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As the human civilization progress more and more each daydenrands for energy and material
are growing at an exponential rate. Polymers and their compositelsl an important and
significant share in type of materials that drive the current globahmetogy scenario. Millions of tonnes
of different kinds of polymer are produced each year to b ever increasing need. At same time it
has given rise to the problem of piling up of huge polymesaste and degraded materials. On the other
hand, if we look closely to nature, we can easily see that it predwwomplex chemicals and materials in
such an efficient and clean manner that there are no wastagester effects. It recycles the broken or
damaged parts in an exquisite fashion by virtue of regeneratimegss. This regeneration process, i.e.
the “SeltHealing” capability is one of the several interesting idgam nature that humans have tried to
replicate in their quest for novel technology.

The concept of Self-Healing materials can be considered as aeetsd one, which remained
dormant for significant number of years even though beingt fiiscussed in the 50s and 60s. The
domain of self-healing polymers has seen a tremendous advagcein last two 15 years, thanks to
pioneering work of researchers at lllinois university, who degsetbthe microcapsule based self-healing
composites. The concept opened the door for new directiordevelop such kinds of materials which
could heal themselves in a more simplistic manner than the oneatirer The success of this approach
made others to develop their own strategies to impart self-haglproperty to polymeric materials.
Some of these approaches involving dynamic covalent or nwalent bonding led to the development
of novel series of polymers and composites. As more anckradvances are made in chemistry, there
still exist a whole lot of possibilities to develop even better amore efficient self-healing polymeric
systems.

The main aim of this thesis is to bring the self-healing concégpirmthe domain of polymeric
membranes and develop such kind of membranes which caairépemselves in an event of damage.
Unlike their solid state counterparts, membranes being a poroateral pose some challenges of their
own kind when applying the same kind of self-healing techrsqu@ne of the main objective and
challenge is to develop a complete autonomous self-healing am@sm for a polymeric membrane
without affecting its principal property of separation.

The first chapter of this manuscript provides an outlook tovgatide idea of self-healing right
from its beginning till the current scenario. We begin by distug about the characteristics of failure
that occur in a polymer during the course of its lifetime. Tifllowed by the classification of the self-
healing approaches developed so far, although there are alsor gtbssible ways to classify these
materials. We have broadly classified the self-healing polymestesg in autonomous and non-
autonomous ones, which are further sub-classified. The chigptevides only those works that have



managed to show the self-healing behavior experimentally. Fevepixns have been made to this
selection for certain approaches which have been considemat| and extremely ingenious.

The second chapter discusses the membrane that has beeslaj®d to exhibit the self-healing
capability. The membrane is based on the in-situ 3D self-assesfilslgpolymer micelles giving rise to
nano-porous superstructure. The copolymer used was ®siled in collaboration with researchers at
the University of Aix-Marseilles. We have explored the effefcpressure on the morphology of the
membrane which in turn affects its porosity. We have furtieeplored the self-healing aspect of the
membrane in terms of pressure sensitiveness and tried toetate with simulated results. With the
series of experiments, we have proved that the membraneajsable of healing itself autonomously
from a substantial damage.

The third chapter deals with the implications of a self-healing lmame. We have tried to
replicate the “direct mode translocation” of nanoparticles acrossi@ogical membrane to across a
synthetic self-healing membrane. We have discussed variousnpers that govern the process of
translocation of nanoparticles while relating to the simulation studiesiedrout other researchers in
this area.

The fourth chapter discusses the self-assembly of miceflasdiblock copolymer which shows a
“zipper effect”. This novel effect gave us the freedomharmge the arface properties of a substrate in a
reversible manner, but importantly in a facile way. This is inreshwith other methods which are often
tedious in nature. We conclude the chapter with strong beiieft the same “zipper effect” can be used
effectively to prepare a noautonomous “sehlhealing” coating and with slight tailoring, even a
membrane.

The fifth chapter discusses very preliminary results regarairdifferent approach “nangel”
taken to obtain a self-healing membrane. It discusses the motivatibrthe approach and the
experiments done so far towards the achievement of the gbak work remained incomplete due to
unavailability of time however, we hope that it will be carried forddo validate the approach and
employ it successfully.
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1. SELF-HEALING POLYMERIC SYSTEMS

Nature has been instrumental in inspiration for inntieas and discoveries for human kind since
the predawn era. One can find a whole range of miate ranging from the hardest known
material to innumerable stimuli-responsive systembed§e advance complex biological materials are
result of an evolutionary process which started lioils of years ago and still continuing. Of all the
remarkable features exhibited by these biologicgbtems, the ability to self-heal or regenerate in
response to damage caused by an external factquite intriguing. Organisms like hydra, starfisinca
regenerate easily even if a large chunk of theidypas cut away. In humans, healing process is self-
evident when a small wound is healed over the ceur§time. Human liver is able to wholly regenerate
itself from as less as 25%, demonstrating the le¥eldvancement in nature. In biological systems, the
healing process (Figure — 1.1) follows mainly thsé&ges: an inflammatory response to the injury
characterized by healing material clotting followley cell proliferation leading to matrix depositioma

in the end remodeling of the matrix. The last twess generally slow and may span over several menth

depending upon the extent of injury.

Biological route

]
é Q Inflammatory
response:
blood clotting
@ Cell proliferation:
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Figure— 1.1: Biological route for healing protess



Synthetic engineering materials in general do notdnaforementioned healing ability. Most of
these materials were developed and optimized by ttmstant need of more robustness, less cost and
durability. However during the course of utilizatioa, material encounters various kinds of stresses
leading to degradation, internal or external damagand finally a catastrophic failure. Consequently,
research community has diverted its attention tovééop such smart materials which are able to detect
damages and repair themselves accordingly in an rautwus fashion. Such materials are expected to
have longer life and reduced maintenance and lifeleyosts. Different kinds of self-healing apprcesh
have been developed for polymers, metals, concréteand ceramicswith first class showing the
maximum development related to self-healing. Thepmxof this chapter and work shall also be limited

to polymers and composites in the same sense.
1.1FRACTURE IN POLYMERIC SYSTEMS

Polymers used in engineering domain sustain damagearious external factors like thermal,
chemical, biological and respective applicatioratetl stresses. However, for such materials failures
caused by cyclic fatigue and impact are most importand studie8®. When a crack appears in a
material, its further propagation inside the materis favored when the amount of energy released
during cracking is larger or at least equal to #mergy required to create new surfaces on the mite.
The crack propagation modeling is often explainecgsi certain stress intensity parametgt'®2 This
parameter depends on crack depth, geometry of bothck and material as well as the stress applied

onto the material in case of crack opening typdufiaa (Figure-1.2).

Starting Material ﬂ\m
Force Acting on Material

Initial Opening Mode Failure

Continued Opening Mode Failure

Figure— 1.2: Opening failure in a material of motigpe"

The crack grows when keaches a certain critical valuggHue to change in the applied stress
and geometry of the crack caused by cyclic or monat loads. During an impact damage incident

(consisting of a monotonic load) the extent of crgotopagation is related to the maximum stress



intensity factor (. experienced. During fatigue-type damage crackppgation is related to both
and the change in Kluring cycling &K). Either the fractured surfaces of the crack mistresealed or
the growth of the crack must be stunted or checkedeffectuate the healing process of the polymer. A

number of so called extrinsic mechanisiié are proposed to mitigate the crack growth (Figufie3)®.

14
||

Figure— 1.3: The proposed extrinsic mechanismerémk growth retardation in a materi&l** a) Crack deflection,

b) Wedging — debris induced crack retardation, c)dyifey — surface roughness induced crack deflectin,
Bridging — fiber toughening, e) Zone shielding —ragiack toughening, f) Zone toughening — transformation
toughening, g) Zone shielding — crack field formationWedging and bridging — fluid pressure induceatic

closure

All traditional and self-healing approaches aredzhsn these mechanisms and generally involve

dissipation of energy away from the propagatingatréipvia a mechanical change behind the crack tip.
1.2SELF HEALING MATERIALS IN GENERAL

An ideal self-healing material (polymeric) should/dv@an in-built capability to repeatedly sense,
respond and repair from damage it suffered whileaeering most of its primal properties within a short
timeframe. From here, healable polymeric materialancbe broadly classified into two classes:
Autonomous self-healing materialsn which the healing process is triggered by themadge itself
without need of any other external stimulus and thmeaterials is able to attain pristine material’s

properties; Non-Autonomous self-healing materialsn which healing is triggered and executed in

3



response to a specific external stimulus (relatedrtiended application) other than damage. For both
classes, the most important criteria to fulfilltis have inherent ability to create multiple new band

interactions in and around the damage zone by usihg components from within their existing
structure™. Figure— 1.4 shows the classification of these peljosystems based on the healing

stimulus and chemistry involved that have been dgsed in this chapter.

Autonomaus Self
F| Healing

Encapsulation

Microvascular

Self-Healing

Polymeric Systems

Sulfur Chemistry

Dynamic Covalent

| Non-Autenamous
Self-Healing

Supramaolecular
Chemistry

Dynamic

Non-Covalent
Chemisry

Figure— 1.4: Classification of self-healing polyms&rgtems based on the chemistry involved

Since the domain of applications for polymeric méks is large therefore the primal property differs
with each application. Hence it is difficult to as@in and compare the extent of healing. Alsoniost
of the cases, healed material is not able to recoakiof the property as was of pristine material.that
case, it becomes pertinent to mention the efficignaf the healing method. A basic method propo¥ed
to describe the extent of healing can be adoptelde Equations used as depicted as below:

JFhaagd@Rragi«pi
ARPKRANRE IAEEERS001 Eq.(1.1)

EaaagddRrRa@ «pi

= ? :
(B *A=HEBBE?EAINU: st agoro.

Above equations have been used explicitly to explarious properties like fracture stress, elongatat
break, fracture energy, molecular parameters and rbeame resistance, etc in different polymeric

systems. However it must be noted that the aforertiened equations give information only about that



particular property. They do not provide informatiaiout the extent of recovery of other properties of
the material during the healing process unless exgld separately. The healing efficiencies can be
calculated either after healing of a single micrgsicocrack or after a material has been broken ahé t
parts then separated and rejoined prior to the hieal efficiency measuremetit Further factors like
healing rate, number of times the material can be legaat the location and the extent of recovery of

pristine properties should also be considered.
1.3 AUTONOMOUS SELF-HEALING POLYMERIC SYSTEMS

These polymeric systems, as defined in the prevgeddion are characterized by their ability to
undergo healing process initiated by the fractutself. Such materials sometimes also referred as
extrinsic self-healing materials rely on two quitengprehensively developed approaches namely:

encapsulation and mechanoresponsive and will bewdised in this section.

1.3.1 Encapsulation

The encapsulation approach refers to the embedding self-repair fluid filled fibers or capsules
or vesicles within the polymer matrix. In case ofrdae, the fluid holding reservoir would break thbye
releasing the fluid in the damage plane thus healing material autonomously. These materials closely
mimic healing mechanism observed in nature (Figufig-however unlike biological counterparts; it is
much simpler and accelerated. This approach prilpdras been used for thermoset polymers and their

composites though applicability has been establisher protective coatings and even for packaging
films"’.

Figure— 1.5: Hollow fiber based repair systems, d&erent configurations considered, b) Scanning Elactro

Microscopy image of a resin filled fiber



The first work based on this approach, reported wack in early 90s consisted of concrete
reinforced with fibers filled with cyanoacryldfeand methylmethacrylat® adhesives. The idea was later
replicated to polymeric system by embedding a twatgpoxy crosslinking adhesive filled glass pipette
in a thermoset polymer matrfx The technique was further investigated with elifint kind of hollow
fibers and it was postulated that glass fibers wbesst suited for controlled fracture providing eftae
healing and also thicker composites were better @fprmance for healing studiés In another worf®
by Bleayet al, a two part system was investigated consistindnaritboth epoxy resin & hardener
contained in adjacent fibers or one of them (har@endispersed over in microencapsulated form while
the resin was contained in the fiber embedded witthe polymer matrix (Figure — 1.5). Although aswv
a onetime repair system however it validated theeddof controlled release of healing agent into a
polymer matrix to stop the propagation of a craokpair it and recover the mechanical properties.

An alternative novel approach was developed by Whital. in 2001, where healing agent was
encapsulated in urea-formaldehyde microcapsules anmtbedded in a polymer matd% Upon crack
intrusion, the healing agent would seep into the drgidane from ruptured capsules through capillary
action where its polymerization takes place, triggétey contact with an embedded catalyst and thus

leading to healing of the system (Figure— 1.6a).

a) o—Catalyst  © ° » o b)
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= T Microcapsule
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Figure— 1.6: The autonomic healing concept based miceoencapsulated healing agent embedded in a stmatt
composite matrix containing a catalyst capable of payizing the healing agent, a) Cracks forms in the matri

wherever damage occurs thus releasing the healingnagnto the crack plane through capillary action wihic



contacts the catalyst and undergoes polymerization thiisdithe crack formed, b) Healing effciency is obtaihgd

fracture toughness testing of tapered double-cantildveam (TDCB) speciméhs

An almost 75% toughness recovery was obtained lier ltealed sample in a tapered double
cantilever test where the load was applied perpendar to the crack plane (Figure — 1.6b).

The healing agent used in this approach was the onogr known as dicyclopentadiene which
would undergo ring-opening polymerization (ROMP}ha presence of a catalyst (Grubbs’ catalyst) at

room temperature (Figure— 1.8).

Grubbs' Catalyst

PCyny
[ Ph
/ﬁ‘h:\
A L H —*—J ==
" e Y, N n
Dicyclopentadiene Monomer \ '

Crosslinked Polymer
Figure — 1.7: The Ring Opening Metathesis Polymenzd®R®OMP) of dicyclopentadiene (DCPD) monomer by
Ruthenium based Grubbs’ catalyst

Another interesting feature of this work was thegitig nature of the polymer formed within the
crack plane. The reason behind this was the usddi@ing polymerization catalyst. A direct conseque
of this living nature is that if more monomer is addat the place further polymerization would occur
giving the possibility of having multiple healings.

Due to novelty of this work and direction it provideid,is important at this point to discuss
certain aspects of this approach. A significant bem of parameters need to be considered and
optimized to obtain good healing.

The first parameter is to ensure a so called “sequatin method™ for the healing agent and
the catalyst. Various factors identified in this tined are solubility, volatility, reactivity, visabsand pH
of the healing agent to be encapsulated. Generaliealing agent or catalyst soluble in oil, non-vidat
unreactive to inner wall of the capsule, having leiscosity is considered ideal for this approachuio
these requirements are not strict as per say.

The second parameter is the synthesis procedurencfocapsules and their physico-chemical

properties. In most of the self-healing work invalyiencapsulation approach, the microcapsules have



been prepared from urea-formaldehy&f&?. However other polymers like melamine formaldehy®F)
3336 recently melamine-urea-formaldehyde (MU, polyurethane (PUY*° and acrylate® have also
been investigated. In a slight modification to thigproach, the microspheres were prepared by mdiab
dispersion encapsulation method in which dispersifncatalyst was carried out in molten wWax An
excellent toughness recovery was reported with t@dfreduction in catalyst concentration. However a
non-linear fracture behavior was also observedtf@se microspheres. The most common technique for
preparing microcapsules is by miniemusion polynagian techniqué® in which sub-micron oil soluble
polymeric phase dispersion is carried out in wathage. During the in situ polymerization process,aure
and formaldehyde react in the water phase to fornto&v molecular weight pre-polymer; as the weight
of this pre-polymer increase, it deposits at theRBEwater interface. This urea-formaldehyde polymer
becomes highly cross-linked and forms the microcéshell wall. Nanoparticles of pre-polymer then
deposit on the surface of the microcapsules pravidia rough surface morphology that aide in the
adhesion of the microcapsules with the polymer nratturing composite processing however it may also
inhibit the deposition of the nanoparticles on thdF microcapsule surface thus affecting the wall
thickness and ultimately the storability of DCPBIémger duration of timé&'. Barring the thickness of the
microcapsule walls, other features like their sudamorphology and size have been found to be
influenced by manufacturing process variaBlegVhile the thickness typically been found to beyiag
between 160 — 220 nm irrespective of what the preggarameters are, the average diameter of the
microcapsules could be varied between 10 — 10000yrwarying the agitation rate between 200 — 2000
rpm. An increased agitation rate would decrease theerage diameter of the microcapsules. The wall
thickness range was found be optimum for robust imaapsules capable of surviving the manufacturing
process of the polymer while still fragile enough be ruptured in case of a crack formatfén
Additionally, a capsule with higher elastic modufluan the matrix was shown to be deflecting the dtac
away from itself by generating a stress field (Fégd 1.8). Thus to ensure the triggering of the liveg

process, it is of primal importance that the capshhs lower elastic modultfs
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Figure — 1.8: Stress state in the vicinity of a plastack as it approaches a spherical inclusion embeddea

linearly elastic matrix and subjected to a remote tenisiteling perpendicular to the fracture platie

The size of microcapsules further affects the heplefficiency at same weight fraction for a
given crack volume. It was reported that larger mgapsules fared better than smaller due to amount
to healing agent present in the polymer sampleing4r dependence was reported between the amount
of healing agent delivered to the crack plane and thameter of the microcapsule for a given weight
fraction®. Earlier it was found that lower concentrations efmaller microcapsules would impart
maximum toughening to the polymer specinfénWith the use of ultrasonification during capsule
synthesis process, a further reduction in the sims been achieved. The lowest average diameter
achieved was as small as 220 nm and as big as lm6®uring fracture testing of the specimen, nearly
all the capsules were found to be ruptured and gnficant improvement in the fracture toughness per
volume fraction of capsules was obserted

The third parameter is the properties of healingeat (monomer)/Catalyst system. The most
studied system so far is Dicyclopentadiene (DCPDiyjual healing agent/Grubbs’ catalyst, a purple
colored ruthenium (IV) catalyst system. Two isomeform of DCPD have been identified in
commercially available monomer (Figure — 1.9) comiteg more than 95 % of the “Endo” form. In situ
NMR studies conducted for DCPD reactivity for ROMiveti that the “Endo” isomeric form is less
reactive towards ROMP as compared to “Exo” isonferim*®. The reason behind this low reactivity was
reported to be predominant entropic steric interaohs. Ethylidene norbornene (ENB) (Figure — 1.9) is
another potential monomer investigatét®“°*3as an alternative of DCPD. ENB with lower freezing
point has been found to be more reactive towardsNR®Othan DCPT However since the resulting
polymer is linear in case of ENB hence its mechapizglerties are inferior to that formed by DCPD
polymerization. This problem was can be circumvdniy using blend of these monomers as shown in

one study® where a blend of DCPD/ENB (1:3) was found to shighest rigidity than individual
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monomer systems. The addition of ENB not only enhdrithe polymerization rate but also reduced the

Vi

Dicyclopentadiene (Endo) Dicyclopentadiene (Exo) Ethylidene Norbornene

amount of catalyst needed.

Figure — 1.9: Structure of Dicyclopentadiene isormrdsEthyliden Norbornene monomers

In the first work reporting microcapsule encapsidat self healing technique, the catalyst used
was the first generation Grubbs’ catalyst. Desmjteod healing observed, the catalyst showed inherent
problems like deactivation upon exposure to air andisture, reactivity loss to diethylenetriamirfe’
(curing agent for epoxy matrix), and tendency toglagnerate within the polymer matrix leading to
delamination. Also its decomposition starts justoab 120C in comparison to DCPD’s temperature at
170°C°*%8 This limitation renders this combination’s healingefulness for polymers requiring higher
processing or usage temperatures. In most of thedis**">*%carried out for DCPD/Grubbs’ catalysts
system, the loading of encapsulated DCPD variedvéet 10 — 25 wt% while typical catalyst
concentration values were 2.5 wt% or 5 wt%. Fdedive healing to take place, the availability of
activated catalyst in right amount is of very imtarce. However this availability has been foundbhto
dependent upon factors like mixing order, matrixsire type, type of curing agent, particle size of the
catalyst and the amount of catalyét Highest healing efficiency was obtained with tggaparticle size
of 180 — 225 um while concentrations greater tharb 2vt% provided negligible gain in fracture
toughnes$’. A fast dissolution of catalyst is important to abt a good healing efficiency which would
otherwise lead to heterogeneous polymerization tepesed catalyst particles locations. Smaller is the
particle size; faster is the dissolution of the agst however this brings the problem of more cyl
exposure to curing agent mixed in the polymer matilike exposure can reduce the overall reactivity of
the catalyst thus negating the effect of catalystesand concentratioff. As reported in an earlier wotk
about the ease of handling of Grubbs’ catalyst gnelservation of its reactivity by dispersion in pfira
wax, the amine deactivation problem was circumveahtdy encapsulating the catalyst in wax
microspheres of size 50 — 150 pm before dispershegrt into the polymer matrfX. The catalyst was
found to retain 69% of its reactivity as well as wasformly dispersed throughout the epoxy matrix
without any sign of agglomeration. The system showietpbroved healing efficiency of 93% at

comparatively very low amount of catalyst loading7@®wt%). Wax protected catalyst idea was further
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used for a new epoxy polymer matrix having vinyeegroups and superior mechanical properffes
The resin was curedia free radical polymerization techniques employingiaeaperoxide initiator. As
expected, the wax encapsulated catalyst retainedl attivity while being exposed to peroxide curing
reactions. Larger size microspheres preserved higlsesalyst activit}y®. As an alternative to first
generation Grubbs’ catalyst, different rutheniumtakysts have also been investigated. In one st(dy
the first generation catalyst was compared with ged generation Grubbs’ and Hoveyda-Grubbs’s
catalysts. The three different catalysts were inigated for their ROMP initiation constants, stitlil
curing agents, thermal stability and ROMP reactivitylternative healing agents. The ROMP initiation
constant of first generation Grubbs’ catalyst wasirfd be lowest in solution while higher in bulk in
comparison to second generation catalyst. Hoveydab®s' catalyst showed an initiation too fast to be
measured in both cases. During fabrication of th@lymer specimens, the first generation Grubbs’
catalyst turns from purple to brown indicating thesaktivation of the catalyst. Second generation
Grubbs’ catalyst changed from brown to green butawbor change was observed for catalyst of third
kind. Due to complete deactivation, no healing wasserved for first generation catalyst however
despite showing healing activity, no significant ioyement was observed in healing efficiency for the
other two catalysts. Second generation Grubbs’ gatakxhibited best thermal stability in self-healing
test at 125C.

Despite good healing results and tremendous potaindf newer generation of Grubbs’ catalyst,
the inherent temperature sensitivity, high cost anohited availability of these catalysts prompted the
search for other cheaper alternatives. As one sulcbaper alternative, Tungsten (VI) catalyst system
(WC}) was explored for autonomous self-healing materfalslarge scale applicatioffs Being a catalyst
precursor, WGIneeds to be activated for catalytic activity. Instivork, WGlwas activated with a stable
alkylating agent phenylacetylene even in air. Oxwlatf WCJ also converts it into WOGHhich has also
been reported as ROMP-active catalyst. Since dajubof catalyst is absolutely necessary for
polymerization to occur, hence to address the indlity of WC} in DCPD, nonylphenol was also added
as a dissolution agent. A 50% decrease was obsémvedcture toughness for initially prepared samgle
attributed to poor bonding between the matrix anti¢ catalyst. The toughness value increased to 75 %
of virgin epoxy when a silane coupling agent was leyetl. The healing efficiency dropped from 102 %
for re-crystallized Wglko 20 % as received but mechanically well dispei&c) in the polymer matrix.
The probable reason for this decrease was the exposaf well dispersed catalyst particles to the
surrounding polymer matrix leading to deactivatiod larger surface area. Dispersion after wax

protection gave better efficiency but the corresmting catalyst loading was as high as 7 %.
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Figure — 1.10: Self-healing process based on siéoxend alkoxy siloxane systems, a) Composite corgisfi
microencapsulated catalyst (yellow) and phase-separdtealing-agent droplets (white) dispersed in a matrix
(green), b) Crack propagates into the matrix releasirggcatalyst and healing agent into the crack plane,l@ T
crick is healed by polymerized PDMS, d-e) Scanlg@ogan microscopy images of the fracture surfacewshg an
empty microcapsule and voids left by the phase-sapdraealing agent and a smooth surface microcapsflle,

Average maximum load of self-healed vinyl ester leyntiethod and the corresponding healing efficieridies

Moving away from DCPD/Grubbs’ catalyst system tdutheir associated high cost and lower
availability, in 2006 a new kind of healing system waoduced by Chet af®. This system was based
on the same healing principle as discussed aboveelvewthe monomers were changed to hydroxyl-
terminated siloxanes and alkoxysilanes while catalyvere changed to organotin compounds. Since this
catalysts were found to be effective only in theepence of water, hence the proposed healing materia
was radical improvement over the DCPD/Grubbs’ systemhich the catalyst was highly susceptible to
moisture.  Additionally, the liquid phase healing age hydroxyl end functionalized
poly(dimethylsiloxane) & poly(diethoxysiloxane), kkbbe directly mixed with the polymer matix where
they would remain as phase separated droplets hgviize between 1 — 20 um. This left only the
organotin catalyst (di-n-butyltin dilaurate) to beeapsulated along with a solvent (chlorobenzene). The
size of the microcapsules could be varied from 50 1#50 um by varying the stirring rate during the

microcapsules formation (Figure-1.10)
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healing polymer system along with a bit higher cagtilgading however the observation is obvious given
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the lower stiffness and fracture toughness of PDiBnpared to matrix polymer. In a further
modification to above work, PDMS was employed asrttatrix polymer while containing two different
sets of microcapsulés One set of microcapsules contained a PDMS copmiywith active sites for
crosslinking while the other kind contained a highlewollar weight vinyl functionalized PDMS along with
platinum catalyst (initiator capsule). Up to 75%alieg efficiency was achieved with 10 wt% resin

capsules and 5 wt% catalyst capsules.

Encapsulation of epoxy resin in microcapsules adifgeagent is also one of the alternatives
investigated®®®™ However to accomplish healing, a latent hardehas to be incorporated into the
matrix. Upon rupture of the microcapsule, the epoxguld seep into the crack and polymerizes due to
contact with embedded hardener thus closing theatraThis approach shares the same advantage as
the PDMS/catalyst system that the healing mategaherated during the healing process is identical a
the matrix material itself chemically. This resulithe deviation of tear path in the healed sample from
that of the virgin tear path, resulting in greaténan 100 % healing efficiencies. The epoxy/hardener
system, first reported in 2007 employed an imidazole-metal complex as a latentdeaer. The
solubility of CuBX2-Melm), hardener complex in epoxy ensured a homogeneossillution all over the
matrix and thus capable of curing epoxy at any painthe matrix. The reported diameter range of the
microcapsules was 30 — 70 um with encapsulated gpegin. The incorporation of the hardener and the
epoxy microcapsules did not impact the mechanicalperties of the matrix as such though fracture
toughness was found to be increased slightly. Usi@gwt% epoxy microcapsules and 2 wt% latent
hardener, an impressive 111% healing efficiency ngpsrted however the approach failed to qualify as
a true autonomous healing system. The obvious reasothe inherent need to heat the samples
between 130C — 1708C to initiate the curing of the epoxy resin. To mathis approach fully
autonomous, the imidazole-metal complex hardenerswaplaced with low-temperature mercaptan
hardenef* in conjunction with a tertiary amine catalyst, epsalated in microcapsules and embedded
along with epoxy filled microcapsules in an epoxytrirZ. The microcapsules used for both
components, were based on the melamine-formaldehylde to instable nature of mercaptan hardener.
The benzyldimethyl amine catalyst was infiltratedoirmercaptan filled microcapsules in a secondary
step, since being basic in nature the catalyst collbe incorporated during the microencapsulation
procedure which is performed in acidic medium. Aaliveg efficiency of 104.5% was reported for
specimens containing 5 wt% (2.4 wt % each) capsaleaPC (Figure — 1.11a). It was observed that

maximum healing occurred when the ratio of two noicapsules set is near 1:1. A minimum of 12 hours
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was required to reach healing efficiency beyond 1@ A novel feature of this work was the

achievement of healing at temperature as low as’@With an efficiency of 86% (Figure — 1.11b).
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Figure — 1.11: Self-healing process based on epwigaptan system, a) Influence of capsules concentratin

fracture toughness of the materials, b) Influenceéemfperature on healing efficiencies with time.

Solvent induced self-healing comprises the earliegtwn works in the field of self-healing. First
reported in early 80s, the approach involved theatieg of thermoplastic polymers (for example:
PMMA) and simultaneous sealing of cracks with gsukvelike ethanol, methanol and carbon
tetrachloride’®”’. The healing mechanism involved wetting of the pudy surface and swelling of the
bulk polymer material, which led to reptation andterlocking of the chains across the crack plane to
recover mechanical properties of the virgin materimhd heal the crack. Immersion of polymer
specimens in these solvents reduced the glass ttians(T;) of the polymer, thereby facilitating the
healing procedure to occur at room temperature orghli heating. However due to high degree of
swelling, the healed samples had lower strengthantithe original ones. The solvent strategy was
combined with encapsulation technique in 2007 by (Garet al. in a work where the solvent was
encapsulated and embedded into an epoxy mafriA significant number of solvents were investighte
and first screened for their healing ability by maily injecting them onto a crack plane of a fraetdr
epoxy specimen in reference tests mimicking thewel/ of solvent to the crack by a ruptured capsule
The study showed a correlation between the heakfiiciency and the solvent polarity (Figure — 1.12a
Five aprotic polar solvents exhibited the highesaligy efficiencies namely: nitrobenzene, NMP, DMA,
DMF, and DMSO. These solvents have dielectric aotsstranging from 32 to 47. However, the
relationship of polarity with healing efficiencyd not be explained. On both extremes of the pdiari

spectrum, non polar solvents like cyclohexane, hesaaed protic polar solvents like formamide, and

14



water showed little or no healing. Encapsulatigia Urea-formaldehyde encapsulation and reverse-
phase encapsulation techniques remained problemdtc aforementioned five solvents. The only

solvent which could be encapsulated with relativese was
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Figure — 1.12: Solvent based healing system flaghte of different solvents on healed peak fractoe, b) Load

— displacement curve obtained for short — groove giag’

chlorobenzene, encapsulated into microcapsules hgwawverage diameter of 160 um. However the
maximum healing efficiency obtained was 82% with @@ capsules loading (Figure — 1.12b).
Correspondingly, xylene gave a 38% healing effigiemhile that for hexane gave 0%, indicating a
dependence of healing efficiency on the solventapiy. In a continuation of the above work, further
enhancements were reported for solvent-based salfling of epoxy materiald First, in place of
microcapsules filled with solvent, a mixture of egoresin and solvent was used. This modification
yielded a complete recovery of fracture toughnefigiacrack propagation. Multiple healing events wer
also reported for this system. Second, less togleents including aromatic esters giving efficieealing
replaced more toxic chlorobenzene. A stable sh&dfdi one month was also reported for epoxy-solvent
system under ambient conditions for both chlorobenez and phenyacetate. Similar encapsulation
approach has been used in case of thermoplastic PMMn films where a plasticizer (Dibutylphthalate)
was encapsulated in urea-formaldehyde microcapswed dispersed into PMMA thin filfffs Upon,
rupture, the DBP is released into the crack whengaisticizes and swells surrounding polymer leading t
the mending of the crack. The use of DBP helpsamtaining the optical properties of the prepared
films and healed films also. Although no mechanpralperties data was presented, the authors claimed
to have recovered most of the protective propertie$ the virgin film along with certain portion of

mechanical properties.
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In addition to above works, some other novel reeetsystems have also been investigated in
conjugation with encapsulation technique. One of thesystems is isocyanate encapsulated
microcapsule®, which is capable of performing healing in wethmimid conditions. This eliminates the
need to use of a catalyst in the composite materidhe isocyanate employed was isophorone
diisocyanate encapsulated in polyurethane microcd@supreparedvia interfacial polymerization of
polyurethane prepolymer in an oil-in-water emulsidrhe mean diameter of microcapsules and agitation
rate followed an inverse power law relationship asddyanate loss for a half year period was less than
10 wt%. In a more recent similar w8tk microcapsules containing a reactive amine withtemtial
applications in self-healing polymers were preparedrigrfacial polymerization of an isocyanate and an
amine stabilized by an inverse pickering emulsibime microcapsules were successfully isolated, dried
and redispersed in epoxy. Upon rupture, the capsukdeased the core material thereby able to cune t
epoxy to form a polymer film. Click-chemistry hdsoabeen presented as a potential chemistry for
healing materials. In one such wdtka liquid azido-telechelic three-arm star polytistylene) polymer
and trivalent alkynes were encapsulated into micisined capsules and embedded into a high molecular
weight poly(isobutylene) matrix. Using (Cu(l)Br@$pas low temperature catalyst for the azide/alkyne-
"click"-reaction, crosslinking of the two componerit 46C was observed within 380 min and as fast as
10 min at 86C. Significant recovery of the tensile storage nodwas observed in a material containing
10 wt% capsules. Though promising, the approadhreties on the incorporation of a catalyst which is
air sensitive, thus losing its activity over thefage of the material. Living polymerization tectués like
ATRP and RAF?® have also been explored where liquid monomer (glyicimethacrylate) is
encapsulated in microcapsules. Again, these systiimggh attractive, still posses inherent limitat®n
In case of ATRP, being air-sensitiveness of thalyst$ used, the surface healing cannot occur &y th
get deactivated being in contact with humidity. Alsbe metal ions are reported to accelerate the
degradation of the material. Additionally, sinceettpolymerization needs heating well above room
temperature, hence it cannot be called an autonorsduealing system. The RAFT approach although
skips the problem of deactivation but still requiregating of the matrix for effective healing hence
cannot be termed under autonomous healing systemrs.place of microcapsules, use of carbon
nanotubes as reservoirs has also been proposidsimulation studie®¥® which will not only give

healing ability but also boost mechanical and electnzaperties for advanced applications.

1.3.2 Microvascular Networks
The microvascular approach is another novel apphoatich draws maximum inspiration from

nature to create most biomimetic synthetic materidlithough this methodology shares basics with the
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hollow glass fibers and encapsulation techniqguesuised in previous section, a striking advantage
which differentiates it from these two techniquesttse ability to heal at the same point multiple times
This healing multiplicity originates from the preserafean interconnected network of hollow capillaries
filled with healing agent inside the polymer matrikhis healing system closely resembles the healing
mechanism evident in humans, animals and even aerpdants. For example, in human body (or an
animal), blood circulates in an intricate networkasteries, veins and capillaries of varying dianneéiea
clot-free fluid state. When damage happens at atigatar point, a localized solid clot of blood igated

to fill the wound (Figure — 1.13). Designing of dficient microvascular system similar to that in
biological systems, it is primordially important tonsider various factors like shape of vesiclesjrth
dimensions, orientation, 3D spatial arrangement.siich a scenario, Murray’s law can be considered,
according to which the cube of the radius of the guatrvessel should equal the sum of the cubes of the
radii of the daughter vessels. It was postulateatthminimization of associated energetic cost with

optimum transport flow in a circulatory system coudd achieved by maintaining this ratio

-
.

rger blood vessels

Figure — 1.13: Microvascular network of blood vesseld capillaries beneath the skin which supply #wuired
materials for healing in case of damage to the skin.

A number of efficient network architectures havedm proposed like a network of few large
channels having large number of smaller sub-chasifielooped channef8, grid networR®?: dual
channels networ¥ for optimum performance. In general, utilization wfo segregated type of channels
has been considered to be an optimal approach fa thalization of vascular healing system. Under
which, the main supply channels should be robust attrdng enough to remain undamaged in case of
mechanical impact thus maintaining the structunadegrity of the material while the smaller channels
should be capable of rupture and releasing the heplagent into the ruptured sifé Leakage of
principal supply channel, closing of smaller chdrthe to cured healing agent, failure of smaller whel

to rupture, degradation of healing agent and its imper cure are some of the additional parameters
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that have been identified to be taken into considgoam while designing materials based on
microvascular approac¢h Based on genetic algorithms, a modeling and opation scheme was
prepared for designing of 2D and 3D microvasculawaeks™. Various parameters like flow efficiency,
homogeneity, network redundancy, network topologgicrochannel diameter and void volume fraction
were considered. The results showed that the additiof diagonal microchannels in the template

improves flow efficiency, specifically at low valaéshe void volume fraction.

a ) Epoxy coaung

Micrevascular Sensor
substrate

Figure — 1.14: a) Self-healing epoxy composite strediased on microvascular approach, b) Propagatfocracks
towards the microchannel openings at the interface of tenposite, c) Healed cracks with excess healingtagen

oozed out on the surfale

In a first practical work reported by Toohey al. in 2007 demonstrating the above approach,
epoxy composite materials were prepared and correspog healing efficiencies were measured in
number of healing cyclés The work employed a 3-dimensional grid networksttéte having 200 pm
channels filled with dicyclopentadiene and embeddetbia 700 um epoxy coating which contained
dispersed Grubbs’ catalyst (Figure — 1.14). Theréohnected nature of the channels was utilized to
replenish the monomer reservoir enabling the healofgsample repeatedly up to 7 consecutive cycles.
The system provided a 70% peak healing efficienith %0 wt% catalyst in the top coating. It was
remarked that the amount of catalyst (being a liedtfactor for a given sample) dictated the numbér o
healing cycles that could be performed rather tharalieg efficiency for that sample. In following year

the number of healing cycles was augmented to 1@ibiyg a two-part epoxy-amine healing chemistry
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with dual isolated networks, holding each healingnpmnent®. A peak healing efficiency of 60 % was
achieved. Although the system demonstrated clear aizges over DCPD/catalyst system, issues
related to effective mixing of healing agents withiccessive healing cycles still persisted therebififign

the maximum number of healing cycles that coulddobieved.

In a parallel worK published in 2007 by Willianet al., a microvascular-containing mechanically
stimulated healable composite with sandwich strugtuwas presented. The study found negligible
influence of the network on the innate static mecleal properties of the host panel. The released
healing agent (premixed epoxy/hardener) from ruptdrehannels was found to fill and repair the void
resulted due to impact damage to the specimen legdio a full recovery of mechanical properties in a
single healing cyclé In a follow on studi consisting of dual network containing each compuaine
separately, showed significant recovery.

. In more recent wdtkdual complex and isolated 3-dimensional interpeatihg networks
have been prepared to facilitate better stoichiomgind mixing at the damage point thus increasing t
maximum number of healing cycles to more than 3@es. In a further refinement’, a ternary
interpenetrating network has been prepared whereetkhird network is added to act as a conduit for
circulating a temperature-controlled fluid that rajty heats the locally damaged region leading to a
sharp reduction in the time required for mechanipmbperty restoration. The characteristic healingé
is reported to be reduced by an order of magnituiole employing a third interdigitated microvascular
network enablingn situthermal regulation within the epoxy coating/substesarchitectures.

1.4 NON-AUTONOMOUS SELF-HEALING POLYMERIC SYSTEMS

The autonomous healing polymer systems discussedaschave been remarkable for their
performance and healing abilities for the particulguplications they have been designed for. However
despite their novelty, they still suffer from limdenumber of possible healing cycles and limitatton
only certain type of polymer matrix. These limitats have prompted researchers to develop other
strategies to obtain self-healing properties. Thenrautonomous self-healing polymer materials rely on
these strategies where the healing mechanism ggered by certain stimulus, often integral part bet
application for which the material has been designdhese materials are sometimes referred to as
“intrinsic self-healing materials” because the imbet chemical nature of the polymer matrix is saiint
enough to undergo the healing process, negating nieed of adding any external healing agent. This
intrinsic nature imparts these materials a theorati ability to heal unlimitedly though it comes as

trade-off for autonomic healing, relatively loweedling efficiency or low mechanical properties. tist
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part of the chapter, these materials have been dissed based on the nature of bond chemistry they

possess and the stimulus they require for the atitin of the healing process.

1.4.1 Dynamic Non-Covalent Bonding
1411 Supramolecular Chemistry

The foremost dynamic non-covalent bond chemistryepresented basically by supramolecular
chemistry involving non-covalent bonds such as hgdrobonding, metal-ligand complexgtv U- «
interactions which are reversible by nature and @aween studied extensivef}f. Potential advanced
functional applications for these interactions haveen recently discussé#'® Although reversible in
nature, this dynamism however comes as a bargaif \atver mechanical properties as compared to
the materials with covalent bonding. To circumveéhis problem, the number of such interactions was
increased to get more robust materials in the fornfi kinear polymer and reversible networks,
copolymers®*? These materials exploited the directional and petive effects of quadruple

hydrogen bonding exhibited by 2-ureido-4-pyrimidoft#Py) functionalized monomers (Figure — 1.15).
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Figure — 1.15: Synthesis of biomimetic polymer pempfrom, a) Assembly of 2-ureido-4-pyrimidone nsdtifiving
quadruple hydrogen bonding, b) The proposed mesnawif healind”.

In 2008, a first supramolecular chemistry based eniat with decent mechanical properties and
self-healing ability was introduced by Cordéral'®®. It exhibited rubber like properties and harnessed
the directionality and reversibility of hydrogen has as a tool to possess self-associated chaimsifgy
a network. The material was prepared from low maikec weight fatty di- and triacids functionalized

with amido imidazolidones moieties which would thie mixed with urea derivatives in such a fashion
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so as to have significant directional hydrogen biogdleading to network without crystalline regions
(Figure — 1.16a).
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Figure — 1.16: Supramolecular chemistry based mykdgeMixture of oligomers obtained by reacting uredhw
condensed product of di- and triacids and diethylenanime b) Stress-Strain curve obtained for the rubbgr,

Creep recovery experiments conducted for the ruSber

The polymeric material with 11 % dodecane plastioaraéexhibited rubber like properties with strain at
break exceeding 500 % while a residual strain ef ldhan 5 % after elongated to more than 300 %
(Figure — 1.16b,c). The other remarkable featuretti§ material making it relevant to the current
discussion was its excellent self-healing ability afficiency with a little mechanical stimulus. The
mechanical stimulus was needed to bring the cuefam contact with each other for the healing prese
to take place. When cut into two complete separgieces, the material would mend itself completely
with contact time of 15 minutes with elongation atdak near 200 %. In elaborate series of experimment
it was shown that with longer contact time led tetter recovery and longer is the elapsed time before
bringing the cut faces together, lower is the reeoy of strength (Figure- 1.17a,b,c). Another intpat
feature of the healing ability of this system wés site specificity, i.e. healing could occur obpgtween

two fractured surfaces in contact with each other.
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Figure — 1.17: Self-healing of the rubber at roomenm@rature, a) Stress — Strain curves until break obthiior
healed sample at 4€, b) Stress — Strain curves obtained &C2@) Stress — Strain curves obtained for healed

samples at 200C but the two cut faces were joined affehours time gafy®

Metal-ligand coordination bonding is another appcbathat has been explored for the
preparation of self-healing polymer systems. A jpn@ary work® in 2007, hybrid polymer gels were
prepared with covalent cross-links creating a peneat, stiff network onto which reversible metal—
ligand coordinative cross-links were added. It whewn, that reversible metal-ligand interactions bear
mechanical stress within the hybrid gel thereby reilg the permanent network from stress. Upon
removal of stress, these interactions would refoand reinstate the original strength of the material.
Taking cue from nature, another novel self-healimdymer system has been proposed which mimics the
catechol — iron complexation exhibited by mussss$tie. The rheological analysis of the system showed
near covalent stiffness (G’) of catechofFeross-linked networks at high strain rates provinat at a pH
high enough to ensure good cross-linking; thesengfant coordination bonds can provide significant
strength to bulk materials. Additionally, the cated-F€" cross-linked gels reestablished their stiffness
and cohesiveness within minutes after through resatin of broken catecholato-B&ross-links thus

showed near 100 % self-healing.

dZ Cv u]eu-k(«5 I]vP Z beeroelploited to obtain robust self-healing matdsia
In a first example of its kidt, burattini et al prepared films from thermorespdwe polymer blends
e« Jv 0}A u}lo po & A JPZ3 %o} @ J%]electrordderReaeptor sites along its
backbone and a siloxane polymer having p-electron-pigtenyl end-groups (figure- 1.18a). The system

exhibited a rapid and reversible complexation in $olu while solid state thermohealable
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characteristics, due to presende( -electron-rich and -poor receptors. Manual cuts razhto the films
were shown to be healed completely at®@within a short time while at 126, healing was too fast to

be observed (Figure — 1.18b,c,d).
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Figure — 1.18: Self-healing system basecken< «5 [JvPU +« Z u] o0 *3Eu 3uE PZ &hida}o
and siloxane polymer bearing pyrenyl end groupsl) tnhealed and healed films at °8) 92C and 11%C

respectively*’.

In a further improved work, the authoepitalized on both interpolymer hydrogen bondingda
<— ¢« *8 |JvP u} <« }( JvS E S]}v S}SHu®Z% 0ESHH}@E}SVYZ CEu o00C Z
system exhibited a nanophase separted morphologth wiell contrasted two different domains. The
authors reported a reproducible regain of more th@8% of the tensile modulus, 91% of the elongation
to break, and 77% of the modulus of toughness @& fistine material for fractured samples healed at
10C°C.

1.4.1.2 lonomers

Polymers consisting of upto 15 % of ionic contenthieir structure are classified as ionomers. Being
thermoplastic in nature, these polymers contain caxplic acid moieties as pendant groups which can
either be in partially or completely neutralized wavith either a metal or quaternary ammonium ions.

Given the dynamic nature of the ionic bonds, itnist surprising that these polymer systems been
explored recently for the preparation of self-hewji materials. One of the most studied ionomers for

self-healing application are based on poly(ethylemmemethacrylic acid) (PEMAA). This ionomer is

23

po & /

0]

0o

(



commercialized under tradenameNucre® having 5.4 mol% methacrylic acdirly® having 5.4 mol%
methacyrlic acid but neutralized by metal ion inryiag percentages. Both of these ionomers have
shown self-healing behavior upon projectile impaetspecially Surly® which shows an almost
instantaneous healing. Earlier it was postulatdthtt the healing phenomenon observed in these
ionomers is due to their inherent thermally resporssiionic linkages. However this reasoning does not
explains albeit small healing observed in cas®&ofre® which does not contain any ionic aggregates.
Furthermore, the projectile puncture in these ionorsewas circular in nature with diameter in
millimeters. Therefore, while reptation motions respsible for chains interdiffusion in case of fractd
surfaces in contact with each other, it is impossifor them to initiate large scale motions requiréal
bring the surfaces together to heal the circular foeation. A later work'? on the same ionomers
showed that instead of ionic content, it is the praese of an ionic functionality (in the form of acid
group) that is crucial for the healing process. HBuhors found that the incorporation of acid graam
the polymers, imparted thermoresponsive hydrogennbding and unique viscoelastic response which
were responsible for the promotion of the healingopess. In follow on thermal studi€d it was found
that healing mechanism is strongly dependent upbe sharp increase in temperature at the puncture
point after projectile impact however higher tempetases did not favored the healing process. The
shape of projectile was also found to be importgrgrameter for the healing response with pointed
projectiles giving better results than blunt onels contribution to above findings, similar ballistic
studies™® combining a modified testing methdd showed that while the outer impact regions exhibit
ductile/elastic behaviour, the inner regions to thenpact cavity exhibit elastomeric and viscous
behaviour. The presence of ionic clusters impadsous properties from elastic, elastomeric and the
molten behavior at different temperatures and thusaping a critical role during high-energy impact
(Figure — 1.19). Additionally, healing cycles ug twere performed demonstrating the inherent nature
of healing based on the chemical structure and niapgy of the polymer system. Some more recent

examples®’

using ionomers include their blends with ethylerexinyl alcohol copolymer (EVA) and
epoxidized natural rubber. Although in these wotkealing efficiency has not been mentioned explicitly,
nevertheless ionomers based materials can be carmsidl highly efficient and completely autonomous in

terms of healing given the rapid closure of holeated by very fast impact.
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Figure — 1.19: Self-Healing in ionomer Surlyn 894@® projectile induced damage at, a)°’@0b) 56C, c) 96C, d)
130°C, e) 17%C, f) 216C®

1.4.1.3 Molecular Interdiffusion

The concept of molecular interdiffusion for self-hiegl was proposed in 1980s when a number
of works on crack-healing were published for PSANMRM, PSARN®, PE'?X polyamide¥? PS-
PVPE? PS-PP® and carbon fiber reinforced PEEK compo&ifesthe healing observed in these
polymer systems was attributed to molecular intefddion across the interface, facilitated by close
contact between two surfaces at a temperature stighhigher than glass transition T At elevated
temperatures, molecular chains entanglement wouldsea the interdiffusion process leading to a swift
disappearance of the interface and an increase irchamical properties along with completion of the
healing process. All of these works involved heatihgpecimens at temperatures above thg df the
polymer system, usually varying between °*6ao +108C under certain pressure. Depending upon the
kind and extent of fracture, temperature, pressusample geometry, the reported healing times would
vary from few minutes to as long as years. In order explain this healing phenomenoria
interdiffusion, various models were considered; naltathe reptation model of chain dynamiés'*and
later a five stages model (Figure — 1.20) explairiivey execution healing process in terms of surface
rearrangement, surface approach, wetting, diffusiand randomizatiotf. A mathematical microscopic
theory was also presented to further explain théfaion and randomization stag€$ It was concluded
that due to large presence of small chain segmeftsnied due to chain scission) at the fractured

surfaces, the diffusion phenomenon is very differétom that when two pieces of the same polymer are
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joined together at temperature higher than thg Since the latter has larger flat segmental distition.
Due to unavailability of a universal method to oiotéhe healing thereby varied healing times alonghwi
non-autonomous nature of the process, motivation this approach almost ended by the beginning of
1990s. However the theory of interdiffusion and theodels presented have been used to study and

design encapsulation and microsvascular based hgalpproaches.
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Figure — 1.20: Mechanisms involved in self healiagnolecular interdiffusion.

1.4.2 Dynamic Covalent Bonding

Much like dynamic non-covalent bonding, dynamic ¢eweibond chemistry has also been extensively
explored. Polymers incorporating these bonds do saffer from low mechanical properties as their
counterparts with non-covalent bonds. However agadihis comes with less impressive self-healing
ability and lower healing efficiencies. Moreover, mo$ these systems require a particular stimuli like
heat, light, mechanical stress, pH fluctuations sfietd the inherent dynamic chemistry of the matai

In most of the cases, these materials have beenghesl in such a fashion that the required stimulas f
the healing is encountered as a part of the sougpplication. Nevertheless, human intervention is still
required in some way or another; hence these systeare categorized as non-autonomous self-healing

systems.

1.4.2.1 Diels-Alder Chemistry
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The diels-alder cycloaddition reaction was discoddare1928 by Otto Diels and Kurt Alder (Figure
—1.21). The beauty of this reaction lies in ldity to form C — C bonds with little or no heatpdipation.
However the feature that makes it even more importdor synthesis of self-healing materials is its
thermal reversibility, also known as reversible Islialder reaction (rDA). Generally the rDA reattio

takes place at temperature higher than £@0and gives back the reaction precursors.

Diels-Alder Reaction

_-—

Retro Diels-Alder Reaction

Diene Dienophile [4+2] Cycloaddition Product

Figure — 1.21: The Diels-Alder reaction

A large number of publications have been publishetcerning the synthesis of polymer
systems employing rDA chemistry, but their applidgbilor self-healing application and relevant data
has been reported quite lately. In general, most sfich polymer systems either incorporate
dienophile/diene as a pendant groups to the backbaiain or the backbone chain itself is formed due
to consecutive DA reactions between functionalizednomers. The Furan/Maleimide combination has
been the most explored DA-rDA chemistry systemtfier fabrication of thermally self-healed polymers
although other dienophile/diene combinations havis@abeen explored. In 1969, the earliest
known work as a patent on the synthesis of a thellgnareversible polymer incorporating
Furan/maleimide moieties was reported. This wasofed by a series of pioneering wotf&™ in

which these moieties were incorporated as pendartugrs onto the polymer chains (Figure — 1.22).
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Figure — 1.22: Reversiblly crosslinked polymeDigds—Alder cycloaddition reaction between pendent riuaad

maleimide moietie®.
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Inspired by these findings, the first thermally renadable polymer system based on DA-RDA
chemistry was reported in 2062 by Chen etl.. A transparent and highly crosslinked solid polymvas
prepared by diels-alder reaction between tris-mat@e and a tetra-furan (Figure — 1.23a). The polyme
showed significant mechanical properties comparabdethat of contemporary epoxy systems. The
healing studies were conducted by completely frattgrthe specimen followed by heating (@D —
120°C) and cooling cycles and structural analysis by stditt C-NMR spectroscopy. The system was
found to be able to heal multiple times althoughetthealing efficiency was reported to be only 57 %
(Figure — 1.23b)., the reason of which was attrdulito the complete failure of the specimen leadirg t

poor interfacial match-up between separated pieces.

a) b

Figure — 1.23: Diels-Alder reaction based self-hgah) Highly crosslinked polymer formed from trinmalde and

tetrafuran, b) Stress-Strain curve obtained for the heétalgecimen with only 57 % efficiehicy

In a follow on work®, several improvements were made to obtain a betteraling efficiency.
The new polymer was prepared in solvent-free condisi using a lower melting point bismaleimide in
place of previous tris-maleimide. A better designemimple geometry for mechanical strength testing
prevented complete specimen failure which permittedhave higher healing efficiencies of 80 % for first
cycle while 78 % for second healing cycle. A safesorks®**** have since been reported using the
above approach to prepare thermally healable polysmand investigate their healing properties. Given
the high crosslinking nature of these polymers ambdy mechanical strength thus obtained, the
multifunctional furan/maleimide derivatives have aldmeen explored for generating polymers for
0

structural applications. In one of such recent watk**° carbon fibre reinforced polymer composite

have been prepared using tetrafuran/bismaleimidesed highly crosslinked polymer. In parallel to
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above approach, the pendant group approach has aksen extensively explored for the fabrication of

thermally self-healing polymers. Most of the exaegf®'4

are based on the incorporation of furan
moiety as pendant groups (Figure — 1.24a) onto exrtioplastic or a thermoset polymer while a bis- or
trismaleimide (Figure — 1.24b) compound is addedea®rsible crosslinking agent. Additionally, direct
polymerization of furan based methacrylates withhet methacrylates using atomic transfer radical
polymerization to obtain controlled molecular art#titures has also been perform&d'* In a recent
work, a recyclable furan functionalized polyketoneertmoset, crosslinked with bismaleimide was
presented®. The reversible gelation as a function of temperatwas used as an indicator for DA and
rDA reactions demonstrating the thermal reversipildf the system. The recyclability of the systenswa
proved by grinding a fractured sample and fabricgtannew sample from it. The new sample performed
as similar as the pristine sample in mechanicalgesghich led the authors to claim a 100 % healing

efficiency in an otherwise different context.
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Figure — 1.24: Thermoreversible complex architectarade reaction of, a) Hydroxyethylcellulose furoatetaie

with, b) Bismaleimide to form, c) Crosslinked polyhaving flexible structure with liquid crystalline pesties**

Besides furan/maleimide combination, there are atgsher compounds like dicyclopentadiel{&
148 and anthracen¥® which have been used recently to fabricate thermpakversible polymers. The
advantages of dicyclopentadiene is its cyclic natwhich provides a favorable s-cis conformation for
Diels-Alder reaction and its ability to self-reactform DA adduct rendering the need to use maleimide
as a dienophile. For instance, in one example, stylwlopentadiene end-functionalized PMMA was
synthesized and then crosslinked with a trifuncébmpyridinyl dithioformate compoundia hetero-DA
reaction™® (Figure — 1.25). Although no healing data in tephsnechanical properties or visual healing

was presented, the so called “bonding” at room temgteire in 10 minutes and “debonding” at

29



temperature greater than 8 in less than 5 minutes of the system was demotestirdy size exclusion

chromatography and ultra-violet spectroscopy.

Figure — 1.25: Thermoreversible crosslinked Pelyyrh methacrylate) network formation via hetero Dielsekl

reaction™’.

The high temperatures associated with m@Actions may sometimes generate undesirable
byproducts due to decomposition of the polymer amyaother reactant present in the system. Also a
significant emphasis has been put towards the depgalent of room temperature self-healing systems;
therefore it is desirable to reduce the requiredmeerature for rDA reaction as low as possible to
minimize the need of energy for the healing processl if possible a complete replacement of heating
procedure itself. In view of this constraint, useutfrasound as a tool to facilitate rDA reactionshaeen
proposed recently. In this work, poly(methyl acrgt (PMAs) of different molecular weights were
prepared from a Diels-Alder adduct of maleimidehwitiran containing two polymerization initiators.
When subjected to ultrasound at’°Q, the authors demonstrated the occurrence of rDAhwgel
permeation chromatography (GPC), ultra-violet vesibpectroscopy and chromophore labeling of the
liberated maleimide and furan moieties. However the rDA reaction was observed for polymers with
molecular weight greater than 60 KDa and lessemtl2® KDa. Similar results were obtained for
analogous polymers that were prepared from a cydiifon adduct initiators of maleimide with
anthracene. Driven by the same constraint, new ckedé-healing polymer films have been successfully
prepared by capitalizing over room temperature dgria Diels-Alder chemistiy/. In this novel work by
Reutenauer etal, self standing thin films were casted from a mieuof bis(fulvene) and
bis(tricyanoethylenecarboxylate) dynamers (Figuré.26a). To demonstrate the self-healing abilitye th
film was cut into two pieces and then the two piscerere pressed together with some overlapping. In
less than 10 seconds, the pieces could no longesdpmarated (Figure — 1.26b). This is in contragh wi

the behavior shown by self-healing supramolecul@s®mer which showed healing only between two
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freshly cut surfaces. The reason behind the allaefhealing feature has been attributed to the alilit

of the dynamers to constantly create new chain eaasl form new connections.
[e]
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Figure — 1.26: Diels—Alder chemistry used to preparéReversibly cross-link fulvene functionalized ¢flyased
polymers with a cyanfumarate di-linker at room temgiteire, b) Room temperature healable film made frore th

crosslinked polymét.
1.4.2.2 Sulfur Chemistry

Sulfur chemistry is another emerging strategy foducing self-healing ability in a polymeric
system. The interesting feature which makes didelfbonds important for this application is their
cleavage under reducing conditions to give thiol growhich revert back to disulfide linkage in oxitizi
conditions. Hence it is obvious from above feattirat polymers consisting disulfide bridges can be
reversibly crosslinked by effectively using reductoxidation conditions. Some notable works
capitalizing above this chemistry include the verstfexample of a reversibly crosslinkable polyoXiazo
hydrogel with disulfide bond, ATRP derived polystyrene having disulfide bridghé middié®®, ATRP
derived poly(ethylene glycol diacrylatego-(poly(butyl acrylates-poly(SS))star copolymerS“(Figure —
1.27).
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Figure — 1.27: Sulfur chemistry based synthesis )oReversible cross-linked star polymers, b) Reduetimh

Oxidation of SH/SS-Functionalized Star Polyffers

In a slight different approachPr, a polymeric network was prepared from pentaerytbrietra(3-
mercaptopropionate) and triethyleneglycol divinyhet along with a comonomer and instead of using
reduction — oxidation for reversible crosslinkinghtiwas used an agent for trigerring the cleavagthe
allyl sulfide linkages. This photoinduced cleavéagk to plasticity, actuation, and equilibrium shape

changes without residual stress into the material.

Although none of these works reported any data refjag self-healing property, the relative
ease of reversibility (especially in case of phuodoiced cleavage) of these systems exhibited points
towards the capability of thiol chemistry for a rakiuself-healing system in applications like functiona
coatings. In one such instance, poldutyl acrylate) grafted star polymers were prepdrby chain
extension ATRP from cross-linked cores comprisepobf(ethylene glycol diacrylate). These polymers

were further used as copolymerized with bis(2-methdoyloxyethyl disulfide) (DSDMA), imparting
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disulfide reversible cross-links (S-S) at branctipperies (Figure — 1.27). The S-S cross-linked gotym
were then cleaved under reducing conditions to fothiol (SH)-functionalized soluble star polymers,
which were then deposited on silicon wafer substat@nd oxidized into insoluble S-S re-cross-linked
films. The self-healing of prepared polymer filmaswstudied by continuous atomic force microscopy
(AFM) imaging of cuts micromachined with the AFMaiq by optical microscopy. The re-cross-linked
star showed a rapid spontaneous self-healing betrawvith the extent of healing dependent on the
initial film thickness and the width of the cut. Tiself-healing behavior observed for this sample was
attributed to the regeneration of S-S bonds thiol - exchange reactions. Another recent workizitilg
thermal disulfide exchange chemistry instead of didel redox chemistry and explicitly reporting self-
healing ability involved epoxy resin crosslinkedhwéttetra thiol based crosslinker. The material skdw
rubbery behavior due to lowergTand healing experiments were performed by makinignée cut into
the sample followed by heating at 8D for certain time without application of any forcEhe initial cut in
the sample disappeared completely after 1 hour 8f® as observed with microscopy (Figure- 1.28a).
Additionally, the mechanical properties in terms édregation at break were found to be fully restored a
this temperature and in general better healing wabserved with longer healing time and higher
concentration of sulfide crosslinker. The systeribited impressive healing efficiency in multiple
healing cycles as evident by the very little changeelongation at break values observed for three

successive healing cycles.
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Figure — 1.28:Self-healing material based on reshuffling trithiocamate units, a,b) General mechanism of
reshuffling under UV radiation, c) Preparation ofass-linked polymer by RAFT copolymerization of Batylate,

d) Photographs of cross-linked polymers in repetg@l&éhealing reactions under UV irradiation in acétie
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A different kind of sulfur chemistry has also beawestigated in the form of trithiocarbonates,
which are capable to undergo reshuffling reactiomsen irradiated with UV light (Figure — 1.28a). A
chemical simulation based proof of concept sttifdyas reported on this in 2010 followed by practical
examples in the following yedré**® In the most recent example based on this approas#if healing
polymer gels were prepared from reversible additfomgmentation transfer (RAFT) copolymerization of
n-butyl acrylate and a trithiocarbonate cross-linke obtain Poly(n-butylacrylate) (PBA), a polyméhw

a low fvalue (¢ X0°C) having high chain mobility at room temperatuirégire — 1.28b).

Healing was reported in terms of joinifigpieces of monolithic polymer gel (in acetoné}iwhen
irradiated with UV light under nitrogen atmosphewdth 10 g wt pressure with time duration varying
between 4hrs — 12 hrs. The tensile modulus obtaif@dthe healed monolith was 65+11 kPa while that

for pristine monolith was 696 kPa indicating an @tncomplete recovery of mechanical strength.
1.4.2.3 Miscellaneous Chemistries

In addition to above discussed classical dynamialemt chemistries, some novel chemistries

have also been demonstrated of their potential fetsynthesis of self-healing materials.

a)

Figure — 1.29: Mechanoresponsive chemistry basdéeh&aing, a) Dog bone shaped specimens of polf{me
acrylate) (PMA) which changes from being colorlegsrdpyran) to colored (merocyanine), b) SamplePbfA
stretched until broken with corresponding change iroicahe yellow colored controlled sample does not cionta
the mechanoresponsive moieties, c) Optical photos oMRMeads containing mechanophore moieties under

compression, d) Threshold stress and yield stresainecoincident for PMMA beads as a function of strate™".
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In first such examplé® by Davis etal., mechanoresponsive chemistf§ was employed for
demonstrating mechanical force dependant color apanin mechanophore-linked poly(methyl
acrylate)(PMA) elastomers and mechanophore cragsed poly(methyl methacrylate)(PMMA) glassy
polymer specimen. The spiropyran mechanophore wawidergo a stress-induced 6electrocyclic ring-
opening reaction to give merocyanine form accompaiby a stark change in color (Figure — 1.28a3. In
series of tensile stress tests conducted for mechdmwe linked PMA and compression tests for
mechanophore crosslinked PMMA beads, the authorsevable to successfully visualize threshold stress
for the specimens before failure (Figure — 1.28Ib).case of PMMA bead compression tests (Figure
1.29c¢), that the threshold strain was found to benstant irrespective of strain rate while both ydel
stress and threshold stress increased linearly tascating that the mechanochemical reaction ireth

bulk polymer to be a strain-activated rate procesgiFe — 1.28d).

Although no self-healing experiments were conducireébove work, novel self-healing material
based on such mechanophoric building blocks carvibaalized in which the mechanophore moieties
would act as molecular “force sensor” to signal thigect of stresses and damage on polymer material

thus providing a time window for effective repair i@placement before catastrophic failure.

In a second example, self-healing polymer gel wapagred using on a new kind of dynamic
covalent bonding unit which imparted impressive lieg properties under mild conditions regardless of
the degree freshness of the cut surfatésa restrictive feature observed with supramolecukslf-
healing rubber discussed earlier. In this work, Bwlisional polymer gels were prepared using
polypropylene glycol crosslinked with diarylbibenzafione (DABBF) units. Diarylbibenzofuranone can
be cleaved easily at room temperature forming twrygen tolerant radical unimers which again react

with each other to reform the DABBF dimer (Figure29a).
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Figure — 1.29: Dynamic covalent chemistry based hselfing material, a) Chemical structure of
diarylbibenzofuranone and its reversible fission aimotemperature, b) Photographs of self-healing bebawoif
cross-linked polymer gels compared with conventiopebss-linked polymer gels at room temperature
stretchedstate, respectively, after 24 hours, c) Typstedss—strain (stress—stretch ratio) curves of crogedin

polymer gels before and after self-healing measunader air at room temperature.

Self-healing was demonstrated by slightly pressingther two pieces of polymer gel with faces
slightly moistened in DMF (Figure — 1.29b). Afteth®drs, the two pieces were impossible to separate
by manual stretching. To quantify the healing, téms$ests were conducted for samples with different
healed times (Figure — 1.29c). While the origirsahple showed an elongation at break at 500 MPa, a
maximum 98 % recovery of elongation at break watioled for samples healed for 24 hours. Samples
healed for approximately 3 hours showed a maxim@wovery of 55 %. The role of DMF was reported to

be to prevent the hydrogen bonding between urethameits in the polymer.

Lately, nanoparticles have also been utilized foaie damaged sites in a fashion that very much
mimics the movement of leucocytes and initiation lefaling process at the wound or infection site in
biological systems. This proposed “repair and g@praach was first validated using computer
simulations in 28§ and later in 3D"%pace , modeling the rolling motion of a single fluitlen,
nanoparticles-filled microcapsule along a heterogeme adhesive substrate. By combining the lattice
Boltzmann model for hydrodynamics, lattice springdal for the micromechanics of elastic solids and a
Brownian dynamics model for the release of nanomdes, it was demonstrated that these
microcapsules can move to the damaged sites toasdethe encapsulated particles for repair and then
move further along the surface of the substrate. dltain such an elaborate mechanism, the strength o
the adhesive interaction between the capsule and gbstrate, the rate of diffusion of the particles
through the shell of the microcapsule and the Peclatnber of the flow were found to be controlling
variables. The effect of utilizing an alternate haid low shear rates (pulsatile shear) was alsoistid
Low shear rates enabled the microcapsule to be lleed within the crack for a certain time and thus
releasing the nanoparticles for repair. The capsaléhen pushed further out of the crack by incrieas
the shear rate to carry out healing at other sits the substrate, thus enabling a desired repaid-ao
functionality. The above “repair and go” approachsHarther been validated experimentally by using

polymer surfactant stabilized oil droplets contaigi€dSe nanoparticl®$ (Figure 1.30).
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Figure — 1.30: The repair and go strategy, a) Optinage of a cracked, b) PCOE—g—PC polymer usedofadetd
stabilization and nanoparticle (NP) encapsulation, e)rfer from a simulation depicting nanoparticle depositio
(blue particles) into a crack, followed by rollingtbé capsule to the next crack (red arrow), d) Flsceace

micrograph of a substrate following nanoparticle deitios into the crack¥”.

Stable droplets mimicking the microspheres wereganeed by sonicating an aqueous solution of
poly(cyclooctene)g—poly(phosphorylcholine) with trichlorobenzene caitting fluorescent CdSe
nanopatrticles, to give polydisperse droplet samp{66+30 pm in diameter). This droplet solution was
passed along an oxidized surface of poly(dimetilgkane) substrate at a flow rate of 0.5 ml/s, in 50
pulsed intervals, with 4 s of flow and 10 s of réstvas noted that the ‘rest’ period was vitally sifjcant
for the desired deposition of nanoparticles withdueced deposition into the cracks was observed igeca
of short rest times whereas long rest periods résdlin more extensive particle deposition both ireth
cracks and surrounding areas. The substrate wasedrthoroughly with pure water at the end of the
experiment and analyzed with fluorescence microscophe observed fluorescence on the surface was

largely confined to the crack planes indicating firesence of deposited CdSe nanopatrticles.

The larger size of the droplets relative to crackwl ahe antifouling properties
imparted to them by the hydrophilic PC-substituenfsthe PCOE-graft—-PC polymer were noted to be
contributing factors for their reversible depositiaver the surface thus promoting the “repair and’g
process. Further, the very thin polymer layer bebmethe hydrophobic CdSe nanoparticles and crack

surface enabled an easy translocation within thregiframe in which the droplets are in contact witheth
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cracks. The recovered droplets after rinsing wesanid to be stable thus strengthening the fact that
selective deposition of nanopatrticles takes pladéhaut bursting the dropletsvia translocation across

the thin polymer membrane.
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2. SELF-HEALING DYNAMIC INTERACTIVE MEMBRANE

Dynamic Interactive Systems have received considerahterest from scientific community
because of their promising novel properties not pesat molecular levéf. Understanding and
controlling suchup-scale propagation from molecular level towardnnacale dimensiori$, might
provide new insights into the basic features thantrol the design of emergent systems operating e t
core of advance technologies: tissue engineetiagificial organ$ catalysi$, membrane filtratiorf° or
sensing’. De novodesign of porous systems as mechanical supportdecnlar capacitors/distributors
or gating effectors by using self-healthlf, self-cleaning*'* or stimuli responsivestrategies®, has
become an area of expanding interest. Classical mandgs for water filtration are strongly subjected t
compression depending on their structural behavioarsl bulk porositif*”. An irreversible compaction
is usually undertaken in order to reach a steadytestflux, giving the membrane a stable pore size. O
the contrary, a responsive membrane can undergel&regulation of its performance according to the
change in environmental conditions such as pH, terapee, light and ionic strengtfi*®. In this chapter,
we shall discuss a novel dynamic interactive membrbased on copolymer micelles which responds to

pressure and shows variable porosities accordiagly more importantly displays a self-mending ability.
2.1 THE COPOLYMER

The building blocks of the membrane are based orA8A type triblock copolymer (PSAN-PEO-
PSAN) consisting of Poly(ethylene oxide) as blockn'Bétween two “A” blocks of Poly(Styrenece —
Acrylonitrile) block copolymer (Figure — 2.1).

COOH

Figure — 2.1: Chemical structure of PSAN-b-PEOH-&palymer used in this work
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The value of subscripts “n”, “x” and “y” are 793,93and 262 respectively. The synthesis of this
copolymer is based on nitroxide mediated controllediical polymerization, well described in an earlie
work?®>. We used the copolymer synthesized in collaboratjoin as such form without any further
modification. The copolymer can essentially be ddeied as amphiphilic in nature due to presence of
hydrophobic PSAN block and hydrophilic PEO blothkeimiddle. By varying the binary solvent mixture
composition, nonergodic morphologies like spherieaad spider-web were obtained in the previous
work®. The relatively hard PSAN blocks ¥TLOOC) formed the core while the softer PEQ €T- 40C;
due to presence of oxygen in the main chain) forncedona of the spherical micelles. Amphiphilic Block
copolymer like this are known to exhibit nonergaddiovhich leads to a large variety of micelles’ ledk
in morphologies in accordance to their initial peeption pathway$"?2 Therefore, we decided to not

change the molecular weight and block ratio.
2.2 MEMBRANE PREPARATION

The 3-dimensional superstructure was prepared frolmanogeneous solution of PSAN?EQbL-
PSAN in DMF/toluene (50/50 v/v) at a concentratidril®0 mg.mf. Analysis carried out using Photon
Cross Correlation Spectroscopy (PCCS) showed absknteelles in the solution, even after increasing
the concentration up to 200 mg.thl Beyond this concentration, the polymer solutioasmoo viscous to
be analyzed. The homogeneous solution of the copelyim DMF/Toluene was then spin-coated onto
thoroughly cleaned silicon wafers under argon atploare for certain duration of time with 20 droplets

per wafer (Figure — 2.2).

Copolymer
Soltuion
dropped via / /\
- &
ili
N / Silicon Wafer

| : B
Micellar Solution c;--jz :Ien::::::
inDMF/Toluene Fabric

Spin coating under ::::t_' :t: :nr:d‘
Argon atmosphere —

Figure — 2.2: General representation of preparatioR8AN-b-PEO-b-PSAN copolymer micelles’ membrase fil
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The wafers thus obtained were then kept in vacuwn 24 hours to dry followed by immersion
in ultrapure water for few hours. The immersionvirter facilitates an easy separation of copolymbnf
from the wafer and loading onto a polyester non-veovfabric. Fabric supported membranes of 4.1cm

area were cut from these films thereafter for fughexperiments.

2.3MEMBRANE CHARACTERISTICS

The top surface analysis by Atomic Force Microsd@iM) of the films revealed a morphology
marked by an assembly of spherical micelles havinguanage diameter of 50 nm with a narrow size
distribution (Figure — 2.3a,b). Moreover, the swdaof film seemed to be very flat as indicated &y 3
AFM image (Figure — 2.3c) with a z value of 20which is approximately half of the diameter of the

particles and indicates a rather dense packinghefinicelles.

Figure — 2.3: Atomic Force Microscopy images obdafoe the copolymer micelles assembly, a) closebkead
micelles with monomodal size distribution (inset), tipeged view of the micelles, c) z-profile imagetfer surface

showing a relative smooth topography and tight packing

49



The formation of spherical micelles can be attribliteo the achievement of critical micelle
concentration (cmc) during the solvent evaporatipimase of spin coating process leading to the
formation of flower like micelles with a hard PSAdecinside and relatively softer PEO corona outside
Once the micelles appear, the solvent evaporationdtedo a progressive decrease in intermicellar
distance. When the micelles are close enough teriatt, dynamic association takes place through
bridged conformation$2® of the ABA polymer chains (Figure — 2.4) givimth o a kinetically frozen

morphology that prevents the reorganization of mles into gel like disordered network. These

reversible non-covalent interactions between miesll mediate their dynamic self-assembly at

macroscopic level as to have inter-micelle freeunsd thus imparting nanoporosiy**?° to the
membrane and play a crucial role in the self-healiabdvior.

Block
copolvmer e e T L W
g . . - chain
i o | ’
._ Jf —- L Solvent PEOloops

Denese
i‘.‘ SR - © . Evaporation
2

SAN core

forming the:
corona

assembly of Y. .
micelles Copolyly
chains
acting as
dynamic
bridges

Figure — 2.4: In-situ formation of 3-dimensional asly of micelles during spin-coating.

The micelles a
interconnected via copolymer chains acting as dynéméges.

The Scanning Electron Mircroscopy (SEM) analysisedbp and bottom surface of the casted
films showed no defects whatsoever (Figure — 2.pajJhe cross-section analysis gave an average

thickness of 1.3 um corresponding to an average3bfstacked layers of nanoparticles taking the
approximation of a hexagonal packing (Figure — 2)b
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S4800 x100k 300nm S-4¢ 0.0k 600nm

Figure — 2.5: Scanning Electron Microscopy imadesopolymer film frozen in ligid nitrogen, a) Ondetat
membrane film, b) Cross-section view of the filnErdarged view of the cross-section showing micedleAnother

cross-section view
2.4INTERMICELLE BRIDGES AND THEIR INFLUENCE ON SBEVMEY

The entropic penalty associated with the chain logpgives a possibility of having bridged
conformations in associated micelles or even freeatles with chains providing a dangling end. A
theoretical work, simulating potential morphologidaansitions reported that a fraction of bridge dha
lies between 3 to 15% according to the block copwy concentration and the reduced interaction
energy between block A and the solvent. To havenskind of micelle association, the hydrophobic A
block of a copolymer chain in one micelle has twssrthe hydrophilic shell of another micelle in erdo
reach the hydrophobic core, thus linking the two.drder to evidence the presence of bridge chaissa
vital key for the micelles cohesion and membraneateity, the length of block A was decreased from 47
kDa to 7.5 kDa while keeping the length of blocknBhanged. SEM and AFM images (Figure — 2.6a,b) of
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the micelle assembly showed the presence of multipiacks, possibly due to weaker inter-micelle
interactions. The AFM image of a crack is showwithgal 50 nm micelles aligned in short rods alomg t

cracks. It should be noted that decreasing dran@ljcthe block A does not alter the possibility of
generating flower-like micelles; however it seemsréduce bridge proportion. An explanation could be
that a shorter block A is unable to reach the hydropic core of another micelle while crossing its

hydrophilic shell.

Insufficient
length of PSAN
block causes
no bridge
formation
despite

micelles’
ormntmn
Shortened

PSAN blocks

5-4800 400

Figure — 2.6: Scanning Electron Microscopy imagear{d)Atomic Force Microscopy image (b) for copotyfiha
prepared from PSAN(7.5k)-b-PEO(35k)-b-PSAN(7&sdpitésuccessful assembly, the film suffers fragelaoids
formation due to insufficient length of PSAN blockahteffects the formation of bridges in between the nhésel

To detect the micelle assembly, Quartz Crystal Miatance** (QCM) was used by injecting
micellar solutions at different block copolymer @amtrations onto gold-coated QCM electrodes. While
the PSAN(47K)-PEO(35kp-PSAN(47k) showed a clear micelle adsorption afteciign (Figure — 2.7a),
the PSAN(7.5K)-PEO(35kl-PSAN(7.5k) micelle adsorption was found to be Jewy and unstable
(Figure — 2.7b). Given the fact that the gold-cahtdectrode is highly hydrophobic therefore only the

presence of dangling hydrophobic blocks can explaradsorption through hydrophobic interactions.
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Figure — 2.7: Quartz Crystal Microbalance measurésnéar the two copolymers having different PSAN block
length, a) PSAN(47k)-b-PEO(35k)-b-PSAN(47k) shalvls ahd strong bridging characteristics as can bendme
high increase in frequency, b) PSAN(7.5k)-b-PER§EB8AN(7.5k) shows very unstable assembly aseeeincy
gain is very low and unstable suggesting that despiteelies formation, they are not able to hold each ottiers

falling apart resulting in overall loss of mass.
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Figure — 2.8: Evolution of frequency in responsmieentration change for the two copolymers.

For each concentration, injections were repeatee3(Bmes) until reaching a maximum value of
frequency 4 (Figure — 28X v A% }v v3] o Fvwilh the cdncedtration was observed for
PSAN(47kp-PEO(35kp-PSAN(47k) rather than a stable value. It can belagmgd by the micelle

association through bridging conformations beyontheeshold concentration thus increasing the mass
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gain onto the electrodes by building multilayersreorganization of micelles into a more compact order
On the other hand, almost nolF increase is observed with PSAN(7BREO(35kh-PSAN(7.5k)
signifying a reduced proportion of block copolynieidges.

2.5FLUID FLOW EXPERIMENTS OF THE MEMBRANE

The term “fluid flow experiments” represent the watpermeability experiments conducted for
the membrane in a simple dead-end filtration celldifferent pressure regimes. The amount of water
permeated through the membrane at a given presswas collected in a recipient. The increase in the
recipient’s weight was monitored using a balanceilesbsimultaneously recorded by the computer
software. In this fashion, the evolution in the aom of water with respect to time could be plotteat

given water pressure.

Classical Membrane

flux —>

Dynamic Membrane

Time ——>

Figure — 2.9: Water flux response of a classical bmane with respect to a dynamic membrane

Unlike classical membranes which are first conditbma¢ high pressure before being subjected
to permeability tests, a dynamic membrane like ooasinot be conditioned. This is due to ever changing
flux values over the course of time exhibited by thembrane at each pressure value. Therefore, while
the flux curve for a classical membrane is markealmpnstant straight line in function of time, insea
of a dynamic membrane it follows a polynomial trag@g (Figure — 2.9). In the present case, flux carve
were obtained for the membrane at different pressuvalues (Figure — 2.10). As it can seen, the flux

values rapidly decrease with time and approach respo value for longer duration of time.
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Figure — 2.10: Evolution of water flux with respedirnee for the dynamic membrane at different pressuréies.

Since the flux values tend to merge towards nearozealues hence to have a significant
measurable value for longer durations and for atbetepresentation of the dynamics of the membrane,
the quantity “fluid flow resistance” (R) was prefed instead of flux. The merit of using this quatis
that unlike flux, the value of resistance increasehviime reaching infinity hence providing more
meaningful and measurable values at all time periobllonetheless, flux values are still needed to

calculate the resistance values.

To obtain resistance values from flux, the membranan be considered as a porous
nanomaterial with cylindrical pores of constant ghieter along length at a particular instant, for whi
the relationship between the empty tower velocity and the pressure dropl Wan be expressed using

Darcy’s law:

= — Eq. (2.1)

where Q represents the fluid flow rate through the sectidgnandRis the fluid flow resistance of
§Z % }E}ue u 38 E] oU v .. [Fhe&@mptyapvjer ¥ejocii j$ @pivalent to the flux of

the membrane, which is a measurable quantity.
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The resistance R can be further expressed in termmmeadsurable parameters using the Kozeny-
Carman equation which is based on the fact that gegous medium can be assimilated to a bundle of
circular capillary tubes:

5944(5°?)"

4= Yorg T e Eq. (2.2)

where L, d, and xrepresent the sphericity of the particles, the pele diameter, and the bed
porosity, respectively. L is the porous materidtkmess. The constant 150 includes classical vallie

tortuosity and pore circularity in such porous mag (spherical particles and porosity below 0.6).
Combining equations 1 and 2, the empty-tower velpcian be expressed as:

%pXxg ! A E

7= 504(57) ceA

Furthermore, the filtration characteristics of paher particles under various conditions have
been reported in the literatur® 3 the instantaneous material porosity can be reltedhe compression

time as follow:

( s? ) - 1 Fe?'® .....EQ. (2.4)

Where x is the material porosity at time tx is the porosity before compression angthe
porosity at equilibE]Jpuu (S & JUu% E °¢°]J}vX dZ § Bul E]pu Elu vEPE ZIuG E °-|

Finally, the empty-tower velocity can be written: as

/ .
Y%xp ¢ >kg? ok57& og AE

7= L
594c52 >k ? yok57% ogceA

Following the aforementioned equation, the fluidoW resistance of the membrane was
calculated at various pressure drops by followihg tvater flux through the beds of polymer particles
during time. All curves exhibited the same trend:loa resistance (high flux) at initial time eventyall
increasing (flux decreasing) with time as the coeggion of the bed begin (Figure — 2.11). The
experiments were ended once an equilibrium stateswaached. At constant pressure, the increase in
resistance i.e., decrease of the water flux indichtbat the permeability decreased during the filti@t

process due to the bed compression.
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4=3.5 bar
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4=0.8 bar
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. b6
Time (hr)
Figure — 2.11: Evolution of fluid flow resistancewdalted from flux values with respect to time for the ayic

membrane at different pressure values. The dashedesushow the theoretical evolution of the resistanceesl

Contributing to the experimental curves obtained fine resistance, we further modeled the
fluid flow behavior of the membrane (Figure — 2.1As can be seen, an excellent correlation was
obtained between the experimental values and the dhetical ones (dashed lines). The theoretical

calculations were performed using methodology atofost:

Using equation 1, the permeability of the membrasan be determined at initial timekg) and at

equilibrium K.). Then, equation 2 can be rearranged to express th@gity versus the permeability:

/ .
—+ #¥+2#YF#0 . (2.6kq
where, H#H= SOA Eq. (2.7)
% %0

The third order equation 6 can be solved to detemmihe values of the porosity at initial time
~x and at equilibrium §) for each pressure drop. As an approximation, tlatiple diameter was

considered to be constant during the experiments ahd sphericity equal to unity. So, in Eq. 2.5, the
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empty-tower velocity U only depends on the retardsti time for a given experimental condition
(pressure drop, particle bed thickness, temperaturéhe theoretical expression of the empty-tower
veloCityUpeo A © 3Z v Ju% E 8} 3Z /E% Eluw]vs 8Z IE S E 33V SJu « v

case.

At each time step, the functiofa was calculated:

fr = Uneo(t) —Wydt) Eq. (2.8)

And the objective functiofr was minimized using Newton’s method:

(= AR L Eq. (2.9)
dZ]* 0 (8§ 8Z & &8 E &]}v 8]u % E3Z §}EXC (]E5]VP

The dynamism of the membrane is further highlightetien the porosities and the fluid flow
resistance of the membrane are plotted as a funetf pressure (Figure — 2.12). As it can be semn, f
relative water pressures from 0.04 to 3 bar, theteraflow resistanceR of the membrane increased,
while the porosity xdecreased from 35 % to 5 %. The value 35 % iffis@gn given the fact that the
theoretical value reported in an earlier work fdret random close packing of block copolymer miceles
36 %. The pressure induces compression of micedlel’ corona thus leading to the decrease in the
interstitial volume. Between 2 and 3 bar $Z }u% E e°]J}v ]J¢ S ]S u AW W x%o S |

observed. Beyond 3 bar, R decreases dramaticallleypbrosity increases irreversibly.
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Figure — 2.13: Evolution of fluid flow resistance porosity of the membrane with respect to pressure.



This apparent morphological switching can also Imualized via cyclic change in resistance
values (Figure — 2.13), where three successive asing/decreasing cycles of the transmembrane
pressure have been carried out. Th& riin, stopped below the threshold pressure, showedteong
hysteresis, which can be due to an increase in tatact surface area between micelles during
compression, thus facilitating PEO interactions. Naepolymer bridges formation seems to be realistic
since the resistance is maintained while decreasiregpressure, attesting the presence of strong links
between the deformed micelles. However, with rembweé water pressure, the" run matches closely
the 1st run during the pressure increase, in agreain with a good reversibility between
sphere/spheroid morphologies. Interestingly, beyo8c5 bar, the 8 run shows almost no hysteresis
being reliable to the large pores worm-like netwarkvery low resistance, which is the usual behawio

of classical membranes.
2.6 ATOMIC FORCE MICROSCOPY EVIDENCE FOR MORPHOHASSGE

The perpetual changes in the porosity and resistaaotthe membrane with respect to pressure
indicate clearly towards the morphological changés.prove this, the membranes were analyzed using
AFM after being subjected to water pressure follalugy drying at room temperature in a dry chamber
for 1 day. The Atomic Force Microscopy (AFM) imagesaled that when subjected to a 4 bar water
flow, there is rearrangement of the spherical paltis into a more compact ordering (Figure — 2.t a,

d). Till 2.5 bar, the films showed ability to reteatheir original resistance value until a threshold
pressure value is reached, indicating that the sysgemorphology was resilient enough to counter the
pressure change in agreement with AFM observatidms Tesilience comes from the hard core-soft
corona nature of the micelles and is also due toagmer chains running through them interconnecting
each other. At 3 bar, the micelles begin to irresibly deform from spheres to spheroids (Figure —
2.14d). This deformation becomes much more pronouheaé 3.5 bar (Figure — 2.14e) and further at 4
bar when the most of the micelles collapse to irresibly give a “worm like” network with uneven large
voids formation, leading to a significant porosityange (Figure — 2.14f). These large voids explan t

sudden large increase in the porosity and thus dase in resistance calculated at pressures 3 bar.
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3 bar 3.5bar (1) 3.5bar (2) 4 bar

Figure — 2.14: Atomic Force Microscopy imagesiobthfor different membranes showing the evolution of

morphology with respect to pressure.

Figure — 2.15: Binary color images obtained fromresgonding Atomic Force Microscopy images to obtain

approximate pore size and their evolution with pressur
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In a further qualitative analysis, binary picturefggy(ffe — 2.15) were taken from AFM images in
height-contrast mode and the pore area was calcedaby a density analysis method for the pressure
indicated (Table — 2.1).

Pressure Number of Total Pore Area Average Pore Size Pore Area
( P) Pores Detected (UM 2) (Um 2) Fraction (%)

0 793 0.971 1.00 X 10 24.3

1 1124 0.782 6.96 X 10 19.5

3 371 0.398 1.00 X 10 9.9

4 200 0.990 5.00 X 10 24.6

Table — 2.1: The approximate number of pores, fotak area, average pore size and pore area fraatalnulated

from binary images.

From F to any pressure, the first step is a small reorgation of the micelle assembly into a
UJE Ju% 3 ¢3EU SPE U 3Z v (}Joo}J& A E+] (QEUINIDI E- JEPEE A E
or even morphology chaR ~4W EiT Ee+*X tZ v }u% & hwaRd & Dar,dE can beSseers that
the pore area decreased together with an increasd¢hie number of pores detected and a decrease of
the mean pore size, which is in agrees well wittslight compaction. At 3 bar, the micelles are
irreversibly deformed into short rods made from tipartial fusion of 2 to 3 micelles. In this situmtj
pore area decreased due to the disappearance of freerface caused by the decrease in the number of
individual objects and thus the number of pores.Abar, the short rods have fused into a worm-like

network forming large pores.
2.7APPLYING TUNABLE POROSITY FOR SELECTIVE FILTRATION

When compared with classical hydrophilic ultrafiticm membranes in which the pore size
irreversibly decrease with the applied presslirehis pressure responsive membranes shows a very
©Z E% Z VP ]Jv (Jo3E 3]}v % C (} G uldsr. Fhus & Aight td Yossible to operate it
in reversibly controlleddper’ and “closed states in response to applied pressures. To desti@ie this
ability, a solution of five different poly(ethylenexide)s (M.=35 KDa; Mg=10 KDa; Ms=4.6 KDa;
M.=1.45 KDa; M=0.4 KDa) for a total concentration of 0.24(0.04 g.I* each) was prepared and
flos§ & SZEIUWPZ S$Z uu E v e 3§ (%A -JXEDbaWInde itd dallow the
membrane compression, the PEO solution in the pataeside was collected at different times from the
dead-end filtration cell. The molecular weight distrtion of PEOs in the permeates were analyzed by

Size Exclusion Chromatography (SECY ¥A0.6 bar, the retention of all PEGs were foundrtoréase
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over time due to the progressive compression of theelles (Figure — 2.16 X /v E e<]vhad WAIXf
leads to a clear decrease of the pore size andghédri retention is observed as only D and E could
significantly cross the membrane (Figure — 248 dZ @& § v3]}v % E} e+ ] u}@®ds o 3]A
bar, where only E crosses the membrane (Figurel6c}. Finalyd Jv E <]v Pbat Wadsltod clear

increase of the pore size and any retention may bsesved (Figure — 2.16d).

Figure — 2.16: Size Exclusion Chromatogram obtaordtié permeates after PEG filtration experiments aedéht

pressures.

These filtration tests concur well with the findsigobtained using fluid flow resisting
measurements and AFM images thereby not only esghllg the progressive compression of the

membrane albeit in a reversible manner but alsogzere driven “gating” capability of the membrane.
2.8 SELF-HEALING

It could be presumed that by virtue of its dynarbiehavior, a self-healing ability of this porous
material would be highlighted at macroscopic lev@€lurrently, the scope of self-healing materials is

confined largely and specifically to dense systéfifs Developing a self-healing porous material is
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noteworthy and though its feasibility has been demstrated theoretically?** it still remains a challenge

to be practically validated.

We studied the self-healing ability of the membrar®sdamaging them with a needle leaving a
]JE po E % E(}E 3]1}v }( iii ...u ]¢€ 74 3A Ghusa(Pe expkriments (Figure —
2.17a). From the flux curves thus obtained, watlawf resistance values were calculated at various

pressures (Figure — 2.17 b, c, d, e, f, g and h).

Figure — 2.17: Study of self-healing of the membsame following the fluid flow resistance changesAajeneral

change and evolution in flux before (blue), afterfpeation (red) and healed (green) membrane, b-h)thé@fflow
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resistance curves obtained from flux curves beforéopation (red), just after perforation (blue) and afteealing

process (green)

‘1A v 8Z (Jou 8Z] lv ee }( }voC iXs}v.ulE %EE %v¥E (}GEI}*5 60
thickness, which is a major damage to the matetiaigeneral, the R value should converge over time to
the I run curve of undamaged membrane, if healing has oecl As expected, the initi®value of the
virgin membrane (Red Curve, 1st run) dramaticatlgrdases immediately after the perforation (Blue
Curve, 2nd run). A third run (Green Curve, 3rd nua} carried out 24 hours later to verify the stépiof
the healing phenomenon. To verify the role of pragsas a necessary stimulus for self-healing, soime
the perforated membranes were immersed for one mioiih water under static conditions as compared
to other membranes subjected to water flux howevey augmentation in resistance was observed. At
very low pressure of 0.04 bar (Figure — 2.17b)y Vitte resistance recovery was measured evenrafte
hr while at 1.5 bar and beyond (Figure — 2.17gtH® resistance again failed to achieve its origwalle.
These results indicated that there is a pressurage (0.07-0.8 bar) (Figure — 2.17c-f) in which the
healing process takes place effectively (Figurel8)2For a given perforation of 110 um at 0.8 H00 %

recovery of resistance was achieved effectively imi#0 minutes.

100 : Iw"ﬁq-' - - -
XX X x X < X + P=2.5 bar

® £=1.5bar
X 4°=0.8 bar
[ | X 4=0.6 bar

£=0.2 bar

R recovery %

m 4=0.07 bar

¢ 4°=0.04 bar

Time (hr)

Figure — 2.18: % recovery of fluid flow resistasadeulated with respect to time.
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Furthermore within this range, lowering the pressuigcreased the time required for the
effective healing and vice-versa as indicated bgling half time calculated at different pressureg(ke
—2.19). A perfect match between the 1st run cuare 3rd run curve observed in this range proved the

permanent closure of the perforation (Figure — 2.20

Figure — 2.19: Healing half rate calculated at difféq@messures.

Figure — 2.20: A composite graph showing that the omealed, the fluid flow resistance values reachedrthe

original values at the corresponding pressures.
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Figure — 2.21: Evolution of healing rate with resgeqgierforation healing% at different pressures.

Lastly, considering the perforation to be a perfeatlycular in nature and healing phenomenon
taking place evenly from all direction, the healiraje of the membrane could also calculated from
resistance values (Figure — 2.21). The correlatietween the healing rate and healing % reveals that
rate of healing decreases rapidly with the increas@ressure. At 20% healing, a maximum healing rate
of 12 unf.sec' was observed at 0.8 bar although it decreased rgpid 2 pnf/sec once 70 % healing

was achieved.

To complement the self-healing calculations based flow resistance, Scanning Electron
Microscopy (SEM) images were obtained for unhealed lzealed membranes (Figure — 2.22a, b, ¢ and
d). Due to the piercing by the needle, the perfoost is caused in such a manner that the broken
fragments are aligned in the downward direction (Fg— 2.22a). From images of partially healed and
fully healed membranes at 0.07 and 0.8 bar respetyi, it can be seen that the fragments coming back
onto the perforation plane and joining together téose the perforation (Figure — 2.22b, c). No healing
was observed for pressures higher than 1.5 barufieig- 2.22d) which is in good agreement with water

flow resistance recovery measurements.
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Figure — 2.22: Scanning Electron Microscopy imabt&sned for a) backside view of the perforationabpartially
healed membrane at 0.07 bar, c) a completely heafemnbrane with scar formation, d) unhealed membrauritn

perforation intact.

Figure — 2.23: False color 3-dimensional SEM isnalgiined for a) perforation, b) healed membranéhvgicar
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To examine the topography of the perforation andrgaetely healed membranes, 3D false color
images were constructed by joining SEM images aobthifrom three different perspective angles
(90°/80°/70°) (Figure — 2.23a, b). As these images revealp#réoration in the membrane causes an
o A3]}v}i( Pe Cdi ..u v (TE 4y 1C(Pou..u A]S3Z E *% & §} 8Z
surface plane. The healed membrane at 0.8 bar slibaescar above the surface plane due to the

random overlapping and joining of the perforatialmdgments.

In order to verify the healing response with respers a catastrophic damage, a 2 mm cut was
made into the membrane and was kept under watexfhat 0.4 bar. Due to such a large damage, it was
impractical to measure the flux since the amount wéter permeated was huge. After 48 hours of
continuous, although the amount of water decreadmat it still remained substantial in amount. When
examined using SEM, the cut was found to be closesbme points which explains the decreased water
flow (Figure — 2.24a,b,c,d). Hence it can be imf@rthat the parameters like healing rate, effective

healing pressure, healing time are influenced by dRe&ent of damage to the membrane.

Figure — 2.24: Scanning Electron Microscopy image$ Partially healed 2 mm cut, b-d) areas shovalogure of

the cut at 0.4 bar
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While the resistance measurements give the valuesppropriate pressure necessary for self-
healing in particular time period, the SEM imagesvimed an important aspect of the healing process:
that is the movement of membrane fragments towarti®e membrane surface in the opposite direction
of the water pressure. Based on this aspect, a me@m for the observed self-healing may be expldine
on the basis of structure of the network of the ralies which are compressible under pressure in wet
conditions. In case of perforation in the materidle micelles are drawn apart from each other wittet
ABA chains pulled out and consequently dangling engtérforation space. When pressure is exerted on

the perforated film, the dynamic links between theawsiles enable the network to rearrange (Figure —

2.25).

Figure — 2.25: Probable self-healing mechanisnthi®membrane

The deformation is neither instantaneous nor uniforsitae bottom layer of micelles in contact
with a rigid support get deformed first followed Isybsequent upper layets Hence, the compression
forces the deformed micelles to move towards thelyoavailable space, i.e. the perforation. Once the
micelles of the two opposite fragments are in corifdbe dangling ABA chains have enough mobility and
time to penetrate into each other's micelle coreetteby creating a bridge and ensuring the healing

stability. At low pressure, the compression is too lmanitiate this global movement of micelles whie
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higher pressure end, the flow of the water restsdhis concerted movement. It can be said that this
fragmental contact is purely random filling up iatare rather than zipping up of the two opposite

fragments as shown by the scarring observed fortibaled samples in the SEM images (Figure — 2.22).

Figure — 2.26: No self-healing is possible in cdise perforation created by an air bubble or any otbéject

present on the surface during the membrane process.

The presence of free dangling chains onto the crddtagments is further strengthened by the
fact that no stable healing was observed when afgetion was induced intentionally by creating a
small air bubble during the film preparation. Congenqtly, block copolymer chains arrange themselves
around bubble’s periphery in such a way that thédge formation between the two opposite sides of it
is avoided. When compression takes place, even thaing micelles are pushed towards each other,
there are no dangling chains to create a bridge wereeven if there are chains to create a bridgeyilt
not be stable since the closure will result in tthestabilization of the micelles’ equilibrium and create
physical warp onto its surface. Hence the closwes$sentially temporary and once the pressure is
relieved, the micelles are forced to retreat to theriginal positions to restore the original eghbiiium

thereby recreating the original space (Figure — 2.26

2.9CONCLUSION
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In conclusion, a self-healing membrane with tunalgerosity based on dynamic set of
nanometric block copolymer micelles has been desckibeEhe membrane shows the capacity to self-
regulate its performance in response to applied wapeessure. The proof of the pore size tuning and
most important its functional applicability is demstnated by the filtration experiments of PEO polyimie
according to their size through membranes previguslbjected to various water pressures. Despite the

§"%(i.e. 13.4 L.Am? bar? for the adaptive spherical-type membranes and 40'Im™

low permeabilitie
bar' for the very stable worm-like membranes), the resible sharp change in the membrane
performance controlled via operating conditions isitguremarkable. Moreover the membrane exhibits
capacity to mend itself at the macroscopic levele Pinoduction of such self-healable films to be used
membrane science can prolong their usable life igigen application without any other external
intervention. The use of block copolymer micelleshvadaptive behaviors under compression shows
some formal similarity with the functional complexiof natural systems for which the communication

between different length scales is the central pairi the natural selections of functiof?’
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3. TRANSLOCATION ACROSS ASELF-HEALING MEMBRANE

Translocation of matter across biological membraigsne of the most crucial processes in nature,
being essential for both delivery and signaling gmses. Due to recent use of nanoparticles as
potential drug carriers®, sub-cellular sensots and imagers’, nanoinjector§ and gene carrief's their
trafficking across lipid membranes has been studedensively for better understanding of the
process”*® Translocation has been indentified to happen eittby a “direct penetration” (diffusion)
process in which a nanoparticle or nano-objectudiffs through cellular membrane under the effect of
an external force or by a much more prevalent “retie mediated endocytosis**® process which
involves internalization of the matter via threeegis’ ' First being the adsorption of nanoparticle or
nano-object over the surface of the cellular membeamia functional groups, second being their
wrapping or engulfing by the membrane and third dgeithe “pinching-off” of the lipid-particle complex
from the membrané. Usually, the direct mode of translocation (diffurs) is considered less attractive
from practical applications point of view as compar® endocytosis process since the former involves
the application of an external for&& and in most cases the delicate membrane strucisrdisrupted by
this force induced translocation. In recent workaJthough novel polymer architectures like
dendrimer$*® have been used to create pore across the membraceoss their passage way to
facilitate the diffusion process but the permanenttaee of the pores has detrimental effect on the
membrane which in worst case can even lead to ithiete destructiod* and consequently cell death.
The problem of permanent pore formation in the mermahe and its structural failure can be
circumvented if the membrane is able to close theated pores by itself while the particle moves a&s0

it.

In this chapter we have investigated the abovensc® by carrying out the translocation of
different nano-objects having different geometryize and surface characteristics across a self-hgalin
membrane (Figure — 3.1). We recall that this selélimg membran® discussed in the previous chapter,
is essentially a 3-dimensional network of a triblampolymer micelles held together dynamically via

copolymer chains acting as bridges. While the intgestspace between the spherical constituent
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micelles enabled the membrane to separate objet¢k®ir compressible nature and dynamic bridges

interconnecting them ensured a self-healing system.

Figure — 3.1: General representation of translocatexperiments of various nano-objects carried out across

dynamic self-healing membrane. For simplicity, dmige layers of micelles are shown.

The feeble and reversible bridging between the riéepresents the possibility of formation of
an instantaneous pore followed by pressure induceti-sealing and ultimately its closure. Therefore, it
can be expected that an object translocating acrtiés membrane would create a dynamic cavity along

its passage, which would close immediately as thigct moves further across the membrane.
3.1 THE MEMBRANE & THE EXPERIMENTAL SET-UP

The membranes used in this work had the same dirizerss(4.1 crharea and 1.3 um thickness)
as used for the fluid flow resistance experimeriihe experimental set-up also remained essentidlly t
same except the fact that a finite quantity of feedlution (10 ml) was introduced into the filtraticoell
and the compressed air supply was connected direitljt to have the required pressure changes. A
small recipient was attached to the outlet of thelld® collect the permeates in sufficient quantisi€1.5
ml) to be analyzed further by the gel permeationramatography, UV-Visible spectroscopy, Photon

Cross Correlation Spectroscopy or Scanning EledWticnoscopy depending upon the type of nano-
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object translocated. Given the sensitivity of theembrane with respect to pressure (porosity change
from 35 % to 5 %), each membrane was compresseilstmaximum at the corresponding pressure
before carrying out the translocation experimento &chieve this, water was permeated through the
membrane at the given pressure for 2 hours quidklyjowed by the introduction of nano-object feed

solution in the cell and switching of compressedsaipply.
3.2 NANO-OBJECTS AND THEIR PREPARATION

In this work, we chose four classes of nano-objgotde translocated across the self-healing
membrane. The first being represented by Poly(ethgl glycol)s (PEG)s as the smallest objects imster
of dimensions and softest in terms of nature andhiy hydrophilic. A mixture of 3 PEGs (100 KDa, 200
KDa and 300 KDa) was prepared with a final conaéiotr of 0.75 gif. This feed solution was analyzed
by passing through a gel permeation chromatograpbiumn equipped with refractive index detector.
The chromatogram of the feed solution (Figure — 3vas obtained in order to compare with retentates
and permeates solution obtained after the transltioa experiments. As it can be seen that the column
was not able to resolve the peaks perfectly howetlis not important due to the fact that in this
particular part of the experiment, the GPC chromatogs have been used only for qualitative analysis

rather than quantitative.
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Figure — 3.2: Chromatogram obtained for the feed thmiu of mixture of PEGs using Gel Permeation

Chromatography
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The second class is represented by Bovine Serummib protein (BSA) whose aqueous
suspension was prepared at different concentraticaarsd the absorbance at 276 nm was measured by
UV-Visible spectroscopy to obtain a calibration grgptigure — 3.3). As compared to the random
structure of PEG chains in agueous medium, BSAsteearuch compact and well defined structure in the
form of a prolate ellipsoid (= L, < L) as measured by transient electric birefringefiq€igure — 3.4a,b).

It can be assumed that while passing through thentheane, the structural integrity of the protein Wil
be maintained.
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Figure — 3.3: Absorbance vs. concentration calibragiaph obtained for BSA protein using UltraViolet b\és
Spectroscopy

Figure — 3.4: 3-Dimenstional structure of Bovine SeMllmmin and it apparent shape as a prolate ellipsmich
spheroid.

78



The third class of the nano-objects is represented Roly(styrene) latex beads (PS) whose
average mean diameter was calculated to be apprd@0 hm with a mono-modal size distribution
(Figure — 3.5a) using Scanning Electron Microscopgem (Figure — 3.5b) and confirmed by Photon
Cross Correlation Spectroscopy. The average meaneder was calculated by measuring the diameter
of individual particles in the SEM image and acowdo the following equation also known as De

Brouckere Mean Diamet&t
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Figure — 3.5: a) Monomodal size distribution obtairedHoly(styrene), b) Scanning Electron Microsaopgeé
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To avoid the probable clogging of the membrane bycess nanoparticles a minimum
concentration value was obtained using PCCS wtilildying within the detection limit of PCCS (Feyu
3.6). This is important since if the concentratisntoo low, it will be further lowered in the permtss

due to which PCCS may not be able to detect enaagtoparticles in the solution.
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Figure — 3.6: Concentration vs Kcps calibration cabtained for PS nanoparticles using Photon Cros&l@ton

Spectroscopy
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Figure — 3.7: Amount of water passed through the tme over the course of time with increasing con@in
of PS nanoparticles
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The effect of concentration of particles on the peration of water can be gauged from a simple
experiment where the concentration of nanoparticlegas increased over the course of filtration
experiment. At a low pressure value of 0.2 bar, axitmum concentration of (1.43 X 1@.mi") was

achieved beyond which the membrane was completadggéd (Figure — 3.7).

The final class of the nano-objects is repnéed by Silica nanoparticles which are the stiffand
biggest amongst the nano-objects studied in thisrkvoTwo series of silica NPs (SP1 & SP2) were
prepared by a modified Stober procd$sThe synthesis was carried out in isopropanol &C2@ith the

concentrations of various reactants governed by thiowing relation:
[NH] = 0.81[TEOS]), {8] = 6.25[TEOS] reWm&OS] was taken to be 0.22 M

An excess of water in the system facilitates thagbthydrolysis of Triethylorthosilicate (TEOS)
which gives high mass fraction. Ammonia ¢N&ccelerates the hydrolysis and condensation dDSE
while supplying —OH ions adhering on the partictesis stabilizing the suspension via repulsion asfain
Van der Waals attractive forée The reported optimum concentration of NMith respect to TEOS was
used as it was observed that a high concentrateadk to coagulation while too low concentrationsl le

to longer reaction time or even no silica particfesmation.
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Figure — 3.8: Bimodal size distribution obtainedsitica nanoparticles ( SP1) showing two populatioNfs
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Figure — 3.9: Bimodal size distribution obtainedsftica nanoparticles (SP2) showing two populatioN®@$

Unlike the monomodal distribution of poly(styrene) NBP®th series of silica NPs showed a
bimodal distribution (Figure — 3.8 & 3.9). The ag diameters of the NPs were calculated using
equation — 3.1 by measuring the diameters of indid NPs in SEM images (Figure — 3.10a,b,c,d)
obtained for both series. The average mean diametdrus obtained for two populations of both the
series have been presented in the table — 3.1. TR#& Series silica particles comprised an approximate

56.7 % of smaller silica particles while SP2 senegprised 61 % of smaller NPs.

Average Mean | De Brouckere Mean  Dispersity

Diameter (1) Diameter () Index
Nanoparticles Percentage

(nm) (nm) (Dy/Da)
of Nanoparticles

Silica SP1 —i 156 167 1,07 57
Silica SP1 —ii 279 293 1,05 43
Silica SP2 —i 88 94 1,07 61
Silica SP2 —ii 223 230 1,03 39

Table — 3.1: Various diameters, dispersity indices elative % of silica nanoparticles calculated frSoanning

Electron Microscopy images. 200 particles were couftedach type of population.
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Figure — 3.10: Scanning Electron Microscopy imealj&sned for, a-b) Silica SP1 series with two populatiof NPs,

c-d) Silica SP2 series with two populations of NPs

Again as in case of Polystyrene NPs, an optimum coratem of silica particles was obtained in
order to avoid clogging as well as to be able toedétranslocated particles in the permeates by PCCS.
Hence concentration calibration curves (Figure — 3vidle obtained for both the series. Based on these
curves, 2.4 X 1Dg.mI* was taken to prepare the feed solution. As comphte Polystyrene NPs, Silica
NPs tend to aggregate due to strong interparticleattion and settle down to the bottom in a solvent
like water which has high dielectric constant. Henteeir feed solutions as well as retentates and

permeates were ultrasonicated prior to any analysis
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Figure — 3.11: Concentration vs Kcps calibration cobtained for the two series of silica nanoparticlesng

Photon Cross Correlation Spectroscopy
3.3 TRANSLOCATION OF NANO-OBJECTS

The translocation of PEGs was carried out at pmessange of 0.2 bar to 1 bar. As the
hydrodynamic radii of all PEG were all way above mfaximum pore size of the membrane at the
corresponding pressures hence any detection of EE&ns in the permeate would demonstrate their
translocation across the membrane. In the previstsdie$®® passage of single polymer chain across a
nanopore has been studied in much detail establistirgfact that the individual chains having random
coil confirmations translocate through chain stretapimechanism. The GPC analysis of the permeates
obtained at different pressures, showed no peaks day of the PEGs signifying that none of the four
could pass through the membrane (Figure — 3.12)s T not surprising given the fact that being
hydrophilic in nature and non-specific in shape, IEG chains can undergo many conformational and
orientation changes before migrating slowly to timeirior of the membrane. However due to long chain
length and strong interaction with PEO corona df thicelles, they are entangled within the membrane
interior. Few such entanglements lead to a cascaffect of further entanglements leading to an
ultimate fouling of the membrane despite continuousrring of the solution inside the cell. It must be
noted that in previous work, PEG chains having lometecular weights and lower hydrodynamic radii
than pore size were capable of transferring througk membranes at pressures as low as 0.2 bar.rGive

the absence of PEGs in the permeates and the psesnd intensity of peaks observed in the
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chromatogram for the retentates (Figure — 3.13) igades that a most of the PEGs were retained

completely by the membrane with small possible ambemaining entrapped over its surface. .
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Figure — 3.12: Chromatograms obtained for permeatds di#ferent pressures using Gel Permeation

Chromatography, indicating the absence of PEGs.
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Figure — 3.13: Chromatograms obtained for retentates different pressures using Gel Permeation

Chromatography, indicating presence of PEGs.

In case of BSA translocation, the results were detefy reversed as all the protein molecules

went through the membrane completely at all presssintil the feed solution concentration reached a
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very high value of 1.5 d.I This is surprising as with an approximate moleculeight of 66,463 Da, BSA
has almost twice the molecular weight of the lowe&@® used in the PEG mixture hence it should be
retained in a more pronounced way and completelylfthe membrane. The fouling of ultrafiltration
membranes by BSA has been reported in the past eltee fouling has been reported to occur by cake
formation mechanisrit®* The interaction between protein-protein and pratemembrane influence
the fouling procesS. While the former type interaction influences thalsorption into the pores and
over the surface of membrane, the latter type irdetion influences the cake structure and its
formation. In the present case, one of the reasdoissuch inverse result can be attributed to the nea
absent interactions between the protein moleculemdathe PEO corona of the micelles of the
membrane. Due to its hydrophilic nature, high exidd volume and coordination ability with water
molecules, PEO is considered as an effective atitifp materiaf®®’. Moreover, a neutrally charged
polymer like PEO forms hydrogen bonds with wateeréiby generates an energetic barrier, thus
preventing the adsorption of biomolecufé8®. The dense coronas of PEO reduce or even prenéial i
adhesion of the first layer of protein moleculeseoxthe membrane, which act as a precursor to foglin
Another important reason can be attributed to thdlipsoidal shape of the protein and contact angle of
the protein molecules with respect to the membraserface which play a vital role in its translocatién
recent computer simulation stud§ conducted for ellipsoidal nanoparticles transloagtithrough lipid
membranes revealed that in general smaller is tlidume of the particle, lesser is the driving force
required leading to an easy penetration through theembrane. In the present case, although the
volume of the ellipsoidal protein molecules is ~ 988° with L/L. = 3.5, the applied pressure in the cell
compensates for the required high force for membeapenetration. Moreover, since most of the
protein molecules were able to pass through the niene, it can be assumed that a majority of these
had an angle much lesser than®°9@ith respect to the line normal to the membranerface. This is
because the ellipsoidal particles in unconstrainsthte tend to align themselves in a position
perpendicular to the surface of the membrane whiletating at a longer axis. Such preferential
alignment of anisotropic nanoparticles while difiug through a membrane has been proved by various

§0-44

techniqued®** and further substantiated by simulation studfz&

Another important aspect of BSA translocation asrdee membrane was the arresting of
morphology change at high pressure values. We tdicah previous chapter that at pressure equal to 3
bar and beyond, the spherical micelles started tdodmed considerably leading to large voids formation
and thus a large porosity change. The AFM imagepirg- — 3.14) show the surface state of the

membranes after being subjected to BSA filtratian3adifferent concentrations (0.5, 1 and 1.57.
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While at low concentration values (Figure — 3.13athe membrane still contained pores even at 4 bar
but at 1.5g.1 almost all the voids were completely filled with B@Agure — 3.14e,f) making it totally

impermeable.

Figure —-3.14: Atomic Force Microscopy images of rimmbrane obtained after BSA translocation, a-b)
Translocation with 0.5 gtlat 0.2 bar, c-d) Translocation with 1gdt 2.5 bar, e-f) Fouled membrane with 1.5'g.|
at 4 bar
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Since the only change in the membrane’s morphologyld come from the presence of protein
molecules surrounding the micelles, hence theimsication is confirmed. Interestingly, the proteiims
between the micelles seem to delay the morphologidange at higher pressure value (as observed in
3 chapter) since nothing happened at 4 bar. An exatimn could be that the protein will avoid or delay

the partial fusion of the micelles due to the lowfiaity between PEO and the BSA.

Moving further across the continuum, the respondestiffer and more voluminous polystyrene
latex nanoparticles (NPs) showed unsurprising presdependence within the pressure range of 0.2 bar
to 0.8 bar. For each given pressure, the respectighected permeates and retentates were analyzed
using PCCS to determine the presence of NPs (FigBitsa,b,c). The curves for 0.07 bar & 0.8 bar are

not shown since 100 % retention and permeation webserved respectively for poly(styrene) NPs.
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Figure — 3.15: Differential distribution curves obsdrfor retentates and permeates obtained at differentgzres

using Photon Cross Correlation Spectroscopy.
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The global retention values (Figure — 3.16) for Mies were calculated from the area of the
retentate and permeate curves. The values were alsicited with that calculated from concentrations

obtained from calibration curve equations.
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Figure — 3.16: The calculated global retention vafaegpoly(styrene) NPs at different pressures

Nearly all the particles were retained at low pressinowever as the pressure was increased,
some of the particles managed to translocate acrtdss membrane. At 0.8 bar, an almost negligible

retention indicates that nearly all particles weable to pass through comfortably.

To further substantiate the effect of pressure ohet retention in correlation with size
dependence of the particles, the approximate retemti percentage values were calculated
mathematically at each pressure for a given pagtisize (Figure — 3.17) by normal fitting of PCCS

differential distribution g3lg curves for permeatasd the retentates.
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Figure — 3.17: The calculated retention values foy(stirene) NPs at different pressures as a functiopaoficle

diameter.

At 0.1 bar, particles of all sizes were retainedviewer at 0.8 bar all of them passed through. In
between these two values, the retention of partislavith higher diameter contributed principally toeh
observed global retention values at given press@e/en the low porosity of the membrane only 6 % at
0.8 bar, it is remarkable though not surprising tmegarly all the particles with such huge diametesrey
able to pass through the membrane without damagiingt all. At this point it can be concluded thatel
dynamic nature of the membrane, we were able to charthe pore size with pressure to be able to
translocate big nano-objects. To further prove thitep and bottom surface images of one such
membrane was obtained by using Scanning Electrarddcopy (Figure — 3.18a,b,c), which showed the
presence of NPs in significant amounts on both s@d$dtowever no physical damage was observed to

the membrane.

The reason for such non-damaging translocation loarexplained by the self-healing nature of
the membrane. At the onset of the translocation pess, the particle is compressed against the surface
of the membrane due to the water pressure. As mared more compression takes place, the particle
tends to push itself more inside the membrane thumstraining the dynamic bridges between the
micelles. Once these bridges are dislodged from em&, the particle enters inside and continues to be

pushed further deep, dislodging the forward directidridges. However behind the particle, the
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dislodged bridges are again restored by the virtae copolymer chains’ mobility and micelles’
compression thereby effectively closing the membrambe healing scars (Figure — 3.18c) found on the
back side of membrane having sizes approximate to thfatranslocated NPs reinforcing the above

argument of self-healing.
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Figure — 3.18: Scanning Electron Microscopy imabtgined of a membrane with translocated poly(styren&sN
a) Top surface, b) Bottom surface, c) Bottom surfaceving the fused structures of NPs and the healingssddre

images are little distorted due to enlargement alongtwid

A variation to the healing event can be a situatighere, this restoration of bridges is hindered
by entrance of another particle into the perforaticreated by previous particle. This second partiela
be followed by another and so on thus making a ctermcross the membrane thickness. Given the high
compression encountered throughout the process, soof these particles can get fused together while
still inside and leave the membrane in distorted ges. Such fused structures were observed on the
backside of the membrane used at 0.8 bar (Figudel8b). The occurrence of such phenomenon within
the membrane was proved by the presence of one stindrical structure having approximate length

of be 1.51 um which nearly corresponds to the thieks of the membrane.

Finally, the stiffest nano-objects represented lijca NPs were fed to the membrane and their
translocation was found to be less when comparedPolystyrene NPs. For both series, the diffential
distribution curves obtained for the retentates armgermeates by PCCS showed the presence of
nanoparticles however due to low concentration andgregation due to surface charge in aqueous

medium, it remains inconclusive to draw a generantt or conclusion. To have a general idea, the
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curves for feed, retentate and permeate have be&own for two series fed to a membrane at 0.6 bar

(Figure — 3.19).
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Figure — 3.19: Differential distribution curves obtairer silica nanoparticles (SP1 and SP2) in the, fetentate

and permeate of a membrane at 0.6 bar.

Since nothing conclusive could be drawn from theramentioned curves, the global retention

values were calculated from the concentrations whichturn obtained from the observed kcps values
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(Figure — 3.20). A cursory look at the values shitnasin case of SP1 represented by largest size tiBs
retentions values hovers between 86 % and 97 %caiohig that most of the particles were either
retained over the surface or possibly remain tragpeithin the membranes. In comparison, SP2 series
NPs showed a visible decrease in retention valuethapressure increased however the decrease was
less pronounced than that of polystyrene NPs. Inecak SP2 series, the global retention of particles
started from 90% at 0.2 bar and reached to a mimimtetention of 62 % at 1 bar. These observed
retention values might be the result of silica NPgha second population having diameter lesser than
100 nm. It can be inferred from these observatidhat majority of silica NPs having diameter greater
than 125 nm could not pass through the membrane. cimse of polystyrene NPs, where 100 %
permeation was observed at 1 bar, comparativelyyod¥.5 % silica NPs were able to pass through the
membrane. Still, these findings need to verifiexcs the distribution curve for the permeate showslyp

one population of particles having a much larger sigribution.
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Figure — 3.20: Differential distribution curves obtairier silica nanoparticles (SP1 and SP2) in the, fetentate

and permeate of a membrane at 0.6 bar.

The Scanning Electron Microscopy images (Fig@r21) of the top and bottom surfaces of the
membranes showed the nanoparticles entering andvieg the membranes for both series. Although

unlike poly(styrene), the number of particles on thackside was markedly low.

The difference in global retention and aggregatasrfation can possibly be due to the presence
of hydroxyl group over the surface of silica NPsciiiauses strong secondary interactions with PEO

corona of the micelles as well as each other, legdb a retarded permeation thorough the membrane
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and probable entrapment within the membrane. Thiseg enough time to these NPs to interact with

each other to form small aggregates and leave chsiorm from the membrane.

Figure — 3.21: Scanning Electron Microscopy imafiésnslocated silica NPs, a-d) Top and bottom swrfaf
membrane fed with SP1 series NPs. The unhealedraiofts can be seen clearly on the surface whichadsent
on the back side, e-f) Top and bottom surface of nramb fed with SP2 series NPs. The aggregates of INi’s a

with single NPs coming out can also be seen.
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When compared to poly(styrene) NPs, the silica NBsvare stiffer and rigid in nature. Hence,
when comparing the nanoparticles having same sizabmve two species, the poly(styrene) ones will
pass through the membrane easily by easily undergaeformation and thus lower retention. On the
other hand, the silica ones can only form aggregdtasing much more irregular shapes thus further

complicating their translocation and consequentlyiigiva higher retention.

The perforations observed on the top surface of thembrane (Figure — 3.21a), does not mean
that healing process has been hindered in case efiffer nano-object. When the size distribution of
these perforations is compared with the size distition of silica SP1 NPs, a significant differerasele
seen (Figure — 3.22). The explanation of still opkepere can either be due to entrapment of silicasNP
inside the membranes thus destabilizing the natwuglilibrium of the micelles which would otherwise

in usual case, force them to come back to theigimrl position to heal the space created.

Number of Perforations

0 | | | |

17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101
Diameter (nm)

Figure — 3.22: Size distribution of perforations obsgin the Scanning Electron Microscopy image of tofase of

a membrane fed with silica SP1 NPs.

The transverse section SEM image of one such rmemelfed with SP1 series NPs reveals a layer
of agglomerated NPs within the membrane before threpched the end of the membrane (Figure —

3.23). Above this layer, other NPs can also be s€ka.thickness of the membrane was found to be well
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above that of normal value. This agglomeration osEN#thin the membrane is perhaps responsible for
negligible permeation observed SP1 series and alséhi® unhealed perforation observed on the top

surface of the membrane.

Figure — 3.23: Scanning Electron Microscopy imafjgansverse section of a membrane with entrappedasiiPs.

The increased thickness can be observed easiljodhe space occupied by the trapped NPs inside.

When a very high concentration of nanoparticles wasdiand the filtration time extended to 48
hours, an irreversible reorganization of the micellss@ambly was observed, as revealed by the
membrane autopsy (Figure — 3.24). It seems thaswath high NP concentration, the pores remained
open for an extended time and the continuous flow solid silica NPs inside the pores induced an

alignment of micelles along the direction of flow.
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Figure — 3.24: Scanning Electron Microscopy imdige membrane with the aftereffects of high concentratiof
silica SP2 NPs.

3.4 CONCLUSION

In this work, we utilized the pressure sensitiverigble porosity and self-healing ability of a
synthetic membrane mimicking biological membranesperform the translocation of four different
types of nano-objects. Despite lowest hydyrodynasiie, PEG chains were able not to translocate the
membrane due to their random coil conformations @olution form. The dynamic nature of the
membrane enabled the direct penetration mode trawshtion of protein molecules, polystyrene & silica
NPs having much larger diameters as compared to pae flawlessly without damaging the membrane.
However each nano-object showed different translib@ma characteristics. The BSA protein passed
through easily at all pressures without any foulimigthe membrane until very high concentration vaJu
where due to cake formation made the membrane contgle impermeable. In case of poly(styrene)
NPs, the translocation was readily visible and sgtprdependent upon the concentration of NPs and the
applied pressure. As a perspective, translocatiath wigger size NPs can also be carried out to obtain
the maximum cut-off size. In case of silica NPsdik#&ibution curves from PCCS remained inconclusive

regarding the population distribution however an apgimation could be obtained from the kcps values
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and SEM images. The translocation occurred in pessounced fashion as compared to poly(styrene)
but nevertheless certain number of NPs were able@&ss through despite much bigger size. The strong
interaction between the NPs and micelles of the meamt® as well huge size of the former had a clear
negative impact on the translocation as well as tmealing process. The findings of this work are in
contrast to the biological membranes whose struettis easily disrupted when nanoparticles diffuse
through them due to formation of pores, which inmee cases can even destroy the cells permanently.
Using a novel non-biological system, we further shdvexperimentally that dimensions, shape of a
nano-object, its interactions with the membrane atite external force govern its translocation across a
membrane. These findings are in well accord witl #imulation studie$***’done in the past involving

lipid membranes and much smaller nano-particles.

99



REFERENCES

10

11

12

13

14
15

16

17

18
19

20

21

22

23

24

Metzler, R. & Klafter, J. When translocation dynamiceimes anomalousBiophysical Journds, 2776-
2779, doi:10.1016/s0006-3495(03)74699-2 (2003).

Duncan, R. & Izzo, L. Dendrimer biocompatibility anttitgpxAdvanced Drug Delivery Reviesig 2215-
2237, doi:10.1016/j.addr.2005.09.019 (2005).

Chavanpatil, M. D., Khdair, A. & Panyam, J. Surfactdyiapr nanoparticles: A novel platform for
sustained and enhanced cellular delivery of water-sa@ufloleculesPharmaceutical Resear@4, 803-
810, doi:10.1007/s11095-006-9203-2 (2007).

Cao, Y. W. C,, Jin, R. C. & Mirkin, C. A. Nanogmntith Raman spectroscopic fingerprints for DNA and
RNA detectionScienc®97, 1536-1540, doi:10.1126/science.297.5586.1536 2200

Elghanian, R., Storhoff, J. J., Mucic, R. C., LextsiRigL. & Mirkin, C. A. Selective colorimetric détacof
polynucleotides based on the distance-dependent opticalppries of gold nanoparticlesScience277,
1078-1081, doi:10.1126/science.277.5329.1078 (1997)

Jaiswal, J. K., Goldman, E. R., Mattoussi, H. & Simbh, &e of quantum dots for live cell imaging.
Nature Methodsl, 73-78, doi:10.1038/nmeth1004-73 (2004).

Michalet, X.et al. Quantum dots for live cells, in vivo imaging, and diagns. Science307, 538-544,
doi:10.1126/science.1104274 (2005).

Chen, X., Kis, A., Zettl, A. & Bertozzi, C. R. Aacelinjector based on carbon nanotubéxoceedings of
the National Academy of Sciences of the United States Asfherica 104, 8218-8222,
doi:10.1073/pnas.0700567104 (2007).

Kam, N. W. S. & Dai, H. J. Carbon nanotubes as inttacplotein transporters: Generality and biological
functionality.Journal of the American Chemical Socigty, 6021-6026, doi:10.1021/ja050062v (2005).
Leroueil, P. Ret al. Nanoparticle interaction with biological membranes: Doasotechnology present a
janus faceAccounts of Chemical Resea#éh doi:10.1021/ar600012y (2007).

Roiter, Y.et al. Interaction of nanoparticles with lipid membranéNano Letters8, 941-944,
doi:10.1021/nl0800801 (2008).

Yang, K. & Ma, Y. Q. Computer simulation of the traastin of nanoparticles with different shapes
across a lipid bilayeNature Nanotechnology, 579-583, doi:10.1038/nnano.2010.141 (2010).

Verma, A.et al. Surface-structure-regulated cell-membrane penetration by nolayer-protected
nanoparticlesNature Materials7, doi:10.1038/nmat2202 (2008).

Mukherjee, S., Ghosh, R. N. & Maxfield, F. Rodytakis Physiological Reviewd, 759-803 (1997).
Kirchhausen, T. Three ways to make a vesi&ure Reviews Molecular Cell Biologly 187-198,
doi:10.1038/35043117 (2000).

Gao, H. J., Shi, W. D. & Freund, L. B. Mechahrezeptor-mediated endocytosifroceedings of the
National Academy of Sciences of the United States of riéane 102, 9469-9474,
doi:10.1073/pnas.0503879102 (2005).

Smith, K. A., Jasnow, D. & Balazs, A. C. Designithgt&y vesicles that engulf nanoscopic particles.
Journal of Chemical Physk&7, doi:10.1063/1.2766953 (2007).

Lerner, D. M., Deutsch, J. M. & Oster, G. F. HORERO/IRUS BWBiophysical Journ&b, 73-79 (1993).
Zhang, S., Li, J., Lykotrafitis, G., Bao, G. & Suses8Bize-Dependent Endocytosis of Nanoparticles.
Advanced Material21, doi:10.1002/adma.200801393 (2009).

Ding, H.-m., Tian, W.-d. & Ma, Y.-q. Designing Naticle Translocation through Membranes by
Computer Simulation#Acs Nand, 1230-1238, doi:10.1021/nn2038862 (2012).

Lee, H. & Larson, R. G. Multiscale Modeling of Deeds and Their Interactions with Bilayers and
PolyelectrolytesMoleculesl4, 423-438, doi:10.3390/molecules14010423 (2009).

Ting, C. L. & Wang, Z. G. Interactions of a Chargedpirticle with a Lipid Membrane: Implications for
Gene DelivenBiophysical Journdlo0, 1288-1297, doi:10.1016/j.bpj.2010.11.042 (2011).

Ginzburg, V. V. & Balijepailli, S. Modeling the tloelynamics of the interaction of nanoparticles with cell
membranesNano Letters, 3716-3722, doi:10.1021/nl072053I (2007).

Nel, A. Eet al. Understanding biophysicochemical interactions at the rhiminterface Nature Materials

8, 543-557, doi:10.1038/nmat2442 (2009).

100



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Tyagi, Pet al. Dynamic Interactive Membranes with Pressure-Driven Ten&orosity and Self-Healing
Ability. Angewandte Chemie-International Editibh, 7166-7170, doi:10.1002/anie.201201686 (2012).
Wright, A. K. & Thompson, M. R. Hydrodynamic strectfr bovine serum-albumin determined by
transient electric birefringencaiophysical Journadb, 137-141 (1975).

Allen, T. & Khan, A. A. Critical evaluation of povegenpling proceduresChemical Engineer-London
C108-& (1970).

Wang, X.-Det al. Preparation of spherical silica particles by Stober poaeish high concentration of
tetra-ethyl-orthosilicate. Journal of Colloid and Interface Scier®&l, doi:10.1016/}.jcis.2009.09.018
(2010).

Kotsev, S. & Kolomeisky, A. B. Translocation ofneoywith folded configurations across nanoporébe
Journal of chemical physit&7, doi:10.1063/1.2800008 (2007).

Muthukumar, M. Translocation of a confined polymerotigh a hole Physical Review Lette86, 3188-
3191, doi:10.1103/PhysRevLett.86.3188 (2001).

Slonkina, E. & Kolomeisky, A. B. Polymer transocéhrough a long nanoporeJournal of Chemical
Physic418 doi:10.1063/1.1560932 (2003).

Palecek, S. P. & Zydney, A. L. Intermolecular estatic interactions and their effect on flux and protein
deposition during protein filtration.Biotechnology Progresd0, 207-213, doi:10.1021/bp00026a010
(1994).

Ho, C. C. & Zydney, A. L. Effect of membrane mtmgyhmn the initial rate of protein fouling during
microfiltration. Journal of Membrane ScientB5, 261-275, doi:10.1016/s0376-7388(98)00324-x (1999)
Ho, C. C. & Zydney, A. L. A combined pore bleckag cake filtration model for protein fouling during
microfiltration. Journal of Colloid and Interface ScieB8& 389-399, doi:10.1006/jcis.2000.7231 (2000).
Huisman, I. H., Pradanos, P. & Hernandez, A. Thet effgorotein-protein and protein-membrane
interactions on membrane fouling in ultrafiltrationJournal of Membrane Scienc&79, 79-90,
doi:10.1016/s0376-7388(00)00501-9 (2000).

Wang, P., Tan, K. L., Kang, E. T. & Neoh, K. @aftdsiced immobilization of poly(ethylene glycol) onto
poly(vinylidene fluoride) microporous membranelournal of Membrane Scienc&95 103-114,
doi:10.1016/s0376-7388(01)00548-8 (2002).

Ostuni, E., Chapman, R. G., Holmlin, R. E., TakaSa®a\Vhitesides, G. M. A survey of structure-property
relationships of surfaces that resist the adsorption of piote Langmuir 17, 5605-5620,
doi:10.1021/1a010384m (2001).

Pasche, S., Voros, J., Griesser, H. J., SpenBer&N extor, M. Effects of ionic strength and surfelearge
on protein adsorption at PEGylated surfacekurnal of Physical Chemistry 189, 17545-17552,
doi:10.1021/jp050431+ (2005).

Rixman, M. A., Dean, D. & Ortiz, C. Nanoscale inteculal interactions between human serum albumin
and low grafting density surfaces of poly(ethylene exidlangmuirl9, 9357-9372, doi:10.1021/1a0340571
(2003).

Jacobs, R. E. & White, S. H. Behavior of hexandvdidso dioleoylphosphatidylcholine bilayers - an nmr
and calorimetric study. Journal of the American Chemical Society06, 6909-6912,
doi:10.1021/ja00335a006 (1984).

Mulders, F., Vanlangen, H., Vanginkel, G. & LeVink, The static and dynamic behavior of fluorescent-
probe molecules in lipid bilayersBiochimica Et Biophysica Ac&69 209-218, doi:10.1016/0005-
2736(86)90216-6 (1986).

Adler, M. & Tritton, T. R. Fluorescence depolarizati@asurements on oriented membrandsiophysical
Journals3, 989-1005 (1988).

Mclintosh, T. J., Simon, S. A. & Macdonald, R. e&Corffanization of normal-alkanes in lipid bilayers.
Biochimica Et Biophysica A&87, 445-463, doi:10.1016/0005-2736(80)90219-9 (1980).

Salafsky, J. S. & Eisenthal, K. B. Second harmentmspopy: detection and orientation of molecules at a
biomembrane interface.Chemical Physics LetteBl9, 435-439, doi:10.1016/s0009-2614(00)00116-0
(2000).

Xiang, T. X. & Anderson, B. D. Liposomal drug wemgpmolecular perspective from molecular dynamics
simulations in  lipid bilayers. Advanced Drug Delivery Reviews58,  1357-1378,
doi:10.1016/j.addr.2006.09.002 (2006).

101



46

a7

Bemporad, D., Luttmann, C. & Essex, J. W. Behavisoradl solutes and large drugs in a lipid bilayer from

computer  simulations. Biochimica Et Biophysica  Acta-Biomembranesl718 1-21,

doi:10.1016/j.bbamem.2005.07.009 (2005).
Fiedler, S. L. & Violi, A. Simulation of Nanoparfgdemeation through a Lipid MembranBiophysical

Journal99, 144-152, doi:10.1016/j.bpj.2010.03.039 (2010).

102



4, BLOCK COPOLYMERMICELLES ZIPPERASSEMBLY

oatings obtained from traditional methods like giafy of polymer$, electrodepositiof, or atomic

layer depositiof are permanent in nature which prevent any furtheelf-adjustment of the
structure or surface properties. In contrast, a pessive coating can optimize dynamically the swsfac
state of materials with respect to their environmerror example, polyelectrolyte multilayers dispky
reversible nanoporosityia a pH-induced swelling transitidrwhereas a polyelectrolyte-based sacrificial
coating can be used in a controlled manner to eesarcontinuous regeneration of the surface state
However, their preparation employs an industriallystfdious and time consuming multistep strategy.
Inspired by natural systems, synthetic materialsihg reversible connections between their constiigji
objects (molecules, macromolecules, dendrimers tipks...) demonstrate a certain dynamism leading
to potential new applicatiorfs The preparation of such materials is usually base a self-assembly
strategy with a bottom-up approach where small builgl blocks are assembled into larger edifices with
a sharp control over local and global architectur8elf-sorting constitution can be observed from
complex systems following “natural” selection rilesut the need to target the final material propés

is generally reached by designing the assembly stdtiea predictable stratedy

The so called “Zipper effect” has been observedeweral natural systems at all scales with an
exceptional ability to form reversible assembly dhigh a controlled zipping-unzipping process. For
example, many transcription factors are known tatain leucine zipper8™. In this case, the structure
of the proteins contain a series of leucines eveeyen residues. This specific spacing enablestigrie
ul] 8] « §} o]v M% }v }v-helik andl(to wmteract with a second analogous piote
fragmentvia hydrophobic bonds. Molecular zippers have been uakxhe like in the preparation of DNA
zippers and tweezet§ reversibly opening organic tub€sone dimensional molecular assemblfesr in
combination with layer-by-layer techniques or chemioeéctions®'® In polymer science, zipping has
also been reported for example in molecularly impeiait polymers to control the access to the
recognition pocket, to drive a crystallization proce&s®, or to prepare ultra-dense polymer brustgs
Zipper-assembly can be considered as a variant én“flelf-assembly” family that combines (macro)

molecular interactions and architectural cooperatia
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In this chapter, preparation of 3D reversible zipmeasembly of micelles based on a diblock
copolymer poly(methyl methacrylatdpoly(h-octadecyl methacrylate) (PMMB-PODMA) has been
discussed. The crystallization of pendambctadecyl chains along the PODMA backbone has been
studied in the past, for example to prepare molecukrushe$? or to study the dynamics of block
copolymers under confinemefit The stark resemblance between the crystallizatimechanism of
PODMA chains and the interdigitated layers obsemnwéti molecular zippers prompted us to examine
the possibility of using PODMA as a macromoleclipgorez to achieve a controllable reversible assembly

of block copolymer micelles.
4.1 THE COPOLYMER

The aforementioned copolymer was synthesized udimg “Reverse Addition-Fragmentation
Transfer” (RAFT) polymerizatf8r®, a technique well established in order to achiewmteolled radical

polymerization for near monodisperse polymer chains

In first stage, one of the monomers-bctadecyl methacrylate” was first synthesized.haligh
this monomer is available commercially, the presenée85 % cetyl methacrylate as impurity makes it
unsuitable in the preparation of the copolymer. Tafare, the monomer was synthesized in the lab by
reacting 1-octanol and methyacrylolyl chloride inedr THF (Figure — 4.1). Since the reaction betvagen
acid chloride and alcohol produces acid molecuke$eaving groups therefore it is important to capu
these liberated molecules to minimize the side réas. To prevent this, generally a tertiary amine lik
Triethylamine (TEA) is employed which neutralize awlecules to form ammonium salt. This salt being
insoluble in the organic solvent can be easily rgew by simple filtration thus simplifying the

purification process.

Figure — 4.1: General reaction for the synthesidafdecyl Methacrylate

The reaction between and acyl chloride and an alt¢olso exothermic in nature hence

maintaining the temperature of the reaction to vetgw value is important during the addition of
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chloride. For low molecular weight alcohols, an icehbedin be used conveniently to bring the reaction
temperature near 8C however in case of 1-octanol; such low temperatoauses it to crystallize out
from THF solution which affects the reaction e#ficwy. Therefore, this particular reaction was cedri
out at relatively higher temperature of 20. After 24 hours of reaction followed by filtratio
evaporation and crystallization in hexane, a paldtevicolored solid was obtained with a yield of 65 %.
The structure of the monomer was verified usiftdNMR (Figure — 4.2) spectrum. The relative proton
shift observed for two protons attached to the carb@anmediate to oxygen atom in }-$ v} @urow
TXA %o %o Uecp}= 48 ppm) octadecyl methacrylate proved the swsstel condensation of

methacrylolyl chloride with the alcohol.

Figure — 4.2*HNMR of Octadecyl Methacrylate

In the second stage, methyl methacrylate (MMA) vpadymerized using RAFT polymerization
technique. This technique offers an effective roum controlled radical polymerization due to its
applicability to varied monomers, good control oweolecular weight, narrow polydispersity With a

careful selection of the transfer agent having gotimum transfer constant ((J, it is even possible to
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obtain complex macromolecular architectuf&8’ without much hassle. The key component of this
technique is the transfer agent, specifically termasl RAFT agent which is usually a thiocarbonylthio
compound (Figure — 4.3). The nature of groups “41 &” in a RAFT agent are governed by the type of
monomer to be polymerized, polymerization condit®oand the desired functionalities of the final

product.

Figure — 4.3: General chemical structure of thiocayitbio compound

In general, the nature of Z group primarily affetitie stability of the S=C bond and the stability
of the P, —S—C{ () —S- P, radical adduct, thus indirectly affecting the pasitiof and rates of the

elementary reactions in the initiation step and tbgerall main-equilibrium reactions (Figure — 5.4).

Figure — 4.4: The main-equilibrium reactions of Raie Addition Fragmentation Transfer Polymerization

A Z group bearing electron withdrawing componentitinis the preferred choice for improved
transfer constant but this can also have implicador side reactiorf&. Meanwhile, the R group must

be a good hemolytic leaving group in comparisoit§so as to favor the right hand side of the initoati
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step, but reactive enough to reinitiate a new polymehairf®. The sensitivity of these two groups
towards the monomer and the temperature to be emyéal for the polymerization further affects the

proper selectiof’.

Figure — 4.5: Chemical structure of 2-Cyano-2-progytodithioate

In the present case, a dithioester was employedtfa polymerization of MMA as a RAFT agent.
This dithioester 2-Cyano-2-propyl benzodithioate (Figure — 4$5)yan efficient transfer agent for the
polymerization of MMA with well established kinefit

Figure — 4.6'HNMR of Poly(methyl methacrylate) prepared via RARfoization
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The polymerization was conducted at°@in dried toluene for a degree of polymerizatioP{D
value of 60 to obtain a PMMA macroinitiator with alacular weight of 7700 g/mol, verified BHNMR
(Figure — 4.6) and PDI value of 1.15, calculatéagusize exclusion chromatography analysis. This pa
red color PMMA would serve as the RAFT macroinitidbr the polymerization of the octadecyl

methyacrylate monomer, synthesized in the firstggta

The copolymerization of octadecyl methacrylate wamnducted at 80C with PMMA RAFT
macroinitiator in toluene, for various degree oflpmerization (DP) values. The values of Ln([Ma]y[M
obtained for different DPs reveal a linear dependeif€igure — 4.7) over the time signifying a cong¢all
copolymerization persisted throughout the reactiime. It also means that the number of propagating

species remained almost constant during the polyizegion duration.
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Figure — 4.7: Variation of Ln([MM]) as a function of time for different degree oblgmerization values

The evolution of molecular weights also showed admevolution with respect to % conversion
(Figure — 4.8). As it can be seen, a very high mt@eeveight was obtained for a given conversion ealu
for DP = 295. As the DP value decreases, a signifiegrease is observed in the increase of molecular
weight. A higher DP (for example: 295) signifiebéigamount of the monomer concentration thus more

monomer molecules are available to further reactiwibe propagating chains.
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Figure — 4.8: Evolution of molecular weight with %vewssion for different degree of polymerization values
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Figure — 4.9: Evolution of % conversion with timelfiberent theoretical degree of polymerization values

A cursory look at the evolution of % conversion wigispect to copolymerization time (Figure —
4.9) shows a linear dependence in case of DP = 86@déh= 295. However, a lower DPs, the conversion

follows 2“ degree polynomial tendency. This difference stefnosn the fact that as copolymerization
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proceeds, lesser monomer is available for furtheaaton. This decreases the overall rate of

copolymerization and is more pronounced in case Bf=D15 in comparison to DP = 37.
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Figure — 4.10: Variation of polydispersity index wéspect to % conversion for different degree of polyration

values

Lastly, the polydispersity index (PDI) of theaifiéd copolymer revealed that higher DP values
resulted in lowest PDI with DP = 295 showing betwg&1 — 1.15 (Figure — 4.10). In general, a PBé&clo

to 1.15 was achieved with higher % conversion fobb& values.

Figure — 4.11: General reaction for the polymerizatibactadecyl methacrylate with PMMA macroinitiator

Finally, the copolymer (PMMAB— PODMA) was synthesized (Figure — 4.11) with @&mom

theoretical DP =100 at 8G for a reaction time of 150 minutes to obtain alewular weight M,PODMA
=13500 g/mol {HNMR); M,PODMA b —PMMA=21200 g/mol {HNMR) (Figure — 4.12) and a PDI value

of 1.12 as determined by size exclusion chromatpbya
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Figure — 4.12"HNMR of Poly(methyl methacrylate)-b-Poly(octadecyl a@tfiate)
4.2 MICELLES PREPARATION AND THEIR SELF-ASSEMBLY

The classification of block copolymer micelles d#n done on the basis of the type of
intermolecular forces segregating the core segmemint the aqueous milieu. The first category is
represented by amphiphilic micelles (hydrophobitenactions), second by polyion complex micelles
(electrostatic interactions) and third representdsy micelles emanating from metal complexafian
Generally, when the hydrophilic segment exceedsdbee block in length, resulting micelle is sphdrica
in shape. By increasing the length of the core segibeyond that of the corona-forming chains, one
may generate various non-spherical structures idirig rods and lamelld& In the present case, the
copolymer contains 65 % PODMA which is much modedphobic than 35 % PMMA block. To obtain
spherical micelles from the copolymer, it was fidissolved in THF followed by slow addition of
cyclohexane which is a good solvent for PODMA bpber one for PMMA. As the concentration of
cyclohexane increases more and more, the PMMA maforced into forming the core while PODMA

block forms the corona. For a mixture of cyclohexamnd THF (9/1; vol%) and concentration of (3.5
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mg/ml), the micelles’ hydrodynamic diameter was riduto be 35 nm at 2% (Figure — 4.13) as

determined using Photon Cross Correlation SpectpgPCCS).
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Figure — 4.13: Hydrodynamic diameter of PMMA-b-P@Bbpolymer micelles as determined by PCCS

For the assembly of micelles, first a film of PMMaAade from uncontrolled free radical
polymerization, was coated onto a thoroughly cledr@ilicon wafer using spin coating. The wafer was
then partially dipped into the micellar solution oMMA-b-PODMA for 1 hour, after which the coated
wafer was thoroughly rinsed with fresh cyclohexaneremove the physically adsorbed micelles. Once
dry, the wafer with two different surface characistics was characterized by Atomic Force Microscopy

(AFM) and contact angle measurement (CA).

A compact assembly of micelles with an averageehe diameter of 15 nm was observed with
no long-range ordering on the immersed part of thvafer (Figure — 4.14 a,c). When examining the Z
height at both extremity of the blue line drawn the figure, a difference of about 13 nm was found
which is in agreement with a single micelle monolalyeight (Figure — 4.14b). The peak observed at the
transition corresponds to a “pyramid” of 3 micelkeykrs. A possible reason for this can be attributed
the slight evaporation of the solvent over the exjmeent time, creating a flux of micelles at the saiv

meniscus thus increasing their local concentration.
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Figure — 4.14: Atomic Force Microscopy images of RMNPODMA coating over PMMA substrate; a) The biee li
indicates the direction of change in the surface rficaliion, b) Variation of height along the blue lifnrem right to

left in first image, c) Higher resolution image of topolymer micelles’ assembly

The contact angle measurements gave a value of 7f2the virgin PMMA film however after
functionalization with a micelle monolayer, the ¢ant angle increased to a value of 88+2° whichmis i
agreement with the change in the surface propertiearked by higher hydrophobicity. Based on these
results it can be suggested that when dipped in thiellar solution, the PMMA substrate offers an
interface which will be covered by block copolymeimiars. The THF present in the solvent mixture is
induces a superficial swelling of the PMMA film teakonto the silicon wafer. Consequently, the PMMA
block from the copolymer penetrate the film surfaaed thus acting as anchor for the block copolymer
chain once the interface has dried. This leaves tmyPODMA block emanating from the surface which
is responsible for higher hydrophobicity of the @& (Figure — 4.15). The newly formed block
copolymer interface is now available to welcome thecelles through a zipper-assembly with

octadecyl chains from the micelles and the surfateriveaving themselves.
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Figure — 4.15: The monolayer and multilayer assembli?MMA-b-PODMA micelles over PMMA coated silicon
substrate. While the anchoring of copolymer chainsesaklace via the diffusion of PMMA block in the swell
PMMA film matrix, the subsequent zipping process oceiarghe interlocking of long pendant chains of PODMA
block.

The assembly is further reinforced by inter-micelipping along lateral direction, as attested by
the observed compact assembly in AFM images. Theplzie coverage of the PMMA surface is
probably due to a continuous reorganization at thmteiface through an optimization of the PODMA
chain interactions. When the immersion route was ss@d by spin-coating technique, no anchorage
could be promoted with the non-swollen PMMA subst&atue to the fast evaporation of the solvent
mixture. Hence, the physically adsorbed micelle taygot rinsed off easily when washed with the fresh
cyclohexane leaving the PMMA film intact, as obseérlbg AFM and further confirmed with the contact

angle value (76+3°).

However, multilayers of micelles were achieved bgling the PMMA coated silicon wafer into
cyclohexane/THF (9/1 vol. %) for 15 min prior to thgnsoating of micellar solution. The contact angle
of the coated surface after rinsing was found to 8+3° and the AFM image obtained showed clear

uniform assembly of micelles (Figure — 4.16a). mbgeneous multilayer coating with a thickness of
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about 570 nm (~44 layers) and compact micellar rhofpgy was obtained using this strategy (Figure —
4.16b,c).

Figure — 4.16: a) Atomic Force Microscopy imagthefspin coated multilayer assembly of PMMA-b-PODMA
micelles over PMMA film, b)&C) Scanning Electromosiopy images of the PMMA film (pink color) covewrét
PMMA-b-PODMA zipper assembly achieved via spin goatin

Figure — 4.17: a) Scanning Electron Microscopy isajezipper assembly containing pores, b) Atomic Force

Microscopy image of the surface, c) Atomic Forceddampy image of one such pore ( like a craterjrizplbottom
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monolayer of micelles and topmost layer formed vialtitayered zipping ( the higher resolution image oa téft
side shows the similarity of micelles in diameter),Tte height variation along the radius of the poréhw

monolayer center taken as the bottom.

The versatility of this zipping process lies in thienple sequential zipping of a multilayer
assembly onto a micelle monolayer (Figure — 4.18)oilder to differentiate afterwards the two
assembled system, the second zipping stage wasechout in the presence of humid air to induce the
formation of pores in accordance with the well-knovbreath figure methotf. A micellar solution (2
mg/ml) in cyclohexane/THF (9/1 vol.%) was drop-chsteto a previously zipped monolayer of micelles
and let to evaporate to dryness in a casting boxaatlative humidity of 70%. In this experiment, the
airflow was not used as the objective was not tdahb perfect honeycomb structured morphology but
only to produce some perforations across th& @ssembly layer. The SEM and AFM Images of the
surface (Figure — 4.17a,b) showed a randomly petéaramultilayered assembly zipped onto a
monolayer assembly. The AFM analysis of one such fsgdoration gave an average diameter of 15 nm
for the micelles at bottom of the perforation anti¢ ones on the top of the perforation (Figure —72d).
The height measurement between the two levels gaaetotal thickness of 120 nm, roughly

corresponding to 10 micelle layers (Figure — 5.17 d)
4.3 UNZIPPING OF MICELLE ASSEMBLY AND ITS REVERSIBILITY

The term “zipper-assembly” refers to not only thegsibility of zipping but also of unzipping the
objects when required in a controlled fashion. Tiesults discussed so far indicate that a good sulve
for PODMA like cyclohexane, although capable ofeti@pg micelles in the solution could not remove
the micelle assembly from the surface at room temgiare, thanks to the very stable and robust
interdigitated n-octadecyl chains network. However, if the micellsasbly was heated in cyclohexane
at 60°C, a temperature much above the melting pahthe PODMA block (~32°C) (Figure — 4.18), the

coating was entirely removed (Figure — 4.19) andrttieclles were dispersed back in the solvent.
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Figure — 4.18: Differential Scanning Calorimetry tregram for PMMA-b-PODMA copolymer

Figure — 4.19: Novel and facile reversibility op&ippssembly of the copolymer micelles
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The presence of the dispersed micelles was detebie®CCS analysis of the solvent bath. As can
be seen, the solvent not only contained the oridid® nm micelles but also large aggregates of the

micelles giving a much larger value between 200 06-nm (Figure — 4.20).
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Figure — 4.20: Differential distribution curve obtairfedthe washed away cyclohexane by Photon Crosgl&ion

Spectroscopy, showing original micelle distributionva$ as aggregates of micelles

Figure — 4.21: Atomic Force Microscopy of zippeenalsly a) before washing, with corresponding waterpdro
having high contact angle, b) after washing into a bathcyclohexane at 6@ with corresponding water drop

showing lower contact angle

The removal of micelles’ assembly from the sub&ratas further verified with AFM images

obtained before and after the washing step (Figurd.21a,b). As it can be seen, the uniformly ordere
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micelles’ assembly was totally removed from thefaoe leaving behind a relatively flat surface devaofid

any structural entity.

The contact angle measurements of the washed sabstfurther pointed towards substantial
removal of the micelles’ assembly as clearly a €i@se in contact angle to a value of 80+2° from P@DM
surface (88-89 was observed (Figure — 4.21a,b inset). However \thlue is higher than that for virgin
PMMA (75°) surface, which indicates that presentsame remaining scattered block copolymer chains
still entrapped over the PMMA film. To further stdostiate the reversibility of the assembly, 3 cyctes
zipping and unzipping of micelles were performedema PMMA coated silicon surface and the
respective contact angle values were obtained. Wilike coating was performed by drop casting three
times over a swelled PMMA film, followed by rinsingh cold cyclohexane; the unzipping process was
carried out by leaving the PMMA coated wafer (haviigper assembly) into a bath of cyclohexane
heated at 66C for 30 minutes followed by rinsing with cold oyexane. As expected, the values of
contact angle showed a zig-zag pattern (Figure22)Awhich is consistent with the argument that the
overall mechanism of the assembly is likely to mmbination of an efficient inter-micelle zippiagd a

surface anchorage through randomly distributed amithg points.
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Figure — 4.22: Contact Angle measurements of a PMM#edasilicon wafer after 3 cycles of zipper asserhly

drop casting and subsequent disassembly by washingdiohexane at 6C.

4.4 CALORIMETRIC STUDY OF ZIPPED ASSEMBLY
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Heating the multilayer micelle assembly in theidalry state at 60°C for 1 hour, followed by
cooling down to 25°C at 1°C riifed to an increase in the contact angle from 88#294+2° of the
surface. The AFM analysis (Figure — 4.23) of the cattaus obtained showed deformed patrticles in

place of the original micelle spheres.

Figure — 4.23: Atomic Force Microscopy and water ldtojpnages (inset) obtained for a) zipper assembly, b)

deformed assembly due to melting of PODMA chainsyistdte at 60C followed by recyrstallization.

This deformation can be result increased amount loé ttrystalline part in between micelle
cores. To verify this, differential scanning catwiry was conducted for block copolymer powder and
multilayer micelle assembly andzt PE }( &C -3Swasodalduafed~from the obtained scans

using the following equation:

where 4 ¢ is the enthalpy of fusion af-octadecyl methacrylate in the copolymer addy, is the
enthalpy of fusion of a crystal for alkyl side-chpislymers taken equal te! ,©,=219.8 J/&. To maintain
the overall morphology of the multilayer assembilye scans were stopped at 90, before the glass
transition temperature of PMMA is reached. A cleacikase in crystallinity from 17.6 % to 13.5 % was
observed (Table — 4.1) when comparing the 1st mgaticans of the block copolymer powder and the
multilayer micelle assembly. The spherical shapmiklles, like any curved surfaces is known to cedu
the contact area required for the zipping and cogsently decreasing the overall crystallizatidmlso.
As expected from the observed deformed particlelse 2nd heating scan of the micelle assembly
revealed an increase of to 17.1%, which stems due to the minimization ofved interfaces caused by

heating and relative reorganization of PODMA periddrains.

120



Heating Cycle 0H (J/g) < Ne

PMMA —b — PODMA powder 1 37.8 0.176 4.3

2 36.3 0.165 4.0

PMMA —b — PODMA multilayer assembly 1 29.6 0.135 3.3
2 37.6 0.171 4.1

Table — 4.1: Enthalpy of fusion and degree of crysitgl calculated from thermograms obtained for the obpner

powder and assembled coating from the Differentialfdaag Calorimetry

The number of side chain ggroups (g involved in crystallization process was calculatadgus

the following equation:

A A
ik

.-

AZ EHus the average melting enthalpy per Chhit forn- ol v eHw4 = 3.07 kImd)*.
Using the above equation, the number of methyleneups involved was found to be around 4,
representing 22% of the total methylene units, igreement with the range 4.7 — 6.9 reported for pure
PODMA",

4.5 IMPLICATIONS FOR BEING A SELF-HEALING COATING

Given the fact that it is possible to alter theganization of the micelle assembly without
changing the overall morphology by heating af@0we strongly believe that the discussed system has
the potential to show self-healing ability in casd surface damage. Although not completely
autonomous due to application of temperature busiuation can envisioned where a minor surface cut
or abrasion is erased or healed by heating the coaglistrate at 50C — 66C. At this temperature, the
pendant long chains of PODMA shall reorganize thérasehus filling the space created by the damage.
Furthermore, a porous superstructure can also beparred by such block copolymer micelles by creating

pores into their assembly using methods such asbtie figure method.
4.6 CONCLUSION

In this chapter, we have explored the possibilifyusing macromolecular zipper to reversibly
assemble micelles into 2D and 3D coatings. Theeripffect was observed from the efficient networked
interdigitation of pendant long chains of PODMAsta 2D monolayer was zipped to a PMMA substrate

through a one pot strategy comprising of surfacedtionalization with anchoring points followed by a
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stable zipping of the micelles. Multilayer micellessemblies were also obtained by increasing the
micelle concentration through the solvent evapomati The system showed impressive reversibility as
proved by simple wash-off step carried out in cherane. The reorganization of PODMA block upon
heating while conserving the overall morphology tfier presents an oppourtunity to obtain a
temperature mediated self-healing coating systeme Efiorementioned concept of zipping-assembly of
micelles combines a self-assembly stage followings&ital”’ rules and a reversible lock-in of the glob

morphology through a zipper mechanism.
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5. NANO-GEL BASED SELF-HEALING SYSTEM

n this chapter we have presented a new concept Whg under research for the moment. Taking a
I cue from the monomer laden microcapsule based keklifing approach we have planned to replace
the monomer by a rapidly healing nano-gel will be agsulated in a hydrophobic shell and dispersed
into the membrane. In an event of crack formatidine breakage of the microcapsule’s wall will lead the
water to contact the gel. This would cause a ragigansion of the nano-gel however due to its inhdre
crosslinked structure; it should be able to maintdts structural integrity. Furthermore, being higl
hydrophilic, the gel is expected to show good adhegivoperties and thereby check the growth of the

crack.

Figure — 5.1: Embedding of encapsulated nano-géhénactive layer of a membrane. Concept of self-hgaliy

using rapid swelling and adhesiveness of the nariorge membrane.

5.1 BACKGROUND STUDY
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The concept of nano-gel based self-healing systerhaised on an earlier preliminary work
carried out in the lab by coworker, in which paliiacrosslinked hydrogels were prepared and their
swelling characteristics were studied. The hydregekere prepared from RAFT mediated controlled
radical copolymerization of 2-hyrdoxyethyl methaatgl (HEMA) and Poly(ethylene glycol)
dimethacrylate (PEGMA). In the first step, the loghls were prepared in the bulk form to study the
effect of PEGMA chain length on the swelling ratke Dbtained hydrogels showed rapid swelling
characteristics with observable dependence upon thelecular weight of PEGMA which acts as a

crosslinker of the gel (Figure — 5.1).

Figure — 5.1: Swelling ration of different hydrogaispared and the corresponding crosslinking agétit %.

Figure — 5.2: Swelling ratio of micro hydrogel coregdawith bulk hydrogel. Optical photos of dry micraliogel

and swelled micro hydrogel
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In order to be dispersed into a material, the hygeb must be prepared as microparticles. To
achieve this, inverse suspension technique wagatil which allowed to obtain hydrogel particles hey
a broad size distribution but average diameter &sthan 1 um. When the swelling curves are compared
with that of bulk hydrogel, the micro hydrogel densirated a very high rate of swelling, reaching 70 %
water uptake within few minutes as compared to baljdrogel which took more almost 200 minutes to

gain the same amount of water (Figure — 5.2).

The above findings poingés the as the size of hydrogel particles is redyctbir
overall swelling characteristics is amplified sevdmds. In order to further reduce the size of the
hydrgels, inverse miniemulsion technique was usekich further reduced average particle size to 300
nm (Figure — 5.3). However, further decrease ingtze could not be reached in spite of varying défer
parameters like surfactant amount, ultrasonicatitme, temperature, etc. Additionally, the size dfet
particles gradually increased over time leading temual coagualation. However as expected, the

reduced sized particles showed even faster swetliag suspension prepared particles (Figure — 5.4).

Figure — 5.3: Size distribution of nano hydrogel pregpaising miniemulsion technique.
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Figure — 5.4: Size distribution of nano hydrogel pregpaising miniemulsion technique.
5.2 DESIGN CONSIDERATIONS FOR NANO-GEL

The results obtained from the previous study gave important result that as the size of
hydrogels decreases, their rate of water uptake @ases manifold. Although the miniemulsion provides
an effective route towards the achievement of smalfmrticles, it also presents the problem of high
level of contamination with reaction formulation sges like surfactant. Moreover, in the present case
the emulsion prepared nano-gel particles were fouttd be unstable over longer duration of time.
Hence, it was decided to prepare the nano-gel fropaatially cross-linked star copolymea “core first”
route. The route involves the extension of armsnfra synthesized multifunctional initiataia further
addition of monomers. To achieve better control owbe molecular weight and thus the size of the
particle, “Reversible Addition Fragmentation Tram&t* (RAFT) mediated controlled radical
polymerization (CRP) was chosen. However, star paiyrhave traditionally been prepareda other
CRP methods like “Atomic Transfer Reaction Polyat@iz>® (ATRP) and “Nitroxide Mediated

Polymerization®*?

(NMP). When using RAFT polymerization, it provides toutes to prepare star
polymers. First is the “Z — approach” where thergug of the RAFT agent is connected to the core
molecule or the “R — approach” where the R grouphef RAFT agent is connected. Both options present
merits and demerits. The “Z — approach” provideskatively monomodal polymer since the Z group at
which the equilibrium takes place, is tethered toetleore molecule thus preventing its coupling with

another radical species. However, it is often prob&ic to reach high molecular weight with this
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approach since the propagating radical species hapdly diminishing access to dithioester moiety
which is difficult to reach in high-molecular weigttenario, thus affecting the effective chain tréers
mechanism. On the other hand, the “R — approach’tisounded by such limitation however due the
connection of the R-group moiety to the core, thare itself carries radical(s) which can lead to dowp
reactions between two or more such cores and thasgausly affecting the polymerization process. The
situation worsens as the time increases and a veoath molecular weight distribution (due to coupling
of various cores) is obtained. Hence, it is oftenigdde to stop the polymerization at very lower

conversions and in diluted conditions.

In the present case, we attempted to prepare thees®AFT molecule with “R — approach”. The
basic idea was to couple a RAFT agent with a tetdfonal molecule like Pentaerythritolia

esterification reaction in mild conditions so as notaffect the RAFT agent.
5.3 SYNTHESIS OF CORE-RAFT MOLECULE

To synthesize the core-RAFT molecule, we chosdadllmving two compounds (Figure — 5.6)
whose esterification reaction would lead to the dtesl tetra functional transfer agent. The first
compound is a tetra functional alcohol also knownpamtaerythritol and commonly used as precursor
to prepare complex architectures like dendrimerglasther polyfunctional compounds. The RAFT agent,
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid be esterified with pentaerythritol contains
carboxylic group funcationality. It was decided perform steglich esterification of the above two
compounds in the presence of a dicyclohexylcabodign(DCC) catalyzed by 4- dimethylaminopyridine
(DMAP). The reaction takes place readily at roonmpgerature in a non-polar solvent like
dichloromethane. However the use of DCC producsmgaificant amount of dicyclohexyl urea as a side

product which complicates the work-up process.

Figure — 5.6: Chemical structures of pentaerythritml RAFT agent to synthesis core molecule.
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In a typical process, the two compounds (RAFT taged pentaerythritol) were reacted in
distilled and dry dichloromethane in the presendedCC and DMAP. However, the reaction did not take
place since the pentaertythriol is insoluble in ld@romethane. Other solvents like chloroform,
tetrahydrofuran were also used however due to saliyp issues, no reaction took place. Finally the
being soluble in dimethylformamide (DMF), it was tedcwith the RAFT agent however after few
minutes of reaction, the reaction contents’ coloiag/found to be changed from pink to deep orange.
This color change signified the degradation of th&=RAgent. Due to these reasons, this route was

discarded and another approach was taken.

In a changed strategy, it was decided to use divémistry to combine the two molecules by
synthesizing respective azide and alkyne derivatiVésnce in the first step, pentaerythritol was first
transformed into more soluble chlorine derivative-(2-chloroacetyl)oxyethyl 2-chloroacetate) (Figure
5.7). To achieve this, the alcohol was dissolvedigtiled DMF and chloroacetyl chloride was added
dropwise to the reaction mixture in nitrogen atmogmie. Once the addition of the acid chloride was
over, the reaction content was heated at “®for 24 hours, after which the reaction was stoppsd
guenching in ice bath. After the suitable work umpgedure, pale white color powder was obtained and

its 'HNMR (Figure — 5.8), were obtained to verify theistire.

Figure — 5.7: General reaction for the synthesishtdride derivative of pentaerythritol.
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Figure — 5.8 IHNMR spectra obtained for 2-(2-chl@tyfoxyethyl 2-chloroacetate

In the second step, the chlorine derivative transfed into azide derivative (2-(2-
azidoacetyl)oxyethyl 2-azidoacetate) (Figure — B)dissolving it in acetone (dried) and refluxirtig a
55°C with excess of sodium azide for 24 hours. Afterctyhihe acetone was removed by evaporation
and the same work up process was used to obtaire@pdorown viscous liquid. The product’s structure

was verified usingHNMR (Figure — 5.10) and Fourier Transform Infra-$pettroscopy (FTIR) spectra
(Figure — 5.11).

Figure — 5.9: General reaction for the synthesezafe derivative of 2-(2-azidoacetyl)oxyethyl 2-azidoaeeta
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Figure — 5.10: 1HNMR spectra obtained for 2-(2-az&tghoxyethyl 2-azidoacetate
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Figure — 5.11: ATR-FTIR spectra obtained for Petttagn}; 2-(2-chloroacetyl)oxyethyl 2-chloroacetate a?q2-
azidoacetyl)oxyethyl 2-azidoacetate showing C=0 stretcl2{@-chloroacetyl)oxyethyl 2-chloroacetate and 2-(2-

azidoacetyl)oxyethyl 2-azidoacetate and £shetch for 2-(2-azidoacetyl)oxyethyl 2-azidoacetate
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In the third step of the strategy, the RAFT ageaswesterified in distilled dichloromethane with
Propargyl alcohol in the presence bF(3-DimethylaminopropyIN :ethylcarbodiimide hydrochloride
(EDC) and DMAP at@for a period of 15 hours (Figure — 5.12). Affehdurs, the reaction content was
filtered to remove the urea formed. The red coldtrite thus obtained was concentrated and after the

work up process, a deep red colored viscous liquid wfstained. The structure of esterification product

was verified wittHNMR (Figure — 5.13).

Figure — 5.12: Synthesis of alkyne derivative of RgEfit via esterification reaction

Figure — 5.13: 1HNMR spectra obtained for Ethynyl dnplharbonothioylthio)-4-cyano-pentanoate
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The'HNMR spectrum obtained for the esterification protlaé RAFT agent showed persistant
impurities despite purifying over silica gel chrawgraphy. With the obtained spectrum, it is difflcto

ascertain the peak signal for two methylene prommoups as well as lone proton of alkyne group.

Nevertheless, we carried on with the same productb® reacted with the azide derivative of
pentaerythritol. For this, around 4.5 eq. moles ethynyl 4-(phenylcarbonothioylthio)-4-cyano-
pentanoate was reacted with 1 eq. moles of 2-(Zaacetyl)oxyethyl 2-azidoacetate in the presence of
copper sulfate pentahydrate and sodium ascorbatélwas used as a solvent (Figure — 5.14). The
reaction was spontaneous as the color of thiel changed to deep red. After 1 hour, the reaction
contents were passed through a short alumina colufmliowed by the work up process, giving deep

brownish red color viscous product.

Figure — 5.14: Click chemistry reaction for the cagptif ester derivative of RAFT with tetra azide derivatif/e

pentaerythritol. For clarity, the rest of the three gps have been omitted and represented by R.

The analysis dHNMR of the product indicates the presence of unted@zide derivative in the
product which resulted to presence of large numlgrpeaks. At this moment it seems that better

purification procedure is required to obtain thereomolecule in the good yield and purity.
5.4 CONCLUSION

Very preliminary results have been presented abdwg toncept of nano-gel based self-healing
system. Based on the finding of an earlier work,es&ablished the fact that as the size of the nayes-

increases, its rate of swelling increases rapidiy wme. Although with miniemulsion, we were able to
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decrease the size till 300 nm, the system remainadtable and perpetual increase in particle size was
observed. Hence to circumvent this problem, we dedide a 4-arm star polymer using “core first
approach having sufficiently molecular weight and toxy! units to be able to crosslink and make a gel
but at dimensions lesser than 100 nm. As a firspstor this, we have attempted to prepare the core
molecule by combing the RAFT molecule with a tetmafional compound. We tried room temperature
esterification of RAFT with the tetrafunctional maléz in dichloromethane, however the transfer agent
was degraded. In view of this, we decided to usekathemistry in order achieve a better pathway dbe
long. The 1HNMR of the final core molecule showgs#\peaks due to impurities hence at this moment

it is inconclusive to say about the final yield asllas purity content of the precursor molecule.
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0. GENERAL CONCLUSIONS

he objective of this thesis was to develop and brsgjf-healing capability to the membranes,

which had largely been confined to solid materiate Icomposites or gels so far. As the advances
are made in chemistry every day, more and more fiomalities are emerging having potential to impart
the self-mending capability to a material. To imipadhnis capability to a membrane, the principal
constraint was to not to affect the main purpose @fmembrane, i.e. its filtration behavior. The cuntre
methods of acquiring self-healing in a material thbugpvel cannot be applied to prepare a membrane
or more specifically a porous material in a straigbtward way because of their application
environment. Hence, a new and different strategy wesed to approach the problem which resulted in

successful development of a self-healing membrane.

In the first part of this work, we prepared a nanaterial based on the in situ 3-dimensional self-
assembly of triblock copolymer micelles. The copay, PSANs-PEOb-PSAN was synthesized in
collaboration with another research group with opfirad molecular weight and ratio of PEO and PSAN.
When dissolved in a selective mixture of DMF/Tolusalwents and spin coated onto silicon wafer, a 1.3
pm film could be obtained which was essentially assitu self-assembly of copolymer micelles having
average diameter of 50 nm as observed with Atomiccé Microscopy. Despite having very low
thickness, the nanomaterial showed decent struct@ustness to be able to withstand usual handling
procedures. The interstitial volume generated betmethe micelles imparted the film certain degree of
porosity so as to be used as a membrane for waterngeation. The constituting micelles of the
membrane were held together by the copolymer chainaning in between micelles’ core however due
to absence of any covalent bonding, these chainsewable to dislocate easily thereby imparting a
certain dynamism to the membrane. It is this inhetr&ynamic nature based on which the porosity of
the membrane was found to be variable as a functodrwater pressure applied orthogonally onto the
surface of membrane. The porosity change was foumdoé a direct result of morphology change
(deformation of micelles) however the interestingct about this change was its complete reversibility
till a certain pressure value thus giving a presstuneable porosity to the membrane. The tunable
porosity was successfully demonstrated when from torex of poly(ethylene glycol)s, selective

separation was achieved as a function of pressimother result of the dynamic nature was the self-
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healing ability shown by the membrane when a perfama several times larger than former’s thickness
was found to be healed completely at certain pregsuimilar to porosity, the healing was found to be
strongly dependent upon the applied water pressufdthough factors like extent of perforation and
duration of pressure application were also importamit the only requirement of pressure as a driving
force for achievement of self-healing, essentialigke this an autonomous self-healing porous materia
For a given size of perforation, a pressure ranges wbtained, within which only the healing was
observed. From the Scanning Electron Microscopy @wagbtained for healed membranes, scar
formations were observed. This leads to the follogvipostulation that in case of a perforation, it
dislocates the bridges between the micelles and asafes them which ultimately disrupt natural
equilibrium of the micelles. However when presswseapplied on the membrane in aqueous medium,
the micelles are forced to come back to their amgi position. This provides an opportunity to the
micelles on the opposite side of the perforation teestablish the dislocated bridges and restore the
original equilibrium. We further noted that althoudtDO % healing was achieved at certain pressure, but
the reestablishment of bridges is always randomjalitexplains the observed scar formation. This work
represents the first such attempt to prepare a skéfaling porous material which not only exhibits an

autonomous self-healing but also an easily tunaldeogity.

In the second part of this work, we studied therslocation of nano-objects through the
aforementioned self-healing membrane. The motivatiwas to demonstrate the application of tunable
porosity and self-healing as a tool to achieve thanslocation of much bigger size nanoparticles (NPs)
than the membrane pore, in diffusion mode which iase of a biological membrane leaves behind
severe perforations. Out of four class of nano-age(mixture of PEGs, protein, poly(styrene) NPs and
Silica NPs), only the PEGs were found to retainedpbetely despite being lowest in molecular weight
and size. The translocation of poly(styrene) NPs feasd to be much pronounced than that of silica
NPs which suffered due to their different surfacetura and relatively larger stiffer structure. The
deformable nature of poly(styrene) NPs helped themtranslocate across easily or even fuse together
inside the membrane. The dynamic nature of the meam®w ensured that the cavity during the
translocation of nano-objects (PS or silica) wasedl immediately after their passage, as no pertiorzs
were found in case of poly(styrene). In case d¢ailthe perforations were found to be partially hedl
but only on the surface the probable reason for efhican be the entrapment of high number of NPs
inside the membrane. Through this work, we experniadly demonstrated that the size of the NP, its
shape, its surface nature, the external force govéhe translocation behavior across a dynamic

membrane. To the best of our knowledge the findirage first to be exhibited by a reasonably robust
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dynamic synthetic membrane, which are otherwise beshown only with unstable and fragile lipid

membranes.

In the third part of the work, we moved from dynasally bridged micelles to a new kind of
micelles’ assembly where the micelles were held tbgetby virtue of interdigitation of long pendant
chains of one of the blocks of the copolymer. Theck copolymer synthesized in this work PMNbA—
PODMA diblock copolymer having higher content ofyfmrtadecyl methacrylate) (PODMA). The
copolymer formed micelles in selective mixture oétrahydrofuran/Cyclohexane. Monolayer and
multilayer assemblies were obtained from the miesls solution over poly(methyl methacrylate) by
simple dipping, drop casting and spin coating mehoThe micelles arranged themselves in orderly
fashion by virtue of so called “zipper effect” bight by the interlocking of long pendant chains of
PODMA. The novelty of the work is further highlightey the fact that the assembly could be removed
very easily by washing the coated substrate in alyekane at 68C which would “unzip” the zipped
chains without affecting the overall micelle struct. Once removed, the assemblies could again be
formed by any of the aforementioned methods. Thigpoper” strategy provides a relatively easier, faste
route towards the modification of surfaces in aatVely inexpensive way. We strongly believe that
room temperature locking and interlocking of thesenglant chains could serve as a method to create a
self-healing coating albeiia temperature application. Moreover, given the metw available for
creating pores into a surface, even a porous matetan be achieved consisting of such interdigiate

micelles as building blocks.

In the final part of the work, we provided glimpseour attempt to explore another strategy to
prepare self-healing membranes. Taking a cue fromrtherocapsules based self-healing concept, we
decided to replace the encapsulated monomer withceoss-linked nanogel having high swelling
characteristics but at the same time enough strueluintegrity as well as adhesiveness. For its
realization, it was decided to prepare a 4 — armr stapolymer consisting random blocks of poly(2-
hydroxy ethyl methacrylate) and mono-functionalizealy(ethylene glycol methacrylate) responsible for
crosslinking of the gel but at the same time pron@ienough flexibility. For the moment, we have only
been able to prepare the required 4 — arm “RevedesiBddition Fragmentation Transfer” agent. Once,
the polymerization conditions are optimized withishRAFT agent, we hope to proceed towards the

preparation of the nanogel and study its swellinguatteristics.
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/. PERSPECTIVES

Being the first such attempt to develop such kindnoémbranes, there is a large scope for further

exploration and improvement in each of the workalissed in this manuscript.

In the first part, although the system presentsique properties of tunable porosity and self-
healing, it still suffers from certain constraintkd inability to increase the thickness of the merabe
beyond 1.3 pum which would help to study the mecltahi properties of the membrane using
conventional technique like Dynamic Mechanical AsialyDMA) as well as rheological properties. Also,
to further reinforce the postulation that indeed ¢hgradual movement pendant copolymer chain bridges
is responsible for the healing phenomenon, the P®#ddk of the copolymer can be functionalized with
photo-crosslinkable group like Coumarin. A membrgnepared from this slightly modified copolymer
can then be cross-linked by UV-Visible radiationritler to completely arrest the movement of dynamic
bridges and same perforation — water flux measuretseran be carried out. If the healing mechanism is
indeed based on the movement of dynamic copolymwin bridges, then it can be imagined that due to
crosslinking of the core of the micelles, the chaimsuld be permanently attached thus unable to
dislocate. In this situation, a perforation will inbe healed at all. Another aspect that can be exgd
will be the effect of temperature on the porosity @hges as well as healing characteristics since lhe a
the results shown on this membrane are based on #xperiments carried out at room temperature.
Finally, the PSAN block of the micelles can be dthngith another polymer like poly(methyl

methacrylate) and the resulting characteristice @ matched.

In the second part, we observed difficulties regaglithe quantitative analysis of retentates and
permeates containing silica nanoparticles by Phoinoss Correlation Spectroscopy. The problem lies
with tendency of silica NPs to form aggregates ahlidrahe measurements. Hence, instead of using
simple NPs, may be florescent group functionalizdidesNPs can be used, which can be analyzed via
florescence microscopy easily. Furthermore, this e#so help to map the entrapped NPs inside the
transparent membrane. Coming back to the translematof these NPs, in this work the filtration
experiments were carried out only till 1 bar. Papls it will be interesting to carry out filtratioof silica

SP2 NPs at higher pressures to verify the resporisglaibal retention % and obtain the minimum
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possible retention. Lastly, translocation should dsried with even smaller silica NPs (comparable to
poly(styrene) ones ) at same concentration in orderbetter correlate the results. Similarly, larger
poly(styrene) NPs should be prepared in order toneixee the role of surface natures. sizevs. structural
characteristics of the NPs. Even stiffer NPs thanasilike that of Titanium dioxide or Gold can be
explored to completely understand the role of varioparameters. Finally, these experiments can also
be carried out with the membrane having crosslinkaate in order to conclusively prove the role of

structural dynamism of the membrane.

In the third part, we couldn’t develop a true menae from the copolymer hence this can be
considered as the first objective to how achievpaous superstructure from thousands of such zipped
micelles’ layers. Being very thin, it was diffictdt explore the mechanical response of the assembly
Currently, experiments are underway where the tRINMMA films coated with such multilayer assembly
will be tested on a DMA instrument. Surface indditta measurements can also be utilized to get an
estimation of hardness of the coating and eventyalhe membrane. Preliminary experiments are
underway to verify the thermally simulated self-hiegl of the coating at different temperatures. Once
the healing is established, there can be whole sedéexperiments involving DMA, rheological tests of

healed and un-healed specimens at different temperas and other conditions.

For the final part, as it has been indicated to laegely incomplete except the synthesis of the
precursor RAFT agent, hence there are lot of expenits need to be done. The foremost ones being to
validate the idea of crack retardation and its elos by a soft matter like gel at microns leveldated by

perpetual decrease in size till nano level.
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8. MATERIALS & M ETHODS

his chapter is dedicated to the experimental part bistthesis. The various materials and methods

have been classified according to their correspagdihapters.
8.1 SELF-HEALING DYNAMIC INTERACTIVE MEMBRANE
8.1.1 Membrane Film Preparation

The Membrane films were prepared from a 100 mg:mIMF (Sigma-Aldrich, > 99.6%)/ Toluene
(Sigma-Aldrich, > 99.8 %) solution of the tribl@dpolymer P(Stysco-ANssy)-b-PEGosb-P(Sty;gco-
ANbsy). To prevent any external contaminations includatghospheric water, dried solvents (with oven
dried molecular sieves) were added through a syifiged with a PTFE filter (Millipore®) with a pore

] us & }( iXofA ...uX ddtiorsups hen @mogenized under magnetic stirriiog 5 days.
Silicon wafers of 25 chrarea were used for the spin-coating as a substréteorder to obtain a clean
surface, wafers were dipped in a 2 vol % of cleasimdactant solution (RBS35, Chemical products®)
under ultrasounds for 2 hours. The wafers were thveashed and rinsed with ultrapure water (MilliQ®)
followed by dipping into heptane (Carlo Erra Redg@n 99.5 %) filled beaker under ultrasounds at 20 %
intensity. The spin coater was first purged undegan at a pressure of 3 bars for 10 min in order to
minimize the presence of water. Each silicon wafas directly transferred from heptane beaker torspi
coater and dried under argon before deposition. Tgmymer solution was transferred into a syringe
fitted with PTFE filter (pore diameter — 5 pm). Ab@O drops of the polymer solution deposited onto
the center of the silicon wafer held tight by vacuunto the spin coater. The spin coater was turned o
to have the wafer rotated at 2000 rpm for 180 s lwi speed ramp of 50 rpnits After three minutes,
each wafer was removed from the spin coater and emdacuum for 1 day in order to obtain complete
drying. After 24 hours, the coated Si wafers wenert immersed into a petri-dish filled with ultrapar
water at 25°C for 6 hours. After 6 hours, the détag membrane films were supplanted carefully onto a
non-woven polyester fabric. As an alternative to tkarfactant assisted cleaning process, piranha
solution can also be used. Although potentially drapus, this route is advantageous due to lesser

dipping time involved, no need of ultrasound treant and better surface cleaning.
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8.1.2 Fluid Flow Resistance Measurements

To carry out the fluid flow resistance measuremerfisst membrane films supplanted over the
non-woven fabric were cut with area section of 4ff in accordance with a 10 ml filtration cell
(Amicon®) dimensions (Figure — 8.1a). The expetaheet-up for the measurements (Figure — 8.1b)
consists of a dead-end filtration cell containingetimembrane. Water is supplied to the cell under
pressure from a reservoir which is in turn maintainadthe pressure by compressed air inlet. The
pressure can be regulated using the attached mant@meThe filtration cell consists of a small outlet
from which the permeated water is collected intosary light weight plastic recipient. The recipierself
is kept onto a weighing balance which in turn is cected to the computer to monitor the gain in the
mass of recipient. The software was used to register mass gain as function of time. The water
permeation experiments were conducted at variouggsure drops by regulating the compressed air
inlet and following the water flux through encasecembrane films over time. The experiments were

ended once an equilibrium state was reached.

Figure — 8.1: Images of a) Exploded view of Fitnatell along with membrane supported over non-wofadic,

b) Experimental set up for water permeation and tranatmn experiments.
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8.1.3 PEG Filtration Measurements

The Poly(ethylene glycol) (PEG) feed solution wapgred by weighing 0.25 g each of
different PEGs ( 400 Da, 1450 Da, 4600 Da, 10 KDa aK®&b( Sigma-Aldrich®, 99.5 %) and
dissolving in ultrapure water to obtain a I§dolution, stirred overnight. This solution wasfillinto
the reservoir of the setup described above and a smlats vial was attached to the outlet of the
cell containing the membrane. Approximately 2 ml ofrrpeates were collected after certain

interval of time successively at a given pressurescifiice.
8.1.4 Self-Healing Measurements

After being subjected to water pressure a first tinh®@ measure the flux evolution as a
reference using the above discussed set-up, thesgpuee was relieved and each membrane film was
carefully removed along with its non-woven substrat®ni the filtration cell. The removed
membrane was then transferred onto humid silicon watarsingle perforation was created in the
hydrated membrane using a solidbody o Z AJvP 3]% ] u 8 E }{8.Ph b)uThe&]PuE
needle was put into contact with the assembly of mearte film/polyester fabric, piercing till the
silicon surface so as to obtain better reproducililin terms of perforation diameter. After the
perforation, the membrane/fabric assembly was again endaisgo the filtration cell and water
permeation test were resumed. The whole process iséthbarking of membrane, perforation and
its re-embarking was accomplished with five minutesminimize the effects of the developed

pressure change.

Figure — 8.2: Scanning Electron Microscopy imafjesty) Tip of the needle to make perforation in thas.
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8.1.5 Atomic Force Microscopy

The AFM images were obtained with Dimension 310@ewdnstruments®. This system of near-
field microscopy used for high resolution imagerysweontrolled by the Nanoscope IlIA quadrex
software. All analyses were carried out in tappingde allowing the capture of topographic images in
repulsive mode. The tips used in this study wereedies with force modulation provided by
Nanosensors (Pointprobe plus - Silicon SPM sensdr,aviésonance frequency of about 60 kHz and K=2
N/m). To analyze the morphology change due to pressfter water permeation at a given pressure,
the membrane was removed together with the nonwovkabric and dried in a closed chamber in the
presence of silica gel (oven dried) for 24 hoursc®dry, the membranes were separated from the fabri

and manually transferred onto Silicon wafers befédeM analysis.
8.1.6 Scanning Electron Microscopy

The SEM images were obtained using a Hit®#800 instrument operating at a spatial
resolution of 1.5 nm at 15 kV of energy. The samplee dried in a closed chamber in the presence
of silica gel (oven dried) and analyzed without meftafion. To obtain 3-Dimensional images,
images of the samples taken at different angles andewspcessed using AlicosdleX software for

3D color rendering.
8.2 TRANSLOCATION ACROSS A SELF-HEALING MEMBRANE
8.2.1 Membrane Film Preparation
The membrane films were prepared according to ther@fioentioned procedure.
8.2.2 Silica Nanoparticles Synthesis

The synthesis of silica particles was carried @ihg a modified Stober procés3he procedure
involves the hydrolysis and condensation of trietloythosilicate (TEOS) (Sigma-Aldrich®, > 99.9 %) in
isopropanol (Sigma-Aldrich®, > 99.99 %)in the pasefhammonium hydroxide. In a general procedure,
a 100 ml ultrasonically cleaned round bottom flaRB] was taken and certain amount of ultrapure water
(MilliQ®), Ammonium hydroxide solution (Sigma-Alugl, > 99.99 %) and Isopropanol were mixed using
a clean magnetic stirrer for 5 minutes. The RB wased using a rubber septum and the temperature
was maintained at 2T followed by the addition of a precalculated quantf TEOS in dropwise manner

by using a calibrated syringe. The transparent sofutnixture gradually became opaque by the end of
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addition of TEOS due to formation of silica suspangiothe RB. In case of series SP1, the system was
kept on stirring at 20C for 5 hours after which, the particles were sepadafrom liquid via
centrifugation (12000 rpm, 15 min). The particlesrevwashed 4 times with ultrapure water and ethanol
(Sigma-Aldrich®, >99.5 %) successively followagdyum assisted overnight drying at 260 In case of
series SP2, after the addition of TEOS, ultragmribe (Amplitude: 40%; Pulse: 5 min on 10 min ot
used for a period of 1 hour 30 minutes followed dfprementioned washing procedure for SP1 series.
The application of ultrasonic probe increases tempema hence to maintain the temperature of the RB,

an ice bath was used.

The quantity of all the components of the reactiorxtore was taken in terms of volume and the

relative concentrations of the reactants were aadiog to the following relation:
[NE] = 0.81[TEOS]), {8] = 6.25[TEOS]

The value of [TEOS] was taken to be 0.22ddlIculated by taking the final concentration ofOEin the
reaction mixture. The following Table — 8.1 presetite concentrations and amount of reactants used

for the synthesis of two series of silica particlesed in this work.

Silica Isopropanol TEOS NH;; NH,OH HO Temperature | Distribution
Particles °Cc
ml moles | ml moles ml moles | ml
SP1 28.5 0.0135( 3 | 0.01088| 0.73 | 0.0839 | 1.5 20 Bimodal
SP2 58 0.0224| 5 | 0.01814| 1.2 | 0.1399| 2.5 20 Bimodal

Table — 8.1: Amount of reactants used in the syngheksilica nanoparticles.
8.2.3 Scanning Electron Microscopy

The SEM instrumentation and its specifications are shene as mentioned in the first
section. However all the samples excluding the memenaith translocated Poly(styrene) particles,
were metalized for 6 minutes prior to analysis. Adimples were dried according to the process

previously mentioned.

8.2.4 Atomic Force Microscopy
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The AFM instrumentation and its specifications remadires same as mentioned in the first
section. The membranes with absorbed BSA protein oubdds were detached from non-woven
fabric and then placed delicately onto small Silicon waftor analysis. To avoid the sample

contamination and distortion, the drying was carried authe same manner as described before.

8.2.5 Concentration Calibration for Poly(styrene) &  Silica Nanoparticles

Since the membranes were susceptible to clogging tupossible high concentration of
nanoparticles hence optimum concentrations for bothlyRBtyrene and Silica nanoparticles by

obtaining the calibration curves using Photon Crosselation Spectroscopy (PCCS) (Nanophox®).

In case of Polystyrene, a mother solution of Polyésig) latex beads (Sigma-Aldrich®, 10 wt
%, 10148 M.W.) was prepared in ultrapure water (0.144th 20 g water). A small part of this
solution taken in crown glass vial and analyzed usin@SPt© obtain the particle size distribution
curve and the corresponding average intensity valuggKKkilo Counts Per Second). The remaining
solution was then subsequently diluted with ultrapuneater (MilliQ®) and analyzed using PCCS to

obtain the average intensity values (Table — 8.2).

Amount of Amount of Amount of Poly(styrene)| Concentration | Average
S.No. Mother Water Added (9) (g/ml) X 10 Kcps
Solution taken (9)
(@)

1 5.01* 5.0047 4.53916E-08 0.45325 17.95

2 5.06** 5.0025 1.81204E-07 1.80078 33.75

3 0.025 10.2454 7.16221E-07 6.97365 56.5

4 0.0509 10.18 1.45823E-06 14.2532 129.45

5 0.0999 9.9992 2.86202E-06 28.3394 259.2

6 0.2001 10.0511 5.73263E-06 55.9216 481.45

7 0.3011 10.039 8.62617E-06 83.4245 497.45

8 0.4021 10.0519 1.15197E-05 110.194 950.1

9 0.5007 10.0154 1.43445E-05 136.405 1299.7

Tablee — 8.2: The absolute concentrations of polydeg) nanoparticles solutions with their correspondimgpK
values as obtained from Photon Cross Correlatioct8seopy to obtain concentration calibration curve. *&ams

5.06 g of solution was taken from solution no. 3, notes that 5.01 g of solution was taken from solutian 2.

In case of silica, the mother solution was preparedtstgrwith 0.0012 g of silica dispersed

into 4.0036 g of ultrapure water. For a uniform homageus solution, the vial containing the
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solution was ultrasonicated for 15 minutes before lgeianalyzed using PCCS. The ultrasonication
step extends the time window in which PCCS measunesnean be performed effectively before
the silica nanoparticles settles at the bottom of thial. The situation gets less pronounced as the
concentration decreases with further dilutions. Howethe ultrasonication step was performed for

each diluted solution (Table — 8.3).

SP1 SP2
Concentration Average | Concentration Average
(g/ml) X 10° Kcps (g/ml) x 10° Kcps

30 926,69 7 223.94
9.86 289,47 3.48 103.91
0.934 33,45 1.78 66
1.46 52
0.843 47.45

Tablee — 8.3: The absolute concentrations of silar@oparticles (SP1 & SP2) solutions with their cooredipg

Kcps values as obtained from Photon Cross Correlatientroscopy to obtain the concentration calibratiorveu
8.2.6 Preparation of Feed Solutions of Nano-Objects for Translocation

The Poly(ethylene glycol) (PEG) feed solution wapgred by weighing 0.25 g each of
different PEGs ( 35 KDa, 100 KDa, 200 KDa and 400 EiDaatAldrich®, 99.5 %) and dissolving in
ultrapure water to obtain a 1g Lsolution. This feed solution was first analyzed imrte of refractive
index using refractive index detector (Water® 24dD{sel Permeation Chromatography technique

(Waters Corporation®).

The Bovine Serum Albumin (BSA, Aldrich, >96%)@olvis prepared at a concentration of
1.5 mg.mf" in Phosphate buffered saline solution. The feedusoh was analyzed by UV-Vis
Spectrometry at a wavelength 280 nm. The concentratbmuld then be estimated from the

following calibration curve.

An agueous solution of Polystyrene particles (0.1446 20 g of water) was further diluted
with 200 ml of ultrapure water and the resulting sabrt was used as feed solution for Polystyrene

translocation.

For both series of silica particles, two 100 ml Sol were prepared containing 0.0024 g of

SP1 and SP2 silica particles respectively. Both thé@ts were ultrasonicated for 1 hour.
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8.2.7 Translocation Experiments

The membranes were first compressed to their maximioynperforming water permeation
experiments using the experimental set-up describied the first section. After 2 hours of
permeation test, the filtration cell was disconnectédm the water reservoir. It was filled with 10
ml of the feed solution (For example: PEGs soluttorPS solution) and connected directly to
compressed air supply. The whole process was execweny quickly so as to avoid the
decompression of the membrane due to release of puessAdditionally, to keep the feed solution
homogeneous inside the cell, magnetic stirring waststl at 300 rpm. At the outlet of the filtration
cell, a small vial was attached to obtain 1.5 ml permeateath pressure drop value. Once the
requisite amount of permeate was collected, the exp@nt was stopped and the retentate sample

was obtained from the remaining solution in the filti@n cell.

In case of PEGs, the collected permeates and retestatere first filtered using PTFE filter

(Millipore®; 0.45 pum) before passing for GPC analysis.

In case of BSA, the collected permeates and retentatere filtered and analyzed by the

UV-Visible spectrometer to obtain the correspondaitsorbance values.

In case of Polystyrene and Silica nhanoparticles, tlleated permeates and retentates were
also filtered using PTFE filters (Millipore®; 2umfoke being analyzed using PCCS. The vial was
ultrasonicated for 15 minutes before being introduciedio the instrument. The duration of analysis
for each sample was kept at 60 minutes per scan 8€2%hree such scans were conducted for each

sample. The theoretical model for the correlation wasgen to be NNLS.
8.3 BLOCK COPOLYMER MICELLES’ ZIPPER ASSEMBLY
8.3.1 Synthesis of Octadecyl Methacrylate

In a dried two neck round bottom flask (RB), 15.0,§354 moles) 1-octadecanol was taken
along with a magnet. It was stirred at 500 rpm in 12Dfrashly distlilled Tetrahydrofuran (THF)
(Carlo Erra Reagents®, >99.7 %). On one neck of tha &Bpping funnel containing 30 ml of
distilled THF was connected having provision fotegdor nitrogen, which was introduced at a brisk

rate from the second neck. After 30 minutes of coatel dissolution, about 16ml (0,111 moles)
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Triethylamine (TEA) (Sigma-Aldrich®, >99.99%) was adaledsyringe. The mixture was blended
for further 15 minutes at 2% after which 11 ml (0,111 moles) Methacrylolyl dile (Sigma-
Aldrich®, >99.9 %) was added to the dropping funiehl syringe. The nitrogen flow was stopped
and the chloride/THF mixture was then introduced itihe RB in a slow drop by drop manner while
maintaining the temperature at 2&. The content of the RB soon became densely whitmae
and more chloride reacted with the alcohol. The systems kept on stirring for 24 hours after
which, 5 ml of Methanol (Sigma-Aldrich®, 99.8%)adaled via a syringe to the RB and to react with
any unreacted Methacrylolyl Chloride. After 10 minytdse content of the RB was filtered over a
sintered glass filter (porosity 3) to obtain a yelloolor liquid filtrate and white color salt residue.
The filtrate was concentrated over a rotavapor and the aanirated solution was precipitated into
a mixture (50/50 by volume) of ultrapure water and etlohrkept in ice bath. The pale white
precipitate thus obtained was separated from the resttloé solution via filtration over a sintered
glass filter (porosity 3) followed by room temperetuvacuum drying. The solid thus obtained was
then re-dissolved in minimum amount of CyclohexaraICErra Reagent®, 99.5 %) and cooled at —
80°C for 5 hours after which, the solid content was aboMto slowly anneal at room temperature.
The crystallized Octadecyl Methacrylate (ODMA) remaiimedolid form while the Cyclohexane
became liquid. The majority of the solvent was remibwea simple decantation while the rest was
removed by employing strong tertiary vacuum at roormfeerature to obtain a pale white colored
waxy solid. The product was weighted (13.3412 g) dadked at -5C in an air tight bottle, to be

used for further reactions.
8.3.2 Synthesis of PMMA by Uncontrolled Radical Pol ymerization

Methyl Methyacrylate (MMA) (Sigma-Aldrich®, 99.9 %} wassed over a short alumina
column to remove the inhibitor and 10 g (9.988 x*Ifioles) of this purified MMA was sealed in a
dried Schlenk tube containing 0.1 g (6.09 x*hbles) of Azobisisobutyonitrile (AIBN) (Sigm-
Aldrich®, 98 %) (recyrstallized from methanol). Thdure was given four freeze-pump-thaw cycles
to remove oxygen completely and placed in a constantperature oil bath at 78 for 70 minutes.
The system was quenched in liquid nitrogen to stophfer polymerization and then annealed at
room temperature. The flask was connected to rotary ewagor to evaporate any remaining MMA
followed by addition of 30 ml dichloromethane (Sigwkrich®, >99 %) to dissolve the gel

overnight. The viscous solution thus obtained wasnth@ecipitated 2 times in cold methanol,
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filtered over sintered glass filter (porosity 3) amacuum dried at 6XC for 48 hours to obtain white

colored polymer.
8.3.3 Synthesis of PMMA by Controlled Radical Polym erization

Purified MMA (10 g, 0.1 moles), 2-cyano-2-propylZmetithioate (CPDB) RAFT agent (0.231
g, 1.04 x 18 moles) (Sigma-Aldrich®, > 97 %) and AIBN (33.8.&igx 10 moles) (recrystallized
from Methanol) were solubilized in 5 ml of freslligtilled Toluene (Sigma-Aldrich®, > ab99.7 %) and
sealed in a dry Schlenk tube. Four freeze-pump-thaslesywere used to remove residual oxygen.
The solution was then placed in a constant temperatuteébath at 70°C for 150 min, after which it
was quenched in liquid nitrogen to stop the polynzation. The polymer solution was precipitated
twice as a pink powder (PMMA macroinitiator) in cold thanol, filtered and dried at room

temperature over tertiary vacuum for 48 hours.
8.3.4 Synthesis of PODMAbH-PMMA Copolymer

The above synthesized PMMA macro RAFT chain transfiet @g&7 g, 0.24 x Imoles)n-
octadecyl methacrylate (8 g, 23.6 X I@oles) and AIBN (8 mg, 0.049 X 1fol) were solubilized in
16 ml of freshly distilled toluene and sealed in a &ghlenk tube. Four freeze-pump- thaw cycles
were employed to remove any residual oxygen. The tewluwas then placed in a constant
temperature oil bath at 80°C for 150 min, after whitlwas quenched in liquid nitrogen to stop the
polymerization. The polymer solution was precipitaiaccold methanol. The recovered white solid
was then further purified in order to remove unreadt@-octadecyl methacrylate. The solid was
dissolved in 100 mL of cyclohexane and methanol wadadttopwise until turbidity appeared.
After one night of decantation, the milky phase wasowsred and dried under tertiary vacuum 48

hours at room temperature to obtain a light pink coldrpowder.
8.3.5 Proton Nuclear Magnetic Resonance Spectroscopy (HINMR)

The proton NMR spectra were obtained by preparing gi@sin deuterated chloroform,
CDG (Euros®) and analyzed on 300 MHz Bruker® AV300mestruvith TopSpin v2.1 software. All

the spectra were obtained at 26 with 64 scans per sample.

8.3.6 Self-Assembly of Copolymer Micelles
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To prepare the monolayer assembly of the micellest & substrate layer of uncontrolled
PMMA was spin coated over thoroughly cleaned Silicafewusing spin coating. 1 g PMMA was
dissolved in 3 ml Dicholoromethane in a small vial t&resulting solution was coated onto the
Silicon wafer dried under argon atmosphere in the spyater. The spin rate was kept at 1000 rpm
for 3 minutes to obtain 1.3 pm thick substrate filfihe coated substrate thus obtained was
immersed in small beaker a 10 ml micellar solution dIMA-b-PODMA (3.5 g./l in
THF/Cyclohexane, 1/9 vol.%) for 1 hour followed ibging with Cyclohexane. The coated surface

thus obtained was dried and further analyzed.

To prepare multilayer assembly, the PMMA coated wafas first swelled in 20 ml mixture
of THF/Cyclohexane (1/9, vol.%) for 15 minutes. 3lelled PMMA coated wafer was taken out
quickly, put into spin coater and the micellar solutiof PMMAb-PODMA (3.5 g.i) was coated

under argon atmosphere.
8.3.7 Contact Angle Measurements

The contact angle measurements were conducted by dregsile methond on lab made
apparatus equipped with a light source, a stage to p& slubstrate to be analyzed, a light source
and a CCD camera. A 10 pl water drop was dropped ontsdah®le surface by using a 50 pl syringe
stationed above the stage. All measurements were daheoom temperature and the images
acquired were analyzed using ImageJ® software and théactoangles were determined by
interpolation method using DropSnake® plugin. Theueslreported represent average of 5

measurements.
8.3.8 Atomic Force Microscopy

The AFM instrumentation and its specifications remadires same as mentioned in the first

section of this chapter.
8.3.9 Scanning Electron Microscopy

The SEM instrumentation and its specifications are shene as mentioned in the first

section. The samples were metalized for 6 minute®teethe analysis.
8.4 NANO-GEL BASED SELF-HEALING SYSTEM
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8.4.1 Synthesis Of 2-(2-chloroacetyl)oxyethyl 2-chl oroacetate

In a 250 ml two neck round bottom flask (RB), 5fgyophilized Pentaerythritol (Sigma —
Aldrich®, > 99 %)was taken along with a stirrer aftigsolved in 60 ml of freshly distilled
dimethylformamide (DMF). The system was closed wé&ptums with one neck for nitrogen outlet while
other acting as outlet. The solution was kept onrstg for 30 minutes until complete dissolution of
pentaerythritol. After that, 13.5 ml of chlroacetghloride (Sigma — Aldrich®, > 99 %) was taken into a
syringe and added to the solution in the RB in a dbgpdrop manner. Once all the acid chloride was
added, the temperature of the solution was increds® 50FC slowly by putting into an oil bath. The
solution was allowed to undergo stirring for 24 mewafter which it was cooled into an ice bath ahen
the DMF was evaporated at 8D. Once most of the DMF was evaporated, the reduttark brown
colored solid was dissolved in 100 ml of dichlorohaete and washed with 200 ml of water 3 times. The
organic phase was collected, dried over MggSigma — Aldrich®, > 99.5 %), filtered and finally
concentrated at 48C to obtain pale white colored crystals. DMF waketaas solvent due to easy
solubility of pentaerytritol in it, its high boilgnpoint as well as its ability to trap the liberatpdotons in
the reaction thus inhibiting the formation of hydrbloric acid. The final yield of the reaction was %6

with sufficient degree of purity.
8.4.2 Synthesis Of 2-(2-azidoacetyl)oxyethyl 2-azid oacetate

To synthesize the azide derivative2ef2-azidoacetyl)oxyethyl 2-azidoacetated6 g of 2-(2-
chloroacetyl)oxyethyl 2-chloroacetate and 18.0@fgodium azide (sigma — Aldrich®)were dissolved in
100 ml of distilled acetone (Sigma — Aldrich®, 5 98) in a 250 ml single neck RB, equipped with a
condenser on it. The system was allowed to reflu$2C for 24 hours. After 24 hours, the refluxing was
stopped, acetone was dried and the resulting coricate was again dissolved in 100 ml
dichloromethane. The solution was washed with 20Dahultrapure water (MilliQ®) 4 times and the
organic phase was collected, dried over MgSO4, ditteand concentrated to give a viscous, honey

colored liquid. The yield of the reaction was apxmately 94 %.
8.4.2 Synthesis Of Ethynyl — 4 — (phenylcarbonothioyl thio) — 4 — cyano pentoate

3 g of 4-Cyano-4-(phenylcarbonothioylthio)pentanadid (Sigma-Aldrich®, > 97 %) was dissolved
in freshly distilled 50 ml of dichloromethane in a01®l two neck R.B. The system was maintained@t 0

and nitrogen flow was maintained in the system. s 1.9 g of propargyl alcohol (Sigma-Aldrich®, P9 %
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was added followed by addition of 0.56 g of 4- dihygaminopyridine (DMAP) (Sigma-Aldrich®, > 99 %)
and 0.04 g olN-(3-DimethylaminopropyIN :ethylcarbodiimide hydrochloride (EDC) (Sigma-&itd®, >

99 %) at BC. The system was allowed to react for 15 hoursaaistant temperature of 2%. After 15
hours, the solution was filtered, and the filterateas diluted with 10 ml of dichloromethane and
subsequently washed with 100 ml of ultrapure watetidhes. The aqueous phase was collected, dried
over MgSQ filtered and then again concentrated. The prodweas further passed through a silica
column with the eluent mixture of ethyl acetate/cptiexane (30/70). The deep red fraction was

collected and concentrated to obtain a deep red cetbcompound.

8.4.3 Coupling Of Ethynyl — 4 — (phenylcarbonothioylth i0) — 4 — cyano pentoate With
2-(2-azidoacetyl)oxyethyl 2-azidoacetate Using Click Chemistry

In a small 10 ml glass vial, 0.9 g of propargyltfanalized RAFT agent was taken along with 0.31
g of 2-(2-azidoacetyl)oxyethyl 2-azidoacetate disswlin 3 ml of DMF. To this solution, a 2 ml aqueous
solution containing 0.057 g of Sodium Ascorbate swdded followed quickly by the addition of 2ml
aqueous solution of 0.036 g of copper sulfate pentiaye. The mixture quickly turned from deep red to
deep brown. It was allowed to undergo for 1 hourrabm temperature followed by passing over a short
alumina column to remove the copper. The rest of tiitrate was diluted with little dichloromethane
and washed with ultrapure water. The aqueous phasas collected, dried, filtered and finally

concentrated to obtain a deep red colored viscooasmpound.
8.4.4 Nuclear Proton Magnetic Resonance (1 HNMR)Spectrsoscpy

The proton NMR spectra were obtained by preparing glasin deuterated chloroform

and the parameters were same as mentioned before ephevious section.

154



REFERENCES

1 Wang, X.-Det al. Preparation of spherical silica particles by Stober pmeath high concentration of
tetra-ethyl-orthosilicate Journal of Colloid and Interface ScieBd&, doi:10.1016/j.jcis.2009.09.018
(2010).

155






ELABORATION OF SELF-HEALING POLYMERIC MEMBRANES

The objective of this thesis is to develop sucl kihpolymeric membranes which can repair
themselves autonomously in an event of damage. Sdamage in a membrane, if left
undetected can pose serious health issues in sointbeointended applications. In the first
approach, a dynamic polymeric membrane based on #pBa triblock copolymer micelles has
been prepared. The block “A” is represented by raeichally robust poly(styrene-co-
acrylonitrile) copolymer while block “B” by relay soft and flexible poly(ethylene oxide). When
pressure is applied to the membrane, its morpholagan be fine-tuned thanks to the
compressible nature of micelles as well as integitac dynamic bridges. A range of porosities
are accessible which can be regulated by pressum@ thereby controlling the filtration
performance. The same dynamic nature has also he#dimed to display an effective pressure
driven autonomous healing. The efficiency of hegfirocess has been found to be dependent on
the extent of damage, pressure value and time doratof application of pressure. Using the
self-healing property of above membrane, “Directddd ranslocation” of nanoparticles has also
been studied. Four different classes of nanopa&sievere used with varied intrinsic and extrinsic
properties. The findings of the work prove that #iee, shape and surface characteristics of the
nanoparticles as well as the applied force govehne translocation process. In a second
approach, a 2D and 3D reversible coating basedhenself-assembly of micelles of diblock
copolymer consisting of poly(methyl methacrylate)MMA) and poly(n-octadecyl methacrylate)
(PODMA) blocks have been developed. The assemhbtjcefies is accomplished via so called
“Zipper” effect, thanks to the long pendant chamisPODMA block. The same “zipper” effect
plays the role of removing the coating easily bysiiag in a selective solvent, thus giving the
ability to alter the surface of substrate for martynes in reversible manner. The room
temperature crystallization of PODMA block provitdage implications for a thermally assisted
self-healing coating without affecting the globalaaslle morphology. Finally, another approach
has been conceptualized in which self-healing aceiar encapsulated nano-gel dispersed within
a membrane. The nano-gel is based on a partialbssgtimked hydrophilic star shaped block

copolymer which has to be synthesized by “Revergidbition-Fragmentation Transfer” (RAFT)



polymerization technique. The synthesis of a 4- &AFT agent for polymerization has been
accomplished however; a substantial amount of wisrlstill needed to validate the synthetic
route towards the nano-gel synthesis as well asfitgdher application for the self-healing

process.

Key Words: Self-healing, Block Copolymer, Trarigdoc®ynamic bonds, Membrane, Filtration,
Self-Assembly, Controlled R&ttgmerization



ELABORATION DES MEMBRANES POLYMERES AUTO-REPARABLES

L'objectif de cette thése est d’élaborer et de dépper un type de membranes polymére qui
peuvent se réparer de maniere autonome en casseiies. Si elles ne sont pas détectées, ces
fissures peuvent poser des problemes notamment pes applications médicales. Dans une
premiére partie, une membrane polymeére dynamiqueage de micelles de copolymere tribloc
ABA a été préparée. Le bloc "A" est représentdeppoly (styrene-co-acrylonitrile), copolymére
bloc mécaniqguement robuste, et un bloc "B" relatiemt mou et souple le poly (oxyde
d’éthylene). Lorsqu'une pression est appliquéeraéabrane, sa morphologie peut étre ajustée
grace a la nature compressible des micelles, gunsiles ponts dynamiques intermicellaires. Une
gamme de porosités accessible peut étre réguléelggression et de maniére a contrler la
performance de filtration. La méme nature dynamicue&galement été utilisée pour montrer
une réparation autonome entrainée par la pressiatefficacité du processus de réparation
dépend de la taille des fissures, de la valeur dEsgion et de la durée d'application de la
pression. En utilisant la propriété d'auto-répacatide la membrane ci-dessus, le processus
«Direct Mode Translocation » de nanoparticules alégent été étudié. Quatre classes
différentes de nanoparticules ont été utilisées @vdiverses propriétés intrinseques et
extrinséques. Les conclusions de ces travaux pnbaue les caractéristiques de taille, de forme
et de surface des nanoparticules ainsi que la foecwrcée régissent le processus de
translocation. Dans une seconde partie, un revétgnD et 3D réversible basé sur l'auto-
assemblage de micelles de copolymere dibloc coéstiun poly (methyl methacrylate) (PMMA)
et du poly (n-octadecyl methacrylate) (PODMA) biése développé. L'assemblage de micelles
est réalisé par I'effet "Zipper", grace aux longebsines pendantes du bloc PODMA. Le méme
effet "Zipper" permet d’enlever facilement le resd@ient par lavage dans un solvant sélectif,
donnant ainsi la possibilité de modifier la surfad@n substrat plusieurs fois de maniere
réversible. La cristallisation a température amhbéadu bloc PODMA offre la possibilité d’avoir
un revétement auto-réparable thermiquement san®efér la morphologie globale des micelles.
Enfin, une derniere partie a été conceptualiséensdéaquelle l'auto-réparation se fait par

«nano-gel» encapsulés et dispersés dans une merabree « nano-gel » est & base d'un



copolymere hydrophile en forme d’'une étoile paldiglent réticulée et qui doit étre synthétisée
par la technique de "Reversible Addition-FragmeatatTransfer" (RAFT) polymérisation. La
synthése d'un agent RAFT avec 4 bras pour la palsatién a été accomplie, cependant, des
travaux sont encore nécessaires pour valider la deisynthése vers la synthése de « nano-gel »

ainsi que son application pour le processus d'aéfmaration.

Mots Clés: Auto-réparation, Copolymére a bloc, Sicaration, Liaisons Dynamiques, Membrane,

Filtration, Auto- Assemblage,®étisation Radicalaire Controlé



