0.53)

#Standard deviation of the data are included in the parenthesis.

Proton conductivity

The conductivities of the membranes were measured from room temperature to 160
°C at intervals of 20 °C. However, proton conductivity data is shown for 80 °C to 160 °C only
considering the application of the membranes at high temperature range only. At every
temperature jump, the sample was kept for 30 minutes to attain isothermal equilibrium and then
measurements were recorded. The conductivities of the membranes were calculated from the

following equation:

° = RBL )

Where, D is the distance between the electrodes (here it is 0.5 cm), B is the thickness
of the membrane, L is the width of the membrane and R is the bulk resistance obtained from

the Nyquist plot.
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Appendix II-Figure 4.29. Arrhenius plot of OPBI and OPBI@PGM membranes.
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Appendix II-Figure 4.30. TGA plot of the OPBI and OPBI@PGM nanocomposite membranes
after PA doping.
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[Appendix III]

Attachment of activated BSIPA on UiO-66-NH: surface (MOF-BSIPA)

Attachment of BSIPA RAFT agent on the surface of UiO-66-NH> was achieved by
utilizing the free amine functionality present on the MOF surface arising from the BDC-NH>
linker. UiO-66-NH2 (300 mg) in 200 mL dry THF under N> atmosphere and activated BSIPA
(30mg) in dry THF was added in the dispersion slowly and was allowed to stir under dark
condition for 18 hours at room temperature. After completion of 18 hours covalently attached
BSIPA RAFT agent on the surface of UiO-66-NH> [MOF-BSIPA(L)] was separated from the
reaction mixture using centrifugation at 13000 rpm for 10 minutes. Followed by re-dispersion
of the collected material in dry THF and dry acetone was added before centrifuged again to
separate from the dispersion. The step was repeated thrice with a final re-dispersion and
washing with dry acetone to separate all the unbound RAFT agents from the MOF. The
MOF-BSIPA was dried under vacuum at 50°C for 24 hours before any further
characterization. In a similar reaction condition, the amount of activated BSIPA RAFT agent
was increased to 100mg keeping the rest of the reaction recipe unaltered. The same
purification process was followed in order to obtain covalently attached BSIPA-RAFT agent
weight higher amount on the surface of UiO-66-NH> and this sample is labelled as MOF-
BSIPA(H).

Abundance of microspecies under different pH conditions

pKa calculations were based on the theoretical prediction of partial charge
distribution among the atoms in the molecule. Microspecies distribution was obtained from
Chemicalize.com & Marvin software and is deduced using the given formula (2) and (3) for

the general reaction (1).
HA-HT + A7 e (1)

[AT][H]

Ka = Tha]

(2

[HA]

pK, = —logi0 K, = pH + loglo(m) R <))
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Appendix III-Figure 5.1. (A) % of abundance of microspecies vs pH plot and (B) net charge

vs pH plot of VPA monomer.

Quantitative results
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Weight%
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Element Weight% Atomic%
P K 38.46 64.79
ZrL 61.54 35.21

Totals 100.00

Appendix III-Figure 5.2. FESEM EDX data of PGM-L3 after keeping the sample for 10

days at 80°C under 100% humidified condition.
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[Appendix III]

NMR analysis of PVPA polymer grafted MOF

The polymer grafted MOF (PGM-L3) were dried in an oven and dissolved in D>O in order to
analyze using Brucker 500 MHz Spectro meter. The collected data was analyzed using

MestReNova software.
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Appendix III-Figure 5.3. 'H NMR spectrum of PVPA polymer chain grafted MOF (PGM-
L3).
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Appendix III-Figure 5.4. ?*C NMR spectrum of PVPA polymer chain grafted MOF (PGM-
L3).
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Appendix ITII-Figure 5.5. >'P NMR spectrum of PVPA polymer chain grafted MOF (PGM-
L3).
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Detachment of polymer chains from the MOF surface in order to measure the

molecular weight (M. W.) of the grafted polymer chain

Molecular weights (M.W.) and polydispersity index (D) of detached polymers were
obtained after detaching the polymer chains from the MOF core by treating the PGM samples
in aqueous HF acid solution which helps to break down the framework structure (Scheme
S2). The PGM samples were subjected to dilute HF solution in PTFE vials. Upon digestion
the solid residue was removed using centrifugation technique and the supernatant was further
purified to obtain bare polymer chains. The bare polymer chains which were detached from
the MOF surface were dissolved in HPLC water and the molecular weight was determined by
Gel permeation chromatography (GPC) technique using PEG/ PEO as standards and eluted in
HPLC water at a flow rate of 0.5 mL/min at 30°C on a GPC (Waters 515 HPLC) fitted with
Waters 2414 refractive index detector and using Ultrahydrogel 250 Water column.

Aqueous HF

PVPA grafted MOF Bare PVPA polymer chains

Appendix III-Scheme 5.1. The schematic representation for the detachment of grafted
polymer chains from the surface of polymer-g-MOF.
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Appendix III-Figure 5.6. FT-IR plots of PGM-L and PGM-H samples.
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Appendix III-Figure 5.7. FT-IR spectra of BSIPA, MOF-BSIPA(H), MOF-BSIPA(L), UiO-
66 NH: (A) and PGM-L3, PGM-H1, PGM-H2 and PVPA polymer (B). The term ACT, APT
and AHT represents ‘after conductivity treatment’, ‘after high pressure treatment’ and ‘after

humidity treatment’ respectively. FT-IR spectra of PGM-L1(Li) (C).
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Appendix III-Figure 5.8. Pore size distribution plot of PGM-Ls along with UiO-66-NHo.
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Appendix III-Figure 5.9. FESEM image of MOF-BSIPA(H).
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Quantitative results

x Element  Weight% Atomic%
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Appendix III-Figure 5.10. FESEM and EDX data of MOF-BSIPA(L) with elemental
mapping.

Quantitative results
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Appendix III-Figure 5.11. FESEM and EDX data of MOF-BSIPA(H) with elemental

CKa1_2 NKa1_2 OKa1 SKat

mapping.
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Quantitative results
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Appendix III-Figure 5.12. FESEM and EDX data of PGM-L1 with elemental mapping.

Quantitative results
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Appendix III-Figure 5.13. FESEM and EDX data of PGM-L2 with elemental mapping.
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Quantitative results
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Appendix III-Figure 5.14. FESEM and EDX data of PGM-L3 with elemental mapping.
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Appendix III-Figure 5.15. FESEM and EDX data of PGM-H1 with elemental mapping.
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Quantitative results
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Appendix III-Figure 5.16. FESEM and EDX data of PGM-H2 with elemental mapping.

Quantitative results
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Appendix III-Figure 5.17. FESEM and EDX data of PGM-L1(Li) with elemental mapping.
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Quantitative results
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Appendix III-Figure 5.18. FESEM and EDX data of PGM-H1 with elemental mapping after

proton conductivity study.
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Appendix III-Figure 5.19. FESEM EDX data of PGM-L3 after proton conductivity study.
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Appendix III-Figure 5.20. FESEM and EDX elemental mapping data of PGM-L3 pellet

after the proton conductivity measurement.
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Appendix III-Figure 5.21. FESEM images PGM-L3 pellet upon grinding after proton
conductivity study.
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[Appendix III]

Appendix III-Figure 5.22. SAED pattern of PGM-L3.
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Appendix III-Figure 5.23. TEM and EDX data of MOF-BSIPA(H) with elemental mapping.
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Energy Range : 0 - 40 keV PHA Mode : T4
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P K 2.013 3.40 0.06 9.40 8.5723
Z2r L 2.042 96.60 2.27 90.60 91.4277
Total 100.00 100.00

Appendix III-Figure 5.24. TEM and EDX data of PGM-L1 with elemental mapping.
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Appendix III-Figure 5.25. TEM and EDX data of PGM-L3 with elemental mapping.
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Appendix III-Figure 5.26. TEM EDS data of PGM-H2 with elemental mapping.
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[Appendix III]

Appendix III-Figure 5.27. TEM images of PGM-H2 (A-C) at different magnification and
(D) SAED data representing the crystallinity of the material.
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(B)

Appendix III-Figure 5.28. TEM image of PGM-L3 at different magnification (A-D) after
keeping the sample for proton conductivity study.
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Dynamic vapor sorption study (DVS)

The dynamic vapor sorption (DVS) was measured for UiO-66 NH,, PGM-L1, PGM-L3,
PGM-H1, PGM-H2 with dry powder samples.
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Appendix III-Figure 5.29. DVS adsorption-desorption isotherm of (A) UiO-66- NH», (B)
PGM-L1, (C) PGM-L3, (D) PGM-H1, (E) PGM-H2.
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Appendix III-Figure 5.30. Zeta potential of all the PGM samples along with UiO-66-NH>
and MOF-BSIPA in HPLC water.
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Appendix III-Figure 5.31. PXRD pattern of PGM-L3 sample after proton conductivity

measurement.
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Sample preparation and methodology of the proton conductivity measurements

Impedance measurements were performed using a 2-electrode setup in parallel plate
mode. A similar protocol for sample preparation and experimental setup were followed for all
the samples as reported earlier. The MOF (approximately 400 mg) was powdered and
pelletized as a sandwich between two carbon wafers, using a custom-made pellet maker die,
using a hydraulic pressure of 2 tons for 2 minutes. After the pellets were prepared, they were
checked for any cracks or breakage. The thickness of the pellets was then measured carefully
using a screw gauze. To determine the thickness of each pellet, three readings from screw
gauze were averaged to minimize the manual error. The use of pellet maker die ensures that
all the pellets have identical diameter. As the same pellet-maker die and same electrodes were
used for all the samples, thus equal surface area of contact between the sample and the
electrodes should be achieved. PGM-L1, PGML2, PGM-L3, PGM-H1 and PGM-LI(Li)
pellets were then placed between the two electrodes such that, the carbon wafers of the pellet
were in contact with each of the stainless-steel plates of the two electrodes. This electrode
setup was then placed in a double-walled incubating chamber maintaining the required
humidity and temperature. The inner chamber of the incubator maintains the required
temperature by circulating hot air. And the humidity is maintained by a separate flow of
water vapor inside this chamber. The impedance spectra were recorded at the open circuit
potential for each sample, using a sinusoidal signal of amplitude 5 mV. The frequency was
swept from 1 MHz to 1 Hz. Before any measurement at a given temperature and relative

humidity (RH), the sample pellet was kept for two hours to equilibrate.

The two-electrode set up kept inside incubator impedance measurements were carried out

between a temperature range from 30°C to 80 °C and relative humidity between 75% - 98%.
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Proton conductivity measurement under various temperature

Proton conductivity by two probe electrochemical impedance spectroscopy (EIS)
was conducted using an Ametek (PARSTAT MC) electrochemical workstation operated with
VersaStudio software between a frequency range from 1 Hz to 100 KHz. The conductivities

of the pellets were calculated from the following equation:

Conductance (L) = (1/R) = ¢ x (A/d)
Thus, conductivity () = (L) x d/A = (1/R) x (d/A)

Where R is resistance of sample; ¢ is conductivity of the sample; d = thickness of pellet. A =

area of cross section of pellet = 1.32665 cm®.
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Appendix III-Figure 5.32. Nyquist plot of impedance spectra of PGM-L1 (A), PGM-L2 (B),
PGM-L3 (C), PGM-HI1 (D) and PGM-L1(Li) (E).
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Equivalent circuit diagram

Equivalent circuit
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Impedance data were fitted to the most suitable equivalent circuit mentioned above
with the help of EC-Lab software. The equivalent circuit is composed of three major
components connected to each other in series. The pellet impedance (Z1), impedance at the
electrode-electrolyte junction/interface (Z2) and a constant phase element (Q2) are connected
in series. The constant phase element (Q2) accounts for the linear low frequency region of the
Nyquist plot of impedance spectrum. Z1 is due to the resistance (R1). But, Z2 consists of a
resistance (R2) and a constant phase element (Q1) connected in parallel mode. Here R1
accounts for the bulk resistance of the pellet, which is the resistance faced during proton
conduction through the polymer chain grafted MOF units. And R2 represents the charge
transfer resistance existing between the electrodes and the pellet electrolyte. Here, it should
be noted that, charge transfer resistance R2 is not associated with the conductivity of the
electrolyte. Instead R1 is the crucial factor which quantifies the resistance of the bulk
material. R2 depends on the (a) inter-grain resistance, (b) resistance created between the
carbon paper and sample particles (b) resistance existing between electrode surface and
carbon paper of pellet. The bulk resistance of the electrolyte i.e., R1, depends on (a) intrinsic
conductivity of the pelletized sample (b) thickness of the pellet and (c) area of cross section
of the pellet. Thus, to determine the proton conductivity of the pelletized sample from the R1
value both of the other two factors (i.e., area of cross section and thickness of pellet) should

be taken as unity.
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Determination of activation energy

Activation energies (Ea) for proton conductivity of all the samples were calculated from the

Arrhenius plot constructed between In(cT) and 1000/T.

From Arrhenius equation, 6T = 6o X exp(-Ea/RT)
o = proton conductivity of the sample

T = Temperature in Kelvin

Ea = Activation energy of proton conduction

R= Ideal gas constant

Arrhenius equation can be restructured as In(6T) = Inoo — (Ea/RT)
Or, In(6T) = Inco + {~-Ea/(1000xR) (1000/T)}
From the plot between In(6T) and 1000/T, the slope of the straight line = - Ea/1000xR
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[Appendix V]

NMR studies of PGNT3 sample

PGNT3 was dispersed in DMSO-d6 and sampled for 'H-NMR studies. The spectra
was also analyzed using MestReNova software and fitted in order to isolate the compound
peaks and solvent peaks. DMSO-d6 solvent peak and H>O peak are observed at 3.3 and 2.5
ppm respectively. 1,2,4-triazole pendent ring was observed at ~8ppm and imidazole protons
appear at ~7ppm. The intensity of the triazole ring protons were observed to be much higher
when compared to imidazole ring protons owing to the fact that the triazole units consisting
the block copolymer chains are much higher in number with respect to imidazole units. Peak
~Ippm is also observed which appears due to the presence of free amine functionality on the

surface of MWCNT upon modification with EDA.

DMSO H,0

DMSO, H,0
peaks

\
z
=/
=
-
Fitted spectra

Original spectra

f1 (ppm)

Appendix IV-Figure 6.1. "H NMR spectra along with the fitted spectra and solvent peak
isolation of PGNT3 in DMSO-d6.

Inherent viscosity of OPBI used

The inherent viscosity (I.V.) of the poly (4,4'-diphenyl-5,5'-bibenzimidazole) (OPBI)
polymer was measured at 30 °C in water bath with the help of Cannon (model F725) Ubbelohde
capillary dilution viscometer and the .V. values were calculated from the flow time data. A
solution of OPBI in H2SO4 was used for the viscosity measurement. The concentration of the
OPBI solution in H>SO4 is 0.2 g/dL. The obtained 1.V. value of the synthesised OPBI is 2.1
dL/g.
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Detachment of polymer chains from the MWOCNT surface for molecular weight

measurements

Appendix IV-Table 6.1. Summary of the molecular weights (M,,), (M,,) and P of bare polymer
chains after cleaving the polymer from PNVT-g-MWCNT [PGNT1i-PGNT3i]. All of these
data were obtained from the controlled reactions of PGT1 to PGNT3 are mentioned as

intermediates (i).

Sample name M, My, b
PGNTIi 6916 7399 1.07
PGNT21 11281 12167 1.08
PGNT31 15136 16614 1.09

o = ——MWCNT
5 s ——MWCNT-BEPA
£ ) ——PGNT1
S ——PGNT2
s VI ——PGNT3
o
m 1
| =
il MMWW
=
c MWWMWWMw
©
: MWM"W
(1]
o

800 1000 1200 1400 1600 1800 2000 2200 2400
Raman shift (cm'1)

Appendix IV-Figure 6.2. RAMAN spectra of MWCNT, MWCNT-BEPA, PGNT1, PGNT2
And PGNT3 samples.

BET isotherm analysis for N, adsorption

MWCNT and polymer-g-MWCNT samples were activated and degassed at 100 °C
under vacuum for 24 h prior to N sorption analysis. The temperature for adsorption

measurements (77 K) was controlled by using the refrigerated bath of liquid nitrogen.
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Appendix IV-Figure 6.3. BET isotherm of MWCNT.

Morphology study
Field Emission Scanning Electron Microscopy (FESEM)

The morphology of MWCNT, MWCNT-COOH, MWCNT-NH;, MWCNT-BEPA,
PGNTI1, PGNT2, PGNT3 and all the PGNT1-@OPBI composite membranes were evaluated
by using powder samples which were dispersed in dry ethanol by using sonication and drop
casted on a clean piece of glass slide. The slides were dried at 70 °C overnight to remove the
solvent traces from the sample cavity and were gold coated before analysis. The FESEM cross
section morphology of the membrane samples were done by breaking the membranes in liquid

nitrogen medium. Samples were gold coated before imaging in FESEM.

Transmission electron microscopy (TEM)

The MWCNT and polymer modified MWCNT powder samples were prepared by
placing a drop of the sample dispersed in ethanol on the carbon coated side of the copper grid
(200 mesh) and were dried overnight in an oven. The composite samples were prepared by
placing a drop of formic acid dispersed PGNT1-1% @OPBI and PGNT1-2.5% @OPBI

solution on carbon coated side of the copper grids (200 mesh).
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Appendix IV-Figure 6.4. (A) FESEM image

of MWCNT, (B) MWCNT-COOH, (C)
MWCNT-NH:, (D) MWCNT-BEPA.

Quantitative results
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Appendix IV-Figure 6.5. Elemental mapping

analysis.
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Quantitative results

Z
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Appendix IV-Figure 6.6. Elemental mapping of MWCNT-BEPA using FESEM and EDX

analysis. The distribution of N and S throughout the image prove the successful BEPA grafting
on MWCNT.

Quantitative results
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Appendix IV-Figure 6.7. Elemental mapping of PGNT1 using FESEM and EDX analysis.
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Quantitative results
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Appendix IV-Figure 6.8. Elemental mapping of PGNT2 using FESEM and EDX analysis

Quantitative results

Spectrum 1
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Appendix IV-Figure 6.9. Elemental mapping of PGNT3 using FESEM and EDX analysis.
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Appendix IV-Figure 6.10. FESEM image of (A) before polymer detachment treatment of
PGNTI, (B) after the detachment treatment for PGNT1 (PDNT1).
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Appendix IV-Figure 6.11. FESEM-EDX data of the polymer detached MWCNT sample of
PGNTI1 (PDNT1) with elemental mapping.
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Appendix IV-Figure 6.12. DVS adsorption-desorption isotherm of (A) MWCNT, (B)

PGNT]1 and (C) PGNTS3.
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Zeta potential study

All the nanoparticles were dispersed in two different solvents namely milliQ water
and 98 % formic acid solution and were sonicated for 5 minutes and the measurements were
taken. The zeta potential measurement in 98% formic acid is important in order to get a well
dispersed, homogeneous nanocomposite membrane with OPBI. In the presence of strong acidic
solution, BC-g-MWCNTs having imidazole and 1,2,4-triazole pendent rings get protonated
because of their pKa values. The protonated chains form an ionic bilayer which helps to remain
dispersed in the solution. The increase in the polymer chain length of the grafted polymer
chains help to form the bilayer easily and provides extra dispersion stability. Thus the BC-g-
MWCNTs with higher polymer chain lengths proved to have high zeta potential. In order to
check the practical aspect of our experiment, upon completion of the zeta potential
measurements, the solutions were kept at room temperature in a sealed condition and were
undisturbed for 7 days. Thereafter, we have checked their dispersion stability in the medium

which were in well agreement with our data obtained from zeta potential studies.
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Appendix I'V-Figure 6.13. Zeta potential of polymer modified MWCNTs in MiliQ water (A),
Zeta potential of polymer modified MWCNTs in formic acid (B).
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3 4
Appendix IV-Figure 6.14. (A) Dispersion of MWCNT materials in milliQ water and (B)
dispersion of MWCNT material in formic acid. (C) dispersed MWCNT materials (in water)
after 7 days and (D) dispersed MWCNT materials (in formic acid) after 7 days. The Eppendorf
tubes [shown in (A) and (C)] labelled numerically with 1-7 represents MWCNT, MWCNT-
COOH, MWCNT-NH;, MWCNT-BEPA, PGNT1, PGNT2 and PGNT3, respectively. The
Eppendorf tubes [shown in (B) and (D)] labelled alphabetically with a-e represents MWCNT,
MWCNT-BEPA, PGNT1, PGNT2 and PGNT3, respectively

X-ray study (PXRD)

The powder x-ray diffraction patterns of MWCNT, MWCNT-BEPA, PGNTI1, PGNT?2,
PGNT3, OPBI, its dry composite membranes were collected.
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Appendix IV-Figure 6.15. PXRD pattern of PGNT2 and PGNT3.
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Appendix IV-Figure 6.16. AFM 3D surface morphol

ogy image of OPBI membrane (A) and

(B) represents the hight image along a straight line of the membrane morphology.
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Appendix IV-Figure 6.17. (A) Loss modulus and (B) tan & plots of all the PGNT1-@OPBI

membranes of different filler loading along with the pristine OPBI. The Ty values are mentioned in

the graph.
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Acid retention test

The acid leaching test was performed for the membrane of OPBI and PGNT-@OPBI

membranes according to the previous reports and described in detail in Chapter 2.'-2
TGA plot of the OPBI and PGNT1@OPBI nanocomposite membranes after PA doping.
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T T
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Appendix IV-Figure 6.18. TGA plot of the OPBI and PGNT1@OPBI nanocomposite

membranes after PA doping.

References

(1)  Mukherjee, N.; Das, A.; Dhara, M.; Jana, T. Surface Initiated RAFT Polymerization to

Synthesize N-Heterocyclic Block Copolymer Grafted Silica Nanofillers for Improving
PEM Properties. Polymer. 2021, 236, 124315.

(2)  Mukhopadhyay, S.; Das, A.; Jana, T.; Das, S. K. Fabricating a MOF Material with

Polybenzimidazole into an Efficient Proton Exchange Membrane. ACS Appl. Energy
Mater. 2020, 3, 7964-79717.

Nilanjan Mukherjee, University of Hyderabad, 2024 277



IIIIIII

A S S S S S S S S S S S S S e e e e e s



[Appendix V]

NMR studies of PGNT3 sample

Detached polymer chains from the surface of PGNT3 was dispersed in DMSO-d6 and
sampled for 1H-NMR studies using a Brucker 500 MHz instrument. The spectra was also
analyzed using MestReNova software and fitted in order to isolate the compound peaks and
solvent peaks. DMSO-d6 solvent peak and H>O peak are observed at 3.3 and 2.5 ppm
respectively. Traces of DMF was also observed at 2.75 ppm. Imidazole protons appear at 6.5-

7.25 ppm.
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Appendix V-Figure 7.1. '"H NMR spectra in DMSO-d6 of the detached polymer chains (pNVI)

upon the polymer detachment procedure was performed on PGNTS3.
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Appendix V-Figure 7.4. FESEM image of recovered Pd@PGNT 1 after SM coupling reaction.
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Quantitative results
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Appendix V-Figure 7.5. Elemental mapping data of MWCNT-BEPA using FESEM and EDX

analysis. The distribution of N and S throughout the image prove the successful BEPA grafting
on MWCNT.

. - Quantitative results
S:'pectrum 1 < 4 7

Weight%

Spectrum 1

Element Weight% Atomic%

CK 88.93 90.36
N K 11.07 9.64
el WAG =
1 2 3 4 H 6 7 8 9 10 Totals 100.00
Full Scale 3271 cts Cursor: 0.000

keV

Appendix V-Figure 7.6. FESEM and EDX analysis of PGNT]1.

Nilanjan Mukherjee, University of Hyderabad, 2024 281



[Appendix V]

Quantitative results
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Appendix V-Figure 7.7. FESEM and EDX analysis of PGNT2.
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Appendix V-Figure 7.8. FESEM image of PGNT3 after the polymer detachment treatment.
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Appendix V-Figure 7.9. TEM EDX and mapping data of MWCNT-BEPA.
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Appendix V-Figure 7.10. TEM image of PA@PGNT] isolated intermediate from the Pd
nanoparticle formation reaction. Red dotted circle indicated the initiation of Pd nanoparticle

formation.
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Appendix V-Figure 7.11. TEM image of PA@PGNT1 with the lattice fringe (A) and SAED

pattern of PA@PGNT1 (B).
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Appendix V-Figure 7.12. TEM EDX and mapping data of PA@PGNT]I.
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Zeta potential study

Zeta potential for all the samples were measured using a Horiba Scientific nano partica nano
particle analyzer SZ-100 instrument. All the nanoparticles were dispersed in milliQ water and

were sonicated for 5 minutes and the measurements were taken.
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Appendix V-Figure 7.13. Zeta potential of polymer modified MWCNTs in MiliQ water.
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Appendix V-Figure 7.14. 'H data of compound 1
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Appendix V-Figure 7.15. *C data of compound 1
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Appendix V-Figure 7.16. '"H NMR of compound 2.
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Appendix V-Figure 7.17. 1*C NMR of compound 2.
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Appendix V-Figure 7.18. '"H NMR of compound 3.

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
6 (ppm)

Appendix V-Figure 7.19. 3C NMR of compound 3.
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Appendix V-Figure 7.20. '"H NMR of compound 4.
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Appendix V-Figure 7.21. 1*C NMR of compound 4.
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Appendix V-Figure 7.22. '"H NMR of compound 5.
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Appendix V-Figure 7.23. '"H NMR of compound 6.
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Appendix V-Figure 7.24. 1*C NMR of compound 6.

Appendix V-Figure 7.25. '"H NMR of compound 7.
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Appendix V-Figure 7.26. 3C NMR of compound 7.
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Surface functionalization of silica nanoparticles (SiNP) has gained attention as an efficient methodology in
improving the properties of the proton exchange membrane (PEM). Here, we report the development of block
copolymer grafted SiNP (BC-g-SiNP) as functional nanofiller which was further blended with oxy-
polybenzimidazole (OPBI) to prepare nanocomposite-based PEM. Block copolymer chains consisting of poly (N-
Vinyl imidazole) (pNVI) and poly (N-Vinyl-1,2,4-triazole) (pNVT) were grown on the SiNP surface using grafting-
from RAFT polymerization in one pot process. Two series of BC-g-SiNP namely pNVI-b-pNVT-g-SiNP and pNVT-b-
PNVI-g-SiNP were synthesized by altering the polymer chain grafting sequence. A series of BC-g-SiNP was
developed by varying chain length of each block to understand the effect of the chain sequence and length on the
properties of nanofiller and their influence in altering the PEM properties. The block copolymer structure, chain
sequence and chain length were confirmed by means of NMR and GPC analysis of the cleaved copolymer chains.
The BC-g-SiNP exhibited core-shell morphology and thickness of the shell altered as the chain length and
sequence of the grafted chains tuned. Phosphoric acid (PA) loaded OPBI/BC-g-SiNP nanocomposite PEM showed
very high thermal, mechanical and chemical stabilities along with the proton conductivity as high as 0.278 S cm”
! at 180 °C in case of OPBI/P6(3%). A very clear-cut dependence of the PEM properties was observed on the
architecture of the BC-g-SiNP such as chain length and sequence.

1. Introduction

Development of efficient polymer electrolyte membrane (PEM) for
the use in fuel cell in order to meet the increasing demand of the non-
conventional energy sources has become subject of immense interests
among polymer chemists [1-3]. Majority of the well-researched PEMs
encounter a number of serious problems which includes decrease in
conductivity at higher temperature, low mechanical strength, weaker
thermal and chemical stabilities, low phosphoric acid (PA) loading and
high leaching of PA. Though polybenzimidazole (PBI) based PEM has
stability in high temperature condition and fairly good acid retention
properties but further improvement of the acid retention will definitely
be a right step towards enhancing the proton conducting ability for
longer duration at higher temperature [4-7]. Several studies showed
that nitrogen containing heterocyclic compounds can play an effective
role in alleviating the concerns raised above owing to stable basic het-
erocyclic rings and ability to form strong interactions with PEM forming
polymers [8-11]. It has also been reported widely that polymers con-
sisting of N-heterocycles can efficiently execute the acid-base complexes

* Corresponding author.
E-mail addresses: tusharjana@uohyd.ac.in, tjscuoh@gmail.com (T. Jana).

https://doi.org/10.1016/j.polymer.2021.124315

with the complementary molecules/polymers and hence, resulted effi-
cient materials for the use in various fields [12-16].

Polymers containing imidazole and triazole rings are mostly being
used to prepare blend materials [17-19] but, it has also been observed
that polymerization of imidazole and triazole ring containing monomers
are a bit tricky in terms of controlling the polymerization process. The
polymerization of N-vinylic monomers containing heterocyclic rings
such as N-vinyl imidazole, N-vinyl triazole are challenging as propa-
gating N-vinyl radicals present in the polymerization media are highly
reactive and unstable owing to the absence of resonance stabilization
and hence propagating radicals are responsible not only for chain
transfer but also for chain termination event [20]. Therefore, it is an
important task to get control over the polymerization of these N-vinylic
monomers.

Over the last few years, the combination of the surface initiated
polymerization and the controlled polymerization techniques have
become a very useful tool to design the surface functionality with the
desired properties [21-26]. Among such approaches the surface initi-
ated reversible addition-fragmentation chain-transfer (SI-RAFT)

Received 20 July 2021; Received in revised form 8 October 2021; Accepted 30 October 2021

Available online 31 October 2021
0032-3861/© 2021 Elsevier Ltd. All rights reserved.
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ABSTRACT: In recent years, postsynthetic modification (PSM)
of a metal—organic framework (MOF) has gained immense interest
for the synthesis of hybrid materials with improved functionality.
However, further improvement in the PSM strategies to make them
scalable and yield a synthetically tunable MOF surface can create
polymer chain-grafted MOF hybrid materials in which polymer
chains provide the stability, robustness, and desired functional
performances and MOF offers interesting physical properties.
Toward these goals, in this work we have developed a simple and
effective method to functionalize the UiO-66-NH, MOF surface by
grafting functional polymer brushes using surface-initiated rever-
sible addition—fragmentation chain-transfer (RAFT) polymer-
ization. At first, the MOF surface was transformed into a
polymerizable surface by attaching a trithiocarbonate-based chain-transfer agent (CTA) and then, three different sets of polymer
brushes consisting of (i) a neutral but basic nitrogen functionality (PGM-N), (ii) a trimethyl-substituted quaternary ammonium
functionality (PGM-C), and (iii) a quaternary ammonium along with sulfonate functionality (PGM-Z) were grown on the activated
MOF surface. The uniqueness of this work has additionally been enhanced by utilizing these synthesized PGMs as nanofillers into
the oxypolybenzimidazole (OPBI) membrane matrix to obtain homogeneous mixed matrix membranes (OPBI@PGM) that show
brilliant thermomechanical and tensile properties and exceptional thermal stability. Interestingly, these membranes exhibit superior
proton conductivity when doped with H;PO, (PA) and minimal acid leaching. Grafting of functional polymer brushes on the MOF
surface induces strong H-bonding and acid—base interactions with OPBI chains and H;PO, molecules, which are responsible for
such high acid uptake and excellent acid retention, thereby displaying a proton conductivity as high as 0.241 S cm™" at 160 °C (~4-
fold increase when compared to OPBI), which is among the highest values reported till date for an MOF-based proton exchange
membrane with excellent mechanical vigor.

0 g B

Polymer-g-MOF

KEYWORDS: proton exchange membrane, metal—organic framework, grafted polymer brushes, RAFT polymerization, polybenzimidazole

B INTRODUCTION cally modified MOFs when functional polymers are attached to
Metal—organic frameworks (MOFs) with ultrahigh porosity, MOFs, or when composites are prepared by mixing MOFs and
14,19,24—26
inherent crystallinity, and a very high surface area are emerging polymers. However, no known PSM for MOF so far
materials.”” The applications of MOFs have been demon- has addressed the challenges of the nonuniformity in the
strated in diverse fields ranging from gas separation and CO, composites made from MOF and polymer owing to the
3-5 ceps . . 6—9 .. T
capture,” "~ to water splitting through water Il)gflgcatlon, thermodynamic incompatibility between these two compo-

and from drug delivery to energy applications. A recent
literature study indicates a growing interest in the field of
postsynthetic modification (PSM) of MOF materials.'*~"”
This modification can be achieved by anchoring a functional
monolayer on the MOF surface, but the efficiency of the
modification is limited owing to less number of active groups

nents. In order to resolve this issue, loading or grafting of
polymer chains on the surface can be considered to provide
better uniformity of the MOF-polymer composite because of
the favorable interactions between the postsynthetically

EEAPPLIED

of the monolayer and the inability to achieve 100% Received:  October 11, 2023 Y

functionalization using currently available PSM techni- Revised:  November 10, 2023
15,20-22 i i Accepted: December 6, 2023

ques. However, the number of functional units can be P )

increased substantially by attaching polymer chains on the Published: December 19, 2023

MOF surface.”” A few reports in the literature demonstrated
improvement in various physical properties in the postsyntheti-

© 2023 American Chemical Society https://doi.org/10.1021/acsapm.3c02440
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ABSTRACT: Carbon nanotubes (CNTs) are of particular interest
because of their ability to enhance the mechanical strength in the
material; however, processing difficulties of CNTSs often restrict
utilization up to its full potential. To resolve this, in the current
study, we have developed a simple and efficient method to
functionalize the surface of a multiwalled carbon nanotube
(MWCNT) with precise functional polymer chains, which were
covalently grafted on the surface of the MWCNT, and delved into an
application to demonstrate this material as an efficient nanofiller in
developing a proton conducting membrane (PEM) from poly-
benzimidazole (PBI). At first, the MWCNT surface was converted to
a polymerizable surface by attaching a trithiocarbonate based chain
transfer agent (CTA). Then, a N-heterocyclic block copolymer,
namely poly-N-vinyl-1,2,4-triazole-b-poly-N-vinyl imidazole (pNVT-b-pNVI), was grown from the CTA anchored surface with a
one-pot surface initiated reversible addition—fragmentation chain transfer (SI-RAFT) technique. Grafting of block copolymer chain
was confirmed by GPC, NMR, TGA, TEM, FESEM, and EDX studies. To the best of our knowledge, this will be the first report of a
growing block copolymer structure grafted covalently on the surface of the MWCNT. The novelty of the work was further enhanced
by incorporating pNVT-b-pNVI-g¢-MWCNT as a nanofiller into the oxypolybenzimidazole (OPBI) membrane to obtain
homogeneous nanocomposite membranes with excellent thermomechanical and tensile properties, thermal stability, superior proton
conduction when doped with phosphoric acid (PA), and PA holding capacity. The nanocomposite membrane with 2.5 wt %
nanofiller loading displayed a tensile stress of 1.8 MPa and a strain of 176% at break. The basic N-heterocyclic rings dangling from
the block copolymer chains grafted on the MWCNT surface allowed formation of strong H-bonding, acid—base interaction with PA,
which is responsible for high acid uptake and superior PA retention, and also exhibited proton conductivity as high as 0.164 S cm™
at 180 °C, which is a 2.6-fold increment when compared with a pristine OPBI membrane. This significant increase in conductivity is
attributed to the proton conducting nanochannel pathway generated along the polymer-g-MWCNT surface.

KEYWORDS: Block copolymer, RAFT polymerization, Multiwalled carbon nanotube, polybenzimidazole, proton exchange membrane

B INTRODUCTION polymers.'”"”~*" While investigating, we have observed that
covalent functionalization of CNTs with polymer chains or
surface modification of CNT with strategically designed grafted
block copolymer chains can be of great advantage as the design
of the polymer structure can enhance the material properties
significantly and can be modified to further improve the
processability with the target matrix which can significantly
improve to meet the requirements for particular applications.

“Grafting to” and “grafting from” are the major two
approaches toward the grafting of polymer chains on the

Carbon nanotubes (CNTs) have attracted immense interest of
material scientists due to its versatile chemical characteristics
and physical properties in catalysis,' > gas adsorption,” water
purification,”® electrical and thermal conductivity,’ ™'’ and
high mechanical stability,'"'* since their discovery."” However,
there is a significant limitation on the usage of CNTs because
of the presence of strong van der Waals interaction which
makes them insoluble in almost all the solvents, and they are
held together tightly to form bundles and rope like aggregation
in solution and also in the polymer matrix."*~'® This strong

aggregating nature restricts their processability and hampers Received: ~ October 25, 2022
the performance at the nano level.”'® To address these Accepted:  December 2, 2022
problems, different approaches have evolved in literature which Published: December 19, 2022

include modification with surfactant, polymer absorption,
encapsulation of polymer, and end group modification of
CNT surface for covalent grafting of different molecules and

© 2022 American Chemical Society https://doi.org/10.1021/acsanm.2c04603
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