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Abstract

Abstract

Living organisms share the ability to grow that allows them to absorb, transport, and
integrate nutrient to continually increase in size, change in shape and modulate in
strength. In contrast, synthetic polymers are constructed in fundamentally different
ways. Bioinspired by this, this thesis presents various approaches to guide synthetic
soft materials to grow and to mimic this fundamental growing capability. The first part
presented a photoactivation approach to probe the growth of bulky soft materials.
Based on the growth concept, bulk elastomer could be grown with controllable size,
strength and compositions. This approach is envisioned as a way to regulate the bulk
wettability of materials, by introducing organic and aqueous based nutrients via the
growth cycle. In part 2 a light-induced site-specific self-growth strategy for making
microstructures from the surface a dynamic soft substrate with fine modulation in size,
composition, and mechanical properties, for the creation of rough surface and
restoration of large-scale surface damage was demonstrated. In the last part, self-
growth and self-strengthening of interlocked poly(disulfide)s based polycatenanes
elastomers with unique intermolecular interlocking topologies is achieved. These
results contribute to the topic of polymer network chain topologies, providing useful

information for the future both in chemistry and materials.



Zusammenfassung

Zusammenfassung

Lebende Organismen teilen die Fahigkeit zu wachsen. Ihr Aufbau ermdglicht es ihnen,
Nahrstoffe zu absorbieren, zu transportieren und zu integrieren, um kontinuierlich an
Grol3e zuzunehmen, ihre Form zu andern und ihre Starke zu modulieren. Synthetische
Polymere sind dagegen grundsatzlich unterschiedlich aufgebaut. Von der Natur
inspiriert, prasentiert diese Arbeit verschiedene Ansatze, um synthetische weiche
Materialien wachsen zu lassen und die grundlegende Wachstumsfahigkeit
nachzuahmen. Im ersten Teil wird die Photoaktivierung vorgestellt, um das Wachstum
volumindser weicher Materialien zu beeinflussen. Basierend auf diesem
Wachstumskonzept wurde ein Elastomer mit kontrollierbarer Gréf3e, Festigkeit und
Zusammensetzung hergestellt. Dieser Ansatz kann zur Regulierung der Benetzbarkeit
durch Zufuhr von Nahrstoffen auf organischer und wassriger Basis wahrend des
Polymerwachstums ins Auge gefasst werden. Im zweiten Teil wird ein lichtinduziertes
und ortsspezifisches Selbstwachstum von Mikrostrukturen auf der Oberflache eines
dynamischen weichen Substrats demonstriert. Die erzielte feine Modulation von
GroRe, Zusammensetzung und mechanischen Eigenschaften fuhrt zur Erzeugung
einer rauen Oberflache und zur Wiederherstellung grof3flachiger Oberflachenschaden.
Im letzten Teil wird das Selbstwachstum und die Selbstverstarkung von
ineinandergreifenden Polycatenanelastomeren auf Poly (disulfid)-Basis mit
einzigartigen intermolekularen ineinandergreifenden Topologien erreicht. Die
Ergebnisse tragen zum Thema von neuen Topologien von Polymer-netzwerk-ketten
bei und liefern nutzliche Informationen fur die Zukunft seitens ihrer Chemie als seitens

neuer Materialien.

Vi
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Motivation and scope of this thesis

Motivation and scope of this thesis

Growing is the natural property of all living organisms under suitable conditions, which
makes them adaptable to the environment in size, shape, and strength. In this process,
nutrients are transported, adsorbed, and integrated into the body. Non-living materials
do not show this property, though it could be highly beneficial in many applications.
For example, implanted medical devices with self-growing possibility would be highly
beneficial for children. They would avoid successive surgical interventions during the
growing period of the child to exchange the device by larger ones. Thus, designing
engineered materials to confer growing property is of paramount relevance. Herein
several approaches to guide synthetic dynamic materials to grow like living organisms
have been investigated and explored.

Self-growing polymeric material should have these characters (Scheme 1): (1)
swelling ability to monomers and crosslinkers (termed as nutrient solution), (2) a
mechanism for in situ polymerization to extend the network, and (3) chain-exchange
reaction to homogenize the original and newly formed network. Self-growing materials
in previous reports possess the swelling capability when soaked in their good solvents
(elastomers in organic solvents and hydrogels in water). Besides, most studies in the
field have focused on incorporating new molecules into as-prepared polymer networks
to vary the material properties post-synthesis. This approach restructures the material
to a limited extent, and is not suitable to modify bulk properties. The integration of
original and newly formed networks in the material has been less explored. This
strategy can lead to materials with multiple growing abilities. In this context, this PhD
thesis presents various approaches to the design and synthesis of elastomers based
on self-growing polymeric materials with tunable size, shape, and mechanical

properties. Light-induced self-growth of bulky materials can be obtained via growth



Motivation and scope of this thesis

cycle. This approach can be used for regulating the bulk wettability by introducing
organic and aqueous based nutrients. Furthermore, a light-regulated methodology
was established to control the site-specific self-growth of microstructures from the
surface of dynamic soft poly(4-hydroxylbutyl acrylate-co-o-nitrobenzyl acrylate)
[poly(HBA-co-NBA)] elastomers. Such light-regulated growth is spatially controllable
and dose-dependent, and allows fine modulation of the size, composition, and
mechanical properties of the grown structures. These model platforms were used to
structure the material surface and restore large-scale surface damage. In addition, an
evaporation-induced entropy replenishment approach was developed to fabricate fully
interlocked soft poly(disulfide)s based elastomers with unique interlocking network
topologies, and being applied to self-grow and self-strengthen the interlocked bulky
material. These engineered approaches were used to study how the incorporation and
integration of small molecules to make the growth of material, and the modulation in

size, shape and strength of grown substrates under stimuli.
This thesis work is presented as follows:

1) Chapter 1 elaborates on the general state-of-art within this field, in which it
separately introduces the research status of dynamic soft materials, and different
investigation levels like dynamic linkages, matter transfer, and intermolecular
matter conversion and/or integration within materials so far.

2) In Chapter 2, | evaluate a photo-induced activation strategy to continually
incorporate nutrient (monomer and crosslinker), to expand bulky elastomers with
controllable mechanical properties and compositions. Then, multiply growth cycle
treatment of the bulky material by insertion and integration of nutrients enables
bulk elastomers to multi-time grow with a variety of size and strength. By changing
different types of nutrient solutions, heterogeneous growth of bulky materials is

achieved. Finally, its potential application was envisioned for regulating the bulk
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3)

4)

5)

wettability by introducing organic and aqueous based nutrients via the growth
cycle.
Chapter 3 describes a photo-induced strategy for regulating the localized self-
growth of microstructures from the surface of a swollen dynamic substrate, by
coupling photolysis, photopolymerization, and transesterification together.
Specifically, the design and preparation of poly(HBA-co-NBA) elastomer model is
elaborated first, followed by the exploration of the mechanism of self-growth
involved evaluating the role of NBA as a promoter, integrating of polymer networks
by transesterification and certificating their grown structures. Then, the tuning of
light-induced growth with temporal and spatial modulation of the size, shape, and
mechanical properties of the grown structures was quantified. Finally, the
potential applications of light-regulated self-growth in structuring material surface
and restoring large-scale surface damage were demonstrated.
In Chapter 4, a novel methodology of evaporation-induced entropy replenishment
was further developed to fabricate fully interlocked poly(disulfide)s based
elastomer. The supply of increased entropy energy by evaporation can
compensate for the entropy loss of cyclization of rings within the precursor was
investigated. In addition, certification of this unique interlocking network topology
was then studied. Furthermore, dynamic functions of fully interlocked elastomers
based on disulfide exchanging were deeply investigated. At last, self-growing and
self-strengthening of interlocked material owing to the facile evaporation
approach were evaluated.

Finally, a conclusion about self-growing soft materials based on engineered

approaches and platforms and a brief outlook for further development of

material-based models to novel dynamic soft materials are expounded in

Chapter 5.
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The concept and design of self-growing polymeric materials in this thesis are

demonstrated in Scheme 1.

O Feed solution

T

Swell

Seed

Grow

Homogenization

chain exchange

Scheme 1. Schematic process of fabrication of self-growing polymeric materials,
which involved several characters, (a) swelling ability, (b) robust in situ
repolymerization, and (c) chain exchange reaction for homogenization. Feed solution

usually composed by monomer, crosslinker, initiator, and/or catalyst.



Chapter 1 (Introduction)

Chapter 1

1. Introduction
1.1. Dynamic soft materials

Classical soft materials are expected to be chemically inert and possess fixed
molecular structure formed by covalent bonds, and intermediate mechanical
properties between a crystallized solid and a liquid that makes them deformable under
external forces.3 Dynamic soft materials developed in the last decades, contain other
types of molecular interactions beyond covalent bonds, which allow them to adapt and
respond to their environment.*® These materials can respond to varieties of stimuli,
ranging from physicochemical (light, pH, temperature, magnetic, force, and electric
field) to biochemical (introducing biomolecules) inputs.”® Therefore, dynamic soft
materials broaden material properties and application ranges for soft materials and
derived devices, including stimuli-responsive materials, robotic actuation, controlled
drug release, and self-healing materials.>*3

Among dynamic soft materials, elastomers'4*> and hydrogels'?13 are widely used and
investigated in our daily life. Different aspects of dynamic soft materials are a matter
of current research, such as probing the dynamic linkages within the materials,*®
observing molecules transportation within the swollen dynamic substrates,®” and
exploring the conversion and integration of molecules within the dynamic soft
materials to develop growing materials.'®-2° Most research focuses on investigating
the dynamic behaviors of soft materials based on the bonding and debonding of
dynamic crosslinks. Meanwhile, great attention has been paid to understand the
motion of molecules entrapped in the matrix when applied with external stimuli.
However, only a few of them follow closely with cognizing the effects between the
adsorbed small molecules and gel materials. Importantly, understanding the
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underlying interactions between entrapped components and the formed networks will
inspire people to design novel soft materials to meet their desires. For example,
guiding synthetic materials to “grow” with coded manner to mimic the self-growth
property of living organisms. Therefore, it is desired to fabricate novel dynamic soft
materials to study the theory behind and overcome highlighted restrictions.

In this introductory chapter, dynamic linkages used in dynamic soft materials are
introduced. Then, matter transfer among the functionalized dynamic soft gels is
summarized. At last, the fabrication and applications of growing materials are

introduced.

1.1.1 Dynamic linkages

Dynamic crosslinks can break and reform reversibly either autonomously or in
response to stimuli, which has been used in organic synthesis, material science, and
biomedical applications.* 712 In general, several kinds of bonds are categorized as

dynamic crosslinks, including dynamic covalent bonds, and noncovalent interactions.

1.1.1.1 Dynamic covalent bonds

Dynamic covalent bonds (DCBs) have facilitated the development of new classes and
understanding of polymer materials.*® DCBs are normally stable at ambient conditions,
but dynamic under stimuli, e.g. light, temperature, pH, and electricity.*® Going beyond
the breaking and reforming of the covalent bonds, soft polymeric materials with DCBs
are both robust and adaptable. Typically, the exchange of DCBs occurs through
associative or dissociative pathways (Figure 1a and 1b).% In an associative pathway,
chemical bonds are activated by breaking and reforming simultaneously during the
exchange process (Figure 1a). Meanwhile, the macromolecular structure has dramatic
responsiveness due to the decreased number of linkages. In a dissociative pathway

(Figure 1b), the dynamic linkages dissociate firstly and then new linkages form after
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some time. The change in the macromolecular structure is minimized during the
exchange process, resulting from the approximately constant bond density in the

activated state.

(a) Associative exchange

i ﬁ\jj
(b) Dissociative exchange

Figure 1. (a) Associative exchange and (b) dissociative exchange of DCBs. Reproduced with

permission.® Copyright 2018, Wiely-VCH.

Various kinds of DCBs have been used to develop dynamic soft materials:

- Sulfur related chemistry. Sulfur chemistry has been an indispensable member
in materials science and engineering with the development of rubber
vulcanization.* 21 With the increased demand for rubber recycling in both
industrial and societal applications, the evolution of disulfide bond is of great
research value. Tobolsky et al. firstly reported the stress relaxation within
poly(disulfide)s rubber attributing to the rapid disulfide exchange.?? During the
bond exchanging process, disulfide bonds can be dissociated into thiols and
return to their disulfide state through heating, catalyst, light and external radicals
(Figure 2a),® 22 which favored valuable applications in designing self-healing and
recyclable networks.?42% For instance, Rowan and co-workers reported a rapidly

photo-healable poly(disulfide)s system according to the rearrangement of the
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disulfide bonds.?® In the presence of mechanical force and light, the macroscopic
cracks could be easily reconfigured, which was enhanced by faster thiol-disulfide
exchange chemistry. Besides, other sulfur derivatives also brought excellent
potential applications, such as allyl sulfide-based addition-fragmentation
process (Figure 2b),? chain shuffling of iniferters (Figure 2c and 2d),?’?® and
thiol-thioester exchange reactions (Figure 2e).2%-30 Sulfur related chemistry was
also extended by combing selenium and disulfide to design dynamic soft

materials recently (Figure 2f).3!

S g +
< +s _ \§ + § {,S\s p— \ ] HS'/‘.L —— . + HS
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Figure 2. Sulfur based dynamic soft materials. (a) Poly(disulfide)s and thiol-disulfide exchange within
soft materials. Stimuli can be temperature, pH and light. (b) Addition—fragmentation chain transfer for
developing dynamic soft gels. (c) (d) Example of typical chain shuffling iniferter of photoresponsive
materials. (e) Dynamic thiol and thiol-ester exchange catalyzed by a base. (f) Wavelength selective
exchange between disulfides and diselenides based materials. Reproduced with permission.8: 26-29, 31
Copyright 2005, AAAS. Copyrights 2011, 2012, 2018, 2020 Wiely-VCH. Copyright 2018, The Royal
Society of Chemistry.

- Diels-Alder chemistry. Diels-Alder (DA) reaction usually occurs between an

electron-rich diene and an electron-poor dienophile to produce a cyclohexene
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adduct via [4+2] cycloadditions by Diels and Alder in 1928, which can be
reversed at elevated temperature via a dissociative retro-Diels-Alder (rDA)
reaction.®? The excellent thermal reversibility has made DA chemistry an ideal
possibility to construct dynamic soft materials. Wudl and co-workers firstly
proposed the self-healing soft materials based on thermoreversible DA reaction
(Figure 3a).3® The materials were prepared by using DA reaction between
tetrafunctional furan and trifunctional maleimide monomers, which showed
approximately 50% mending efficiency after being heated at 150 °C for 2h by the
dynamic DA linkages. Inspired by this, more researches based on remendable
DA interaction have emerged and broadened its scope to polyamides,3*
poly(lactic acid),® polycaprolactone,®® polyurethanes,®” epoxy resins,3®
polyketones3® and ethylene/propylene/diene rubbers.*® Although these
encouraging progress, the elevated reaction time and required high
temperatures limit their real applications. Recently, Du Prez and co-workers
demonstrated novel DA chemistry involving 1,2,4-triazoline-3,5-dione (TAD) as
an alternative dienophile to achieve more quickly reaction at room temperature
(Figure 3b).*! They also found that after replacing the diene with indole in a PU
system with TAD, the soft materials showed good reversibility under temperature.
Transesterification. A classic dynamic transesterification (TE) reaction
happens between an alcohol and an ester to create a new pair of ester and
alcohol until the equilibrium achieves (Figure 3c).*> Normally, it requires high
temperatures and catalysts like Lewis acids, strong Brgnsted bases, inorganic
salts, and Bransted acid to trigger the exchangeable reaction.*® Although TE is
widely used in recycling and reprocessing epoxy networks by the efficient bond
exchange characteristics, there is still a requirement in dynamic soft materials.

Reversible crosslinked polydimethylsiloxane (PDMS) network could be obtained
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via TE reaction under high temperature, broadening the practical application
area of recycling silicon elastomers.** In addition, introducing TE reaction into
soft material can also programmable stiffen polymer substrate by deeply guide
the transesterification degree.*® However, the required catalyst or high
temperature for TE reaction restricts their attempts of designing dynamic gel
fields in some extent.

Imine chemistry. Well-known imine chemistry occurs by a condensation
reaction between an aldehyde and a primary amine to produce an imine and
water.*647 In general, imine can hydrolyze back to its starting material reversibly
in a dissociable pathway (Figure 3d).*®¢ When another amine molecules are
introduced, transamination would happen with or without adding the catalyst
through an associable pathway in the absence of water (Figure 3d).%®
Furthermore, imine metathesis would occur by dynamic exchanging of imines in
the presence of catalysts (Figure 3d).#6 Owing to the reversible formation and
dissociation of imine bonds, imine chemistry has been adequately utilized in
dynamic soft materials.*®-4° Wei et al. reported multi-stimuli-responsive dynamic
soft hydrogels by integrating dynamic imine condensation, showing
responsiveness drug delivery and self-healing capabilities.*® However, imine
chemistry still has some drawbacks, such as its hydrolytic instability. In order to
eliminate the hydrolysis susceptibility, more stable acylhydrazones and oximes
are developed. In fact, acylhydrazones and oximes form by reacting an aldehyde
with hydrazide and hydroxylamine, respectively, the reversibility of which is
generated under mild conditions and activated by pH value. Deng et al. reported
the pH-responsiveness of crosslinked polyacylhydrazone gels with self-healing
abilities.5°When pH <4, gels turn into sol, but the gel state can be restored when

pH >4.
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- Olefin Metathesis. Polymer materials composed by reversible carbon-carbon
bonds may provide the capability to develop stronger self-healing materials than
dynamic polymers involving heteroatoms. Guan and co-workers incorporated
olefin metathesis of shuffling carbon-carbon double bonds into crosslinked
polybutadiene networks to achieve malleability and self-healing capability
catalyzed by Grubb catalyst (Figure 3e).552 In this study, the catalyst swelled
into the dynamic networks and cleaved the polymer chains partially, not only
leading to a reduction in crosslinking density and mechanical property, but also

resulting in good malleability at room temperature with fast relaxation.

(C)
i " i
i /°°\/?:/°" o: o\i,o\ O O O \ﬁ/owo oox/t/ox

\ —

/O\LW ‘ ‘/‘ 5 g OM
] o \
(d) R V(e
E‘/l ro H,N e ( 01H R, 'N‘ +2 H,0 33
i : == R N < -~ H

..R3 3 1 | 1
1<) Ry - e 1 H = 1 i — R
R; Rq R; Ry . " . ;

:‘3, rr : N ‘catalyst‘ N P ‘N i}
\ R, Ry Ry Ry '

Figure 3. Examples of dynamic covalent linkages within soft materials. (a) (b) Diels-Alder chemistry for
applying in dynamic materials. (c) Topographical rearrangement triggered by (3-hydroxyl ester-based
transesterification. (d) Mechanism of reversible imine chemistry when meeting dynamic materials. (e)
Dynamic exchange between carbon—carbon double bonds within olefin metathesis. Reproduced with
permission.33. 41-42. 46, 52 Copyrights 2015, Wiely-VCH. Copyright 2002, 2011, AAAS. Copyright 2012,

American Chemical Society. Copyright 2015, The Royal Society of Chemistry.
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Boronic esters and boronates. The esterification between a boronic acid
with a diol can generate a boronic ester with reversibility under ambient
conditions.®® If the pH is above the pKa of the boronic acid, the equilibrium
prefers boronate ester state while it transforms to boronic acid and diol below
this pKa (Figure 4a). This rapid dynamic exchanging behavior at mild
conditions has attracted great attention and been proposed in degrading and
architecture-transformable materials. For instance, Sumerlin and co-workers
described the influence of pH (acidic or neutral) to self-heal the boronate ester
crosslinked soft hydrogels, and highlighted its application in biomedical
materials.>* Boroxines are cyclic trimers, which can be produced by reversible
dehydration of boronic acids. In this process, equilibrium can be ruptured by
addition or removal of water, this kind of reaction has been used for developing
dynamic assemblies and covalent organic frameworks.>®

Si-O exchange in siloxanes and silyl ethers. Siloxanes exchanges is
another dynamic equilibrium in a PDMS elastomer for stress relaxation
discovered by Osthoff in 1954, which always needs an anionic initiator or a
basic catalyst to activate the nucleophilic Si-O exchange (Figure 4b).%¢
McCarthy et al. used this chemistry in developing self-healing PDMS networks
with living characters, as the reactive silanolate end group can further initiate
nucleophilic exchange of Si-O bonds between the siloxane moieties.>’ In this
kind of dynamic networks, the dynamic performances can be finely tuned by
regulating the concentration of anionic initiator and crosslink density.%8 In
addition, Si-O bond exchange is extended in developing silyl ether-based
dynamic materials. Guan and co-workers reported thermally stable materials
by introducing silyl ether linkages, where Si-O exchange can be altered by

adding neighboring amino groups (Figure 4c).5°
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Figure 4. Other dynamic covalent chemistries in soft materials. (a) Mechanism of dynamic boronic
esters exchange in a hydrogel system. (b) (c) Dynamic Si-O exchange in siloxanes and silyl ethers
based materials. Reproduced with permission.5556. 59 Copyright 1954, 2017, American Chemical

Society. Copyright 2020, The Royal Society of Chemistry.

1.1.1.2 Noncovalent interactions

Contrary to the dynamic covalent bonds, noncovalent interactions usually happen
between a protein and a drug, or a catalyst and its substrate, or within self-assembled
nanomaterials, or in some chemical reactions or dynamic materials to form molecular
clusters, which is of importance in regulating the secondary and tertiary structures of
natural macromolecular (e.g., peptides, nucleotides, and saccharides).®® Noncovalent
interactions were firstly developed by J. D. van der Waals, and have achieved valuable
progress in chemistry, physics, and bio-disciplines over the previous two decades.%"
3 In essence, noncovalent interactions are considerably weaker (1 or 2 orders of
magnitude) than covalent interactions, possessing stabilization energy between 1 and
20 kcal/mol. These properties make noncovalent interactions to spring up like
mushrooms in stretchable hydrogels, flexible bioelectronics, self-healing conductors
and switchable adhesives.?4%” To date, amounts of noncovalent interactions have

been developed.
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Hydrogen bonding. As one of the most used noncovalent interactions,
hydrogen bonding is a physical interaction occurred between a given hydrogen
atom and a highly electronegative atom (e.g., O, N, or F). In this reversible
bonding, hydrogens act as hydrogen donors while electronegative atoms behave
as hydrogen acceptors (Figure 5a).5% 6 With the development of hydrogen
bonding based chemistry, single hydrogen bonding system, double hydrogen
bonding system, triple hydrogen-bonding system and quadruple hydrogen
bonding system are incorporated into dynamic soft materials. The simplest
hydrogen bonding polymeric networks belong to the single hydrogen bonding
system. Self-healable poly(vinyl alcohol) (PVA) hydrogels were fabricated by
hydrogen bonding between the hydroxyl group of adjacent chains.®® When two
separated PVA hydrogels contacted, polymer chains diffuse across the interface
of the cut samples could autonomously reform the hydrogen bonding. Thus the
interface of bulky hydrogels was disappeared after 12h contacting at room
temperature.

lonic bonding. The reversible electrostatic interactions of oppositely charged
ions form the ionic bonded hydrogel composites, which involve positively
charged polymer chains crosslinked with other negative charged polymers
chains or with ions (Figure 5b).7%"? It is also noted that these oppositely charged
ions may become deprotonated and lead to electrostatic repulsion depending on
the pH conditions. By combing polyelectrolytes and/or counterions in agueous
media will generate three-dimensional (3D) hydrogel material via ionic bonding.
Gong and co-workers reported tough hydrogel networks by ionic bonding
between polymers hanging randomly dispersed cationic and anionic repeat
groups.”t The strong bonds act as permanent crosslinks to impart elasticity,

whereas weak bonds serve as sacrifice crosslinks with reversible breaking and
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reformation to dissipate energy. Additionally, the mechanical property of the
obtained physical hydrogels can be finely tuned by using diverse ionic
combinations.

Hydrophobic bonding. Hydrophobic interactions occur by the interaction of
hydrophobic molecular interfaces in aqueous solutions to form hydrophobic
aggregates that can quickly re-form when suffered a destruction.”>74 To apply
this approach to dynamic soft materials (i.e., hydrogels), micelle
copolymerization is usually introduced to form stable hydrophobic domains
without disrupting this hydrophilic nature (Figure 5c).”® This typical method
includes the concurrent polymerization of hydrophilic monomers with small
amount of hydrophobic monomers to form micelles. Micelles could be stably
formed by association between the hydrophobic monomers and the surfactant.
When sodium dodecyl sulfate (SDS) was solely used as the surfactant, the
obtained hydrogel with reversible hydrophobic bonding showed self-healing
abilities to some extent.”® This self-healing efficiency depends on the
dissociation and re-association of the micelles, thus improving the hydrophobe
solubility that can enhance the self-healing performance. The addition of sodium
chloride (NacCl) could lead to the growth of wormlike micelles and increase the
hydrophobe’s inclusion within the hydrophobic hydrogels.”® Alternatively, the
combination of oppositely charged surfactant is another approach. By mixing of
anionic surfactant SDS and cationic surfactant cetyltrimethylammonium bromide
(CTAB) could also induce the micelle growth to enhance the mechanical
property of self-healable soft gels.”’

Physical entanglements. Physically entanglement of polymer chains is a
universal phenomenon of polymers in static and solution states, which cross

each other arbitrarily to restrict the molecular motion, representing a weak and
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dynamic intermolecular interaction but has been proven to be too weak to build
3D polymer networks.”® With the development of microgel or nanogel
technologies, however, Cui and co-workers created a highly crosslinked nanogel
system to form entanglement cluster, thus physically crosslinking the hydrogel
recently (Figure 5d).”® Polymer chains with high molecular weight passed
through and slide on the nanogel cluster, demonstrating multiple entanglement

force to retain the elastic state of dynamic soft hydrogels.
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Figure 5. Noncovalent interactions used in dynamic soft materials. (a) Examples of some common
hydrogen bonds of compounds. (b) Dynamic ionic bonding to prepare self-healing hydrogels. (c) A
typical structure of hydrophobic interaction within soft hydrogels. (d) Physical entanglement
crosslinking of hydrogel system. Reproduced with permission.®8 71. 74. 79 Copyright 2015, BRNSS
Publication Hub. Copyright 2012, Elsevier B.V. Copyrights 2013, Nature Publishing Group. Copyright
2020, The Royal Society of Chemistry

Inclusion complexations. Inclusion complexation is one of the special

noncovalent interactions which involve two or more chemical species. In this

reaction, one chemical entity (the “host”) forms a cavity where the other chemical

entity (the “guest’) is then located; thus inclusion complexation usually
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mentioned as host-guest interactions.®%8! Due to the cavity structures,
macrocycles are the widely used potentials as the great “host”. With huge
developments, varieties of macrocycles have been discovered, for instance,
cavitands (including cyclodextrins (CDs), calixarenes and cucuibit[n]urils), crown
ether, catenanes, cyclophanes, pillararene, cryptophanes, and porphyrins.8?
These macrocycles possess specific properties such that they can combine with
the guest molecules and generate inclusion complexes in the solvent or material
matrix. Benefiting from the reversible deformation and reformation behavior of
dynamic host-guest interactions (Figure 6a), inclusion complexations have been
widely applied in self-healing hydrogels, stimuli-responsive soft materials, and
drug delivery system.®3 Among the most used macrocycles for inclusion
complexations, cavitands are served as ideal choices, in which CDs have strong
host-guest interactions with different functional groups and biocompatible and
biodegradable properties. In recent decades, CDs was first introduced into the
supramolecular soft hydrogels by Kamachi and co-workers, in which they
described sol-gel transitions resulted from inclusion complexation between a-CD
and poly(ethylene glycol) in agueous media.?

Metal coordination interactions. In dynamic soft materials areas, metal
coordination interactions have been developed in recent years and used as
crosslinking junctions which involve metal ions to a ligand (e.g., atoms,
molecules, or ions that donate electrons) to form coordinated complexes (Figure
6b).85-86 Typically, coordination is a special chemical bond where one atom offers
electrons, which is different from traditional covalent bonds where each atom
offers electrons. Moreover, metal coordination interactions resulting from Lewis
acid-base interactions can be stronger than most of the noncovalent bonding but

weaker than covalent bonding.®® Coordinated bonds are capable of reforming
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after rupture and functionalized as sacrificial bonds to work in self-healing
hydrogels, redox-responsive materials, adhesives, and stretchable soft
elastomers.®>% Suo and co-workers reported one of the typical hydrogel
systems by combing polyvalent metal ions and polysaccharide (alginate).® In
general, anionic alginate can form hydrogels by incorporating the carboxylate
groups with metal cations (Fe3*, Ca?*, Sr?*, Ba?*). The guluronic acid blocks in
different alginate chains could generate dynamic crosslinks through metal

coordination, resulting in metal-alginate hydrogel.
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Figure 6. Other types of noncovalent interactions used in dynamic soft materials. (a) Dynamic
behavior of host-guest interaction-based hydrogel under stimuli. (b) Reaction mechanism of metal
coordination interactions under force within soft gels. Reproduced with permission.83 86 Copyrights

2014, 2019, Wiely-VCH.

1.1.2 Matter transfer

The understanding of the behavior of soluble molecules within a dynamic matrix is
relevant for the design of new materials with bio-inspired functions. Living organisms
in nature possess the ability to be adaptable to environmental changes through
autonomously packaging, transporting, and secreting fluids and liquids by a delicate
code.®® Matter transfer within soft materials has received increasing attention. This
idea was observed in a layered film of azobenzene-containing polymers by Rochon

and co-workers in earlier studies, who suggested a corrugation whose amplitude could
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be up to fifty percent of the initial thickness.%* Therefore, dynamic wrinkled surfaces
have been obtained by modulating the stress or strain distribution in the system
through external stimuli. Diels-Alder (DA) reaction between furan and maleimide was
also introduced to fabricate wrinkle topology that can be reversibly erased and tuned
by DA reaction via regulating the temperature of the system.%?°3 However, these
studies only demonstrated the mass transport or motion of polymer chains, not the
molecules within the soft materials. Currently, Jiang and co-workers developed a
simple strategy for fabricating 3D reconfigurable wrinkles on material surfaces, in
which a DA reaction in the top soft layer, consisting of reversible crosslinked polymer
networks composed of furan-containing copolymers and bismaleimide (Figure 7).16 In
this study, bismaleimide can undergo a spatial and controllable photodimerization.
When a photomask was used during UV irradiation, selective photodimerization of the
maleimide generated a difference in the concentrations of bismaleimide between the
exposed and unexposed regions, leading to the diffusion of bismaleimide to form the
relief pattern. The diffusion of bismaleimide resulted in an increased thickness of the
exposed region while that of unexposed regions decreased. Orthogonal wrinkles were
sequentially generated or erased by mass transport in both irradiated and unirradiated
regions of the soft material layers through temperature-responsive dynamic DA

reactions.
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Figure 7. 3D hierarchical patterns with dynamic wrinkles. (a) Schematic process of hierarchical pattern

with dynamic wrinkles through DA reaction. (b) Diffusion of bismaleinide (BMI) under light. (c) Chemical
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structures of BMI and furan-containing polymer (PSFB) and the mechanism of photocontrolled DA
reaction. Reproduced with permission.1® Copyrights 2020, Wiely-VCH.

The self-secretion of fluid or liquids onto material surfaces is still essential and
indispensable in our daily life, for example, human body secret sweat on the skin as a
response to heat and emotional stress. Cui and co-workers firstly reported a self-
secretion system involving liquid-storage compartments in a supramolecular gel with
a thin liquid layer on the top (Figure 8).17 By disturbing or removing the top layer, the
disjoining pressure resulting from the continuous and dynamic liquid exchange
between the droplets, matrix, and surface will drive the liquid to restore the original
thickness and self-report their liquid content. In this system, y;q — (yia +v4) > 0,
where yga, ya @and yg are the gel-air, liquid-air, and gel-liquids interfacial tensions,
respectively, thus the surface of supramolecular polymer-gel matrix will always be
coated by a liquid overlayer. Meanwhile, when droplets shrinks, the matrix will
reversibly reconfigure through bond disassemble and re-assemble. During the
removal and restoring cycles, liquid droplets will continuously shrink and transport to
the surface, leading to progressive transparency of the gels. Based on this, the
localization of liquid droplets embedded into a dynamic solid matrix could also be
controlled by evaporative lithography.®* When the solvent evaporated selectively
under a mask, the homogeneous liquid and polymer compounds were redistributed.
The polymer responsible for the resulting crosslinked matrix moved to the region of
hindered evaporation while the excess nonvolatile liquid concentrated in the region
with faster evaporation, resulting in the phase separation to localized create liquid
droplets. Regarding this, droplet-containing and droplet-free regions displayed distinct
properties, such as transparency and fouling resistance. Moreover, the secretion of
liquids could also be realized by mechano-stimuli.®® Zhao and co-workers created

textured liquid releasing coatings, which exhibited site-specifically releasing under
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friction. The released liquid could be stabilized within the textured surfaces to form
lubricate layers to reduce friction. With the development of self-secretion dynamic
systems, lots of interesting soft materials are prepared for self-replenishing slippery

surface, sponge-like coatings and programmable droplet-guiding reactors.%6-%°
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Figure 8. Schematic process of self-regulated secretion system. Secreted liquid is stored as shell-less
droplets inside the gel matrix with the ongoing liquid exchange between droplet, matrix and surface.

Reproduced with permission.” Copyrights 2015, Nature Publishing Group.

1.2 Growing materials

Living organisms, including cell, tissue, and organ, autonomously grow and remodel
themselves to adapt to their surrounding environment through metabolic processes.
For example, skeletal muscles can hypertrophy and strengthen due to repeated
exercise.® Once the collagen fibril structure is damaged, the supply of procollagen
building blocks grows new muscle. However, typical synthetic materials are static and
closed systems, lacking a mechanism to extend and reconstruct and undergo
substance exchange with surroundings. Bioinspired from nature, research effort is
nowadays focused towards the implementation of growth concepts into synthetic
materials to achieve extension of network chains, self-strengthening and post-
regulation of mechanical properties.'8-2%: 101 Growing materials are emerging as a new
kind of dynamic soft materials, in which monomers are incorporated into the matrix. In
2013, Johnson and co-workers developed a photo-controlled system based on the

reversible trithiocarbonates linkages.1%! In this system, the linkages allow for insertion
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of new monomer into as-prepared gels under light irradiation. This extending process
represents a novel strategy in material science. A “growing” strategy has been implied
in this research although the concept is not been proposed at that time. With this basic
knowledge, lots of researches have been focused on the fabrication and applications

of growing materials.

1.2.1. Strategies to develop growing materials
1.2.1.1. Light-based approaches

Comparing with other external stimuli for materials modification,® - 192 such as electric,
temperature, moisture, strength, and pH, light is environmentally friendly, noncontact,
and spatiotemporally controllable and therefore, is widely used for photo-motility,13
photo-degradation,%* photo-functionalization, % photo-induced plasticity,?® and photo-
induced self-healing®® of soft materials. More importantly, light activation provides
opportunity to reaction pathways that are difficult to reach through classical thermo
activation. Numerous examples of photo-activable components for polymerization
technologies have been developed with success, including photo-initiator, photo-
catalyst, and iniferter.

Iniferters were introduced by Otsu and co-workers, which serving as an initiator, chain
transfer agent, and terminator in controlled free radical polymerization.%® When the
photo-responsive iniferters are exposed to light, they dissociate into two fragments: a
carbon-centered radical that can initiate polymerization and an iniferter-based radical
that can reversibly terminate growing chains. In this regard, monomer molecules are
inserted into the iniferer bond, generating polymers with two iniferter fragments at the
chain ends. Iniferters also have a high activity that can “live” rather than “die” when
they are reused in a polymerization system.1%” Taking these characteristics into mind,

Johnson and co-workers firstly reported the photo-activation polymeric materials by
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preparation of bis-norbornene trithiocarbonate (TTC) telechelic N-isopropylacrylamide
(NIPAAm) polymers crosslinked by tris-tetrazine via DA reaction (Figure 9a).1°! The
obtained photo-responsive gels still have the “living” possibility to undergo re-
polymerization under UV irradiation. Photo-activation mediated insertion of new
NIPAAM monomers directly into the network chains of original gels led to grown
materials with a larger molecular weight between junctions, and a correspondingly
increasing of swelling ratios. Coincidentally, Kloxin and co-workers reported a similar
research of light-triggered modulus enhancement by using UV-activable
dithiocarbamate iniferters entrapped in the polymer network backbone. Under UV
irradiation, the dithiocarbamate bond homolytically cleaves and generates a radical
that can initiate free radical polymerization of dimethacrylate monomers then directly
incorporated into the network.'® However, the surface of photo-activation polymer
networks can adsorb most of the UV light and undergo uncontrolled
polymerization/decomposition, impossibly achieving uniform and living growth of the
entire gel material. In addition, the iniferter radical is usually unstable, leading to
irreversible termination in the UV-photolysis approach. To address this, Johnson and
co-workers demonstrated a proof-of-concept study of transforming of “parent” gels into
functionalized “daughter” gels through a living additive manufacturing strategy, which
using polymer gels embedded with trithiocarbonate iniferters that could be activated
by photoredox catalyzed growth (PRCG) (Figure 9b).1® The parent gel bears end-
linked trithiocarbonate iniferters within the network strands, then which is swelled in a
solution containing monomers, crosslinkers and photocatalyst to achieve swelling
equilibrium. Irradiation with blue light excites photocatalyst in solution and incorporates
the living insertion of monomers and crosslinkers from solution into the networks to
produce diverse daughter materials with homogeneously altered size, strength and

compositions. They also used dissipative particle dynamics (DPD) to model the photo-
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activation growth of a gel matrix when a significant portion of the material is severed.%®
Under this theory, gels formed two distinctly and spatially separated layers with low
trithiocarbonate concentrations, while gels formed incompatible components
displayed well-intermixed structures at high trithiocarbonate concentrations.*° This
strategy was further used to in a nanonetwork or tailor bulky property of soft

materials.1!
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Figure 9. Introducing light to guide matter conversion and integration within dynamic soft gels. (a) End-

linking pNIPAAmM with a tris-tetrazine to form gel networks. After swelling in acetonitrile (MeCN) with
NIPAAmM and exposure to sun light, the photoresponsive gel can grow. (b) General strategy for
regulating polymer network structures by photoredox catalyzed growth (PRCG). Monomers and cross-
linkers can be directly incorporated into the as-prepared networks through photoredox catalyzed
process. Reproduced with permission.'® 101 Copyrights 2012, Wiely-VCH. Copyright 2017, American

Chemical Society.
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1.2.1.2. Mechanical force-based approaches

Mechanochemical phenomena which ubiquitously existed in a rubbery state of
polymers is attributed to the reduction in the molecular weight of polymers under
mastication, where the constituent macromolecules are mechanically ruptured.'? In
this reaction, covalent bonds undergo homolytic cleavage, generating radicals within
the stressed polymers. The formation of free radicals within polymers at low
temperatures (e.g. 77 K) under strong mechanical forces has been realized based on
Electron Spin Resonance (ESR) experiments.'® In the absence of oxygen and other
terminating compounds, these radicals initiate the polymerization of monomer
incorporated in the polymers. Based on this, several attempts have been reported by
integrating mechanochemistry in soft materials to handle their functions by mechanical
stimuli, such as regulating the rheological property of rubbers, polymerizing through
vigorous milling and grinding, and creating polymeric sponges for reactions.
However, these researches mainly relied on the mechanochemical crosslinking
reactions, which only remodel the polymer architectures, not the bulky solid materials.
To date, Kloxin and co-workers introduced a powerful approach towards force-induced
polymerization with a trithiocarbonate group as the mechanochemical linker.*®> Under
sonication, the scission of weak carbon-sulfur bond on polymer chains generates
radicals to trigger polymerization with external diacrylate based crosslinkers in the
surroundings. The covalent incorporation of secondary polymerizable functional
groups leads to solid-state polymeric material healing under mechanical force.
Moreover, Gong and co-workers developed self-growing hydrogels that can respond
to repetitive mechanical force via effective mechanochemical transduction to remodel
bulk solid-state materials and enhance their mechanical properties (Figure 10).2° For
a double network hydrogel system fed 2 M monomers, the monomer conversion could

reach 90% for the stretched gel in an argon atmosphere. Such mechano-radical
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polymerization results in the force-induced formation of new networks within double
network hydrogel to exhibit self-growing performances.

Mechanical training of a double-network gel
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- . .
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Figure 10. Self-growing hydrogels under mechanical training. Mechanical force leads to rupture of the
brittle network (blue), while the highly stretchable network (pink) maintains the entirety of the DN gel.
The mechanoradicals generated at the broken network strands further initiate polymerization of
monomers entrapped in the DN gel to form a new polymer network (orange). Reproduced with

permission.2 Copyright 2019, AAAS.

1.2.2. Applications of growing materials
1.2.2.1. Self-strengthening of materials

Introducing more crosslinker fraction or newly formed crosslinked polymers within a
given polymer network could enhance the mechanical properties of materials, which
could satisfy the practical application on-demand.

Kloxin and co-workers found that a polymer network’s modulus can be over two orders
of magnitude stiffer after UV irradiation by incorporating photoactive monomer
molecules containing dithiocarbamate iniferters with dimethacrylate crosslinkers. This

photo-triggerable dynamic soft material can not only simultaneously strengthen and
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heal after damage using iniferters linkages, but also spatially control the shape of
materials on demand.%8 In addition to these useful applications, they developed other
dynamic systems relying on mechanochemical treatment. The introducing of
trithiocarbonate iniferters into functional polymer chains enable cleavage in response
to external force (i.e., sonication), which further generate radical to initiate diacrylate
monomers crosslinked into the network on the polymer chains strands.''> Polymer
solutions containing the higher molecular weight of trithiocarbonate based polymers
and tetraethylene glycol diacrylate can be triggered gel formation within 10 min
sonication, demonstrating the bulk material strengthening under mechanical forcing.

Not only soft polymeric materials bearing mechanophore in their network backbone
possess the potential to self-strengthen the networks under external stimuli, typical
crosslinked materials also can enhance themselves. Gong and co-workers developed
the self-strengthening double network (DN) hydrogels with typical polymer chains that
can be stretched to generate radicals, which could further integrate with monomers in
the surroundings.?° By repetitive loading-unloading of double network hydrogels in the
feed solution of monomer and crosslinkers, the size and strength of the gels are
visually grown. In a closed system of repetitive lifting of a double network gel which
connects to weight in an environment surrounding of monomer solutions, the weight
could not be successfully lifted in the first cycle but lifted to higher levels with several
lifting cycles training as the gel changes from soft to stiffen (Figure 11). The modulus
of gel fed with monomers and crosslinkers after stretching is over 20-folds than its

virgin state.
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Figure 11. Self-strength of hydrogels. (a) Under mechanical stimuli, a tissue is initially weakened or
destroyed (purple arrows) but then recovers or further strengthened (red arrows). (b) Demonstration of
stretching a double network gel with continuously supply of monomers from surrounding solutions
containing monomer and crosslinkers, acting as an open system. (c) Optical images of self-growing DN

gel caused by repetitive mechanical training. Reproduced with permission.?° Copyright 2019, AAAS.

1.2.2.2. Network expansion of growing materials

Many of the soft materials formed by nonliving, free radical polymerization
technologies that render the materials “dead” towards the further insertion of
monomers, in which the polymer chains cannot be activated under stimuli. To broaden
the field of dynamic soft materials, “living additive manufacturing” is a novel approach
to endow materials with living fashion which could be subsequently reactivated to
continuously introduce new monomers and/or functionality.'® Johnson and co-workers
firstly proposed this strategy by introducing photocontrolled living radical

polymerization to spatially and temporally feed monomers and/or crosslinkers into
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original “parent” gel materials to generate a new “daughter” gel networks with tuned
shape, composition, and properties. By involving only monomers (e.g., NIPAAm) in
the designed “parent” hydrogels and controlling the conversion of monomers, the
obtained “daughter” hydrogel showed different swelling ability in pure water. Higher
conversion of monomers would generate softer “daughter” gels with more increased
swelling capability. Meanwhile, the designed “parent” networks can functionalize with
different compositions by entrapping various kinds of monomer within polymer
backbones, such as hydrophobic n-butyl acrylate monomer and hydrophilic
poly(ethylene glycol) methyl ether acrylate monomer. Due to the dynamic character of
trithiocarbonate iniferters involved in the polymer chain strands under light, the
“‘daughter” gels showed great healing and welding manner. If the damaged “parent”
gel was treated in a surrounding solution containing monomer, crosslinker, and
photocatalyst, followed by exposing to blue light, a healed “daughter” gel was then
obtained. In addition, it is possible to weld different “parent” and/or “daughter” gels to
create new complex gel materials with variable compositions and functions by
photoredox catalyst growth. This is the first and essential step for the development of

living additive manufacturing.
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Figure 12. Network expansion via PRCG insertion of NIPAAM into as-prepared gel network. (a) After
“parent” gel forms, PRCG is activated in the presence of inserted monomer and catalyst under blue
light irradiation. (b) Optical images from parent gel to daughter gel and its functionalization. The size of
the daughter gel is bigger than the corresponding parent gel. Reproduced with permission.1® Copyright

2017, American Chemical Society.

1.2.2.3. Post-modulation of growing materials

Unlike the living materials in organisms, synthetic polymeric materials usually lack the
ability to diversified and post-regulate their bulky properties, which limits their
application in advanced functional materials. Inspired by natural stem cells, structurally
tailored and engineered macromolecular (STEM) soft polymer gels emerge as a new
kind of polymeric materials (Figure 13).1° These gels involved a two-step synthetic
procedures. In the first step, STEM gels are fabricated to be “undifferentiated”
templates containing latent active sites. Then in the second step, STEM gels can be
post-modified to introduce new functionality to the original gel materials. By the “graft-
from” approach of the active sites, numerous potential modifications, such as grafting
polymer side chains, functionalization with natural biomolecules, and spatially
differentiated properties, are introduced within the primary gel networks. This smart
STEM strategy was first developed by Matyjaszewski and co-workers, photo-active
STEM gels were synthesized by free radical polymerization of different monomers,
crosslinkers, and a photo-active element based on the photoinitiator of 2-hydroxy-4’-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959). A crosslinker solution
could be infiltrated and incorporated into the as-prepared gel to reinforce the network
under UV irradiation.'® However, the polymer architecture cannot be precisely
controlled by free radical polymerization. Therefore they further exploited more
homogeneously tailoring and tuning STEM gels (i.e., control of mesh size and

composition of networks) by controlled radical polymerization method. In the beginning,
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atom transfer radical polymerization (ATRP) technology was introduced into the STEM
gel system. An ATRP initiator was incorporated into the original hydrophobic STEM-0
gel network, followed by swelling in a hydrophilic monomer solutions.*-118 When
polymerization was triggered, side chains grafted from the latent active sites, thus the
hydrophobic STEM-0 gel can be finely transformed into amphiphilic STEM-1 gels. The
obtained single-piece amphiphilic gels can be significantly spatial and temporal control
to form hard/soft materials. In addition, temperature or pH stimulus, as well as raising
or lowering of Tg, can be introduced by this approach. Besides, they also proposed a
novel metal-free approach based on the reversible addition-fragmentation chain
transfer (RAFT) polymerization to prepare the STEM gel.1° This approach relies on
spatially activating the fragmentation of trithiocarbonate iniferter under visible light
photolysis. The generated gels are compositionally and mechanically differentiated
from their pristine network, ranging from becoming stiffer or softer with different
responsiveness, to tunable polarity (hydrophilicity/hydrophobicity).To broaden this
applicable RAFT technology, Boyer and co-worker reported a 3D printable hydrogel
relying on the usage of iniferters. After obtaining the printed hydrogels, the reinitiation
of dormant RAFT agents on the surface of the printed hydrophilic network allows for a
robust chain extension with hydrophobic monomers to post-functionalize the surface

hydrophobicity.12°
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Figure 13. Post modulation of structurally tailored and engineered macromolecular (STEM) gel concept.
The gel was composed with a primary material (black) and perform post-synthesis modification from
latent active sites (red), including grafting polymer side chains, expanding network segments,
functionalizing of biomolecules and spatially controlling with a photomask. Reproduced with

permission.1® Copyrights 2020, Elsevier Inc.
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Chapter 2

2 Probing the growth of bulky materials with on-
demand size, strength, and composition

Herein a photo-induced activation strategy to continuously incorporate nutrient
(monomer and crosslinker), to expand bulky elastomers with controllable mechanical
properties and compositions, was reported. Multiply growth cycle treatment of the
bulky material by insertion and integration of nutrients enables bulk elastomers to
multi-time grow with a variety of size and strength. By changing different types of
nutrient solutions, heterogeneous growth of bulky materials is achieved. | also envision
its potential application in regulating the bulk wettability by introducing organic and

aqueous based nutrients via the growth cycle.

2.1.Introduction

Living organisms are endowed with the ability to grow that allows them to absorb and
integrate nutrients to continuously increase in size, strength, and change in shape.®®
121 Typically, growth is an extremely complicated process involving extremely complex
ongoing mass transport, exchange, and multi-step biochemical transformations, which
are precisely directed by various intrinsic codes stored in the gene but also response
to environmental stimuli.1?>1%2 |In contrast, artificial materials are fabricated through
completely different strategies like molding, assembling, printing, tailoring, etc.124-127

which generally result in fixed structure and could not be reconstructed. Although
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various methods have been developed to smart materials with tunable size,!8 128129
shape, 139134 structures,35-136 and property,'3’-142 none of them commonly possesses
the capability to continuously integrate external mass without compromising the
integrity of bulk materials.

To endow materials with the ability to grow on-demand in a designed manner would
allow for mimicking and capitalizing on the remarkable capabilities of living organisms.
Recently, applying the concept of self-growth into dynamic polymer systems has
become a powerful strategy to post-tailor and rebuild functions of freestanding bulk
materials. For instance, Gong et al. reported self-growing hydrogels that respond to
mechanical stress through mechanochemical transduction.?® The prepared double
network hydrogels can absorb and integrate external monomers under the
polymerization by mechano-generated radicals to grow and self-strengthen them. The
newly formed network is extended directly on the original polymer backbone. However,
there still lacks a mechanism to continuously incorporate separated polymers
(homogenization) within a growable matrix. Inspired by this, in this chapter a new
growth mode of synthetic polymer materials that can integrate continually nutrient, i.e.,
monomer and crosslinker, to grow in a controllable manner, which includes processes
of swelling, polymerization, and homogenization (Figure 1), was designed. After
polymer network seeds (made in a piece of elastomer) in which monomer molecules
can be continually absorbed and incorporated are prepared,43-144 the nutrient solution
(the mixture of monomer, crosslinker, photoinitiator, and transesterification catalyst) is
added to the elastomer (which was termed as original seed), causing it to swell to form
a gel and grow in size. Then the polymerizable units can now readily be UV-triggered
to form new networks. At last chain-exchange reactions between the original and
newborn networks can be achieved via heating induced efficient transesterification to

relieve the stretching tension during the swelling process. By varying the incubation
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time between original network and nutrient, the composition in the nutrient, the
homogenization degree of chain exchange reaction, | achieve exquisite control over
growing polymer materials into a variety of sizes, tuning their compositions,
modulating their mechanical properties, and availability for multiply growth from the
desired object. The regulation of bulk wettability from elastomer to grow into organogel

and hydrogel is also demonstrated.
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Figure 1. Concept of self-growing materials. (a) Homogeneous seed matrix with tunable shapes can
be grown into a product with controllable size, strength and composition via growth cycle. (b) Growth
mode for self-growing materials. In a growth cycle, a seed can swell and absorb the nutrient to obtain
the swollen seed, then which undergo polymerization to form new-born network. The original network
can incorporate with the newly formed network through a chain exchange reaction to get the growth

materials. The initial network shown in green and the new-born networks are indicated in red.
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2.2.Results
2.2.1. Proof of light-triggered growth of bulky elastomer

Within this general design, creating a material to grow requires a polymer system with
the ability to induce both post-polymerization and ongoing chain-exchange reactions.
Figure 2a (left) shows the solid images of cylinder seed samples before and after
growth treatment. To demonstrate this concept, a material system of 4-hydroxybutyl
acrylate (HBA) and 1,6-hexanediol diacrylate (HDDA, 1 wt%) was selected (Figure 2a,
right). HBA is a commercially available precursor for preparing polymer networks with
good monomer swelling ability, while HDDA has an ester linkage that undergoes a
transesterification reaction with the hydroxyl group of HBA. PolyHBA networks were
fabricated via photopolymerization under UV light (365 nm, 10 mW/cm?) in the
presence of 2-hydroxy-2-methylpropiophenone (D1173, photoinitiator). As-prepared
seeds can be swelled when brought in contact with the mixture of their parent
monomer, crosslinker, photoinitiator, and an external transesterification catalyst
(nutrient solution). During swelling, HBA, HDDA, D1173 and transesterification
catalyst dibutyltin dilaurate (DBTDL) are homogeneously absorbed by the seeds.

| first describe in detail the behavior of the light-triggered growth cycle of bulky
elastomers. The original seeds showed excellent swelling ability in its nutrient
solutions. The weight continually increases up to 290 wt% over the swelling process
(Figure 2b). After polymerization and washed by ethanol to remove the unpolymerized
components, the weight of grown samples retained 275 wt% comparing with the
original seed (100 wt%o). | attribute this further increase in weight to the incorporation
of the nutrient reagents into the seed through the growth cycle. For comparison, a
swollen seed without photopolymerization was used as a control, which completely

shrinks back after the adsorbed liquids are removed by washing.
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The stretching tension was generated during this swelling process, which hinders the
further uptake of nutrients. Therefore, | used transesterification technology to
homogenize and integrate polymer chains with different time scales for growth due to
its simplicity, robustness, and versatility.1*>4’ To show the essentials of
transesterification, | detected the swelling ability of samples with and without chain
exchange reaction. The sample with transesterification still can swell the nutrient
solution, which reached its equilibrium with a swelling ratio of 160 % (Figure 2c). In
contract, the sample without transesterification can hardly swell again. The
transesterification was further proven by the significantly higher modulus of the control
samples (Figure 2d). Without a chain exchange reaction, a double-network structure
formed to stiffen the grown structure (650 =60 KPa), while chain exchange reaction-
induced homogenization reduced this stiffening effect (420 x40 KPa). A growth
process was proposed as follows: in this growth cycle, after polyHBA based original
seeds swell in the nutrient solution containing HBA, HDDA, D1173 and DBTDL, HBA
components entrapped in the original seed chains undergo photopolymerization upon
UV irradiation, then short-time heating at 150 °C triggers mild dynamic
transesterification reactions to homogenize the original and newly formed networks to

get a homogeneous growth of material.
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Figure 2. HBA-based growth materials. (a) Left: Seed samples before and after 15t growth cycle. Right:
Monomer and crosslinker used to demonstrate the growth behavior. (b) Time-dependent weight change
of seeds immersed in the nutrient solution. Ethanol was used to wash out the nutrient solution. The
sample without polymerization was used as control. (c) The swelling ratio of grown samples with and
without chain exchange reaction. (d) Young’s modulus of grown samples with and without chain

exchange reaction. Error bars are s.e.m.

2.2.2. Control of light-triggered growth of bulky elastomer

Different parameters have been studied to modulate the bulky growth of elastomers.
The composition of the grown samples can be tuned by the composition of the nutrient
solution and swelling time, paving ways to regulate the sample's mechanical
properties (Figure 3a). Growth in the nutrient solution with lower crosslinker fraction
(0.1 wt% HDDA) leads to a reduction in Young’s modulus: 420 + 40 KPa (seed) vs 330

+ 35 KPa. | attribute it to the reduction in the overall cross-linking density of the grown
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sample after the growth cycle. On the other hand, increasing crosslinker fraction in the
nutrient solution stiffens the grown samples. The Young's modulus was even up to
1.4 MPa when a crosslinker concentration of 10 wt% was used in the nutrient solution.
(Figure 3a) | also found that the incubation time of the original seed network had nearly
no influence on the mechanical property of the grown seed sample (made from 1 wt%
crosslinker, 440 + 120 KPa), which also proved the homogeneous swelling and
absorption of nutrients in the seed.

In addition to the variation in mechanical property of grown materials, the growing
degree of the samples, defined as growth index (Wgrown/Wseed), can be well controlled.
In a single growth cycle, controlling the incubation time of the original seed sample in
nutrient solutions is a facile and simple approach to control the size of swollen seed
(Figure 3c). With increasing the incubation time, the size of swollen seed also
increased, thus resulting in an increased growth index of grown seed after growth. For
instance, when the incubation time was only 5 hours, the growth index was restricted
to 1.32. But this value would increase to 2.75 when increasing the incubation time to
120 hours.

Crosslinking degree is another essential factor in controlling the swelling ability of the
original seed sample in nutrient solutions. A lower cross-linking density of seed
material features higher swelling capability in the nutrient solution and vice versa.
When more crosslinkers are introduced into the network, the number of polymer
chains between linkages strands becomes less, making the material more rigid. Thus
less nutrient solution can diffuse into the sample during the swelling process. Higher
swelling ability of original seed samples indicates a bigger growth index of grown seed
material. For example, when the fraction of crosslinkers in the original seed samples
increased from 0.1 wt% to 5 wt%, the grown index of 15t grown seed decreased from

3.96 to 1.78 (Figure 3d).
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Besides, the grown index can also be controlled by nonequilibrium
transesterification.4> High temperature could activate the transesterification process
thereby leading to deep cross-linking.*> 145 As transesterification catalyst-DBTDL
could be embedded into the seed sample during its preparation process, annealing at
a higher temperature, such as 150 °C, can further trigger deep transesterification to
deeper cross-linking of the material, which results in the decreased swelling ability of
initial seeds in nutrient solutions and finally weakens grown index. When the seed
sample was fixed at 150 °C for 2 hours, the grown index sharply decreased to 1.31
(Figure 3e).

The sequential growth of bulky material was also possible. To better show this multiply
growth capability, a cube (Length: 10 mm) with a round hole (Diameter: 4 mm) in the
middle was used for modeling this behavior. Figure 3f described that the Length (L) of
cube and Diameter (D) of round hole increased linearly even after three times growth
cycle, which mainly depended on (1) the original and grown seed samples have the
nearly same composition and (2) mild dynamic transesterification to endow original
and grown seeds with similar mechanical properties. For instance, L linearly increased
from 10 mm to 28 mm, while D increased from 4 mm to 12 mm after three-time growth.
In the meantime, the grown index increased from 4.25 to 19.8, which showed huge
growth. Up to now, this is the most excellent growth in the size of soft material after

treatment compared with other studies.18: 20, 116-118
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Figure 3. Control of growth. (a) Modulation of Young’s modulus of grown samples by changing the
crosslinker fraction in the nutrient solution. (b) Young’s modulus of grown samples when changing the
incubation time. (c)The relation between grown index and incubation time. (d) The influence of
crosslinker fraction of initial seed sample to grown index. (e) The influence between the heating time at
150 °C for seed samples and grown index. (f) Grown index of the different growth cycles of a cube
sample with a round hole in the middle. Inset cartoon image shows the appearance of sample. Error

bars are s.e.m.

2.2.3. Light-triggered heterogeneous growth of materials

Hetero-grown samples can be easily obtained by varying different kinds of nutrient
solution, providing ways to modulate the sample's intrinsic properties. | designed
heterogeneous growth materials shown in Figure 4a. The initial seed can be swelled
in nutrient solution containing a second monomer, after growth cycle, the obtained
grown sample possesses the heterogeneous structures of both the initial and second
molecules, then which could also be soaked in the third solution, finally I can get grown
sample bearing these three different polymer structures. The obtained heterogeneous

grown sample still features the growing ability via transesterification induced chain

exchange reaction.
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By this way, | immerse the original seed sample (PHBA based) in different nutrient
solutions to change its identity. Different hydrophilic monomer (2-hydroxylethyl
acrylate, HEA; Hydroxypropyl acrylate, HPA; hydroxypropyl methacrylate, HPMA),
hydrophobic monomer (n-butyl acrylate, BA) and higher viscous monomer liquids
(poly(ethylene glycol) methacrylate, EOMA) can be used as nutrient components to
vary the material composition and then properties. As shown in Figure 4b, the grown
index is up to 4.1 after soaking in HEA based hydrophilic nutrient solution, but it is only
1.19 in BAbased hydrophobic nutrient solution. It can be explained by the compatibility
of original seed networks and nutrient solutions.**> PHBA based seed samples could
not swell in higher viscous liquids (EOMA), thus no growth for this sample. To better
show the modulation in composition, | measured the water contact angle (WCA) of the
original seed network and grown sample in HEA and BA based nutrients. The PHBA
based original seed has a WCA of 87°, which switches to 62° and 109° after grown
into PHBA-PHEA and PHBA-PBA material, respectively. Matyjaszewski and Boyer
also showed a hydrophilic-hydrophobic transition after light-induced activation of
networks, but they have relied on the grafting of polymer brushes,6-118 120 which need
more rigorous condition and procedures. Here, | have shown an identity composition
change of seed materials by photo-regulated growth, which could become more
hydrophilic or hydrophobic by introducing further hydrophilic or hydrophobic
monomers into the growth cycle.

Multiply heterogeneous growth of bulky materials could also be realized by a multi-
time growth model. After | got the PHEA based seed sample, | can continuously treat
this sample in HEA, HBA, HPA, HPMA, and mixture of NIPAM aqueous and HEA
based nutrient solutions. A BEPP* based heterogeneous grown samples was then
obtained with a growth index of 10.3 (Figure 4c). Interestingly, the prepared PHBA-

PHEA grown seed sample switched the hydrophobic property of PHBA to hydrophilic,
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which could immerse in N-isopropylacrylamide (NIPAM) aqueous and HEA based
solution to get the swollen sample. After the growth cycle, the PHBA based elastomer
material can be grown into an elastomer-hydrogel hybrid material, the growth index of

which can achieve 12.2 (Figure 4c).
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Figure 4. Heterogeneous growth of seed samples. (a) Schematic process of the heterogeneous growth
model. Seed fabricated by A can be soaked and integrated by B to obtain grown seed containing both
A and B, which while can be further soaked and integrated by C to obtain 2™ grown seed features
properties of A, B and C. (b) Growth index of heterogeneous grown seed samples when incubated
PHBA based initial seed samples in various nutrient solutions. (C) Growth index of heterogeneous
grown samples treated by different growth models. The abbreviation of E, B, P, P*, and NE represent
HEA, HBA, HPA, HPMA, and mixture of NIPAM aqueous and HEA, respectively. EB means PHEA

based initial seed sample soaked and integrated into HBA based nutrient solutions.
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2.2.4. Demonstration of light-triggered growth of materials

In addition to the tunable size, mechanical properties, and compositions, the growth
also brings about other appealing capabilities. Due to the multiply growth capability
and good compatibility of nutrient solutions, an elastomer seed material can be grown
into organogel or hydrogel. As shown in Figure 5a, after the elastomer seed (PHEA
seed) was incubated into an organic nutrient (butyl acrylate/dodecyl
acrylate/THF/silicon oil) using D1173 and benzenesulfonic acid as the photoinitiator
and transesterification catalyst, respectively, it can be grown into an organogel after
growth cycle. To better distinguish the original and grown samples, | dyed the
organogel by Sudan Red. Transparent PHEA seed transferred to opaque organogel
due to the phase separation between the grown organogel matrix and the silicon oil,
while the non-slippery elastomer surface becomes an oil-infused slippery organogel
surface. Comparing with the seed sample, water droplet (30 uL) can be easily slid on
the tilted (30 °) organogel surface. The embedded THF and silicon oil within the grown
organogel could be washed away, and then it was incubated into an aqueous nutrient
(HEA/NIPAM aqueous), which could be further grown into a hydrogel (Figure 5a). |
also dyed the hydrogel by a green food dye. The surface wettability of the hydrogel
can be easily tuned by regulating temperature. The thermoresponsive grown hydrogel
sample exhibits a noticeable lower critical solution temperature (LCST) behavior in
water. The water contact angle of the grown hydrogel was 67° at room temperature,

while which changed to 95° after baking it at 50 °C.
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Figure 5. Demonstration of the capability of regulating bulk wettability of light-triggered self-growing
materials. (a) Schematic process of changing the wettability of bulky materials via growth cycle. An
elastomer seed (PHEA) can be soaked in an organic nutrient (butyl acrylate/dodecyl
acrylate/THF/silicon oil) using D1173 and benzenesulfonic acid as the photoinitiator and
transesterification catalyst, respectively, to obtain organogel. The unpolymerized solution can be
washed by THF, then which can be further immersed in an aqueous nutrient (HEA/NIPAM aqueous) to
prepare grown hydrogel. The organogel was dyed by Sudan Red, while hydrogel was dyed by a green
food dye. Bottom images show the physical pictures of the original seed and grown samples. (b)
Slippery performance of original seed and grown organogel surface. 30 uL water droplet was added on
the material surface with a tilted angle of 30 °. (c) The water contact angle of grown hydrogel under

different temperatures.
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2.3.Discussion

Although previous studies of Johnson, Kloxin and Matyjaszewski had showed the
awesome photo-activation systems involved photoresponsive iniferters,!8: 101, 108, 116-
118 there were still some disadvantages for them. Firstly, the synthesis of functional
iniferters is difficult, which always needs several steps with low yielding. Secondly,
these systems usually need an oxygen-free atmosphere or complicated devices.
Thirdly, the conversion of iniferters based polymerization is relatively as low as 60%.

Here | described a facile and simple approach to probe the bulky growth of soft
materials. There is no extra synthesis procedures for molecules, and this system is
oxygen tolerant, as well as possesses high conversion of monomers (over 85%). My
approach consists of several processes, swelling, polymerization and integration,
which are very simple procedures for both performing and large-scale fabrication. |
used this facile method to regulate the growth of elastomers in controlled size, which
can be easily mapped by incubation time, crosslinking fraction and heating time. This
is not the first attempt to prepare self-growth soft material, but my method is one of
the most robust. In addition, | explore the multiply growth ability of the seed sample,
as well as their modulation of strength and compositions. The facile modulation of the
grown samples in size, strength and composition provides strong attempts to probe
the growth of materials on demand. There are still some drawbacks need to be
dissolved, such as, this fundamental approach is based on an organic polymer system
which could not be used for bio-applications directly. In the near future, | hope that |

can develop suitable hydrogel system for practical biomaterials.

2.4.Conclusion

In summary, | have developed a facile approach of the swelling-polymerization-
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homogenization approach to probe the bulky growth of dynamic soft materials by
photo-activation. Photopolymerization was used to cross-link the newly polymers,
while heating trigger transesterification was used to reconfigure newly formed and
original polymers. The size of grown seed samples can be easily regulated by
incubation time, cross-linking fraction, and heating time. The mechanical properties of
the grown samples can be easily maintained to their original strength or be stiffened
by introducing more crosslinker fraction. By varying nutrient solutions, the composition
of grown material can be well-modulated. Besides, the multiply homogeneous and
heterogeneous growth of bulk materials are easily achieved. | also demonstrate its
potential application in regulating the bulk hydrophobicity of materials through growth

cycle treatment without any preprogramming.

2.5.Materials and methods
2.5.1. Chemicals and materials

4-Hydroxybutyl acrylate (HBA) (TCI Deutschland GmbH), butyl acrylate (BA) (99%,
Sigma-Aldrich), hydroxypropyl acrylate (HPA) (Sigma-Aldrich), hydroxypropyl
methacrylate (HPMA) (Sigma-Aldrich), poly(ethylene glycol) methacrylate (EOMA)
(Sigma-Aldrich), N-isopropylacrylamide (NIPAM) (97%, Sigma-Aldrich), dodecyl
acrylate (DA) (90%, Sigma-Aldrich), benzenesulfonic acid (BZSA) and 2-hydroxyethyl
acrylate (HEA) (Sigma-Aldrich) were purified by passing through a column of neutral
alumina to remove the inhibitors before being used. 1,6-Hexanediol diacrylate (HDDA)
(99%, Alfa Aesar), 2-hydroxy-2-methylpropiophenone (D1173) (97%, Sigma-Aldrich)

and dibutyltin dilaurate (DBTDL) (95%, Sigma-Aldrich), were used as received.
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2.5.2. Instruments

UV 365 nm LED light (Olympus BX & 1X, 1700 mA) was provided by THORLABS, of
which intensity was set as 10 mW/cm2 during the experiments. Optical images of seed
samples before and after growth were recorded by NIKON camera. Water contact
angles of materials were collected by an OCA 20 instrument. Elastic moduli of seed
samples were measured on a universal testing machine (ZWICK 1446, Germany) with
a load cell of 200N, and crosshead velocity of 10 mmmin—-1 and values were
calculated in the linear elastic region of the stress-strain curves from 1 to 5%. Every

measurement was conducted three times.

2.5.3. Fabrication of seed sample

Taking original HBA based seed sample as an example: HDDA (crosslinker, 1 wt%)
and D1173 (photoinitiator, 1 wt%) were added to HBA solution (98 wt%) to obtain the
precursor. The precursor solution was coated on Teflon substrates and cured under
UV light (intensity: 10 mW/cm?) for 30 min to afford the original HBA based seed
sample.

During this fabrication process, the fraction of HDDA can be changed to 0.1 wt%, or 2
wit%, or 3 wt%, or 5 wt% to obtain HBA based seed sample with different cross-linking

density.
2.5.4. One time light-induced bulky growth

Original HBA based seed sample was immersed in a nutrient solution containing HBA
(96 wt%), HDDA (1 wt%), D1173 (1 wt%) and DBTDL (transesterification catalyst, 2
wt%) for different incubation time (5 h, 12 h, 24 h, 48 h, 72 h, and 120 h) to obtain a
swollen sample. For growth, the swollen samples were subjected to UV light (intensity:

10 mW/cm?) then heating at 150 °C for 20 min to obtain a 15t grown HBA based seed
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sample.

2.5.5. Influence of heating time to the growth of seed sample

The original HBA based seed sample containing transesterification catalyst was
prepared as follows: HDDA (crosslinker, 1 wt%), D1173 (photoinitiator, 1 wt%) and
DBTDL (transesterification catalyst, 2 wt%) were added to HBA solution (96 wt%) to
obtain the precursor. The precursor solution was coated on Teflon substrates and
cured under UV light (intensity: 10 mW/cm?) for 30 min to afford original HBA based
seed sample containing transesterification catalyst, then which was baked in the oven
at 150 °C with 10 min, 20 min, 30 min, 60 min, and 120 min, respectively. Then these
samples were used as seed samples to study their growth capability, which were
immersed in a nutrient solution containing HBA (96 wt%), HDDA (1 wt%), D1173
(1 wt%) and DBTDL (transesterification catalyst, 2 wt%) for 120 h to obtain a swollen
sample. For growth, the swollen samples were subjected to UV light (intensity:

10 mW/cm?) then heating at 150 °C for 20 min to obtain a grown HBA sample.

2.5.6. Multiply homogeneous growth of seed samples

The 1%t grown HBA based seed sample was immersed in a nutrient solution containing
HBA (96 wt%), HDDA (1 wt%), D1173 (1 wt%), and DBTDL (transesterification catalyst,
2 wt%) for 120 h to obtain a swollen sample. It was then subjected to UV light (intensity:
10 mW/cm?) directly to get a 2" grown HBA based seed sample.

The 3 grown HBA based seed sample can be obtained by immersing the 2" grown
HBA based seed sample in a nutrient solution containing HBA (96 wt%), HDDA (1 wt%),
D1173 (1 wt%) and DBTDL (transesterification catalyst, 2 wt%) for 120 h, then being

subjected to UV light (intensity: 10 mW/cm?) directly.
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2.5.7. Heterogeneous growth of bulky seed with different

compositions

Taking PHBA-PHEA heterogeneous grown sample as the example: the 15t grown HBA
based seed sample was immersed in a nutrient solution containing HEA (96 wt%),
HDDA (1 wt%), D1173 (1 wt%) and DBTDL (transesterification catalyst, 2 wt%) for 120
h to obtain a swollen sample. It was then subjected to UV light (intensity: 10 mW/cm?)
directly to fabricate PHBA-HEA seed materials.

Other kinds of one-time heterogeneous growth of materials used similar procedures,
which only changing the types of nutrient solutions.

Multiply heterogeneous growth of bulk materials utilized similar methods with multiply

homogeneous growth, in which the nutrient solutions can be adapted.

2.5.8. Regulating the bulk hydrophobicity of materials

The PHEA based initial seed sample was soaked in an organic nutrient containing
BA/DA/THF/silicon oil (1/1/2/2, vol/vol/vol/vol) using D1173 and benzenesulfonic acid
as the photoinitiator and transesterification catalyst, respectively, after growth cycle of
polymerization and integration, the PHEA initial seed can be grown into organogel
samples. The unpolymerized components can be washed away by THF, then which
can be further immersed in aqueous nutrient containing HEA/NIPAM/water (10/10/80,
wt/wt/wt) using D1173 and benzenesulfonic acid as the photoinitiator and

transesterification catalyst, which can be grown into hydrophilic hydrogel samples.
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Chapter 3

3 Light-regulated, site-specific growth from dynamic
swollen substrates for making rough surfaces

Note: The content of this chapter has been published in: Light-regulated growth from
dynamic swollen substrates for making rough surfaces. Nature Communications

(2020). 11, 963. L. Xue, X. Xiong, B. Krishnan, F. Puza, S. Wang, Y. Zheng, and J. Cui.

This chapter describes a photoinduced strategy for regulating the localized growth of
microstructures from the surface of a swollen dynamic substrate, by coupling
photolysis, photopolymerization, and transesterification together. Photolysis is used to
generate dissociable ionic groups to enhance the swelling ability that drives nutrient
solutions containing polymerizable components into the irradiated region,
photopolymerization converts polymerizable components into polymers, and
transesterification incorporates newly formed polymers into the original network
structure. Such light-regulated growth is spatially controllable and dose-dependent
and allows fine modulation of the size, composition, and mechanical properties of the
grown structures. | also demonstrate the application of this process in the preparation

of microstructures on a surface and the restoration of large-scale surface damage.

3.1.Introduction

Living organisms can create various fascinating microstructures via a growth mode.*?*
During the natural growth process, nutrient is absorbed into body, followed by being

transported inside and then integrated into the organisms under the directive of
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intrinsic code.'??123 |n contrast to this fully dynamic and open approach in nature,
synthetic materials suffer from self-organized mechanisms to continuously incorporate
external mass without compromising material’s integrity. In this regard, fundamentally
different ways, such as assembling,*® molding,**° cutting,'*° and printing,51-152 have
been utilized and applied to fabricate man-made substances. Recently, applying the
concept of growth to design self-organized synthetic systems has become a powerful
strategy to develop novel dynamic materials with different functions.*® 29 For instance,
Gong et al. reported a kind of self-growing hydrogels that respond to repetitive
mechanical stress through mechanochemical transduction.?° In the transduction, the
supplied monomers are incorporated into the original polymer network by the
mechano-generated radicals, to self-strengthen the materials. Additionally, Johnson
et al. developed a class of growable polymer gels by using trithiocarbonate iniferters
as a dynamic connector.’® 191 The iniferters can incorporate monomer molecules
entrapped in the gels to elongate the polymer segments between crosslinked points.
By considering a similar approach, Kloxin and co-workers has developed covalently
crosslinked polymer networks in which crosslinking reactions can be triggered to
strengthen the material or heal damage in the material.'°® These reported studies
indicate that growing strategy is promising in the post-variation of material properties.
Despite these progress in this field, the growing strategy has not been applied to
create microstructures on surfaces yet, e.g. to enable localized growth of a structure
out from a flat substrate. To this end, a set of mechanisms for not only molecular
incorporation but also mass transport and homogenization of polymer composition
should be established together in a single system.

Many stimuli, such as light, 53154 strength,55-1%6 temperature, >’ and moisture,°8 have
been applied to selectively trigger chemical reactions for spatial functionalization.

Among them, light is environment-friendly, noncontact, and spatiotemporally

52



Chapter 3 (Light-regulated, site-specific growth from dynamic swollen
substrates for making rough surfaces)

controllable, and therefore is widely used for lithography,>® 3D printing,'®° robotic
actuation, 6 cell migration,'%* self-healing,'? switchable transitions,¢2 etc. It has also
been employed to initiate the incorporation of entrapped monomer molecules into
polymer matrix for material growth.18 101,108, 117 However, in these previous examples,
photo-induced reactions were utilized to convert monomer/crosslinker to polymers,
rather than to guide mass transport.

In this chapter, | report a photo-regulated strategy to control the localized growth of
microstructure from the surface of swollen substrates. In my design, three kinds of
reactions, including photolysis, photopolymerization, and transesterification, were
coupled together to guide the transport of liquid compositions entrapped in the
substrates, to convert the polymerizable compositions in the liquids to polymers, and
to reconfigure new-formed and original polymers, respectively. As a result of these
reactions, microstructures can grow directly from flat substrates without the
requirement of any preprogramming. The developed light-induced growth approach is
spatially controllable, dose-dependent, and multi-triggerable, and can be used to

create various rough surfaces or restore large scale surface damage.

3.2.Results
3.2.1. Design and sample preparation

The detailed concept of light-induced growth is demonstrated in Figure 1. It starts from
a swellable substrate that is made from photo-responsive polymers crosslinked by
ester-based linkers (Figure 1a). The substrate can swell a solution, consisting of
monomer, crosslinker, photoinitiator, and transesterification catalyst, which is defined
as nutrient solution (Figure 1b). Photolabile side groups are designed as promoters

that can undergo photolytic reactions to generate dissociable ionic groups to enhance
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the swelling ability by the expansion of the polymer networks to drive the nutrient
solution to transport into the irradiated region (Figure 1c).'%* This photo-induced mass-
transport is coupled with the photopolymerization of the monomer and crosslinker in
the nutrient solution, leading to a continuous swelling of irradiation region and thus the
formation of protrusions on the irradiated surface (Figure 1d). During swelling, the
original networks are stretched, which should prevent the nutrient solution to diffuse
in. A transesterification catalyst is thus designed to trigger an exchange reaction
between original and new-formed networks to release such mechanical tension, and
also to reconfigure the grown structure (Figure 1e). | expect that such a coupling of
three reactions could lead to an on-demand, localized growth of microstructures from

material surfaces.

54



Chapter 3 (Light-regulated, site-specific growth from dynamic swollen

substrates for making rough surfaces)

UV light

ALY \<} AN
l;‘ \;\.C)(:.A\,(-‘Qﬁ

Photolysis:

(NBA unit)

Photopolymerization:
ind

L i
G

© (HBA) © (HDDA)

Transesterification:
ine

>L o\r//O
2 ] A,

S o

UV light

A photoinitiator
Y transesterification catalyst
monomer (HBA)

&
Crosslinker (HDDA)

Figure 1. Schematic of light-induced growth from swollen substrates. (a) Growable seed made from 4-

hydroxybutyl acrylate (HBA), o-nitrobenzyl acrylate (NBA, promoter), Irgacure 819 (1-819, photoinitiator)

and 1,6-hexanediol diacrylate (HDDA). (b) Swollen seed. The mixture of HBA, HDDA, photoinitiator (I-

819), and transesterification catalyst (benzensulfonic acid (BZSA)) were used as the nutrient solution
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for swelling. (c) Swollen substrate under selective UV irradiation. Photolysis of NBA units generated
dissociable ionic groups to induce liquid diffusion into the irradiated region. (d) New polymer network
formed via photopolymerization. Liquid components diffused in, and the polymer chains in the original
network were stretched. (e) The grown part was homogenized via transesterification reactions between
the original and newly formed polymer networks.

A material system of 4-hydroxybutyl acrylate (HBA), o-nitrobenzyl acrylate (NBA), and
1,6-hexanediol diacrylate (HDDA) was selected to demonstrate the design. HBA is a
commercially available precursor for making polymer substrates with good swelling
ability to its monomer, while NBA is a photolabile monomer (promoter) that can
generate dissociable ionic group of —COO- for inducing an increase in swelling
ability.16>166 The HDDA crosslinker has an ester-linkage that can undergo a
transesterification reaction with the hydroxyl of HBA. The substrates of poly(HBA-co-
NBA) with different NBA molar fraction (0%, 5%, 10%, 20%, 35% and 50%) were
fabricated via photopolymerization under a blue LED light (460 nm, 0.6 mW/cm?) in
the presence of Irgacure 819 (I-819, initiator). Under this irradiation condition, NBA
unit will not undergo photolysis since it does not have any absorption at this
wavelength. This hypothesis was verified by irradiating NBA solution under the same
condition (no visible change in both UV-Vis and 'H NMR spectroscopies, Figure 2).
After photopolymerization, unreacted components were washed by ethanol and the
obtained specimens were denoted as seed-x where x was the feeding molar fraction

of the NBA.
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Figure 2. UV-Vis (a) and *H NMR spectroscopies (b) of NBA before and after blue light irradiation. The
black and red lines are overlapped in (a). For the UV-Vis spectra, the concentration of the NBA in
acetonitrile is 1.27x10* M. DMSO-4s was used for the NMR test.

The seeds showed an excellent swelling ability to the nutrient solution consisting of
HBA (monomer), HDDA (crosslinker), 1-819 (photoinitiator), and benzensulfonic acid
(BZSA, transesterification catalyst). For example, an equilibrium swelling ratio of 4.6
was obtained for a seed-20% sample with a thickness of 1.4 mm. The polymerizable
compositions, i.e. HBA and HDDA, entrapped in the polymer networks could undergo
photopolymerization to integrate into the seeds under UV light irradiation (365 nm, 10
mW/cm?, confirmed by the weight of the sample after removal of unreacted
compositions by washing). The UV light was also expected to trigger the photolytic
reaction of NBA unit (confirmed by the disappearance of -NO2 in FTIR spectrum,
Figure 3). In company with the polymerization, thermal effect generated by
polymerization would trigger transesterification reactions to release any

polymerization-induced mechanical tension in such dynamic networks. 42 147
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Figure 3. FTIR spectra of poly(HBA-co-NBA) film before and after UV irradiation for 30 min.

3.2.2. Mechanism of light-triggered localized growth

Figure 4a shows the image of light-induced growth of a pillar from the surface of a flat
swollen seed-20%. During UV irradiation, a regular structure tardily grew out from the
irradiated region of the material surface and the height of this grown pillar could reach
up to 250 um in the testing time.

Figure 4b shows the growing process evaluated by the height of the grown pillar. The
growing process was triggered on swollen seed-20% by irradiation with either 365 nm
or 460 nm light. Exposure of 365 nm light would trigger both polymerization and
photolytic reaction while 460 nm light only induced polymerization. In this regard, the
experiment with 460 nm light could be used as a control to evaluate the contribution
of photolytic reaction. The irradiation intensity for both lights was same (10 mW/cm?)
and such design was used for getting similar photopolymerization effect
(photopolymerization conversions reach their plateaus in 2 min, Figure 4c). Upon
irradiation with 365 nm light, the height of the grown structure increases fast in the first
5 min (75 pm) and reaches a plateau at a value of 250 ym in 50 min. The grown

sample retains its shape after being stored in dark overnight. Compared to this, growth
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also occurs in the control sample but the height of the grown structure at the plateau
is significantly smaller (70 ym). | attributed the growth in the absence of a photolytic
reaction to the fact that photopolymerization consumed the monomer and crosslinker
in the nutrient solution to form new polymer networks in the irradiated region, followed
by creating a concentration gradient of monomer and crosslinker to drive these
compositions to diffuse into the irradiated region to join the polymerization. Such a
polymerization-diffusion cycle led to the growth of the structure. However, this
photolysis-absent growth is significantly slower than the photolysis-present growth and
the obtained structure is also remarkably smaller. The higher grown structure obtained
in photolysis-present growth indicated that the photolytic reaction had generated an
extra effect to accelerate the diffusion of nutrient solution into the irradiated region.
Since the photolytic reaction of NBA units would generate carboxyl groups, | attributed
the extra effect to the formation of dissociable ionic groups of -COO- which enhanced
the swelling ability of the irradiated region by the expansion of the polymer networks
with electrostatic repulsion. Besides the smaller size, the grown structure seriously

distorts after being stored in dark (Figure 4b).
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Figure 4. Light-regulated growth from HBA-based substrates. (a) Time-dependent images (side view)
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of swollen substrates under UV irradiation (10 mW/cm?2). A photomask with a diameter of 500 um was
used. The scale bar is 250 ym. (b) The height of the grown microstructures (grown height) of different
samples vs treatment time. The data were obtained from three independent measurements. Error bars
are s.e.m. The dashed boxes show the typical profiles of the grown structures before and after being
stored in the dark. (c) Polymerization conversion of HBA/NBA/HDDA/I-819 under different irradiation
conditions.

A growth process based on polymerization-diffusion cycle was thus proposed: upon
UV irradiation, photolysis of NBA units and polymerization of the monomer and
crosslinker in the irradiated region generated the dissociable ionic group of -COO" and
the concentration gradient of monomer and crosslinker, which significantly enhanced
the swelling ability of the irradiated region. As a result of enhanced swelling ability and
a lower concentration of monomer and crosslinker in the irradiated region, the nutrient
solution diffused into the irradiated region to induce a polymerization-diffusion cycle.
In this cycle, the photopolymerization was significantly faster than the diffusion process
(time for photopolymerization to reach its conversion plateau: ~2 min; time for liquid
molecules to diffuse into the seed to full swell it: ~4 h without irradiation and ~2 h under
irradiation, Figure 4c and 5a). After the irradiation, the generated concentration
gradient still existed and continued driving monomer and crosslinker (major liquid
composition of the nutrient solution) to diffuse into the grown structure to swell. This
swelling distorted the grown structure of the photolysis-absent sample (swollen state,
Figure 5b). To confirm this, after the distorted grown structures were washed, a
remarkable shrinkage was observed in the distorted sample (washed state, Figure 5b).
In addition, finally obtained grown structures were stable in both swollen and dried

states (Figure 5c¢ and 5d).
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Figure 5. Swelling kinetics of seed-20% sample and its growth stability. (a) The swelling ratio of seed-
20% thin film (thickness: 500 ym) in the nutrient solution containing HBA, HDDA, 1-819, and BZSA with
and without UV irradiation. (b) Profile of grown structures of the photolysis-absent sample under
different conditions. Swollen sate: sample after being stored in dark for 32 h, washed state: sample
after washing by ethanol. (c) Profile of grown structure from swollen seed-20% without washing

treatment. (d) Profile of grown structure from swollen seed-20% with washing treatment.

3.2.3. Proof of promoters

| studied the formation of the dissociable ionic group of -COO" by monitoring the Zeta
potential of a linear poly(HBA-co-NBA) containing 20% NBA units (Mn = 8500, PDI =
1.16, Figure 6a and 6b) under UV illumination. The molar ratio of HBA was 22%
calculated from the integration of peak c¢’, f and d-g, which was very accordance with
the raw ratio before the polymerization. As shown in Figure 6c, the copolymer is almost
neutral (-1.8 mV) before irradiation. The potential value decreases sharply to -27 mV

after 2 min of UV irradiation, indicating the formation of dense negative species on the
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copolymer (-COO"). The species was assigned to the carboxyl ion, which was released
from NBA unit.2%8 [t was highly active and would finally be neutralized into -COOH soon
(thus a change from -32 mV to -2 mV in Zeta potential). To verify that the change in
Zeta potential came from dissociable ionic group of -COO" rather than the photolytic
product of o-nitrobenzyl moiety, | selected 2-nitrobenzyl alcohol as a control, a
compound that would undergo similar photolytic reaction but did not generate carboxyl
group. The Zeta potential of 2-nitrobenzyl alcohol solution did not change under UV
irradiation (Figure 6d), indicating that the change in Zeta potential of poly(HBA-co-
NBA) should be attributed to the generation of dissociable -COO". The formation of -
COO" on the polymer segments would induce an increase in swelling ability64 while
the carboxyl groups reduced the swelling ability of the matrix to reduce the distortion
effect. | proved this hypothesis by irradiating a control sample of seed-20% swollen by
a non-polymerizable solution consisting of 4-hydroxybutyl acetate (HB acetate), 1-819,
and BZSA. Upon UV irradiation, a bulge forms on the irradiated region (Figure 6e),
indicating a swelling process. Since the liquid compositions were non-polymerizable
(thus no polymerization-diffusion cycle to drive liquid to diffuse in), the driving force for
swelling was attributed to the charge-induced electrostatic repulsion. Although only a
change of ~5 uym in height was observed, such a change in the polymerization-
diffusion cycle could be amplified. To further confirm the contribution of photolysis to
accelerate mass transport, | compared the diffusion rate of nutrient solution in seed-
20% under different conditions by a swelling method (Figure 6f). It was found that the
average rate of mass transport under irradiation condition was significantly higher
(4.7x10° cm?/s) than that without irradiation (4.9x106 cm?/s). After the transition of -
COO to -COOH, the liquid composites diffused out from the irradiated region, resulting
in a cave surface. This result was consistent with the fact that irradiated seed-20%

showed lower swelling ability to nutrient solution because of the formation of carboxyl
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side groups (Figure 5a). The decrease in swelling ability favored the formation of non-
distorted grown structures since the transport of the nutrient solution from the non-

irradiated region to irradiated one during storage was reduced (Figure 4b).
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Figure 6. Demonstration of the role of promoters. 'H NMR spectrum (a) and GPC traces (b) of the
linear poly(HBA-co-NBA) obtained. (c) (d) Zeta potential of linear poly(HBA-co-NBA) copolymers and
2-nitrobenzyl alcohol at different irradiation times. The polymer concentration was 2 mg/mL, and an LED
lamp (10 mW/cm?) was used for irradiation. (e) Profiles of a swollen seed-20% containing HB acetate,
I-819, and BZSA under different conditions. Photomasks with a diameter of 5mm were used. (f)

Swelling kinetic curve of cylindrical shaped seed-20% samples under different conditions. Samples with

a diameter of 1 cm were used.
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3.2.4. Integration by transesterification

Transesterification occurred during the light-induced growth. A diagram of the
transesterification was shown in Figure 7a. Under this irradiation condition, the
temperature of the irradiated region in a swollen seed-20% sample elevates to 62 °C
in the initial 1 min (Figure 7b). At this temperature, the catalyst BZSA used in my
system can induce efficient transesterification.'4’ | studied the contribution of
transesterification to the grown structure by a control sample without BZSA. In contrast
to the flat surface of the grown structure observed in the typical sample, the surface of
the grown structure obtained from the control sample is concave (Figure 7c). In the
growth, since the photopolymerization of the monomer and crosslinker in nutrient
solution was significantly faster than the transport of nutrient solution, the growth rate
was mainly dependent on the diffusion rate of the nutrient solution. In the control
sample, nutrient solution diffused into the irradiated region from outside and was
integrated into the periphery via the rapid polymerization and thus fewer monomer and
crosslinker molecules could diffuse and be integrated into the center, leading to the
energy-unfavorable concave surface. In the presence of a transesterification catalyst,
such energy-unfavorable concave surface could be turned into energy-favorable flat
surface via transesterification-associated reconfiguration (Fig. 1e).*> The
transesterification was further proved by the significantly higher modulus of the grown
structure of the control samples (Figure 7d). Without transesterification, a double-
network structure formed to stiffen the grown structure (490 KPa) while the
transesterification-induced homogenization would reduce such stiffening effect (380

KPa).167
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Figure 7. Transesterification to reconfigure the networks. (a) Transesterification process in the self-
grown part. (b) Infrared camera image of swollen seed-20% after UV irradiation for 1 min. White dotted
zone shows the position of swollen sample, while black dotted zone stands for the light irradiation area.
(c) Typical profiles of the grown structures obtained from the swollen seed with (top) or without (bottom)

transesterification catalyst BZSA. (d) E-moduli of the grown structures with and without BZSA as the

transesterification catalyst.

3.2.5. Composition of grown structures

The composition of the grown structure was studied by confocal fluorescent

spectroscopy. To enable imaging and detailed investigation in swollen substrates, the

nutrient solution was labelled by a fluorescent crosslinker, bis-N,N’-6-hydroxyhexanol

perylenetetracarboxylic diimide-acrylate (PDIDA). The diacrylate structure of the

crosslinker was expected to significantly decrease its re-localization possibility during

the transesterification-induced homogenization. A seed-20% was soaked in a nutrient

solution containing 0.01 wt% PDIDA, followed by light-induced growth for 30 min. After

polymerization, the unreacted compositions were washed with ethanol/CHCI3
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solutions, before being subjected to confocal imaging. Figure 8a shows the cross-
section of grown samples. Compared to the dark surrounding, bright color was
observed in the grown part, indicating that the monomer and crosslinker in the nutrient
solution have been integrated into the grown structure. The bright color extends to the
bottom region of the seed, suggesting that the growth started inside the sample, rather
than simple polymerization from the surface of the sample. Complementary
experiments were also conducted to assure the growth mechanism. The seed-20%
was dyed with 0.01 wt% PDIDA and then grew from a non-dyed nutrient solution
(Figure 8b). As expected, the grown region is still fluorescent but significantly diluted,
indicating that the grown region was made from both original and new-formed
networks. The fluorescence intensity of the surface of a newly grown structure is nearly
same as that observed in the non-irradiated region (Figure 8c and 8d), indicating that
nearly no growth occurred in the surface layer. It might dues to the evaporation of
monomer molecules in this region or the lower swelling ability of the surface layer of
the sample. In addition, the fluorescence intensity gradually increases from the top
region to the bottom one. | attributed it to the gradual swollen of the networks. Based
on the growth curves (Figure 4b), the growth rate decreases with time due to the
consumption of the monomer. Therefore, the dilution effect in fluorescence decreases

from top (early stage) to bottom (later stage) in the growth direction.
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Figure 8. Composition of grown structures. Fluorescent cross-section images of the grown structure
obtained from a non-dyed seed and dyed nutrient (a) and a dyed seed and non-dyed nutrient (b). PDIDA

was used to dye the seed in (a) and the nutrient in (b) with a concentration of 0.01 wt%. (c) Fluorescence

intensity of L1 in (b). (d)Fluorescence intensity of L2 in (b).

3.2.6. Control of growth

The light-induced growth was not only localized, but also temporally controllable. |
employed seed-20% to demonstrate this capability by switching irradiation light. As
shown in Figure 9a, growth was only triggered by the implementation of irradiation.
For example, the height of grown structures increases to 25 pum within the first min
activation and the growth stops in the case that light is turned off. The growth can be
re-initiated again by turning on the light. Such on-off modulation can extend until the
growth reaches its plateau. In addition, several parameters, including the crosslinking
degree of the seed, the diameter of irradiation region, and the light intensity, were
studied to modulate the growth. Increasing the crosslinking degree of the seed-20%
decreases its swelling ability as well as the height of the grown structure at plateau
state (Figure 9b). With increasing the irradiation diameter, the growth height at plateau

state increases in the range from 266 um to 600 um but decreases in the range of >600
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pm (Figure 9c). | attributed the increase to the photopolymerization-induced thermal
effect (elevation in temperature would accelerate the diffusion rate of liquid molecules
and thus the growth). As considering thermal dissipation, increasing irradiation
diameter favored temperature elevation. On the other hand, increasing diameter also
elongated the diffusion distance and thus reduced the growth. This reducing effect
became more obvious in larger diameter range (>600 um). As for light intensity, its
decrease reduces the growth because of both slower photolysis and polymerization
reactions (Figure 9d)

Sequential growth was also possible. Figure 9e shows a sample with a grown pillar
with a height of 180 um and a diameter of 5000 pum. This grown sample can be swelled
by the nutrient solution again and activated to grow in the grown region. Under the
same irradiation condition, a new pillar with a height of 110 um forms on the previously
grown pillar (Figure 9f). The lower height of second-growth was attributed to the lower
concentration of the promoter in the second time photolysis.

Since the grown structure was made from feed nutrient solutions and original polymers,
its composition could be easily regulated by the nutrient solutions, which provided a
powerful approach to control the mechanical properties of the grown structure. |
demonstrated this concept by varying crosslinker fraction in the nutrient solutions used
to a seed-20% (made from 1 wt% crosslinker, modulus: 370 KPa). When a nutrient
solution with a crosslinker concentration of 0.2 wt% is used, a grown structure with a
modulus of 280 KPa can be obtained. On the other hand, increasing crosslinker
concentration in the nutrient solutions enhanced the modulus of the grown structure.
The E-moduli is even up to 1.5 MPa when a crosslinker concentration of 10 wt% is
used in the nutrient solution (Figure 9g). Notably, such a growing method to
spatiotemporally change the modulus of the grown structures did not induce any

interface issue, since the new-formed structure was grown from inside of the original
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materials.

The promoter fraction in the seed was also expected to be an important parameter to
control the growth. In principle, increasing its fraction should enhance the driving force
for liquid transport into the irradiation region but would also decrease the final swelling
ratio of the irradiation region since both NBA unit and its photolytic product reduced
material’s swellability to nutrient solutions. As shown in Figure 9h, the height of the
grown pillar at plateau state increases with the fraction of promoters in the range of
<20 %, but decreases in the range of 35-50 %.

The concept of photo-induced growth could be applied to different material systems. |
demonstrated this applicability by poly(ethylene glycol) methyl ether acrylate (PEGA),
a hydrophilic monomer, and butyl acrylate (BA), a hydrophobic monomer. Figure 9i
lists the grown height of different material systems under the same growth condition.
The height of grown PEGA at plateau state (160 um) is lower than that of HBA (250
um). It was attributed to the significantly higher viscosity of PEGA (90 cSt, 20 °C)68
than that of HBA (10.7 cSt, 20 °C). The higher viscosity led to a lower transport rate
and thus less growth. The hypothesis was supported by the higher height (300 pum) of
the grown pillar made from BA which has a lower viscosity (0.92 cSt, 20 °C). Moreover,
a hybrid system could also be created by varying the compositions of nutrient solution.
For example, | grew PEGA-based seed in HBA-based nutrient solution. The grown
pillar reaches up to a height of 240 um. Based on these results, | concluded that the
light-induced growth was fully controllable and allowed for fine variation in size,

strength, and compositions.
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Figure 9. Control of localized growth of structures on material surface. (a) The height of the grown
structures changes with irradiation conditions. The labels “ON” and “OFF” indicate the state of UV light
applied to the samples. (b) The height of grown structure at plateau state vs different seed-20% samples
with different crosslinker fractions under UV and blue light irradiation. (c) The height of grown structure
at plateau state versus diameter of photomask under UV light for 30 min. (d) The height of grown
structure after 30 min irradiation versus light intensity. (e) The profile of the grown structure obtained
from first-cycle growth. A round photomask with a diameter of 5000 um was used. (f) The profile of the
grown structure prepared from two-cycle growth. (g) Modulus of the seed and the grown structures
obtained from the nutrient solution with different crosslinker concentrations (x in Grown-x in the label).
(h) The height of the grown structure obtained from the seed containing different NBA molar fractions.
(i) The height of the grown structure made from different monomers. PPEGA/PBA: PEGA/BA-based

seeds grew from PEGA/BA-based nutrient solution; PPEGA-PHBA: PEGA-based seeds grew from
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HBA-based nutrient solution.

3.2.7. Potential application of structuring material surface

Localized growth of microstructure from a flat substrate implied a template-free
method for making patterning surface. Figure 10 shows a tentative example. Upon UV
illumination through a mask, a regular micropattern (diameter of 500 um) grew out
from the flat surface of the swollen sample (Figure 10a-e). The formed pillars are

uniform with a height of 250 um (Figure 10e).

@)

800

UV light

—p

photomask

7004

6004

5004

z/lym

4004

300

2004

100 4

0

0 1000 2000 3000 4000

x/pm

Figure 10. Structuring rough surface by light-induced growth: (a) Swollen seed-20%. (b) Formed
microstructure. The dashed line highlights the irradiated zone. (Scale bar: 8 mm) 3D profiles of the
surfaces of the swollen seed-20% (c) and the grown sample (d). (e) Surface profiles of the seed—-20%
and the formed microstructure. The regions are highlighted by dotted lines in (c) and (d). The inset in

(e) shows the SEM image of the growth pattern. Scale bar: 500 um.

3.2.8. Potential application for self-restoration of damaged

materials

The growth could be used to restore large scale surface damage in millimeter level.
Self-healing of large damage is extremely challenging since it not only involves

molecular reconfiguration but also requires significant mass-transport.1®°® Although
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dynamic materials have been suggested to be self-healable, they mainly depend on
the re-bonding of matrices which is normally useful in the recovery of microcracks and
scratches.® It is difficult for them to restore large scale surface damage in millimeter
level.t’? Since light-induced growth involves significant liquid transport, in situ
polymerization, and reconfiguration, | assumed that it could be used to restore large
scale surface damage by guiding the growth toward damage region. The promising
demonstration of surface damage restoration by the developed strategy is detailed in
Figure 11. Damage with a size of 0.60 cm () x 0.40 cm (w) x 0.22 mm (h) was
tentatively created on a substrate made from seed-20%. For a better comparison, |
partially irradiated the damaged region and induced the growth until it flushed with the
undamaged part. It could be observed from the profile of the damaged zone that the
irradiation region was regenerated, implying a powerful method to the restoration of
large scale surface damage.
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Figure 11. Restoration of large-scale surface damage by light-induced growth. (a) Images of the
swollen seed-20% with damage of 0.60 cm (1) x 0.40 cm (w) x 0.22 mm (h) then treated with UV light (b).
Top view of the 3D profile of the damaged swollen seed-20% (c) and the grown swollen seed-20% (d).
Surface profiles of the damaged area before (e) and after (f) healing. A photomask was used for UV
irradiation, and the irradiation time was 30 min. The scale shows the height. The dashed lines in (¢) and

(d) highlight the positions used for the collection of the profile data.
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3.3.Discussion

In contrast to these fully dynamic, opened biological systems, synthetic materials are
normally static and lack of a mechanism to spatiotemporally incorporate external
“nutrition”. In 2013, Zhou and Johnson firstly developed the photo-controlled growth
system based on the reversible trithiocarbonates linkages.®! Insertion of new
monomer into as-prepared gels, followed by exposure to sunlight, led to an increase
in the average molecular weight between crosslinks via direct extension of network
chains. This “photo-growth” process represents a novel strategy for interconversion of
sunlight energy to mass in bulk materials, demonstrating how the incorporation of
iniferter units enables responsive functions in polymer networks. Later, Kloxin and co-
workers introduced a photoactive monomer containing a dithiocarbamate iniferter into
a polyurethane network to create a light-triggered dynamic networks that can heal and
strengthen on demand in 2015.1% On the basic of these, until 2017 Chen and co-
workers developed their awesome first-generation “living additive manufacturing” to
transform of parent gels into diversely functionalized daughter gels with specific size,
strength and compositions.'® Based on these photoactivation research, plenty of
photo-controlled systems for post-regulating the materials’ properties were
developed.16. 118-120, 164,171 AJthough with these encouraged progress, all of them were
only utilized to incorporate mass molecules around, rather than to drive mass transport.
Another example by using the “self-growth” method to control femtosecond laser
scanning on the surface of a prestretched shape memory polymer for realizing
microscale localized reconfigurable architectures transformation was reported by
Zhang and co-workers, in their studies there was only shape memory behaviors when
the materials was heated by laser to structure material surface, no mass transport,
polymerization and integration technologies were presented.* In my studies, | have
developed a set of mechanisms in a single system for not only molecular incorporation
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but also mass transport and composition rearrangement. This is the first attempt to
show how light guide the mass transport within the material matrix and how light
induce the growth of structures from material surface. | have regulated the controllable
growth of structures by varying many parameters, and expanded its potential
application in structuring material surface and restoring large-scale surface damage
of materials. The main difficulty under this concept is impart this strategy to a more
biocompatible hydrogel system for practical applications with precisely controlling.
Another deficiency of this approach is that during consume of promoters within the
material during self-growth process, the growing ability is limited. Thus there is still
requirement to seek more suitable promoters which could generate in situ charge

under light irradiation, but return its original state after removing light.

3.4.Conclusion

| have demonstrated a strategy for designing photo-induced growable materials. The
strategy is based on coupling three kinds of reactions, including photolysis to generate
dissociable ionic group to increase the swelling ability for driving the diffusion of
nutrient solution into the irradiated region, photopolymerization to convert the
monomer and crosslinker in the nutrient solution into crosslinked polymers, and
transesterification to homogenize the newly formed and original polymer networks, to
achieve localized growth. Such light-induced growth is spatially controllable and dose-
dependent, as well as allows for fine modulation in size, composition, and mechanical
properties of the grown structure. The flexible tunability enables the creation of
microstructures on surfaces and the restoration of large scale surface damage.
Although the methodology developed in this study was demonstrated on structuring

surface, the mechanistic insights gained in governing the growth can be readily applied
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to change the bulk property of materials in consideration of the capability of light to
spatially trigger various reactions. | thus envision that its development will benefit

areas such as self-healing materials and rough surfaces.

3.5.Materials and methods
3.5.1. Chemicals and materials

4-Hydroxybutyl acrylate (HBA) (TCI Deutschland GmbH), butyl acrylate (BA) (99%,
Sigma-Aldrich) and poly(ethylene glycol) methyl ether acrylate (PEGA) (average
Mn =480 g mol™, Sigma-Aldrich) were purified by passing through a column of neutral
alumina to remove the inhibitors before being used. 2-Nitrobenzyl bromide (98%, Alfa
Aesar), acrylic acid (99%, Sigma-Aldrich), potassium carbonate (K2COs3) (99%, Alfa
Aesar), 1,4-butanediol (99%, Fluka), acetic acid (99%, ABCR), bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide (1-819) (Ciba), 1,6-hexanediol diacrylate
(HDDA) (99%, Alfa Aesar), sulfuric acid (H2SOs4) (95-98%, Sigma-Aldrich),
benzenesulfonic acid (BZSA) (98%, Sigma-Aldrich), 2-nitrobenzyl alcohol (97%,
Sigma-Aldrich), 3,4,9,10-perylenetetracarboxylic dianhydride (98%, Alfa-Aesar),
acrylic chloride (97%, Sigma-Aldrich), imidazole (ACS reagent, Sigma-Aldrich),
triethylamine (TEA) (99.5%, Sigma-Aldrich), sodium chloride (NaCl) (99.9%, ABCR),
sodium carbonate (Na2COs) (99%, Sigma-Aldrich), sodium sulfate (Na2S0a4) (99%,
Sigma-Aldrich), 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPADB, Sigma-
Aldrich), and 6-aminohexanol (95%, TCI Deutschland GmbH) were used as received.
N,N-dimethylformamid (DMF) (99.8%, anhydrous, Sigma-Aldrich), dichloromethane
(DCM) (99.8%, anhydrous, Sigma-Aldrich) and chloroform (99.8%, anhydrous, Sigma-
Aldrich) were used directly. Other solvents like petroleum ether and ethyl acetate were

purchased from ABCR and used without any treatment. 2,2’ -Azobisisobutyronitrile
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(AIBN, 98%, Sigma-Aldrich) was purified by recrystallization from ethanol.

3.5.2. Instruments

'H NMR and 3C NMR spectroscopy of the products were obtained with a Bruker
200 MHz nuclear magnetic resonance equipment using chloroform-d (CDCls) and
dimethyl sulfoxide-d6 (DMSO-ds) as solvents. Mass spectra were carried out on an
Agilent LC/MSD SL. The number-average molecular weight (Mn) and polydispersity
index (Mw/Mn, PDI) of polymers were measured by a Agilent HPC 1100 gel
permeation chromatography (GPC) system using a PSS-GRAM pre-column with a
series of PMMA as standard samples. Ultraviolet-visible (UV-vis) spectroscopy were
obtained from a Varian Cary 4000 UV-visible spectrophotometer. ESEM images were
captured on a FEI ESEM Quanta 400 FEG. Attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectroscopy were recorded with a Bruker VERTEX
70v FTIR spectrometer. Fluorescent spectroscopy were conducted with a Hitachi F-
7000 fluorescence spectrophotometer. Infrared camera (InfraTec GmbH, Germany)
with VariorCAM HD head was used for recording the temperatures during the
polymerization. Surface profile and 3D profile of the specimens were carried out on a
SURFCOM 1500SD3. Optical microscope images were acquired from a Nikon
ECLIPSE LV100ND. Zeta potential of linear polymers was obtained with a Malvern
Zetasizer Nano ZSP. Fluorescent images were recorded on a LSM 880 confocal, and
ImageJ software was used to analyses the data. Water contact angles of materials
were collected by a OCA 20 instrument. Side view of self-growing microstructures on
material surfaces was recorded in the OCA 20 machine. Column chromatography was
performed using silica gel (215-400 mesh). UV 365 nm and blue 460 nm collimated
LED light (Olympus BX & 1X, 1700 mA) was provided by THORLABS, of which

intensity was set as 10 mW/cm? during the experiments. Blue light LED strip lamp
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(460 nm) with an intensity of 0.6 mW/cm? was obtained from amazon online and used
to initiate the polymerizations. Elastic moduli of seed samples were measured on a
universal testing machine (ZWICK 1446, Germany) with a load cell of 200N and
crosshead velocity of 10 mm/min and values were calculated in the linear elastic
region of the stress-strain curves from 1 to 5%. Every measurement was conducted
three times. The elastic moduli of seed-0% and seed-20% samples were measured
by compression test with a load cell of 2 KN and velocity of 2 mm/min. The values
were calculated in the linear elastic region of the stress-strain curves from 0.1 to 0.5%.
The elastic moduli of the growing structures were obtained by indentation experiments.
The ASMEC indenter type is Berkovich equipped with a diamond tip. Samples were
struck on the PEEK model before measurements. Indentations were carried out in the
load-controlled mode, with an initial quadratic up to 20 mN within 10 s, a creep period
of 5s, and a quadratic decrease of the force to 0.08 mN within 5s. The results were
collected by eight different areas for each sample and analyzed according to the Fast
hardness and modulus measurements (ISO 14557). The fit range of the unloading

curve is from 98 to 40%.
3.5.3. Synthesis
3.5.3.1. o-Nitrobenzyl acrylate (NBA)

OH K,CO3 —
SO
NO (o] DMF o

2
Scheme 1. Synthetic route for o-nitrobutyl acrylate (promoters)

It was synthesized according to a reported procedure.'’? To a mixture of 2-nitrobenzyl
bromide (5.4 g, 25 mmol) and potassium carbonate (6.9 g, 50 mmol) in DMF (60 mL),

acrylic acid (8.575 mL, 125 mmol) was added dropwise. The mixture was stirred at
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room temperature overnight. 40 mL water was added to dissolve the insoluble salts,
and the mixture was extracted with 100 mL ethyl acetate. The organic layer was
washed with brine and dried over anhydrous Na>SOa4. After column chromatographic
separation (silica gel, dichloromethane), a yellow liquid product was obtained (yield:

82%).

H NMR (200 MHz, CDCls) &: 7.96-8.03 (d, 1H), 7.50-7.60 (t, 2H), 7.35-7.45 (d, 1H),
6.35-6.48 (d, 1H), 6.10-6.25 (t, 1H), 5.80-5.90 (d, 1H), 5.55 (s, 2H) ppm. *C NMR (200
MHz, CDCl,) &: 165.4, 147.5,133.7, 132.1, 131.9, 128.9, 127.7, 125.0, 62.9 ppm. LC

MS (m/z): Calcd for [M+NH,4]*: 255.0, Found: 255.0.

3.5.3.2. Linear poly(HBA-co-NBA)

_\: S CN @)LS X v OH
~“¥0 — OH [¢]
3 0 @JLSK/\« PSS
x $ + y O o 0,
< g—NOz AIBN, DMF, 70°C
OH NO,
(o]

Scheme 2. Synthesis of the poly(HBA-co-NBA) via RAFT polymerization.

Poly(HBA-co-NBA) was synthesized by reversible addition-fragmentation chain-
transfer (RAFT) polymerization. Briefly, the mixture of 397.6 mg of HBA, 134.6 mg of
NBA, 0.964 mg CPADB, and 2.83 mg AIBN in 2 mL of anhydrous dimethylformamide
(DMF) was purged with Argon for 30 min. The initial molar ratio of HBA, NBA, CPADB
and AIBN was 160: 40: 1: 0.2. Then the mixture was sealed and heated up to 70 °C
for 24 h for polymerization. The polymers were obtained by precipitating the solutions
in cold diethyl ether, then dissolved in 1 mL DMF and precipitating in cold diethyl ether

(three cycles), followed by drying in a vacuum.
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3.5.3.3.  4-Hydroxybutyl acetate (HB acetate)

OH H,SO, Joj\
HO _~_"~ + —— HO.
OH o bCM ~ N0

Scheme 3. Synthetic scheme for 4-hydroxybutyl acetate (HB acetate)

It was synthesized via a protocol previously reported.'”® An oven-dried round bottom
flask was charged with a magnetic stir bar. To this flask, 1,4-butanediol (8.8 mL, 98
mmol), acetate acid (5.6 mL, 98 mmol) and DCM (60 mL) were added. Then 2 drops
of H2SO4 was added into the above solution. The mixture was stirred for 18 h and then
water was added. After that, the mixture was extracted with DCM and the organic layer
was washed with a saturated solution of Na2COs and brine, dried over Na2SOa. After
column chromatographic separation (silica gel, dichloromethane: ethyl acetate=10: 1,

V: V), the final product was given as a colorless oil (yield: 56%).
'H NMR (200 MHz, CDCl;) d: 4.10-4.20 (t, 2H), 3.63-3.72 (t, 2H), 2.05 (s, 3H), 1.50-
1.74 (m, 4H) ppm. *C NMR (200 MHz, CDCl,) &: 171.3,64.3, 62.1,29.0, 25.0,20.9

ppm.LC MS (m/z): Calcd for [M+NH,]*: 150.0, Found: 150.1.
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3.5.3.4. Bis-N, N’-6-hydroxyhexanol perylenetetracarboxylic
diimide-acrylate (PDIDA)

HOH
o o

imidazole
130 °C, 4h, N,

¢\n,CI Dry CHCls, Et;N
0°C, RT

Scheme 4. Synthetic process of PDIDA.

Bis-N, N’-6-hydroxyhexanol perylenetetracarboxylic diimide-acrylate (PDIDA) was
synthesized via a previously reported method.'’* Briefly, 3,4,9,10-
perylenetetracarboxylic dianhydride (0.5 g, 1.295 mmol), 6-aminohexanol (0.47 g,
4.014 mmol) and imidazole (3 g) were placed in a round bottom flask and heated at
130 °C for 4 h under N2 atmosphere. The reaction mixture was diluted with ethanol
and the resulting dark red solution was filtered to remove the undissolved substance.
The filtrate was acidified with 2 M HCI aqueous solution to generate red precipitate.
The precipitate (bis-N, N’-6-hydroxyhexanol perylenetetracarboxylic diimide, OHPDI)
was collected by vacuum filtration, washed with water until the filtrate was neutral and

dried at 75 °C overnight in a vacuum oven (yield: 61%).
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H NMR (200 MHz, CDCl,) 5: 8.35-8.65 (d, 8H), 3.75-4.46 (m, 8H), 1.50-1.90 (m, 16H)

ppm. 3C NMR (200 MHz, CDCl,) &: 165.2, 135.5, 132.9, 129.1, 126.1, 124.1, 68.8,
40.4, 30.8, 27.7, 26.2, 25.0 ppm. LC MS (m/z): Calcd for [M+NH,]*: 608.1, Found:
608.2.

OHPDI (60.8 mg, 0.1 mmol), triethylamine (72 uL, 0.5 mmol) and dry CHCIz (20 mL)
were added in a round bottom flask under N2 atmosphere. Acrylyl chloride (52 L, O.
5 mmol) was dissolved in 10 mL CHCIs and added dropwise into the above solution.
After stirred at room temperature for 24 h, the mixture was washed with water and
brine. After column chromatographic separation (silica gel, dichloromethane:

methanol=20: 1, v:v), the product (PDIDA) was obtained as a red solid (yield: 30%).

H NMR (200 MHz, CDCls) &: 8.35-8.68 (d, 8H), 6.36-6.48 (d, 1H), 6.07-6.15 (t, 1H),
5.71-5.85 (d, 1H), 3.83-4.40 (m, 8H), 1.49-1.90 (m, 16H) ppm. 3C NMR (200 MHz,
CDCl,) 165.3,159.1, 134.1, 131.3, 130.2, 129.5, 127.5,125.8, 123.9, 63.5, 44.7, 31.2,

30.9, 28.6, 25.3 ppm. LC MS (m/z): Calcd for [M+NH,]+: 716.2, Found: 716.1.

3.5.4. Fabrication of seeds

Taking seed-20% as an example: to a mixture of HBA (80 mol%) and NBA (20 mol%)
were added HDDA (crosslinker, 1 wt%) and 1-819 (photoinitiator, 1 wt%) to obtain the
precursor. The precursor solution was coated on Teflon substrates and cured under
blue light (intensity: 0.6 m\W/cm?) for 20 min. The obtained substrate was immersed in
ethanol, and the solution was changed every 8 h (3 times) to remove unreacted

specimens. Then, it was dried to afford seed-20%.

3.5.5. Light-induced growth

Seed-20% was immersed in a nutrient solution containing HBA (96 wt%), HDDA
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(1 wt%), 1-819 (1 wt%) and BZSA (2wt%) for 12 h to obtain swollen samples. For
growth, the swollen samples were subjected to UV light (intensity: 10 mW/cm?) with a

suitable photomask.

3.5.6. Polymerization kinetic of HBA/NBA/HDDA/I-819 under
lights

The precursor solution used for preparing seed-20% was mixed and purged with
Argon for 20 min. 50 pL of the mixture (weighted as Mo) was taken for each
polymerization with different exposure times (10 s, 30 s, 1 min, 2 min, 5 min, 10 min,
20 min, 30 min, 40 min, 50 min) under 460 nm or 365 nm light irradiation (intensity: 10
mW/cm?). After polymerization, the unreacted components were removed by ethanol
rinsing (3 times), followed by drying to obtain the crosslinked polymers (weighted as
Mt). The polymerization conversion was defined as Mi/Mo. The polymerization reaches

its plateau in 2 min under UV or blue light irradiation.

3.5.7. Calculation of mass transport rate

A fresh seed-20% sample with a thickness of 500 pm was immersed into 4-
hydroxylbutyl acetate and its weight was recorded at different times.
The diffusion rate can be determined using the following supplementary equation

(1) : 175-176

M, — M,

F = M,

= Ktn (1)

where F is the rate of diffusion per area; K is a swelling constant, t is the time (s), n is
a swelling exponent; Mt and Mo are the weight of the swollen and dry sample at time
t, respectively. From supplementary equation (2), it is known that

InF=InK+nlnt (2)
In F versus In t was plotted by using the kinetic of swelling yields straight lines up to
almost 60% increase in the mass of the swollen sample.’”-178 The swelling exponents

n and the swelling constant K were calculated from the slopes and intercept of the
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lines. The intercept K value was used for determination of the diffusion coefficient D:
K=43D/nr? 3)
where D is the diffusion coefficient (cm?/s), r is the radius of the cylindrical seed-20%

sample (cm).
3.5.8. Restoration of large damage

An unregular damaged region was created on HBA-based seed-20% by adding a
piece of unregular glass slide in the seed solution before photopolymerization. The
obtained seed-20% with the damaged region was immersed in a nutrient solution
containing HBA, HDDA, 1-819, and BZSA to afford swollen seed-20%. A photomask
with a diameter of 3.6 mm was put above the material surface, and 365 nm UV light
was used to trigger the growth to self-restore the materials. The pictures were
recorded by a camera. The 3D profiles and surface profile were collected by a

profilometer.
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Chapter 4

4. Evaporation-induced entropy replenishment for
preparation of self-growable polycatenane
networks with interlocked topology

Currently, only several growing materials, including the systems discussed in previous
Chapters, have been developed, and they display significantly different properties
from each other. Developing new growing material systems can not only enrich this
field but also provide more examples for studying their unique properties and
capabilities. Note that the growing materials currently available are all made from
crosslinked linear polymers. In this Chapter, the attempt of exploiting a new growing
material system made from different network topology, i.e. polycatenanes, was
described. The interlocked structure of polycatenanes is entropy-unfavorable and
currently, no reliable method has been proposed to synthesize high-molecular-weight
polycatenanes to get a fully interlocked material. To address this issue, an
evaporation-induced entropy replenishment strategy was developed to fabricate
polycatenane-based networks. The strategy was demonstrated in a class of
poly(disulfide)s made from DL-thiotic hydroxyethyl. In the presence of a liquid base,
the DL-thiotic hydroxyethyl monomer would undergo polymerization to form both linear
and cyclic polymers/oligomers. Solvent evaporation compensates the entropy loss
todrive the cyclization, leading to the formation of high-molecular-weight
polycatenanes. The obtained interlocked poly(disulfide)s based polycatenane
networks not only display dynamic functions under stimuli, but also show excellent

growth ability with self-strengthening properties through entropy replenishment
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strategy.

4.1.Introduction

Polymer network topology defines how the polymer chain segments (strands) and
connecting points (junctions) are connected, including branch functionality, cyclic
defects, entanglements, and density fluctuations. It plays a critical role in dictating
material properties, ranging from elasticity, the gel point, network dynamics to the
degree of defect tolerance.’®-183 |n principle, two possible strategies can be used to
control polymer network topology: programming topological information directly into
network precursors, or biasing the polymerization kinetics. Many efforts have been
devoted to controlling topological features in polymer networks, including polymer
network branch functionality, chain topology, and loops.*®4187 Introducing polymer
chain topology such as cyclic polymers, polyrotaxanes, and polycatenanes into
functional soft materials not only features them novel topologically macromolecular
architectures comparing with crosslinked linear analogues, but also endows them with
unique rheological, mechanical, and dynamic properties.'88191 For instance, cyclic
gels exhibit greater swelling ability and maximum strain at break, while slide-ring gel
(a subset of polyrotaxanes) shows anti-scratch and healing characteristics because of
the sliding of the ring along a thread or rotation of rings.192193

Polycatenanes, composed entirely of mechanically interlocked rings, have attracted
increasing attention and been shown to participate in a wide range of applications in
molecular switches and machines, as careers for drug delivery and molecular
electronic devices.19: 194195 polycatenanes are linked solely by “topological bonds”
(regarded as a “soft but strong bond” in comparison with covalent bonds) and allow

full rotational mobility of every ring (with sufficient ring size) and exhibit more
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conformational flexibility. Recently, Endo and co-workers reported a plausible
polycatenane network made from the bulk polymerization of 1,2-dithiane. This
elastomer formed by the entanglement of polycatenanes swells at first, but finally
dissolve in its good solvent, indicating an unstable character of the chain.®6-19 The
molecular mechanism behind this property is that these reported polycatenane
networks don’t possess fully interlocked structures to crosslink the polymers within the
dynamic network. Moreover, dynamic rings potentially play multiple roles from
reinitiating polymerization (latent initiating sites) to incorporating polymer chains
(bonding and debonding of rings) in a single system. Considering this in mind, the
attempt of exploiting new growing material systems made from interlocked topology
not only provides novel growth strategy for materials’ growth, but also enriches the
diversity of dynamic soft materials.

In addition, an interlocked ring architecture is unfavorable from an energy point of view,
which makes difficult to synthesize polymeric topologies with high molar mass.199-2%0
Previous studies only reported limited linear polycatenane with 7-26 consecutively
interlocking rings or cyclic polycatenanes with 4-7 interlocking rings.*®® This fact limits
the formation of fully interlocked material, as well as the mechanical performance of
polycatenane based bulk materials. Up to now, a stable polycatenane network with
interlocked topology has not been achieved, and its potential capability in growing
material still needs exploration.

In this chapter, a solvent evaporation-based approach to synthesize interlocked
poly(disulfide)s-based polycatenanes with elastomeric properties is described. In my
design, the DL-thioctic hydroxyethyl monomer undergoes base-catalyzed ring-
opening polymerization in weak base solution (e.g., DMF) to form a viscous mixture
consisting of cyclic and linear polymers/oligomers under a sealed condition. The

system is in an equilibration state of free rings and interlocking rings due to reversible
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S-S exchange. In this state, the evaporation of solvent from the mixture compensates
for the entropy loss of the closure of linear polymers to interlock cyclic
polymers/oligomers together and finally form bulk elastomers. The obtained fully
interlocked poly(disulfide)s-based elastomer shows dynamic features under stimuli.
This evaporation-induced entropy replenishment method is applied to develop self-

growing and self-strengthening polycatenane based materials.

4.2.Results

4.2.1. Fabrication of soft elastomer crosslinked by

polycatenanes

When macrocycles undergo ring-opening polymerization, it is nearly impossible for the
propagating chains to close to form ring structures, since ring-closure is entropy-
unfavorable. Thus, it is necessary to replenish the entropy loss for the synthesis of
polycatenanes with high molecular weight. One plausible strategy to compensate the
entropy loss of ring closure could be the entropy contribution from solvent evaporation.
Such an evaporation-induced entropy replenishment strategy could lead to the
formation of interlocked network structures. Figure la shows the proposed gelling
process. Under a base condition, monomer molecules undergo ring-opening
polymerization and the system reaches equilibrium in which cyclic polymer/oligomer,
linear polymer/oligomer and monomers coexist. Allowing the solvent molecules to
evaporate could offer adequate entropic energy to drive the system towards the
formation of interlocking structures.

DL-Thioctic hydroxyethyl (THE) was used as a model to investigate the formation of
polycatenane networks with interlocked structure due to its easy synthesis procedure

and high yielding. Note that other thioctic derivatives such as DL-thioctic ethylene
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glycol and propane dithioctic can also form this structure. THE was mixed with a weak
base (i.e., DMF, 30 %, molar fraction) and sealed in an Argon atmosphere to prepare
the viscous precursor. During the mixing period, DMF is expected to catalyze and
trigger the ring-opening polymerization of disulfide group. This was confirmed by the
formation of viscous liquid. MALDI-TOF and GPC analysis confirmed the presence of
monomer, linear polymer/oligomer, and cyclic polymers/oligomers (Figure 1b).

When the system equilibrates, the mixture of linear and cyclic oligomers is expected
to form interlocked structures. The ratio of the formation of interlocked structures in
the mixture as the function of the evaporation of DMF was then investigated. With
DMF evaporation, the viscosity of this mixture increases, as followed by gelation and
finally the formation of an elastomer. For a certain evaporation degree of DMF, the
unlinked components were washed away by THF to evaluate the interlocking structure
formation efficiency. When DMF evaporated 48%, only 3% interlocked structures
formed. However, after DMF removed completely, interlocked structures reached
nearly 100% (Figure 2). This may due to that (1) at the initial stage, a portion of formed
cyclic polymers/oligomers may undergo debonding under base surroundings, leading
to lower interlocking efficiency in this period; (2) after complete evaporation of DMF,
no external stimuli exist within interlocked elastomer to destruct its structure.

The increased entropy during DMF evaporation at room temperature can be

calculated as AS,4, = AH,qp/Tyap, Where AS,,, is the entropy of vaporization of DMF,

ap:
AH,,, is the enthalpy of vaporization of DMF (47.6 KJ/mol), and T,,, is the boiling
point of DMF (426.16 K).2°1 Accordingly, the entropy of vaporization of DMF is about
111.7 J/mol K.

Macrocyclic alkanes are essentially strainless if the ring is made from >14 atoms, and

thus the enthalpy in my system can be considered negligible.?%2-293 The activation

entropy of ring closure reactions is in the range of -3.7~-4.9 e.u., i.e. cyclization
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involves an entropy loss. In the following | take -4.5 e.u. as a representative value for
entropy loss during ring closure.?%42%6 Although the conformational entropy of
polymers/oligomers decreases in the interlocking process, the evaporation of DMF
molecules is an entropy-increasing process and the sum of the whole system entropy
is still positive. As a result, fully interlocked structures can form. In detail, when 4 mmol
DMF is evaporated at room temperature, the increased energy would be 190.4 J. The
energy loss for the formation of cyclic polymers/oligomers (9.3 mmol) would be 74.5

J. Thus, the lost entropy of inter/intramolecular cyclization can be compensated by the

vaporization.
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Figure 1. Formation of fully interlocked material. (a) Schematic image of fabrication of fully
interlocked elastomer. (b) MALDI-TOF spectrum of sealed viscous precursor. (¢) GPC
spectroscopy of sealed viscous precursor. The concentration of polymers used in (b) and (c) is 2

mg/mL in THF.
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Figure 2. The relationship between interlocking structure formation efficiency and volatile degree
of DMF.

To probe the evaporation-induced entropy replenishment mechanism for the formation
of fully interlocked network structures, | several control experiments were designed. |
first replace DMF by THF and prepared a mixture of THE molecule and THF solvent.
After the evaporation of THF, | did not detect any polymer/oligomer or elastomer from
the precursors, which indicates that solvent evaporation alone could not trigger the
formation of interlocked structures of THE monomers. Then | tested if the formation of
interlocked structures required both solvent evaporation and base atmosphere, |
added a base catalyst, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), into the mixture of
THE/THF. An interlocked elastomer was generated after the evaporation of THF. Note
that DBU only catalyzes the polymerization, but did not evaporate in my experiment
conditions. These results proved that the evaporation-induced entropy replenishment
approach could be used to obtain interlocked elastomer from THE based mixtures
when the catalyst was incorporated.

| hypothesize that the entropy replenishment approach is a generic methodology to
prepare interlocked materials. To prove this hypothesis, interlocked PDMS was

prepared through this strategy.
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4.2.2. Characterization of fully interlocked polycatenanes

structures

Different methods are utilized to prove the formation of fully interlocked polycatenane
structures. Firstly, | used a swelling method to prove the crosslinked network structure.
Figure 3a demonstrates the swelling kinetics of the interlocked elastomer. At the
beginning of three hours, the weight of the gel material increased as a consequence
of solvent uptake. Some small cyclic oligomer or monomers which cannot be
incorporated into the interlocked gel diffuse out to the solution, therefore a slight drop
in weight was observed before swelling equilibrium is achieved. The swelling ratio
reaches 8.1 after 8h swelling in tetrahydrofuran (THF). Several previous studies have
claimed the formation of polycatenane network structures but the structures are
dissolved by the solvents used for soaking.196-198 It indicates that they do not have
fully interlocked structures. Other crosslinkers are required to connect the
polycatenane clusters for the formation of 3D network structures. Here, for the first
time, | have prepared the stable and indissoluble fully interlocked materials without
introducing external linkages.

| then analyzed the unlocked residual molecules collected from the elastomer for a
better understanding of the interlocking process. The remaining solvent after swelling
was collected and removed and analyzed by liquid chromatography—mass
spectrometry (LC-MS). A mixture of monomer, dimer, trimer, tetramer and pentamer
could be found in the residue (Figure 3b), which means that during the formation of
interlocking structure, some monomers and small cyclic oligomers are not
incorporated into the elastomers. These cyclic oligomers also indicated that
polycatenane structure formed in the networks.

Finally, I synthesized a cyclic dye and used it to demonstrate the formation of the 3D
interlocked network structures. Since this cyclic fluorescent molecule could not react
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with any composition in the solution, the integration of the dye would indicate the
crosslinking mechanism of interlocking. The cyclic dye was added into the curing
solution and the obtained samples were washed by THF to remove any unclocked
composition. As expected, the washed elastomer shows strong fluorescence. Figure
3c shows the fluorescent interlocking elastomer. From the 3D confocal fluorescence
image, it can be found that the dye molecules were homogeneously integrated in the
sample. Meanwhile, it also possesses strong fluorescence emission under UV light
illumination comparing with that under visible light (Figure 3d), implying that the
integrated fluorescent molecule still possesses its emission activity under excitation.
These results adequately certify the interlocked structures of the poly(disulfide)s

elastomers.
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Figure 3. Certification of interlocking structures. (a) Swelling weight vs incubation time. The as-
prepared elastomer was immersed in THF solution to swell. The insertimages are the photographs
of this elastomer before and after totally swelling. (b) LC-MS analysis of the residual molecules of
the solution in (a). The cartoon images show this process. (c) Fluorescent labelling of interlocking
structure by confocal microscopy. The cartoon picture shows this tracing program. (d) Visualized

emission of fluorescent network under UV light, while no emission with visible light. Dashed box
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involves the fluorescent 3D image of this network.

4.2.3. Stimuli-responsiveness of fully interlocked

poly(disulfide)s

Disulfide group is unstable under base environment, and can be cleaved under base
stimuli.?07-2%8 |n fact, the fully interlocked poly(disulfide)s network could be dissolved
by base solution treatment, e.g., soaking in DMF, DMSO and N-Methyl-2-pyrrolidon
(NMP) for 7 days (Figure 4a, insert images). | used *H NMR spectroscopy to trace the
chemical reactions during the solvent evaporation and base treatment processes.
DMSO-4s was chosen as both deuterated reagents and base catalyst. | mixed THE
monomer and DMSO-ds. The partial evaporation of DMSO-ges can trigger the formation
of interlocked poly(disulfide)s (gel state), while the re-adding of DMSO-¢6 induce
depolymerization of poly(disulfide)s to the sol state. As shown in Figure 4a (red line),
THE monomers could be easily detected from 'H NMR spectrum before the
evaporation, which was demonstrated by the signals at 3.12 (-S-CH>-) and 3.55 (-S-
CH-) ppm. Note that there is still some small peak [2.70 (-N-CH3s), 2.85 (-N-CHs) and
8.12 (-CHO) ppm) assigned to DMF solvent because it is nearly impossible to remove
DMF totally during the synthesis of THE. During the soaking and evaporation of
DMSO-d6, polymer/oligomers generated (Figure 4a, green line) and the gel formed
(Figure 4a). New peaks around 2.80 (-S-CH2- and -S-CH-) ppm belonged to their
polymer/oligomer state appear, while peaks at 3.12 (-S-CH2-) and 3.55 (-S-CH-) ppm
decrease. Re-adding DMSO-gs to the gel lead to dissolution to generate the monomer
again (Figure 4a, blue line). In this process, signals assigned to polymer/oligomer [2.80
(-S-CH2- and -S-CH-) ppm] disappeared and signals at 3.12 (-S-CH2-) and 3.55 (-S-
CH-) ppm return to their monomer state. DMSO-gs is the solvent and also the catalyst

for ring-opening polymerization/depolymerization.
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The disulfide group is widely used to construct photo-responsive and self-healing
materials.?4?> Since the fully interlocked elastomer contains numerous disulfide
groups in the main chain, | then study its photoresponsiveness under UV 365 nm light
irradiation by rheology. Without UV irradiation, the as-prepared elastomer showed
stable storage modulus (12 KPa) and loss modulus (2.6 KPa). When exposed to UV
light, the elasticity (G’) decreased and the plasticity (G”) increased. The G” can even
overpass G’ and the solid material became liquids (Figure 4b). With UV illumination,
poly(disulfide)s debond to break the interlocked structures. As interlocked structures
are energy-unfavorable, this reaction would lead to the formation of free cyclic
polymers/oligomers. After this elastomer became liquid, without external treatment, it
could not turn to an elastomer. The light-induced transition from elastomer to liquid is
irreversible since the unlocked state is energy-favorable.

The fully interlocked elastomer shows a glass transition at 101.6 °C. When annealed
at 110 °C, the elastomer softens and turns into viscous liquid in 15 min, which allowed
for molding the material into different shapes. As shown in Figure 4c, | can easily break
the shaped elastomer into pieces by manpower, then remold them into quadrate shape
upon heating and cooling. This process is highly reversible and effective. Circular and
pentagonal shaped materials are fabricated by simply heating/cooling circle to
demonstrate this property. Figure 4d shows the elastic modulus of reprocessed
elastomers. The Young's modulus of the reshaped elastomers slightly increased after
the heating/cooling circle (Figure 4d), which may due to the recombination and further
polymerization upon heating. Therefore, poly(disulfide)s-based interlocked elastomer
shows multiple dynamic functions under stimuli, from base sensitive, light

responsiveness, to temperature dependence.
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Figure 4. Dynamic functions of interlocking poly(disulfides). (a) Base-responsive opening/closing
behavior between THE monomers and polymers/oligomers. After removing portion of DMSO-gs,
polymers/oligomers formed. When adding DMSO-46 again, polymers/oligomers transfer to monomers.
(b) UV responsive of poly(disulfides) based interlocking elastomer. During irradiation, interlocked
structure was destructed. (c) Reprocessable treating into different shaped elastomers by heating. This
fully dynamic interlocked elastomer was cut into pieces and heated in the mold to achieve different

morphology. (d) Elastic modulus of the different shaped elastomers in (c).

4.2.4. Self-growth and self-strengthening of interlocked
elastomer through evaporation-induced entropy

replenishment

THE based poly(disulfide)s elastomer shows fast and well swelling ability in its
monomer solution, and the evaporation-induced entropy replenishment approach can
trigger the formation of interlocked elastomers. These features make this kind of

interlocked elastomers appropriate for investigating self-growth behavior. Although
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THE based interlocked elastomer is unstable and can be dissolved in the solvents with
weak basic character upon long-term swelling (over 7 days), short-time soaking (i.e.,
12 h) in THE/DMF mixture (70/30, mol/mol) could not break its interlocking structures.
Figure 5a demonstrates a potential self-growing mechanism of interlocked
poly(disulfide)s. At first, the obtained original interlocked elastomer (denoted as
original seed sample) can swell the nutrient solution consisting of THE/DMF (70/30,
mol/mol) and its weight increases up to 8 times of its original weight in 12 h. It was
noted that 9% of interlocked structures were lost in this process based on the
evaluation by weighting the sample after removing all the diffused-in liquids because
of partial debonding of poly(disulfide)s in a base environment. Thus, some interlocked
poly(disulfide)s released from the bulk elastomer during the short time mixing process
of the original seed sample in THE/DMF solution. When the DMF entrapped in the gel
was allowed to evaporate under Argon atmosphere, the polymerization equilibration
was driven toward the formation of new interlocked poly(disulfide)s ring. During the
evaporation of DMF, the newly formed cyclic polymers/oligomers were incorporated
into the original ones to generate fully interlocked polycatenane structures. After
removing the unlocked ring poly(disulfide)s, fully interlocked grown elastomers were
obtained (denoted as grown samples). This swelling/evaporation process can be
performed multiple times to achieve step-grown of the interlocked elastomers.

Cartoon images in Figure 5b show the growing abilities of fully interlocked elastomers.
After the first swelling-evaporating cycle, the original seed sample grew into 15t grown
sample, and the size of materials increased during this process (Figure 5b). It was
also expected that the interlocked materials could become bigger and bigger after
multiple growth cycle. Figure 5c¢ shows the grown index and elastic modulus of the
interlocked seed and grown elastomers. After three self-growing cycles, the 3™ grown

elastomer is nearly 24 times larger than the seed. Interestingly, the grown elastomers
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self-strengthen by this evaporation-induced entropy replenishment strategy. The
Young’s moduli increased twice after three growing cycles of interlocked elastomer,
which was attributed to the increased interlocking ratio (Figure 5a and 5c). | can also
substantially regulate this self-strengthened property by adding a crosslinker (propane
dithioctic, PDT) bearing bifunctionalized disulfide group in the nutrient solution (Figure
5d). The interlocked seed samples were immersed in nutrient solution containing
different PDT fractions (from 0.1 wt% to 10 wt%) for 12 h to get the swollen interlocked
seeds, then which were put under Argon atmosphere for evaporation. The obtained
grown interlocked elastomer became stiffer (Figure 5d). When the fraction of PDT was
10 wt%, the Young's moduli of the grown sample was over 12 times stiffer than the
original seed. More importantly, as this robust swelling-evaporating approach, the
interlocked seed can grow infinitely. In this work, | only show the properties of the
samples after three growing cycles. The grown interlocked elastomer became thicker,

larger, and stiffer.
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Figure 5. Self-growing and self-strengthening of interlocked poly(disulfide)s elastomers. (a) Potential
mechanism of self-growing interlocked elastomers. The treatment here is evaporation. (b) Optical

images of interlocked seed before and after multi-time growth. (c) Grown index and Young’s moduli of
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seed samples swelling in THE/DMF nutrients before and after multi-time growth. (d) Young’s moduli of

seed samples swelling in THE/PDT/DMF nutrients before and after growth.

4.3.Discussion

Polycatenanes are composed entirely of mechanically interlocked rings, which allow
full rotational mobility of every ring (with sufficient ring size) and exhibit more
conformational flexibility. Up to date, little attention has been focused on exploiting
these molecular characteristics to create polycatenanes based materials. This is due
to the following reasons: (1) it is challenging to prepare crosslinked 3D networks
without chains ends, (2) it is difficult to prepare polycatenanes with high molecular
weight, and (3) polycatenates possess energy-unfavorable conformations.

Endo and co-workers firstly reported the bulky materials consisting of polycatenane
structures.1°6-19 |n their systems, they prepared a series of poly(disulfide)s based
polycatenane materials by heating, which swelled in a good solvent like THF at first
but dissolved finally. These kinds of materials are only crosslinked by entanglements
of polycatenanes thus lacking stabilities and limiting their applications. Zhang and co-
workers reported polymer network blends to “interlock” material functions. In this
process, these two revisable covalent networks dissociated after heating, then which
were mixed and cured under lower temperature for the re-formation of covalent bonds
to generate “interlocked” topology.?2%°?19 In these examples, they had successfully
fabricated polycatenane segments or “theoretically” interlocked networks, but none of
them were crosslinked stably without introducing external crosslinking agent.
Considering the energy-unfavorable property of polycatenane topology, | develop the
evaporation-induced entropy replenishment approach to prepare fully interlocked

poly(disulfide)s elastomers. This is the first example of stably polycatenanes material
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with fully interlocked crosslinking structures, which shows well swelling ability in its
good solvent and keeps stable both under inert atmosphere and in solutions (good
solvents) for over half a year. The approach is simple and robust for fabricating
interlocked elastomer both in air and Argon atmosphere, and it is a supplementary
technology for the generation of self-growing materials. There are still some
disadvantages for this system, such as toxic and low stability in base environments.
In the future, it is possible to exploit other polymer systems based on the interlocking

of polycatenanes with more stable property and biocompatibility.

4.4.Conclusion

In this chapter, | have introduced an evaporation-induced entropy replenishment
approach to synthesize fully interlocked poly(disulfide)s based networks and gels for
the first time. The material is crosslinked by the interlocking of energy-unfavorable
polycatenanes. | have calculated the entropy increasing during the evaporation of the
solvent molecules in the system, which provides extra entropy energy to compensate
for entropy loss after cyclization for the generation of interlocked structures. MALDI-
TOF and LC-MS spectra show the formation of cyclic structures while GPC results
indicate the appearance of polymers/oligomers. Swelling capability in good solvents
and the integration of dye molecules have proved the interlocked structures. Fully
interlocked poly(disulfide)s based materials not only show responsiveness to different
stimuli (base atmosphere, light, and temperature), but also possess self-growing and
self-strengthening properties. With soaking the original interlocked seed in different
nutrient solutions for self-growth, the samples can be 24 times heavier and 12 times
stiffer. Expanding the scope of polymer network topologies to include fully interlocked

architectures creates new opportunities at the intersection of chemistry, materials
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science, and engineering.

4.5.Materials and methods
45.1. Chemicals and materials

DL-Thioctic acid (98%, Alfa aesar), 2-bromoethanol (95%, Sigma-Aldrich), diethylene
glycol monomethyl ether (Sigma-Aldrich), 1,3-dibromopropane (98%, Alfa aesar), ,
catechol (99%, Sigma-Aldrich), 2-[2-(2-chloroethoxy)ethoxy]ethanol (96%, Sigma-
Aldrich), potassium iodide (KI) (99%, Alfa Asear), 4-toluenesulfonyl chloride (Sigma-
Aldrich), 3,4-dihydroxybenzaldehyde (97%, Sigma-Aldrich), sodium borohydride
(NaBH4) (99%, Sigma-Aldrich), 1,3,5,7-tetramethyltetracyclosiloxane (Gelest), ferric
chloride (Alfa aesar), 1-pyrenecarboxylic acid (97%, Sigma-Aldrich), oxalyl chloride
(99%, Sigma-Aldrich), 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) (99%, Sigma-
Aldrich), trimethylamine (TEA) (99%, Sigma-Aldrich), cesium carbonate (Cs2CO3)
(99%, Sigma-Aldrich), 4-(dimethylamino)pyridine (DMAP) (99%, Sigma-Aldrich), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI) (98%, TCI
Deutschland GmbH), potassium carbonate (K2COs3) (99%, Alfa Aesar), 2-hydroxy-2-
methylpropiophenonel (97%, Sigma-Aldrich), sodium chloride (99.9%, ABCR), sodium
bicarbonate (NaHCO3) (99%, Sigma-Aldrich) and sodium sulfate (Na2S0a4) (99%,
Sigma-Aldrich) were used as received. N, N-dimethylformamid (DMF) (99.8%,
anhydrous, Sigma-Aldrich) and dichloromethane (DCM) (99.8%, anhydrous, Sigma-
Aldrich) were used directly. Solvents for column chromatography like petroleum ether,
dichloromethane and ethyl acetate were purchased from ABCR and used without any

treatment.
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4.5.2. Instruments

H NMR and *3C NMR spectra of the products were obtained with a Bruker 200 MHz
nuclear magnetic resonance equipment using CDCls and DMSO-ds as solvents. The
number-average molecular weight (Mn) and polydispersity index (Mw/Mn, PDI) of
polymers were measured by Agilent HPC 1100 Serie gel permeation chromatography
(GPC) system using a PSS-GRAM pre-column with a series of polystyrene (PS) as
standard samples. The concentration of polymers for GPC is 2 mg/mL in THF. Mass
spectrum was carried out on an Agilent LC/MSD SL. Matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry were performed
on a 4800 MALDI-TOF Analyzer mass spectrometer in reflection mode with 2,5-
dihydroxybenzoic acid (DHB) as matrix. Differential scanning calorimetry (DSC)
analysis was conducted with DSC 1 STAR System (METTLER TOLEDO). Fluorescent
images were recorded on a LSM 880 confocal. Column chromatography was
performed using silica gel (215-400 mesh). UV 365 nm collimated LED light (Olympus
BX & 1X, 1700 mA) was provided by THORLABS, of which intensity was set as 10
mW/cm? during the experiments.

Elastic modulus of fully interlocked poly(disulfide)s elastomers were carried out by a
universal testing machine (ZWICK 1446, Germany) with a load cell of 200 N and
crosshead velocity of 20 mm/min, which was calculated in the linear elastic region of
the stress-strain curves from 2-5 %. Every measurements were conducted at least
three times.

Metathesis of fully interlocked poly(disulfide)s elastomers was performed on a Gemini
200 Rheometer with a UV source (intensity: 10 mW/cm?). The diameter of samples
was fitted on an 8 mm plate (Malvern). The storage (G') and loss (G") modulus of

samples was measured with frequency sweep of 1Hz and strain of 0.1% at 25 °C.
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4.5.3. Synthesis

45.3.1. DL-Thioctic hydroxyethyl (THE)

o o
K,CO,
H > O OH
(\(\/\/l(oH + Br/\/o I /\/
's-S DMF s~

Scheme 1. Synthetic route for DL-thioctic hydroxyethyl.
It was synthesized according to a reported procedure.'’? To a mixture of DL-thiocric
acid (2.06 g, 10 mmol) and potassium carbonate (2.74 g, 20 mmol) in DMF (20 mL),
2-bromoethanol (1.87 g, 15 mmol) was added dropwise. The mixture was stirred at
room temperature in dark overnight. Afterwards, 20 mL water was added to dissolve
the insoluble salts, and the mixture was extracted with 40 mL dichloromethane. The
organic layer was washed with saturated sodium chloride, 1 M hydrochloric acid, and
saturated sodium bicarbonate, then dried over anhydrous Na2SOa. After concentrated
with rotary vapor and column chromatographic separation (silica gel,

dichloromethane), a yellow liquid product was obtained (yield: 80%).

'H NMR (200 MHz, CDCls) &: 4.09-4.18 (t, 2H), 3.70-3.79 (t, 2H), 3.43-3.56 (m, 1H),
2.99-3.17 (t, 2H), 2.34-2.46 (m, 1H), 2.25-2.33 (t, 2H), 1.77-1.91 (m, 1H), 1.51-1.71 (m,
4H), 1.30-1.50 (m, 2H) ppm. 3C NMR (200 MHz, CDCIs) d: 173.5, 65.9, 60.4, 56.2,
40.2, 38.3, 34.3, 33.6, 28.5, 24.4 ppm. LC-MS (m/z): Calcd for [M+NH,]*: 268.2, Found:

268.1.

4.5.3.2. DL-Thioctic ethylene glycol (TEG)
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Scheme 2. Synthesis of DL-thioctic ethylene glycol.

TEG was synthesized by a previous study.?* DL-Thiocric acid (824 mg, 4 mmol),
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diethylene glycol monomethyl ether (570 mg, 4.8 mmol) and 4-
(dimethylamino)pyridine (DMAP) (154.6 mg, 1.2 mmol) were added into the oven-
dried round flask with a stirring bar, then anhydrous dichloromethane (20 mL) was
added to dissolve them. After totally dissolving, 1-(3-dDimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC-HCI) (2.3 g, 12 mmol) was dissolved in 10 mL
dichloromethane and added in the as-prepared solution under nitrogen atmosphere.
The reaction was conducted at room temperature in dark overnight. Then, the solution
was washed with saturated sodium chloride, 1 M hydrochloric acid and saturated
sodium bicarbonate, and dried over anhydrous Na2SOa4. The crude product was
obtained by rotary vapor. Finally, after the separation by column chromatographic
(silica gel, petroleum ether to petroleum ether/ethyl acetate=3/1), the pure product was
received as a light yellow liquid (yield: 65%).

H NMR (200 MHz, CDCl,) &: 4.13-4.21 (t, 2H), 3.61-3.66 (t, 2H), 3.53-3.60 (t, 2H), 3.51
(m, 1H), 3.43-3.49 (t, 2H), 3.29-3.32 (m, 3H), 2.99-3.17 (t, 2H), 2.32-2.45 (m, 1H), 2.24-
2.33 (t, 2H), 1.75-1.90 (m, 1H), 1.50-1.69 (m, 4H), 1.30-1.48 (m, 2H) ppm. 3C NMR
(200 MHz, CDCly) &: 173.2, 71.7, 70.5, 69.2, 58.9, 56.1, 40.1, 38.3, 34.4, 33.8, 28.4,

24.5 ppm. LC-MS (m/z): Calcd for [M+NH,]*: 326.1, Found: 326.2.

4.5.3.3. Propane dithioctic (PDT)

Scheme 3. Synthesis of propane dithioctic.
Propane dithioctic was synthesized by same protocol of DL-thioctic hydroxyethyl (THE)
above. Typically, 1,3-dibromopropane (460 pL, 4.5 mmol) was added dropwise into a

mixture of DL-thiocric acid (2.06 g, 10 mmol), potassium carbonate (2.74 g, 20 mmol)
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and DMF (20 mL). The reaction was performed at room temperature in dark overnight.
Then, 20 mL water was added to dissolve the solid salt. This as-prepared mixture was
exacted with 40 mL ethyl acetate. And the organic layer was washed by saturated
sodium chloride, 1 M hydrochloric acid and saturated sodium bicarbonate, then dried
over anhydrous Na2SOa. After concentrated by vacuum and column chromatographic
separation (silica gel, dichloromethane), the final product was gained as a light yellow
liquid (yield: 40%).

'H NMR (200 MHz, CDCls) &: 3.99-4.13 (t, 4H), 3.43-3.57 (m, 2H), 2.99-3.17 (t, 4H),
2.33-2.47 (m, 2H), 2.20-2.30 (t, 4H), 1.77-1.94 (m, 4H), 1.53-1.69 (m, 8H), 1.31-1.47 (m

4H) ppm. C NMR (200 MHz, CDCl5) &: 173.1, 60.8, 56.3, 40.1, 38.3, 34.6, 33.8, 28.6,

245, 20.9 ppm. LC-MS (m/z): Calcd for [M+NH,1*: 470.1, Found: 470.2.

4.5.3.4. Pyrene-terminated dibenzo 24 crown 8 (DB24C8)
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Scheme S4. Synthesis of pyrene-terminated DB24C8
Pyrene-terminated DB24C8 was synthesized according to a previous study.?!2
Compound 1: Catechol (1.1 g, 10 mmol), 2-[2-(2-chloroethoxy)ethoxy]ethanol (3.05

ml, 21 mmol), K2COs (4.15 g, 30 mmol), KI (.05 g, 3.0 mmol) and DMF (60 ml) were
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mixed in an oven-dried round flask. The mixture was heated at 100 °C for 24 h. Then
60 mL water added to dissolve the unsolvable solid and the solution was exacted by
120 mL DCM. The organic layer was washed by saturated sodium chloride, saturated
sodium bicarbonate, and saturated sodium chloride, then dried over anhydrous
Na2SOa. After concentrated by evaporation, the final product was obtained as a brown
oil (yield: 80%).

'H NMR (200 MHz, CDCl,) &: 6.88 (s, 4H), 4.11-4.21 (t, 4H), 3.81-3.91 (t, 4H), 3.65-
3.79 (m, 12H), 3.56-3.62 (q, 4H), 3.08 (s, 2H) ppm. *C NMR (200 MHz, CDClI5) &:
148.9, 121.7, 1147, 72.7, 709, 70.4, 69.8, 68.8, 61.7 ppm. LC-MS (m/z): Calcd for
[M+NH,]": 392.2, Found: 392.2.

Compound 2: Compound 1 (2.8 g, 7.5 mmol), triethylamine (TEA) (4.35 ml, 31 mmol)
and 4-dimethylamino pyridine (DMAP) (5 mg, 0.075 mmol) were mixed in DCM (30
ml). 4-Toluenesulfonyl chloride (3.6 g, 19 mmol) dissolved in DCM (70 mL) and added
dropwise to the reaction mixture with vigorously stirring. The reaction was stirred at
room temperature overnight. After that, the solution was washed by 1 M hydrochloric
acid, saturated sodium bicarbonate and saturated chloride, then dried over anhydrous
Na2SOa. The crude product was purified by column chromatography (silica gel, DCM

to DCM/MeOH=20/1) to give a brown colored oil (yield: 55%).
"H NMR (200 MHz, CDCl;) &: 7.71-7.82 (d, 4H), 7.27-7.35 (d, 4H), 6.89 (s, 4H), 4.08-

4.19 (m, 8H), 3.75-3.84 (t, 4H), 3.54-3.72 (m, 12H), 2.41 (s, 6H) ppm. 13C NMR (200
MHz, CDCl,) 5: 149.0, 144.8, 133.0, 129.9, 128.0, 121.7, 114.9, 70.8, 70.7, 69.8, 69.3,

68.8, 68.7, 21.6 ppm. LC-MS (m/z): Calcd for [M+NH,]*: 700.2, Found: 700.2.
Compound 3: 3,4-Dihydroxybenzaldehyde (0.345 g, 2.5 mmol) and Cs2COs (4.075 g,

12.5 mmol) were mixed in THF (70 ml), then heated under reflux for 1h. After that,
compound 2 (1.71 g, 2.5 mmol) in THF (20 ml) was added and heated under reflux for

24 h. After cooling down to the room temperature, the solvent was removed under
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vacuum. The residue was dissolved in 40 mL DCM, and washed by 1 M hydrochloric
acid and saturated chloride, then dried over anhydrous Na2SOas. After column
chromatography separation (silica gel, DCM to ethyl acetate/MeOH=10/1), the final
product was received as a yellowish solid (yield: 70%).

'H NMR (200 MHz, CDCIl,) &: 9.79 (s, 1H), 7.33-7.43 (m, 2H), 6.77-3.96 (m, 5H), 4.04-
4.22 (m, 8H), 3.78-3.97 (m, 16H) ppm. *C NMR (200 MHz, CDCl;) &: 190.9, 154.3,

149.2, 148.9, 130.2, 126.9, 121.4, 113.9, 111.9, 111.0, 71.6, 71.5, 71.3, 70.0, 69.8, 69.7,

69.5,69.4, 69.4, 69.3 ppm. LC-MS (m/z): Calcd for [M+NH,]*: 494.4, Found: 494.4.

Compound 4: Compound 3 (0.6 g, 1.25 mmol) was dissolved in a mixture of
MeOH/THF (5 mL/5 mL) and the solution was cooled to 0 °C for 30 min. NaBHa4
(0.1425 g, 3.75 mmol) was added into the solution with vigorously stirring. Then the
mixture was stirred at room temperature overnight. After quenching by adding 5 mL
water, the solution was exacted by DCM. The organic layer was washed by saturated
sodium chloride twice and dried by Na2SOa. After removing the solvent, the final
product was got as white solid (quantitative yielding).

'"H NMR (200 MHz, CDClI5) &: 6.80-6.94 (m, 7H), 4.55-4.61 (s, 2H), 4.09-4.18 (m, 8H),
3.79-3.95 (m, 16H) ppm. 3C NMR (200 MHz, CDCl,) &: 149.0, 148.9, 148.4, 134.3,

121.4, 119.9, 114.1, 113.9, 71.3, 70.9, 69.9, 69.8, 69.6, 69.4, 65.1 ppm. LC-MS (m/z):

Calcd for [M+NH,]*: 496.2, Found: 496.2.
Compound 5: 1-Pyrenecarboxylic acid (78.1 mg, 0.3 mmol) and oxalyl chloride (76.2

mg, 0.6 mmol) were mixed with DCM (15 mL). Adrop of DMF was added in the mixture
and the reaction was performed at room temperature for 2 h. Then the solvent was
removed under vacuum to get yellowish solid (quantitative yielding), which was used
directly without further processing.

Compound 6: Compound 4 (120 mg, 0.25 mmol) and trimethylamine (50 mg, 0.5

mmol) were mixed in DCM (15 mL), then stirring for 1 h under nitrogen atmosphere.
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After adding the fresh prepared compound 5 (quantitative yielding) in DCM (5 mL), the
reaction was kept at room temperature overnight under nitrogen atmosphere. After
concentrating by vacuum, the crude product was purified by column chromatography
(silica gel, ethyl acetate/petroleum ether=4/1). The final product (pyrene-terminated
DB24C8) was obtained as a yellowish solid (yield: 40%).

H NMR (200 MHz, CDCl,) 5: 7.80-8.16 (d, 9H), 6.60-6.82 (m, 6H), 6.45 (d, 1H), 4.95 (s,
2H), 4.26 (s, 2H), 3.96-4.09 (m, 8H), 3.46-3.84 (m, 16H) ppm. 3C NMR (200 MHz,

CDCI;) 8: 149.0, 148.9, 148.4, 134.3, 121.4, 119.9, 114.1, 113.9, 71.3, 70.9, 69.9, 69.8,

69.6, 69.4, 65.1 ppm. LC-MS (m/z): Calcd for [M+NH,]*: 738.2, Found: 738.2.

4.5.4. Synthesis of fully interlocked elastomers and gels

Taking DL-thioctic hydroxyethyl (THE) based fully interlocked elastomers and gels as
example:

The mixture of DL-thioctic hydroxyethyl (70 %, molar fraction) and DMF (30 %, molar
fraction) was added on a PTFE based rectangular mold, which was put in a glove box
purged with Argon. After DMF was totally evaporated, the obtained elastomers was
immersed in THF for 1 day with changing it every 8 hours to remove the unreacted
components. Then the fully interlocked THE based elastomers formed after drying.
The fully interlocked THE based gels were prepared by swelling the THE elastomers
in THF or 1,4-diaxone solvents.

The DL-thioctic ethylene glycol (TEG) and propane dithioctic (PDT) based fully

interlocked elastomers and gels were prepared by the same method.

4.5.5. Synthesis of fluorescent fully interlocked elastomers

The mixture of DL-thioctic hydroxyethyl (69.99 %, molar fraction), pyrene-terminated
DB24C8 (0.01 %, molar fraction) and DMF (30 %, molar fraction) was added on a

PTFE based rectangular mold, which was put in a glove box purged with Argon. After
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DMF was totally evaporated, the obtained elastomers were immersed in THF/CHCls
solution for 1 day with changing it every 8 hours to remove the unreacted and unlocked
components. Then the fluorescent interlocked THE based elastomers was formed

after drying.

4.5.6. Self-growing interlocked elastomers

Firstly, THE based interlocked elastomer was swelled in a nutrient solution of
THE/DMF (70/30, mol/mol) for 12 h to obtain the swollen THE based interlocked seed.
Then, the swollen seed sample was put under Argon atmosphere to let DMF fully
evaporate. Then, the sample was immersed in THF solution for 1 day with changing it
every 8 hours to remove the unreacted components. Finally, the grown interlocked
THE based elastomer was obtained after drying.

The multi-time growth of interlocked elastomer was processed with similar above
procedure.

The mechanical properties of the obtained seed materials were measured by the

tensile test.

4.5.7. Enhanced self-strengthening of interlocked elastomers

Firstly, THE based interlocked elastomer was swelled in a nutrient solution of
THE/PDT/DMF with various PDT molar fractions (0.1 %, 1 %, 2 %, 5 % and 10 %)
while the ratio of DMF is kept at 30 % (molar fraction) for 12 h to obtain the swollen
THE based interlocked seed. Then, the swollen seed sample was put under Argon
atmosphere to let DMF fully evaporate. Then, the sample was immersed in THF
solution for 1 day with changing it every 8 hours to remove the unreacted components.
Finally, the enhanced self-strengthened interlocked THE based elastomer was
obtained after drying. The mechanical properties of the obtained seed materials were

measured by the tensile test.
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Chapter 5

5. Conclusions and outlook

In this thesis, | have developed several approaches for the fabrication of self-growing
elastomer materials that can be used to mimic the apparent growing feature of living
organisms fundamentally. | have carried out light-activated strategies for regulating the
growth of dynamic materials, both surface structures and bulky substrates. Employing
light-induced growth, the pristine soft materials can be grown with modulation in size,
composition and mechanical properties. Moreover, | have proposed a novel
evaporation-induced entropy replenishment approach to fabricate fully interlocked
poly(disulfide)s material with interlocking network topology. Self-growing and self-
strengthening of interlocked material owing to the facile evaporation approach were
evaluated. Finally, | have demonstrated the potential application of self-growing
polymeric materials in making rough surfaces, self-restoration of materials, and self-

stiffening of soft elastomers.

The following are the major conclusions and outlook of this work:
% Photo-activation of dynamic polyHBA elastomers allows easily materials
growth by the swelling-polymerization-homogenization approach. Multiple
treatments allow a grown index up to 19. By varying nutrient solutions,

both the composition of grown material can be modulated. Homogeneous

and heterogeneous growth of bulk materials can be achieved and easily
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combined in multiple steps. The bulk hydrophobicity of the material can be
modulated through growth cycle treatment without any preprogramming.
Further studies can extend this system into self-growing biocompatible
hydrogels by featuring mild chain exchanging reactions.

% Photoinduced site-specifically self-growable materials can be designed
based on coupling three kinds of reactions: photolysis,
photopolymerization, and transesterification in a single system. The size,
shape and composition of such materials can be regulated by changing
the hydrophilicity of the grown monomers. The mechanical properties of
the grown microstructures can also be adjusted. The materials can also
be restored after irregular damage at the surface. Although the
methodology was demonstrated on structured surfaces, the mechanistic
insights can be readily applied to change the bulk properties within

materials in consideration of the capability of two-photon polymerization.

X/

% Evaporation-induced entropy replenishment is a new and interesting
methodology to synthesize fully interlocked polycatenanes elastomers.
The increase of entropy during evaporation of base catalyst can
compensate for the entropy loss of cyclization of polymers/oligomers
within the precursor to form fully interlocked polycatenannes. The
obtained crosslinked materials possess a unique interlocking network
topology, which is an excellent expansion in the field of polymer topologies
and creates a new opportunity in chemistry and material science. This
work can be further extended in other polymeric materials accordingly, like

the preparation of interlocked PDMS and hydrogels.

This Thesis presented a variety of strategies to guide the growth of synthetic dynamic
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soft materials in a bioinspired manner. Although this Thesis only focuses on growable
polymer material systems using organic solvents, this principle could be extended to
other elastic materials and biocompatible hydrogels. Moreover, other approaches
involving pH and temperature can also be used as candidates for the investigation of

novel dynamic soft and self-growing materials.
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