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Preface

The first chapter summarizes the importance of dynamic covalent networks in current
scenario, because the main environmental concern arises with plastic commodities. Cova-
lently cross-linked dynamic polymeric networks showed recyclability, sustainability, me-
chanical strength, reprocessability and thermal stability. Thus, the main objective of my
thesis work is to synthesize recyclable, degradable and reprocessable thermosets based on
dynamic covalent linkages with high strength, self-healability, shape memorable and sol-
vent reprocessable properties. Here, I have elaborated the different properties of dynamic
covalent networks. I have discussed about the characterization techniques for the evalu-
ation of mechanical properties such as ultimate tensile strength, tensile stress, elongation
at break, Young’s modulus, frequency sweep, temperature sweep, and stress-relaxation etc.
I also have discussed about the different dynamic covalent chemistries such as sulfur re-
lated chemistry, Diels-Alder chemistry, transestrification chemistry, imine chemistry, olefin
metathesis, transamidation chemistry, transalkylation, silyl ether chemistry, thiol-michael
chemisry, boronate ester and thiol-michael chemisry etc.

The second chapter discusses the dynamics of Michael addition reaction between -
CONHNH; moieties of a polymeric network and a,,-biscarboxylic ester substituted double
bonds. Cross-linked networks by using Hydrazide-Michael addition as the simple key reac-
tion is investigated. The model compound study revealed that both the formation of adduct
and exchange of donors in the adduct occur readily via a dynamic covalent exchange reac-
tion at room temperature under catalyst-free and ambient conditions. The dynamic covalent
polymer networks based on the above hydrazide Michael addition reaction possess Young’s
modulus value up to ~23.8 MPa and ~2.5 GPa, respectively. The material exhibits stress
relaxation behavior in the temperature range of 30-55 °C. This network is thermally stable
upto 170 °C and this moderate stability is attributed to the heat-sensitive 3 -keto ester linkage
present in the samples. It also showcase solvent resistance properties. These Michael adduct
linkages are spontaneously exchangeable under ambient conditions. At room temperature
the material is easily self-healable and recyclable without sacrificing the mechanical proper-
ties. Depolymerization of the network is done by using hydrazine. This dynamic Michael
addition chemistry is easy to carry out , and applicable both in homogeneous and heteroge-
neous conditions.

In third chapter, Vitrimers based on polyester linkage is studied for reprocessable and
self-healable dynamic covalent networks. Vitrimers are a class of plastics, which are de-
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rived from thermosetting polymers (thermosets) and can change their topology by thermally
activated bond-exchange reactions. We have synthesized a catalyst free vitrimer based on
B-activated ester linkage which is reprocessable and self-heallable at 150 °C. The major in-
gredients of the system are polyhydroxyethyl methacrylate (a hydroxyl group precursor) and
diethyl malonate (an ester precursor), that is cost effective and could be extracted from the
bio-source (different fruit juices). These vitrimers show ultimate tensile stress (11.3-33.0
MPa), storage modulus (1112-317 MPa), and elongation (80- 290%) in acceptable range.
The networks display vitrimer behavior and exhibited stress relaxation ability in the temper-
ature range of 130 to 170 °C. The relaxation temperature decreases to 110 °C in presence
of Sn(Oct),. The properties of the vitrimers based on catalyst are also similar to that of the
catalyst free vitrimers. The materials can be effectively self-healed and reprocessed in the
presence of heat without sacrificing the tensile properties. In presence of Sn(Oct), catalyst
the vitrimers can reprocessed at 100 °C.

In fourth chapter, we have discussed about the synthesis of the covalent adaptable net-
works by utilizing the trans-esterification of o-substituted 3, B’-diesters with multi-hydroxy
compounds under moderate temperature conditions (110-140 °C). This material are easily
processable, recyclable, and degradable to monomer. The synthesized networks show ulti-
mate tensile strength (UTS) and elongation at break values up to ~1.1MPa and ~595%, re-
spectively. The material show thermal stability up to 215 °C and also exhibited the stablility
under acidic as well as basic medium. The dynamic cross-linked networks are reprocessable
at 140 °C temperature in n-nutyl Alcohol within 15 h via competitive trans-esterification
with the solvent. The films are reformed on evaporation of the solvent followed by curing
at 140 °C. After reprocessed, the material have tensile strength and Young’s modulus value
up to ~1.0 MPa and ~1.81 MPa respectively. Hydrogels and organogels based on dynamic
covalent linkages are an important class of materials in material science. The ester based
covalent adapted network can selectively absorbed toluene from various organic solvents.
This covalent network swell ~750 wt% within 90 min. This important property could be uti-
lized in industry to efficiently separate aromatics from various azeotropic mixtures involving
toluene, methanol and water.

Similarly, the last chapter discusses about the dynamic f3-carbonyl carboxylate linkage
based Polyurethane networks (PUN). We have incorporated the dynamic carboxylate linkage
in the main chain of polytetramethylene oxide (PTMO) based segmented PUNSs to prepare
the dynamic polyurethane networks. In polyurethane network we have used PTMO as the
soft segment and combination of pentaerythrotol (PETL) and methyl diphenyl diisocyanate
(MDI) as the hard segment. PETL units will also assist in crosslinking of the PU chains.
The synthesized Polyurethanes show ultimate tensile strength (UTS) in the range of ~ 8
to 33MPa, elongation at break in the range of ~345-680% and Young’s modulus ~19-270
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MPa). The samples display typical vitrimer behavior and stress relaxed in the temperature
range of 140 to 180 °C. The material reprocessed at 150 °C. The UTS and E’ values of the
reprocessed samples in the range of 70-80% and 71-88% respectively of the original samples
supporting the reprocessability efficiency. This material have excellent creep resistance abil-
ity at high stress (20 MPa) and high temperature (140 °C). The materials can be self-healed
and re-weld in presence of heat without sacrificing the tensile properties at 150 °C. These
materials show stability and swelling properties under different solvents. This PUNs exhibit
triple shape memory abilities at inflection temperatures of 60 and 130 °C respectively. Over-
all, these PUNs with versatile properties are potential candidates for a range of applications.

Overall this dynamic linkage strategy may be extended to develop some other appli-
cations like development of coatings, hydrogels, biomaterials, adhesives, controlled release,
energy storage, biomedical, sensing and commodity plastics in the future.
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Chapter 1

Introduction and Literature Survey

1.1 Background

The synthesis of polymer networks with high performance and recyclability by a simplis-
tic method is a great challenge. The growing concern over global growth of plastic debris
has inspired the development of recyclable and degradable plastics having dynamic or labile
linkages. Thermosets and elastomers have excellent thermal, chemical, solvent resistance,
and mechanical properties but it is very difficult to recycle or reprocess these materials due
to its permanent and rigid molecular structure. Throughout the globe, several researchers
are working on transformation of the permanent network to dynamic cross-linked networks.
Dynamic covalent bonds, reversible covalent bonds, intermolecular interactions play the vi-
tal role for the synthesis of dynamic cross-linked networks.[1, 2] Dynamic covalent bond
may break and reform by autonomously or in presence of stimuli. This bond breaking and
reforming nature has been used in many areas such as material science, organic synthesis,
biomedical etc.[3] Rearrangement of reversible covalent bonds occur by external stimuli such
as temperature,[4, 5], pH,[6, 7] light,[8, 9] and solvents.[10, 11] Basically, dynamic covalent
networks can flow and change their permanent shape.[12] Dynamic polymer materials have
some useful properties like self-healing, [13] reprocessing/ recycling, [14, 15] malleabil-
ity, [16] shape-memory, [17, 18] adaptability,[19]responsiveness,[20, 21]degradability[22]
and stress relaxation etc.[23, 24]. Dynamic covalent bonds are formed based on simple or-



ganic click reactions. Recently polymer chemists are focusing on exchange mechanisms of
dynamic covalent bonds. There are two types of exchange mechanisms in dynamic covalent
networks. The two mechanisms are associative and dissociative mechanisms.[25, 26]In dis-
sociative mechanism, the broken chemical bonds are formed in another place. In dissociate
covalent adaptable networks, the networks losses it’s integrity but in associative mechanism
the cross linked density remains fixed. In case of associative mechanism, exchange happens
in polymer chains if a new covalent bond at another position has been formed only if orig-
inal cross-link is broken. Reversible Diels-Alder reactions are the example of dissociative
exchange reactions in covalent adaptable networks. The examples of associative exchange
reactions in covalent adaptable networks are the epoxy/acid or epoxy/anhydride polyester
based networks as introduced by Leibler and co-workers in 2011. The properties of polyester
based networks has been first observed in organic polymer materials and authors introduced
the name “Vitrimer”. Vitrimers are the thermally malleable materials, swelled but remain un-
changed in solvents.[27, 28] Efforts have been made for the synthesis of dynamic materials
based on reversible linkages or reactions such as ester linkage,[29] Diels-Alder adducts,[30,
31]imines,[32] hemiaminals,[33] epoxy,[34] Michael adducts,[35] hyrdrazones,[36] disul-
fide linkages,[37] carbonates, [38] boronate esters,[39] poly urethanes,[40] silyl-ethers,[41]
boroxine exchange,[42] siloxanes,[43] transcarbamoylation,[44] urea,[45] transalkylation, [46]
diselenide olefin metathesis,[47] thiol-disulfide,[48, 49]vinylogousurethanes,[50] transamina-
tions[51] oximes[52] etc. Here we have studied the properties of the dynamic covalent adapt-
able networks and also different dynamic covalent linkages and reactions.

1.2 Properties of Dynamic Covalent Adaptable Networks

Here, we have discussed several properties of dynamic covalent adaptable networks, e.g.

self-healing, reprocessability, shape memory, responsiveness and stress relaxation.

1.2.1 Self-healing Property of Dynamic Covalent Networks

Now a days self-healing property is very important in material science because it can rebuilt
physical damages by avoiding catastrophic failure which increase the working life.[53] The
self-healing materials increase the functional lifetimes of the materials, reduce the total cost
and improve the reliability. Extrinsic and intrinsic are the two types of self-healing mate-
rial based on healing mechanism.[54]In extrinsic healing process (e.g. Microcapsules and
microvascular networks) the healing agents are released from capsules.[55]
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Figure 1.1: Self-healing property of dynamic covalent networks.

The main thing in case of the intrinsic healing process is the dynamic or reversible na-
ture of the material with fabrication behaviour . In this case it repeatedly heals the same po-
sition of damage.[56] Now a days intrinsic self-healing materials have scientific interest be-
cause of its enhanced reliability and ability to get heal multiple times.[57] The main applica-
tions of the intrinsic self-healing materials have been found in thermoplastic elastomers,[58]
thermo reversible rubbers,[59] mechanically enhanced hydrogels,[60] electrically conduc-
tive materials,[61, 62] electronic skin,[63] organic transistors [64, 65] etc. Not only the
experimental but also the theoretical studies have been reported in recent times based on
self-healing thermosetting polymers.[66] Self-healing elastomers are very important due to
its potential applications. It is used in wearable electronic skin,[67] protective coatings,[68]
reversible adhesions,[69] 3D/4D printing, self-healing conductors etc.[70] Mechanical dam-
age in elastomers can be repaired by self-healing process (Fig. 1.1). Self-healing property
can be repair the scratch of coating and protect it from the environmental exposure. Viscosity
transition mechanism is the important factor for the 3D/4D printing of self-healing elastomer.
Self-healing conductors have been made by adding the conducting fillers into self-healing
elastomers. Wearable electronic skin and devices are the most important application of self-
healing materials. Self-healing functionalized stretchable conductive materials successfully
improve the safety reliability and sustainability of electronic devices. Self-healing stretch-
able material have been used as strain sensing devices and that’s why it is used in electronic
sensors,[71] electronic skin, human-machine interactions,[72] and supercapacitors.[73]

1.2.2 Reprocessability/ Recyclability or Reversibility Property of Dy-
namic Covalent Networks

In recent times, the reprocessability or recyclability of dynamic covalent adaptable networks
are very important in environmental or economic respective. Hydrogen bonding, ion-metal
interactions, supramolecular interactions and reversible covalent bonding are the main player
behind the reversible nature of the materials. The reversibly formed covalent bond show high
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stability and high mechanical strength in polymeric system. Reversibly formed cross-linked
materials containing covalent bonds are known as covalent adaptable networks (CAN). Re-

versibly formed covalent bonds are knows as dynamic covalent bonds.[74]

External
Stimuli

Initial Material Reprocessed Material

Figure 1.2: Reprocessable property of dynamic covalent networks.

1.2.3 Shape memory Property

Shape plays an important role in various applications in polymer science. Shape memory
polymers have very important role in scientific and technological applications. It is a smart
responsive material. Basically in shape memory polymers, the material is fixed in a per-
manent shape by programming and can recover its original shape by external stimuli.[75]

Heat

Original Deformed Shape Recovered Shape

Figure 1.3: Shape memory performance of dynamic covalent networks.

The dynamic covalent linkages in shape memory polymers are able to rearrange the
topology due to bond exchange in permanent shape reconfigurable in its solid state. The
external stimuli such as heat,[76] light,[77] moisture,[78] pH,[79] electricity,[80] or mag-
netic field,[81] have been used in the study of shape memory effect. One way characteri-
zation is not able to recover their original shape under cooling. That’s why the reversible
bidirectional shape memory effect on heating and cooling is highly desirable.[82] People
have reported some experimental strategies based on reversible shape memory effect such as
persistent external mechanical forces,[83, 84] chemically heterogeneous structure, a broad
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melting transition,[85] and change in crystal structure[86] etc. In one way, triple or mul-
tiple shape memory effect, multiple transition points are able to memorize the multiple
shapes.[87, 88] Thermoplastic polyurethane show reversible bidirectional shape memory
effect. Many dynamic covalent adaptable networks have been used for the shape mem-
ory polymers such as reversible TAD Chemistry,[89] transesterification,[90] Diels-Alder
reaction,[91] and transcarbamoylation etc.[92] The shape memory effect has very impor-
tant application in many fields such as soft robotics[93] medical devices,[94] advanced
manufacturing,[95] and aerospace structures[96] etc.

1.2.4 Responsiveness Property

In material science the research in fundamental chemistry of the molecular systems which
can adapt and reorganize in response to external stimuli is very important thing. We have
observed the photo switchable dynamic behavior in molecular machines.[97, 98] Azoben-
zene, [99] Spiro (thio)-pyran,[100, 101] diarylethene [102, 103] are responsible for photo
switches. These photo switches are incorporated in polymeric materials for reversible col-
oration, [104, 105] repeatable volume contraction/expansion [106, 107] and liquid-gel tran-
sitions. [108, 109]

Responsive Dynamic Covalent Networks
Reversible Reversible Irreversible
addition Excllange ExclIange

4 ﬁ%‘é A\Q

Solvent

Llaht
J

’--:A :

Heat

I i

—— (=14 pH
Figure 1.4: Responsive property of dynamic covalent networks.




1.2.5 Stress-relaxation Property

Several methods are available to characterize the dynamic cross-linking network. Tempera-
ture dependent stress relaxation experiment is one of them. The capability to relax stress is a
unique property of dynamic covalent networks, through the bond exchange in the networks.
Stress relaxation seems to be faster at higher temperatures.[110]

Application of
Constant deformation

Stress (MPa)

Time (Sec)
Figure 1.5: Stress relaxation behavior of dynamic covalent networks.

Stress-relaxation property of dynamic networks can be described by the following
Maxwell equation (1.1)

E=Ep /" (1.1)

Where E is the stress relaxation modulus, t is the relaxation time. The relaxation time have
determined at E/Eq = 1/e. The dynamic covalent adaptable network will relax to zero faster
than the traditional thermosets. Associative exchange process is the controlling factor in
determining the relaxation time. The Arrhenius equation (1.2)

7(T) = goeler/RT (1.2)

has been used for the determination of temperature dependence of the relaxation time where
7(T) = Relaxation time at temperature T, E, , = Relaxation Activation energy, R = Gas
Constant, 7y = Constant.



1.3 Characterization of Mechanical Properties

Tensile experiment is the most widely used method for the determination of mechanical
properties of a material. We can determine the ultimate tensile stress, tensile strength, elon-
gation at brake, Young’s modulus of the materials from the tensile experiment. Materials can
be easily processed into suitable shape for the tensile experiments. The recovery of mechan-
ical properties can be measured by the tensile experiments. We can evaluate the self-healing
property by resilience. The resilience result can also be obtained from the tensile experi-
ment. We can obtain some mechanical data from Dynamic Mechanical Analyzer (DMA).
We can analyze frequency sweep, temperature sweep, stress-relaxation data from DMA. We
can obtain the storage modulus, loss modulus, and tand data from the DMA. Atomic Force
Microscopy (AFM) can be used for the determination of hardness and modulus. Recovery of
mechanical property of elastomer coating in self-healing process is very important hurdles
in time (Sec) stress (MPa) application of constant deformation in material science. AFM can
solve this problem. Zuilhof et al. have developed the method for the determination of macro-
scopic mechanical properties of original, damaged and repairing coating during self-healing
process.[111]

1.4 Dynamic Covalent Chemistry

In dynamic covalent chemistry, the dynamic linkages play an important role. Dynamic cova-
lent bonds in linear polymers have been used for the synthesis of dynamic covalent networks.
Here, I have discussed some dynamic covalent networks based on dynamic chemistries.

1.4.1 Sulfur Related Chemistry

Sulfur chemistry has an important role in polymer science from the invention of rubber vul-
canization. Disulfide bond is used to recycle the rubber. That’s why it has importance in
industry and society. Tobolsky et al. have reported the stress-relaxation behavior of polysul-
fide linkage. They have observed the rapid interchange in presence of catalyst. Oxidation and
reduction reactions take place in this system. In reduction, dissociation of disulfide bond into
thiols and oxidation can reverse back to the disulfide. These oxidation reduction processes

have been utilized in reversible crosslinking nature of hydrogels[112] and epoxy resins.[113]
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Figure 1.6: (A) disulfide exchange in dynamic polydisulfide hydrogel, (B) thiol-ene chem-
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istry and exchange of allyl sulfide derived from dithiacyclooctane used for the synthesis of
Allyl sulfide based network, (C) TTC based, (D) TDS based dynamic network synthesis.

Disulfide based polymer networks show self-healing and reprocessable behavior in
presence of external stimuli such as heat, light, catalyst, external radicals etc. Norvez and
coworkers have reported the thermally activated reprocessing of natural rubber with disulfide
linkages.[114] The degradable property of disulfide based crosslinked epoxy resin has intro-
duced by Takahashi and Otuska.[115] Rowan’s group introduced the photo healable poly-
disulfide network.[116]Room temperature self-healing property of thiol-disulfide linkages
have been introduced by Matyjaszewski’s group.[117] Photodegradability of disulfide con-
taining polyethylene glycol is introduced by Anseth and Bowman’s group.[118] Allyl- sul-
fide based addition-fragmentation process is very important due to its application in stimuli-
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responsive materials.[119] Matyjaszewski’s group have reported UV-induced self-healing
material based on trithiocarbonate as the RAFT agent for chain shuffling.[120] They also
have studied thiuram disulfide (TDS) bond exchange reaction under visible light. This TDS
cross-linked polyurethane showed self-healing behavior under table lamp in air.

1.4.2 Diels-Alder Chemistry

Diels-Alder chemistry, proposed by Diels and Alder is very important in dynamic covalent
adaptable networks.[121] Electron-rich diene (e.g.furan) and an electron-deficient dienophile
(e.g. maleimide) produces cyclohexene in [4 + 2] cycloaddition reaction and this product can
reverse back via retro-Diels-Alder in presence of temperature.

NCO
o H
@) Sl dditi f Ox Q:N
ow addition o 0
0 (}<—/_
OCN @ CH, 1-10(\\//\\/»\_‘0,311 >
" HZ(TQN\ HZCQNCO
H
Pre-polymer
40 O(H)
[ xom
£ 1< 0O H
Pre-polymer 0 { KN A Y

DHPM Q 0>_ k /_(;?\;BQ
o
~

— X%
H,C H,C N-C
: - : _Q "0 |
/-_.0 I|I o) Linear Polyurethane \ ‘O.mI
\\\V.':J\\J/().\IT,N\\./,ﬂ\\.//\-\‘v//\-\_N/JL\O/A-.\. ’0\ nvm.vJ ) N“TO
0 FHF [,/ r ;) o= F
Linear Polyurethane FHF N\\_4“ v
<150 °C e
N 4 R
B R d o._N.
g‘ o . R! |IY P:—_:()
0-“\ - -7:’ ) + “ "1 \ RT B L(/\ --N!—
N A\ 0Ye
| 120 °C, Reversible Click '/ '\ /
TAD H N
indole

Figure 1.7: Diels-Alder chemistry. (A) polyurethane based dynamic reversible Diels-Alder
reaction, (B) TAD-indole based dynamic Diels-Alder reaction.

Crosslinking of polystyrene in pendant furan maleimide group is introduced by Stevens
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and Jenkins in 1979.[122] Recyclability of pendant cyclopentadiene crosslinked polyisobuty-
lene is discovered by Kennedy and Castner.[123] Scientists have worked on thermo re-
versible crosslinking based on DA chemistry between polymer chains, like polyphosphazenes,
[124] polyoxazoline hydrogels,[125] polyacylate elastomers,[126] etc. Recently research
based on DA chemistry has also expanded to polyurethanes[127], epoxy resins,[128, 129],
polyamides,[130] polyketones,[131] ethylene/ propylene/ diene rubb-ers,[132] poly(lactic
acid),[133] polycaprolactone[134] etc. Stiffness of dielectric elastomers introduced the fast
quenching of a DA networks was discovered by Pei et al.[135] The DA reaction between
furan and maleimide has shown reversibility efficiently. 1,2,4-triazoline-3,5-dione (TAD)
molecule is introduced as an alternative dienophile in DA reaction by Winne and Du Prez.[136]

1.4.3 Transesterification Chemistry

Transesterification reaction is very important in dynamic covalent adaptable networks. Poly-
ester has been used in various material applications such as transport, construction, packag-
ing, apparel, piping, adhesive, electronic devices, marine, biomedical and aerospace etc.[137,
138] Ester linkages are important due to the biodegradable nature. Recently people have
worked on a number of vitrimers based on ester linkages.[139, 140] Zn(OAc),, Sn(Oct),,
Ti(OPr)4, Zn(acac);, or an organic base, i.e., DBU and TBD were used as the transesteri-
fication catalyst.[141, 142] In 2011 Leibler et al. have worked on recycling and reprocess-
ing of thermosets by taking the transesterificaion reaction as the bond exchange reaction.
The hydroxyl groups are essential for the transesterfication reaction. The epoxy material
show reprocessability by heat. Hilmyer and coworkers have worked on vitrimers concept to
polyesters. Tao Xie and coworkers have showed thermal plasticity nature of polyesters. Gen-
erally, transesterification reaction occurs in presence of catalyst or at high temperature but
the boronic ester based trans-esterification occurs under mild reaction conditions. Low tem-
perature stress relaxation (35-55 °C) and wide range of tunability of boronic esters are intro-
duced by Guan et al. Recently we have reported thermally reprocessable and self-healable f3-
activated ester groups.[143] The malonic ester, the starting material of polyester is extracted
from the various fruit juices. Poly (hydroxyethyl methacrylate) is used as the hydroxyl start-
ing material. The material has high mechanical strength, Young’s modulus, storage modulus.
We have synthesized polyester based covalent adaptable network by the a-substituted 3, f'-
diesters and multi-hydroxy compounds at moderate temperature (110-140 °C). This covalent
network has some good properties such as thermally stable, stable in acidic, basic and or-
ganic solvents. We have depolymerized the network in alcoholic solvent and reformed the
network after evaporating the solvent. The covalent network selectively absorbs toluene from
the other organic solvents. This material swells ~750 wt% in toluene within 60 min and thus
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it can be used for the separation of aromatics from azeotropic mixture. [144]
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Figure 1.8: (A) Acrylate functionalized polyester based network, (B) fatty acid cellulose

ester based network.

1.4.4 Imine Chemistry

Imine chemistry is very important for the synthesis of dynamic covalent adaptable networks.
It covers lot of reversible reactions. Carbonyls and amines react to form the imine type
(e.g. imine, hydrazones) compound in mild conditions without catalyst and have showed
reversible behavior. Deng and Chen have developed the acylhydrazone based crosslinked
polymer gel.[145] They have synthesized acylhydrazone crosslinked based polyethylene gly-
col. This network has self-healable and degradable properties. Zhang and coworkers have
reported the thermoset malleability of transamination.[146] Basically C=N bond plays a vi-
tal role for imine exchange reaction. This group also have introduced imine based dynamic
covalent polymeric networks. Basically they have used condensation polymerization reac-
tion of poly(ethylene glycol) bis(3-aminopropyl) with 1,3,5-triformylbenzene with an equal
molar ratio of aldehyde and amine functionalities. The reaction has carried out under organic
solvents in different polarity.[147] Jethava’s group have synthesized sustainable nitrogen het-

erocycles by using dynamic imine chemistry.
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Figure 1.9: (A) (a) Imine formation equilibrium through hemi-aminal, (b) transamination

through aminal formation, (c) imine metathesis. (B) imine based dynamic covalent poly-

meric networks from aldehyde and amine. (C) transimination of imines and its applications.

This nitrogen heterocycle is synthesized via transimination followed by intramolecular

cyclisation.[148]

1.4.5 Olefin Metathesis

Olefin metathesis plays an important role for the synthesis of dynamic networks. Unpar-

alleled nature of carbon-carbon bond is used to bring dynamic nature in polymer science.

Guan’s group have worked on the olefin metathesis.[149] They have achieved the malleabil-
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ity of crosslinked polybutadiene in presence of Grubb’s catalyst. This network show stress
relaxation behavior. The network having carbon-carbon double bonds and amides show
self-healing behavior with enhanced mechanical properties.[150] They also reported the dy-
namic self-healable networks based on olefin metathesis. They have created dynamic energy
dissipative hydrogen bonds in covalently crosslinked polymer networks through secondary
amide side chains. Leibler, and Guan have worked based on olefin metathesis based dynamic
covalent networks. They have developed cross-linked polymer networks through Grubbs’
second-generation Ru metathesis catalyst. In this work they showed the room temperature
malleable property of chemically cross-linked polybutadiene network.
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Figure 1.10: (A) Olefin containing dynamic polymeric networks based on cyclooctene
derivatives (B) malleable covalently dynamic polymeric network through Ru-catalyzed
olefin metathesis.
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1.4.6 Transamidation Chemistry

Transamidation is very important for the synthesis of dynamic covalent adaptable networks.
Du Prez’s group recently have studied on transamidation as an alternative to transesterifi-
cation. Shi’s group have worked on transamidation reaction based malleable crosslinked
networks. They have used acetoacetyl chemistry for the synthesis of dynamic covalent link-
ages of amides. They have described the dynamic transamidation reaction through proton
switch mechanism.[151]

Transamidation Reaction:
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HO o .

= i o
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Figure 1.11: Transamidation reaction through proton switch mechanism.

1.4.7 Transalkylation

Drockenmuller and co-workers first have discovered the ion conducting vitrimers based on
poly (1, 2, 3-triazolium ionic liquid)s via azide-alkyne cycloaddition.[152] The mechanism
lie in the transalkylation between 1,2,3-triazoliums and alkyl halides. This ion conduct-
ing material is used for the solid electrolyte. Du Prez and Winne’s group have synthesized
vitrimers based on transalkylation chemistry. They also have prepared poly(thioester) net-
work through thiol-ene polymerization. They have prepared catalyst free vitrimer materials
through partial alkylation of thioesters to trialkylsulfonium salts. They have reformed the
trialkylsulfonium salts via transalkylation reaction in the presence of heat.[153] Zhang and
Guo’s group have developed recycling loop of sulfur-cured rubber through transalkylation
exchange chemistry. They have introduced the simple way to recycle sulfur-cured rubber by
using transalkylation exchange reaction of C-S bonds. They have showed the cross-linked
rubber network rearrangement and reprocessing ability of the material.[154]
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Figure 1.12: (A) Temperature-induced transalkylation exchanges of C-N bonds between
1,2,3- triazolium cross-links and halide-functionalized dangling chains (B) transalkylation
of sulfonium salt, (C) TMSI and butyl sulfide based C-S transalkylation reaction.

1.4.8 Silyl Ether Chemistry

Silyl ether, a thermally stable dynamic covalent linkages have been used for the synthesis of
dynamic covalent networks in presence of hydroxyl groups.[155] Guozheng Liang and Ai-
juan Gu have worked on silyl ether based thermally resistant shape memorable crosslinked
dynamic covalent linkages. This network is applicable for selffolding and self-deployable
smart 3D structures.[156] They have used the epoxy resin, ethanolamine, 4,4’- diamin-
odiphenylmethane and 3-isocyanatopropyl trimethoxysilane for the synthesis of silyl ether
based dynamic network. Zhibin Guan and coworkers have introduced the silyl ether linkage
for the synthesis of dynamic covalent adaptable network.[157] This network show malleabil-
ity, reprocessability and stress relaxation behavior. This material show the chemical and
thermal stability. This is the first reported silyl ether based vitrimers. They have prepared the
crosslinked network by bis-alkoxysilane and pendant hydroxyl groups functionalized styrene
monomer units. Guan’s group have reported direct silyl ether metathesis for vitrimer syn-
thesis. They first have silylated poly(ethylene-covinyl alcohol) (PEOH) with trimethylsilyl
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(TMS) groups and then cross-linked the material with a bis-silyl ether cross-linker.[158]
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1.4.9 Thiol-Michael Chemisry

Thiol-Michael chemistry is very important for the synthesis of dynamic covalent adaptable
network. Thiol-Michael adducts show dynamic behavior at elevated temperature or at el-
evated pH. Dominik Konkolewicza’s group have reported the dual stimuli responsive mal-
leable and self-healing materials based on Thiol-Michael linkages.[159] This linkage show
self-healing, malleability and thermally responsive behavior. This material show room tem-
perature creep resistance and creep recovery as mechanical stability. These stimuli respon-
sive self-healing, elastic, malleable, mechanically stable networks, may utilize in coating,
elastomers as potential applications. Kevin M. Miller’s group has introduced crosslinked
Polyester networks attached with thermoreversible Thiol-Michael bond.[160] Thermore-
versible Thiol-Michael based crosslinked polyester network have prepared by base-catalyzed
Michael addition polymerization.
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1.4.10 Boronate Ester Network
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Figure 1.15: (A) Exchange kinetics of boronic ester and diboronic ester crosslinker, (B)
dithiolcontaining boronic ester cross-linker and styrene-butadiene rubber based boronate es-
ter network.

Boronate Ester network is very useful for the synthesis of dynamic covalent adapt-
able networks. Tao Chen and his coworkers have introduced the simple synthesis procedure
PAAm/PVA-borate hydrogel system which has borate ester bond to realize shape memory
behavior.[161]Yoshie’s group has synthesized the boronate ester by catechol functionalized
polymers and p-phenyldiboronic acid (PDBA). This material showe self-healing abilities,
stability, and transparency under seawater.[162] Auzely-Velty’s group have reported self-
healing hydrogels based on boronate ester linkages.They have prepared boronate ester link-
age from Benzoxaborin derivatives and saccharides.[163] Guan’s group also have reported
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tunable dynamic covalent boronic ester linkage, which show self-healing and malleable
properties.[164] Guo’s group also have reported boronic ester based covalently crosslinked
elastomers with self-healing and malleable properties. Dithiol-containing boronic ester cross-

linker and styrene-butadiene rubber have used for the networks synthesis.[165]

1.5 Summary and Outlook

Polymer network with dynamic covalent linkages are very important in recent academic
community. This dynamic covalent network may be useful as an alternative of plastic ma-
terials. Development of self-healing and reprocessable material is started from nineteenth
century onwards. The dynamic covalent adaptable network is very important with some rel-
evant properties such as malleability, shape memory, adaptability, responsiveness, degrad-
ability, and stress relaxation etc. Recently people have developed different dynamic covalent
adaptable networks such as sulfur related chemistry, Diels-Alder reaction, transesterifica-
tion, imine chemistry, olefin Metathesis, transamidation, transalkylation, silyl ether chem-
istry, thiol-michael chemistry, boronate ester network etc. Scientists are now focusing for
the synthesis of dynamic covalent networks based on new organic reactions.
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Chapter 2

Self-Healable and Recyclable Dynamic
Covalent Networks Based on Room
Temperature Exchangeable Hydrazide
Michael Adduct Linkages

2.1 Abstract

Covalently cross-linked polymers having characteristics like environmental resistance, re-
cyclability, sustainability, mechanical strength, and thermal stability are very important as
we can apply them in various fields. Using Hydrazide-Michael addition as a key reaction,
we can form these cross-linked networks. In Michael addition system carbonyl hydrazide
is used as a donor and the acceptor we use is o, B-unsaturated double bonds. The forma-
tion of adduct and exchange of donors in the adduct both happen quickly under catalyst-free
and ambient conditions. Through model compound study we have reached in a conclusion
that the reaction is room temperature exchangeable. The dynamic covalent networks based
on the above hydrazide michael addition showed Young’s modulus value up to ~23.8 MPa
and ~2.5 GPa, respectively. In room temperature our material is easily self-healable and
recyclable. The depolymerization of the DCNs was done by using NH,NH,. This dynamic
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Michael addition chemistry is easy to carry, useful both in homogeneous and heterogeneous
condition, and room temperature exchangeable may be extended to different application like
energy storage, biomedical, sensing etc.

2.2 Introduction

Dynamic covalent networks (DCN) having stimuli-responsive reversible covalent linkages
are beneficial due to their significant material properties like healability,[ 166, 167] stress-
relaxation ability,[ 168] processability,[169] adaptability,[170]and recyclability. [171, 172]
Hence, various efforts are currently taken to progress a range of DCNs based on different dy-
namic covalent motifs.[173, 174]The reversible linkages in these DCNs promptly break and
re-form in presence of external stimuli like heat,[175] light,[176] and reagent.[177] These co-
valent dynamic linkages follow either a dissociative or an associative pathway during bond
breaking and reformation. The dissociative pathway follows sequential bond breaking fol-
lowed by reformation (e.g., oxime-urethane[178] and Diels-Alder adduct[179]), while both
the processes occur concurrently in the associative path way, resulting in an exchange reac-
tion (e.g., acyl hydrazone [180] and imine[181]). In the associative pathway, the cross-link
density is maintained during the exchange reaction and the exchange rate is influenced by the
applied stimulus. The DCNs that undergo exchange reaction at higher temperature are called
“vitrimers” [182, 183] and a range of articles centered on this important class of materials
having thermo sensitive chemical linkages are available in the literature.[184, 185] Recently,
many articles on dynamic covalent linkages such as boronicester,[186]disulfide,[187]and
urea-urethane[188] that show dynamic behaviour under moderate temperature conditions
are come in the literature.[189] Similarly, materials based on noncovalent linkages such
as hydrogen bonding, ionic bonding, and metal on coordination have showed autonomous
self-healing characteristic, malleability, and adequate mechanical properties.[190] There-
fore, new covalent chemistries capable of ambient condition dynamic behaviour are looked
for to develop the field of DCNS.

Aza Michael addition is another useful reaction in this prolonged list of dynamic cova-
lent linkages. Though the forward reaction, i.e., formation of Aza-Michael adduct, is facile
and occurs under moderate temperature conditions, the reverse reaction usually requires cat-
alyst and stringent conditions to occur. With amine donors, the retro-Michael addition have
occurred in the presence of a specific catalyst and elevated temperature conditions.[191, 192]
Likewise, the exchange of donors in aliphatic thiol-based Michael adducts is reagent de-
pendent and progress very slow under ambient conditions.[193, 194] Interestingly, highly
activated Michael acceptors based on ¢, 3 unsaturated double bonds having two activat-
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ing groups (electron-withdrawing groups; e.g., carbonyl and cyano) in the germinal posi-
tion induced swift reversibility into the corresponding Michael addition reactions.[195, 196]
However, the thiol-Michael adduct stayed in dynamic equilibrium with the corresponding
precursors under ambient conditions, and the equilibrium depends on the concentration of
the reactant species. Similarly, the adduct of 2° amine and highly activated double bond
stayed in equilibrium with the reactants under moderate temperature conditions.[197] The
facile B-elimination in the above cases was assigned to the greater acidity of the proton,
and the reaction continued through the E1 mechanism with the generation of a carbanion
intermediate.[198] These observations restricted the possibility of formation of polymers
based on the Aza-Michael addition chemistry with activated systems.

The carbonyl hydrazide (CONHNH>) functionality as a Michael donor is already pub-
lished in the literature.[199, 200] Interestingly, the pKa value of CONHNH; (~3-4)[201,
202] is much lower in comparison with the thiols (~7-11)[203] and amines (~10-11).[204,
205] Therefore, the conjugate base of CONHNHo, i.e., the leaving group (CONHNH-) in
the case of the -elimination of the corresponding Michael adduct, is weaker in comparison
with the thiol (RS-) and amine(R>N ™). Moreover, the process of a-proton extraction medi-
ated by CONHNH, as the base is anticipated to be sluggish in comparison with the amines
and thiols. This may hinder the rate of B-elimination and enhance the stability of corre-
sponding hydrazide Michael adducts. To examine the above, we have studied the dynamics
of Michael addition between CONHNH, moieties and ¢, a-biscarboxylic ester substituted
double bonds by using suitable model compounds. The possibility of formation of DCNs
based on this dynamic covalent linkage was explored, and the self-healing ability along with
recyclability has been accessed.

2.3 Experimental Section

2.3.1 Materials

Thiodiglycolic acid (Acros Organics, 98.0%), ethanol (Merck, 99.9%), sulfuric acid (Merck,
98%), ethyl acetate (Merck, >99.5%), diethyl oxalate (s-dfine chem, 99%), sodium methox-
ide (NaOMe, s-dfine chem., 98%), benzaldehyde (Qualigens, 98.5%), acetone (s-dfine chem.,
99%), methanol (Qualigens, 99.0%), hydrochloric acid (HCl, s-dfine chem., 35-38%), D,O
(Sigma-Aldrich, 99.0%), tetrahydrofuran-d8 (ARMAR Chemicals, 99.5% atom%D), N,N-
dimethylformamide (DMF, Merck,>99.8%), 1-bromobutane (s-dfine chem., 98%), potas-
sium carbonate (Qualigens,98.0%), chloroform (CHCl3, s-dfine chem., 99.5%), sodium chlo-
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ride (Qualigens, >99.9%), hydrazine hydrate (s-dfine chem., 99%), diethylmalonate (DEM,
s-dfine chem., 98%), terephthalaldehyde (Alfa Aesar, 99%), piperidine (Qualigens, 99.0%),
acetic acid (s-dfinechem., 99.5%), lauric acid (Molychem, 99%), 4-hydroxybenzoic acid
(Spectrochem, 99%), methyl acrylate (s-dfine chem., >99%), potassium bromate (Merck,
>99.0%), sodium hydrogen sulfite (Merck, 58.5-67.4%), sodium chloride (Qualigens, >99.9%),
tetra-n-butyl ammonium bromide (TBAB, Merck, >98.0%), CHClz-d (CDCls, Sigma-Aldrich,
99.8 atom % D), acetonitrile (Fisher Sci., 99.8%), tetrahydrofuran (THF)-d8 (Armar Chem.,
99.5 atom % D), and Na metal (s-dfine chem., >98%) were used as received. THF (Quali-
gens, 99.0%) was refluxed over sodium metal and benzophenone overnight and distilled
under a nitrogen atmosphere prior to use.

2.3.2 Characterization

'H and 13C NMR spectra were recorded using Bruker AMX-500 or AMX-400 and JEOL-
400 spectrometers at probe temperature of 25°C. The 'H and '*C NMR spectra were recorded
at 500 or 400 and 125 MHz, respectively. The CDCl3 or THF-d8 was calibrated to tetram-
ethylsilane (TMS) as internal standard (6H 0.00) to record the spectra. The Fourier transform
infrared (FTIR) spectra of the samples were recorded as either solid powder or thin film. To
record the FTIR spectra, the Perkin Elmer Spectrum PIKE MIRacle single reflection horizon-
tal ATR accessory equipped with a ZnSe ATR crystal was used. Solvent-cast thin films of the
polymers and powdered samples of the small molecules were pressed against the ATR crys-
tal to record the spectra. High-resolution mass spectra (HRMS) were recorded on an Agilent
Accurate-Mass Q-TOF LC/MS 6520 or a Waters QTOF LC-MSMS single mass analysis
was done in tolerance 1 mDa/DBE: minimum = -1.5 and maximum = 50.0, monoisotopic
mass, and even electronions. The peaks are specified in m/z (% of basis peak). Thermal
gravimetric analysis (TGA) of the samples was performed on a TGAQS500 (TA Instruments)
under a N, atmosphere (60 mL/min). Approximately 10 mg of finely powdered samples was
taken in the platinum pan and heated to 700 °C at a rate of 10°C/min, and the weight loss
was measured. A Thermo Scientific k-Alpha+ X-ray photo electron spectrometer (XPS) was
used to determine the surface elemental compositions of thin film samples. All samples were
surveyed, and high-resolution XPS data were taken at both 90° and 30° incident angles. The
samples were gently cleaned using the MAGCIS (Monatomic and Gas Cluster lon Source)
before recording the spectra. The data were processed using Avantage XPS software. The
XPS depth profiling analysis of the samples was performed by etching the samples using an
Ar-cluster ion beam (6 keV, 500-atom cluster). The depth was estimated based on the etch
rate on an Irganox-1010 standard. The ultimate tensile strength (UTS) were measured using
an H25KS UTM Tinius Olsen extensometer following the ASTMD 882 protocol. The tensile
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data of samples were recorded as rectangular (width: 4 mm; thickness: 0.8 mm) strips at ~
25°C using a 1.0 kN load cell at a crosshead speed of 5.0 mm/min unless otherwise men-
tioned. The data represented here are an average of three specimens. The Young’s moduli (£)
of the samples were determined from the linear region (Hookean slope) of the tensile stress
versus strain plot. Hysteresis studies under tension and compression were performed with
rectangular (width: 4 mm; thickness: 0.8 mm) strips and circular (radius: 18 mm; thickness:
Smm) discs, respectively, at ~25°C. The data for tension and compression were recorded
at a crosshead speed of 5.0 or 1.0 mm/min, respectively, using a 1.0 kN load cell. Optical
microscopic images of the samples were found at 25°C on a LEICA-DM750P instrument.
The differential scanning calorimetry (DSC) profiles of the samples were recorded on a DSC
Q2000 TA Instruments under a Noatmosphere (50 mL/min). Finely powdered samples were
taken in an aluminium pan for the measurement. The samples were heated from 0 to 100°C,
cooled to 0°C, and again heated to 100°C at a rate of 10°C/min. The second heating traces
of the samples are reported and used for determination of glass transition temperature (T)
of the samples. The dynamic mechanical analysis (DMA) was performed on a DMA Q-800
using the tension mode. 50 ASTM D4065-01 norm was followed to record the samples. The
specimen samples of 4 mm width and 10 mm length were used for this purpose. The peak
of the tan 0 trace was considered as the T, of the samples. TA Instruments DMA Q 800 in
compression mode was used for stress relaxation experiments. Rectangular samples (3 mm
x 10 mm) were compressed to a constant strain of 0.1% and equilibrated at a set temperature
for 10 min before collecting the data. The storage (E’) and loss moduli (E”) were determined
from the frequency scans recorded under tension mode. The E’ was then normalized, and the
corresponding relaxation time was plotted against temperature for elucidating the activation
energy (Ea) using standard procedures. A Lab India UV-vis 3200 instrument was used to
record the UV-vis spectra of the samples. UV-vis spectra were recorded at a 1 nm/min scan
rate. The high performance liquid chromatography (HPLC) data were recorded on a Waters
2414 equipped with an auto sampler and refractive index detector using a solvent combina-
tion of 20% H,O in acetonitrile. We used a C18 column with flow rate of 0.50 mL min~!
for the analysis. The column temperature was maintained at 30 £ 1 °C. The ground-state
geometries of the compounds were optimized using the density functional theory (DFT) with
the Becke 3LYP functional as implemented in the Gaussian 09W software package. The de-
fault options for the self-consistent-field convergence and threshold limits in the optimization
were used. Time-dependent DFT (TDDFT) calculations were performed on the gas phase
optimized geometry of the ground state.
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2.3.3 Synthesis of Polyacryloyl hydrazide (PAHz)

A solution of PMA (20.0 g, 0.3 mmol) in 600 mL of THF was taken in a 1 L round-bottom
flask. Hydrazine hydrate (77.6 g, 15.2 x 10> mmol) and TBAB (20.0 g, 62.0 mmol) were
added into flask. The mixture was stirred at 60 °C for 12 h until the layers separated out.
The reaction was stopped and kept undisturbed till the temperature cooled down to room
temperature.[206] The aqueous layer was transferred into methanol to precipitate the product
polymer. The precipitate was washed with methanol several times to remove the impurities
and dried under reduced pressure at ambient temperature. Yield: 90%. FTIR (thin film,
cm~1): 980 (m, C-N), 1447 (m, C-H), 1610 (s, C=0), 2925 (m, C-H), 3261 (m, NH).

2.3.4 Synthesis of Tetraethyl-2,2'-[1,4-phenylenebis (methanylylidene)]
dimalonate (TPMD)

Terepthalaldehyde (3.0 g, 22.4 mmol) was dissolved in anhydrous ethanol (50 mL) in a
round bottom flask. To it DEM (8.9 g, 55.6 mmol) was added followed by piperidine (0.2 g,
2.3 mmol) and acetic acid (0.2 g, 3.3 mmol). The resulting mixture was refluxed overnight
under an inert atmosphere. The solvent was allowed to evaporate slowly to crystallize the
product.[207] The final product was obtained as white crystals (4.5 g, 10.8 mmol) in 48.2
% yield. 'H NMR (500 MHz, CDCl3) § (ppm): 7.7 (s, 2H, CH=C—(COO),), 7.4 (s,
4H, Ar-H), 4.2 (q, 8H, -O—CH>-), 1.2 (m, 12H, -O—CH,-CH3). 3C NMR (125 MHz,
CDCl3) 6 (ppm): 164.5 (-COOCH;), 142.7 (-CH=C-(COO),), 132.6 (Ar C), 130.1
(-CH=C-(COO0),), 127.4 (Ar CH), 60.2 (-O-CHz-), 14.0 (-O-CH;-CH3). FTIR
(thin film, cm™'): 774 (m, p-substitution), 1200 (s, C-0), 1443 (m, C=C, Ar), 1487 (w,
C-H), 1626 (m, C= C), 1718 (s, C=0), 2875 (w, C-H), 2976 (m, C-H).

2.3.5 Synthesis of Benzylcarbonyl hydrazide (BzCH)

A solution of methyl benzoate (8.0 g, 58.8 mmol) and hydrazine hydrate (17.6 g, 352.4
mmol) in THF (50 ml) was refluxed for 6h. The resulting solution was concentrated by
rotary evaporation and the residue was poured into distilled water (100 ml). The product
obtained was repeatedly washed with distilled water. The white solid obtained was dried
under vacuum before characterization. Yield: 85.0% 'H NMR (500 MHz, CDCl3) § (ppm):
7.9 (s, 1H, -NH), 7.7 (d, 2H, Ar H), 7.5 (m, 1H, Ar H), 7.4 (t, 2H, Ar H), 4.1 (s, 2H, -
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NH2).13C NMR (125 MHz, CDCl3) § (ppm): 168.7 (-C=0), 132.6 (Ar C), 131.8 (Ar C),
128.7 (Ar C), 126.9 (Ar C), FTIR (thin film, cm™'): 751 (m, C-H bend.), 1556 (m, N-H
bend), 1612 (m, N-H bend), 1660 (s, C=0).

2.3.6 Synthesis of laurylcarbonyl hydrazide (LCH)

A solution of methyl laurate (1 g, 4.67 mmol) and hydrazine hydrate (1.40 g, 28 mmol) in
dry THF (10 ml) were refluxed for 8h. at 60 °C. The product obtained was precipitated and
repeatedly washed with distilled water. The white solid obtained was dried under vacuum
before characterization. Yield: 84.0% "H NMR (500 MHz, CDCl3) § (ppm): 6.75 (s, H,
-NH), 2.19 (t, 2H, —CH»(CO)), 1.6(m, 2H, —-CH,-CH;—-(CO-)), 1.25 (m, 2H, CH;), 0.8
(t, 3H, CH3), >C NMR (125 MHz, CDCl3): § (ppm) 174.5 (-CO), 35.9 (- CH,CO"), 32
(-CH;-CH;-CH3-), 30 (-(CHy)6—), 27.1 (-CH,—-CH,-CO), 24.1 (-CH,-CH3-),
15 (-CH3).FTIR (thin film, cm~"): 729, 718 (m, C—Hjy,bend), 1451 (s, C-H, bend), 1535(s.-
NH bend), 1626 (s, -C=0 str.), 2849, 2919 (m, C-H str.), 3315 (s, -NH). HRMS (ESI-TOF)
m/z: [M + H] Calcd for [C12H26N20O] 215.2123. Found 215.2101.

2.3.7 Synthesis of p-butoxy-benzylcarbonyl hydrazide (BCH)

A solution of methyl 4- hydroxy benzoate (5 g, 32.89 mmol), potassium carbonate (45.39
g, 328.94) and 1-bromobutane (11.26 g, 82.18 mmol) in DMF (50ml) were refluxed for 8
h and got methyl 4-butoxybenzoate. Then the solution of 4-butoxybenzoate (2.8 g, 13.46
mmol) and hydrazine hydrate (4.03 g, 80.6 mmol) in THF (50 ml) was refluxed for 6h. The
resulting solution was concentrated by rotary evaporation and the residue was taken into
distilled water (100 ml). The precipitate settled at the bottom was filtered using Whatman
filter paper (pore size = 11 pum and recrystallized from ethanol/water (50:50, v:v) solution to
obtain the final product as a pale white solid in 65.0% yield. "H NMR (500 MHz, CDCl3)
0 (ppm): 7.7 (d, 1H, Ar H), 7.5 (d, 1H, Ar H), 6.9 (d, 2H, Ar H) 4.2 (t, 4H, —-O-CH;,-),
4.1 (br, 2H, —NH>»), 3.9 (t, 2H, (-O-CH;,-), 1.8 (m, 2H, —CH>-), 1.5 (m, 2H, -CH; —
), 0.96 (m, 3H, -CH3). '3C NMR (125 MHz, CDCl3) § (ppm): 168.0 (-C=0), 161.0 (Ar
(), 128.0 (Ar C), 124.0 (Ar C), 112.0 (Ar C), 68.0 (-O-CH,-), 31.0 (-CH;-CH; — ),
18.0 (- CH,—CH, - ), 13.8 (~CH,—CH3), FTIR (thin film, cm~"): 769 (s, C-H bend.),
1504 (s, N-H bend), 1572 (m, N-H bend), 1607 (s, C=0), 2868 (m, C-H str), 2936 (m, C-H),
3343 (m, N-H). HRMS (ESI-TOF) m/z: [M + H] Calcd for [C{1H;4N203] 209.1245. Found
209.1290.
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2.3.8 Synthesis of Mono hydrazide Michael Adduct of BCH and DBM
(DBM-BCH)

DBM (1.0 g, 4.0 mmol) and BCH (0.9 g, 4.4 mmol) were dissolved in dry THF (10 mL) and
stirred for 8 h at 25 °C. The solvent was then evaporated under reduced pressure, and the solid
mass obtained was purified by column chromatography using hexanes:ethyl acetate (90:10,
vol:vol) mixture as the eluent. Yield: 60%. '"H NMR (500 MHz, CDCl3) § (ppm): 7.6 (d,
2H,ArH),7.4(d,2H, ArH),7.3 (m,2H, ArH), 7.2 (m, 1H, Ar H), 6.8 (d, 2H, Ar H), 5.7 (d,
1H, -CH-NH-), 4.8 (s, 1H, -NH), 4.1 (m, 4H, -OCH, -CH3), 3.9 (t, 2H, -OCH, -CH3), 3.8
(d, 1H, -CHCO-), 1.7 (m, 2H, -CH, -CH;0-), 1.4 (m, 2H, -CH,—-CHj3-), 1.2 (t, 6H, -CH3),
0.9 (t, 3H, -CH3). '3C NMR (125 MHz, CDCl3): § (ppm) 168.2 (-COO-), 166.8 (-CONH),
162.3 (-Ar CO-), 148.3 (Ar C), 134.0 (Ar C), 130.1 (Ar ), 128.9 (Ar (), 127.5 (Ar C), 124.8
(Ar ), 114.0 (Ar C), 67.8 (-OCH»), 63.7 (-CH-0O), 61.6 (CH-NH), 57.1 (-CH, —(COO-),),
31.1 (-CH,—CHj-), 19.0 (-CH,—CHy-), 13.9 (-CH3). FTIR (cm™'): 768 (m, C-H), 837 (s,
C-H), 1177 (s, C-0), 1573 (m, N-H), 1606 (s, CONH), 1733 (s, -COO-), 2958 (m, C-H),
3299 (m, N-H). HRMS (ESI-TOF) m/z: [M + H] Calcd for [C5H33N»>Og¢] 457.2339. Found
457.2349.
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2.3.9 Synthesis of Bis-Hydrazide Michael Adducts LCH-TPMD-LCH
(L-T-L), BCH-TPMD-BCH (B-T-B), and BzCH-TPMD-BzCH (Bz-
T-Bz)

A typical procedure for L-T-L is described below. TPMD (1.0 g, 2.3 mmol) and LCH (1.0
g, 4.7 mmol) were dissolved in dry THF (10 mL) and stirred for 8 h at 25 °C. The solvent
was evaporated, and the sticky mass obtained was washed with acetonitrile to remove the
unreacted starting material. The white solid obtained was dried under vacuum before further
characterization. Yield: 65%. 'H NMR (500 MHz, CDCl3) § (ppm): 7.4 (s, 2H, (-CO-
NH), 7.3 (s, 4H, Ar H), 4.6 (d, 2H, -CH-NH-), 4.2 (m, 8H, -OCH>), 3.9 (d, 2H, -CH),
3.7 (s, 2H, -CONH-NH), 2.1 (t, 4H, -CH,-CO), 1.5 (m, -4H, -CH,-CH,-CO-), 1.2 (m,
44H, CH3, -CH>), 0.8 (t, 6H, CH3—CH,-). *C NMR (125 MHz, CDCl3): & (ppm) 174.0
(-CONH-), 166.6 (-COO-), 137.92 (Ar C), 128.4 (Ar C), 63.4 (-O-CH;-), 61.6 (CH-NH),
61.1 (-CH-COO-), 56.8 (-CH,—-CO), 34.4 (-CH,—CONH-),), 31.9 (-CH,-CH,-CH3),
29.2 (-CH, —CHy), 25.4 (-CH, —CH, —CO), 22.6 (-CH, —CH3), 13.9 (-CH3). FTIR (cm™):
859 (w, C-H), 1064 (s, C-N), 1208 (s, C-O), 1465 (m, Ar, C=C), 1660 (m, CONH), 1732 (s,
-COO-), 2853 (m, C-H), 2923 (s, C-H), 3287 (m, N-H). HRMS (ESI-TOF) m/z: [M + H]
Calcd for [C46H79N401¢] 847.5796. Found 847.5795. Similarly, B-T-B and Bz-T-Bz were
synthesized by reacting TPMD and BCH or BzCH in suitable molar proportions in THF.

2.3.10 B-T-B

Yield: 69%. 'H NMR (500 MHz, CDCl3) & (ppm): 7.6 (d, 4H, Ar H), 7.3 (s, 4H, Ar H),
6.8 (d, 4H, Ar H), 5.7 (d, 2H, -CH-NH-), 4.8 (s, 2H, -NH), 4.2 (m, 8H, (-OCH,—CHj),
3.9 (t, 4H,-OCH,—CH,), 3.8 (d, 2H, -CHCO), 1.7 (m, 4H, -CH,—-CH,0), 1.4 (m, 4H.-
CH,—-CHz), 1.2 (t, 12H, -CH3), 0.9 (t, 6H, -CH3). '3C NMR (125 MHz, CDCl3): 8 (ppm)
167.8 (-CO0-), 166.8 (-CONH), 162.1 (-Ar C-0), 138.2 (Ar C), 128.7 (Ar C), 124.4 (Ar
C), 114.2 (Ar C), 67.8 (-O—CHy), 62.0 (CH-NH), 61.3 (-CH-COO-), 56.9 (-CH, —(COO),),
30.9 (-CHy—CHy-), 19.1 (-CHy—CHy-), 13.7 (-CH3). FTIR (cm~'): 780 (m, C-H), 840
(s, C-H), 1195 (s, C-0), 1556 (m, N-H), 1607 (s, CONH), 1747 (s, -COO-), 2956 (m, C-H),
3285 (m, N-H). HRMS (ESI-TOF) m/z: [M + H] Calcd for [C44HsoN4O15] 835.4129. Found
835.4131.
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2.3.11 Bz-T-Bz

Yield: 67%. '"H NMR (400 MHz, THF-d8) § (ppm): 8.8 (s, 2H, -CONH), 7.7 (d, 4H, Ar
H),7.5(d, 2H, Ar H), 7.2 (m, 4H, Ar H), 7.1 (s, 4H, Ar H), 4.6 (d, 2H, -CH-NH), 4.1 (m,
8H,0CH, ), 3.7 (d, 2H, -CH-CO-), 1.1 (t, 6H, -CH3), 0.9 (t, 6H, -CH3). '3C NMR (125
MHz, CDCl3) & (ppm): 167.5 (-COO-), 166.4 (-CONH-), 138.5 (Ar C), 132.5 (Ar C), 131.6
(Ar C), 128.6 (Ar C), 126.5 (Ar C), 62.2 (-O-CH,-), 61.6 (CH-NH), 57.0 (-CH-COO-),
13.9 (-CH3). FTIR (cm™'): 695 (s, C-H), 804 (m, C-H), 1233 (s, C-0), 1467 (s, N-H), 1651
(s, Ar, C=C), 1719 (s, -COO-), 3304 (m, N-H). HRMS (ESI-TOF) m/z: [M + H] Calcd for
[C36H43N4010] 691.2979. Found 691.2982.

2.3.12 Synthesis of Cross-Linked Networks of PAHz and TPMD (PAHTD)

Thin uniform films of PAHz (~0.5 g) were dipped in THF:H,O mixture of a particular
proportion (10.5 mL, 97:3 or 95:5 vol:vol) containing a certain amount of TPMD (5-10 wt
%). The cross-linking under heterogeneous conditions was performed at 25 °C for a specific
time period (6 or 12 h). The cross-linked films were then removed from solution and washed
repeatedly in THF to remove unreacted TPMD from the network surface. Subsequently, the
films were dried at 50 °C for 24 h before measuring the mechanical properties. FTIR (thin
film, cm~!): 1017 (s, C-C), 1262 (s, C-0), 1466 (s, C=C), 1725 (s, C=0), 2982 (m, C-H),
3263 (s, NH).

2.3.13 Synthesis of DBM Functionalized PAHz (PAHz-DBM)

A thin uniform film of PAHz (0.5 g) was dipped in THF:H,O mixture (10.5 mL, 95:5,
vol:vol) containing 10 wt % of DBM. The reaction was performed under heterogeneous
conditions at 25 °C for 12 h. The resulting film was removed from solution, washed repeat-
edly with THF, and dried under vacuum at 50 °C for 24 h. FTIR (thin film, cmfl): 1006 (s,
C-0), 1262 (s, C-0), 1450 (s, C=C), 1643 (m, C=C), 1738 (s, C=0), 2922 (m, C-H), 3276
(m, -NH-).
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2.3.14 Determination of TPMD mol % in DCNs

The amount of TPMD in DCNs was calculated by comparing the concentrations of TPMD
in THF:H,O mixture before and after cross-linking reaction. The TPMD concentration was
determined by recording the absorbance value of cross-linking solution at 320 nm using the
UV-vis spectroscopic technique. To maintain the accuracy of calculation, the DCN films
after cross-linking reaction were washed with THF to collect any unreacted TPMD adsorbed
on the film surface, the washings were included in the resulting cross-linking solution, and
subsequently the volume was adjusted by evaporating excess THF under ambient conditions
before recording the UV-vis spectra. The cross-linker mol % values reported are an average
of three experiments.

2.3.15 Reprocessing of DCN Samples

Typical PAHTD strips were dipped in a THF:H,O (95:5, vol:vol) mixture for 3 h. The
softened strips were removed from the liquid mixture, and excess water was removed from
film surface by using tissue paper. The soft DCN strips (water content ~4.0 wt %) were cut
into small pieces. The cut pieces were assembled in an aluminum foil and pressed under a
load of 1 kg for 48 h at 25 °C. The remolded samples were dried at 50 °C for 12 h and used
for mechanical analysis.

2.4 Results and Discussion

To investigate the Michael addition reaction of CONHNH, (donor) with highly activated
double bond (acceptor) and factors that govern the exchange dynamics of donors in adduct,
suitable low molecular weight model compounds were synthesized and studied (Scheme?2.1).
Both LCH and BCH were reacted with TPMD at 25 °C to form the corresponding adducts
(L-T-L and B-T-B). The disappearance of the FTIR band at 1626 cm~! (C=C of TPMD)
and shifting of C=0 (-COOC,Hs) peak to 1747 cm™~! supported the formation of B-T-B
(Figure2.1). The peak at 7.7 ppm assigned to the C=C-H of TPMD disappeared, and the
aromatic peak at 7.4 ppm shifted upfield (~7.3 ppm) in the product (Figure2.2). Likewise,
the peak at 7.7 ppm assigned to the aromatic proton of BCH shifted to 7.6 ppm, and new
peaks at 5.7 ppm (-NHNHCH) and 3.8 ppm (-CHCO) appeared supporting formation of
B-T-B (Figure2.2).
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Figure 2.1: ATR FTIR spectra of BCH, TPMD and B-T-B networks.

In HRMS, the principal peak at 835.4131 accountable to the M + H ion of B-T-B was
found. Likewise, various spectroscopic data supported the formation of hydrazide Michael
adducts (B-T-B and L-T-L). The mono hydrazide Michael adduct (DBM-BCH) was synthe-
sized by reacting DBM with BCH under ambient conditions. Hydrazide Michael addition
of aromatic CONHNH, with mono substituted ester DBM and the exchange of hydrazide
donor in the hydrazide Michael adduct (Scheme2.2). The FTIR band at 1630 cm™! ac-
countable to the C=C of DBM disappeared in the product, and the HRMS data showed a
new peak at 457.2349 for the M + H ion of DBM-BCH (Figure2.3). The 'H NMR spec-
trum displayed new resonances at 3.8, 4.8, and 5.7 ppm for the -CH(CO),, -CHNHNH-,
and -NHCHCH- protons present in DBM-BCH. The rate of hydrazide Michael addition was
tracked spectrophotometrically by periodically recording the concentration of TPMD in the
reaction mixture. TPMD in THF exhibited an absorption maximum at 320 nm, and upon
Michael addition the peak became blue-shifted due to removal of double bonds. These hy-
drazide Michael additions fitted well within the third-order model. The Arrhenius plots of
these hydrazide Michael additions were created by comparing the conversion with reaction
time at various temperatures and fitting the data as per third-order kinetics (Figure2.4).
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ester DBM and the exchange of hydrazide donor in the hydrazide Michael adduct.

Table 2.1: The Ea and AG® data of the hydrazide Michael addition and exchange reactions

Reaction type Reactants Ea“ AGO®P AGY
(method) (kJ/mol) (kJ/mol) (kJ/mol)
Michael addition RCH + TPMD 39.7 -29.7 -23.8
(spectroscopic) BCH + TPMD 45.2 -40.2 -44.3
Exchange Reaction BzCH + B-T-B 93.3 -3.8 -0.8
(chromatographic) BzCH + R-T-R 86.1 -17.6 -21.8

“The values were determined by monitoring the reaction rate experimentally using UV-vis spectroscopic or
HPLC analysis. The value was determined from the equilibrium concentrations of the products and reactants.
“Determined theoretically from DFT analysis. RCH = n-hexyl or lauryl -CONHNH,

The Ea of the hydrazide Michael additions involving BCH and RCH was calculated
to be 45.2 and 39.7 kJ/mol, respectively (Table2.1). The marginally higher Ea value in the
case of the former may be assigned to the ground-state stability of the aromatic CONHNH,
precursor. Intuitively, the Ea values were lower compared to that of the conventional aza
Michael addition (96.0 kJ/mol) system[208] and comparable to that of the system based on
activated acceptors (32.2 kJ/mol) reported earlier.[209] The hydrazide Michael addition of
BCH with monofunctional double bond compound (DBM) was somewhat sluggish (half-life
~175 min), and the Ea value (53.4 kJ/mol) was marginally higher compared to that of the
TPMD-BCH system (half-life ~120 min, Ea = 45.2 kJ/mol) . For exchange reaction; this
minor difference in reactivity of TPMD compared to that of the DBM may be assigned to the
activating effect of para-substituted electron-withdrawing group (-CH=C(COOEt),) present
in the system.
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Figure 2.2: 'H NMR spectra of (A) BCH, (B) TPMD, (C) hydrazide Michael adduct (B-T-B)
of TPMD and BCH, (D) the product formed after treatment of B-T-B with NH,NH, at 25 °C,
and (E) the exchanged product formed after reacting B-T-B with LCH at 25 °C. The peaks
marked with "4" represent the trace amount of BCH released due to the exchange of BCH
with LCH in B-T-B.

The standard free energy change (AG®) for the reactions was calculated experimentally
from equilibrium concentrations and theoretically from DFT calculations (Table2.1). The
experimental AG? value of B-T-B (-40.2 kJ/mol) was higher in comparison with the the R-T-
R (-29.7 kJ/mol) (Table2.1). A relatively higher AG? value of B-T-B recommended that the
possibility of formation of stable adducts with aromatic CONHNH), is higher in comparison
with the aliphatic analogues. The theoretical AG? (kJ/mol) values (B-T-B = -44.3 and R-T-R
= -23.8) supported the experimental data. The exchangeability of these adducts were studied
by treating B-T-B with competitive donors (BzCH or LCH) at 25 °C (Scheme?2.3).

NH,;NH, was chosen as one of the competitive donors as the reagent is easy to separate.
NH,;NH, replaced BCH in B-T-B within 3 h (Figure2.2D). HRMS data of the exchanged
product extracted in ethyl acetate showed the most abundant peak at 209.1297 (M + H),
supporting the release of BCH (Figure 2.5).
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Figure 2.3: (A) ATR FTIR spectra of BCH, DBM-BCH and DBM, (B) HRMS trace of
DBM-BCH.

The arrival of peak traces at 7.7 and 6.9 ppm in '"H NMR spectroscopic analysis sup-
ported the release of BCH and successful exchange (Figure2.2E). Likewise, new signals at
4.1, 6.8, and 7.7 ppm seemed in the 'H NMR spectra of BZCH and the B-T-B mixture, and
the intensity of the signals gradually increased, suggesting gradual formation of -T-Bz link-
age and release of BCH with time (Figure2.6). As anticipated, the product of trans-Michael
addition of BCH with L-T-L consisted of a major fraction of -T-B linkages, whereas no se-
lectivity was found during the exchange of BZCH with B-T-B. This could be assigned to the
higher AG? value of -T-B in comparison with the -T-L linkage (Table2.1).
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and exchange reactions at 25 °C. The ratio between double bond and CONHNH, was main-
tained at 1:1 (mol:mol) for the hydrazide Michael addition. The ratio between CONHNH;
and B-T-B/H-T-H was maintained at 4:1 (mol:mol) for the exchange reactions. (B) The Ar-
rhenius plots of various hydrazide Michael and trans-Michael (exchange) additions, (C) the
energy profile diagram of the hydrazide Michael additions and various trans-Michael ad-
ditions. The Ea and AG values were determined experimentally from UV-Vis and HPLC

analysis

The rates of these exchange reactions were anlyzed by HPLC and '"H NMR analysis,
and the Ea values were found by plotting the data as per reversible pseudo-second-order
kinetics. B-Elimination is probably the rate-determining step in these exchange reactions,
since the AG® values for these hydrazide Michael adducts formation were negative (-29.7 to
-40.2 kJ/mol) (Table2.1,Figures2.6, 2.7, 2.8). Intuitively, the Ea values (aromatic-aromatic
exchange: 93.3 kJ/mol; aromatic-aliphatic exchange: 86.1 kJ/mol) of these exchange reac-
tions supported the above (Table2.1 & Figure2.5).
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Scheme 2.3: Carbonyl hydrazide exchange reactions of BZCH and LCH with B-T-B.
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Figure 2.5: HRMS traces of (A) BCH, (C) B-T-B and exchange products of B-T-B with (D)

BzCH, (B) NH,NH; and (E) LCH.
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The experimental Ea value for the exchange reaction of BZCH with monohydrazide
Michael adduct (DBM-BCH) (91.4 kJ/mol) was analogous to that of the BzCH and bis-
hydrazide Michael adduct (B-T-B) (93.3 kJ/mol) (Table2.1).

EtOOC EtOOC
COOEt COOQEt
+ NHzNHOC—< >-.——- W + NH;NHOC— OC4Hg
NHNH()EI—©—0C4H9 25°eC NHNHOC—@ Q_
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.
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Figure 2.6: 'H NMR spectra of BzZCH, B-T-B, Bz-T-Bz, and mixture of B-T-B and BzCH in
1:4 molar ratio recorded after different time intervals in THF-d8 solvent. The peaks marked
with "x" is assigned to the solvent. The red and green arrows suggest the release of BCH
from B-T-B and formation of Bz-T linkage in situ, respectively. The schematics above shows

the exchange of aromatic donors in the Michael adduct.

2.4.1 DCNs Based on Poly hydrazide Michael Adducts

The model compound study highlighted that the exchangeability rate of hydrazide Michael
adducts based on aliphatic donors (half-life ~ 275 min at 25 °C) is somewhat faster in com-
parison with the aromatic donors (half-life ~ 370 min at 25 °C). Therefore, PAHz having
aliphatic CONHNH; groups was chosen as the polymeric system to synthesize DCNs with
quick self-healing ability (Scheme2.4).
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Figure 2.7: HPLC traces of B-T-B, BzCH and the products obtained after exchange reaction
of B-T-B with BzCH recorded using 20% H2O in acetonitrile as eluent.

Facile synthesis of PAHz from economic starting materials also prompted the use of this
polymer as precursor for DCNs. TPMD was used as the cross-linker for this purpose. The
cross-linking under homogeneous condition in solution was not possible due to the solubility
difference between PAHz and TPMD. PAHz is only soluble in water, whereas TPMD is in-
soluble. Efforts to create a homogeneous solution of PAHz and TPMD in binary solvent mix-
tures (methanol-water and THF-water) were fruitless. Hence, the cross-linking was achieved
under heterogeneous conditions by dipping thin uniform films of PAHz in a THF:water mix-
ture containing a fixed amount of TPMD. PAHz was solvent casted from aqueous solution
into uniform thin films. The films were dipped in a THF:water mixture containing a certain
amount of TPMD (5-10 wt %) to achieve the cross-linking under heterogeneous conditions
(Table2.2).
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Figure 2.8: HPLC traces of blank, DBM-BCH, BzCH, BCH, DBM-BzCH and the products
obtained after exchange reaction of DBM-BCH with BzCH recorded using 20% H;O in
acetonitrile as eluent.

The cross-linking was successful at 25 °C, and the appearance of the FTIR band at
~1725 ecm™! (C=0, ester) supported incorporation of TPMD into the PAHz film. The C=0
band in DCN shifted up field by 7 cm~! in comparison with the TPMD, and the C=C band
at 1626 cm™! disappeared, telling formation of the hydrazide Michael adduct (Figure2.9A).
XPS analyses of the PAHz and resulting DCNs were performed at 90° and 30° incident
angles to gain insight into the cross-linking chemistry (Figure2.9B). New peaks at 289 and
533 eV accountable to C 1s and O 1s, respectively, of the -COO- functionality of TPMD
appeared in the XPS spectrum of PAHTD-4, supporting the incorporation of TPMD moieties
into the network (Figure2.9B).
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Table 2.2: Reaction Condition, Mechanical Properties and Cross-Link Density (d.) Data of
PAHTD DCNs

code? TPMD/  UTS? e (%) E? E'¢ d. x 103 ¢4 TGA®
(mol %)  (MPa) (GPa) (GPa)  (mol/cm®)  (°C)

PAHTD-1 1.2 104+£05 1.7+£01 1.0+0.1 1.6+x0.1 8.0+x04 170
PAHTD-2 1.9 13.0+£0.7 20+£0.1 13+0.1 25+£00 25710 160
PAHTD-3 2.6 156+£09 1.7+0.1 19+0.1 34+01 628+1.38 -
PAHTD-4 3.2 238+1.0 1.6£0.1 25+02 44+0.1 1135+56 170
PAHz - 7.8+£04 1901 07+x0.1 15%0.0 - 100

4 For PAHTD-1 and 2, THF:H20 = 1:0.03 vol:vol; for PAHTD-3 and 4 THF:H20 = 1:0.05 vol:vol; the TPMD
wt % in solution was maintained at 5 for PAHTD-1 and 10 for other networks.” The UTS, & (elongation at
break), and E values were obtained from tensile analysis. “The values were obtained from DMTA analysis.
dThe value was obtained from the rubbery modulus data at 100 °C. “Represents the onset of mass loss in TGA
analysis, and E’ represents the storage modulus value at 30 °C. The reaction time was 6 h for PAHTD-3 and
12 h for other networks. 7 The mol% of TPMD was calculated with respect to the PAHz repeating units (mol)
in the DCNGs.

The intensity of the above peaks gradually increased with increase in extent of cross-
linking. Importantly, the intensities of C 1s at 289 eV and O 1s at 533 eV were higher in
the spectra recorded at 90° compared to that of the 30°, suggesting that the TPMD cross-
linkers are present more toward the bulk than the surface of the films (Figure2.9B). Hence,
the cross-linking reaction was not only limited to the surface of the film, but also occurred in
bulk through swelling of the PAHz film. It is worthwhile to mention that the depth covered
for the data collected at 30° is lower compared to that of the 90°. Likewise, the peak at 402 eV
assigned to the N Is of CONHNH; notably decreased in PAHTD-4, supporting attachment
of TPMD to CONHNHj; and suggesting that the surface is mainly occupied with the TPMD
modified -CONHNH- groups (Figure2.9B). The XPS data are known to provide information
about the surface atomic composition of the samples, and at 90° takeoff angle, most of the
XPS signal originates from a depth up to 7 nm.[210] To further investigate the distribution
of -CONHNH; groups in the DCN films, the atom % of PAHz and the PAHTD DCNs were
analyzed. The calculated N 1s atom % with respect to the peak at 402 eV (-CONHNH>)
in the 30° data (0.6) was lower compared to that of the 90° (Figure2.10). This suggested
that the concentration of free CONHNH, groups increased with the depth of the film. The
XPS data recorded at different depths of a typical PAHTD-4 film by controlled etching of the
film showed a gradual increase in intensity of the N 1s peak at ~402 eV with depth further
supporting the above (Figure2.10). The amounts of TPMD cross-linker (1.2-3.2 mol % of
-CONHNH3) in the DCNs were calculated from the change in concentration of TPMD in
cross-linking solution after reaction (Table2.2). The absorbance of the peak maximum at
320 nm were equated to determine the amount of TPMD consumption.
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Figure 2.9: (A) FTIR and (C) TGA traces of PAHz and the DCNs synthesized under different
crosslinking conditions, (B) The C1s, N1s and O1s XPS spectra of PAHz and PAHTD-4 films

recorded at 90° incident angle.

The average enhancement in weight of the films by ~10 wt % after cross-linking further
supported the quantification data from UV-vis spectroscopy. The mechanical properties of
the PAHTD DCNs were measured, and the effect of d, on tensile data was investigated. The
d. of the PAHTD films was calculated from the rubbery plateau modulus data of the DMTA

analysis using the expression[211]
d.(mol/cm®) = E' /RT 2.1)

where ER’ is the relaxed rubbery modulus in MPa, R is the universal gas constant in MPa, R

is the universal gas constant in J/(mol K), and T is the temperature in K.
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Figure 2.10: The depth profiling XPS data of the PAHTD-4 film recorded at different depths
from the surface. The depths were created by controlled etching of the films using Ar-cluster
ion beam in K-Alpha+ XPS. The atomic % of the N1s peaks at 400.0 and 402.0 eV are

assigned as A and B respectively.

The d. value increased from 0.008 mol/cm?® (PAHTD-1) to 0.113 mol/cm?® (PAHTD-
4) on optimization of the cross-linking condition (Table2.2). The E’ values in the frequency
scans were ~1 order higher compared to the corresponding E'’ values supporting the strongly
cross-linked nature of the networks (Figure2.11A). The water content in THF-water mixture
was limited to 5 vol %, since further increase in water amount precipitated the TPMD. The
DCN (PAHTD-4) synthesized in a solution of THF:water (95:5, vol:vol) and 10 wt % TPMD
exhibited a E’ value of ~4.4 GPa after 12 h of reaction time (Figure2.11B).
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The UTS and E values gradually increased with the increase in TPMD mol % in DCNs
(Figure2.11D). The UTS (~23.8 MPa) and E(2.5 GPa) values of PAHTD-4 were ~3 times
higher compared to that of the PAHz (UTS ~ 7.8 MPa, E =~ 0.7 GPa) (Figure2.11D and
Table2.2). To further support the cross-linked nature of the PAHTD DCNs, the PAHz film

was functionalized with a suitable mono functional control molecule (DBM) possessing one

44

tensile data in C were recorded at 5 mm/min strain rate.

Figure 2.11: (A) Frequency sweep data, (B) DMTA traces and (C) tensile plots of the PAHTD
networks, (D) Effect of crosslinker content on the UTS, E and E’ of PAHTD, (E) the stress
relaxation data and (F) Arrhenius plot of PAHTD-4 created from stress relaxation data. The



activated double bond. The reaction was performed using conditions similar to that of the
synthesis of PAHTD-4 .The FTIR band assigned to C=0 stretching of DBM shifted from
1730 to 1738 cm ™!, and the C=C band at 1630 cm~! disappeared, supporting the function-
alization through hydrazide Michael addition. The amount of DBM in the PAHz film was
quantified based on the UV-vis spectroscopic analysis and determined to be 3.7 mol % of
CONHNHj; groups in the system. The E (0.7 GPa) and UTS values (7.5 MPa) of the DBM
attached PAHz (PAHz-DBM) film were comparable to that of the PAHz precursor (£ ~ 0.7
GPa, UTS =~ 7.8 MPa) and reasonably lower in comparison with the PAHTD-4 (E ~ 2.5
GPa, UTS ~ 23.8 MPa) (Figure2.11C). Furthermore, PAHz-DBM sample disintegrated on
dipping in water for 5 min only, whereas the PAHTD-4 softened on dipping in water for
12 h with no observable cracks on the surface of the film. This observation supported the
cross-linked nature of the PAHTD-4. The T, values of PAHz and the PAHTD DCNs (60-67
°C) were obtained from the tan & traces (Figure2.12A-E). The T, value of PAHTD-1 (60
°C) increased by 14 °C in comparison with the PAHz precursor (46 °C). The T, value of the
DCNss gradually increased to 67 °C with the increase in dc value from 0.008 to 0.11 mol/cm?>.
The T, values of PAHz (50 °C) and PAHTD DCNs (56-60 °C) obtained from the DSC anal-
ysis supported the DMTA data (Figure2.12F). The stress relaxation data of PAHTD-4 were
recorded under variable temperature conditions (Figure2.11E). The Arrhenius plot obtained
from the relaxation times at normalized stress value of 0.37 was linear, suggesting typical
vitrimer behavior (Figure2.11F). The Ea value (109.5 4+ 10.9 kJ/mol) obtained from stress
relaxation data was higher in comparison with the model compound (~86.1 kJ/mol) stud-
ies (Table2.1). The difference between these two data may be attributed to the fact that the
stress relaxation studies were performed in the solid state under a restricted environment,
whereas the model reactions were performed with small molecules in diluted solution.[212]
Interestingly, the nature of stress relaxation curve changed for temperature scans of 50 °C
and above (Figure2.11E). Because the onset of T, peak for PAHTD-4 was observed at ~50
°C, the above change in stress relaxation behavior may be attributed to the combined effect
of exchange reaction and softening of the sample (Figure2.12).

The freezing transition temperature was calculated by extrapolating the viscosity value
up to 10'? Pa-s as reported earlier.[213, 214] The value was found to be -9.2 °C (Figure2.13)
Both the stress relaxation and freezing transition temperature data suggested that this hy-
drazide Michael addition chemistry based thermoset is highly malleable at 30 °C. Impor-
tantly, the DCNs maintained high structural integrity under ambient conditions, and no vis-
ible change in sample configuration of PAHTD-4 was noticeable over 3 months of study
period. The tensile properties also remained unchanged after 3 months of sample prepara-
tion. Several strong DCNs possessing room temperature malleability are already reported in
the literature.[215, 216] The hysteresis behavior of PAHTD-4 under both tension and com-
pression was monitored to understand the performance under load.
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Figure 2.12: Tan 0 versus temperature traces of (A) PAHTD-4, (B) PAHTD-3, (C) PAHTD-
2, (D) PAHTD-1, and (E) PAHz films obtained from DMTA analysis, (F) The second heating
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Figure 2.13: Freezing transition temperature calculation by extrapolating of viscosity value.

The plot corresponds to the relaxation time and temperature values of the stress relaxation
curve of PAHTD-4 at G/G° = 0.37.
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Both the tensile and compressive hysteresis cycles were recorded under similar stress
(~20 MPa) and strain (~0.8-1.0%) conditions (Figure2.14A-B). The loading curves of ten-
sile stress-strain loop revealed a compliant behavior until limiting stress value (20 MPa)
(Figure2.14A).
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Figure 2.14: Hysteresis curves for PAHTD-4 from uniaxial (A) tension and (B) compression
cycles recorded under control stress (20 MPa) mode, (C) compressive stress versus time
profile data of PAHTD-4 for five continuous cycles, the tensile plots of PAHTD-4 after, (D)
immediately removing from the solvent, (E) drying the soaked samples at 50 °C for 12 h, (F)
the UTS values of solvent treated PAHTD-4 samples.

Each loading-unloading cycle was associated with a hysteresis loop and residual strain
up to 0.3%. This trend recommended that the recovery of PAHTD-4 from tensile load is not
quantitative. The residual strain value was maximum for first cycle, and gradually decreased
with the number of cycles. The dissipation energy was calculated from the area under hys-
teresis loop of each cycle. Under tension, the dissipation energy observed for the first cycle
was 71.1 kJ/m?3, which subsequently decreased to 41.3 kJ/m> for the second cycle. The
higher loss in the first cycle in comparison with the subsequent cycles could be attributed to
the change in morphology of the samples under deformation[217] The stress-strain cycles
under compression showed a viscoelastic behavior with significant hysteresis during each
cycle (Figure2.14B). Importantly, the residual strain at the end of each cycle was negligible
unlike the tension data and the unloading cycles almost superimposed upon each other.
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Figure 2.15: The frequency sweep plots of the PAHTD-4 recorded after keeping the network
in THE, pH 4 and pH 7 for 12 h. The samples were removed and dried in oven for 12 h at 50
°C before recording the data.

The dissipation energy value for the first cycle (26.2 kJ/m?) under compression was
reasonably lower in comparison with the tensile cycle (71.1 kJ/m?). This suggested that the
recovery of these DCNs from compressive stress may be superior in comparison with the
tensile stress. The DCNs softened in water because of the presence of hydrophilic PAHz.
A typical PAHTD-4 strip dipped in water for 12 h absorbed up to ~5 wt % of water and
the UTS value (1.7 MPa) decreased by ~93%. The tensile properties (UTS = 19.7 MPa, E
= 2.3 GPa) were retrieved up to 83% on drying the wet film at 50 °C, suggesting that the
absorption of water minimally affected the internal structure of the DCNs (Figure2.14E).
The DCNSs exhibited adequate solvent resistance. Typical PAHTD-4 strips were dipped in
different solvents for 12 h at 25 °C, and the tensile properties were measured. The UTS val-
ues (~14.9-16.2 MPa) of samples recorded instantly after removing from the solvents were
somewhat lower compared to that of the original sample (~23.8 MPa). This minor decrease
in UTS value may be attributed to the presence of moisture in these hygroscopic solvents that
softened the PAHTD-4 film. As anticipated, the tensile properties (UTS ~ 19.6-23.2 MPa)
of the solvent-treated samples after drying became comparable to that of the original film
(Figure2.14 D-E). The E’ values and nature of the DMTA traces of the solvent treated and
subsequently dried films remained identical with that of the original sample (Figure2.14).
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These DCNs showed somewhat higher thermal stability (170 °C) compared to that of the
PAHz (~100 °C) (Table2.2 and Figure2.9C). The weight loss in TGA traces occurred in
three steps with maximum loss occurring between 250 and 350 °C. The loss around 250
°C could be aasigned to the decomposition of labile 3-carbonyl esters present in the TPMD
moiety.

2.4.2 Recyclability and Self-Healing of the Network

These DCNs hold a large concentration of free CONHNH; groups along with the hydrazide
Michael adduct linkages. This accelerated the opportunity of self-healing of damages in the
samples through spontaneous exchange reactions in the bulk of the PAHTD films (Scheme2.4).
To ease the movement of polymer chains and facilitate self-healing, the PAHTD-4 films were
softened by dipping in THF:H,O (95:5, vol:vol) mixture for 3 h.
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Figure 2.16: (A1) PAHTD-4 soft film with a cut made using razor blade, A1l after (A2) 1 h
and (A3) 2 h of self-healing, (B1) as prepared soft PAHTD-4 film, (B2) B1 cut into small
pieces, (B3) reprocessed B2 (the cut pieces were assembled in aluminum foil and pressed
under 1 kg load for 48 h), (B4) flexibility of B3, (B5) B3 after drying at 50 °C for 12 h,
(C) the DMTA data of reprocessed soft and hard PAHTD-4 film, (D) the tensile data of B3
after different self-healing time interval, (E) the tensile data of original and reprocessed hard
PAHTD-4 films (the films were reprocessed in soft state and dried subsequently). (F) the
FTIR data of original and reprocessed film.
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The T, peak at 67 °C disappeared, and the E’ value decreased by 1 order after soak-
ing PAHTD-4 film with water, suggesting softening of the sample (Figure2.14C). The crack
healing of the resulting PAHTD-4 soft thin film (water content ~4.0 wt %) at ambient condi-
tions was monitored under microscope. A thin cut (width ~120 um) created on the surface
of the PAHTD-4 using a razor blade quantitatively healed within 2 h and the damage site was
unrecognizable after this period (Figure2.16A1-A3). The self-healing efficiency was quan-
tified based on UTS analysis. Two PAHTD-4 soft films were end-on overlapped, pressed
under 1 kg load, and allowed to self-heal at room temperature. The UTS value gradually
increased with self-healing period and recovered up to 88% of the original value (1.7 MPa)
after 24 h, suggesting close to quantitative healing (Figure2.16D).
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Figure 2.17: (A) Tensile and (B) DMTA traces of the de-crosslinked PAHTD-4 in NH,NH;
solution after different time intervals. *the values were obtained from DMTA analysis. fthe

value was obtained from the rubbery modulus data at 100 °C.

The reprocessability of these DCNs was accessed by cutting a soft PAHTD-4 film into
small pieces (Figure2.16B1-B2). The cut pieces were assembled in an aluminum foil and
pressed under a nominal 1 kg load at 25 °C. The pieces joined together in 48 h to result in
a flexible continuous film. The E’ value of the reprocessed soft film (0.4 GPa) was compa-
rable to that of the original soft sample (0.5 GPa) (Figure2.16C).The reprocessed film was
subsequently dried at 50 °C for 12 h. Possibly, evaporation of water rebuilt the CO-HN
hydrogen-bonding interactions in the system and stiffened the films. The UTS (19.7 MPa)
and E (~1.9 GPa) values of the resulting film were somewhat lower compared to those of the
original film (UTS ~ 23.8 MPa and E = 2.5 GPa) (Figure2.16E). This suggested that the re-
processability of these DCNs is associated with a minor loss in tensile properties. The minor
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loss in tensile properties during reprocessing could be assigned to the presence of possible
voids created during the molding process by simply assembling the small pieces together.

Importantly, the UTS (19.4 MPa) and E (1.7 GPa) values of the twice reprocessed film
were similar to those of the first reprocessed film (Figure2.16E). The E’ value (3.8 GPa)
of reprocessed and dried PAHTD-4 was comparable to that of the original PAHTD-4 (4.4
GPa) (Figure2.16C). FTIR traces of the original and reprocessed samples were compared to
access possible structural changes occurred during reprocessing (Figure2.16F). The intensity
and positions of critical bands at 1725 and 1262 cm™ '3 accountable to C=0 and C-O bonds
remained unchanged, suggesting the reprocessing has least affected the chemical linkages in
the DCN.
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Figure 2.18: ATR FTIR spectroscopic data for the degradation of PAHTD-4. The network
thin films were dipped in NH,NH, solution (NH,NH>: THF = 1:10, vol:vol) at 25 °C. The
samples were removed from the solution at different time intervals, washed repeatedly in
water and dried before recording the spectra.

These DCNs were depolymerizable in the presence of NH,NH,. The d. of PAHTD-4
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films readily decreased from 0.1 to 0.02 mol/cm?® within 15 min of dipping in NH,NH, so-
lution at 25 °C, supporting depolymerization of the DCN (Figure2.17). The UTS, E/, and E
values became comparable to that of the PAHz film, suggesting release of most of the TPMD
and retrieval of the PAHz film. The FTIR spectroscopic data revealed gradual decrease in
intensity of the C=0 band and removal of TPMD from the matrix (Figure2.18). Overall, both
hydrazide Michael addition of -CONHNH; with TPMD and the corresponding exchange re-
actions are facile under ambient and catalyst-free conditions. The resulting DCNs based on
above Michael addition possess adequate tensile properties and display swift recyclability
and self-healability at ambient temperature conditions. Due to the above, the DCNs are an-
ticipated to show sustainability and long self-life. In future, this hydrazide Michael addition
chemistry we may use to develop various dynamic thermoplastic elastomers by suitably de-
signing the precursors. This autonomously exchangeable covalent chemistry offers a discrete
advantage over a range of conventional dynamic covalent linkages those typically require cat-
alyst or external stimuli in form of heat or light energy to exhibit dynamic behavior. The fast
exchange dynamics of covalent linkages have already shown promises in various areas like
controlled release,[218] 3D cell encapsulation,[219] biomedical implants,[220]sensing,[221]
and energy storage applications.[222] The swift exchangeability of reported dynamic hy-
drazide Michael adducts may be utilized in future for similar applications.

2.5 Conclusions

The CONHNH; functionality is a suitable donor to form stable Michael adducts with highly
activated double bonds under ambient and catalyst-free conditions. As per the kinetic data,
the adducts based on aromatic CONHNH; are more stable compared to that of aliphatic
analogues. These Michael adduct linkages are spontaneously exchangeable under ambient
conditions. The DCNs derived based on this Michael addition chemistry are cost-effective,
possess adequate strength and modulus, and exhibit recyclability along with self-healing
ability. Advantageously, the cross-linking is effective both under homogeneous and hetero-
geneous conditions. The thermal stability of these networks is up to 170 °C, and this mod-
erate stability is assigned to the heat-sensitive -keto ester linkage present in the samples.
These DCNs display adequate solvent tolerance. NH>NH, may also be used to depolymer-
ize these polyhydrazide Michael adducts. This dynamic Michael addition chemistry is swift,
easy to carry out both under homogeneous and heterogeneous conditions, and may be ex-
tended to develop dynamic polymers targeting controlled release, biomedical, sensing, and
energy storage applications.
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Chapter 3

Catalyst Free Partially Bio-Based
Polyester Vitrimers

3.1 Abstract

Most of the vitrimers based on ester linkages reported so far contain a Lewis acid or a strong
organic base as the trans-esterification catalyst. The recyclability and reusability of these
vitrimers is dependent on the catalyst retention, stability and sintering issues. Herewith, a
set of B-activated ester based vitrimers are described that can be thermally reprocessed at
~150 °C under catalyst free conditions. The relaxation temperature decreases to 110 °C in
presence of Sn(Oct),. Importantly, the precursor of these vitrimers; malonic ester is a cost
effective naturally occurring ester and can be extracted from various fruit juices. As a proof
of concept, polyhydroxyethyl methacrylate is used as the hydroxyl precursor for the synthesis
of vitrimers. These vitrimers show adequate tensile strength (11.3 to 33.0 MPa), elongation
(80 to 290%) and resilience. The materials can be successfully self-healed and reprocessed in
presence of heat without sacrificing the tensile properties. The vitrimers based on Sn(Oct);
show mechanical properties similar to that of the catalyst free analogs and reprocess at ~110
°C. These vitrimers may potentially be utilized for the development of biomaterials, coatings,
hydrogels, adhesives commodity and adhesives plastics in the future.
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3.2 Introduction

Polyester resins are one of the significant industrially important versatile materials ow-
ing to their uses in packaging, apparel, transport, construction, piping, adhesive, marine,
biomedical, electronic devices and aerospace applications.[223, 224] The polyester net-
works are beneficial compared to other conventional thermosets due to the biodegradable
nature of ester linkage.[225]However, the inability of conventional polymer networks to
reprocess have so far restricted their commercial usability. Especially, the recent environ-
mental concerns related to the accumulation of plastic wastes on the planet have delayed
their further development and utilization. The recent prominent discovery of vitrimer have
obtainable the possibility of developing thermally processable and recyclable covalent net-
works based on ester linkages.[226]These materials combine excellent mechanical proper-
ties of conventional thermosets and high temperature malleability of thermoplastics.[227]
The chemical crosslink in vitrimers undergoes exchange reaction at elevated temperature
that permits topology change of the materials leading to processability, reshapability and
remoldability. In addition to the above, the vitrimers are known to display important mate-
rial properties such as self-healability,[228] shape memory ability,[229] adhesiveness[230]
and stimuli-responsibility.[231] Vitrimers based on boronic ester,[232] silyl ether,[233] hin-
dered urea,[234] aminal transamination,[235] dioxa-borolane,[236] carbonate,[237] amine-
urea,[238] oxime-ester[239] and enamine[240] dynamic linkages are described in litera-
ture. Recently, the type and mechanism of bond exchange, mechanical properties, their
usefulness and different functionalities used for vitrimer development are thoroughly elabo-
rated in recently published reviews.[241, 242] Vitrimers have shown potential in the area of
adhesive,[243] tissue engineering,[244] actuator,[245] nanolithography,[246] and coating[247]
for future applications.

A number of vitrimers based on various ester linkages are recently described in lit-
erature. [248, 249] Typically, vitrimers based on dynamic ester linkages possess a trans-
esterification catalyst, such as Ti(OPr)4, Zn(Ac)2, Sn(Oct),, and Zn(acac), or an organic
base, i.e. TBD, DBU, .[250, 251] The temperature of relaxation is maintained above 200 °C
to achieve swift processability.[252, 253] Recently, several activated precursors are designed
and studied to lower the processing temperature of the polyester vitrimers. For example,
lactide based polyesters showed very fast relaxation time under moderate temperature condi-
tion of 140 °C in presence of Sn(Oct);.[254] Similarly, the transesterification of -hydroxy
esters were quantitative within one hour at 150 °C under 5 mol% catalyst loading.[255] In
some cases, the stoichiometry between ester and hydroxyl groups was used as the tool to fa-
cilitate the trans-esterification.[256] However, repeated recyclability of these catalyst based

polyester vitrimers is dependent on the catalyst retention, stability and sintering issues. Addi-
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tionally, some of the trans-esterification catalysts used for these vitrimer synthesis, gradually
evaporate or decompose on heating above 200 °C. Therefore, catalyst free vitrimers based
on ester linkages are necessary for long self-life and potential commercial applications.

Nucleophilic substitution reactions of activated esters possessing a keto or cyano group
at 3 position are known to freely occur compared to that of the conventional esters.[257] For
example, the B-keto esters readily underwent amidation under room temperature conditions
in a fairly short time period.[258, 259] Similarly, the reaction of B-cyano esters with pri-
mary amines was quantitative overnight at moderate temperature (50 °C) conditions.[260]
Importantly, the trans-esterification of -keto esters with primary alcohols are described to
occur at ~110 °C under catalyst free conditions.[261, 262] Recently, we have displayed that
amidation of 3, B’-diester compound is rapid under ambient conditions.[263] We assumed,
the trans-esterification of 8, B’-diesters to be facile and occur under moderate temperature
conditions in presence or absence of a typical trans-esterification catalyst. Diethyl malonate
(DEM) is a low cost B, B’-diester and present in various fruit juices such as pineapple,
guava, and blackberry etc. DEM is already used as a precursor for synthesis of polyesters
in literature.[264, 265] However, vitrimers based on this 3 activated ester have up to now
not been explored in literature to the best of our knowledge. In this report, we have studied
the rate of trans-esterification using DEM as the model compounds under catalyst free con-
ditions. Subsequently, the trans-esterification is observed in presence of §, B’ under mild
temperature conditions. Several vitrimers based on diethyl malonate are designed and man-
ufactured using the above trans-esterification reaction as key reaction and polyhydroxyethyl
methacrylate (PHEMA) as the hydroxyl precursor. The mechanical and thermal properties
of the resulting vitrimers are studied. The processability and recyclability of these vitrimers

are analyzed.

3.3 Experimental

3.3.1 Materials

DEM (SD Fine Chem., 98.0%), n-hexanol (Alfa Aesar, 98.0%), Tin (II) 2-Ethylhexanoate
(Sn(Oct),, >85.0%), 2-Hydroxyethyl Methacrylate (TCI Chemicals, >95.0%), o, o.-Azoiso-
butyronitrile (AIBN, Spectrochem, 98.0%), THF (Qualigens, 99.0%), Methanol (SD Fine
Chem., 99.0%), CDCl3 (Sigma Aldrich, 99.8 atom %D) were used as received.
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3.3.2 Characterization

All 'H and '3C NMR spectroscopic data were recorded in JEOL-400 YH NMR Spectrometer
at 25 °C probe temperature using CDCls solvent. Agilent Accurate-Mass Q-TOF LC/MS
6520 was used to record mass spectra MS (ESI-HRMS) and peaks were given in m/z (%
of basis peak). The FTIR spectra was recorded in ATR mode using Perkin Elmer Spectrum
Two. HS5KL UTM (Tinius Olsen) was used to measure the ultimate tensile strength (UTS)
following Generic Tensile mode at a machine speed of 5.0 mm/min. The samples of width
~4 mm and thickness ~0.8 mm were used during measurements and the average of three
measurements were taken for data representation. The Young’s moduli (£) of the specimens
were calculated from the Hookean region of the tensile trace. DMA Q-800 TA instrument
was used for dynamic mechanical analysis using tension mode and 50 ASTM D4065-01
norm. The rectangular samples of width ~4.5 mm and thickness ~1.0 mm were used for
analysis. For stress relaxation experiment, we have used DMA Q800 under compression
mode. The samples (dimension 10 x 10 x 3 mm?®) were compressed at constant strain of
0.5% and the data was collected after 10 min of temperature equilibration. During data
analysis, the E’ value was normalized first and the activation energy (Ea) was calculated
from the temperature versus relaxation time plot using standard procedure.

3.3.3 Synthesis of hexylmalonate (Exchange Product)

Diethylmalonate (DEM) (0.5 g, 3.1 mmol) and n-hexanol (1.3 g, 12.5 mmol) were taken in
a Round Bottomed Flask for trans-esterification reaction without catalyst at 150 °C for 3 h
or in presence of Sn(Oct),; (62.3 mg, 0.16 mmol) at 100 °C under solvent free conditions
for 5 h. 'H NMR (400 MHz, CDCl3) § (ppm): 4.1 (t, 4H, -COOCH,CH,-), 3.3 (s, 2H,
-CH(COO0);-), 1.6 (m, 4H, -CH,-CH, -CH-), 1.3 (m, 12H, -CH,-CH, -CH, -CH>-), 0.9
(t, 6H, -CH3). '3C NMR (100 MHz, CDCl3): § (ppm) 167.1 (-CO0O-), 65.8 (-O—CH,), 41.8
(-CH-(COO-),), 31.5 (-CH»-), 28.3 (-CH;-), 22.7 (-CH,-), 14.1 (-CH3). FT-IR (cm™'):
726 (s, C-H), 894 (w, C-H), 1149 (s, C-0), 1736 (s, -COO-), 2861 (m, C-H), 2930 (m, C-H),
HRMS (ESITOF) m/z: [M + H] Calculated for [C15H»304] 273.2067. Found 273.2066.

Poly (2-Hydroxyethyl Methacrylate (PHEMA) (M,, = 211000 g/mol) was synthesized
using free radical polymerization of 2-hydroxyethyl Methacrylate utilizing 1 mol% AIBN
initiator following reported procedure.[266]
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3.3.4 Synthesis of polyester networks based on PHEMA & DEM
(PHEMA-DEM-x)

A typical synthesis of polyester based networks is described below. PHEMA (Mn = 211000
g/mol, 1 g, 7.7 mmol with respect to OH group) was dissolved in methanol. To it DEM (0.4
g, 2.5 mmol) was added and mixed thoroughly using a magnetic stirrer. The mixture was
then transferred into Teflon Petri dish. The methanol was evaporated and the solution was
heated at 150 °C for 3 h. Using a similar process, four different networks were synthesized
by varying the molar ratio of [OH] to [COOEt] groups in the crosslinking mixture.

3.3.5 Synthesis of PHEMA-DEM-xC

A set of polyester networks were prepared by adding Sn(Oct), to the mixture of PHEMA
and DEM before crosslinking. The mixture of PHEMA (2.0 g, 15.4 mmol with respect to
OH group), DEM (0.8 g, 5 mmol) and Sn(Oct), (0.1 g, 0.25 mmol) were prepared at 25
°C in methanol. The mixture was stirred for 5 min and the methanol was evaporated under
ambient conditions. The resulting mixture was dried at 100 °C for 4 h in heating oven.
The nomenclature of the networks is PHEMA-DEM-x (catalyst free) or PHEMA-DEM-xC
(possesses 5 mol% of Sn(Oct), with respect to DEM), where x = [OH]/[COOEt] in the
reaction mixture, [OH] and [COOEt] are the molar concentrations of each functionality in
the initial reaction mixture (Table S1).

3.3.6 Calculation of Crosslinking Density (d.)

Crosslinking density was calculated by the following standard procedure available in literature.[267,
268]

d.=E'/RT 3.1

where E’ is rubbery or Plateau Modulus (storage modulus) at 170 °C, "R" = Gas constant in
J/ mol °K and T is the temperature in °K.
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Scheme 3.1: (A) Trans-esterification of model compounds and the synthesis of
PHEMADEM- x vitrimers, (B) the schematic shows the exchange of ester bond under ther-
mal conditions.

3.4 Results and Discussions

DEM was selected as the -activated ester for this purpose, since both the ester functional-
ities present in DEM possess a -C=0 group at the -position. The reaction of DEM with
n-hexanol was performed under solvent free and stoichiometric ((DEM]:[n-hexanol] ~ 1:4,
mol:mol) conditions under temperatures in the range of 120 to 150 °C (Scheme3.1). The
progress of the trans-esterification was observed by "H NMR spectroscopy (Figure3.1A).
A new triplet at 4.1 ppm responsible to -CH,CH;OCO- and multiplet at 1.6 ppm for -
CH,CH,CH,0- in 'H NMR spectrum supported the formation of trans-esterified product.
Similarly, disappearance of peak at 7 61.4 ppm for -OCH,CHj3 and appearance of peak at
65.8 ppm for -OCH,CH,- in '3C NMR spectra suggested successful reaction (Figure3.2).
The HRMS data showed the most abundant peak at 273.2066 amu for the M+H peak of
dihexyl malonate further supporting the trans-esterification. Ethanol evolved from the trans-
esterification reaction continuously evaporated from the reaction mixture due to the volatile
nature and shifted the equilibrium towards the product. The conversion versus reaction time
plots were built at different reaction temperatures to understand the rate of the reaction (Fig-
ure3.1B). The trans-esterification reached equilibrium within 150 min at 150 °C. The rate
constant values were plotted against temperature and the activation energy (Ea) was derived
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from the slope of the Arrhenius plot (Figure3.1C). The Ea value for the catalyst free reaction
was observed to be 110.9 kJ/mol. Similarly, the above trans-esterification was carried out in
presence of 5 mol% Sn(Oct), at reaction temperatures between 70 to 100 °C. The reaction
reached equilibrium within 180 min in presence of Sn(Oct), at 100 °C (Figure3.3).
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Figure 3.1: (A)'H NMR spectra of DEM and trans-esterified product with n-hexanol after
different time interval, (B) the time versus conversion profile of the DEM and n-hexanol
trans-esterification under different reaction temperatures, (C) the Arrhenius plot of the trans-

esterification reaction. “{" the peaks assigned to unreacted n-hexanol present in reaction
mixture.
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Figure 3.2: '3C NMR spectra of Diethylmalonate and n-hexanol without catalyst at different
time interval at 150 °C for kinetics study.

Presumably, the Ea value (79.3 kJ/mol) of the trans-esterification in presence of Sn(Oct),
was lower compared to that of the catalyst free reaction (Figure3.4). The model compound
study shown that the trans-esterification of f3,B’-diesters are swift at 150 °C under cata-
lyst free conditions and the temperature may be further decreased to 100 °C if Sn(Oct), in
small mol% is added to the reaction mixture. A comparatively short reaction time of ~2-3
h also suggested that the resulting vitrimers based on the above ester linkage may be easily
processed at ~150 and 110 °C in absence and presence of Sn(Oct); respectively. A set of cat-
alyst free polyester networks were prepared by using PHEMA as the hydroxyl precursor and
DEM as the crosslinking agent (Scheme3.1B). The molar ratio between -OH (PHEMA) and
-COOQEt (DEM) functionality was varied between 1.5 to 6 (mol/mol) to synthesize four vit-
rimers. Another set of vitrimers were prepared by maintaining the above molar ratio between
-OH and -COOEt and adding 5 mol% of Sn(Oct), with respect to DEM to the crosslinking
mixture.
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Figure 3.3: '"H NMR spectra of Diethylmalonate and n-hexanol at different time interval at
100 °C for kinetics study in presence of 5 mol% Sn(Oct), with respect to DEM.
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Figure 3.4: The conversion plots of the trans esterification of DEM with n-hexanol at 100 °C,
90 °C, 80 °C and 70 °C in presence of 5 mol% Sn(Oct),. The ratio between diethylmalonate

with n-hexanol at 1:2 (mol:mol) for the transesterification reaction, (B) The Arrhenius plots
of transesterification of various temperatures.
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Table 3.1: The mechanical properties data of the synthesized vitrimers in presence and ab-

sence of catalyst

Sample Code [OH]/[ester] UTS € (%) E E' d.*x 103
(mol/mol) (MPa) (MPa) (MPa) (mol/cm?)
Catalyst Free Vitrimers
PHEMA-DEM-1.5 1.5 33.0+14 81+£3 609+21 1112+£11 24+£03
PHEMA-DEM-2 2.0 254+0.6 127+7 513+7 10006 1.0+0.1
PHEMA-DEM-3 3.0 19.2£1.8 20613 467+14 855+23 0.6%0.1
PHEMA-DEM-6 6.0 11313 290+£13 18313 317+9 0.2+0.03
Vitrimers possessing
Sn(Oct),

PHEMA-DEM-1.5C 1.5 30215 76+£5 602+£24 1060+£34 1.1+0.2
PHEMA-DEM-2C 2.0 233+1.1 1128 499+9 97719 0.6+0.1
PHEMA-DEM-3C 3.0 170+ 1.0 205+14 417+15 726+21 0.3+0.1
PHEMA-DEM-6C 6.0 105+0.8 284+14 133+13 300£10 0.2+0.05

*the value was determined form the DMTA data by considering the rubbery plateau modulus values at 170
°C, the UTS, elongation at break (€) and E values were determined from tensile analysis at room temperature

conditions, the E’ value was determined from DMA analysis.

The resulting networks were dipped in methanol for 12 h at 30 °C to remove the sol-
uble fraction. The mass loss was restricted to < 5 wt% only, suggesting the crosslinking is
efficient in these systems. The networks were dried under reduced pressure condition and
subsequently the mechanical properties on thin films were recorded. The € (76-284 %) and
E values (133-602 MPa) of the catalyzed networks were also comparable to those of the
catalyst free networks (€=81-290%, E=183-609 MPa) suggesting networks with similar me-
chanical properties may be prepared using catalyzed or catalyst free conditions (Table3.1).
The modulus versus frequency scans of the catalyst free vitrimers revealed that the stor-
age modulus (E’) values (317-1112 MPa) are substantially higher compared to that of the
loss modulus (E) (90-200 MPa) (Figure3.5C). This supported that the network samples are

crosslinked in nature.[269]

The E' versus temperature and the Tan § traces for the vitrimers were got from the
DMTA analysis (Figure3.5B). The onset of the Tan 0 peak shown the relaxation temperatures
of these networks. The PHEMA control displayed a broad transition with the onset of Tan
0 peak at ~ 65 °C and the peak maximum at 107 °C. The onset values shifted to higher
temperature after crosslinking and the values for the catalyst free networks were observed at
~95-115 °C and the corresponding Tan & peaks were obtained in the range of 120-130 °C
(Figure3.5B). The crosslink density (d.) values were calculated from the plateau modulus
data at 170 °C (Table3.1). Presumably, the network (PHEMA-DEM-1.5) synthesized using
maximum DEM displayed highest d,. value (2.4 x 107> mol/cm?). The d,. values gradually
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decreased to 0.2 x 10~ mol/cm? on increasing the molar ratio of OH:COOEt in the networks
(Table3.1).
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Figure 3.5: (A) The tensile, (B) E’ versus temperature and Tan § versus temperature, (C)
E' versus frequency plots of PHEMA-DEM-x networks, (D) the tensile hysteresis data of
PHEMA-DEM-1.5 under constant stress mode.

The networks showed vitrimer behavior and exhibited stress relaxation ability at high
temperature. The stress-relaxation plots were found for PHEMA-DEM-1.5 in the tempera-
ture range of 130 to 170 °C and the Arrhenius plot was created from the time corresponding
to the G/Gq value of 0.37 for each temperature scan (Figure3.7A-B). The Ea value (112.0
kJ/mol) got from the stress relaxation data was comparable to that of the model compound
study (110.9 kJ/mol). Similar trend for vitrimers is already reported in literature.[270] The
stress relaxation data of other catalyst free compositions (PHEMA-DEM-2 and PHEMA-
DEM-3) were also recorded and the Arrhenius plots were created to determine the values of
Ea. Overall, the Ea values of catalyst free networks were observed in the range of 108.1 to
106.3 kJ/mol (Figure3.8 & Figure3.9). resumably, the onset of Tan 6 peaks for the networks
based on Sn(Oct), were obtained at lower temperatures (~ 85 °C) compared to that of the
catalyst free networks (95-115 °C) (Figure3.6B).
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Figure 3.6: (A) Tensile and (B) E’ versus temperature and Tan § versus temperature traces
of vitrimers synthesized in presence of 5 mol% of Sn(Oct), with respect to DEM.
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Figure 3.7: (A) The stress relaxation plots of (A) PHEMA-DEM-1.5 and (C) PHEMA-DEM-
1.5C under different temperature conditions, the Arrhenius plots for (B) PHEMA-DEM-1.5
and (D) PHEMA-DEM-1.5C constructed from stress-relaxation data.
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Figure 3.8: (A) The stress relaxation plots of PHEMA-DEM-2 under different temperature
conditions, and (B) the Arrhenius plot constructed from stress-relaxation data.
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Figure 3.9: (A) The stress relaxation plots of PHEMA-DEM-3 under different temperature
conditions, and (B) the Arrhenius plot constructed from stress-relaxation data.

The Tand peak maxima (110-121 °C) of catalyzed networks were also lower compared
to that of the catalyst free networks (120-130 °C). Interestingly, the d. values of catalyzed
networks (1.1 to 0.2 x 10~3 mol/cm?) were somewhat lower compared to that of the catalyst
free networks (2.4 to 0.2 x 1073 mol/cm?) (Table3.1), which may be attributed to the lower
crosslinking temperature in case of the former. The stress relaxation plots of catalyst based
network (PHEMA-DEM-1.5C) were recorded in the temperature range of 110 to 150 °C.
The sample relaxed under low temperature conditions compared to that of the catalyst free
samples (Figure3.7A-C). The Arrhenius plot was built to obtain the Ea values (82.5 kJ/mol)
(Figure3.7D). The value was in agreement with that of the model compound study (79.2
kJ/mol) in presence of catalyst and lower compared to that of the catalyst free sample (112.0
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kJ/mol). The above data suggested the model compound study and recommended that the
networks possessing Sn(Oct), may be processed at lower temperature compared to that of
the catalyst free samples.

The self-healing capability of the vitrimers under thermal conditions were accessed by
laterally overlapping two thin strips of PHEMA-DEM-1.5 and heating the sample at 150 °C
for 4 h under 10 kg load. The UTS value of the healed strips (29 MPa) recovered up to 91%
compared to that of the original film (32 MPa) telling efficient healing (Figure3.10B). The
E' versus temperature traces and the E' versus frequency scans of the original and healed
films were also similar further supporting the above (Figure3.10C-D). The crack healing of
the samples was checked under microscope at 150 °C.

r~

(it
\

Original Al, Ohc iﬁ 2h
e A A Crack

A3s Sh_ Ad4e

\

104 Original Self-Healed

35

_ 10¢ —Original ~ _ —FE' - E:r
- — Self- = |—E" o

o 25 = Self-Healed A 103 i
= a10? <

7)) 15 a 102" ——
0 -

© 5l —self-Healea' = 1 D

b 10

0 20 40 60 80 40 80 120 160 O 20 60 = 100
Elongation (%) Temperature (°C) Frequency (Hz)

Figure 3.10: Initial PHEMA-DEM-1.5 film, (A2) Cut made by razor blade on Al surface,
(A3) A2 after 2 h of self-healing, (A4) A2 after 5 h of self-healing, (B) tensile data, (C)
DMTA data, and (D) Frequency sweep data of original and self-healed PHEMA-DEM-1.5
film.

A thin cut made on a uniform film of PHEMA-DEM-1.5 using a razor blade gradually
healed with time under a temperature of 150 °C and the cracked spot was unrecognizable
after 5 h (Figure3.10A1-A4).

The topology changes and reprocessability of these vitrimers was accessed under ther-
mal conditions. Small pieces of PHEMA-DEM-1.5 were assembled and compressed under
40 kg load at 150 °C for 5 h. The pieces reintegrated and made a continuous film (Fig-
ure3.11A1-A3). The reprocessed films recovered up to 90% of the original UTS value and
the E' value (~ 1000 MPa) became similar to that of the original sample (Figure3.11C-D).
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Figure 3.11: (A1) Original PHEMA-DEM-1.5 film, (A2) A1 cut into small pieces, (A3) A2
after 150 °C for 5 h under 40 kg load, (B) tensile traces, (C) DMTA plots, and (D) frequency
sweep data of original and reprocessed film.
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Figure 3.12: (A) The stress relaxation plots of reprocessed PHEMA-DEM-1.5 under dif-

ferent temperature conditions, and (B) the Arrhenius plot constructed from stress-relaxation
data.

However, the crosslink density value (1.0 x 10~3 mol/cm?) of the reprocessed films was
lower compared to that of the original sample, which may be attributed to the inefficient way
of reprocessing the sample by simply pressing the small pieces under load. Using appropriate
tools, the crosslink density of reprocessed films may be better-quality further. Overall, the
study supported that these vitrimers may be efficiently reprocessed and self-healed at 150 °C

with retention of mechanical properties.
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Figure 3.13: (A) The stress relaxation plots of reprocessed PHEMA-DEM-2 under different
temperature conditions, and (B) the Arrhenius plot constructed from stress-relaxation data.
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Figure 3.14: (A) The stress relaxation plots of reprocessed PHEMA-DEM-3 under different
temperature conditions, and (B) the Arrhenius plot constructed from stress-relaxation data.

The reprocessed samples also showed stress relaxation behavior under high temperature
condition. The Ea values of the reprocessed catalyst free networks were in the range of
110.3 to 104.5 kJ/mol(Figure3.12,3.13 &3.14). Similarly, the vitrimers (PHEMA-DEM-
1.5C) possessing Sn(Oct), was cut into small pieces and pressed under 40 kg load at 110 °C
for 4 h. The pieces joined together to form a continuous film. The tensile and DMA data
of the reprocessed films were compared to that of the original samples. The UTS and F'
values recovered up to ~95 and 97% respectively after reprocessing. This suggested that the
catalyzed vitrimers are successfully reprocessable at relatively low temperature (110 °C).
Overall, the study exposed that DEM is an effective crosslinker for synthesis of polyester
vitrimers based on PHEMA. In absence of catalyst, the processing temperature is ~150
°C and the temperature can be brought down to 110 °C by adding Sn(Oct), in small mole
fraction. In both the cases, the reprocessing is efficient and the mechanical properties are
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regained in the reprocessed samples.

3.5 Conclusion

Trans-esterification of -activated esters is swift under catalyst free conditions at 150 °C.
The rate may further be increased and the trans-esterification temperature can be decreased to
100 °C by using Sn(Oct), as the catalyst in small amount (5 mol%). The trans-esterification
chemistry based on 3 activated esters may be applied to synthesize catalyst free vitrimers.
These vitrimers are readily reprocessable and self-healable under thermal conditions with
retaining of mechanical properties. In presence of a small amount of Sn(Oct),, the process-
ability temperature may be further decreased to 110 °C. Both catalyzed and catalyst free
procedures may be applied to synthesize vitrimers with comparable mechanical properties.
The hydroxyl precursors may be altered and a range of catalyst free vitrimers may be synthe-
sized using DEM as the crosslinking agent for future uses. In future, the polymeric precursor,
i.e. PHEMA may be substituted with a small molecular weight multihydroxy precursor to
develop fully degradable and recyclable vitrimers. The usefulness of these developed vit-
rimers may be explored in the area of coatings, adhesives, hydrogels, synthetic fabrics and
biomaterials in future.
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Chapter 4

Solvent Processable and Recyclable
Covalent Adaptive Organogels Based on
Dynamic Trans-Esterification Chemistry:
Separation of Toluene from Azeotropic
Mixtures

4.1 Abstract

New covalent adaptive networks (CAN) holding processability and recyclability to mono-
mer are desirable, as an alternative to traditional plastics to address the issues related to
the plastic waste. Moreover, the conventional polymeric networks are usually insoluble in
organic solvents. Herewith, we report a set of CANs those can be dissolved in an alcoholic
solvent via reactive depolymerization and fully recycled to the monomer. In this study, we
have used trans-esterification of a-substituted ,’-diesters with multi-hydroxy compounds
under moderate temperature conditions (110-140 °C) to develop a set of polyester based
CANs. The synthesized CANs showed ultimate tensile strength (UTS) and elongation at
break value up to ~1.1 MPa and ~595% respectively. The CANs displayed thermal stability
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up to 215 °C. The films were stable under acidic as well as basic conditions. These CANs
readily depolymerized and dissolved in an alcoholic solvent at ~120 °C within 15 h through
competitive trans-esterification with the solvent. The films restructured on evaporation of
the solvent followed by curing at 140 °C. The reprocessed CANs showed UTS (~1.0 MPa)
and Young’s modulus (~1.8 MPa) comparable to that of the original samples. Due to the
simplicity of synthesis, solvent processability, recyclability, economically reliable starting
material and moderate processing temperature, these polyester CANs may be appropriate
for various commercial applications. The CANs rapidly and selectively absorbed aromatic
compounds compared to that of the other organic solvents and swelled by ~750 wt% in
toluene within 90 min. This property was used to efficiently separate aromatics from various
azeotropic mixtures involving toluene, methanol and water.

4.2 Introduction

Crosslinked polymeric networks having dynamic covalent linkages capable of undergoing a
reversible exchange reaction in presence of external stimuli is an important area of research
in materials science.[271, 272] These covalent adaptable networks (CAN) or dynamic co-
valent networks are able to match the mechanical properties,[273] thermal stability,[274]
solvent resistance[275] and overcome the concern of nonprocessability[276] associated with
the conventional thermosets. The dynamic covalent linkages present in these CANs un-
dergo rapid exchange reaction when triggered by external stimuli such as temperature,[277]
light,[278] solvent[279, 280] and reagent.[281] This permits the change in topology of CANs
and reprocessability of the samples under specific conditions.[282] Therefore, the CANs
are favorable candidates for a range of applications with recyclable commodity plastics,
[283] self-healing materials, shape memory polymers,[284, 285] reversible adhesives,[286]
actuators,[287] and coatings.[288] Several functional linkages including Diels-Alder adduct,
[289] imine,[290] Michael adduct,[291] amides,[292] hydrazones,[293, 294] urethane,[295,
296] disulfide linkages,[297] vinylogous urethanes,[298] carbonates,[299] and boronate es-
ters [300] are successfully studied as the dynamic linkages in CANs. Some of the CANs have
also shown the capability to recycle back to the monomers under specific conditions.[301]
Recyclability permits swift degradation of the CANs via depolymerization to the correspond-

ing monomeric precursors.

Hydrogels and organogels based on dynamic covalent linkages are an important class
of materials.[302, 303] Such gel systems have showed self-healing ability,[304] respon-
siveness, [305] and dynamic control of morphology[306] and are studied for potential use
in drug delivery matrix,[307] scaffold for polymerization,[308] stem cell culture,[309] in-

72



jectable hydrogels,[310] strain sensors,[311] and burn wound healing.[312] Efforts have
been made to tailor the stiffness of the hydrogels via control of the crosslink using light
as the stimulus.[313, 314] Recently, small molecule based stimuli responsive reversible hy-
drogels were established based on amine-formaldehyde chemistry.[315] Therefore, design
of new organogel systems based on dynamic covalent linkages are necessary for various
material applications.

Among the several reported CANs, dynamic polyesters with a wide range of me-
chanical properties are one of the widely studied class of CANs due to their potential ap-
plications in numerous areas.[316, 317] Typically, a trans-esterification catalyst such as
Zn(acac)y,[318] Sn(Oct),,[319] or Bronsted acid[320] is used to improve the efficiency of
exchange reaction in these CANs. A range of precursors are designed and applied for de-
velopment of dynamic ester based networks in literature.[321, 322] Recently, we have used
the B,B’-diesters as the activated precursors to develop catalyst free polyester vitrimers.[323]
The 8,B'-diesters having no substituents in the o position reached trans-esterification equi-
librium within 3 h at 100 °C in presence of 5 mol% Sn(Oct);. However, substituents at
o position is essential to increase the number of ester functionalities and enhance the ver-
satility of the precursor. Furthermore, multi-functional ester precursor will permit the use
of low molecular weight hydroxyl precursors and development of completely recyclable
polyester CANs. In this report, we have discussed the effect of o substitution on the rate
of trans-esterification of 8, B’-diesters using o alkyl substituted 3,’-diesters as the model
compounds using Sn(Oct), as the trans-esterification catalyst under moderate temperature
conditions. Subsequently, several CANs are designed and prepared applying the above trans-
esterification reaction as the key reaction. The thermal and mechanical properties of the re-
sulting CANs are studied. The solvent processability and recyclability of these CANs are
evaluated. The swellability of these CANs in different organic solvents is assessed and sub-
sequently, the CANs are used to separate aromatics from azeotropic mixtures under ambient
conditions.

4.3 Experimental

4.3.1 Materials

a-Butyl diethylmalonate (BEM, TCI Chemicals, >99.0%), n-Hexanol (Alfa Aesar, 98.0%),
Tin(I) 2-Ethylhexanoate Sn(Oct);, TCI Chemicals, >85.0%), 1,6-Dibromohexane (Avra
Synthesis, 98.0%), Diethyl malonate (DEM, s-d fine chem., 98.0%), Potassium carbonate
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anhydrous (Fisher Scientific, 99.0%), Acetonitrile (Merck, 99.0%), Ethyl acetate (Fischer
Scientific, 98.0%), Sodium sulphate anhydrous (Finar Chemicals, 99.0%), Triethanolamine
(TEA, s-d fine chem., 99.0%), Pentaerythritol (PTE, Himedia Laboratories, >98.0%), Poly
(tetramethylene oxide) diol (PTMO, Sigma Aldrich, M,,~ 2900), n-Butanol (Nice Chemi-
cals, 99.0%), Deionized water collected from Pure Lab-ALGA water purifier, N,N-Dimethyl-
formamide (DMF, Spectrochem, 99.0%), Dimethyl sulphoxide (DMSO, Fisher Scientific,
98.0%), Toluene (Fisher Scientific, 99.5%), Octanol (Merck, 99.0%), Methanol (s-d fine
chem., 99.0%), Acetone (Molychem, 99.0%), CDCls (Sigma Aldrich, 99.8 atom % D) are
used as received unless otherwise stated.

4.3.2 Characterization

The JEOL-400 YH NMR spectrometer was used to record 'H and '3C NMR spectra at 25 °C
probe temperature. The FTIR spectra were performed in a Perkin Elmer Spectrum Two with
PIKE MIRacle single reflection horizontal ATR accessory. Agilent Accurate-Mass Q-TOF
LC/MS 6520 was used for recording the ESI-HRMS mass spectra and peaks were assigned
as m/z values (% of base peak). The ultimate tensile strength (UTS) of polymer films were
measured by H5KL, Tinius Olsen machine under Generic Tensile mode using rectangular
film specimens of width ~5 mm and thickness ~0.8 mm. The tensile data was recorded at
~25 °C under 5.0 mm/min machine speed. For representing the data, we have taken the aver-
age of three measurements. The Young’s moduli (E) were calculated from the linear region
of the tensile traces. The dynamic mechanical analyzer (DMA) was performed on DMA
Q-800 TA instrument using tension mode and 50 ASTM D4065-01 procedure. The stress
relaxation experiments were performed at constant strain value of 0.5% under compression
mode and the data was collected after 10 min of the equilibrium. After normalization of
the modulus, the activation energy was calculated. The width and thickness of the speci-
men rectangular samples were ~5 and ~0.8 mm respectively. Thermal gravimetric analysis
(TGA) was carried out in TGA PT 1000, Linseis under N, atmosphere. For TGA, 15 mg of
powdered samples were heated up to 700 °C at 10 °C/min ramp. DSC 4000 Perkin Elmer
instrument was used for the recording of differential scanning calorimetry (DSC) data under
N, atmosphere (50 mL/min). During measurement, finely powdered sample was taken in an
aluminum foil and heated from 0 °C to 180 °C at a rate of 10 °C/min. After cooling to 0 °C,
the sample was again heated to 180 °C to find glass transition temperature (T,) values. For
recording the Ultraviolet-visible (UV-Vis) spectra, UV-VIS 3200 instrument (Lab India) was
used and the data were collected at 1 nm/min scan rate.
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4.3.3 Synthesis of tetraethyl octane-1, 1, 8, 8-tetracarboxylate (TEOC)

Diethyl malonate (20.0 g, 125.0 mmol), 1,6-dibromohexane (7.6 g, 31.3 mmol) and anhy-
drous potassium carbonate (25.8 g, 186.9 mmol) were added to 150 mL acetonitrile and
the mixture was allowed to reflux for 18 h. The reaction mixture was cooled to room tem-
perature, the solvent was evaporated and the residue was poured in to water. The prod-
uct was extracted with ethyl acetate. The organic fraction was washed with water for two
times and dried over anhydrous sodium sulphate. The excess diethyl malonate was removed
under low pressure conditions at 140 °C. 'H NMR (400 MHz, CDCl3) & (ppm): 4.2 (q,
8H, -OCH,-CH3), 3.3 (t, 2H, -CH(COO);-), 1.8 (m, 4H, -CH,-CH>-), 1.3 (m, 4H, -
CH,-CH,—CH,), 1.1 (t, 12H, -CH3)."3C NMR (100 MHz, CDCl; § (ppm): 169.8(-COO-
), 61.3 (-O-CHy), 52.3 (-CH-(COO-),), 29.0 (-CH;-), 27.4 (-CHy-), 13.9 (-CH3). FTIR
(cm™1): 786 (m, C-H), 860 (s, C-H), 1175 (s, C-0), 1729 (s, -COO-), 2860 (m, C-H), 2935
(m, C-H).

4.3.4 Synthesis of butyl hexylmalonate (BHM)

a-Butyl diethylmalonate (BEM, 0.5 g, 2.3 mmol) and n-hexanol (0.9 g, 9.2 mmol) were
taken in a round-bottomed flask and 5 mol% of Sn(Oct), (46.8 mg, 0.11 mmol) with respect
to BEM was added to the above mixture at 140 °C. The reaction was carried out under
solvent free conditions for 5 h. The product was directly used for characterization without
any further purification. "H NMR (400 MHz, CDCl3) § (ppm): 4.1 (q, 4H, -COOCH,CH,-),
3.3 (t, 2H, -CH(COO);-), 1.9 (m, 6H, -CH, -CH,—-CH-), 1.6 (m, 12H, -COO-CH, -CH>-
), 1.3 (m, 4H, -CH,—CH,-CH>), 0.9 (t, 9H, -CH3).'3C NMR (100 MHz, CDCl3) § (ppm):
169.8 (-COO-), 65.6 (-(COO); —CH, -CHy), 52.2 (-CH-(COO-),), 31.40 (-CH,-CH;-),
28.6 (-CH,—CH>-), 25.7 (-CH,—CH,-), 22.4 (-CH,—CHj3), 13.9 (-CH3). FTIR (cm™'):
796 (s, C-H), 890 (s, C-H), 1157 (s, C-0), 1734 (s, -COO-), 2860 (m, C-H), 2931 (m, C-H),
HRMS (ESI-TOF) m/z: [M + H] Calculated for [C19H3604] = 329.2693. Found 329.2681.

4.3.5 Synthesis of TEOC based CANs

TEOC (2.0 g, 5.0 mmol), PTE (0.8 g, 6.0 mmol) and Sn(Oct), (0.2 g, 10 mol% with respect to
TEOC) were taken in a R.B flask and heated at 140 °C for 8 h. Then the mixture was poured
into a Teflon petri dish and kept for 12 h in vacuum oven at 140 °C for curing purposes.
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Table 4.1: The mechanical properties data of the synthesized vitrimers in presence and ab-

sence of catalyst

Code Multi-ol TEOC Multi-ol
(mmol) (mmol)
TEOC-PTE PTE 4.97 5.96
TEOC-TEA TEA 4.97 5.97
TEOC-PTMO PTMO 4.97 2.76
TEOC-PTMO-PTE* PTMO/PTE 4.97 6.00

*PTMO:PTE = 1.2:4.8 (mmol:mmol), #10 mol% of Sn(Oct), with respect to TEOC was used in all the cases
and the reaction temperature was 140 °C.

4.3.6 Degradation and reprocessing of the CANs

Small pieces of the CANs (5.0 g) were taken in a round bottom flask with n-butanol (20
mL) and refluxed at 120 °C for 15 h. The strips dissolved and a homogeneous solution was
obtained. Subsequently, the solvent was evaporated and the mass was incubated at 140 °C

for 12 h in vacuum oven to reform the networks.

4.3.7 Swelling ratio of the samples

Different CAN (TEOC-PTE, TEOC-TEA, TEOC-PTMO, TEOC-PTMO-PTE) films (100
mg) were occupied in organic solvents, e.g. toluene, octanol, acetone, DMF and methanol
and water. The weight gain was measured after different time intervals by gravimetric
method till saturation. The swelling ratio was calculated using the following equation;

Final Weight — Initial Weight

Weight Swelling Ratio =
elgnt Swetling raro Initial Weight

x 100% 4.1)

4.3.8 Separation of toluene from azeotropic mixtures by CANs

The binary (toluene:methanol = 1.15:0.38, vol:vol) and ternary azeotropes (toluene:methanol:
water = 1.15:0.19:0.06, vol:vol) were prepared following reported procedures.[324, 325]

76



Model compound study
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Scheme 4.1: Trans-esterification of model compound and synthesis of polyester based CANs
using TEOC and different multi-ols

TEOC-PTMO-PTE strip (200 mg) was dipped in the above azeotropic mixtures. The strip
was removed after regular time intervals and the absorbance of the peak at 260 nm in UV-Vis
spectra of the azeotropic mixture was examined to determine the concentration of toluene.
To check reusability of the CAN film, the soaked TEOC-PTMO-PTE film was heated at 110
°C for 1 h to evaporate the solvent. The dry TEOC-PTMO-PTE film was again dipped in
a fresh azeotropic mixture and the toluene absorption efficiency was monitored. The above
process was carried out for five consecutive cycles of soaking and drying.

4.4 Results and Discussion

4.4.1 Study of model compounds

BEM possessing structural similarity to that of the polymerizable tetraester (TEOC) was

chosen as the model compound.
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Figure 4.1: (A-B) "H NMR and (C) '3C NMR spectra of the precursor and reaction mixture
recorded at different time intervals, the reaction of BEM and n-hexanol was conducted in
presence of Sn(Oct); at 140 °C, the peak marked with “¢” represents the amount of n-hexanol
present in the reaction mixture. The schematic on top of the figure displays the exchange of
ethoxy moiety with n-hexyloxy group in the ester.

The rate of trans-esterification with n-hexanol was studied in presence of Sn(Oct);
(Scheme4.1). At 140 °C, the trans-esterification reaction appeared equilibrium within 2 h in
presence of 5 mol% Sn(Oct), under solvent free conditions. In 'H NMR spectra, the intensity
of quartet at 4.2 ppm for -COOCH,CH3; slowly decreased and new multiplets at 4.1 and 1.6
ppm accountable to -COOCH;CH>- and -COOCH,CH3- of the product appeared suggest-
ing successful exchange of ethoxy moiety with n-hexyloxy group in BEM (Figure4.1A-B).
Similarly, a new peak at 65.6 ppm responsible to -COOCH;CH;- appeared and the peak
at 61 ppm for -COOCH;,CHj3 in BEM disappeared supporting the conversion (Figure4.1C).
The principal peak at 329.2681 (M+H) accountable to the exchanged product (BHM) was
observed in HRMS spectra. The conversion of the above trans-esterification was observed
under different temperature conditions (110-140 °C) till equilibrium. The half-lives (t; ») of
the reactions were used to control the rate constant (k) using second order rate equation.

78



100
= | '4.0 B
580 -5.0;
E 60 1
g 40 :—6.0:
>
S 20 -7.0; -
u i

e e e SN -8.0 : . . : .
200 600 1000 1400 1800 240 245 250 2.55 2.60 2.65
Time (min) 1000/T (K1)

Figure 4.2: (A) The conversion plots of the trans-esterification of BEM with n-hexanol at 140
°C, 130 °C, 120 °C and 110 °C. The ratio between BEM and n-hexanol was 1:4 (mol:mol)
for the trans-esterification reaction, (B) The Arrhenius plot of the trans-esterification reac-
tion was constructed by plotting the t; , values under different temperature conditions using
second order kinetics.

The k values were subsequently plotted against the temperature to construct the Arrhe-
nius plot and determine the activation energy (Ea) of the reaction (Figure4.2). The Ea value
of the trans-esterification reaction between a-alkyl substituted [3-B’-diesters and primary
alcohols was around 157.8 + 4.8 kJ/mol.

4.4.2 Synthesis of polyester based CANs

On the basis of model compound study, the CANs were prepared at 140 °C with adequate
Sn(Oct); (10 mol% with respect to TEOC) loading. Four different CANs were synthesized
using TEOC and three different multi-ols. The molar composition of TEOC and multi-
ols were optimized based on their tensile properties. The molar ratio of TEOC:PTE = 5:6
(mol:mol) was used to synthesis the TEOC-PTE CAN. Similarly, the other CANs were syn-
thesised using appropriate molar ratio of TEOC to multi-ol (Table4.1). The CANs were
colored and mostly transparent in nature (Figure4.3B).

The mechanical and thermal properties of the CANs were measured (Table4.2). The
UTS and E values were found in the range of 0.1 to 1.1 MPa and 0.7 to 1.8 MPa respectively.
The CAN synthsized using the mixture of PTMO and PTE showed UTS value of 1.1 MPa and
elongation at break(g) value up to 301%. The CAN based on PTMO and TEOC exhibited
maximum & value (595%).
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Figure 4.3: (A) Tensile plots of the CANs, (B) Photographs of different films of CANs, (C)
DMTA traces and (D) the frequency sweep plots of the CANS.

Table 4.2: Mechanical and thermal properties of the CANs

CANs UTS* % (%) E* TGAY E* d. x 10°
(MPa) (MPa) (°C)  (MPa)  (mol/cm?®)
TEOC-PTE 0.5+0.06 300+30 18+004 215 49+04 0.13+0.06
TEOC-TEA 0.1£0.01 23.0+30 1.1+£001 205 12+0.1 0.07+0.04
TEOC-PTMO 03+0.06 595.0+150 08+0.01 200 08=+0.1 0.05+0.02
TEOC-PTMO-PTE 1.1 +0.03 301.3+22.0 0.7+0.03 210 1.1+0.1 0.03+0.01

*From tensile analysis, the UTS, elongation at break (¢) and E values were calculated. #the values were

observed from DMTA analysis. frepresents the onset of decomposition in TGA measurement.
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Figure 4.4: (A) The Stress relaxation plot and (B) Arrhenius plot for TEOC-PTMO-PTE
film.

The storage modulus (E’) values of the CANs were found in the range of 0.8 to 4.9
MPa. The E'values were higher than that of the loss modulus E” values in all the cases
supporting the crosslinked nature of the sample (Figure4.3D ).[326] The DMTA plots of
the CANs shown that the E' values were retained up to 140 °C under thermo mechanical
condition. A sharp decay in the E’ value occurred on increasing the temperature beyond 140
°C suggesting the onset of relaxation of the CANSs. Interestingly, a small exothermic hump
was observed in the DSC spectra in the range of 120-140 °C (Figure4.5B). Both the DMA
and DSC data suggested that the relaxation temperature of the CANs may be in the range
of 120 to 140 °C. The crosslink density (d.) values of the CANs were determined from the
plateu modulus data at temperatures in the range of 168 to 201 °C . The values were found
in the range of 0.03 x 10-3 mol/cm? to0 0.13 x 10~® mol/cm?®. Only the CAN (TEOC-PTMO-
PTE) synthesized using PTMO and PTE showed stress relaxation behavior and the Ea value
(145.0 kJ/mol) calculated from the corresponding Arrhenious plot was similar to that of
the model compound study. However, the other networks failed to show stress relaxaton
characteristics, which may be attributed to the unavailability of free -OH groups in these
CANSs and absence of possible trans-esterification exchange reaction.

The CANs exhibited thermal stability above 200 °C and the onset of weight loss in TGA
traces was observed at ~215 °C (Table4.2 & Figure4.5A). Maximum weight loss occurred
between 300 to 420 °C. Polyesters are known to degrade above 300 °C in the literature.[327]
The stability of these CANs were checked in acidic as well as basic solutions. The CAN
films were dipped in acidic and basic medium for 12 h at room temperature. The films
were subsiquently removed, dried and subjected to tensile measurement. The tensile plots of
recovered films were comparable to that of the pristine films (Figure4.6A).
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Figure 4.5: (A) TGA traces of different DCNs, (B) The second heating DSC traces of differ-
ent CANs recorded under N, atmosphere.

— Original 6
=y L2l __ Basic Medium A -~
=  |— Acidic Medium S 5]
E — Acetone @
0.8{ —Methanol 2 S 4
S l—omr F T . HE
g S o 3 - By
) N
£ 04 3 2 K
7 > HE
1_
T 0
0 80 160 240 320
105 Elongation (%)

& L)
Acidic Medium &

< Eﬂ'

/" Original Acetone Methanol DMF Basic Medium
—— E' —— E' —« E'

E" o E!" —— E"

—a— E' —— F'

Figure 4.6: (A)Tensile

40 60 80 100

Frequency (Hz)

data of original sample and samples after removing from acidic and

basic solution, acetone, methanol, and DMF after 12 h, (B) weight loss data of different
CANs in DMF solvent, (C) frequency sweep data of original sample and the samples after

removal from acidic and basic solution, acetone, methanol and DMF after 12 h.

82



Similarly, the E’ versus frequency plots were similar to that of the original CAN films.
The E’ values of acid and base treated films were observed in the range of 1.0 to 1.2 MPa
(Figure4.6C). The weight loss of different CANs in DMF was below 6% after 12 h of dip-
ping under ambient conditions (Figure4.6B). In other solvents such as acetone, THF and
methanol, the weight loss was restricted to 4% only. The UTS values of the solvent pro-
cessed samples were in the range of 0.9 to 1.1 MPa. The above data suggested that these
CAN samples possess adecuate solvent tolerance.

4.4.3 Solution reprocessibility of the CANs

These CANs were estimated to depolymerize in alcoholic solvents via competitive trans-
esterification reaction under moderate temperature conditions. Small pieces of the TEOC-
PTMO-PTE were taken in a round-bottomed flask and the mixture was refluxed at 120 °C in
n-butanol for 15 h. The films readily dissolved in the solvent suggesting depolymerisation of
the sample (Figure4.7A2-B2). The samples retained in other non-alcoholic solvent remained
intact under similar conditions after 15 h (Figure4.8). The homogeneous solution of TEOC-
PTMO-PTE found in n-butanol was placed at 140 °C under reduced pressure condition to
gradually evaporate the solvent and initiate the crosslinking process. The samples reformed
after 12 h under above conditions. The UTS = (~1.0 MPa) and E= (~0.61 MPa) values of
15" reprocessed sample of TEOC-PTMO-PTE were comparable to that of the original sample
(UTS ~ 1.1 MPa and E ~ 0.7 MPa). The tensile properties of the 2" reprocessed sample
(UTS = ~0.9 MPa and E = ~0.5 MPa) also retained up to 90% of the original properties
suggesting that the solution processability of these CANs via reactive depolymerisation is
effective (Figure4.7C).

4.4.4 Separation of aromatics from azeotropic mixture

Polyether based networks are known to absorb various organic solvents and display organogel
characteristics.[328] Therefore, CANs were synthesized by adding PTMO along with PTE
to induce organogel ability in the CANs. The capability of these CANs to absorb organic
solvents were evaluated by dipping a thin strip of TEOC-PTMO-PTE in different organic
solvents under ambient conditions. Interestingly, the CAN selectively absorbed toluene com-
pared to a range of other organic solvents (Figure4.9A). The weight swelling ratio value of
TEOC-PTMO-PTE was 750% in toluene, whereas the values were less than 120% in other

organic solvents.
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Figure 4.7: (A1) As prepared film of TEOC-PTE, (A2) homogeneous solution in n-butanol
after depolymerization, (A3) reformed TEOC-PTE from the depolymerized solution, (B1)
photograph of original TEOC-PTMO-PTE, (B2) sample after depolymerization, (B3) re-
processed sample of TEOC-PTMO-PTE, (C) tensile plots of original, 1% and 2"¢ repro-
cessed samples and (D) frequency sweep plots of the as-prepared, 1% and 2"¢ reprocessed
samples, (E) the scheme above shows the degradation of TEOC-PTE via competitive trans-
esterification with the solvent and reformation on evaporation of the solvent.
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Figure 4.9: (A) Swelling ratio of TEOC-PTMO-PTE in various organic solvents and water
after regular time intervals, (B) swelling ratio of different CANSs in toluene after regular time
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maximum swelling ratio of different CANs in toluene. The inset in (C) shows a dry and
toluene soaked TEOC-PTMO-PTE after 90 min in toluene.
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Figure 4.11: Monitoring the removal of toluene from toluene-methanol-water azeotrope

(1.15:0.19:0.06, vol:vol) by TEOC-PTMO-PTE film through UV-Vis spectroscopy.
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However, the swelling ratio values of other CANs were <500% in toluene (4.9B).
The swelling was comparatively fast and equilibrium was reached within 1 h of dipping
in the solvent (Figure4.9B). The above data suggested that the CANs may be utilized to
separate toluene from different organic and azeotropic mixtures. Separation of azeotropic
mixture is an important problem in industries and needs cumbersome process units such
as pressure-swing distillation, extractive distillation and critical temperature and pressure
conditions.[329, 330] Binary (toluene:methanol = 1.15:0.38, vol:vol) and ternary (toluene :
methanol : water = 1.15:0.19:0.06, vol:vol) azeotropes were prepared and the efficiency of
TEOC-PTMO-PTE to remove toluene from the above azeotropic mixtures were accessed.
Strips of TEOC-PTMO-PTE were dipped in the above azeotropic mixture for a fixed time
period. The strips were removed and UV-Visible spectra of the mixture was recorded after
specific time intervals. The peak at 260 nm assigned to the toluene slowly decreased with
the immersion time. The peak disappeared within 90 min suggesting maximum removal of
toluene from the mixture (Figure4.10A & Figure4.11).

The reusability of these CANs were accessed by frequently using a set of TEOC-
PTMO-PTE strips for five continuous absorption-desorption cycles in toluene and different
solvent mixtures. The sample retained up to 90% swelling ratio till 5/ cycle (Figure4.10B).
The fast absorption and reusability of the samples suggested that these CANs may be a cost
effective and suitable alternative to be used in large scale fixed beds for continuous separation

of azeotropic mixture.

4.5 Conclusions

The o-substituted 3,8 -diesters undergo trans-esterification reaction under moderate tem-
perature conditions (110 to 140 °C) in presence of a minor amount of Sn(Oct);. This
trans-esterification chemistry is appropriate to synthesize solution processable and recy-
clable CANs. Typical volatile alcohols promptly depolymerize the CANs via competitive
trans-esterification. Evaporation of solvent and subsequent heating is sufficient to reform the
CANSs with comparable properties to that of the original samples. Overall, the synthesis and
reprocessability of these CANs is suitable and cost effective. Organogels can be planned
and synthesized by incorporating suitable polyether diols into the CANs. The PTMO based
CANSs are capable of selectively absorbing aromatics among several organic solvents and
separating toluene from various azeotropic mixtures. These CANs hold promise of being
applied in fixed bed columns for continuous separation of aromatics form azeotropic mix-

tures in future.
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Chapter 5

Reprocessable and Self Healable
Segmented Polyurethane Vitrimers
Displaying Creep Resistance Behavior
and Triple Shape Memory Ability

5.1 Abstract

In spite of vast use of conventional polyurethane foams as polymer materials, the lack of re-
processability and creep resistance ability limits their further commercial growth. Imparting
recyclability, self healing and creep resilience ability to segmented PU networks (PUN) is
needed to further enhance their commercial utility and address the concern related to poly-
mer waste accumulation. In this article, we apply the strategy of incorporating a dynamic
carboxylate linkage in the main chain of polytetramethylene oxide (PTMO) based segmented
PUNS s to achieve the above. The resulting PUNs exhibited adequate tensile properties (ten-
sile strength ~ 8-33 MPa, elongation at break ~ 345-680% and Young’s modulus =~ 19-270
MPa). The samples showed typical vitrimer behavior and stress relaxed in the temperature
range of 140 to 180 °C. The PUNs thermally reprocessed at 150 °C, recovered up to 70-85%
of the original tensile strength. Importantly, these vitrimers showed improved creep resistant
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behavior at elevated temperature, which has been a concern with the conventional vitrimer
materials. The PUNs showed triple shape memory abilities at inflection temperatures of 60
and 130 °C respectively. The samples also possessed effective self healing and self welding
ability. Overall, these PUNs with versatile properties are potential candidates for various

applications.

5.2 Introduction

Polyurethane networks (PUN) are one of the extensively commercialized polymeric mate-
rials due to their promising mechanical,[331] thermal and insulating properties[332] along
with oxidative and hydrolytic stability.[333] These class of materials have been applied in
biomedical devices,[334] electronics,[335] adhesives,[336] blends,[337] commodity appli-
cations, automobile industries and insulation.[338] The segmented PUs have been especially
attractive, as their tensile strength, elongation, and modulus values are adjustable over a wide
range via moderation of the ratio between soft and hard segments in the polymer.[339, 340]
Moreover, these materials due to their microphase segregated morphology, display mul-
tiple thermal transitions and shape memory behavior.[341, 342] Mainly, polymeric diols
or diamines such as o,-bishydroxy endcapped polytetramethylene oxides (PTMO), poly-
isobutylene, polydimethyl siloxanes are used as the soft segment to synthesize the segmented
PUs using diisocyanate or dicarbonates as the chain extenders. In the isocyanate path-
way, the combination of diisocyanate and butanediol or ethanediol forms the hard segment.
The ratio between the hard segment and soft segment in PUs determines the mechanical
properties and forms the basis of structure-property relationship.[343] Along with versatile
thermal and mechanical properties, these materials are known to have biocompatibility and
biodegradability.[344, 345]

In spite of the above promising properties, the commercial implementation of con-
ventional PUs is somewhat restricted due to their recyclability and processability concerns.
Therefore, attention has done to induce reprocessability and self-healing ability of PUNs by
stimulating the chemical linkages in the polymer.[346] Basically, two routes are followed
in literature to induce thermal reprocessability in PUNs. In the first approach, the dynamic
characteristics were induced to the urethane linkage by adapting the electronic environment
of the functional group. As an example, N,N’-diaryl substitution induced reversibility to the
urethane-urea linkage at 100 °C.[347] Likewise, N-alkyl hydroxyl urethanes were swiftly re-
molded at 160 °C under catalyst free conditions.[348] In some cases, to thermally reprocess
the samples catalyst such as dibutyltin dilaurate was added to the PU systems.[349] Stoi-
chiometric imbalance was also used as a tool to impart thermal reversibility to PUNs and
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excess of hydroxyl functional groups in the matrix helped the samples to quantitatively re-
cover original crosslink density after reprocessing at 140 °C.[350] Use of phenolic hydroxyl
groups also showed quick thermal reversibility at ~100 °C to the urethane linkage due to the
electron withdrawing nature of the moiety.[351] Attachment of C=N functionality to the “O”
of urethane linkage activated the linkage and the resulting oxime based PUs also exhibited
prompt reprocessibility at 120 °C.[352]

The other approach was to incorporate a suitable dynamic chemical linkage in the
polymer chain to render the PUNs self healability and reprocessability.[353, 354] For ex-
ample, disulfide linkages were introduced into the main chain of the PUNs to impart ther-
mal processability and the resulting materials showed swift relaxation time of 30 s at 150
°C.[355, 356] Photoactive hexa aryl biimidazole moieties were introduced into the PUNs
to achieve light mediated processability of the PUs and the materials displayed actuating
properties.[357] Integration of stimuli responsive Diels-Alder linkages rendered the PUNs
to reprocess at 130 °C.[358] Hydrogen bond forming moieties such as diazolidinyl urea was
introduced in the PU chains to rapidly self heal the materials at 90 °C.[359] PU based on
double-decker silsesquioxane showed self healing ability via reversible physical crosslink-
ing between the inorganic domain and urethane linkage.[360] PUs derived based on polyester
segments such as polycaprolactone and polylactide showed recyclability due to the degrad-
able nature of the ester segment.[361, 362] Currently, silica nano particles were dispersed
in the PUN samples to promote reprocessability.[363] The thermally reprocessed samples
recovered original mechanical properties. Triazolinedione chemistry was also used to repro-
cess the PUNs at 120 °C. The samples quantitatively self healed within 30 min exposure to
120 °C.[364]

So far, dynamic carboxylate linkage has not been utilized to develop reprocessable and
self healable PUNs in literature to the best of our knowledge. Carboxylate linkages are
known to have thermal stability, solvent resistance, biocompatibility and functional group
tolerance and therefore are desirable to be utilized in PUs to induce reprocessability. Re-
cently, several carboxylate systems having thermal reversibility is reported in literature. For
example, the ethyl vinylacetate linkage underwent ester exchange reaction in presence of
1,5,7- triazabicyclo[4.4.0]dec-5-ene at 120 °C.[365] Exchangeable -hydroxyl ester link-
ages were recently used to develop recyclable polymer network that showed soft actuating
properties.[366] Similarly, carboxylate linkages based on epoxy-anhydride reaction were
reprocessable at 180 °C.[367] Neighboring carboxylic acids and sulphonic acids intramolec-
ular catalyzed the ester exchange reaction to synthesize dynamic covalent polyesters.[368,
369] Brgnsted acids catalyzing the ester exchange in polyester vitrimers under moderate tem-
perature conditions is also available in literature.[370] We have recently reported a thermally
reversible B-carbonyl carboxylate system that undergoes associative ester bond exchange
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under moderate temperature conditions expedited by the neighboring group effect of the car-
bonyl moiety.[371, 372] The dynamic ester linkages underwent associative bond exchange
below 100 °C in presence of Sn(Oct), as catalyst.

Considering the above, we have introduced introduce the above dynamic f3-carbonyl
carboxylate linkages in the PUNs to render these materials reprocessability and self heala-
bility. Typically, segmented PUNs will be made consisting of PTMO as the soft segment and
combination of pentaerythrotol (PETL) and methyl diphenyl diisocyanate (MDI) as the hard
segment. The PETL units will also support in crosslinking of the PU chains. The dynamic
carboxylate moiety will be integrated to the PTMO diol. A set of PU networks by changing
the ratio between hard and soft segment will be synthesized and their mechanical proeprties
and reprocessability will be evaluated. The self healing as well as shape memory abilities
will be studied to propose the viability of these class of materials.

5.3 Experimental

5.3.1 Materials and Methods

Diethyl malonate (DEM, SD Fine Chem., 98.0%), Tin (II) 2-Ethylhexanoate (Sn(Oct),,
>85.0%), PTMO-diol (Sigma-Aldrich, M,, ~2900), MDI (Sigma-Aldrich, 98%), PETL (Hi-
media Laboratories, >98.0%), toluene (Fisher Scientific, 99.5%), THF (Qualigens, 99.0%),
methanol (SD Fine Chem., 99.0%), acetone (Molychem, 99.0%), N,N-dimethylformamide
(DMF, Spectrochem, 99.0%), dimethyl sulphoxide (DMSO, Fisher Scientific, 98.0%) and
deionized water.

5.3.2 Characterization

We used JEOL-400 YH for the 'H and '*C NMR study using CDCl5 as the solvent at 25 °C.
We used Tinius Olsen (HSKL UTM) machine to measure the ultimate tensile strength (UTS)
at ramp rate of 5.0 mm/min. Samples of ~4 mm width and ~0.5 mm thickness were used
for measurement and average of three experimental data is described. We got the Young’s
moduli (F) data from the linear region of UTS plot (Hookean zone). Temperature sweep
experiment was achieved under tension mode in DMA Q-800 TA instrument following 50
ASTM D4065-01 norm. Sample dimension for the above was as follows; width ~ 4.0 mm
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and thickness ~ 0.5 mm. The stress relaxation behavior of the samples (width ~8 mm and
thickness ~2 mm) was checked under compression mode. We used 0.1% constant strain
and 10 min temperature equilibrium under compressed mode for measuring stress relaxation
behavior. We calculated the activation energy (Ea) after normalizing the relaxation modulus.
The DMA Q-800 was used to measure the shape memory performance of the materials. For
double shape memory performance; first we equilibrated the sample at 60 °C at 0.001 N
force for 10 min. Subsequently the force was increased to 3.0 N under 0.2 N ramp and the
sample was kept under isothermal condition for 10 min. Then the sample was cooled and
kept 0 °C for 15 min. After that, the applied force was released to 0.001N and kept for 15
min. The temperature was gradually increased to 60 °C and kept it for 15 min for the last
step. For cyclic double shape memory performance, the same experiment was repeated for
three times. For triple shape memory performance first the sample was equilibrated at 130
°C for 20 min and 0.55 N force was applied. The isothermal step was kept for 20 min for the
first shape fixing. Subsequently, the temperature was decreased to 60 °C and the isothermal
step was continued for 10 min. The force was increased to 1.6 N for the second shape fixing.
The temperature was released to 0 °C and the condition was maintained for 15 min. The
force was released to 0.001N and the sample was maintained isothermal for 15 min. The
temperature was increased to 60 °C and continued for 15 min for the first recovery of the
sample. The temperature was increased to 130 °C and maintained for 20 min for the sec-
ond recovery. We repeated the same experiment for cyclic triple shape memory experiment.
DMA Q-800 instrument was used for Creep experiment. The samples (width ~4.0 mm and
thickness ~0.4 mm) were stretched under different constant stress (4, 6, 8, 12, 16, 18 and
20 MPa) for 10 min followed by 20 min recovery time. Creep experiment also conducted at
different temperatures (30, 40, 50, 80, 100, 120 and 140 °C) under constant stress (6 MPa).
Differential Scanning Calorimetry experiment (DSC) was performed in Mettler Toledo 832
instrument at 10 °C/min rate under N, atmosphere. The glass transition temperature (Tg) and
melt temperature (T,,) determined from first heating traces was presented. The T, was taken
as the mid-point of the transition. Atomic Force Microscopy (AFM) imaging was performed
in a Bruker Dimension FastScan model using RTESP-300 cantilever. The experiment was
done at room temperature under tapping mode. Waters 2414 RI Detector attached with Wa-
ters 1515 Isocratic Pump was used for the determination of molecular weight of the samples.
THF was used as eluent with injection volume of 10 ul.

5.3.3 Synthesis of DEM-PTMO,

The mixture of DEM (1.0 g, 6.25 mmol) and PTMO-diol (39.87 g, 13.74 mmol) was heated
in presence of Sn(Oct); (126.0 mg, 5 mol% with respect to DEM) at 100 °C under sol-
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vent free conditions for 24 h. The reaction mixture was cooled to room temperature and
used for further analysis without purification.'"H NMR (CDCl;, 400 MHz) § (ppm): 4.1
(t, -COOCH,CH;-, 4H), 3.4 (t, -CH,—CH>-0-, 4H), 3.3 (s, -CH»(COO);-, 2H), 1.6 (m,
-CH,-CH,-CH,-CH,-, 8H). 13C NMR (CDCl3, 100 MHz) § (ppm): 166.7 (-COO-
), 70.6 (-O-CH3), 62.7 (-O-CH3), 41.5 (-CH,—(COO-),), 30.4 (-CH,—-CHy-), 26.7 (-
CH;—-CHj;). GPC (THF solvent): number average molecular weight (M,,) = 6500 g/mol,
polydispersity index (PDI) = M,,/M,, = 1.02.

5.3.4 Synthesis of Polyurethanes

Azeotropic distillation of DEM-PTMO, (1.09 g, 0.37 mmol) and Sn(Oct); (2.8 mg, 0.007
mmol) mixture was carried out by using dry toluene (10 mL) at 50 °C for 6 h under vac-
uum. To the above mixture dry toluene (20 mL) was added and a homogenous solution
was prepared. The mixture was kept at 80 °C under dry nitrogen atmosphere for 15 min.
To it, MDI (0.58 g, 2.33 mmol) was added and stirred for 30 min. To the above mixture,
PETL (0.23 g, 1.7 mmol) was added. Then the mixture was heated at 80 °C for further 3
h to found a highly viscos polymeric material. The material was poured into Teflon petri
dish and allowed to cure for 24 h under ambient conditions to evaporate the toluene. Sub-
sequently, the material was dried in vacuum oven at 50 °C for 12 h. Five different compo-
sitions were synthesized following the above procedure by varying the molar ratio of PETL
and MDI. The amount of MDI and PETL together was considered as hard segment and the
amount of DEM-PTMO, was taken as the soft segment in the PUNs. The nomenclature of
the samples was given as follows PUNn, where “n” is the amount of hard segment in the
samples. The molar compositions of the precursors in the samples were as follows; PUN43
(PETL=1.7 mmol, MDI=2.33 mmol), PUN40 (PETL=1.0 mmol, MDI=2.33 mmol), PUN32
(PETL=0.66 mmol, MDI=1.68 mmol), PUN24 (PETL=0.66 mmol, MDI=1.03 mmol), PUN21
(PETL=0.33 mmol, MDI=1.03 mmol). All the above composition possessed same amount
of DEM-PTMO, (0.37 mmol).

5.3.5 Determination of Cross-Linking Density (d.)

The d,. values of the PUNn samples were determined from the following Equation;

d.=E'/RT (5.1)
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where E' is plateau modulus (storage modulus) at 250 °C, and T is the temperature in
°K, R is the gas constant in J mol~'K~! .

5.3.6 Ratio of Shape Fixity (Rs) and Ratio of Shape Recovery (R;) De-

termination

Ratio of shape fixity (Ry) and ratio of shape recovery (R,) were calculated using below
equations;

&(N)
81'(N)

Ry (%) = x 100 (5.2)

R (6t — ) =&V

= a1 " 100 (5.3)

Where, €, = Strain value recorded after releasing of the applied load, &; = Initial strain value
before release of the load, &7 = train value after heating without applied load, N = No. of

cycles.

5.4 Results and Discussion

The DEM-PTMO,; having two units of -carbonyl carboxylate linkage in the centre was
synthesized by reacting DEM with PTMO-diol under solvent free conditions as shown in
Scheme5.1 and used as the soft segment in the PUN synthesis. The "H NMR quartet at 4.22
ppm for the -OCH,- and triplet at 1.40 ppm for -CH3 present in DEM.

The substantially decreased and a new triplet at 4.16 ppm for -OCH;CH3- in product
seemed supporting the formation of DEM-PTMO, (Figure5.1A). Similarly, in 3C NMR
spectra new peak at 62.7 ppm responsible to -OCH;- of DEM-PTMO, and disappearance of
peak at 18 ppm for the -CH3z of DEM supported the trans-esterification (Figure5.1B). The
integration of 'H NMR signal at 4.22 ppm was compared to that of the 4.16 ppm to estimate
the extent of PTMO functionalization on DEM, which was determined to be >94%. The M,,
value (6500 g/mol) obtained from the GPC analysis was close to the theoretical molecular
weight of the product (5960 g/mol) and the PDI value was narrow, which supported the
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Scheme 5.1: (A) The synthetic scheme for the PTMO based segmented PUNs, (B) the
schematics display the topology change of the network under thermal condition though ex-
change of the -OH group in dynamic carboxylate linkage.
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Table 5.1: The amount of hard segment, mechanical properties and cross-linking density of
PUNSs possessing 3-CO carboxylate moiety

Sample Code  HS* UTS € (%) E* E'& d.x 10°
(Wt%)  (MPa) (MPa) (MPa) (mol/cm?)
PUN43 43 330421 345+14 270.0+135 750.0+21.3 18509
PUN40 40  30.0+20 360+14 210.0+12.0 580.0+185 13.6+0.7
PUN32 32 220+1.1 400+15 150.0+50 390.0+17.6 103+0.5
PUN24 24 140+1.0 515+20 400+12 1850+15.8 1.0+0.05
PUN21 21 80+0.6 680+22 19.0+0.5 1050+ 124 0.8+0.03

*the combination of MDI and PETL constituted the hard segment (HS) and DEM-PTMO; constituted the soft
segment, #E value was calculated from the tensile plot, and &F' was determined from the DMTA trace.

formation of DEM-PTMO,; and absence of possible side products. The DEM-PTMO, and
MDI were reacted together in the first step in presence of Sn(Oct); (0.3 mol% with respect
to MDI) to form the soft segments and the networking was carried out in the second step
by adding PETL as the chain extender and crosslinker (SchemeS5.1). A series of PUNs were
synthesized by varying the ratio between soft segment and hard segment (Table5.1). The
synthesized networks were dipped in THF for 24 h to estimate the gel fraction. In all the
cases, the mass loss was obtained between 3 to 5 wt%, suggesting effective crosslinking in
the networks.

The mechanical properties of the PUNs were assessed using tensile and DMA analy-
sis. The samples showed UTS values in the range of 8 to 33 MPa (Table5.1). Presumably,
the value increased with the amount of hard segment in the networks (Figure5.2A-C). The
€ value decreased from 680 to 345% on increasing the %age of hard segment from 21 to
43 in the sample. The E values were found in the range of 19 to 270 MPa suggesting net-
works of varying flexibility may be synthesized by tailoring the ratio between hard and soft
segments in the samples.Importantly, the £ value almost linearly increased with the hard seg-
ment content in the PUN (Figure5.2F). This suggested that the hard segment domain content
and distribution controlled the modulus of the samples. The hysteresis of the samples was
monitored under tensile mode by using thin film of PUN43.

The hysteresis was performed under a constant high UTS value of 20 MPa to under-
stand the load bearing ability (Figure5.2B). The first cycle exhibited a residual strain of 10%
and was related with an energy dissipation value of 660 kJ/m3. However, the subsequent
cycles displayed improved recovery and the deformation lag decreased to 2% in 2"¢ cycle.
The notable decrease of dissipation energy from the 1* to subsequent cycles are are also
depicted in literature, which may be assigned to the possible morphology change in the vit-
rimer system.[373, 374] The energy dissipation value in the 2"¢ to 5" cycle was calculated
between 9 kJ/m? to 2 kJ/m?. The repetitive recovery of the sample from a high stress value of
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Figure 5.1: (A) 'H NMR spectra of precursors and DEM-PTMO,. The inset shows the

magnified signals between 4.0 to 4.3 ppm with integration, (B) the '3C NMR spectra of the
precursors and the substituted product (DEM-PTMO,).
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Figure 5.2: (A)Tensile plots of the PUNSs, (B) hysteresis curves of PUN43, (C) effect of HS
wt% on the UTS and elongation of resulting PUNs, (D) DMTA traces of the PUNs, (E) DMA
frequency sweep data and (F) effect of HS wt% on the E and E’ values.

99



1 R e T 10.0
l;::: . 1 C -
o TR . X5, . 9.01 4
< L X4 &7
O |+ 140°C - T
150 °C 1
+ 160 °C ]
o1 01 ' " 235 245
1000 10000 1000 10000 2.25 3 ‘
Time (Sec) Time (Sec) 1000/T (K1)

Figure 5.3: Stress relaxation traces of (A) PUN43 and (B) PUN40 under different tempera-
ture conditions and (C) Arrhenius plots of PUN43 and PUN40.

20 MPa with low energy dissipation value suggested that these networks possess satisfactory
load bearing ability. The DMTA traces of the samples were recorded by heating the thin films
from 30 to 270 °C at a frequency of 1 Hz. The major transition in E’ values were observed
beyond 150 °C suggesting the PUNs are suitable for applications in temperature range be-
low 150 °C. The rubbery plateau zone for PUN43, PUN40 and PUN32 was detected beyond
250 °C. However, in case of PUN24 and PUN21, the E’ values constantly decreased without
showing a plateau (Figure5.2D). This could be attributed to the low degree of crosslinking
in the samples. The d. values of the PUNn were calculated from the E’ value at 250 °C.
As anticipated, the sample (PUN43) having maximum PETL amount exhibited d, value of
18.5x1073 mol/cm?, which gradually decreased to 0.8x10~> mol/cm? with the decrease in
PETL amount (Table5.1).

Similarly, the difference between E' and E” values was maximum for PUN43 telling
strong degree of crosslinking in the sample. Overall, the E’ value was higher compared to
that of the £ in all the samples suggesting the crosslinked nature of the PUNs (Figure5.2E).
The B-carbonyl carboxylate linkages present in these PUNs were presumed to undergo as-
sociative bond exchange in presence of free -OH groups in the temperature range of 130 to
170 °C. Therefore, the vitrimer behavior of the samples were evaluated by performing the
stress relaxation analysis of PUN43 and PUN40 (Figure5.3A-B). The samples stress relaxed
in the temperature range of 140 to 180 °C. The time taken to reach a G/Gg value of 0.37 was
considered as the half life of the samples and the values were plotted against the temperatures
to determine the Ea value of the exchange reaction of free -OH with 3-CO carboxylate ex-
change reaction in PU matrix. The values were calculated to be 80 and 75 kJ/mol for PUN43
and PUN40 ( Figure5.3C).[375] The data show that, these PUNs display vitrimer behavior in
the temperature range above 140 °C. The stress relaxation data at 120 °C showed negligible
change in G/Gg value up to 10000 sec suggesting the exchange reaction in these PUNs are
extremely slow in the temperature range of 120 °C or below.
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Figure 5.4: Creep resistance studies of PUN43 at (A) 30, (B) 40 and (C) 50 °C under applied
stress value of 4, 6 and 8 MPa, (D) the extent of recovery of PUN43 under different stress
values at room temperature conditions, (E) the extent of recovery of PUN43 under different
temperature conditions at an applied stress of 6 MPa.

Creep recovery ability of the materials, especially at high temperature is another de-
sirable property from the perspective of practical applications.[376, 377] Importantly, the
number of reports on PUNs possessing improved creep behavior is limited in literature. Es-
pecially, vitrimers are known to show weak creep resistance behavior due to the thermo-
sensitivity of the dynamic linkage.[378] Crosslinking is one of the approach adopted to
improve the creep resistant properties in materials.[379] Since, in this work, the covalent
crosslinking (-NHCOO-) and dynamic covalent linkages (COCH,COO-) are different, we
have showed that the PUNs exhibit improved creep behavior till the stress relaxation temper-
ature. The creep resistance ability of these PUNs were investigated. Preliminarily, thin films
of PUNs were evaluated for possible creep recovery ability. The samples were analyzed un-
der multiple stress (4, 6 and 8 MPa) and temperature (30, 40 and 50 °C) conditions. All the
samples reached strain equilibrium under application of the above stress values following
a viscoelastic pattern and the strain quantitatively recovered on release of stress suggesting
satisfactory creep resistance behavior (Figure5.4 & 5.5 ). To investigate the creep resistance
ability under high stress, PUN43 was permitted to relax from a reasonably high load up to
20 MPa and the recovery was monitored. Till 16 MPa load, the sample strain quantitatively

recovered on release of stress suggesting excellent creep resistance ability in these materials.
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Figure 5.5: Creep resistance studies of the film (A) PUN40, (B) PUN32, (C) PUN 24 and
(D) PUN21 under applied stress value of 2, 3, 4, 6 and 8§ MPa.

On further increasing the load up to 20 MPa, the recovery was limited to 86% only, this
could be due to the partial damage of the network arrangement at such high stress. Similarly,
the PUN43 sample was performed under different temperature conditions from 30 to 140
°C at 6 MPa stress. Till 120 °C, the sample quantitatively recovered with no negligible
residual strain signifying adequate creep recovery ability at high temperature conditions.
At 140 °C, the strain recovery was up to 88%, which may be attributed to the cleavage
of dynamic linkage at this temperature and rearrangement of the network structure. The
creep resistance ability of these PUNs were found to superior compared to that of the several

vitrimer materials reported in literature.[380, 381]

Subsequently, the thermal processability of the PUNs were studied at 150 °C. The films
of PUN43 and PUN40 were cut into small pieces and pressed with 90 kg load at 150 °C to
perform the reprocessing efficiency.

The pieces joined together to form a continuous film within 5 h (Figure5.6A1-A3).
However, the color of the samples turned somewhat dark, which could be attributed to the
thermo-sensitive urethane linkages existing in the sample. Similar observation is already
observed in the literature for thermally processed PUs.[382] The UTS and E’ values of the
reprocessed PUN43 recovered up to 70 and 87.5% respectively of the original samples sup-
porting the reprocessability efficiency (Figure5.6B-D & 5.7).
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Figure 5.8: (A1) Original, (A2) self-adhered PUN43 films, (B1) thin film of PUN21 with a
cut made by razor blade, self-healing after (B2) 30 min, (B3) 1 h and (B4) 2 h, tensile plots
of original and self adhered films of (C) PUN43 and (D) PUN40.

The tensile plots of the original and reprocessed samples of the thin films of all the
PUNSs are provided for clarity. The recovery effectiveness of the UTS values for all the
PUNs were calculated to be in the range of 70 to 80% after thermal reprocessing at 150
°C.Subsequently, the self adhering ability of the samples were monitored by overlapping the
ends of two pieces of PUN43 and allowing the sample to weld at 150 °C under 90 kg load.
The pieces adhered to each other successfully and the UTS value of the adhered sample
was 72% of the native sample (Figure5.8A-C & 5.9). Similarly, the self adhered PUN40
exhibited 73% UTS value of the pristine sample (Figure 5.8D). The other PUNs displayed
76-82% and 82-88% recovery in the UTS and E value respectively suggesting adequate self
welding ability. The somewhat lower recovery of the tensile properties of the reprocessed
and welded films could be attributed to the amount and distribution of f-CO carboxylate
dynamic linkages in the samples. Possibly, the hard segment zones in the PU networks
failed to soften at 150 °C, which prohibited quantitative healing of the samples. The issue
may be suitably addressed by adjusting the composition and type of isocyanate crosslinkers
used in the samples.

The crack healing of the samples was monitored by making a thin cut on a PUN21 thin
film and permitting the cut to heal by heating the cracked specimen at 150 °C. The crack
gradually healed and the cut point was unrecognizable after 2h suggesting PUN21 films are
capable of self healing under thermal conditions (Figure5.8B1-B4). It is important to note
that the T,, of PUN21 was observed at 190 °C (Figure5.12C). Therefore, the self healing
in the sample may be ascribed to the topology change aided by the exchange of dynamic
carboxylate linkage.
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Figure 5.9: Tensile plots of original and self adhered film of (A) PUN32, (B) PUN24, &
PUN21

These PUNs are segmented structures having PTMO based soft segment and PETL
and MDI based hard segment domains. These segments are known to phase segregate in PU
samples and the phase segregation pattern is dependent on the ratio of hard to soft segment
in the samples.[383] The AFM phase images recorded under tapping mode exhibited distinct
phases in the samples possessing hard segment amount of 65 wt% and above. The PUN40
displayed discrete spherical hard segment zones in the continuous soft segment phase (Fig-
ure5.10B). The 3D version of the AFM images are also included for effective visualization
of the segregated hard domains (Figure5.11). The PUN43 possessing maximum hard seg-
ment content (43 wt%) showed bulk phase segregation with irregular patches of both hard
and soft segment domains throughout the film surface (Figure5.10A). However, AFM anal-
ysis of the PUN films having hard segment content of 32 wt% or below failed to expose any
distinct segregation pattern though odd hard segment phases were noticeable in the phase
images (Figures 5.10C-D). The phase segregation in these PUNs raised the possibility of
these samples to show efficient shape memory ability as reported in literature for other seg-
mented PUs.[384] The trigger temperature for shape fixing and recovery of the samples were
determined from the DMA and DSC analysis. All the samples showed a small hump around
58-62 °C in the Tan § trace suggesting the glass transition and softening of the PTMO soft
segment domains ( Figure5.12B).
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Figure 5.10: AFM tapping mode phase images of (A) PUN43, (B) PUN40, (C) PUN32 and
(D) PUN21 recorded under non-contact mode and ambient conditions.
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Figure 5.11: AFM phase images of different PUNs recorded under tapping mode in 3D
format.
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Figure 5.12: (A) Tan 9§ traces of PUNs derived from DMTA traces, (B) the zoomed section
of “A” in the range of 30 to 130 °C, (C) DSC heating traces of PUNs showing the thermal
transitions and (D) the zoomed section of “C” in the temperature range of 10 to 100 °C.

The E' values of all the PUNn samples also decreased by 10-30% further suggesting
softening of the samples. The DSC analysis also supported the above and the T, of the PUNs
in the DSC heating traces were detected in the range of 53 to 60 °C (Figure5.12C-D). The
above suggestions favored that, temperature around 60 °C can be used as the first inflection
temperature to measure the shape memory ability. The onsets of the major tan J peak in
these PUNs were obtained in the range of 140 to 158 °C (Figure5.12A). Interestingly, no
thermal transition corresponding to the temperature region was observed in the DSC analysis
and the T, was observed at ~190 °C ( Figure5.12C). This suggested that the above tan &
peak may be assigned to the initiation of exchange reaction of the dynamic carboxylate
linkage present in the samples. This raised the possibility of utilizing ~140 °C as the second
inflection temperature to assess the triple shape memory ability of the sample. The double
shape memory ability of PUN21 was measured by stretching the specimen up to 80% and
recording the fixity and recoverability for continuous three double shape memory cycles to
realize the repeatability and programmability efficiency (Figure5.13A-B).
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Table 5.2: Double shape memory data of three cycles of PUN21

Sample No. Ry (%) R, (%) Maximum Strain (%)
1*" Cycle 97.0 95.0 74.4
2" Cycle 95.4 98.4 78.6
37 Cycle 95.7 99.3 81.8

Table 5.3: Double shape memory data of different PUNs

Sample No. Ry (%) R, (%) Maximum Strain (%)
PUN43 74.0 88.0 25.0
PUN40 95.0 93.0 49.5
PUN24 96.0 97.0 85.0
PUN21 97.5 93.0 81.0

The T, of PTMO segment (60 °C) was applied as the trigger temperature to estimate
the Ry and R, of the sample. The Ry and R, values for PUN21 were observed to be 97.5
and 93.0% respectively . The Ry and R, values for three consecutive cycles are tabulated
in Table5.2 (Figure5.13B). The R values for PUN21 slightly decreased from 97.0 to 95.4%
and the R, value increased from 95.0 to 99.3% after the third cycle suggesting superior dou-
ble shape memory efficiency. The samples with maximum hard segment amount (PUN43)
stretched up to 25% only, whereas the samples with less hard segment content (PUN21 and
PUN24) stretched up to 81-85% under the particular stress during the shape fixing. The Ry
values for PUN21, PUN24 and PUN40 was found to be in the range of 95.0-97.5% and the
corresponding R, values were detected in the range of 93.0-97.0% .

However, the Ry (74.0%) and R, values (88.0%) of PUN43 was somewhat lower, which
could be attributed to the rigidness of the hard segment domains existing in the films as re-
flected from the AFM images.The exchangeability of the dynamic B-CO carboxylate link-
age at ~130 °C was presumed to be another suitable trigger temperature for these samples.
Reversible linkages are projected to overcome the rigidity associated with the permanent
crosslinks and facilitate shape memory ability. To further verify this trigger temperature, a
PUN21 sample was constantly observed at a fixed force value of 1.0 N by gradually increas-

ing the temperature.

The elongation started to increase and the slope of the curve changed at 130 °C sug-
gesting probable bond exchange of the dynamic linkage and softening of the sample (Fig-
ure5.14A). Subsequently, the triple shape memory abilities of the samples were evaluated by
using 60 and 130 °C as the two trigger temperatures (Figure5.13C). The overall R s values for
the PUNn samples was detected in the range of 88.3-97.5% and the R s values corresponding
to the shape fixing at 60 °C was calculated to be 83.4-95.3% (Table5.4,Figure5.14B-D).
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Table 5.4: Triple shape memory efficiency data of the PUNn at 130 and 60 °C inflection
temperatures

Sample  Rj* R/* R* R* R,*  Strain 1* Strain 2*
Code (60°C) (Overall) (60°C) (130°C) (Overall) (%) (%)
PUN43 836 90.3 100.0 54.9 86.0 16.1 39.0
PUN40 834 88.3 100.0 73.0 93.6 13.4 45.7
PUN24 953 96.7 100.0 39.0 82.7 19.8 56.6
PUN21  95.0 97.5 100.0 413 76.3 18.5 40.7

*Strain 1 and strain 2 correspond to the elongation achieved for shape fixing corresponding to 130 and 60 °C
inflection temperature respectively. *the % shape fixity and recovery values are presented below.

Presumably, the Ry values in soft samples (PUN21 & PUN24) possessing less amount
of hard segment content were relatively higher than that of the hard samples (PUN43 &
PUN40).

The R, values for the shape recovery at 60 °C was establish to be quantitative ( 100%)
in all the cases. However, the R, values (39-73%) corresponding to 130 °C was some-
what lower. The relatively low R, value corresponding to the shape recovery at 130 °C
could be ascribed to the rate of exchange reaction of the dynamic carboxylate linkage and
the deformation of the network structure. The overall R, values for these PUNn samples
were detected in the range of 76.3-93.6% (Table5.4). The samples (PUN21 and PUN24)
possessing relatively less amount of hard segment and low d. value showed effective Ry
value (>96%) and marginally weak overall R, value (<83%) (Table5.4). Both the overall R ¢
(>88%) and R, (>86%) values for PUN40 (d. = 13.6 x 1073 mol/cm?) and PUN43 (d,. = 18.5
x 1072 mol/cm?) with high d, values and different segregated hard segment domains were
adequate (Figure5.10, Tables5.1 & 5.4). Possibly, the crosslink density & rigidity offered
by the hard segment domains controlled the above shape memory behavior. The crosslink
density of networks is known to control the shape memory ability and well-studied in lit-
erature. Importantly, all the samples displayed adequate overall Ry (>88%) and R, values
(>76%) suggesting effective triple shape memory ability. The consecutive cycles of triple
shape memory cycles of PUN21 are shown in Figure5.13D. The overall Ry (97.5%) value
remain unchanged and overall R, value increased from 81.7 to 93.1% in the second cycle
telling reproducible shape memory performance. Marginal improvement in R, values are
known to occur in subsequent shape memory cycles in literature.

For demonstration purposes, a thin film of PUN21 was shape fixed at 60 and 130 °C
and steadily the shape recovery was observed on heating the sample till the inflection tem-
peratures. The accurate shape recoveries at 60 °C followed by 130 °C further supported the
DMA data and validated the triple shape memory ability of the samples (Figure5.13E).
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Figure 5.14: (A) Elongation vs temperature plot of PUN21 under constant stress, triple shape
memory performance of (B) PUN43, (C) PUN40 & (D) PUN24

Overall, a set of sustainable PUNs were synthesized possessing thermal reprocessabil-
ity via exchange of the dynamic B-CO carboxylate linkage. Importantly, these samples
showed excellent creep resistance ability at high temperature conditions suggesting their po-
tential for various applications. These vitrimers also exhibited useful triple shape memory,
self welding and self healing ability.

5.5 Conclusion

In conclusion, dynamic 3-carbonyl carboxylate linkages can be incorporated in to the PUN
chains to encourage thermal reprocessability in the samples. Multi-functional hydroxyl com-
pounds can be used for chain extension purposes to permit free hydroxyl groups to be present
in the matrix, that will initiate exchange reaction with the carboxylate bond in presence of
thermal stimuli. The soft and hard segment in these PUNs can be tailored to moderate the
tensile properties. These samples possessing inherent covalent crosslinks exhibit superior
creep resistance properties under high temperature conditions, which has been an issue with
the vitrimer materials. The materials can be self adhered and self healed under thermal con-
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ditions with slight loss in mechanical properties. The PUNs display effective triple shape
memory ability and the shape memory efficiency is dependent on the amount of hard seg-
ment and crosslink density in the networks. The strategy is general and can be explored to
other PU systems to induce dynamic properties.
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Chapter 6

Summary and Future Directions

The main objective of my research work is to prepare thermosets based on dynamic
covalent linkage for high strength, recyclable, self-healable and solvent reprocessable prop-
erties. Covalently cross-linked polymers with outstanding recyclability, sustainability, creep
resistance, mechanical strength, self healing, malleability, shape-memory, adaptability, re-
sponsiveness and thermal stability possess important applications in many fields.

Dynamic covalent chemistry based on Michael addition reaction is cost effective, easy
to carry under homogeneous, heterogeneous conditions. This simple chemistry may be uti-
lized for the metathesis between the different michael adducts. This could be the new addi-
tion of the dynamic, reversible networks. This chemistry may be extended to develop poly-
mers having dynamic nature for biomedical, sensing, energy storage and controlled drug
release applications.

The polymeric precursor, i.e PHEMA in polyester networks may be replaced with some
bio-based multihydroxy precusors to develop fully degradable, recyclable ecofriendly mater-
ilas. This polyester based vitrimers can be explored in the area of biomaterials, hydrogels,
adhesives, coatings and synthetic fabrics etc. We may increase the activity by incorporating
neighbouring group in f-activated esters. This highly acivated system may be utilized for
the synthesis of catalyst free remoldable organogels in various applications.

The PTMO based CANs can able to absorb aromatics among several organic solvents

and seperating toluene from various azeotropic mixtures. This continuous seperation of
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toluene from azeotropic mixture can solve the industrial problems. These CANs may be

utilized in fixed bed columns for seperation of aromatics fom different azeotropic mixtures.

The beauty of segmented PUs lies in its self healing, reprocessing, creep resistance
behavior, tripe shape memory ability and their varied tensile strength, elongation, modulus
values over a broad range via adjustment of the ratio between soft and hard segments in the
polymer. The PUN synthesis strategy is general and can be extended to other PU systems to
induce different dynamic linkages for various commercial applications.
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Figure A1: °C NMR spectra of (A) BCH, (B) TPMD, (C) B-T-B, (D) degraded product of

B-T-B with NH>NHz and (E) exchanged product of B-T-B with LCH recorded in CDCls. The

peaks marked with asterisks are assigned to the solvent.
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Figure A2: ATR FTIR spectroscopic traces of TPMD, LCH and L-T-L
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Figure A3: 'H NMR spectra of (A) LCH, (B) TPMD (C) L-T-L and (D) exchanged products

of BCH and L-T-L recorded in CDCl;. The peaks marked with asterisks are assigned to the

solvent.

161



NH 4
0HN- i Ol o * .
I b‘ o f Oh “CH:
D O"fo - | |
Exchange of L-T-L with BCH -CH,
Mixture of B-T-B, B-T-L and L-T-L ‘r A ‘
h:
a P Ic (Ai j A JAI AJ A [ ‘ l
E3
C -CH,- & -CH,
any [
]A ”A. u‘i A “lx eAgA A ., lJ
*
B ¢ . .
A A N\ b NH, f_l_\
d a NH LCH b d
: il
*
A\o o b Ja f
X o/\g d
~° N 4 ©o7avo b ! g
© aa ¢ e TPMD
1 :
200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

Figure A4: 3C NMR spectra of (A) TPMD, (B) LCH, (C) L-T-L and (D) exchanged products
of the reaction between L-T-L and BCH recorded in CDCIls. The peaks marked with asterisks

are assigned to the solvent.
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Figure A5: UV-Vis Spectra showing the progress of reaction between TPMD and BCH at (A)
25 °C, (B) 35 °C and (C) 45 °C. Initial concentration: [TPMD] = 0.0078 mol/L, [BCH] =
0.015945 mol/L, At equilibrium, [TPMD]eq= 0.000546 mol/L, [BCH]eq = 0.001092 mol/L and
[B-T-B] = 0.007254 mol/L
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Figure A6: UV-Vis spectroscopic plots recorded at different time intervals for the reaction

between TPMD and BCH carried out at different initial concentrations of TPMD (A) 0.03189
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Figure A7: (A) the plots of ti2 versus 1/[Ao]” (third order model) and (B) ti2 versus 1/[Ao]
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(second order model) for the Michael addition between TPMD and BCH carried out at 25 °C.
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Figure A8: UV-Vis spectroscopic plots recorded at different time intervals for the reaction
between TPMD and HCH carried out at different initial concentrations of TPMD (A) 0.03189
mol/L, (B) 0.01595 mol/L (C) 0.0078 mol/L and (D) 0.00399 mol/L
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Figure A9: The plots of (A) ti2 versus 1/[Ao]* (third order model), and (B) ti2 versus 1/[Ao]
(second order model) for the Michael addition between TPMD and HCH carried out at 25 °C.
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Figure A10: UV-Vis Spectra showing the progress of reaction between DBM and BCH at (A)
25 °C, (B) 35 °C and (C) 45 °C, (D) The Arrhenius plots of the hydrazide Michael addition
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between DBM and BCH and trans-Michael (exchange) additions of DBM-BCH with BzCH.
For Michael addition; Initial concentration: [DBM]=0.0159 mol/L, [BCH]= 0.0159 mol/L
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Figure A11: '"H NMR spectra of L-T-L and BzCH in 1:4 molar ratio recorded after different
time intervals in THF-Dg solvent at 25 °C. The peaks marked with “*” is assigned to the

solvent. The green arrows support the formation of exchanged adduct (Bz-T-).
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Figure A12: HRMS trace of the products formed after exchange of LCH with BCH in L-T-L,
i.e. the products obtained on treatment of BCH with L-T-L at 25 °C.
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Figure A13: XPS traces showing the effect of crosslinking conditions on the surface atomic

ratios; PAHz (red), PAHTD-1 (blue), PAHTD-3 (green) and PAHTD-4 (pink). The data were

recorded at 90° and 30° incident angle.
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Figure A14: The Cls, N1s and Ols XPS spectra of PAHz and PAHTD-4 films recorded at 30°

incident angle.
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Figure A15: UV-Vis spectroscopic plots for determination of amount of cross-linker in
PAHTD films. The black and red spectra in each figure represents the TPMD solution before

and after crosslinking.
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Figure A16: Tan d versus temperature plot of hard & soft film of PAHTD-4.
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Figure A17: Tensile properties of freshly prepared PAHTD-4 and the sample after 3 months

of storage under ambient condition.
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Figure A18: (A) Functionalization of PAHz with DBM, (B) ATR FTIR spectra of DBM,
PAHz-DBM and PAHz (C) The tensile properties of PAHz, PAHz-DBM and PAHTD-4.
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Table Al: Half-life, activation energy (E.) data of hydrazide Michael addition and exchange

reactions for mono and bi-functional systems.

Reaction Monofunctional double bond Bifunctional double bond
(DBM) (TPMD)
Half-life at Ea Half-life at Ea
25 °C (min) (kJ/mol) 25 °C (min) (kJ/mol)
Michael DBM + BCH" TPMD + BCH*
addition 175 534 120 452
Exchange DBM-BCH + BzCH B-T-B + BzCH
Reaction 355 014 370 933

*E, value was calculated following 2™ order kinetics and “E, value was calculated

following 3™ order kinetics.

Table A2: The atom% data of different elements present on the surfaces of PAHz, PAHTD-1

and PAHTD-4 networks obtained from the XPS traces recorded at 90° and 30° incident angle.

Name Atomic %
90° incident angle
PAHz PAHTD-1 PAHTD-4
Cls 77.3 73.5 70.4
Nls A 4.9 8.0 9.0
B 3.1 1.2 24
Ols 12.9 15.8 17.3
Si2p 1.8 1.5 0.9
30° incident angle
Cls 73.4 69.3 72.2
Nls A 6.1 10.1 10.2
B 1.9 0.8 0.6
Ols 16.0 17.8 15.5
Si2p 2.6 2.0 1.5
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* the atom% of the N1s peaks at 400.0 and 402.0 eV are assigned as A and B respectively. The

atom% values were obtained from the Avantage XPS software.
Calculation, Experimental Section, DFT raw data and Tables:
Activation energy calculation for 3™ order type reaction:

A+2B —- C

The activation energy was calculated at three different temperatures (298.15, 308.15,

and 318.15 °K). The expression for half-life (t1 /2) is as followed.

By following the 3™ order reaction kinetics;

Where K= rate constant of the reaction
[Ao] = initial concentration of the reactant.

The rate constant was obtained by using above equation and the activation energy was

obtained.

We know from the Arrhenius Equation

Where E, is activation energy of the reaction,
R = Gas constant in J / mol. °K

T = temperature in °K

A = Arrhenius constant

Slope = E4/R provides the activation energy

Rate of the exchange of donors in hydrazide Michael adduct
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O _R' O+ _R
-NH K _NH
HN ¥ Y : HN ¥
_NH K _NH
H2N -1 H2N
A B C D

The rate equation for the above pseudo second order reversible reaction may be

expressed as follows;

T8 = 28 = Ky [AlB] = K_y[C][D] v (Eq. $3)

If, Eo is initial concentration of A and B and y is the fractional conversion of A and B

after time t; then
[C]=[D] = yEoand [A] = [B] = (1- x)Eo
Using the above in Eq. S3;

1 d
= d—f = Kt (A= )0)% = Ky X%, (Eq. S4)

The integrated form of the above equation (Levenspiel) is
—Q@xe-1x 1
[ 2= g (L q) By Fa 55
P 1\ 0 (Eq. S5)

Where y. is the fractional conversion at equilibrium

The rate constant (K;) was obtained by using above equation and the activation energy

was calculated.

Standard free energy of formation (A G°) calculation for hydrazide Michael addition.
A+2B - C
The Standard free energy was calculated by using below expression.
AG®° = —2.303RT l0gKeq..ioveveveviiiiiiiiiiiieiiiii, (Eq S6)
Where, R is gas constant in J/mol. °K, T is the temperature in °K.

The expression for K, is
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_ _lc]
Keq = T RSN (: L1

By putting K, in above equation AG’ was calculated.

Calculation of A G° value for reversible exchange reactions

A+B C+D

The Standard free energy was calculated by using below expression.
AG° = —2.303RT logK,,
Where, R is gas constant in J/mol. K, T is the temperature in Kelvin.

The expression for K, is

By putting K., in above equation AG" was calculated.

2 » @
J*J/J ¢ ’
A B

35 5

C

A S

Figure A19: Optimized Structures of (A) BCH fragment, (B) ACH, and (C) TPMD fragment

obtained using Gaussian 09.
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Table A3: Cartesian coordinates of the optimized geometries for (BCH):

Charge = 0, Multiplicity = 1

Atom X Y V4
0.570602 -0.605384 -0.29032
C 1.958742 -0.69805 -0.08061
C 2.76287 0.428766 -0.16399
C 2.201736 1.682748 -0.45053
C 0.821692 1.791083 -0.66713
C 0.028024 0.649402 -0.59548
H 2.405842 -1.65421 0.153359
H 3.835251 0.365985 -0.01165
H 0.36379 2.745683 -0.89651
H -1.0379 0.712425 -0.7849
@) 3.07754 2.724979 -0.49885
C 2.57164 4.018339 -0.79624
H 3.43332 4.687143 -0.78707
H 2.100054 4.049979 -1.78627
H 1.847253 4.352371 -0.04289
C -0.38802 -1.75178 -0.29961
0 -1.47835 -1.67169 -0.86141
N -0.05826 -2.96282 0.289897
H -0.85035 -3.60029 0.263088
N 0.889038 -3.10046 1.319489
H 0.429161 -3.14922 2.227342
H 1.410012 -3.96103 1.175937
Table A4: Cartesian coordinates of the optimized geometries for ACH:
Charge = 0, Multiplicity = 1

Atom X Y Z

C -4.3052 5.382285 -0.11788

o -3.17764 5.348354 -0.54575
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0 -4.9484 6.504326 0.307205
C -5.24204 4.197379 -0.01062
H -5.78212 4.205653 0.939068
H -5.98242 4.245288 -0.8157
H -4.66409 3.278909 -0.11212
N -4.06842 7.703347 0.236066
H -4.63116 8.299676 0.841618
N -4.10404 8.194403 -1.06552
H -4.67362 9.022809 -1.19514
H -3.15777 8.310873 -1.40395

Table AS: Cartesian coordinates of the optimized geometries for TPMD:

Charge = 0, Multiplicity = 1
Atom X Y V4
C -1.5277 0.15112 1.07071
C -0.1585 -0.0271 1.26262
C 0.75874 0.35692 0.26242
C 0.25448 0.94767 -0.915
C -1.1155 1.11491 -1.1078
C -2.013 0.71393 -0.1142
H -2.2191 -0.1407 1.85585
H 0.19798 -0.4289 2.20311
H 0.95031 1.26659 -1.6864
H -1.4813 1.56316 -2.0268
H -3.0812 0.85008 -0.2561
C 221211 0.20853 0.3668
H 2.78651 0.82486 -0.3233
C 2.97209 -0.5917 1.14667
C 4.45216 -0.5021 0.99176
o 5.03439 0.22284 0.2043
O 5.08752 -1.3256 1.85261
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C 2.45395 -1.5781 2.15571
o 2.12362 -1.3044 3.29243
O 2.40433 -2.8197 1.63929
C 1.97895 -3.8626 2.54076
H 2.02249 -4.7818 1.95782
H 2.65126 -3.9143 3.40026
H 0.96074 -3.6727 2.88814
C 6.52624 -1.3082 1.79852
H 6.85212 -2.0171 2.55885
H 6.87223 -1.6145 0.80849
H 6.90152 -0.3058 2.01756

A

Figure A20: Optimized Structures of A (-B-T) and B (BzCH) mixture obtained using

Gaussian 09.

Table A6: Cartesian coordinates of the optimized geometries for A (~B-T) and B (BzCH)

mixture:
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Charge = 0, Multiplicity = 1

Atom X Y V4

C -5.49458 2.337975 2.170112
C -4.173 1.918624 1.992892
C -3.81248 1.142678 0.884338
C -4.80035 0.78637 -0.04492
C -6.12043 1.203926 0.130221
C -6.47138 1.982633 1.237609
H -5.75877 2.935276 3.037998
H -3.41537 2.200529 2.719187
H -4.53757 0.163565 -0.89427
H -6.8761 0.914827 -0.59449
H -7.5001 2.303173 1.375222
C -2.36328 0.72135 0.685258
H -1.79802 0.981521 1.594363
C -1.7131 1.498104 -0.49521
H -2.22893 1.235574 -1.42463
N -2.25876 -0.7273 0.39818
H -1.2774 -0.9298 0.22059
N -2.65293 -1.5174 1.49469
H -2.316 -1.25517 2.419831
C -3.77467 -2.31859 1.547672
(0] -4.18968 -2.68135 2.647866
C -1.85548 3.004276 -0.26901
(0] -1.37984 3.588221 0.682977
O -2.57026 3.589998 -1.2405
C -0.22538 1.181713 -0.69754
O 0.381728 0.293639 -0.11707
o 0.310906 1.987489 -1.60751
C -2.7676 5.01418 -1.10645
H -1.80401 5.528436 -1.10334
H -3.35969 5.304104 -1.97333
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H -3.30207 5.233678 -0.17981
C 1.730177 1.826104 -1.89798
H 1.942248 2.563743 -2.66932
H 2.312458 2.030768 -0.99885
H 1.946295 0.817732 -2.24831
C -4.42593 -2.79078 0.280776
C -3.73143 -3.02973 -0.91425
C -5.79525 -3.09072 0.349283
C -4.40119 -3.54994 -2.02418
H -2.67131 -2.81926 -0.97755
C -6.46644 -3.59113 -0.76581
H -6.31528 -2.92991 1.287606
C -5.77028 -3.82233 -1.95663
H -3.85225 -3.74345 -2.94142
H -7.52868 -3.80955 -0.70394
C 8.165114 0.560969 0.322651
C 8.686699 -0.6408 0.823517
C 7.947069 -1.82767 0.695175
C 6.69821 -1.80705 0.087229
C 6.155325 -0.60702 -0.40931
C 6.912154 0.563951 -0.29144
H 8.719983 1.488072 0.401961
H 8.377065 -2.75185 1.066975
H 6.162657 -2.74417 -0.03314
H 6.505743 1.485255 -0.69552
C 4.82131 -0.51507 -1.09038
(0] 4.558339 0.376287 -1.89178
N 3.927803 -1.50519 -0.73694
H 4.079815 -1.97835 0.146102
N 2.642128 -1.52612 -1.29748
H 2.383369 -2.48317 -1.51119
H 1.955359 -1.08817 -0.68534

179




O 9.896662 -0.76146 1.438293
C 10.70921 0.399103 1.586145
H 10.20994 1.159498 2.198889
H 11.61474 0.063053 2.092127
H 10.97314 0.827103 0.611483
H -6.28979 -4.22044 -2.82379

Figure A21: Optimized Structures of A (~Bz-T) and B (BCH) mixture obtained using

Gaussian 09.

Table A7: Cartesian coordinates of the optimized geometries for of A (~Bz-T) and B (BCH)

mixture:

Charge = 0, Multiplicity = 1

Atom X Y V4
C -0.000004131 0.000002 0.000004561
C 0.000004695 -0.000004586 0.000004452
C -0.000000488 0.000001498 -0.000012284
C -0.000008121 -0.000001524 0.000005195
C 0.000004829 -0.000001366 0.000003624
C 0.000000709 0.000003625 -0.000002237
H 0.000001301 0.000001878 0.000002031
H -0.000000625 0.000002834 0.000002647
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H -0.000003189 -0.000000182 0.000000952
H -0.000000559 0.000001114 0.000001284
H 0.00000018 0.000001077 0.000002708
C 0.000006728 -0.000000162 0.00001239

H -0.000003523 0.000000029 -0.000003845
C -0.000014684 -0.000007043 -0.000017869
H 0.000001135 0.0000033 0.000002033
N -0.000004216 0.000016311 0.000023163
H -0.000008075 -0.000004305 -0.000012124
N 0.000029357 0.000002543 -0.000013547
H 0.000005392 0.000002988 0.000006501
C -0.00004106 -0.000005004 -0.000014638
O 0.000012627 -0.00000545 0.000021968
C 0.000022004 0.000029004 0.000016075
o -0.000008818 -0.000008625 0.000006425
(0] -0.000000196 -0.000010561 -0.000009256
C 0.000007335 -0.000028271 -0.000058795
(0] -0.000039756 0.000001649 0.000039442
O 0.000011377 0.000009406 0.00003914

C 0.000000597 0.000001399 0.000004159
H 0.00000051 -0.000001601 0.000003141
H 0.000000691 -0.00000168 0.000002784
H 0.000000337 -0.000000217 0.000003174
C 0.000012268 -0.000007686 -0.000071593
H 0.000004273 -0.000003579 0.000001261
H 0.000000379 -0.000001965 0.000000852
H 0.000018318 0.000028625 0.000079841
C 0.000015586 0.000007 0.000011181
C 0.000016223 0.0000233 -0.000054847
C -0.000027111 -0.000020308 0.000027298
C -0.000022525 -0.000013296 0.00001484

H 0.0000038 -0.000003845 0.00000615
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C 0.000011833 0.000023485 -0.000038689
H -0.000000669 0.000005323 -0.000003361
C 0.00000793 0.000002777 -0.000001135
H -0.000000853 -0.000001126 -0.000001662
H -0.000002103 -0.000002127 0.000003598
C 0.00004754 -0.000005722 -0.000014471
C -0.000034505 -0.000004891 0.000007527
C 0.000019224 0.000010858 -0.000004045
C 0.000007683 -0.00000716 0.000009211
C -0.000012293 -0.00000555 0.000013569
C -0.000014216 -0.000005569 -0.000002258
H -0.000013679 0.00000106 0.000003876
H -0.000006049 -0.000004301 -0.000002812
H -0.000005679 0.000000684 -0.000008759
H 0.000003096 -0.000001442 0.000004138
C 0.000012374 0.000054283 -0.000047157
O -0.000029261 -0.000026931 0.000024884
N -0.000005496 0.000016853 0.000020349
H 0.00001148 -0.000004005 -0.000003698
N -0.000047385 -0.000063322 -0.000012305
H 0.000027864 -0.000011705 -0.000035705
H 0.000031745 0.000025598 0.000013139
O -0.000000603 0.000013898 -0.000026162
C -0.000009737 -0.000037987 0.000051625
H -0.000019765 0.000030594 -0.000033588
H 0.000015521 -0.000015424 -0.000004651
H 0.000005401 0.000010812 0.000004102
H 0.000000651 -0.000007283 0.000008107
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Figure A22: Optimized Structures of A (~L-T) and BzCH mixture obtained using Gaussian
09.

Table A8: Cartesian coordinates of the optimized geometries for of A (~L-T) and BzCH

mixture:

Charge = 0, Multiplicity = 1

Atom X Y V4
C -1.58103 3.471504 -1.26961
C -1.2651 2.198931 -0.78124
C -2.27728 1.357928 -0.29628
C -3.60492 1.818842 -0.30279
C -3.91788 3.088315 -0.79141
C -2.90351 3.91909 -1.27841
H -0.78452 4.109458 -1.64155
H -0.22832 1.870794 -0.77908
H -4.40979 1.188113 0.068625
H -4.95049 3.425476 -0.79567
H -3.14546 4.906633 -1.66105
C -1.91779 -0.00898 0.283718

183



H -0.86538 -0.21177 0.076637
C -2.76369 -1.15698 -0.32324
H -3.83004 -0.9489 -0.21746
C -2.55338 -2.47739 0.424798
O -3.40662 -3.02138 1.091199
C -2.53106 -1.35717 -1.82476
O -3.37849 -1.80143 -2.5717
O -1.29496 -1.00797 -2.20435
O -1.31219 -2.96768 0.241334
C -0.98313 -1.16435 -3.60346
H -1.67261 -0.57315 -4.21013
H 0.037896 -0.8008 -3.70904
H -1.05701 -2.21612 -3.88971
C -1.03201 -4.22631 0.887784
H -1.71576 -4.99702 0.5249

H -0.00315 -4.4651 0.620628
H -1.14078 -4.12934 1.970467
N -2.06519 -0.07627 1.759877
H -3.02019 0.150597 2.034938
N -1.19174 0.7953 2.425687
H -1.13073 1.765019 2.120287
C -0.1892 0.347323 3.238648
O 0.659404 1.137665 3.666931
C -0.18319 -1.12195 3.594362
H -1.1576 -1.44704 3.967185
H 0.03585 -1.72098 2.705012
H 0.58761 -1.28483 4.347826
C 4.742602 -0.3978 0.539527
C 5.82018 -1.23156 0.229026
C 6.241622 -1.36818 -1.0958
C 5.572604 -0.67878 -2.11265
C 4.490233 0.145008 -1.80522
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C 4.073657 0.303681 -0.47559
H 4.406591 -0.32954 1.570507
H 6.323216 -1.77918 1.020712
H 7.081387 -2.01393 -1.33581
H 5.893087 -0.78656 -3.14486
H 3.949919 0.673237 -2.58383
C 2.889149 1.201449 -0.21862
O 2.001358 1.343737 -1.05635
N 2.907829 1.837538 0.992837
H 3.720957 1.736152 1.586928
N 1.850048 2.656832 1.409727
H 1.495687 2.324643 2.309639
H 2.163619 3.621263 1.477869

Figure A23: Optimized Structure of A (~Bz-T) and B (ACH) mixture obtained using Gaussian
09.

Table A9: Cartesian coordinates of the optimized geometries for of A (~Bz-T) and B (ACH)

mixture:

Charge = 0, Multiplicity = 1
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Atom X Y Z

C -4.16756 547129 0. 342273

C -0.44947 -3.3272 0.963475
C -0.48623 -2.13689 0.227323
C -0.24296 -2.19297 -1.15384
C 0.030986 -3.41086 -1.77975
C 0.073252 -4.59221 -1.03257
H -0.14016 -5.45881 0.931917
H -0.64901 -3.30075 2.031177
H -0.27167 -1.28379 -1.74711
H 0.208346 -3.43725 -2.85137
H 0.288059 -5.53914 -1.51941
C -0.7774 -0.81751 0.930874
H -1.15857 -1.05043 1.936625
C -1.88318 0.002455 0.208204
H -1.52674 0.349419 -0.76864
N 0.44978 0.016321 1.040353
H 0.138975 0.930146 1.378013
N 1.322038 -0.51517 2.024461
H 0.960915 -0.54738 2.977946
C 2.687946 -0.32085 2.005237
o 3.316321 -0.3303 3.062302
C -3.12178 -0.87231 0.01561

o -3.67634 -1.46511 0.918547
o -3.51634 -0.90812 -1.26661
C -2.28057 1.279635 0.956114
o -1.59093 1.840602 1.791152
(0] -3.46925 1.722905 0.54972
C -4.6981 -1.68894 -1.53925
H -5.54851 -1.29246 -0.97984
H -4.86317 -1.59492 -2.61185
H -4.53539 -2.73251 -1.26061
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C -3.8781 3.020816 1.035172
H -4.89017 3.159535 0.657315
H -3.86382 3.039061 2.126677
H -3.20452 3.777196 0.628406
C 3.393031 -0.15082 0.691404
C 3.112299 -0.95142 -0.42427
C 4.44736 0.772429 0.632554
C 3.87577 -0.82305 -1.58704
H 2.313847 -1.68262 -0.3772

C 5.190301 0.91872 -0.54016
H 4.682988 1.357511 1.515846
C 4.907306 0.118826 -1.65246
H 3.668366 -1.46419 -2.43925
H 6.000525 1.641184 -0.58012
H 5.497092 0.218818 -2.55936
C -0.12779 3.633744 -1.10245
O -1.29738 3.276136 -1.18208
C 0.253199 5.044918 -0.68118
H -0.0703 5.20129 0.352245
H 1.324325 5.256014 -0.75213
H -0.29154 5.752313 -1.31159
N 0.942515 2.820595 -1.3724

H 1.873659 3.155479 -1.15426
N 0.770429 1.472552 -1.72209
H 1.32937 1.269275 -2.5451

H 1.055342 0.871565 -0.94652
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Figure A24: ATR FTIR spectrum of Bz-T-Bz
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Figure A25: '"H NMR spectrum of Bz-T-Bz recorded in THF-Ds
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Figure A26: '3C NMR spectrum of Bz-T-Bz recorded in CDCl3
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Figure A27: HRMS trace of Bz-T-Bz
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Figure A29: XPS survey spectrum of PAHTD-4
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Figure A30: A typical stress versus stain cycle for PAHTD-4. Hysteresis calculation: the
shaded area between the forward and release curves represented the hysteresis value of the

sample.
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Figure A31: The de-crosslinked network (PAHz) was again crosslinked by dipping in TMPD

solution (THF: H20O). The tensile data of the reformed networks are presented.
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Figure A32: HRMS spectra of exchange reaction product of Diethylmalonate with n-hexanol
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Figure A33: Tensile traces of original & reprocessed film of PHEMA-DEM-1.5C
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Figure A34: DMTA traces of original & reprocessed film of PHEMA-DEM-1.5C
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Figure A35: Frequency sweep data of original & reprocessed film of PHEMA-DEM-1.5C
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Figure 36:'"H NMR spectra of Diethylmalonate & n-hexanol without catalyst at different time

interval at 140 °C for kinetics study.
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Figure 37: 'H NMR spectra of Diethylmalonate & n-hexanol without catalyst at different time

interval at 130 °C for kinetics study.
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Figure A38:'H NMR spectra of Diethylmalonate & n-hexanol without catalyst at different

time interval at 120 °C for kinetics study.
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Figure A39: Tensile traces of original & reprocessed film of PHEMA-DEM-2
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Figure A40: DMTA traces of original & reprocessed film of PHEMA-DEM-2
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Figure A41: Tensile traces of original & reprocessed film of PHEMA-DEM-3
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Figure A42: DMTA traces of original & reprocessed film of PHEMA-DEM-3
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Figure A43: Tensile traces of original & reprocessed film of PHEMA-DEM-6
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Figure A44: DMTA traces of original & reprocessed film of PHEMA-DEM-6
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Figure A45: Frequency sweep data of Vitrimers possessing Sn(Oct), as catalyst

198



Synthesis of Poly (2-Hydroxyethyl Methacrylate (PHEMA): We have followed the standard
reported procedure for the synthesis of PHEMA. PHEMA was synthesized by the using of 1
mol% a-Azoisobutyronitrile initiator in 20 g (153.8 mmol) 2-hydroxyethyl Methacrylate
monomer in 50 ml THF. We have refluxed the resultant mixture for Sh. For purification the
PHEMA mixture was dissolved in methanol and precipitated in THF. Yield: 19.0 g (95%). The
Mi (211000 g/mol) was determined from viscosity measurements. The intrinsic viscosity value
for PHEMA measured in DMF solution is 0.682 dl/g (Figure A56). The M, was calculated

using equations.

[n] = k,;, M®, where M = M,

The constant values ‘ky’ and ‘a’ were taken from the literature.
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Figure A46: Concentration vs Viscosity graph.
Calculations:

We have calculated the Activation energy from 2" order reaction kinetics:
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A+B — C+D

The equation for half-life (t1 /2) is as below

-1
tin= KA veeeeenn(Eq. S9)

Where K= rate constant of the reaction
[Ao] = initial concentration of the reactant.
From the Arrhenius Equation
K=Ae Ba/RT ... (Eq S10)
Where K = Rate constant of reaction, E, is the activation energy of the reaction,
R = Gas constant in J / mol. °K
T = temperature in °K
A = Arrhenius constant

Activation energy was calculated from Slope = Ea/R.
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Figure A47: HRMS spectra of exchange reaction product of BEM with n-Hexanol
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Figure A48: FTIR spectra of BEM, n-Hexanol and exchange product of BEM with n-

Hexanol
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Figure A49: '"H NMR spectra of BEM & n-Hexanol mixture at different time intervals at 130

°C for kinetics study
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Figure A50: '"H NMR spectra of BEM & n-Hexanol mixture at different time intervals at 120

°C for kinetics study
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Figure A51: '"H NMR spectra of BEM & n-Hexanol mixture at different time intervals at 110

°C for kinetics study.
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Figure A52: (A) Original sample of TEOC-PTMO, (B) sample after depolymerization, (C)

reprocessed sample, (D) tensile data of original and (E) reprocessed sample.
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Figure A53: (A) Original sample of TEOC-PTE, (B) sample after depolymerization, (C)

reprocessed sample, (D) tensile data of original and (E) reprocessed sample.

A
— g
- Depolymerisation Reprocessed
in n-Butanol, 120 at 140 °C, |
°C,15h 12 h
0.14,__ Original Sample 0.14 | —Reprocessed Sample
4 ~
~ o] -
< . E
g 0107 E 0.10
z =
2 0.06 - § 0.06 |
= 5
& 0.02] N .02
s 15 25 5 15 25
Elongation (%) Elongation (%)

Figure A54: (A) Original sample of TEOC-TEA (B) Sample after depolymerization, (C)

reprocessed sample (D) tensile data of original Sample (E) tensile data of reprocessed sample.
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Table A10: Molar composition optimization of TEOC and multi-ols in CANs based on their

tensile properties

CANs (Code) Multi-ol TEOC | Multi-ol UTS € (%)
(mmol) | (mmol) (MPa)

TEOC-PTE PTE 4.97 5.96 0.50+0.06 | 30.0+3.0
TEOC-PTE-1 PTE 4.97 5.46 0.20 £ 0.02 18.0+2.0
TEOC-PTE-2 PTE 4.97 6.46 0.30+0.02 | 20.0+3.0

TEOC-PTMO-PTE | PTMO/PTE 4.97 6.00 1.10+£0.03 | 283.3+16.0
TEOC-PTMO-PTE-1 | PTMO/PTE 4.97 6.23 0.60+0.04 | 130.0+10.4
TEOC-PTMO-PTE-2 | PTMO/PTE 4.97 5.80 0.50+0.03 | 111.3+9.0

Table A11: Mechanical properties data comparison of original & reprocessed CANs

CANs UTS (MPa) € (%) E (MPa)
TEOC-PTE (Original) 0.51+0.06 30.0+3.0 1.8+0.04
Reprocessed 0.50 +0.05 31.0+3.0 1.8+ 0.03
TEOC-PTMO (Original) 0.30 +0.06 595.0+15.0 0.8+0.01
Reprocessed 0.29 £0.04 590.0+9.0 0.7+ 0.01
TEOC-TEA (Original) 0.14 £ 0.01 23.0+2.2 1.1£0.01
Reprocessed 0.12+0.01 20.0+2.0 1.0+ 0.01
TEOC-PTMO-PTE (Original) 1.12+0.03 301.3+22.0 0.7+0.03
Reprocessed 1.01 £0.02 289.0 £20.0 0.6 £0.02
Calculations:
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We calculated activation energy for 2" order reaction:
A+B — C+D

The activation energy was calculated at three different temperatures (413, 403,393 and
383 °K). The expression for half-life (t /2) is as followed.

By following the 2™ order reaction kinetics;
e (Eq. S11)
0

Where k= rate constant of the reaction
[Ao] = initial concentration of the reactant.

The rate constant was obtained by using above equation and the activation energy was

obtained.
We know from the Arrhenius Equation
k=A eFRT (Eq S12)
Where E. is activation energy of the reaction,
R = Gas constant in J / mol. °K
T = temperature in °K
A = Arrhenius constant

Slope = Eo/R provides the activation energy
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Figure AS57: First thermal transition of DMTA traces of different PUN films
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Figure A59: Double shape memory performance of PUN40
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Table A12: Mechanical properties data comparison of original & reprocessed PUNs

Sample Code. UTS Recovery € (%) E (MPa) Recovery
(MPa)
(“o) (%)

PUN43 (Original) 33.0+2.1 - 345+ 14 270.0 £13.5 -

(Reprocessed) 23.1+1.5 70 280+ 13 192.0 £12.0 71
PUN40 (Original)  30.0+2.0 - 360 + 14 210.0+12.0 -

(Reprocessed) 21.6+1.4 72 325+ 13 155.4 £10.0 74
PUN32 (Original) 22.0+1.1 - 400+ 15 150.0+5.0 -

(Reprocessed) 163+ 1.1 74 350+ 13 120.0 £4.0 80
PUN24 (Original)  14.0 +1.0 - 515+£20 40.0+1.2 -

(Reprocessed) 10.5+ 1.0 75 490 + 17 306 1.1 85
PUN21 (Original) 8.0+ 0.6 - 680 + 22 19.0+0.5 -

(Reprocessed) 6.4+0.5 80 650 + 20 164+0.4 88




Table A13: Mechanical properties data comparison of original & Self adhered PUNs

Sample Code. UTS Recovery € (%) E (MPa) Recovery
M (%)
PUN43 (Original) 33.0+2.1 - 345+ 14 270.0 £13.5 -
(Self adhered) 23.8+1.6 72 300+ 13 195.0 £12.8 72
PUN40 (Original)  30.0+2.0 - 360 + 14 210.0+12.0 -
(Self adhered) 220+14 73 330+ 12 158.0+11.0 75
PUN32 (Original) 22.0+1.1 - 400 £ 15 150.0+ 5.0 -
(Self adhered) 16.7+1.3 76 360 + 14 123.0+6.0 82
PUN24 (Original)  14.0 £1.0 - 515+20 40.0+1.2 -
(Self adhered) 10.9£0.9 78 495 £ 18 31.0+ 1.1 86
PUN21 (Original)  8.0+0.6 - 680 + 22 19.0+0.5 -
(Self adhered) 6.6+0.5 82 655+ 21 16.7+0.5 88

Table A14: Triple shape memory data of two cycles of PUN21

Cycle R R# R R:§ R:§ Strain 1*  Strain 2*
No  (60°C) (Overall) (60°C)S (130°C) (Overall) (%) (%)
First 95.1 97.0 100.0 47.2 81.7 14.5 37.1

Second 96.5 97.1 100.0 56.2 93.1 16.5 37.2

*Strain 1 and strain 2 correspond to the elongation achieved for shape fixing corresponding
to 130 and 60 °C inflection temperature respectively. Sthe % shape fixity and recovery values

are tabulated below.
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