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Résumé

Les polymeres a mémoire de forme (SMP) sont des matériaux intelligents qui peuvent
récupérer leur forme permanente a partir d'une forme temporaire lorsqu'ils sont exposés a un
stimulus externe. Ils ont attiré beaucoup d’attention en raison de leurs propriétés uniques. Par
rapport aux SMPs doubles, les SMPs complexes ayant des mémoires triples, multiples ou
bidirectionnelles sont plus attirants en raison de leurs propriétés distinctes. Les SMPs
multiples peuvent mémoriser trois formes ou plus, tandis que les SMPs bidirectionnels
peuvent basculer entre deux formes distinctes. L'objectif principal de cette theése est de
concevoir des SMPs complexes par des méthodes simples pour des applications
particulierement en biomédecine. Deux systémes SMP complexes biodégradables a base de

bio-composés ou de monomeres synthétiques ont été synthétisés.

Pour les SMPs de mémorises multiples, nous avons synthétisé¢ une série de copolymeres
statistiques avec des groupes pendants d'acide cholique en utilisant une méthode de
polymérisation radicalaire simple. Ces copolymeres ont une température de transition vitreuse
(Ty) réglable, selon le ratio de comonomeres, qui montrent a la fois des effets mémoires a
double et triple états (PME). Les rapports entre la fixité et la récupération de la mémoire de
forme double ou triple peuvent étre améliorés par l'incorporation d'un groupe cinnamate dans
les copolymeres afin de permettre la photo-réticulation du polymere. Les polymeres réticulés
présentent des rapports de récupération améliorés pour la mémoire de forme double et triple et
présentent méme des PME quadruples. Le degré de réticulation affecte également les
propriétés de mémoire de forme. Les meilleurs comportements de mémoire de forme dans ce

genre de polymeres ont été obtenus avec une réticulation de 2,2% molaire des monomeres.

Les SMP doubles, triples et multiples sont généralement SMP unidirectionnels et leurs
transformations de formes sont irréversibles. Les SMP réversibles bidirectionnels (2W-SMP)
peuvent basculer automatiquement entre deux formes distinctes lorsqu'elles sont exposées a
deux stimuli externes différents. Cependant, la température d'actionnement (7a) de 2W-SMP
est une valeur fixe telle que déterminée par la température de fusion (7m) du segment
actuateur du réseau polymere. Dans cette étude, une série de copolymeres statistiques

contenant ¢-caprolactone (CL) et w-pentadécalactone (PDL) ont ¢été synthétisés par



polymérisation par ouverture de cycle avec un catalyseur de lipase B de Candida antarctica
(CALB). Les segments polymeres de ces deux monomeres sont co-cristallisables et la 7Tm des
copolymeres peut étre adapte en ajustant le rapport molaire des comonomeres. Apres
irradiation pour la réticulation de thiol-eéne, le réseau de polymeres a montré des 2W-PME
dans des conditions avec ou sans tension, avec un changement de forme absolu de 13,2%. Des
mouvements réversibles comme flexion-extension et enroulement-déroulement ont été
observés pour le réseau de polymere. La 7a de 2W-SMP sous conditions sans stress peut étre
facilement controlée en sélectionnant un ou deux prépolymeres comme segments du réseau
polymere. Le changement de 1’élongation absolue des 2W-SMP est augmenté sous les
conditions avec ou sans stress, mais le changement d’élongation relative est réduit avec
I'augmentation de tension sous condition de stress. L'évolution de la microstructure de 2W-

SMPs sous condition sans stress a également été congu.

Les 2W-SMPs sont souvent actionnés thermiquement, mais le chauffage indirect est
souhaitable pour certaines applications. Une série de 2W-SMPs composites actionnés par la
lumicre a ainsi été préparée par I’incorporation de nanospheres de PDA dans les réseaux
polymeres contenant le CL et le PDL. Les nanospheres de PDA ont un effet photothermique
trés prononcé qui peut convertir l'énergie lumineuse en chaleur. La température de
I'échantillon augmente selon I’intensité lumineuse et du contenu en nanospheres de PDA. Ces
composites polymeres présentent d'excellentes 2W-PME sensibles a la lumiére sous condition
sans stress avec un changement d'angle réversible de 45° lorsque la lumiere est allumée puis
éteinte. L'échantillon avec un contenu plus élevé en nanospheres de PDA ou sous une intensité
lumineuse plus forte cause une ouverture d’angle plus rapide. Un micro-robot qui peut
marcher sur une piste en dents de scie lorsque la lumiére est allumée et éteinte a également été

congu arec un composite 2W-SMPs.

Mots-clés: Polymeres a mémoire de forme, acide cholique, polyester co-cristallisable,

polydopamine
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Abstract

Shape memory polymers (SMPs) are smart materials that can recover the permanent shape
from a temporary shape when exposed to an external stimulus. They have drawn much
attention due to their unique properties. In comparison to dual SMPs, complex SMPs with
triple, multiple and two-way shape memories are more attractive due to their versatile
properties. Triple and multiple SMPs could memorize three and more shapes, while two-way
SMPs may automatically switch forth and back between two distinct shapes. The main
purpose of this thesis is to design simple complex SMPs for their applications especially in
biomedicine. Two biodegradable complex SMP systems based on bio-compounds or synthetic

monomers have been synthesized.

For multiple SMPs, we synthesized a series of random copolymers with pendent cholic acid
groups by the use of a simple free radical polymerization method. Such copolymers have a
glass transition temperature (7¢) range tunable by varying the monomers ratios, allowing the
dual and triple shape memory effects (SMEs). The fixity and recovery ratios of dual and triple
shape memory may be further improved by the incorporation of cinnamate groups into
copolymers to enable a photo-cross-linking of the terpolymer. The cross-linked polymers
show much improved recovery ratios for both dual and triple shape memory and even exhibit
quadruple SMEs. The degree of cross-linking also affects the shape memory properties. The
best shape memory behaviors were obtained with a 2.2 mol% cross-linking of the total

monomers in the terpolymer.

Dual, triple and multiple SMPs are usually one-way SMPs, and their shape transformations
are irreversible. Two-way reversible SMPs (2W-SMPs) may switch between two different
shapes automatically when they are exposed to two reverse external stimuli. However, the
actuation temperature (7a) of 2W-SMP is at a fixed value as it is determined by the melting
temperature (7m) of the actuator segment of the polymer network. In this study, a series of
random copolymers containing e-caprolactone (CL) and w-pentadecalactone (PDL) were
synthesized through ring opening polymerization catalyzed by Candida antarctica lipase B
(CALB). The polymers segments made of these co-monomers are co-crystallizable and the

Tms of the copolymers may be changed by adjusting the molar ratio of the co-monomers.
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Upon light irradiation which induces thiol-ene cross-linking, the polymer network showed
2W-SMEs under both stress-free and stress conditions with the absolute shape change up to
13.2%. Bending-unbending and coiling-uncoiling reversible shape motions were observed for
the polymer network. The 7a of the 2W-SMP under stress-free conditions may be tuned by
simply selecting one or two different prepolymers as segments in the polymer network. The
absolute strain change of 2W-SMPs increased under both stress-free and stress conditions, but
the relative strain change reduced with increasing tensile stress under stress conditions. The

evolution of the microstructure of 2W-SMPs under stress-free conditions was also elaborated.

The 2W-SMPs are often actuated thermally, but indirect heating is desirable for certain
applications because of its convenience. Thus, a series of light-actuated 2W-SMP composites
were prepared via the incorporation of tiny amounts of polydopamine (PDA) nanospheres into
polymer networks made of CL and PDL. PDA nanospheres have a strong photothermal effect
which may convert energy of light into heat. The temperature change of the sample is larger
with higher light intensity and higher content of PDA nanospheres. Such polymer composites
exhibited excellent light-responsive 2W-SMEs under stress-free conditions with a reversible
angle change of 45° when the light was turned on and off. The sample with a higher content of
PDA nanospheres or under a stronger light led to a faster angle opening. A micro-robot is also
designed and made of the 2W-SMP composite, which may walk on a home-made track with

right triangle sawteeth when the light is turned on and off.

Keywords: Shape memory polymers, cholic acid, co-crystallizable polyesters, polydopamine
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Chapter 1

Introduction

1.1 Shape memory polymers

Smart materials may be made of polymers that are capable of manifesting property
changes in response to changes in the external environment. Shape memory polymers
(SMPs) are one of such materials that can be fixed to a temporary shape and recover its
permanent shape upon application of an external stimulus, such as temperature in change,’
light,? electricity,® magnetism,* microwave,>® ultrasound,” solvent,'%1? pH,3-16 metal ion,!’
etc. Such polymers have attracted much attention from researchers in past decades owing to
their potential applications in biomedicine,'® aerospace,! robotic industry,?® sensors,?!

22 etc. Figure 1.1 shows the annual number of citations of “shape memory

actuators,
polymers” in the Web of Science database from 1995 to 2017. The exponential increase of
citation numbers illustrates the growing interest in the mechanism and applications. Dual
SMPs are the basic form of SMPs that could memorize two shapes, one temporary and one
permanent shape, in a shape memory cycle. Most of the polymers may endow a certain dual
shape memory effect (SME) because they have at least one reversible thermal transition.?’
Therefore, it is easy to design a dual SMP. However, dual SMPs could not meet more
complex requirements in certain applications, promoting the development of complex SMPs,
such as multiple and two-way reversible SMPs. Three or more shapes can be memorized for
triple and multiple SMPs.** In comparison to dual SMPs, complex SMPs are more
interesting and versatile. One-way SMPs have one permanent shape and one or more
temporary shapes, depending on the number of transition states that they may accommodate,
corresponding to dual, triple, and multiple SMPs. The temporary shapes recover directly, or
through intermediate temporary shape(s), the permanent shape, when the material is subject
to an external stimulus (usually heat). Two-way reversible SMPs (2W-SMPs) may change
back and forth between two distinct shapes automatically when activated by two different

stimuli. This subject will be addressed in more details in Chapter 2.
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Figure 1.1 Histogram showing the number of citations per year based on a search from the

Web of Science using a keyword “shape memory polymers” (Jan. 2018)

1.2 One-way multiple SMPs

Dual SMPs can recover the permanent shape from a temporary shape upon exposure to
an external stimulus, which require a thermal transition temperature (7ians). They are
relatively simple and easy to design and make. Triple and multiple SMPs, however, require
two or more distinct Tiranss or a broad 7irans that can incorporate multiple steps of transitions,
thereby allowing the memorization of three or more shapes (one permanent shape plus two
or more temporary shapes). They are useful and sometimes required for certain applications.
The first triple SMP system based on semi-crystalline polymer networks with two distinct
Tms was reported by Lendlein and coworkers in 2006.2° In the following years, all triple
SMPs were focused on polymers with two separate thermal transition temperatures
(Ttrans).?”*® In 2010, a commercial glassy polymer with one broad glass transition
temperature (7)) was found to show multiple shape memory effect (SMEs).?° Triple and
multiple SMPs may be used in more complex conditions since they feature three or more
temporary shapes. Triple SMEs have been achieved by utilizing two reversible thermal
transitions or one single broad thermal transition. Multiple SMEs could be realized in a
similar fashion by introducing additional discrete transition(s) or broadening the single

transition used for triple SMPs. Triple and multiple shape memory properties strongly



depend on the cross-linking density (including physical and chemical cross-linking). It is
also known that a higher cross-linking density would allow the sample to recover more fully
its original shape but with a lower performance in keeping its temporarily-fixed shape.*

There is a need to design simpler and better-performing polymers that are easy to prepare.

1.3 Two-way reversible SMPs

Two-way SMPs (2W-SMPs) can change between two or more distinct “permanent”
shapes when they are triggered by two or more different external stimuli. They are more
difficult to achieve and have become the most desired shape memory materials due to their
unique properties. Mather and coworkers developed 2W-SMPs, and found that pre-stretched
polycyclooctene with chemical cross-linking structure featured contraction upon heating
and elongation on cooling under a constant tensile stress.>! Most of the 2W-SMEs reported
so far are activated by direct or indirect heating, where the heating can be sourced from light,
magnetism, electricity, microwave, or ultrasound. One exception are polydomain
azobenzene-based liquid crystal elastomers (LCEs), where the bending and unbending
shape changes could be realized by switching between two irradiation light wavelengths of
366 and 540 nm due to trans-cis isomerization of the azobenzene.** Two types of thermally
induced 2W-SMEs have been reported: under stress and stress-free conditions. Just as the
name implies, for 2W-SME under stress, the sample only shows reversible shape changes
when a permanently applied external load is imposed on it, limiting complex shape
transformations. Hence, 2W-SMPs under stress-free conditions are more desirable for many

applications.

1.4 Objectives and the scope of this thesis

Polymers containing two or more distinct thermal transitions or a single broad thermal
transition may endow multiple SMEs. However, the synthesis of these SMPs is usually
complicated, and/or a transition metal catalyst is used during the synthesis. The actuation
temperature (7a) of SMPs is usually at a fixed temperature or can only be tuned in a small
range. All these drawbacks limit the practical applications of multiple SMPs. 2W-SMPs can

be realized on liquid crystalline elastomers (LCEs) and semi-crystalline polymer networks.



Semi-crystalline polymer networks are easier to design and synthesize. The 7a of 2W-SMP
is determined and limited by the 7m of the polymers. It is also of interest to develop 2W-
SMPs that can be actuated by other stimuli than heat.

The main objective of this thesis is to design SMPs that may have multiple SMEs with
simpler and greener synthetic methods and two-way reversible SMEs preferably in the
presence of nontoxic catalysts, especially the SMPs that can be triggered by other stimuli
than direct heating. To this end, we developed two different SMP systems based on bio-
compounds and/or biodegradable prepolymers and investigated their shape memory
behavior and the evolution of the microstructure in shape memory cycles. The multiple
SMPs based on a series of random copolymers bearing cholic acid and oligo(ethylene
glycol) are synthesized through the use of a simple free radical polymerization method. In
order to further improve the recovery ratios, cinnamate group is incorporated into a random
copolymer to synthesize a terpolymer that can be photo-cross-linked. The cross-linked
terpolymer shows much improved dual, triple and quadruple SMEs. The 2W-SMPs are
prepared by photo-cross-linking homopolymers and random copolymers which are
synthesized easily with various molar ratios of co-crystallizable comonomers, lactones with
different hydrocarbon chain lengths, by the use of ring opening polymerization method in
presence of an enzyme, Candida antartica lipase B (CALB). The 7a of 2W-SMPs under
stress-free conditions can be tuned by selecting two different prepolymers. Into this 2W-
SMP system we introduced polydopamine (PDA) nanospheres with good photothermal
effects and used light to actuate the 2W-SME. A micro-robot was also designed and made

and shown to be capable of locomotion when the light was turned on and off repeatedly.

This thesis consists of six chapters, including this general introduction (Chapter 1),
review paper (Chapter 2), research papers (Chapters 3 to 5) and a general conclusion
(Chapter 6). All the presented work was done by the author of this thesis under the
supervision of Professor Julian Zhu. Dr. Yong-Guang Jia was a postdoctoral fellow in our
group, he helped with the correction of the papers and sometimes involved in the
discussions, solving synthetic problems and helping with the experimental design.

Therefore, he is the co-author of the review paper and two of the research papers.



Chapter 2 reviews the progress of thermally-induced triple and multiple, and two-way
SMPs through direct and indirect heating methods. We summarized the literature work to
present the concepts, the programming procedures, the molecular mechanism, classification,
and design strategies of complex SMPs. In addition, some examples of the applications of
these types of SMPs were also described. This review has been submitted for publication.
(Wang, K.; Jia, Y. -G.; Zhu, X. X. Multiple and two-way reversible shape memory

polymers: Design strategies and applications, Prog. Mater. Sci.).

Chapter 3 describes a series of random copolymers or terpolymers made of biological
compounds (cholic acid, cinnamic acid and oligo(ethylene glycol)). Their broad T7gs
accommodated dual and triple SMEs. The chemical cross-linked structure could enhance
shape memory behavior. Moreover, the cross-linked terpolymer manifested good quadruple
SMEs. This paper has been published in ACS Biomaterials Science & Engineering. (Wang,
K.; Jia, Y. -G.; Zhu, X. X. Biocompound-based multiple shape memory polymers
reinforced by photo-cross-linking. ACS Biomater. Sci. Eng. 2015, 1, 855-863.)

Chapter 4 describes the synthesis of a series of homopolymers and random copolymers
by the use of various molar ratios of cocrystallizable monomeric units (CL and PDL). The
melting temperatures (7ms) of these prepolymers are tunable. After photo-cross-linking
upon thiol-ene reaction, the polymer network manifested 2W-SME under stress and stress-
free conditions. The tunable actuation temperatures (7as) of 2W-SMP under stress-free
condition could be tuned by selecting one or two prepolymers as their two segments. This
paper has been published in Macromolecules. (Wang, K.; Jia, Y. -G.; Zhu, X. X. Two-way
reversible shape memory polymers made by cross-linked co-crystallizable random

copolymers with tunable actuation temperatures. Macromolecules 2017, 50, 8570-8579.)

Chapter 5 presents the preparation of photo-responsive 2W-SMP composites via the
incorporation of PDA nanospheres into the 2W-SMP system designed in Chapter 4 making
use of the photothermal effect of PDA. 2W-SMEs under stress-free conditions were
observed when the light was switched on and off. In addition, we designed a robot which is
capable of locomotion on a track with right triangle sawteeth based on a 2W-SMP

composite. This paper has been submitted for publication. (Wang, K.; Zhu, X. X. Two-way



reversible shape memory polymers containing polydopamine nanospheres: Light actuation

and robotic locomotion. J. Mater. Chem. B)

Chapter 6 is a general conclusion summarizing the work carried out with future

perspectives for this work.
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Chapter 2
Multiple and two-way reversible shape memory polymers:

Design strategies and applications*

Abstract

Shape memory polymers (SMPs) are capable of changing their shapes in a pre-defined manner
under a stimulus, and have gained considerable interest in the past decades. Although a
number of stimulus-responsive SMPs have been developed, thermally-induced SMPs are still
the most common. This review presents the concepts, the programming procedures, the
molecular mechanism, classification, design strategies and the recent progress of thermally-
induced SMPs, including dual, triple, multiple SMPs and two-way reversible SMPs (2W-
SMPs) activated by direct and indirect heating methods. Examples of applications of these

types of SMPs are also presented and discussed.

2.1 Introduction

Shape memory materials, including shape memory ceramics, shape memory alloys and
shape memory polymers (SMPs), are regarded as smart materials with the capability of
recovering its permanent shape from a temporary shape under an external stimulus, such as
heat, light, pressure, electrical field, magnetic field, pH or solvent.'* SMPs are among the
most important due to their good shape change (up to 1000% recoverable deformation),’ low
density, tailorable properties (e.g., thermal transition temperature (7ians), rigidity,

biodegradability, etc.), programmability and controllability of recovery behavior, and low

*Wang, K.; Jia, Y.-G.; Zhu, X.X. Submitted to Progress in Materials Science for publication as a review.



cost. The term SMP was first used in 1984 by CDF Chimie Company (France).® However,
interest was limited due to the lack of applications in the early days of SMPs. Lendlein et al.
reported that SMPs may be used as self-tightening sutures for minimum invasive surgery in

2002, raising much interest for SMPs in biomedical applications.’

Various actuation stimuli of SMPs may be applied as mentioned above. Thermally-induced
SMPs, the most common stimulus, may be directly triggered by heating with a hot gas or
water. Indirect heating methods have been also developed due to the inconvenience of directly
activating the SMPs in certain applications. For example, SMPs incorporated with functional
fillers may be triggered by light, electricity, magnetism, microwave or ultrasound,®’ but they
are still intrinsically triggered by heat, since different forms of energy may be converted into
heat through the functional fillers. For the intrinsically light-induced SMPs, reversible photo-
responsive molecular switches are incorporated into the polymer, and shape fixity and
recovery may be realized with various light wavelengths.!%!?> Water or other solvents may be
used as a trigger in which solvent molecules are dispersed into the polymer and serve as

plasticizers leading to a reduction in Tirans and consequently resulting in shape recovery.'3!

Most thermally-induced SMPs have a permanent shape provided by cross-linked phases,

including chemical and physical cross-linking, such as crystalline domains®%?!

or strong
supramolecular interactions.?> Their temporary shapes are fixed by frozen molecular chains
during vitrification, crystallization or anisotropization below a certain 7tans, such as the glass
transition temperature (7g), the crystallization temperature (7¢) and the clearing temperature
(71, a thermal transition temperature of liquid crystal polymers). According to the number of
shape transitions, thermally-induced SMP may be categorized into dual, triple and multiple
SMPs. Most SMPs are able to recover its permanent shape from a temporary shape under an
external stimulus, but cannot reverse to its temporary shape. Such SMPs are called one-way
SMPs (1W-SMPs). Other SMPs may reversibly vary between two distinct shapes under two
different external stimuli, and are known as two-way reversible SMPs (2W-SMPs). Here, two
different external stimuli may be of the same type (such as heating and cooling, or different

wavelengths of light) or different types (such as light and cooling, or electric current and

cooling, etc.).
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SMPs have drawn a great deal of attention from researchers in different fields. As a result,
numerous review papers have appeared in the literature with different emphases of the subject.

23-30

These include papers covering the general concepts of SMPs or specific aspects, such as

6,31-35

SMP composites and nanocomposites, shape memory hydrogels,*® triple SMPs,?’

reversible SMPs,*® SMPs bearing reversible binding groups,®® shape memory epoxy resins,*

334143 electro-active SMPs,*> SMPs with multiple transitions,** and

stimuli-responsive SMPs,
textile,* biomedical,***’ and aerospace®® applications of SMPs. Some review papers on self-
healing polymers also mentioned SMPs.’!">* To the best of our knowledge, there are no
reviews in the literature that systematically treated the subject of multiple and two-way shape
memory effects (SMEs) through both direct and indirect heating. Therefore, a comprehensive

review on multiple and two-way SMPs is still needed.

In this review, we start by defining the terms and strategies of material design by discussing
dual SMEs, but our emphasis will be placed on multiple SMEs and particularly 2W-SMEs as
well as SMEs actuated by indirect heating, for which we will define the terms and concepts
later in the text. We focus this paper on the thermally-induced SMPs, including direct and
indirect heating-activated SMPs. We summarize the concept, the programming procedure, the
molecular mechanisms, the design strategies as well as recent development in thermally-

induced SMPs activated by direct and indirect heating method.
2.2 Dual SMPs

2.2.1 Programming and mechanism

Dual SMPs are the conventional and basic form of SMPs containing only one shape
transition from a temporary shape to a permanent shape in response to a stimulus. In this
paper, dual SMPs are addressed briefly for a better understanding of complex SMPs (multiple
and 2W-SMPs), since several reviews have focused on them. Their programming procedures
and molecular mechanisms may be generally summarized in Figure 2.1.% 273040 The SMP is
first heated to a deformation temperature (7d > Ttrans) and held isothermally for a certain time
length to reach heat conduction equilibrium, since the sample exhibits rubbery elasticity at this

temperature and the chain mobility is significantly activated. The polymer chain
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conformations are changed under an external loading, resulting in macroscopic shape change
(deformed shape) and stored elastic energy. The sample is then cooled to a fixation
temperature (7t < Tirans) and held isothermally to freeze the movement of the polymer chains.
The elastic energy is kinetically trapped, and a temporary shape is fixed after unloading the
external force. When the SMP is reheated above Tians Without stress, the chain mobility is
reactivated, the corresponding stored elastic energy is released, and the SMP recovers its

permanent shape.

Tﬁ“ . .
Heating t *) Deformatlog C.oo||lng "
NS Fixation

(&0) (%) (€1 16ad) (&4)

e Chemical or physical cross-linking points or crystalline regions
bD Polymer chains of low mobility below T, ..
;@ Polymer chains of high mobility above T, ..

Figure 2.1 Schematic illustration and the molecular mechanism of a dual SME.

Two parameters can be used to describe the dual SMEs. The first one is the shape fixity
ratio (Rf), which quantifies the ability of the sample to maintain an imposed mechanical
deformation after the load is removed. The other is the shape recovery ratio (Rr), quantifying

the ability of the sample to recover its permanent shape:>>

¢(N)

E10ad(N)

Ri =

x100% (2.1)
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where ¢load is the maximum strain before removing the external force, ¢ denotes the strain after
cooling and unloading, erc indicates the strain after the recovery step, and N represents the

number of cycles in the shape memory experiment.>

For a dual SMP, the temporary shape fixation and permanent shape recovery are determined
by a reversible 7Tians, Wwhere the chain mobility is trapped (shape fixation) and liberated (shape
recovery) when changing the temperature below and above Ttrans, respectively. Many polymers
may manifest a certain dual SME when they have at least one reversible thermal transition (7g
for a glassy polymer, melting transition (7m) for a semi-crystalline polymer, or 7c for a liquid
crystalline polymer). Irreversible slippage may occur between the polymer chains under an
external force at a temperature higher than the Tians of the sample, leading to reduced entropy,
thereby reducing the entropy-related elastic energy, the driving force for the shape recovery.
As a result, the recovery ratio becomes lower.’> Such irreversible slippage between polymer
chains may be prevented by chemical and/or physical cross-linking. The entropy-related
elastic energy is increased and stored by prohibiting the slippage, resulting in a high recovery
ratio. Thus, based on the nature of the reversible thermal transition and the cross-linking,
conventional dual SMPs can be divided into two classes: (1) chemically cross-linked polymers
with one Tgor 7Tm or T, and (2) physically cross-linked polymers with one 7gor 7m or 7ci. In
this review, dynamic covalent bonds, such as transesterification,®*! Diels-Alder bonds,
disulfide bonds,* etc. are considered as chemical cross-linking, while dynamic bonds, such as

7

hydrogen bonding,’® ionic interactions,’’ m-m stacking interactions,” and metal-ligand co-

ordination interactions,” are categorized as physical cross-linking.

2.2.2 Chemically cross-linked polymers

The simplest SMPs are chemically cross-linked polymers with a sharp 7g. This class of
materials generally has excellent shape recovery ratios due to the absence of molecular
slippage between polymer chains. However, they are difficult to reprocess once their shape is
set, because the original shape is covalently fixed. The temporary shape of glassy SMPs is

fixed by vitrification below the T, while the permanent shape is recovered by heating the
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temperature above the 7¢. For example, chemically cross-linked polyimides with the high Tg
of around 320 °C as the Tians exhibit a very good dual SME (Figure 2.2), and their Rr and Rr
reached as high as 99.2% and 98.9%, respectively.®

Figure 2.2 Shape recovery process of a thermoset polyimide. Reprinted with permission from

Ref. 64. Copyright (2015) American Chemical Society.

For the chemically cross-linked semi-crystalline SMPs having a 7m as the critical
temperature, the temporary shape is fixed by crystallization below 7c instead of vitrification,
while the permanent shape is recovered by melting the crystalline phase above 7m. Similar to
the former class, the permanent shapes are set by the chemically cross-linked network and
may not be reshaped after processing. For example, cross-linked poly(ethylene glycol)-poly(e-
caprolactone) (PEG-PCL) copolymers can change from temporary linear shapes to permanent
spiral shapes with Tms close to body temperature.®> Xie’s group utilized dynamic covalent
bonds for cross-linking poly(urea-urethane), which exhibited self-healing, reprocessability,

and dual shape memory behaviors (Figure 2.3).5!



Self-healing

Recovering Fixing

Figure 2.3 Dynamic covalent bonds cross-linked poly(urea-urethane) showing reprocessing,
self-healing, plasticity, and a dual SME. Reprinted with permission from Ref. 61. Copyright
(2017) American Chemical Society.

Ta can also be used as a transition temperature for chemically cross-linked liquid
crystalline SMPs. The temporary shape is fixed upon cooling below 7ci (isotropic-anisotropic
transition temperature), whereas the recovery shape returns upon heating above 7u. For
example, a main-chain smectic liquid crystalline elastomer (LCE) was prepared from a main-
chain polydibenzoate with methacrylate end groups followed by thermal cross-linking, which
displayed a remarkable dual SME (both Rf and R:> 98%) actuated by a 7c of 98 °C (Figure
2.4).%6
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Figure 2.4 Consecutive dynamic mechanical analysis (DMA) curves of the dual SME of the
polydibenzoate-based LCE. Reprinted with permission from Ref. 66. Copyright (2016)

American Chemical Society.

2.2.3 Physically cross-linked polymers

The commonly known physically cross-linked glassy polymers consist of a physical cross-
linking phase (high temperature transition phase) and a thermal transition phase (low
temperature transition phase). Thus, when the sample is deformed above its 7irans, the physical
cross-linking structure sets the permanent shape. Herein, dynamic bonds, such as extensive
chain entanglements, hydrogen bonding, ionic interactions, metal-ligand coordination, and n—n
stacking, may serve for physical cross-linking. They can be processed and reshaped when the
temperature surpasses the flowing temperature of the sample. Inomata et al. reported that a
dual shape memory behavior was drastically enhanced by grafting PEG onto a poly(methyl
methacrylate) (PMMA) backbone in comparison to PMMA homopolymer.®” A sustainable
copolymer with a Ty at 1 °C poly(glucarodilactone undecenoate-co-isosorbide undecenoate)
P(GDLU-co-1IU) derived from glucose and castor oil displayed very good dual SMEs induced

by physical cross-linking when the temperature was above its T (Figure 2.5).%
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Figure 2.5 Recovery process of a dual SME in P(GDLU-co-IU) at 35 °C. Reprinted from Ref.
68 with permission. Copyright (2015) American Chemical Society.

For physically cross-linked semi-crystalline polymers, the thermal transition temperature
(melting temperature 7m) is a relatively sharp transition in most cases. Like as chemically
cross-linked semi-crystalline SMPs, the crystallization can fix the temporary shape below T,
and melting of the crystalline phase above 7m allows the permanent shape recovered. One
recent example of this kind of polymer is a family of high molecular weight PCL-PEG
thermoplastic polyurethanes, which can recover their permanent shape from a highly-
deformed shape (> 800%) (Figure 2.6). A temporary three-dimensional network formed by

entanglements acted as physical cross-linking above Tm, thus preventing flow.%’

Figure 2.6 Dual SME of PCL-PEG polyurethanes: (A) PCLi0o, (B) PCLs0—PEGso, and (C)

PEGioo. Reprinted from Ref. 69 with permission. Copyright 2012 from Elsevier Ltd.

Physically cross-linked liquid crystalline SMPs is similar to chemically cross-linked dual

SMPs and can also be triggered by heating above 7ci. One representative example is a main-
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chain thermotropic liquid crystalline polyester synthesized by polycondensation from
mesogenic dial (4,4'-bis(6-hydroxyhexyloxy)biphenyl and 2-phenylsuccinic acid) (Figure
2.7A). This polyester exhibited a very good dual SME with a value of > 99% for both Rr and
R: (Figure 2.7B). The phenyl rings in the side groups form strong n—r interactions, preventing

macroscopic sample flow when the temperature surpasses its 7e1.”

A (0]
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Figure 2.7 (A) Chemical structure of main-chain liquid crystalline polyester and (B) its shape
recovery process. Adapted from Ref. 70 with permission. Copyright (2014) Royal Society of
Chemistry.

2.3 Triple and multiple SMPs

2.3.1 Programming and mechanism

Triple SMPs are able to memorize three shapes (two temporary shapes and one permanent
shape). This concept can also be extended to multiple SMPs, remembering more than two
temporary shapes. Unlike the dual SME depending on only one thermal transition for one
temporary shape, the triple and multiple SME is based on one broad or at least two separated

thermal transitions, which may be a T, a Tm or a Tci.

As shown in Figure 2.8, the programming procedures and molecular mechanism of the
triple SME for polymers with two distinct ZtransS (Ztrans1 < Ttrans2) are illustrated. When the
permanent shape (eo) is first heated above both Tiranss, the mobility of all polymer chains is
activated. The sample is deformed by applying an external stress, thus all elastic energies are
stored. The deformed shape is then cooled between 7iransi and 7trans2, the polymer chains of the

phase with high Twans are frozen and the corresponding elastic energy is stored in the frozen
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phase. After removing the external force, the unfrozen polymer chains will shrink to release
the corresponding elastic energy at the temperature between Tiransi and Tirans2. Only the elastic
energy of the phase with high Tians is truly stored in the first temporary shape (e1).”! This
temporary shape is further deformed by imposing a second external force, and then cooled
below Tians1, where all polymer chains are frozen and the elastic energy is stored in the frozen
sample. After releasing the external stress and keeping the same temperature, the second
temporary shape is fixed (e2). For the recovery process, the sample is heated between Tiransi
and Tirans2, the chain mobility of the phase with low Tirans 1s reactivated, and the corresponding
stored elastic energy is released. The sample recovers its first temporary shape (&1.rec). Finally,
the remaining elastic energy is also released above Tiuans2, and the sample shrinks to its
permanent shape (eorec). For quadruple SME, one more deformation, fixation and recovery

procedure is performed. The molecular mechanism is similar to that of the triple SME.

A S e o i .......................... — i
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Figure 2.8 Schematic illustration and the molecular mechanism of a conventional triple shape

memory cycle.
For triple and multiple SMPs, eqs (2.1) and (2.2) are expanded to eqs (2.3) and (2.4) for
calculating Rrand Rr.>*

R(X—Y)= -2 "5 100% 2.3)

5Y,1oad —&x
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E,—&
R (Y > X)= X2 %100% (2.4)

&y —&x
where X and Y indicate two different shapes, €v.ioad is the maximum strain before removing
the external force, ey and ex represent fixed strains after cooling and unloading, and é&xrec

denotes the strain after recovery step.

2.3.2 Design strategies

In general, two strategies may be used to design a triple and multiple SME. The first one is

72,73 while the second one is to

to incorporate a broad thermal transition range into the polymer,
introduce two or more discrete thermal transitions into the polymer.”* In general, any
transitions in a polymer occur gradually within a temperature range, where a part of the
transition phase is still hard while the rest is soft.”! A broad thermal transition range can be
regarded as an infinite number of transitions.>* Therefore, the mechanisms of triple and

multiple SMPs with a broad thermal transition are similar to those of triple and multiple SMPs

with two or more distinct thermal transitions.

2.3.2.1 Triple and multiple SMPs with a broad transition

The first strategy to design triple or multiple SMPs is easy to realize since many polymers
have been demonstrated to show broad thermal transitions. For example, Xie’s group first
exploited the multiple SME with a broad 7 based on a commercial polymer (Nafion, Figure
2.9).>* They recently designed polyurethanes cross-linked through dynamic covalent bonds
(transcarbamoylation) with one broad 7, showing a good triple SME and permanent shape
reconfigurability.”> Miscible polymer blends could also meet the requirement of the first
approach. Samuel et al. designed multiple SMPs using miscible poly(L-lactic acid)
(PLLA)/PMMA blends with broad Tgs.”® Multiple SMPs with a broad T can also be extended
to random copolymers. Norbornene-based copolymers bearing cholic acid pendant groups
exhibit good thermally-induced dual, triple, and quadruple SMEs.”” Methacrylate-based
copolymers with cholic acid and oligo(ethylene glycol) pendant groups showed both dual and
triple SMEs. Cinnamic acid-based methacrylate monomer was incorporated into the

copolymers followed by photo-cross-linking, and the resulting terpolymer shows improved
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dual and triple SMEs and even very good quadruple SME.>®> Similarly, a compositional
gradient copolymer may also exhibit excellent multiple SMEs.”® Zhou and coworkers reported

one type of star-shaped polyurethane with a wide 7m range, resulting in an excellent triple
SME.”
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Figure 2.9 (A) Molecular structure of Nafion; (B) dynamic mechanical analysis curve; and (C)
quantitative thermal mechanical cycle of a quadruple SME. Reproduced from Ref. 54 with
permission. Copyright 2010 from Nature Publishing Group.

2.3.2.2 Triple SMPs with two transitions

The second strategy for designing triple SMPs may have a combination of two different
thermal transitions, such as (1) two melting transitions, (2) one glass transition and one
melting transition, (3) two glass transitions, and (4) one glass transition and one liquid

crystalline transition.

Behl and Lendlein first reported a triple SMP with two semi-crystalline phases in a CLEG
network obtained by introducing PEG segments as side chains with one end dangling into a
PCL network (Figure 2.10).%° Wang and coworkers synthesized poly(s-caprolactone)/poly(p-
dioxanone) (PCL/PPDO) interpenetrating polymer networks with two well-separated melting
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peaks, endowing the polymer with an excellent triple SME.®! Two semi-crystalline polymer
blends were also reported to show triple SME. Cuevas and coworkers blended two semi-
crystalline polymers (polycyclooctene and polyethylene, PE), followed by covalent cross-
linking with the cross-linker, dicumyl peroxide, endowing a triple SME with excellent
recovery ratios up to 95—100%.% In a similar way, Zhao et al. fabricated chemically cross-
linked PE/polypropylene (PP) blends, showing the triple SME due to the two melting
transitions.®® Doping a liquid crystal mesogen into a semi-crystalline SMP may also be used to
fabricate this type of triple SMP. Chen and coworkers incorporated hexadecyloxybenzoic acid
(HOBA) into poly(1,6-hexamethylene adipate)-based shape memory polyurethane (SMPU)
with a Tm transition for preparing a liquid-crystalline triple SMPU. This composite exhibited a
triple SME owing to the 7m of the SMPU, the Tm of HOBA, and a self-healing property due to
the melting of HOBA under a heating-cooling cycle.®*
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Figure 2.10 (A) Architecture of CLEG polymer network (red: PCL segments; blue: PEG side
chains; gray: cross-links); (B) DSC curves: I, CL(60)EG; II, CL(30)EG; (C) series of
photographs illustrating the triple shape effect of CL(50)EG (heating to 40 °C and 60 °C).
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Reproduced from Ref. 80 with modification. Copyright (2006) National Academy of Sciences,
U.S.A.

For triple SMPs containing a soft segment 7m of and a hard segment 7,, Lendlein and
coworkers reported that MACL consisting of poly(cyclohexyl methacrylate) chains cross-
linked by PCL segments with one glass transition and one melting transition shows a
thermally-induced triple SME.*® Zhou and coworkers synthesized a PCL-based polyurethane
bearing cinnamate groups. This polymer has one 7m and one 7y and shows a triple shape
memory after the cinnamon pendants are photo-cross linked (Figure 2.11).% Wang’s group
fabricated PDLLA-Poly(tetramethylene ether) glycol (PTMEG) networks via the photo-cross
linking of anthracene groups, in which the 7m of the PTMEG segment and the 7y of the
PDLLA segment were utilized as Tians to endow the polymer network with a triple SME. 56
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Figure 2.11 (A) Molecular structure, (B) DSC curves, and (C) shape fixing and recovery of

triple shape memory polyurethanes. Reprinted from Ref. 85 with modification. Copyright
(2013) American Chemical Society.

Reports on triple SMPs based on two Tgs are scarce. One example is a material with two
interpenetrating polymer networks formed by sequential, selective thiol-Michael addition
reactions, exhibiting a triple SME due to the two separate Tgs (10 and 60 °C) (Figure 2.12).%7
The other example concerns bilayer polymers consisting of two epoxy dual SMPs of well-

separated Tgs, displaying a triple SME.®
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Figure 2.12 (A) Chemical structures of the monomers for the preparation of SMPs, (B) the
storage modulus and (C) triple SME of the polymer networks. Reproduced from Ref.87 with
modification. Copyright (2014) American Chemical Society.

Triple SMPs can also be based on one Ty and one liquid crystal 7c.%* Ahn and coworkers

synthesized side-chain liquid crystalline random terpolymer networks by the use of three
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monomers, serving as liquid crystal unit, cross-linker and plasticizer, via ring-opening
metathesis polymerization. The polymer network showed the discrete 7z and 7c1, endowing
triple SME.*-?! More recently, Wen et al. fabricated a series of side-chain liquid crystalline
SMPU networks containing 4'-hydroxy-4-biphenylcarbonitrile mesogenic unit (Figure 2.13A).
The distinct thermal transitions (7¢ and 7e1) of the SMPU served as Tians for triggering a triple
SME (Figures 2.13B and C).”? This type of triple SMP can also be designed by simply doping
mesogenic molecules into a glassy SMP to achieve an additional phase transition. One
example is a supramolecular side-chain liquid crystalline polymer, which was prepared by
tethering two azobenzene mesogens to poly(4-vinyl pyridine) through H-bonding. The
supramolecular complex exhibited a thermally induced triple SME governed by a Ty and a
Ta.” Similarly, Chen and colleagues prepared a series of liquid crystalline SMPU complexes
by mixing a liquid crystal mesogen, 4-hexadecyloxybenzoic acid (HOBA), with various
SMPUs. The HOBA was tethered to the SMPU via strong H-bonding between the SMPU and
the HOBA. These complexes displayed a triple SME due to the two distinct thermal

transitions.”*?>
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2.3.2.3 Multiple SMPs with three or more transition temperatures

Multiple SMPs with three or more thermal transitions were reported rarely due to the
limitation of complex multiphase incorporation in one polymeric material. Kolesov et al.
designed cross-linked binary and ternary polymer blends with two or three crystalline phases,

% More recently, Wang’s group

which show triple and quadruple SMEs, respectively.
synthesized a series of linear multiblock copolymers containing PCL segments and liquid
crystal segments in the main chain (Figure 2.14A). The multiblock copolymers possessed two
well-separated 7Tgs (25 and 44 °C), one for each phase-separated segment, one 7. (66 °C) for
the liquid crystal segment, and one 7m (156 °C) for the PCL segment (Figure 2.14B). As
shown in Figure 2.14C, the two distinct Tgs and one 7c were used as TiansS to trigger
quadruple SME.”” The incorporation of a broad thermal transition and a separated thermal
transition into a polymer network could also be used to design multiple SMPs. A typical
example is that Li et al. fabricated a quintuple SMP using PMMA/PEG semi-interpenetrating
polymer networks with a broad 7 range (45 — 125 °C) and an additional 7m (~30 °C) from the

PEG crystallites.”®
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Figure 2.14 (A) Chemical structure, (B) DSC heating curves, and (C) visual quadruple SME
of a PCL-based multiblock copolymer. Reproduced from Ref. 97 with modification. Copyright
(2016) American Chemical Society.
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Moreover, some polymers are composed of three or more distinctly different parts in the
material, in which each part is designed to have a different Tians. For example, Zhuo et al.
synthesized a series of random copolymers with different molar ratios of 2-methoxyethyl
acrylate (MEA) and N-methylol acrylamide (HAM) (Figure 2.15A). The Tgs of the resultant
copolymers with 30, 50, and 70 mol% HAM were 7.5, 33.1, and 55.2 °C, respectively (Figure
2.15B). A sample combined the above three copolymer regions using a multiple-step
polymerization method, and it exhibited a quadruple SME due to the different 7,s of each

region (Figure 2.15C).”
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Figure 2.15 (A) Synthetic route; (B) DSC profiles; and (C) quadruple SME of the three region
sample consisting of 30, 50, and 70 mol% HAM. Reproduced from Ref. 99 with modification.
Copyright (2016) Royal Society of Chemistry.
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2.3.3 Types of cross-linking

Like for the dual SME, a higher cross-linking density leads to a higher recovery ratio.
Triple and multiple SMPs can also be classified according to the nature of the cross-linking,

either chemical or physical cross-linking, or a combination of both.

Chemically cross-linked polymers. The chemically cross-linked polymer blends in Ref. 82
and 83 discussed above possess two separated 7ms, endowing good triple SMEs. Similarly,
Wang et al. prepared chemically cross-linked polycyclooctene—multiwalled carbon nanotube
(MWCNT)/PE nanocomposites, endowing electrically and thermally actuated triple SMEs.!%
Photo-cross-linking polymer networks were also designed to show triple SMEs. 38386
Chemically cross-linked PPDO-PEG networks were synthesized by coupling an OH-
terminated PPDO prepolymer having three arms and PEG-diol with 1,6-hexamethylene
diisocyanate. They exhibited excellent dual and triple SMEs because of the two separated Tms

of the phase-sepatated PPDO and PEG segments.'*!

Physically cross-linked polymers. A polyurethane network made of PCL diol, 4,4-
diphenylmethane diisocyanate, propionic acid and pentaerythritol was shown to form strong
hydrogen bonds between the COOH of propionic acid in the polymer and pyridine ring of the
mesogenic units (cholesteryl isonicotinate), endowing a triple shape memory effect.!??
Partially zinc-neutralized poly(ethylene-co-methacrylic acid), a semi-crystalline ionomer with
a broad 7m arising from ionic interactions of the metal salt groups in the ionomer, exhibits dual,
triple, and quadruple SMEs.'® Zwitterionic polyurethanes display not only dual, but also triple

and quadruple SMEs owing to the strong hydrogen bonding and electrostatic forces.'*10

Combination of chemically and physically cross-linked polymers. The combination of
covalent cross-linking and hydrogen bonding were also used to design triple SMPs. For
example, PCL/PPDO interpenetrating polymer networks comprised of self-complementary
hydrogen bonding and covalent cross-linking show very good triple SMEs.®! Ware et al.
synthesized a triple SMP from the copolymerization of alkyl acrylates, bisphenol A ethoxylate
diacrylate and 2-ureido-4-pyrimidine (UPy)-functionalized acrylate. The combination of a
chemical cross-linked (meth)acrylate network and a hydrogen-bonded network yielded triple

SMPs based on their glass transition and the dissociation of the hydrogen bonds. Here, the
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disruption of the hydrogen bonds can also be considered as a thermal transition, because the
polymer chains have so differet chain mobilities when the sample is cooled below or heated
above the dissociation temperature of hydrogen bonds. Thereby, the 7y and this dissociation
temperature worked as two separated thermal transitions, while the chemical cross-linking was

used for fixing a permanent shape.'%

2.4 Two-way reversible SMPs (2W-SMPs)

All the SMPs mentioned above are one-way SMP with one-directional shape recovery to
finally reach its permanent shape. 2W-SMP can vary between two or more distinct
“permanent” shapes under two different external stimuli.*>!°” Two-way reversible shape
memory effects (2W-SMEs) can be classified into two categories: 2W-SME under stress and
stress-free conditions. An external force is loaded in both cases after the temperature is raised
above the Tms or 7as of all segments of the sample, which is then deformed and cooled below
the 7cs ot Tas of all segments. For the stress condition, this force is maintained (Figure 2.16A);
for the stress-free condition, the external force is removed at this point (Figure 2.16B),
overcoming the limitations of the external stress. Thereby, the 2W-SME under the stress-free
condition can be more versatile in its applications. Both 2W-SMEs are based mainly on
crystallization-induced elongation (CIE) upon cooling and melting-induced contraction (MIC)
upon heating, expect the case of 2W-SME under stress-free conditions based on laminated

polymer structure.
2.4.1 2W-SME under stress conditions

2.4.1.1 Programming and mechanism

2W-SMPs were found to be a LCE or a semi-crystalline polymer network. The
programming procedures and mechanism of the 2W-SME under stress condition is
summarized in Figure 2.16A. The sample is first heated above its 7Tm, all crystals are melted,
resulting in the reactivation of all polymer chains. The sample is then deformed to a high

temperature strain (&) under a constant stress, resulting in a reduced entropy of polymer

chains, which in turn yields a contraction force. Finally, a stress balance is achieved between

the stretching stress and the contraction force. If the sample is cooled below its T, the
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contraction force decreases because of the reduced chain mobility, thereby, resulting in an
elongation of the material occurs due to the crystallization of polymer chains along the

stretching direction, leading to a low temperature strain (&, ). The polymer chains in the

crystalline phase are frozen, and their entropy is trapped, and the related elastic energies are
stored. When the sample is heated above its 7m, the crystalline phase is melted, releasing the
entropy-related elastic energy and producing another contraction force. At this moment, the
contraction force is greater than the stretching force due to the further reduced entropy. The
sample contracts until these two forces reach a balance, leading to a high temperature strain

(&y)- This phenomenon is called MIC. When the sample is cooled below its 7. again, the

contraction force decreases. The polymer chains crystallize along the stretching direction,

resulting a further elongation (& ). Thus, in the crystalline polymer system, 2W-SME is based

on the CIE upon cooling and MIC upon heating under a non-zero tensile stress condition.'%
An elongation similar to CIE of the crystallizable polymers may also occur due to the
anisotropization of a LCE below its Tc. Likewise, a contraction similar to MIC will occur
when LCE is heated above its Te1.!% The sample undergoes a reversible elongation-contraction

transition upon cooling or heating the sample below 7t or 7c and above Tm or Tl
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Figure 2.16 Schematic illustration and the molecular mechanism of two-way reversible SME

under (A) stress and (B) stress-free conditions.

For the quantification of 2W-SME under stress condition, two parameters, the absolute
strain change (¢') and the relative strain change ( ¢",), are utilized to calculate the

characteristics of 2W-SME. They are defined as'!°

g =¢ -, (2.5)
gV

e" =<5%100% (2.6)
gL
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where & is the strain at high temperature (deformation temperature) before cooling and & is

the maximum strain after CIE.

2.4.1.2 Liquid crystalline elastomers (LCEs)

LCEs have been long known to show 2W-SME under stress conditions. Ratna and
coworkers designed two nematic side chain LCEs in 2001 and observed reversible strain
elongation and contraction under a stress of 210 kPa.!'! Mather’s group fabricated a liquid
crystalline network by cross-linking a thermotropic unsaturated polyester, which possessed a
Ty of 80 °C and a Tu of 156 °C, endowing the polymer network with 2W-SME under stress
condition and one-way triple SME.!'>!16 They also synthesized a series of main-chain
smectic-C LCEs with various cross-link densities through the control of prepolymer molecular
weight, showing 2W-SME under stress condition. The reversible strain increased with

increasing external load and cross-linking densities, reaching up to 30%.!3

More recently,
Mather and co-workers fabricated a liquid crystalline hydrogel from a liquid crystalline diene
and PEG-based dithiol. The LCE was demonstrated to show thermo- and water-induced dual
SMEs and 2W-SME under stress condition.''* Wang et al. synthesized monodomain
polysiloxane-based LCE films through two-stage photo-cross-linking method, displaying 2W-
SME under stress condition (Figure 2.17).!'> Lama and colleagues prepared a series of smectic
epoxy-based elastomers incorporating various amounts of MWOCNTs. The polymer
nanocomposites possess a 7Tg and a T7u, endowing the polymers with both one
-way triple SME and 2W-SME under stress condition. The actuation temperatures (7as) and
the stress threshold required to trigger 2W-SME could be controlled by choosing the content

of CNTs. !0

34



Heat on
_—
«—

Heat off

Figure 2.17 Digital photos showing 2W-SME under stress condition of a polysiloxane-based

LCE film (A) at room temperature and (B) heated above its 7c1. Reprinted from Ref. 115 with
permission. Copyright 2017 Royal Society of Chemistry.

2.4.1.3 Semi-crystalline polymer networks

However, the synthesis of LCEs is not trivial and represents a notable drawback for their
widespread application. Mather’s group extended the 2W-SME to cross-linked semi-
crystalline polymer networks, where chemically cross-linked polycyclooctene exhibit 2W-

SME with various constant external stresses, and the reversible strain change may be tuned by
changing the external stress (Figure 2.18).!""

Strain increment (%)

Figure 2.18 Strain increment of 2W-SME under stress condition for -cross-linked

polycyclooctene with different external stresses: (i) 500, (i1) 600, and (ii1) 700 kPa. Reprinted
with permission from Ref. 117. Copyright (2008) American Chemical Society.
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Subsequently, 2W-SMPs under stress condition were also reported by other groups in semi-
crystalline polymer networks. Xie et al. reported that semi-crystalline poly(ethylene-co-vinyl
acetate) networks with various cross-linking densities show 2W-SME, and the absolute strain
change increases linearly with the external stress and decreases with cross-linking density
under the same stress.!'” In addition, a set of semi-crystalline PCL systems, such as the

PCL/polyhedral oligosilsesquioxane (POSS) chemical/physical double networks,!'®

shape
memory polyurethanes,'!® cross-linked PCL-co-PEG foams,'?® and chemically cross-linked
PCL,'?!"124 have been shown to display 2W-SMEs under a suitable constant stress. Bai and
colleagues extended 2W-SME to a tough (high Young’s modulus) PCL polymer network.'?
Similarly, Kolesov and coworkers also studied 2W-SME of cross-linked polyethylenes with
different degrees of branching and/or linear PE. The crystalline structure and morphology
were also investigated during two-way shape memory cycles. They found that the specific
crystalline texture of the samples comprise lamellae, whose folded chains are tilted to the
basal surface of lamellae.!?® Lendlein’s group extended the concept of 2W-SME to two-way
reversible triple SME, which switched between three distinct “permanent” shapes under four
different external stimuli. In this system, a polyurethane network of PCL and poly(w-
pentadecalactone) (PPDL) segments was prepared. This semi-crystalline network has two
distinct 7ms (TmpcL= 34 °C, TmpepL = 64 °C) and varies reversibly among three shapes with a

constant external loading,'?” but the requirement of an external force limits their potential

applications.

2.4.2 2W-SME under stress-free condition

For this kind of 2W-SME, the sample can switch between two distinct shapes upon two
different external stimuli without external stress, overcoming the problem of requiring
constant tension (Figure 2.16B). It has been pursued in the SMP community for many years.
Based on the preparation method and the nature of cross-linking, 2W-SMPs may be
subdivided into four categories: (1) laminated polymer composites, (2) chemically cross-
linked semi-crystalline polymer networks with one broad 7mor two 7Tms, (3) semi-crystalline
polymer networks prepared via a two-stage cross-linking method, and (4) thermoplastic semi-
crystalline polymers with one broad Tm or two 7ms. The programming procedures and

molecular mechanisms of each category are not the same; thus they are discussed separately.
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2.4.2.1 Laminated polymers

Firstly, some laminated structures with double SMP layers may exhibit this type of 2W-
SME.'?8130 Imai and Sakurai used two SMP layers with two different Tes (71 < Tg2), which
are glued together with adhesive. The memory shape relating to 7g1 was first formed upon
heating above Tg1. After heating to 7, the memory shape relating to 7 cancelled the
memory shape of Tg1 since the memory shape of 7Ty was set to be the reverse shape of the
memory shape of Tgi. Then the sample was returned to its original shape which was
maintained after cooling below 7g1. When the sample was heated above 7g1, the memory shape
of Ty was formed again.'?® Kang et al. prepared 2W-SMPs by combining a poly(styrene-
butadiene-styrene) (SBS) elastomer containing curing agents with a SMPU. As shown in
Figure 2.19, the SMPU/SBS core/shell composite prepared was first deformed at a
temperature higher than Tirans of SMPU. The composite was then cooled down under constant
strain conditions, and the temporary shape was fixed. After that, the SBS shell was cured using
UV light for removing the force history of the shell. After unloading, the composite contracted
due to the relaxation of the SMPU upon heating. At the same time, a compressive force was
exerted on the cured shell, producing a tensile force. For the subsequent cooling, the
composite extended because the tensile force resulted in CIE.'?° The reversible strain change

is usually very small (< 10%) in laminated structures.
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Figure 2.19 (A) Preparation process of 2W-SMP composite and (B) the mechanism of 2W-
SME. Reprinted with permission from Ref. 129. Copyright 2012 IOPscience.

2.4.2.2 Chemically cross-linked semi-crystalline polymers

The second type of 2W-SME under stress-free condition is realized on semi-crystalline
polymer networks with one broad 7m or two 7ms. The programming procedures and the
molecualr mechanism of this type of 2W-SME are the same as those of 2W-SME under stress
condition before the second heating step. As shown in Figure 2.16B, after CIE, the
deformation stress is unloaded, and then the sample is heated to a 7a between the two distinct
Tms or in the Tm range. One part of the crystalline phase is melted and the other part is
unchanged in the polymer network. The entropy of the polymer chains relating to the lower 7Tm
tends to increase (i.e., the polymer chains tend to relax), yileding an contraction force. The
sample contracts, and the contraction force decreases. Simultaneously, the remaining
crystalline phase is compressed, producing an increasing internal tensile force. The sample,

finally, contracts to an intermediate shape (&) until these two forces are equal. When the
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specimen is cooled below its 7¢, the chain mobility decreases. The polymer chains crystallize

along the stretching direction, resulting in an further elongation ( &;,).

To be consistent with 2W-SME under stress condition, the same two parameters, the
absolute strain change (&') and the relative strain change (&") are used to quantify the
characteristics of this type of 2W-SME under stress-free condition. Thus, eqs (2.5) and (2.6)

are extended to

g'=¢&p & 2.7)
8'

e"=—x100% (2.8)
gL

where ¢; 1s the strain after CIE without stress, ¢ is the strain after unloading and heating to

Ta, & 1s the maximum strain after CIE.

Lendlein’s group found that the same polymer network as in Ref. 127 exhibited 2W-SME
under stress-free condition. The key element is the separation of the “shifting-geometry
determining function” (which determines the shape shifting geometry, controlld by the PPDL
crystalline phase with its higher 7m) from the “actuator function” (which expands during
cooling and collapses during heating, controlled by the PCL crystalline phase with its lower
Tm) on the level of phase morphology. The actuator domains extend during cooling and
contract during heating in the direction determined by the shifting-geometry determining

domains.'3!

Sheiko’s group reported that a cross-linked semi-crystalline elastomer,
poly(octylene adipate) (POA), with one crystalline phase exhibits 2W-SME. When the sample
is heated to the midpoint of the melting range, the melted part of the crystalline phase works as
the actuator domains and the still-crystallized part plays the role of the shifting-geometry
determining domain.!*? Subsequently, they found that two-way shape memory properties (the
degree of reversibility and shape recovery rate) increased with increasing cross-linking
density.'?* Zhou and coworkers designed a cross-linked polymer network containing well-
defined six-arm PEG-PCL, exhibiting 2W-SME under stress-free condition with the cyclic
heating and cooling between 43 and 0 °C (Figure 2.20)."3* Chen et al. found that commerical

poly(ethylene-co-vinyl acetate) (EVA) semi-crystalline elastomers exhibited 2W-SME under

both stress and stress-free conditions.!*> A s value of 6.7% was obtained with a cross-linking
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density of 212 mol/cm?®, while no 2W-SME under stress-free condition was observed with a
cross-linking density of 126 mol/cm®.!*® Our group recently synthesized tunable Tms of
random copolymers with various molar ratios of cocrystallizable monomeric units (CL and
PDL). The polymer network was made by cross-linking two random copolymers which
exhibited excellent 2W-SME under both stress and stress-free conditions (Figure 2.20). The
Ta of 2W-SMEs under stress-free condition may be tuned in a broad range by selecting a
mixture of prepolymers followed by photo-cross-linking.!3” Its memory shapes can be erased

upon heating to a temperature above both 7ms and reprogrammed to other shapes.
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Figure 2.20 (A) Chemical structure, and (B) 2W-SME under stress-free condition of the
polymer network made by cross-linking a mixture of homopolymer PCL and random
copolymer P(CL-co-PDL)1:2 (2:1 weight ratio). Adapted with permission from Ref. 137.
Copyright (2017) American Chemical society.
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2.4.2.3 Polymer networks prepared via the two-stage cross-linking method

A two-stage cross-linking strategy was also used to fabricate a 2W-SMP. As shown in
Figure 2.21, the mixture of epoxy terminated PTMEG, 2-hydroxyethyl acrylate terminated
PCL and cross-linkers was irradiated for pre-curing. After evaporation, the gel-like film was
stretched and then heated for the second cross-linking. In this case, an interpenetrating
network was obtained with a crystalline phase (responsible for the reversible shape shrinkage
at high temperature) and an elastomeric component (providing the stretching force for shape
extension during the cooling process). As shown in Figure 2.21, the original polymer was
heated above the 7m of PCL (B1), leading to a shrunken shape (B2). When the polymer was
cooled to room temperature, the sample recovered its original shape (B3). One of the key
factors in this work is to pre-program in the synthesis process, so that the sample cannot be
reprogrammed to other shapes.'’” Meng et al. fabricated 2W-SMPs by stretching a melted pre-
cross-linked PCL network followed by UV irradiation for further cross-linking. When the load
was removed above Tm, the polymer network balanced to an intermediate shape, which was
between the original and load-bearing shape. When cooled, internal stress induced
crystallization, leading to elongation of the sample. Upon heating, the sample returned to its
equilibrium shape due to the relaxation of melting molecular chains.'*® Similarly, Fan et al.
designed a 2W-SMP by two-step cross-linking of SBS/PCL based PU blend, in which the
separated SBS phase provided the internal expansion stress.'** This method may also be
extended to LCEs and their composites. Yang’s group synthesized a polysiloxane-based side-
chain LCE containing azobenzene incorporated with 1 wt% single-walled CNTs (SWCNTs)
through two-step cross-linking process, presenting 2W-SME under stress-free condition.'*® As
mentioned above, the polysiloxane-based LCE films were also prepared via the two stage
curing method, exhibiting 2W-SME under stress-free condition.!'> For this type of 2W-SMP,

its memory shapes are fixed and cannot be erased upon heating.
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Figure 2.21 (A1-4) Design of polymer networks through a two-stage cross-linking process, and
(B1-3) the resulting 2W-SME under stress-free condition. Reprinted with permission from Ref.

107. Copyright (2014) The Royal Society of Chemistry.

2.4.2.4 Thermoplastic polymers

Chemically cross-linked polymer network has been considered to be a necessary condition
because it may prevent flowing of the sample above its 7m. However, some thermoplastic
polymers were reported to show 2W-SME under stress-free condition. For example, a
conventional semi-crystalline ionomer, poly(ethylene-co-methacrylic acid) with a Ty of
53.1 °C and a broad Tm ranging from 56 to 100 °C exhibited a 2W-SME when both the
140

deformation and the actuation temperatures were set in its 7m range.

synthesized PCL- and PTMEG-based thermoplastic polyurethanes (TPUs) with a hard

Maiti’s group

segment (PCL) content of 30%, exhibiting 2W-SME under stress-free condition. In this case,
the sample was deformed above the Tm of the soft segment and below the 7w of the hard
segment. The soft segment (PTMEG) worked as actuator domains, while the hard segment
(PCL) played a role of skeleton.'*> More recently, Gao et al. synthesized ethylene/1-octene
diblock olefin copolymer, possessing a very broad 7m range from around -40 to 95 °C. The
deformation and actuation temperatures were also set in the 7m range, resulting in 2W-SME
under stress-free condition (Figure 2.22). In this work, the partial crystal domains with higher

Tm served as skeleton.'* Obviously, thermoplastic polymers may be reprocessed, thus
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avoiding the synthesis of a new polymer. However, the reversible shape change of this kind of

2W-SMPs is not as good as chemically cross-linked networks.

Figure 2.22 Photographs showing the reversible angle change under stress-free condition of
the diblock olefin copolymer. Reprinted from Ref. 143. Copyright (2017) American Chemical

society.

In summary, these four types of 2W-SMPs under stress-free conditions contain three
phases. The first one is either chemically cross-linked or within a transition with the highest
Tians, preventing macroscopic flow of the sample and holding the permanent shape. The
second one is the shifting-geometry determining phase, which may be a semi-crystalline or an
elastic amorphous phase. It supplies a stretching tensile force when compressed due to the
contraction of sample. The last one is the actuation phase, which is generally semi-crystalline
or liquid crystalline. The melting and crystallization of this phase upon heating above 7m or
cooling below 7¢ result in the shrinkage and elongation of the macroscopic shape,

respectively.

2.5 Other stimuli responsive SMPs

2.5.1 Programming and mechanism

Stimuli responsive SMPs (other than those based on direct heating) include intrinsically
stimuli-actuated SMPs (without temperature change) and indirect heating responsive SMPs
(with temperature change). The former may be actuated by light, solvents, pH, metal ions,
COz, etc. Reversible photo-responsive molecular switches were incorporated into the polymers
for designing intrinsically light-induced SMPs, and their shape fixity and recovery could be

realized with different wavelengths of light.”!!

Water or organic solvents could trigger an
SME due to the role they play as plasticizers in the polymer matrix, resulting in a reduction of

Tirans, and leading to shape recovery.'?!® For other stimuli responsiveness, such as pH, metal
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ions, and COz, reversible molecular switches are also incorporated into the polymers which
can cross-link and then decross-link with a different stimulus, resulting in shape fixity and
recovery.'*148 Unlike SMPs triggered by direct heating, indirect heating-responsive SMPs
can recover its permanent shape triggered by stimuli, such as light, electricity, magnetism,
microwave and ultrasound, as summarized in Table 2.1. When functional materials are
incorporated into thermally-induced SMPs, the heat produced by the stimuli can induce the
shape recovery. Thus, the molecular mechanisms are the same as that of direct heating-
induced SMPs (Figure 2.1). Their programming procedures are similar with that of direct
heating-induced SMPs, except the procedures of shape recovery. As shown in Figure 2.1, the
temporary shape (e1) may recover its permanent shape (gorec) when the sample is indirectly
heated above its Tuans by the stimulus. The indirect heating method has many advantages, as
compared with direct external heating, such as convenient, local and uniform heating, and

remote control.

Table 2.1 SMPs incorporated with various functional fillers and the various stimuli were

reported by literatures.

External Stimuli

Fillers
Light Electrical currents Magnetic field Microwave
AuNPs 149-153
AuNRs 154,155
CNTs 156-158 100,169-179 208,209
Graphene 159-163 169,80-184 192
CB 164 168,185-189
Tron oxide 192-207 208
1653 1)
(ink); 210(water);
h 166(titanium nitride 190.91(carbon Ml reen
Others {oles): fib (SiC);
nanoparticles); nanofiber)

2]2 . . . .
167168 |igands) (poly(ionic liquid))

2.5.2 Photo-induced SMPs

The photo-induced SMPs discussed here are based on a photothermal effect; i.e., they
absorb light, heating the exposed part of the polymer to above its Tirans, thereby activating its

shape recovery locally. To date, several photothermal fillers have been used, such as gold
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nanoparticles (AuNPs) or nanorods (AuNRs), carbon nanotubes (CNTs), graphene, carbon
black (CB), ink, organic dyes, ligands, etc. These fillers are capable of absorbing certain
wavelengths of light and converting luminous energy into heat efficiently. Organic dyes and
ligands may be grafted to the polymer structure, while the other fillers must be dispersed well

in the polymer, resulting in polymer composites.

AuNPs have been widely used in SMPs due to their good photothermal effect. Zhao’s
group reported on hydroxyl-terminated PCL oligomers tethered onto gold nanoparticles via
ligand exchange, and then mixed with branched PCL oligomers and cross-linked with
hexamethylene diisocyanate. The prepared film recovered its initial unrolled shape when it
was irradiated with a 532 nm laser for 25 s. Moreover, through laser light exposure of
designated areas of the sample, the corresponding shape recoveries were realized
sequentially.”® They also reported a unique photothermal effect based on cross-linked
poly(ethylene oxide) with 0.5 wt% of AuNPs. A temperature gradient in the polymer was
formed by controlling light absorption of AuNPs. The pre-strain polymer film showed
complex shape transformations and executed delicate mechanical work on light-controlled

anisotropic polymer chain relaxation and strain energy release.'>?

More recently, small
amounts of AuNPs were incorporated into semi-crystalline EVA, and 2W-SME under stress-
free condition was observed upon turning 532 nm light on and off (Figure 2.23)."> AuNRs
also possess a very good photothermal effect, and light polarization can be used to control
shape recovery of SMP/AuNR composites. AuNRs incorporated in poly(vinyl alcohol) (PVA)
were aligned by stretching the composite film, resulting in a light absorbance at 785 nm
depending on the polarization direction. Moreover, shape recovery only occurs when light

polarization is parallel to the AuNRs.!>*
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Figure 2.23 Angle change of semi-crystalline EVA (0.1 wt% AuNPs) when the laser (532 nm,
1.13 W/cm?) was turned on and off. Adapted from Ref. 153 with modification. Copyright
2017 Wiley VCH.

CNTs possess strong absorptions in the visible and near infrared (NIR) regions, which may
be incorporated into SMPs for triggering thermal induced SME. Kohlmeyer and co-workers
prepared Nafion nanocomposites with a small amount of SWCNT (0.5 wt%), exhibiting both
macroscale and microscale multiple SME. Nafion is able to memorize multiple temporary
shapes due to its broad thermal transition.®* The temporary shapes were programmed at
different temperatures, which were realized by adjusting the intensity of 808 nm IR (Figure
2.24).15¢ The photothermal effect of CNTs was also applied to LCEs to show 2W-SME under
both stress and stress-free conditions. Li and coworkers synthesized nematic LCEs embedded
with SWCNTs, displaying 2W-SME under stress conditions triggered by white light.!>®
Polysiloxane-based LCE composites in Ref. 140 also realized NIR induced 2W-SME under

stress-free conditions.
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Figure 2.24 Photographs showing photo-controlled multiple SME of a Nafion composite with
0.5 wt% SWCNT: (A) Original shape. (B) A coil formed through 808 nm IR laser (6

mW/mm?, T = 70 — 75 °C), and followed by cooling. (C) The second temporary shape
programmed by localized bending under irradiation of 808 nm IR laser (25 mW/mm?, 7= 140
— 150 °C) and then cooling. (D) Uncoiling recovered at 75 °C in oven while the bending
remained. (E) Bending removed for recovering the original shape via 808 nm IR laser (7 =
140 — 150 °C). Reprinted with permission from Ref. 156. Copyright (2012) American

Chemical Society.

Similar to CNT, graphene can also be embedded into SMPs for photothermal induced SME.
Liang et al. developed a TPU nanocomposite loaded with 1 wt% sulfonated graphene. The
stretched film contracts fast when it exposed to IR light (> 600 nm).'¢! Zhou et al. fabricated a
PCL-based PU nanocomposite film with a certain amount of graphene oxide (GO) and 4'-
ethyoxy-4-(11-hydroxyundecyloxy)-azobenzene, endowing the nanocomposite with a photo-
responsive triple SME due to the combination of the photomechanical feature of azobenzene
compounds and the photothermal effect of GO.!> Yang et al. synthesized LCE/graphene
nanocomposites using the in situ UV photopolymerization via two-stage cross-linking coupled
with a hot-stretching process, yielding fast NIR-responsive 2W-SME under stress

conditions.'®

CB and ink were also investigated as photothermal fillers by some researchers. Leng et al.
investigated IR-induced SME of a styrene-based SMP and its nanocomposite loaded with CB.
It was found that both the pure SMP and the SMP/CB nanocomposite could be activated by IR
light in vacuum, while the shape recovery speed of the nanocomposite is faster than that of the
pure SMP due to the stronger IR absorption of 400 - 4000 cm™.'®* Liu and coworkers
patterned black ink on either side of a pre-strained polystyrene sheet using a laserjet printer.

The inked areas of the polymer sheet were heated locally above its 7y by the absorption of
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light. As a result, the planar sheet folded into a three-dimensional object due to the relaxation

and shrinkage of the inked areas.'®

2.5.3 Electro-responsive SMPs

As 1s well known, polymers are typically electrical insulators. A certain electrical
conductivity can be achieved if enough electrical conductive fillers are incorporated. If
electrical current passes through conductive SMPs, resistive joule heating may be generated to
heat SMPs above their 7tans for electrical triggering of shape recovery. Conductive fillers used
to achieve an electro-active SME include CNTs, CB, graphene, carbon nanoparticles, carbon

nanofibers, and metal nanoparticles.

SMP/CNTs composites are among the most investigated electro-responsive SMPs.!70-17

Goo et al. first reported electro-active SMP loaded with CNTs treated with acid for improving
electrical conductivity and mechanical properties. The composites exhibited electro-active
shape recovery with an energy conversion efficiency of 10.4%.'7* Recently, Fu and coworkers
first prepared poly(propylene carbonate) (PPC)/PLA polymer blends, and then incorporated
MWCNTs for realizing electro-active SME. The composite with 3 wt% CNTs showed the
highest shape recovery rate and reached an equilibrium R: of 97% within 30 s at 30 V (Figure
2.25).178

Graphene may also be used as electrical conductive filler due to its excellent thermal and
electrical conductive properties. Tang et al. incorporated a vapor-grown carbon nanofiber
(VGCF)-graphene  hybrid filler into a bio-based polyester for preparing
polyester/VGCF/graphene composites. The electrical conductivity and mechanical properties
of the composites were enhanced due to the synergistic effects of VGCF and graphene. The
ternary composites revealed excellent electro- and IR-triggered SME with higher shape
recovery ratio, stronger recovery stress and faster shape response at a voltage of 30 V,

compared with polyester/VGCF composites.'®?

Rana and coworkers incorporated
functionalized graphene sheets as cross-linkers in the PCL-based prepolymer. The resulting
composite showed a recovery ratio of 97%, a fixity ratio of 95%, and recovered its permanent

shape in 10 s at 50 V.'®* More recently, Wang et al. fabricated epoxy-based SMP composites
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by coating reduced GO paper onto the surface of SMP sheet, exhibiting a recoverability of

approximately 100% taking only 5 s at 6 V.!8
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Figure 2.25 Plot of shape recovery ratio vs time for PPC/PLA/CNT (70/30/3 by weight)
composite under two constant voltages (20 V, 30 V). Inset pictures show the electro-active
shape memory behavior of the composite at 30 V. Reprinted with permission from Ref. 178.

Copyright 2016 from Elsevier Ltd.

Qi and coworkers introduced CB nanoparticles to PLA/TPU blend (70/30 by weight),
which changed the morphology from “sea-island” to a co-continuous structure with an
increase in CB content due to the self-networking capability of CB and strong affinities
between CB and TPU, which resulted in a superior shape memory property. The composite
with 8 wt% CB exhibited good electro-active shape memory behavior, which could recover its
original shape in 80 s under 30 V (Figure 2.26).!3% Moreover, a SMPU/CB composite with a
laminated structure was reported to exhibit an electro-active 2W-SME under stress-free
conditions. The SMPU/CB composite layer was stretched to 50% strain at a temperature above
its Tmand cooled to room temperature for fixation. Afterwards, the composite layer was glued
with a substrate layer, giving obtained 2W-SMP laminates, which bent with passing electric

current and unbent upon cooling without electric current.'®’
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Figure 2.26 Plot of shape recovery ratio vs time for PLA/TPU/CB (70/30/6 and 70/30/8 by
weight) composites under the voltage of 30 V. Inset pictures displaying the electro-active
shape recovery behavior of PLA/TPU/CB (70/30/6) composite. Reprinted with permission
from Ref. 188. Copyright 2017 from Elsevier Ltd.

Other electrical conductive fillers were also used to enhance the electrical conductivity of
SMPs. Lu et al. dispersed carbon nanofibers in distilled water with the aid of surfactants,
which then self-assembled to form multi-layered nanopaper, used to make SMP
nanocomposites by a resin transfer molding process with a PU-based SMP resin. The
electrically actuated shape recovery of SMP nanocomposites with four-layered nanopaper was
completed in 80 s at 30 V.!"! In their later research, reduced GO was self-assembled and
grafted onto carbon fibers to improve the interfacial bonding with the SMP matrix. A layer of
synthesized Ag nanoparticles was deposited onto GO for bridging the gap between GO and the
carbon fibers and improving the electrical conductivity of the SMP composites. The shape

recovery took 36 s when a constant voltage of 8.6 V was applied.'8’

2.5.4 Magnetic-responsive SMPs

Magnetic-actuated SMPs may be obtained by incorporating magnetic nanoparticles into
SMPs. The transfer from electromagnetic energy to heat energy results in the shape recovery
under an alternating magnetic field. The fillers of iron oxide particles, such as Fe3Oa4, have

been usually used to realize magnetic-active SME.'”*?°7 Yang et al. prepared SMP
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nanocomposites from Fe3O4 particles modified with oleic acid and polynorbornene-based
copolymer via solution casting method. The average diameter of modified Fe3O4 nanoparticles
was around 50-70 nm and the nanocomposites recovered its permanent shape in 186 s when
deposited in an alternating magnetic field.?®> Puig et al. fabricated superparamagnetic
nanocomposites by dispersion of oleic acid-stabilized magnetite Fe3Os nanoparticles in an
epoxy system. The composite with 8 wt% of Fe3Oa particles recovered its original shape after
exposing to the alternating magnetic field for 60 s (Figure 2.27).2> Magnetically controlled
2W-SMP nanocomposites were first obtained by Lendlein et al via cross-linking a mixture of
three-arm PDL oligomers and PDL oligomers-grafted magnetic nanoparticles with 1, 6-hexane
diisocyanate. Herein, magnetic nanoparticles were synthesized by co-precipitating iron salts

(FeCl3-6H>0 and FeClz2-4H20) in alkaline solutions.?%+2%,

=

Figure 2.27 Photographs of a shape recovery process of the polymer nanocomposite with 8§ wt

% of oleic acid-stabilized Fe3O4 nanoparticles before (coil) and after (bar) exposure to the
alternating magnetic field for 60 s. Reprinted with permission from Ref. 203. Copyright (2012)

American Chemical Society.

2.5.5 Microwave-responsive SMPs

Microwaves are a portion of electromagnetic spectrum with wavelengths ranging from 1
mm to 1 m and can be transmitted, reflected or absorbed depending on materials. Food and
water can be heated in ceramic container by absorbing microwave. Therefore, some dielectric
fillers were embedded into SMPs to enhance the absorption of microwave, such as CNTs,
Fe30a4, water molecules, silicon carbide (SiC), and even poly(ionic liquid). The molecules of
these fillers move along the rapidly oscillating electric field direction due to the dipole

moment. Thus, friction is generated between molecules, resulting in heat.
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Besides superb thermal and electrical conductivity, CNTs also have high microwave
absorbing ability. Leng’s group embedded different CNTs (1, 3, 5Swt%) into a styrene-based
shape memory resin for preparing nanocomposites and found that the absorption ratio
increased with the increase of CNTs and microwave frequency. 99.84% of microwave energy
could be absorbed by SMP composite with 5 wt% CNTs at a frequency of 40 GHz. As shown
in Figure 2.28, the composites with 1, 3 and 5 wt% CNTs could recover their permanent shape
within 30 s with Ris of 72.5, 94 and 99.5%, respectively.?”” Water is the most common and
economic filler, which could be absorbed by some hydrophilic polymers, such as PVA. Du et
al. synthesized chemical cross-linked PVA, which was then immersed into pure water to
absorb water molecules. They found that the samples with a higher water content recovered
their original shapes faster at a certain level of microwave power output. Dry samples did not

show the shape recovery even when microwave irradiated for a long time.?!°

T=28S _| T=108 T=20S T=30S

A: 1 wt% CNTs, B: 3 wt% CNTs, C: 5 wt% CNTs

Figure 2.28 Digital photographs of the shape recovery process of the SMP composites with 1,
3, 5 wt% CNTs under microwave radiation (2.45 GHz). Reprinted with permission from Ref.

209. Copyright (2014) The Royal Society of Chemistry.

SiC can be used as a microwave absorber for heating SMPs, because it has good thermal
and chemical stability, strong microwave absorption property and low thermal expansion
coefficient. In the PVA/SiC composites fabricated by Du et al., the greater SiC content and

applied microwave power led to higher recovery rates.?!! In another work, they synthesized
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poly(ionic liquid) (Figure 2.29), which was then introduced into PV A solution as a microwave
absorber due to the anion-cation pairs, generating strong microwave absorption ability to form
poly(ionic liquid)/PVA polymer networks. The PVA composite with 30 wt% poly(ionic liquid)

recovered its original shape within 20 s under 400 W irradiation.?!?
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Figure 2.29 (A) The structure of poly(ionic liquid); (B) microwave-induced shape recovery
behavior of poly(ionic liquid)/PVA polymer networks. Reproduced from Ref. 212 with
modification. Copyright 2016 Wiley VCH.

2.5.6 Ultrasound-responsive SMPs

Ultrasound has frequencies above 20 kHz that exceed the audible limit of humans hearing.
High intensity focused ultrasound (HIFU) can concentrate ultrasound beams on a spot, which
may cause a local rise in temperature. This may induce selective tissue necrosis without
damage to surrounding or overlying tissues. Thus, HIFU has been studied as a noninvasive
treatment to replace conventional therapies for many decades. HIFU was used to trigger SMP

directly due to its thermal effect.?!3-215

Zhao’s group utilized HIFU to induce the shape recovery of poly(methyl methacrylate-co-
butyl acrylate) (P(MMA-BA)). Multiple intermediate shapes were achieved by turning on or
off the HIFU exposure, which synchronously controlled the release of loaded drugs. The rate

of shape recovery and drug release could be tuned by adjusting the HIFU exposure intensity
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and duration.?'® Subsequently, they found that the shape recovery rate and ratio first increased
and then decreased with an increase of the sample thickness. In addition, low MMA/BA ratio
and cross-link density led to faster temperature rise and thus quicker shape recovery rate and
higher R:.?!” More recently, Zhao and coworkers found dynamically cross-linked PCL-based
PU exhibited shape memory-assisted self-healing effect due to the Diels—Alder reaction
(Figure 2.30). Herein, the polymer sample was cut and bent to obtain a crack, and subjected to
HIFU treatment. The crack immediately closed due to heating induced the shape recovery and
started to heal after the crack closure due to the Diels—Alder bonds scission, flow, and crack
closure.”!® Furthermore, a shape memory PVA physical hydrogel could be triggered by

therapeutic ultrasound owing to the melting crystallized domains of PVA.?"
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Figure 2.30 (A) Schematic illustration and (B) digital photographs of HIFU-triggered shape
memory assisted self-healing of PCL-based PU containing Diels—Alder bonds. Reproduced
from Ref. 218 with modification. Copyright (2014) Royal Society of Chemistry.

2.6 Applications of SMPs

SMPs have drawn great interest in many fields due to their unique properties, such as for
biomedical applications, and in the aerospace, automotive and robot industries. Their

applications are exemplified by dual SMPs, triple and multiple SMPs, and 2W-SMPs.
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2.6.1 Applications of dual SMPs

Dual SMPs may be used in biomedicine as well as in aerospace applications. Typical

65,220-222 223

biomedical applications include drug delivery -carriers, self-expansion stents,

15224

endovascular clot remova self-tightening sutures,”””® deployable surgical devices,??°

227 228,229 0

artificial bandages and lenses,”’ artificial vascular grafts, micro-vascular actuators,?

23123 and in orthopedic applications.”** The actuation temperatures of

tissue engineering,
SMPs should be close to or slightly higher than body temperature. The most viable way is the
utilization of indirect heating method, such as NIR laser, magnetic field or HIFU. These
stimuli could heat the SMP at a precise position inside the body. As described previously,
Wang and colleagues prepared a dual-drug-eluting stent with a 7m close to body temperature,
and then mitomycin C was first conjugated with and then curcumin was coated to this stent. A
continuous release of mitomycin C over 70 days and curcumin over 14 days was achieved.%
In PCL/trisilanolphenyl polyhedral oligomeric silsequioxane (TspPOSS) shape memory

nanocomposite films, ~25% of loaded theophylline was released from films with 10 wt%

TspPOSS after 2 days.??!

Dual SMPs can also be used as self-expansion stents and endovascular clot removal devices.
Li and coworkers designed and synthesized block copolymer (PCL-P(3HB-3HV)) containing
hyperbranched three-arm PCL as the switching segment and microbial polyester poly[(R)-3-
hydroxybutyrate-co-(R)-3-hydroxyvalerate] (P(3HB-3HV)) as the crystallizable hard segment.
PCL-P(3HB-3HV) block copolymers were also shown to be as safe materials with good
biocompatibility. The stent made from the PCL-P(3HB-3HV) film shows nearly complete
self-expansion at 37 °C within only 25 s (Figure 2.31).2*> Dual SMPs were used to develop an
intravascular laser-activated therapeutic device, which could be deployed by laser heating for
mechanically removing the blood clot and restoring blood flow to the brain.?** Dual SMP
made of PCL/PPDO multiblock copolymers may be used as sutures, which self-tighten upon

heating slightly above body temperature.”*>
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Figure 2.31 Photographs exhibiting the self-expansion of the stent made from PCL-P(3HB-
3HV) with original outer diameter of 3.45 mm. Reprinted from Ref. 235. Copyright 2010
Wiley VCH.

Dual SMPs have great interest for self-deployable structures in aerospace applications, e.g.,
in solar arrays, solar sails, sunshields, hinges, or radar antennas.’*?*® As an example, Leng’s
group reported that fabrics made of thermoset styrene-based SMP composites reinforced by
carbon fiber could be used as a deployable hinge. The solar array prototype deployed from 90°
to ~0° in 80 s when the SMP composite hinge was heated by applying a voltage of 20 V.?*’

Besides biomedical and aerospace applications, dual SMPs can also be used as

238,239 244,245 246

actuators, sensors,”**243 tuning of surface micropatterns, reshapeable products,

247-250 251-254 255-257

self-peeling dry adhesives, smart textiles, and optical devices.

2.6.2 Applications of triple and multiple SMPs

Triple and multiple SMPs with two or more temporary shapes may meet complex
requirements of some applications in smart biomedical devices. Lendlein reported cross-linked
polymer networks (CLEG) composed of PCL and PEG, which can be implanted into the
human body as a removable stent with a compressed shape A. This stent may be extended to
shape B at a desired position, and finally contracted to shape C at 60 °C for easy removed
(Figure 2.32).%° Lendlein and colleagues fabricated triple SMPs with a one-step programming

process, increasing the attractiveness of their applications in medical fields, such as fixation
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devices for assembling technology or tube repair systems allowing a re-uptake of the
temporary tube replacement.?>® Zwitterionic polymers with multiple SME may also have some

potential applications, such as sequential warnings, auto feed, controlled drug release and

104

sequential collection of electronic waste.

Figure 2.32 Photographs showing the recovery process of triple SME; shapes B and C were
recovered by heating to 40 and 60 °C, respectively, beginning from shape A. Reprinted with
permission from Ref. 80. Copyright (2006) National Academy of Sciences, U.S.A.

Triple and multiple SMPs may also meet requirements in aerospace applications. For
example, as discussed early in Section 2.3.2.3, Zhuo et al. fabricated a three-layer device of
copolymer films with 30 mol% (outer layer), 50 mol% (mid-layer), and 70 mol% (in-layer)
HAM. Such a device self-deployed at 25, 55 and 80 °C sequentially (Figure 2.33). Thus, the
controlled recovery process of the self-deployable device made it an ideal candidate for
aerospace applications.” Moreover, electrospun membranes prepared from Nafion enable
complex deformations, possessing wide potential applications, such as smart textiles, artificial

intelligence robots, and in biomedical engineering.?>%-2¢
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Figure 2.33 Self-deployable device consisting of three layers with distinct 7transs. Reprinted
from Ref. 99 with permission. Copyright 2016 Royal Society of Chemistry.

2.6.3 Applications of 2W-SMPs

The intrinsic irreversibility of 1W-SMPs may be a limitation since full reversibility requires
the use of 2W-SMPs in applications, such as actuators, textiles, footwear and artificial
muscles.*>!'121 Artificial muscles that are able to convert contraction and elongation into
weight lifting motions have been developed.?¢*2% 2W-SMPs may be employed as fibers of
spacer fabrics with thermally-responsive thicknesses, or as an artificial tendon.!%” Micrometer-
sized particles were fabricated using 2W-SMP of PEG-PCL polymer network!** with potential
use as a reversibly convertible drug delivery carrier. 2W-SMPs may also be used to control the
surface features from macroscopic to micro/nanoscales. Sheiko and coworkers studied the first
usage of reversible shape memory for the actuation of two-way transitions between
microscopically patterned substrates (Figure 2.34).2¢7 They also utilized two-way reversible
shape memory for replicating and controlling the shape of sub-um features used in optical

applications.?®8
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Figure 2.34 The application of 2W-SMP for switching micropatterned surface. Reprinted
from Ref. 267 with permission. Copyright (2014) American Chemical Society.
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The conversion from stimuli into mechanical energy in 2W-SMPs may realize walking or
swimming. Under the cyclic external stimuli, the samples are capable of self-locomotion as
micro-robotics. Peng et al. fabricated an electro-responsive 2W-SMP composite with a
laminated structure from an epoxy-based polymer and CNT sponge. 2W-SME was realized by
alternately applying two different voltages to top and bottom layer respectively. A higher
voltage (8 V) was applied for stimulating the layer and dominating the shape change, whereas
a lower voltage (2 V) was used for softening and accommodating the deformation produced by
the other layer (Figure 2.35A). This 2W-SMP composite was further designed into an
inchworm-type robot as shown in Figures 2.35B and C. This robot moved forward about 8
mm in 10 minutes by alternating voltages of 2 and 8 V with a cycling time of 120 seconds

(Figure 2.35D).>¢°
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Figure 2.35 (A) Fabrication of the laminated 2W-SMP composite by combining two layers
with curved and straight initial shapes, and illustration of the mechanism under alternating
electrical stimulation. 2W-SMP composite was designed to an inchworm-type robot. (B)
Photographs showing inchworm locomotion. (C) The principles of designed inchworm-type
robot locomotion; (D) the locomotion of inchworm-type robot, moving 24 mm in 30 minutes.

Adapted from Ref. 269 with permission. Copyright (2016) Royal Society of Chemistry.
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2.7 Conclusions and outlook

The preceding review of the concept, programming procedures, molecular mechanisms,
design strategies and applications of thermal induced dual, triple, multiple, and 2W-SMPs

triggered by direct and indirect heating lead to the concluding points below:

(1) Effect of cross-linking: Most polymers may exhibit a certain dual SME due to their at
least one reversible thermal transition, which usually need to be enhanced by a cross-
linked structure. Physically cross-linked SMPs have better processability and
recyclability, while conventional chemical cross-linking offers better mechanical
properties, recoverability and reproducibility because of their inherent lower slippage
between molecular chains. The recently developed SMPs cross-linked through dynamic
covalent bonds possess both advantages of physically and conventional chemically

cross-linked SMPs.

(2) Types of transition temperature: In the design triple and multiple SMPs, one may opt to
use a broad thermal transition or two or more thermal transitions. The strategy of a broad
transition is more practical in the preparation of multiple SMPs due to the ease of
synthesis. Besides conventional thermal transitions (7g, 7m and 7c1), dissociation of
hydrogen bonds could also be used as one of the separated thermal transitions in the

design of such SMPs.

(3) Stress and stress-free conditions: 2W-SMPs under stress conditions contain two phases:
the actuation phase and the chemically cross-linked phase. 2W-SMPs under stress-free
conditions have been demonstrated for cross-linked semi-crystalline polymers and also
for thermoplastic semi-crystalline polymers. Besides shifting-geometry determining and
actuation phases in 2W-SMPs under stress-free condition, another essential phase is one
that is chemically cross-linked or that has a broad transition where the highest 7trans

prevents the macroscopic flow of the sample and holds the permanent shape.

(4) Indirect heating: Dual SMPs and complex SMPs (triple, multiple, and 2W-SMPs) can
also be activated by indirect heating, extending their applications as, for example,
deployable hinges in aerospace application, and remote-control medical instruments.

SMPs triggered by other stimuli can exhibit novel properties not realizable by direct
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heating methods, such as gradient shape recovery, spatially controlled shape recovery,

complex shape transformations, etc.

SMPs have drawn an increasing interest from researchers to design and prepare novel
SMPs for various applications. The work presented in this paper point to the following

potential directions in the future:

(1) SMPs cross-linked by dynamic covalent bonds, especially for 2W-SMPs, are more
advantageous due to their reprocessibility, good mechanical properties and good
recoverability. The usefulness of 2W-SMPs makes it a promising direction of future
research. New approaches to design 2W-SME under stress-free conditions will also be in

high demand for this type of materials.

(2) SMPs with precisely tunable transition temperatures are highly desired for a variety of
applications. For example, biomedical applications require a switching temperature near
body temperature, while SMPs used in aerospace required high transition temperatures.
SMPs having multi-functionality (two or more types of SMEs integrated in one SMP,

biodegradability or biocompatibility) are also attractive.

(3) The speed of shape change and response time are key factors for actuators. More effort
must be made on the design of SMPs with fast response and shape change that can be

tuned after device manufacturing process.

(4) Due to the limitations of direct heating in some special fields, such as human body,
indirect heating may provide a useful alternative. Complex SMPs with triple, multiple
SMEs and 2W-SMEs may meet the demanding needs in the future. Therefore, multiple
stimuli-responsive complex SMPs, especially 2W-SMPs, are becoming more attractive

materials.
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Chapter 3
Biocompound-based multiple shape memory polymers

reinforced by photo-cross-linking*

Abstract

For the design of shape memory polymers with potential biomedical applications, we
synthesized methacrylate-based monomers bearing biological compounds such as cholic acid
and cinnamic acid in addition to oligo(ethylene glycol) as pendant groups and opted to use a
simple radical polymerization method for the preparation of the copolymers. The glass
transition temperatures of these polymers are broad and tunable and can thus accommodate
dual and triple shape memory behaviors. The fixity ratios of dual and triple shape memory are
all above 91%. The recovery ratio of dual shape memory is 89.5%, while the two recovery
ratios of triple shape memory are 53.2 and 81.5%, respectively. To further improve the shape
memory properties, a cinnamic acid-based methacrylate monomer was incorporated into the
copolymers to enable photo-cross-linking of the terpolymer. After irradiation, the fixity ratios
remain high, while the recovery ratios of dual and triple shape memories are much improved.
The terpolymers after light irradiation even show the quadruple shape memory property.
Different irradiation times were tested to optimize the shape memory effects. The recovery
ratio of dual shape memory of such terpolymers can reach as high as 98.6%, while the
recovery ratios of triple and quadruple shape memories are improved to the range of 75.3 to

99.1%.

*Wang, K.; Jia, Y. -G.; Zhu, X. X. ACS Biomater. Sci. Eng. 2015, 1, 855-863.



3.1 Introduction

Shape memory polymers are regarded as smart materials that can return to their permanent
shape from a temporary shape upon exposure to an external stimulus, such as temperature

change, ! light*® or solvent.® They have drawn much research attention due to their potential

0 1 2

applications in biomedicine,”!° smart textiles,'! actuators,'” and self-peeling reversible dry
adhesive.”> Thermo-induced shape memory effect is more common, and most of these
polymers have a permanent shape provided by cross-linked phases, and a temporary shape
fixed by frozen molecular chains during vitrification or crystallization by cooling below a
transition temperature (7uans). The cross-linked phases include chemical and physical cross-

1416 or strong supramolecular interactions.!” The transition

linking, such as crystalline domains
temperatures include glass transition temperature and melting point. Recently, multiple shape
memory polymers have attracted much attention.">!®!> A multiple shape memory polymer
may remember two or more temporary shapes and can meet more stringent requirements for
various specific and complicated applications. Generally, two strategies may be used to design
a multiple shape memory polymer. The first is to incorporate two or more discrete thermal

transitions into the polymer,”’zo

while the second is to introduce a broad transition temperature
range to the polymer.'*!* Currently known triple shape memory effects of the former system
were tuned only by varying the ratio among the reversible phases or changing the reversible
phase transition temperatures.?!?*> The multiple shape memory effects of the latter system can
be easily tailored on demand by selecting suitable temperatures as Tians in the transition range,

thus avoiding the synthesis of a new polymer and providing a larger degree of design freedom

for the practical uses,?* such as in biomedical applications.

Cholic acid is a naturally-occurring compound in the human body and animals and may
serve as an ideal building block for the synthesis of biomaterials due to its multiple functional
groups and biocompatibility.?> The incorporation of cholic acid groups should provide rigidity
to the polymer imparted by its steroidal skeleton. Poly(ethylene glycol) (PEG), regarded as a
biocompatible polymer, is often used to adjust the glass transition temperature of the polymer
as the flexible part.>?* Physical or chemical cross-linking usually provides the shape memory
effect.?*? Long branched or grafted side chains attached to the main chain can significantly

enhance the entanglements of the polymer.’®*! PEG may also form hydrogen bonds with
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cholic acid, which may strengthen the physical cross-linking. The incorporation of both cholic
acid and PEG may endow the polymers with attractive properties as shape memory materials.
It is thus attractive to design shape memory polymer consisting of cholic acid and PEG. Our
group has developed a series of multiple shape memory polymers based on norbornene
derivatives of cholic acid and PEG via ring-opening metathesis polymerization.? However, Ru
contamination, complex operation and expensive catalyst are the shortcomings of ring-
opening metathesis polymerization, which may in turn limit their biomedical applications.
Therefore, we attempt to use a simple polymerization method for the preparation of
biocompatible polymers with shape memory effects. Conventional free radical polymerization

method can meet the design of biomaterials.

To this end, we designed and synthesized a series of methacrylate-based polymers bearing
cholic acid and oligo(ethylene glycol) pendants. The adjustable broad Tians ranges may be
achieved by varying the ratio of monomers through a simple radical polymerization method. A
small fraction of cinnamate groups (a nontoxic molecule from cinnamon or some other plants
was widely used in biomedical applications**3?) was then introduced into the copolymer and
used to enhance the shape memory effects by photo-cross-linking. Reinforcement of the
materials by cross-linking through photo-irradiation of the polymers after thermoplastic

processing helps to overcome the poor processability of thermoset polymers.
3.2 Experimental Section

3.2.1 Materials

Cholic acid (CA, > 98%), 2-hydroxyethyl methacrylate (HEMA, 97%), cinnamoyl chloride
(98%), dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino)pyridine (DMAP, > 99%)
and triethylamine (> 99.5%) were purchased from Sigma-Aldrich. Poly[(ethylene glycol)
methyl ether methacrylate] (MPEG) (average Mn = 300 g/mol) was purchased from Sigma-
Aldrich and purified prior to polymerization by passing through the neutral alumina column to
remove the inhibitors. 2,2'-Azobisisobutyronitrile (AIBN, Sigma, 98%) was recrystallized
twice from methanol. CDClz (99.8% D) and DMSO-ds (99.9% D) were purchased from
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Sigma-Aldrich. Dichloromethane (DCM), tetrahydrofuran (THF) and N, N-dimethylformamide

(DMF) were dried using a solvent purification system from Glass Contour.

3.2.2 Synthesis of monomer

The cholic acid-based methacrylate monomer (MCA) was prepared by reacting HEMA
with CA in the presence of DCC and DMAP (Scheme 3.S1A) according to published

procedures.**

To synthesize the cinnamic acid-based methacrylate monomer (MCE), 1 mL triethylamine
was added to 10 mL DCM solution of HEMA (0.882 mL, 7.05 mmol) in a round bottom flask
equipped with a magnetic stir bar and placed in an ice-water bath. Cinnamoyl chloride (1 g,
5.9 mmol) in 10 mL DCM was added dropwise to the mixture under stirring. After 1 h, the
ice-water bath was removed, and stirring was continued overnight. The reaction mixture was
washed with 0.1 M HCI (50 mL x 2), saturated NaHCO3 (50 mL % 2) and brine solution (50
mL x 2). After drying the organic layer over Na2SO4 and removing the solvent by rotary
evaporation, the crude product was purified by column chromatography on silica gel

(dichloromethane : hexane =1 : 2 ). Yield: 56.7%.

3.2.3 Polymerization

A representative synthetic procedure of the random copolymer is described here. MCA
(0.58 g, 1.11 mmol), MPEG (0.51 g, 1.70 mmol), AIBN (0.75 mg, 4.57 pmol; from 0.75 mL 1
mg/mL solution of AIBN in DMF) and 3 mL DMF were placed in a 25 mL round-bottom
flask with a magnetic stir bar. The mixture was purged with N2 for 20 min and placed into a
preheated oil bath at 70 °C for 24 h. The system was then quenched in an ice-water bath and
exposed to air. The reaction mixture was poured into distilled water to dissolve DMF and to
precipitate the polymer. The precipitate was redissolved in THF and precipitated again from
ethyl ether, and this process was repeated twice. The polymer was dried under vacuum at
30 °C for 24 h. The feed molar ratios of monomers were varied to obtain copolymers of
various compositions. The copolymers P(MCA-MPEG) are denoted as CP with numbers in
the subscript to indicate the feed ratios of comonomers. For example, CP23 indicates a

copolymer with MCA and MPEG molar ratio of 2:3, as indicated in Table 3.1. Then a
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terpolymer (TP) was synthesized with same composition as CP2:3 and, in addition, a third
comonomer MCE was added to the mixture of all three comonomers with a ratio of 9.1 mol%.

The same synthetic procedure was used.

3.2.4 Polymer characterization

Size exclusion chromatography (SEC) was carried out on a Breeze system from Waters
equipped with a 717 plus auto-sampler, a 1525 Binary HPLC pump, a 2410 refractive index
detector and two consecutive Waters columns (Phenomenex, 5 um, 300 mm x 7.8 mm;
Styragel HR4, 5 um, 300 mm x 7.8 mm). DMF containing 0.05 mol/L LiBr was filtered
through 0.2 pm nylon Millipore filters. The flow rate of the eluent (DMF) was 1 mL/min. SEC
was calibrated using poly(methyl methacrylate) standards (2500-296 000 g/mol). 'H NMR
spectra in CDCIs or DMSO-ds were recorded on a Bruker AV400 spectrometer operating at
400 MHz for protons. Fourier transform infrared spectroscopy (FTIR) was used to evaluate the
degree of photo-cross-linking of the cinnamate groups after irradiation using the attenuated
total reflection (ATR) method on a FTIR spectrometer (NICOLET 6700). All spectra were

recorded by averaging 32 scans at a 4-cm™' resolution.

Thermogravimetric analyses (TGA) were performed on a Hi-Res TGA 2950 (TA
Instruments) under a flow of nitrogen. 74ec was defined as the onset of the decomposition
temperature. Differential scanning calorimetry (DSC) measurements were carried out on a
DSC 2910 (TA Instruments) at a heating rate of 10 °C/min. For CP1:3, CP1.4 and PMPEG, the
DSC measurements were carried out on a DSC 823° (Mettler Toledo) with the same procedure
as other polymers. The temperature and heat flow were calibrated with indium. 7 was defined
as the midpoint of change in the slope on the second heating cycle, and the 7, range was

determined by the onset and offset of the changes in heat capacity of the samples.

Polymer films for shape memory tests were prepared by evaporating a concentrated THF
solution (100 mg/mL) of the desired polymer in a Teflon mold (2 cm X 2 cm) at ambient
temperature and pressure for 48 h and then under reduced pressure for 24 h. Smaller
rectangular samples (3.5 mm X% 2.0 cm) were cut from these films and used for shape memory
tests (the dimensions of the films were measured with an electronic digital caliper with a

precision of 0.01 mm). For shape memory tests of photo-cross-linked TP, the rectangular
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samples were irradiated by a 100-W light with a 365-nm wavelength for various time periods
as shown in Scheme 3.1B. The irradiation distance was kept at 1 cm. The terpolymers were

denoted to indicate the irradiation time in minutes (Table 3.2).

Dynamic mechanical analysis (DMA) was performed on a DMA 2980 (TA Instruments).
For shape memory experiments, the controlled force mode was used. At least three
consecutive cycles were performed for each sample. Since the programming temperature and
time may have influences on the shape memory behavior, for example, increasing the holding
time at deformation temperature improves the shape fixity,* the same procedure was used for
all dual shape memory experiments. The specimen was first equilibrated at a deformation
temperature (7d = Tgoftset + 15 °C) for 5 minutes to reach heat conduction equilibrium before
being deformed, because the sample can exhibit rubbery elasticity at this temperature, and
then cooled to a fixation temperature (7t = Tgonset — 15 °C) and held isothermally for 10
minutes before unloading to freeze the movement of the polymer chains. The temporary shape
was fixed for another 10 minutes after unloading the external force. It was then heated to a

recovery temperature above the Ty (7t = Tgoftset + 15 °C) to recover its permanent shape.

Two parameters are used to describe shape memory properties of the materials. One is the
shape fixity ratio (Rr), which quantifies the ability of the material to fix the mechanical
deformation shape (temporary shape). The other one is the shape recovery ratio (Rr), which
quantifies the ability of the material to recover its permanent shape. They are defined below
for the dual and multiple shape-memory experiments (eqs 3.1 - 3.4). The results listed in this
paper are average values obtained from three consecutive experiments (values shown in
Tables 3.S2-S4 in the supporting information) performed on each sample. For the dual shape

memory experiments, they are respectively defined in the following expressions:!

R = 2N 100%
E1aa (N) (3.1)

M-8, M)
()£, (N-D) (3.2)
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where ¢load 1s the maximum strain before unloading the external stress, ¢ is the strain after
cooling and unloading, erec 1s the strain after the recovery step, and N is the cycle number of

the shape memory experiments.

For all triple shape memory experiments, the sample was kept at Tgoffset + 15 °C for 5 min
and then stretched at a ramp force of 0.1 N/min. The sample was then cooled to Tgofset — 10 °C
while keeping the external stress for 10 min. The external force was then removed, and the
temperature was kept at Tgoffset — 10 °C for 20 min to fix the first temporary shape. The sample
was further deformed at Tgoftset — 10 °C, and then the DMA chamber was cooled to 7gonset —
15 °C and kept isothermal for 10 min. After releasing the external stress and keeping
isothermal for 10 min, the second temporary shape was fixed. The DMA chamber was heated
to Tgoftset — 10 °C and kept isothermal for 60 min to recover the first temporary shape. Finally,
the sample was heated to Tgoftet + 15 °C and kept isothermal for 60 min to recover its
permanent shape. For quadruple shape memory experiments, their fixation temperatures were
Tooftset — 5, Tgoftset — 15 and Tgonset — 15 °C, respectively. The fixation time is 30 min. The

procedure is the same as that used for the triple shape memory experiments.

For multiple shape memory effects, eqs (3.1) and (3.2) are extended to eqs (3.3) and (3.4)

to calculate Rrand R:.!

E,—&,
R(X—>Y)=—2—% x100%
gy,load —& (33)

g _8X Trec
R(Y > X)= 25 2 100%
55 (3.4)
where X and Y represent two different shapes, €yload denotes the maximum strain before

unloading the external stress, ey and ex are fixed strains after cooling and unloading, and éx rec is

the strain after the recovery step.
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3.3 Results and discussion

3.3.1 Characterization of CPs

The molecular structure of MCA was confirmed by '"H NMR spectrum (Figure 3.S1B). The
copolymers (Scheme 3.1A) were obtained with different molar ratios of MCA and MPEG
through free radical polymerization. The '"H NMR spectrum of PMCA (Figure 3.S1D) was
recorded in the DMSO-ds as it is insoluble in CDCIs. The disappearance of vinyl peaks at
around 5.50 and 6.10 ppm suggests the polymers were synthesized successfully. The monomer
molar ratios in this series of CPs were obtained from the integration ratio of intensities of -
OCH3 protons at 3.38 ppm (3H, {-H) from MPEG units to the methyl protons at 0.69 ppm (3H,
18’-H) from MCA units. The molecular characteristics and properties of the polymers are
summarized in Table 3.1. For all CPs, the molar ratio of the comonomers is almost the same as
that in the feed, indicating MCA and MPEG have similar reactivity ratio. The molecular

weights and PDI of the polymers are characteristic of the radical polymerization method used.

Scheme 3.1 Structure of (A) CP and (B) TP, and preparation of photo cross-linked TP.
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The TGA results (Figure 3.S2A) show that PMCA has no decomposition below 300 °C.
The thermal stability of the CPs decreases with lower MCA content in the CP. Figure 3.1A
shows that all of the polymers display a single 7 between the 7Tgs of the two corresponding
homopolymers, indicating they are random copolymers. No melting peaks were visible in the
DSC curves of the polymers, suggesting that they are amorphous. When the amount of MCA
units in these CPs increases from 0 to 100%, the Ty rises from —61 to 162 °C (Table 3.1).



Figure 3.S3 shows the relation between 7z and MCA content in this series of CP. The
experimental Tgexpt Values match well with the theoretical Tgeo values calculated from the
Fox equation.*® Therefore, the Ty can be easily tuned by varying the comonomer ratio. In
addition, the broad glass transition ranges may also be attributed to the relatively broad
molecular weight distribution and microphase-separated nanodomains.’’” The local T is
determined by their local compositions in the nanodomains. The PMCA-rich nanodomains

may have higher local 7, than the PMPEG-rich nanodomains.

Table 3.1 Molecular characteristics and properties of polymers with various molar ratios of

monomers.
Polymer® Feed? Polymer® (ké\/ﬁjol) PDIY Tifg; ¢ (Z é/) Tifgs)ete
MCA : MPEG
PMCA 1.00: 0 1.00: 0 181 1.90 149 162 166
CP1 1.00 : 1.00 1.00 : 0.99 231 1.69 42 60 71
CP2:3 1.00: 1.50 1.00:1.51 107 2.05 13 33 45
CPi2 1.00 : 2.00 1.00:2.10 124 2.06 5 16 31
CP1:3 1.00 : 3.00 1.00 : 3.07 85 2.05 48 -16 16
CPi4 1.00 : 4.00 1.00 : 3.96 67 1.75 58 -28 0
PMPEG 0:1.00 0:1.00 131 1.87 =72 —61 =50
MCA : MPEG : MCE
TP 1.00:1.50:0.25 1.00:1.60:0.24 114 1.94 15 33 44

“Polymerization conditions: [monomer]:[AIBN] = 600:1, [monomer] = 0.6 mol/L in DMF, 24 h. The numbers in
the subscript denote monomers molar ratios in the feed. “Molar ratio of monomers in the feed. “Molar ratio of
monomers in the polymers calculated from the ratio of '"H NMR peak integrations. “Measured by SEC. Reaction
time in all cases was 24 h. “Measured by DSC. Defined by the onset and offset of the changes in the heat

capacity, respectively. /Defined as the midpoint in the change of heat capacity.

3.3.2 Shape memory properties of CPs

The dual shape memory property of CP2:3 was studied as a representative example of the
copolymers in this series, as its Tg is close to body temperature (37 °C). As shown in Table 3.1,
CP2:3 has a broad Tg ranging from 13 to 45 °C. The shape memory effects could be tuned by

the selection of operation temperatures in the Ty range (Tt, Ta and T7).!**%6 In this work, we
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chose Tgonset — 15 °C as Tt, and Tgoftset + 15 °C as 7a and T: for dual shape memory
experiments. These samples were removed of any residual stress/strain from the processing
step before stretching. As shown in the Figure 3.1B, the sample was first elongated at 60 °C
(74), and it was then cooled to —2 °C (7f¥) and the external force was unloaded to fix the
temporary shape (Rr = 99.3%). When the sample was heated to 60 °C (7}) again, it gradually
recovered its permanent shape, and an average recovery ratio (Rr) of 89.5% was obtained
(Table 3.2). The dual shape memory experiments of CP1:2 yielded similar Rf = 99.7% and R: =
76.4% (Figure 3.S5A). Irreversible slippage between the polymer chains may occur to a
certain extent during the deformation at a high temperature, which should lead to a smaller
reduction in entropy. The entropy-related elastic energy, which is the driving force for the
shape recovery, is thus smaller. As a consequence, the recovery ratio becomes lower.?°
Previously, very good dual shape memory properties were obtained for norbornene-based CPs
with similar pendent groups.? This may be attributed to a physically cross-linked structure as a
result of entanglements of high molecular weight polymer chains.”” The molecular weight of
norbornene-based CP is around 4 times higher than that of methacrylate-based CP, so the

chain entanglements should be more extensive than for the samples used in this work.
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Figure 3.1 (A) DSC traces of CPs with various ratios of MCA to MPEG. (B) A typical dual
shape memory effects of CP2:3 at 7a = Tr = Tgoffset + 15 = 60 °C and at Tt = Tgonset — 15 =2 °C.
Average values (original values listed in Table 3.S2): Rr= 99.3%, R: = 89.5%.

Table 3.2 The degree of cross-linking (DC) determined by IR, fixity ratios (Rf), and recovery

ratios (Rr) of dual shape memory effects of CP2:3 and TPs with various irradiation time.

Sample I‘rradiati.on DCe (%) M.olar fractior; of cross- Dual shape memory (%)
time (min) linked MCE? (mol%) Rs R:

CP2:3 0 0 0 99.3+0.1 89.5+53
TP 0 0 0 99.3+£0.1 83.5+1.3
TP(15) 15 10.0 0.8 99.5+£0.0 94.8+£0.9
TP(30) 30 16.6 1.4 99.6 £ 0.1 96.0+0.5
TP(60) 60 25.8 22 99.6 £0.1 98.6+0.5
TP(120) 120 38.1 32 99.5+0.1 99.4+0.2

“Measured by ATR-FTIR. *Indicates the molar percentage of cross-linked cinnamate group in all comonomers

present in the terpolymer ([Cross-linked MCE]/{{MCA]+[MPEG]+[MCE]}).

In general, triple and multiple shape memory effects can be achieved by utilizing two or
more reversible thermal transitions (7ians).!*?>-® In recent years, some polymers with broad
transition temperatures have been reported to show multiple shape memory effects, and multi-
gradient temperatures were chosen as Tians in the glass transition range.!>?**% In this work,
polymers with a broad 7Ty range are likely to display multiple shape memory properties. Thus,

triple shape memory effects of CP2:3 were also investigated, and the average recovery ratios
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R(2—1) and R{(1—0) are 53.2 and 81.5%, respectively (Table 3.3 and Figure 3.S6A). Similar
results of triple shape memory of CPi:2 were also observed, and their recovery ratios are 44.4
and 65.3%, respectively (Figure 3.S5B). These values may be improved by cross-linking in

the polymer network.

3.3.3 Characterization of TPs

To enable cross-linking, cinnamic acid may be used to make a terpolymer. The double bond
of cinnamic acid can be cross-linked and decross-linked with UV light of different
wavelengths.*>*" Therefore, cinnamate group was incorporated into the CP. Such a TP was
photo-cross-linked with a 365 nm UV light to enhance the recovery ratio of dual and multiple

shape memory effects.

The TP was obtained by polymerization of MCA, MPEG and MCE with a molar ratio of
4:6:1 in the feed (Scheme 3.1B). The composition of TP was determined by NMR analysis
from the integration ratio of -CH3 protons at 0.69 ppm (MCA units) to the -OCH3 protons at
3.38 ppm (MPEG units) and to the -C(O)CH=CH-Ph proton at 6.56 ppm (MCE fragment)
(Figure 3.S1F). The average molecular weight (M) and PDI of TP are almost the same as
those of CP2:3 (Table 3.1).

The thermal stability of the TPs with different irradiation time periods, measured by TGA
(Figure 3.S2B), shows a small decrease with a longer irradiation time, probably caused by a
partial decomposition of the TP with a longer irradiation. Figure 3.2A shows the DSC curves
of TP at different irradiation time periods and of CP2:3. The results are summarized in Table
3.S1. Before irradiation, the 7g is the same as that of CP2:3 and increases slightly with longer

irradiation time due to relatively low chemical cross-linking concentration.*!

The ATR-FTIR spectra confirm the formation of chemical cross-linking (Figure 3.2B).
After irradiation with UV light (A = 365 nm), the absorption intensity of C=C stretching
vibration at 1636 cm™ of MCE decreases gradually due to the [2+2] cycloaddition of the C=C
double bond.'**>* The degree of photo cross-linking may be calculated by normalizing the
peak height at 1636 cm™ in reference to the peak height of C=0O at 1730 cm™ using the

following equation:
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DCZI—MXIOO% (3.5)

1636 1730 )0

where DC is the degree of cross-linking, (Z1636/11730)0 and (/1636/11730)t are the relative intensity
of the C=C bond before and after irradiation. An increasing trend is found for the degree of
cross-linking as the irradiation time becomes longer (estimated to be 10.0, 16.6, 25.8, 38.1 and
58.0%, respectively, after 15, 30, 60, 120 and 240 min of irradiation time), and the molar

fraction of cross-linked MCE are also calculated and listed in Table 3.2.
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Figure 3.2 (A) DSC curves of CP2:3 and TP samples with various irradiation time periods, and

(B) FTIR spectra of TP samples with various irradiation time.
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3.3.4 Shape memory properties of TPs

A typical dual shape memory curve of the TP without irradiation is displayed in Figure
3.3A, and its fixity and recovery ratios are shown in Table 3.2. The fixity ratio is close to
100%, while the average recovery ratio is 83.5%. The recovery ratio is similar to that of CP2:3.
Figure 3.3B shows a typical dual shape memory effect of TP(60). The temporary shape is
fixed completely (Rr = 99.6%), and the original shape is almost fully recovered (R: = 98.6%).
The results indicate that the dual shape memory effect of TP is enhanced significantly by

photo-cross-linking.

70 05 120
4 100
0.4
480
0.3
4 60
0.2
440
01 J20 3
© LI
Q o
002 1% 3
(o
05 B 120 &
o aQ
B {100 g
04 | T
4 80
0.3
4 60
0.2
4 40
01 |,
00 4o
0 20 40 60 80
Time (min)

Figure 3.3 Typical dual shape memory effects of (A) TP at Ta = Tr= Tgoffset + 15 =59 °C and
at Tt = Tgonset — 15 = 0 °C. Average values: Rf = 99.3%, R: = 83.5%. (B) TP(60) at Ta = Tt =
Tooftset + 15 =65 °C and at Tt = Tgonset — 15 = 2 °C. Average values: Rr = 99.6%, R: = 98.6%.
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The Rr and Rr values of 3 consecutive measurements for both TP and TP(60) are listed in

Table 3.S2.

The dual shape memory effects of TPs with various irradiation time periods were also
investigated. The average fixity and recovery ratios are shown in Table 3.2. All fixity ratios
are almost the same for all samples (R > 99%), indicating that the vitrification in the glassy
state (Tgonset — 15 °C) is efficient in freezing chain mobility and storing elastic energy.? The
recovery ratio of TP increases with irradiation time, indicating the effect of cross-linking in
preventing chain slippage. The recovery ratio of TP(120) is up to 99.4%, suggesting that even
a low molar fraction of cross-linked MCE (3.2 mol%) has a significant enhancement of shape

1.44

memory. Ratna et al.”* observed a similar trend of recovery ratio of dual shape memory, where

the optimal molar fraction of cross-linker was 2.1 mol%.

Figure 3.4A shows a representative triple shape memory effect of TP(60). The original
shape (e0) was stretched at Tgoffset = 15 °C (7a1), then the sample was cooled to Tgoffset — 10 °C
(T1) to fix the first temporary shape (e1) with R(0—1) = 82.1%. The shape (e1) was further
stretched at Tgofset — 10 °C (742) and cooled to Tgonset — 15 °C (T12) to fix the second temporary
shape (&2) with Ri(1—2) = 97.0%. After subsequent reheating to Tgoffset — 10 °C (711), the first
temporary shape (e1rec) was recalled (R(2—1) = 75.3%). The sample was further heated to
Teoftset + 15 °C (Tr2), the permanent shape (go,rec) Was recovered (Ri(1—0) = 99.1%). The triple

shape memory effect is enhanced significantly in comparison to that of CP2:3 (Table 3.3).

Table 3.3 Triple shape memory properties of CP2:3 and TP with various irradiation times.

Sample I'rradiati.on Triple shape memory (%)
time (min) R 0—1) Ri(1-2) R:((2—1) R:(1—0)
CPa: 0 91.1£0.0 962+0.5 532+£2.6 81.5+43
TP 0 90.7+04 96.8+0.0 61.5+00 81.6+1.2
TP(15) 15 88.6+0.1 979+03 63.0+x13 924+1.0
TP(30) 30 84.7+0.7 984+0.1 709+£1.6 926+1.7
TP(60) 60 82.1+x14 97.0+04 753+£52 99.1+13
TP(120) 120 80.7+03 97705 702+£24 99.0+0.7
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Figure 3.4 Typical multiple shape memory properties of TP(60): (A) Triple shape memory
effect with 7a1 = T2 = Tgoffset + 15 = 65 °C, Taz = Tr1 = Tr1 = Tgoffset — 10 = 40 °C and Tr2 =
Teonset — 15 =2 °C. Average values (data for 3 consecutive measurements listed in Table 3.S3):
Ri(0—1) = 82.1%, R{(1—2) = 97.0%, R(2—1) = 75.3%, R:(1—0) = 99.1%. (B) Quadruple
shape memory effect with Ta1 = Ti3 = Tgoffset + 15 =65 °C, Taz = Tr2 = Tt1 = Tgoffset — S5 =45 °C,
Tas =T = T2 = Tgofset — 15 =35 °C, and T3 = Tgonset — 15 =2 °C. Average values (data for 3
consecutive measurements listed in Table 3.S4): R{0—1) = 54.5%, Ri{(1—2) = 81.4%,
Ri(2—3) =94.7%, R«(3—2) = 83.7%, R:(2—1) = 91.6%, R:(1—0) = 97.4%.

The multiple shape memory effects are from their broad glass transition ranges. A broad

glass transition range can be regarded as an infinite number of transitions,' each corresponding
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to infinitely local compositions in the nanodomains having a local 7y that depends on their
local compositions randomly distributed in CPs. PMCA-rich nanodomains have a higher local
Ty than the PMPEG-rich nanodomains. The various nanodomains constituted the
corresponding local Tgs which are continuously distributed across the broad glass transition
range. The mechanism of triple shape memory effect can be understood as illustrated in
Scheme 3.2. The sample is first stretched to €1load at Tgoftset + 15 °C, the nanodomains that
have low Tgs can quickly relax and do not efficiently participate in the storage of elastic
energy.*> Then the sample is cooled to Tgoftset — 10 °C, the polymer chains of the nanodomains
with local Tgs greater than Tgofiset — 10 °C are frozen, so that the elastic energy of this part is
frozen. Upon unloading, the unfrozen polymer chains will shrink to release the unfrozen
elastic energy, and only the elastic energy of those nanodomains with local 7 greater than
Tooftset — 10 °C is truly stored in the first temporary shape (e1).*® The sample is further
stretched to &2,lad at Tgofset — 10 °C, the nanodomains that have much lower Tgs relax quickly.
All polymer chains are in a frozen state after cooling to 7gonset — 15 °C, and all elastic energy
is frozen. The Ri(1—2) is close to 100% after unloading. Upon reheating to Tgoffset — 10 °C,
the polymer chains of the nanodomains with local Tgs lower than Tgoftset — 10 °C are re-
activated, and the corresponding stored elastic energy is released. The sample recovers its first
temporary shape (e1,rec). Further heating to Tgoffet + 15 °C, the remaining elastic energy is also

re-activated, and the sample shrinks to its original shape (&o.rec).

Scheme 3.2 Schematic illustration of mechanism of triple shape memory of random

terpolymer.
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The effects of the degree of cross-linking on triple shape memory properties were also
studied with results summarized in Table 3.3. The incorporation of cinnamate group before
photo-cross-linking has almost no effect on the triple shape memory effect of TP. The triple
shape memory property of TP is much improved after irradiation (cross-linking). All the
Ri(1—2) values are similar, while R/(1—0) values increase somewhat with degree of cross-
linking. This tendency is the same as in the case of dual shape memory. The mechanism is
also the same in both cases. Ri(0—1) values decreases slightly with increasing irradiation time,
while R(2—1) values increases with irradiation time to reach a constant value of around 71%
at ca. 30 min of irradiation. Chemical cross-linking generally lowers the chain mobility.*’
Therefore, a higher degree of cross-linking in the sample makes it harder for polymer chains
of the nanodomains with low Ty to relax during the stretching process. As these polymer
chains may relax during the subsequent fixation process, the Ri(0—1) values decrease slightly
with longer irradiation time. The R{(2—1) values of the polymers first increase with the degree
of cross-linking due to reduced chain slippage. When a certain degree of cross-linking is
reached, the recovery ratio reaches a plateau due to the reduced chain mobility. In general, the
TP samples reach an optimal triple shape memory effect at 60 min of irradiation. The best
triple shape memory effect may be achieved at a 2.2 mol% molar fraction of cross-linked

MCE (Table 3.2).

The quadruple shape memory effect may be achieved using a temperature above 7g and two
separated temperatures within the glass transition range as three Tianss. A representative
quadruple shape memory effect is shown in Figure 3.4B for TP(60). The specimen was
sequentially stretched at Tgofset + 15 (7d1), Tgofiset — 5 (Ta2) and Tgofset — 15 °C (Ta3).
Correspondingly, the first, second and third temporary shapes were fixed at Tgoffset — 5 (771),
Tooftset — 15 (T12) and Tgonset — 15 °C (713), respectively. The sample exhibited stepped recovery
at Tgoffset — 15 (Tr1), Tgofset — S5 (Tr2) and Tgoftset + 15 °C (713) during the subsequent heating
process. Calculated from the strain curve, the Rr of first temporary shape (e1) 1s 54.5%, while
Ri(1—2) and Ri(2—3) are around 81 and 95%, respectively. Alternatively, the R(3—2) is up
to 84%, and both Ri(2—1) and R«(1—0) are over 91%. The mechanism of quadruple shape
memory effect is the same as that of triple shape memory effect as discussed earlier in this

report. The effects of the degree of cross-linking on the quadruple shape memory properties
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are also similar, as shown in Table 3.4. R(2—3) and R:(1—0) have similar values and the
trend as the Rr and R:r of the dual shape memory effects, respectively. R(0—1) and Ry(1—2)
decrease slightly with increasing irradiation time, and TP(60) possesses optimal R¢(3—2) and
R:(2—1) values. It is to be noted that the fixity ratio R{0—1) deteriorates when 742 is set close
to Tgoftset in the quadruple-shape memory experiments. The optimum quadruple shape memory
effect was again observed for the sample with 60 min of irradiation (corresponding to a molar
fraction of cross-linked MCE at 2.2 mol%). The mechanism of the effects of irradiation time

on quadruple shape memory effect is the same as in the case of the triple shape memory effect.

Table 3.4 Quadruple shape memory properties of TP with various irradiation time.

Quadruple shape memory (%)

sample adater
R(0—1) Ri(1-2) Ri2—3) R(3-2) R{(2—1) R(1-0)
TP 0 733+1.0 852+0.7 91.9+04 692+0.6 70.8+44 732+28
TP(15) 15 69.6+09 856+03 941+03 655+09 756+09 91.0+1.3
TP(30) 30 62.7+03 824+03 955+04 740+65 82.8+15 91.4+32
TP(60) 60 545+1.1 814+12 947+0.1 83.7+102 91.6+3.0 97.4+2.6
TP(120) 120 53.5+0.8 81.5+08 951+03 673+46 847+09 96.6+2.4

3.4 Conclusions

A simple free radical polymerization method yielded copolymers with pendent cholic acid
groups that exhibit multiple shape memory effects. The resultant polymers have a broad glass
transition region whose temperature range may be tuned by the variation of the monomers
ratios. The polymers can manifest both dual and triple shape memory effects. The shape
memory properties of these copolymers (especially the Rr values) can be further improved by
the inclusion of cinnamate groups as a comonomer which allows photo-cross-linking. The
cross-linked TP shows much improved dual and triple shape memory effects over those of
CP2:3 and uncross-linked TP, and even possess multiple shape memory effect. The degree of
cross-linking varies with the irradiation time. The optimal shape memory effects are obtained
with a 2.2 mol% cross-linking of the total monomers in the terpolymers. Owing to the natural

origin of cholic aicd and cinnamate group and the biocompatibility of PEG, such shape
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memory polymers may become attractive candidates for a variety of potential biomedical

applications.
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3.6 Supporting information

Scheme 3.S1 Synthesis of methacrylate monomers MCA and MCE.
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Figure 3.S1 '"H NMR spectra of (A) MCE; (B) MCA; (C) PMPEG; (D) PMCA; (E) CP2:3 and
(F) TP. (PMCA was dissolved in DMSO-ds, the others were dissolved in CDCI3)
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Figure 3.S4 Typical consecutive dual shape memory cycles of TP(60). (7d4 =7t = Tgoffset + 15
OC; Tt= Tg,onset - 15 OC)
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Table 3.S1 DSC values of CP2:3 and TPs with various irradiation time.

Polymer Tgonset (°C) T’ midpoint (°C) Tgoftset (°C)
CP2: 13 33 45
TP 15 33 44
TP(15) 16 34 47
TP(30) 16 35 49
TP(60) 17 36 50
TP(120) 19 38 51

Table 3.S2 Fixed strains, recovery strains and recovery ratios of dual shape memory effects of

CP2:3and TPs.

Polymer €0 (%) e1 (%) £0.rec (%0) R (%)
0.5 53.3 9.9 82.2

CP23 0.5 42.0 4.0 91.6
0.5 52.1 3.3 94.6

0.4 60.2 10.8 82.6

TP 0.5 56.3 8.7 85.3
0.6 36.8 6.9 82.6

0.6 78.2 2.1 98.1

TP(60) 0.5 79.6 1.8 98.4
0.6 81.2 1.2 99.3

Table 3.S3 Fixed strains, recovery strains and recovery ratios of triple shape memory effects

of TP(60).

Polymer 0(%) e1(%) (%) eirec(%) eome(%) Ri(2—1)(%)  R(1—0) (%)

0.5 300 438 34.3 0.5 68.8 100
TP(60) 0.4 449 68.1 49.2 1.7 81.5 97.1
0.6 243 37.8 27.6 0.6 75.6 100
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Table 3.S4 Fixed strains, recovery strains and recovery ratios of quadruple shape memory
effects of TP(60).

Polymer &0 &l &2 &3 &2,rec &l,rec &0,rec Rr(3 —>2) Rr(2—> 1 ) Rr( 1 —>0)

o) (o) (o) () () ) ) (%) (%) (%)
0.1 366 944 1146 951 402 0.7 965 93.8 98.4
TP(60) 04 31.6 727 888 754 342 04 832 93.7 100

08 297 729 89.0 775 352 26 71.4 87.3 93.8
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Figure 3.S5 (A) Dual shape memory effect of CP1:2 with 74 =T = Tgofset + 15 °C; Tt = Tgonset
— 15 °C (Rt= 99.7%, R:= 76.4%). (B) Triple shape memory effects of CPi2 with Ta1 = T2 =
Tgoftset + 15 °C; Tt = Taz = Tr1 = Tgoftset — 10 °C, T2 = Tgonset — 15 °C. (R{(0—1) = 92.3%,
Ri(1—-2)=97.1%, R(2—1) = 44.3%, R:(1—0) = 65.3%)
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Figure 3.S6 Typical triple shape memory effects of CP2:3 and TPs with different irradiation
time. (A) CP2:3; (B) TP and (C) TP(120). (Ta1 = Tr2 = Tgoftset + 15 °C; Tri = Taz = Tr1 = Tgoffset —
10 OC, Te = Tg,onset— 15 OC)

110



5 - 120

80 - €4 10ad £,

- 100

|
2]
o

Strain (%)

Stress (MPa)

Temperature (°C)

1
N
o

1 )
o

0o 50 100 150 200 250 300 350
Time (min)

Figure 3.S7 Typical quadruple shape memory effects of TP(120). (7a1 = Ti3 = Tgottset + 15 °C;
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Chapter 4
Two-way reversible shape memory polymers made of
cross-linked co-crystallizable random copolymers with

tunable actuation temperatures*

Abstract

Two-way reversible shape memory polymers (2W-SMPs) are highly desirable for many
applications. We report for the first time the use of random copolymers with co-crystallizable
monomeric units for the preparation of such polymer networks. Homopolymers and random
copolymers of e-caprolactone and w-pentadecalactone were designed and made by ring
opening polymerization with Candida antarctica lipase B as catalyst. The melting temperatures
of these prepolymers may be adjusted by the use of various molar ratios of the co-monomers.
Upon thiol-ene cross-linking, the polymer network exhibited two-way reversible shape
memory effects under both stress-free and stress conditions. The actuation temperature (7a) of
the 2W-SMP under stress-free condition can be tuned in a broad range using a selected
mixture of prepolymers followed by photo-cross-linking with a multifunctional cross-linker.
Increasing the initial stretching stress amplitude led to an increased absolute strain change
under both stress-free and stress conditions, it led to a reduced relative strain change under
stress-free condition, but almost no change under stress condition. The evolution of the
microstructure of 2W-SMPs under stress-free condition cycle was studied by the use of X-ray
diffraction (2D-WAXD and SAXS). This is the first report on the tuning of 7a of 2W-SMPs
under stress-free condition by the use of one or two prepolymers to form a chemically cross-
linked network. We have also eliminated the use of toxic metal catalysts in the synthesis of
polymeric biomaterials. The materials are shown to be capable of performing reversible

bending-unbending and coiling-uncoiling motions.

*Wang, K.; Jia, Y. -G.; Zhu, X. X. Macromolecules 2017, 50, 8570-8579.



4.1 Introduction

Shape memory polymers (SMPs) have drawn much scientific attention due to their specific
properties and potential applications in biomedicine,'” and as smart textiles,* actuators,’ and
self-peeling reversible dry adhesives.® Conventional SMPs are capable of recovery to their
permanent shape from a temporary shape after being exposed to an external stimulus,”'® and
this permanent shape cannot be changed once it is restored by applying an external reverse
stimulus. These are called one-way SMPs (1W-SMPs), and the shape change is irreversible.
Two-way reversible shape memory is desirable for applications as actuators, artificial muscles
and self-locomotion robotics.'*! Such polymers may vary between two distinct shapes when
they are exposed to stimuli creating the opposing conditions, such as heating and cooling,
where the heating can be induced by an electric current, light and magnetic field.'®> 2> Two-
way reversible SMPs (2W-SMPs) are harder to achieve and have become the most desired

shape memory materials due to their unique properties.

Two-way reversible shape memory effects (2W-SMEs) may be classified into two types:
2W-SMEs under stress and stress-free conditions. A stress is applied in both cases after the
temperature is raised to a high temperature (7u) above the melting temperatures (7ms). The
sample is deformed, and then the temperature is lowered to a low temperature (71) below the
crystallization temperatures (7cs). In the stress-free condition, the stress is removed at this
point; in the stress condition, this stress is maintained, for example, by a constant weight
attached. Obviously, the 2W-SME under stress-free condition can be more versatile in its
applications. Both of these 2W-SMEs are based on crystallization-induced elongation (CIE)
upon cooling and melting-induced contraction (MIC) upon heating with or without tensile
stress and can be realized on liquid crystalline elastomers (LCEs) or semi-crystalline polymer
networks.?*3! Since 2W-SMPs under stress condition have their limits in certain applications,
2W-SMPs under stress-free condition have drawn more attention. Generally, four strategies
may be used to design a thermally-induced 2W-SMP under stress-free condition: (1)
Laminated polymer structures.*?3* The drawback is the very small reversible strain change. (2)
Chemically cross-linked semi-crystalline polymer networks with one broad or two Tms.*>*
Their memorized shapes may be erased when heated above both 7ms and may be

reprogrammed to other shapes. (3) Polymer networks (LCEs or semi-crystalline polymers) via
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two-stage cross-linking process.>>*! Their shapes are fixed in the preparation process of
polymer network and thus cannot be erased upon heating. (4) Thermoplastic semi-crystalline
polymers also showed 2W-SME under stress-free condition when the deformation temperature
is set in the Tm range.*>** Their reversible strain change is not as good as chemically cross-
linked polymer networks. In general, the chemically cross-linked semi-crystalline polymer
networks may exhibit the best 2W-SME under stress-free condition due to the larger reversible

strain change and reprogrammable shapes.

Semi-crystalline polymer networks are easier to synthesize than the LCEs. However, the
synthesis of most of the semi-crystalline polymer networks mentioned above requires the use
of organometallic catalysts that are considered to be toxic for biomedical applications.
Moreover, the actuation temperature (7a) of 2W-SME under stress-free condition is at a fixed
value, since it is determined by the 7m of the actuator polymer phase. The tuning of 7a is
highly desirable for their applications, especially in the biomedical fields. In this work, we
attempt to address these problems by choosing different monomers that may co-crystallize
once copolymerized. For this purpose, we need to find co-monomer pairs whose random
copolymers may co-crystallize over the entire composition range. A larger difference in the
Tms of the two corresponding homopolymers is preferred since it can provide a larger 7Ta
tuning range. Only a few co-crystallizing polymer systems have been reported during past
several decades.**® In most cases, their synthesis is not easy and the Tw difference is quite
small. Gross’ group reported the copolymerization of w-pentadecalactone (PDL) and e&-
caprolactone (CL) catalyzed by Candida antartica lipase B (CALB),* an enzyme with high
efficiency for ring-opening polymerizations.’*>? P(CL-co-PDL) random copolymers undergo
isomorphous substitution, and can co-crystallize over the entire composition range.*” > The
possibility of co-crystallization provides an ideal situation for the design of 2W-SMPs. To the
best of our knowledge, the strategy of using co-crystallizable monomers has not yet been used
in the preparation of 2W-SMPs. Therefore, we synthesized a series of P(CL-co-PDL) random
copolymers with a range of 7m that may be varied between the 7Tms of the two corresponding
homopolymers (52 to 92 °C for PCL and PPDL, respectively) (See Table 4.1) by varying the

ratio of the co-monomers in the prepolymers before cross-linking. This is the first report on
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the easy tuning of the 7a of 2W-SME under stress-free condition by selectively incorporating

prepolymers as functional segments in a polymer network.
4.2 Experimental section

4.2.1 Materials

Di(ethylene glycol) (99%), e-caprolactone (CL, 97%), w-pentadecalactone (PDL, > 98%),
methacryloyl chloride (> 97%), triethylamine (TEA, > 99.5%), pentaerythritol tetrakis(3-
mercaptopropionate) (PTME, > 95%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, > 99%)
and Candida antarctica lipase B (CALB) immobilized on acrylic resin were purchased from
Sigma-Aldrich. CL was first dried over calcium hydride and distilled under reduced pressure.
PDL was dried in a vacuum oven for 48 h at room temperature. CDCls (99.8% D) was
purchased from Sigma-Aldrich. Dichloromethane (DCM), toluene, chloroform, and methanol

were dried using a solvent purification system from Glass Contour.

4.2.2 Synthesis of prepolymers

A representative synthetic procedure of a prepolymer is described here (Scheme 4.S1).
CALB (0.50 g) was placed in a 25 mL round-bottom flask and then dried for 24 h over P20s in
a vacuum desiccator at room temperature. CL (4.85 mL, 42.50 mmol) and diethylene glycol
(0.31 mL, 3.25 mmol) were then placed in the round-bottom flask equipped with a magnetic
stir bar. The flask was stoppered with rubber septa and sealed with Teflon tape. Toluene (5.0
mL) was subsequently added via syringe under argon into the reaction vials. The vials were
then placed into a preheated oil bath at 70 °C for 24 h. The system was terminated by exposing
to air and adding excess of chloroform. CALB was then removed by filtration. The filtrates
were concentrated by rotary evaporation and precipitated from methanol. The precipitate

(prepolymer PCL) was dried under vacuum at 40 °C for 24 h.

The prepolymers were conjugated with a polymerizable double bond by reacting with a
methacrylate to form a macromolecular monomer, also known as macromer,>* which was then
used in the photo-cross-linking in the next step. The synthesis of methacrylate-terminated
prepolymer PCL (MPCL) is described here. 0.45 mL of triethylamine was added to 15 mL of
DCM solution of PCL diol (4.2 g, 1.20 mmol) in a 100 mL round-bottom flask equipped with
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a magnetic stir bar and placed in an ice-water bath. Methacryloyl chloride (0.75 g, 7.20 mmol)
in 5 mL of DCM was added dropwise to the mixture under stirring. After 1 h, the ice—water
bath was removed, and stirring was continued for 24 h. After the reaction, the solutions were
filtered, and the filtrates were concentrated by rotary evaporation to obtain a sticky solution.
Then the solution was precipitated in methanol and the precipitate was dried under vacuum at

room temperature for 72 h.

4.2.3 Photo-cross-linked polymer networks via thiol—ene click reaction

The methacrylate-terminated prepolymers (0.267 g PCL and 0.133 g (PCL-co-PDL)1:2) and
the cross-linker, PTME (1.2 eq.), were mixed in a dry vial. 0.75 mL chloroform and 4 mg
DMPA were added into mixture. The vial was vortexed for 5 min. The mixture was poured
into a Teflon mold (2.0 cm x 2.0 cm) and exposed to a UV light of 365 nm (20 mW/cm?)
placed at a distance of 5 cm for 1.5 h. The thermoset polymer network was allowed to set in a
fume hood for 3 days and then removed from the mold. Two polymer networks, [PCL-P(CL-
co-PDL)2:1)]2:1 and [PCL-P(CL-co-PDL)1:2)]2:1, were prepared separately with 2:1 weight ratio
of the prepolymers PCL to either P(CL-co-PDL)2:1 or P(CL-co-PDL)1:2, respectively denoted
as CC2D1 and CCiDz. The structures of the polymers are shown in Figure 4.1.

(o] o] (o] (o]
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\ o 2 9 o 1
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Figure 4.1 Structure of methacrylate-terminated prepolymers and their polymer network.
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4.2.4 Polymer characterization

Differential scanning calorimetry (DSC) measurements were carried out on a DSC 2910
(TA Instruments) at a heating rate of 10 °C/min. The temperature and heat flow were
calibrated with indium before measurements. Fourier transform infrared spectroscopy (FTIR)
was used to confirm the disappearance of -C=C- after irradiation using a Perkin-Elmer
spectrum One FTIR spectrometer with a universal ATR (attenuated total reflectance) mode.
All spectra were scanned 32 times in the range of 800 — 4000 cm™ at a 4 cm™ resolution. 'H
NMR spectra of the prepolymers in CDCIs were recorded on a Bruker AV400 spectrometer
operating at 400 MHz for protons.

Wide-angle X-ray diffraction (WAXD) experiments were performed with a Bruker
D8/Discover C2 (combinatorial) diffractometer operated at 40 kV and 40 mA using CuKa
radiation (A = 1.54 A) at a sample-to-detector distance of 85.6 mm. The samples were aligned
and centered with the incident X-ray beam using a video microscope and a laser. Each sample
was measured using an acquisition time of 5 min. Small angle X-ray scattering (SAXS)
experiments were performed on a Bruker NanoStar system with a Vantec 2000 2D detector
and a 50 kV and 0.60 mA generator, at a sample-to-detector distance of 1080 mm.
Monochromatized CuKa (A = 1.54 A) radiation was also used. The SAXS measurements were

performed using a scanning time of 30 min at room temperature on a pressure below 0.2 mbar.

4.2.5 Dynamic mechanical analysis (DMA)

Smaller rectangular samples (3.5 mm x 2.0 cm) were cut from these films and used for
shape memory tests (the dimensions of the films were measured with an electronic digital
caliper with a precision of 0.01 mm). The DMA analyses were performed on a DMA 2980
(TA Instruments). To measure the storage and loss moduli of the polymers, a preload force of
0.005 N, an amplitude of 10 um, a temperature sweeping rate of 2 °C/min, and a frequency of
1 Hz were used. The specimen was first heated from -20 to 150 °C, followed by a cooling run
to -20 °C. For shape memory experiments, the controlled force mode was used. At least three

consecutive cycles were performed for each sample.

(1) 2W-SME under stress-free condition (Figures 4.54 and 4.5B). The specimen was first
equilibrated at a high temperature (7h, 100 °C, above the 7Tms of all segments) for 5 min to
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reach heat conduction equilibrium. It is then deformed at 7u, and cooled to a low temperature
(Ti, -20 °C, below the Tcs of all segments) and held isothermally for 5 min before unloading
the external force to freeze the movement of the polymers chains. The sample was then heated
to 7a and kept isothermal for 15 min; and then cooled to 71 and kept for another 5 min. The
heating and cooling rates were both set to 5 °C/min. The absolute (') and relative reversible
strain changes (¢"), used as performance indicators for 2W-SME under stress-free condition,

are defined as

'

&' =g - (4.1)
g" = g—XlOO% 4.2)
gL

where ¢k is the elongation strain of the sample before reaching 7a, and ec is the contraction
strain before cooling to 71, and v is the maximum strain after CIE and the removal of the
external loading. For the measurement of internal tensile stress, the controlled mode was first
used. After isothermal 15 min at 7o, DMA was switched to the iso-strain mode. The

temperature was cooled to 0 °C and kept for 5 min and then heated to 7.

(2) 2W-SME under stress condition (Figures 4.5C and 4.5D). The sample was stretched at
Tu (100 °C) under a constant force, and then cooled to 71 (-20 °C) and equilibrated for 5 min
to ensure complete crystallization. The sample was then reheated to 7u and kept for 5 min. Eqs
(4.1) and (4.2) can be rewritten as eqs (4.3) and (4.4) to calculate the absolute (¢'s) and relative

reversible strain changes (&'"s).

g = -¢, 4.3)
g|

g" = Z=x100% (4.4)
gL

where L is the maximum strain of sample after elongation, and en is the minimum strain after

contraction.
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4.3 Results and Discussion

4.3.1 Characterization of prepolymers

To eliminate the use of metal-based catalysts in the synthesis of biomaterials, CALB was
used as catalyst for the synthesis of prepolymers, and the corresponding methacrylate-
terminated prepolymers are schematically shown in Scheme 4.S1 and Figure 4.1. Their
molecular structures were confirmed by '"H NMR spectroscopy. Figure 4.S1 shows typical 'H
NMR spectra of prepolymers, in which the methylene protons next to the hydroxyl end group
are detected at 3.62 ppm (peak h). The signals at 2.30 (peak c) and 4.06 ppm (peak g) are
attributed to -CH>CO— and —OCH>— of the CL unit, respectively. The peaks at 3.69 (peak a)
and 4.22 ppm (peak b) are assigned to —OCH>- and -COOCH:>- of the diethylene glycol unit.
The degree of polymerization (DP) and the molecular weight of prepolymers and the molar
ratio of the co-monomers in the copolymers may be calculated by the ratio of the 'H NMR
signal integrations of the corresponding protons (Eqs 4.S1, 4.S2 and 4.S3 in supporting
information). The results are summarized in Table 4.1. For all random copolymers, the molar
ratio of the co-monomers is almost the same as that in the feed. Figure 4.2 illustrates the
typical '"H NMR spectra of methacrylate-terminated prepolymers, in which the appearance of
vinyl peaks at around 5.50 and 6.10 ppm (peak 1) and the disappearance of methylene protons
of the prepolymers next to the hydroxyl end group indicate the successful conjugation of the

methacrylate groups to the prepolymers.
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Figure 4.2 'H NMR of representative methacrylate-terminated prepolymers (macromers).

Table 4.1 Molecular characteristics and properties of prepolymers with various molar ratios of

monomers.
CL : PDL
prepolymers?  Mu,numr? (g/mol) T (°C)  Tw?(°C) AHw® (J/g)
feedc copolymer®

PCL 3500 - - 35 52 78
P(CL-co-PDL)2:1 2750 2.00:1.00 1.83:1.00 45 58 103
P(CL-co-PDL)1:1 2460 1.00:1.00 0.92:1.00 58 72 123
P(CL-co-PDL)i2 3260 1.00:2.00 1.00:2.03 62 75 121

PPDL 3030 - - 78 92 145

“The numbers in the subscript denote molar ratio of monomers in the feed. “Number-average molecular weight
and molar ratio of monomers in the prepolymers calculated from the ratio of '"H NMR signal integrations. “Molar
ratio of monomers in the feed. “Measured by DSC. Defined by crystallization (7.) and melting peaks (Tw),
respectively. “Obtained from the endothermic melting peaks in DSC.

4.3.2 Thermal properties of prepolymers and polymer networks

The melting behaviors of prepolymers were studied by DSC analysis, and the data are

summarized in Table 4.1. Figure 4.3A shows the increase of the Tms of the prepolymers from
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52 to 92 °C with increasing molar ratio of PDL in the prepolymers, indicating the 7m can be
easily tuned by varying the co-monomer ratio. In this study, two polymer networks, CC2D
and CCiDz, were chosen to show 2W-SME with adjustable 7as. Figure 4.3B shows the DSC
curves of both polymer networks. Both melting peaks of PCL and (PCL-co-PDL)1:2 segments
were observed at 56 and 76 °C, respectively and their melting ranges overlap at around 60 °C
in CCiD2 polymer network, while only one melting peak was observed at 41 °C because the

melting ranges of PCL and (PCL-co-PDL)2:1 segments merge into one for CC2D1.

DMA tests with varying temperature were carried out for both polymer networks to measure
the transition temperatures (7m, 7¢) in order to design the shape memory experiments, and the
curves of both heating and cooling run are shown in Figure 4.3C. Both polymer networks
exhibit a systematic decrease in the storage modulus with increasing temperature. Two
transition temperatures appeared on the DMA curves of both polymer networks. For CCiD2
polymer network, the first one ranging from 55 to 75 °C belonged to the PCL segment, while
the other ranging from 75 to 100 °C was attributed to the P(CL-co-PDL)1:2 component. For the
CC:2D1 polymer network, the first transition of PCL segment ranged from 48 to 65 °C while
the second one ranged from 65 to 90 °C. The moduli of both cross-linked samples reach a
plateau above their melting transitions. CC2D1 has a higher plateau modulus than CCiDa2,
suggesting a higher cross-linking density, which may also be the reason that the PCL segment
has a lower Tm in CC2D: than in CC1D2.% The more complete reaction of -C=C- of CC2D1 is
also confirmed by ATR-FTIR spectra (Figure 4.3D). After 1.5 h irradiation with UV light (A =
365 nm), the absorption intensity of C=C stretching vibration at 1634 cm™ and =C-H bending
at 816 cm™ of the CC1D2 polymer network significantly decreased, while these two absorption

peaks almost disappeared for the CC2D1 polymer network.
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Figure 4.3 Thermal properties of prepolymers and polymer networks. DSC traces of (A)
methacrylate-terminated prepolymers, and (B) polymer networks, the dashes indicate the
selected Ta in the experiments of 2W-SME under stress-free condition; (C) Storage modulus
vs. temperature for polymer networks from DMA; (D) FTIR spectra of prepolymers and

polymer networks.

4.3.3 2W-SME of thiol-ene polymer network

The polymer network CCiD2 was selected as a representative sample to show 2W-SME.
2W-SME under stress-free condition of CCiD2 with various 7as was studied to find the best
Ta at an isothermal time of 15 min, and the results are shown in Figure 4.S3. The contraction
and elongation strains first increased and then decreased with increasing 7a. The largest

contraction and elongation strains were obtained with a 7a of 65 °C.

2W-SME:s under stress-free condition for CCi1Dz are shown in Figure 4.4 in water bath. 60
°C was selected as Ta and 10 °C as 7L due to the difference of heat conduction coefficients of
water and air. In Figure 4.4A, the sample was first programmed into a folded “U” shape in 90
°C water bath and cooled to 10 °C for fixing this shape. Then this sample was heated to 60 °C
and cooled to 10 °C, resulting in reversible shape transformations between a folded “U” and
an opened “L” shapes. The reversible angle change is around 90°. The entire procedure could
be repeated several times without losing memory of both shapes. More complex motions can
be realized by such materials such as the coiling-uncoiling shape changes as illustrated in

Figure 4.4B.
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Figure 4.4 Photographs showing the reversible shape memory behavior of CCiD:2 in water

bath set at 10 and 60 °C: (A) bending-unbending; (B) coiling-uncoiling.

Figure 4.5A shows DMA curves of 2W-SME under stress-free condition of CCiD2. The
sample was first stretched at 100 °C (7h), and then cooled to -20 °C (71). CIE phenomenon
occurred in the strain curve, which may be attributed to the oriented crystallization of both
segments of the polymer network under external stress. The external stress was unloaded for
fixing the temporary shape (eL). After that, the sample was heated to 65 °C for recovery to an
intermediate shape (ec) because of partial melting of the crystalline scaffold of PCL segment
and was then cooled to -20 °C for an elongation shape (er) due to the internal tensile stress,
confirmed by Figure 4.S4. Thus, the reversible shape was realized with the cyclic heating and
cooling between 65 and -20 °C. The average value of the absolute strain change is 13.2 %, and

the repeatability of the absolute strain change is very good over the three cycles.

To confirm the tunability of the 7a for this series of prepolymers, PCL and (PCL-co-PDL)2:1
were also selected as two segments of thiol-ene polymer network (CC:Di). As shown in
Figure 4.5B, Ta was selected to be 48 °C due to the best absolute strain change and
repeatability. The absolute strain change is up to 10.9 %, similar to the CCiD2 network. This
indicates that 7a could be tuned by selecting two different prepolymers.
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These samples should also exhibit very good 2W-SME under stress condition due to its
remarkable CIE. As illustrated in Figure 4.5C, the sample (CC1D2) was also first stretched at
100 °C (Tn), and then cooled to -20 °C (71). The external stress was kept constant until the
end of the experiment. After that, the sample was heated to 100 °C and cooled to -20 °C over
three cycles. The sample contracted first and then elongated repeatedly due to MIC and CIE.
Thus, the absolute strain change under a 0.3 MPa initial stretching stress was obtained, and its
value is up to 19.3 %. Figure 4.5D presents the 2W-SME under stress condition of CC2D1
polymer network. In this case, the absolute strain change of 2W-SME under stress condition is
17.2%, which is somewhat lower than that of CC1D2 polymer network due to its higher cross-

linking density.

4.3.4 Effect of stretching stress on the strain change

In the literature, there have been previous reports on the effect of the initial stretching
stress on the absolute strain change of 2W-SME under stress condition,?* 2% 3% 57 but no report
on this effect under stress-free condition. We have studied the effects of the initial stretching
stress on 2W-SMEs under both stress and stress-free conditions by applying tensile stresses
ranging from 0.1 to 0.5 MPa. Figure 4.6 shows the curves of the second cooling/heating cycles
represented as the absolute strain change vs. temperature curves for the various applied tensile
stresses. For a load of 0.1, 0.2 and 0.3 MPa, the shape memory cycles of 2W-SME under
stress condition show only one step strain increment induced by the PCL phase (Figure 4.6A).
Under higher external load, two-step increments were observed during the cooling process
under external stress. The P(CL-co-PDL)1:2 phase may need a larger tensile force for its CIE
than the PCL phase. For the following heating step, all MIC temperatures (7mics) are over 80
°C. Comparatively larger and more stable crystallites are formed in the polymer network
during crystallization under external stress, resulting in higher 7ms and associated 7wmics for
strain recovery.?’ For 2W-SME under stress-free condition, the absolute strain changes were
also improved with increasing external stretching stress (Figure 4.6B). All contractions
occurred several minutes after reaching 65 °C, probably due to the appearance of larger stable

crystallites which may take time to reach heat conduction equilibrium.
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Figure 4.5 2W-SME of thiol-ene cross-linked (A & C) CCiDz and (B & D) CC:D1 networks.
A & B under stress-free condition; C & D under stress condition. The initial stretching stress

amplitude is 0.3 MPa.
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Figure 4.6 The absolute strain change of 2W-SME under (A) stress, and (B) stress-free
conditions with various initial stretching stresses. The dashes indicate the onset of strain

increment.

Figure 4.7 depicts the influence of stretching stress on the absolute and relative strain
change of 2W-SME under both stress and stress-free conditions. For 2W-SME under stress
condition (Figure 4.7A), the absolute strain change increased linearly and significantly from
5.5 to 34.9 % as stretching stress increases from 0.1 to 0.5 MPa, which is consistent with
previous reports.? %38 Under stress-free condition, the absolute strain change also increased
linearly first as stretching stress increases from 0.1 to 0.3 MPa, and started to level off from
0.3 to 0.5 MPa. Figure 4.7B shows the effect of stretching stress on the relative strain change
of 2W-SME under both stress and stress-free conditions. The relative strain change decreased
with increasing stretching stress under stress-free condition, but remained almost constant

under stress condition. Figure 4.7C shows the relationship of the absolute strain changes of
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2W-SME under stress and stress-free conditions. The absolute strain change of 2W-SME

under stress-free condition increased more slowly than the change of 2W-SME under stress

condition.
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4.3.5 Effect of stretching on the morphology

In order to determine the morphology of the unstretched and stretched CCiD2 polymer
networks after CIE, 2D-WAXD and SAXS patterns were obtained (Figure 4.8). The
unstretched sample was also subjected to a similar heating and cooling cycle as for the
stretched one with no loading applied. 2D-WAXD images of the unstretched polymer network
exhibit typical continuous Debye rings (Figure 4.8A), indicating the randomly crystalline
polymer chains. When the sample was stretched and elongated after cooling due to CIE under
0.3 MPa stretching stress, both (200) and (110) reflections concentrated in the equatorial
direction (Figure 4.8B), suggesting the presence of preferred orientation of molecular chains.
More insight at lamellar level of the polymer networks was achieved by 2D-SAXS
measurements (Figures 4.8C and 4.8D). The SAXS pattern of unstretched polymer network
presents no obvious scattering ring, suggesting amorphous phases or exfoliated lamellae
without constant long period are formed in the polymer network. The confirmation of the
crystalline phase in the polymer network by 2D-WAXD indicates that the lamellae are largely
exfoliated and dispersed randomly in the polymer matrix. The scattering rings concentrate in
the meridianal direction when the sample is stretched and cooled under a 0.3 MPa tensile

stress, indicating the formation of an oriented lamellar structure.

Unstretched Stretched

A B
(200)
(110) ( )
G
C

Figure 4.8 (A and B) 2D-WAXD and (C and D) 2D-SAXS patterns of polymer networks as

Stretching direction

unstretched (e0) and stretched after CIE under 0.3 MPa tensile stresses (er). The stretching

direction is vertical.



For the purpose of providing a precise evaluation of the long period (the average thickness
of crystalline lamella and amorphous part), crystal structure and preferred orientation, 1D-
WAXD intensity and azimuthal intensity profiles, 1D-SAXS intensity profiles as a function of
the scattering vector ¢ and the azimuthal scanning profiles are presented in Figure 4.9. In
Figure 4.9A, the two diffraction peaks located at 26 = 21.5° and 23.9° are related to the (110)
and (200) planes, corresponding to 4.13 A and 3.72 A periodicity in the polymer chain
direction, respectively. It was earlier reported that the diffraction profile of PPDL is similar to
the diffractogram of PCL and polyethylene.> These two reflection peaks are characteristic of
the PCL orthorhombic and PPDL pseudo-orthorhombic® crystal forms. The crystal structure
was not changed after stretching under 0.3 MPa stress since there is no change of angular
position along 20. The long period of stretched polymer network can be estimated using
Bragg’s law (L = 2m/gmax) according to Figure 4.9C, which is 16.3 nm. As shown in Figures

4.9B and 4.9D, both the polymer chains and lamella level were oriented after stretching.

Combining the WAXD and SAXS results, we can deduce the microstructure evolution of
2W-SMP under stress-free condition cycle, which is illustrated in Scheme 4.1. The lamellae of
unstretched sample after being subjected to a heating and cooling cycle should be exfoliated
and dispersed randomly in the polymer matrix (o). This sample was heated above the Tms of
both segments and deformed to a high temperature strain (en) under 0.3 MPa stretching stress,
resulting in the melting of crystals and oriented polymer chains. The sample was then cooled
below the 7cs of both segments and unloading the external stress, leading to an elongated
strain (eL) due to the crystallization of polymer chains along the stretching direction. The
sample was heated to 7a between the distinct 7ms of two segments. At this time, PCL
crystalline phase was melted and the P(CL-co-PDL)i:2 crystalline phase still remained in the
polymer network. The sample contracted due to the releasing of elastic energy stored in the
PCL crystalline phase, leading to an intermediate shape (¢c). Meanwhile, the P(CL-co-PDL)1:2
crystalline phase was compressed, yielding an internal tensile force. Thus, when the sample
was cooled below the 7t of the PCL segment, it elongated due to CIE caused by the internal
tensile force of the P(CL-co-PDL)i12 crystalline phase (Figure 4.S4), yielding an elongated
shape (eE).
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Scheme 4.1 Microstructure evolution of 2W-SME under stress-free condition.
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4.4 Conclusions

The use of co-crystallizable segments made of random prepolymers of CL and PDL to tune
the 7a represents a novel strategy in the preparation of 2W-SMPs. The polymers can be easily
synthesized via a lipase-catalyzed ROP method. The Tms of the prepolymers may be adjusted
by varying the co-monomer ratios. We have further cross-linked two prepolymers with desired
Tms through thiol-ene reactions. The 7a may be tuned by selecting two different prepolymers
for the polymer network. In this case, PCL and P(CL-co-PDL)1:2 were used and the cross-
linked network exhibited good absolute strain change of 2W-SMEs under both stress and
stress-free conditions. The materials are capable of performing reversible bending-unbending
and coiling-uncoiling motions. Under stress-free conditions, the absolute strain change of the
polymers also increased as in the case with stress, but the relative strain change reduced with
increasing tensile stress, different from the case with stress. We have also elucidated the
evolution of the microstructure of 2W-SMPs under stress-free condition cycle based on the X-
ray diffraction results. This represents the first examples of easy tuning of the 7a of 2W-
SMPs, making such materials more useful and more adaptable in real practical applications.
These characteristics may open doors to extend the use of the polymers, especially in the

biomedical field.
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4.6 Supporting Information

Scheme 4.S1 Synthesis of the prepolymers through enzymatic polymerization.
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Figure 4.S1 'H NMR spectra of prepolymers. Peaks a and h cannot be separated due to their

overlap.

Eqgs 4.S1-S3 are used to calculate the number-average molecular weight of the prepolymers:

pP= L w4 (4.S1)
Latn
Maxvw=DP x (M xe *Mypy (13 )) + M, (4.52)
10/ — 1.
Yo = (4.53)

where DP is the degree of polymerization of the prepolymers, / is the integration area of peak,

McL and MppL indicate molecular weight of the repeating unit, CL and PDL, respectively, X¢|

is the molar fraction of CL in the copolymer, 1- X equals to the molar fraction of PDL, while

Min denotes molecular weight of initiator (diethylene glycol).
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Chapter 5
Two-way reversible shape memory polymers containing
polydopamine nanospheres: Light actuation and robotic

locomotion¥®

Abstract

Two-way reversible shape memory polymers (2W-SMPs), especially those that are light-
responsive, are highly desirable for many applications due to the convenience of indirect
heating. We have designed and prepared a series of light-actuated 2W-SMP composites by
incorporating very small amounts of polydopamine (PDA) nanospheres into semi-crystalline
polymer networks based on poly(e-caprolactone) copolymers. PDA nanospheres can be well
dispersed in chloroform and well mixed with the polymer network. PDA nanospheres manifest
good photothermal effect due to their strong absorption of light. The variation of temperature
of the polymer composites can be correlated with irradiation time, light intensity, and the
content of PDA nanospheres. These polymer composites show excellent two-way reversible
shape memory effects (2W-SMEs) under stress-free condition when the light is switched on
and off showing a reversible angle change of 45°. The speed of angle change is larger for
polymer composites irradiated with a stronger light or with a higher content of PDA
nanospheres. A moving robot is designed based on photo-responsive 2W-SMP composites,
which can walk on a track with triangular saw-teeth. It is the first report on the incorporation

of PDA nanospheres into SMPs as photothermal fillers.

*Wang, K.; Zhu, X. X. Submitted to J. Mater. Chem. B. for publication.



5.1 Introduction

Shape memory polymers (SMPs) are smart materials that can recover its permanent shape
in a predefined way responding to external stimuli, such as changes in temperature, 2 light,*>
electric current,’ magnetic field,” microwave,® ultrasound,’ solvent,'® and pH.!'"!* They have
drawn much research attention in the past decades due to their potential applications in

14-16 17, 18

biomedicine, aerospace 9 20, 21

and as actuators,!® sensors, smart textiles,”” and self-
peeling dry adhesives.?> For most of the shape memory polymers, their permanent shapes
cannot reverse to the temporary shapes without external programming. Two-way reversible
shape memory polymers (2W-SMPs) are capable of automatically changing between two
disparate memorized shapes when exposed to two of the same or different external stimuli,
such as heating and cooling,* where the heating can be induced by light,>> ¢ electric

t,27

curren and magnetic field.?® Such polymers have potential applications as actuators,

artificial muscles and self-locomotion robotics.?” 2% 3

Two-way reversible shape memory effects (2W-SMEs) can be realized under stress or
stress-free conditions, for which the two shapes switch back and forth in the presence or
absence of the external stress. To date, most investigations were focused on direct heating of
the materials, which is inconvenient in applications. Indirect heating, especially under stress-
free condition, is more interesting and versatile, but reports on such materials are scarce.?>"?’
The key in the design of 2W-SMPs responsive to indirect heating is the incorporation of
functional fillers into the polymers, which can convert different forms of energy into heat
when exposed to an external stimulus.

Dopamine (DA) is a natural compound present in the body of most animals and in plants
and has good biocompatibility and biodegradability.’! Polydopamine (PDA) obtained by the
oxidative self-polymerization of dopamine has been studied for cancer therapy and shape
recovery of hydrogels due to its excellent photothermal effect.3!** Recently, we have reported
on the design and synthesis of polymer networks of co-crystallizable copolymers for which the
co-crystallization of the polymer segments can lead to two-way reversible shape memory
effect.>> In this work, we demonstrate the use of such polymers in useful devices by the

addition of PDA nanospheres with strong photothermal effect which lead to the design and
making of light-actuated microrobot that can be indirectly heated efficiently to exhibit
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locomotion. To the best of our knowledge, this is the first report on the incorporation of PDA
nanospheres into 2W-SMPs as photothermal fillers for converting light energy to heat. The use
of PDA particles is advantageous due to the natural origin of the starting material, low cost

and simple preparation of the microparticles in addition to their efficient photothermal effect.
5.2 Experimental section

5.2.1 Materials

Di(ethylene glycol) (99%), e-caprolactone (CL, 97%), w-pentadecalactone (PDL, > 98%),
methacryloyl chloride (= 97%), triethylamine (TEA, > 99.5%), pentaerythritol tetrakis(3-
mercaptopropionate) (> 95%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, > 99%)
dopamine hydrochloride (98%), aqueous ammonia solution (NH3-H20, 28—30%), and Candida
antarctica lipase B (CALB) immobilized on acrylic resin were purchased from Sigma-Aldrich.
CL was first dried over calcium hydride and distilled under reduced pressure. PDL was dried
in a vacuum oven for 48 h at room temperature. Dichloromethane (DCM) and toluene were
dried on a solvent purification system from Glass Contour. Ethanol, chloroform, and methanol

were used as received.

5.2.2 Synthesis and preparation

The prepolymers and methacrylate-terminated prepolymers were synthesized as reported
previously.®> PDA nanospheres were synthesized according to a published method.?? Briefly, 2
mL of an aqueous ammonia solution (NH3-H20, 28—-30%), 90 mL of deionized water, and 40
mL of ethanol were mixed together and stirred for 30 min at room temperature. Dopamine
hydrochloride (0.5 g in 10 mL deionized water) was injected into this solution, and stirred for
24 h. Then the solution was centrifugated and washed twice with deionized water and once
with ethanol. The obtained dark blown powder was dried under vacuum at room temperature
for 24 h.

A representative procedure for the preparation of polymer composites is described here.
PDA nanospheres stock dispersion (1.0 mg/mL) was prepared by dispersing PDA nanospheres
in the powder form in chloroform and sonicating for 20 min. The methacrylate-terminated

prepolymers (0.267 g PCL and 0.133 g (PCL-co-PDL)1:1) and the cross-linker, pentaerythritol

148



tetrakis(3-mercaptopropionate) (1.2 eq.), were mixed in a dry vial. 0.40 mL chloroform, 0.2
mL PDA nanospheres stock dispersion, and 4 mg DMPA were added into mixture. The vial
was vortexed for 5 min. The mixture was poured into a Teflon mold (2.0 cm % 2.0 cm),
exposed to a UV light of 365 nm (20 mW/cm?) with 5 ¢m irradiation distance for 1.5 h, and
then placed in a fume hood for 3 days. The film was then removed from the mold. The
structure of the polymer network is shown in Figure 5.1A. Polymer composites were prepared
from PCL and P(CL-co-PDL)1:1 prepolymers (2:1 weight ratio) containing PDA nanospheres
of weight percentages ranging from 0.025 to 0.15 wt%. Such polymer composites are denoted
as PDAx where the subscript x indicates the weight percentage of the PDA nanospheres in the
composite. To study the light responsiveness of the 2W-SMPs, the samples were prepared by
solution casting of a film of the polymer network alone or the polymer composites in
chloroform. The films were sliced into samples of 0.5 x 3.5 x 20 mm in dimension which was
bent after heating to 90 °C in water bath. The films are not uniform in thickness on a larger
scale but have an average value of ca. 0.5 mm. To measure the temperature in the study of the
photothermal effect, a small thermocouple was imbedded in the polymer composites during

the solution casting of the film, with a depth ca. 0.4 mm from the top surface of the film.

5.2.3 Polymer characterization

The polymer composites were irradiated using a lamp (Kerr Demetron Optilux 500) with a
filter excitation wavelength of 400-500 nm; its intensity was measured by the lamp’s
integrated radiometer. UV-Visible spectra of PDA nanospheres were obtained on a Cary 500
UV-Vis spectrophotometer (Agilent Technologies). Fourier transform infrared (FTIR) spectra
was obtained on a Perkin-Elmer Spectrum One FTIR spectrometer with a universal ATR
(attenuated total reflectance) mode, with 32 scans in the range of 500 — 4000 cm™ at a 4 cm™
resolution. Differential scanning calorimetry (DSC) measurements were carried out on a DSC
2910 (TA Instruments) at a heating rate of 10 °C/min. The temperature and heat flow were
calibrated with indium before measurements. The dispersion of the PDA nanospheres in
chloroform was confirmed by transmission electron microscopy (TEM) on a FEI Tecnai 12

TEM at 80 kV, equipped with an AMT XR80C CCD camera system.
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5.3 Results and discussion

5.3.1 Preparation of PDA nanospheres

PDA nanospheres were synthesized via simple self-polymerization as shown in Figure
5.1B. They can be well dispersed in CHCI3 and polymer matrix and their spherical shape is
confirmed by the TEM images with an average diameter of ~260 nm (Figure 5.1B and 5.S2).
The UV-Vis absorption spectra of the polymer composites with PDA nanospheres are shown
in Figure 5.2 in comparison with PDA nanospheres in CHCls. The pure polymer network
shows low absorption and remains almost constant throughout the wavelength range. The
polymer composites show stronger absorption when the wavelength of light is below 400 nm,
probably due to the light scattering of the solid film.*® The absorption becomes increasingly
stronger with a higher content of PDA nanospheres. Based on this observation, a light of

wavelength from 400 to 500 nm was used to irradiate the sample.

&0\/\/\/&)“\ fowo\/\/\j):

PCL P(CL-co-PDL);4

NH2 Oxidative HO OHHO  OH
polymerlzatlon
\PH ) —

e NH A NH

[

Dopamine Polydopamine (PDA) PDA nanospheres

Figure 5.1 (A) The structure of the pure polymer network based on PCL and P(CL-co-
PDL)1.1; (B) Synthesis of the PDA nanospheres and the TEM image of the PDA nanospheres
dispersed in CHCls.
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Figure 5.2 UV-Vis spectra of PDA nanospheres suspended in CHCIs (0.3 mg/mL), and of
polymer composite films (average thickness ca. 0.5 mm) based on cross-linked PCL and

P(CL-co-PDL)1:1 (2:1 weight ratio) with various weight percentages of PDA nanospheres.

Despite the variation in the content of PDA nanospheres, all polymer composites have
similar melting and crystallization temperatures and enthalpy changes for each of the two
segments (Figures 5.3A&B and Table 5.S1). The pure polymer network has similar thermal
properties, but the melting and crystalline enthalpies for the P(CL-co-PDL)i1:1 segment are
about 3 times as much as those of the polymer composites, indicating that the presence of
PDA nanospheres may inhibit the crystallization of the random copolymer segment with no
obvious effect on the homopolymer PCL segment. The melting of the PCL segment ranges
from 15 to 50 °C, while that of the P(CL-co-PDL)1:1 segment from 65 to 80 °C. Therefore, the
actuation temperature (7a) was selected in between the 7Tms of the two polymers (50 to 65 °C).
The ATR-FTIR spectra of the PDA nanospherers (Figure 5.3C) show the characteristic peaks
of dopamine at 1608, 1499, and 1285 cm!, assigned to the bending vibration of N-H and
C=C, and the stretching vibration of C=N, respectively.’’ The broad absorption peak in the
range of 2360 to 3680 cm™ centered at around 3270 c¢cm’ is ascribed to the stretching
vibrations of hydrogen-bonded OH and NH groups in the PDA nanospheres.*® The broad band
at 940-1800 cm™! with no distinguishable peaks is attributed to the highly complex structure of
polydopamine. The polymer network without added PDA particles shows a very weak

absorption peak of at around 3400 cm™!, almost unobservable, probably due to the presence of
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residual OH groups or residual moisture. The polymer composites, however, show a broad
absorption peak at around 3400 cm’'; its intensity rises with increasing content of PDA
nanospheres, indicating the formation of extensive hydrogen bonds between PDA and the
polyester network, particularly strong at higher contents of PDA nanoparticles. The peaks at
2918, 2850, and 1730 cm ' are ascribed to asymmetric stretching of CHa, symmetric

stretching of CHz, and stretching vibration of C=0 of the polyester network, respectively.*
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Figure 5.3 (A) DSC heating and (B) cooling curves of polymer composites based on cross-
linked PCL and P(CL-co-PDL)1:1 (2:1 weight ratio) with various weight percentages of PDA
nanospheres showing the melting and the crystallization of the PCL segment (7mi, 7c1) and of
the P(CL-co-PDL)1:1 segment (Tm2, 7c2), respectively. (C) FTIR spectra of the same polymer

composites with various contents of PDA nanospheres.

5.3.2 Photothermal effects of the polymer composites

To confirm the photothermal effect of PDA nanospheres, the temperature change as a
function of irradiation time was measured (Figure 5.4). Figures 5.4A&B show the effect of the
content of PDA nanospheres at a fixed light intensity (350 mW/cm?) and that of the light
intensity at a fixed content of PDA nanospheres (0.025 wt%), respectively. The temperature of
polymer composite increases quickly and then starts to level off at a longer irradiation time.
The sample with a higher content of PDA nanospheres also has a faster temperature increase
and a higher maximum temperature. The maximum temperature of the pure polymer film is
much lower at ca. 20 °C due to its weak photothermal effect. When the light is turned off, the
temperature first decreases quickly and then gradually approaches the original ambient
temperature. When the samples are irradiated with a stronger light intensity, the temperature
rises faster and reaches a higher maximum temperature (Figure 5.4B). The angle change of the
shaped material (Figures 5.5 and 5.6) seemed to be faster than the rate of temperature change
indicated in Figure 5.4, probably due to the relatively low thermal conductivity of the polymer

film and the distance between the surface of the film and the inserted thermocouple.
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To further explain the photothermal effect, the rise and fall of the temperature shown in
Figure 5.4 are fit to eqs (5.1) and (5.2), respectively, in analogy to previous reports on light-to-
heat conversion of gold nanoparticles and on microwave-to-heat conversion of iron oxide

nanoparticles, respectively:*>#!

T =T,+A4(1-exp(-k 1)) (5.1)

r= 71) + (Tmax _T(')) eXp(_k(t_tmax)) (52)

where T is the temperature of the sample, 7o denotes the ambient temperature, Tmax and fmax are
the maximum temperature and the time at which the light is switched off, 4 indicates the
maximum temperature that can be reached with light irradiation and is related to the content of
PDA nanospheres and the light intensity, and & is a constant related to heat loss of the sample.
All values of 4 and £ are listed in the Table 5.1. The samples with higher contents of PDA
nanospheres and/or shone with a higher light intensity have a higher value of 4, which is in
fact a variable increasing in value with PDA content and light intensity. The value of &
decreases after the incorporation of PDA nanospheres into polymer matrix, and it is almost
constant for all the samples with various contents of PDA nanospheres and irradiated with
various light intensities. The lower photothermal effect for the pure polymer network leads to
a lower 4 and a higher k. The k values for both the temperature rising and falling curves are
almost same. Thus, the average value of k (0.029) is characteristic for the polymer-PDA
nanospheres binary system (the composites), which was then used to fit the temperature rising
and falling curves again (dots in Figure 5.4). The new 4* values are almost same as 4 values
obtained from the original fits. The theoretical maximum temperature (7max,theo, When t — o0)
is the sum of 7o and 4 (Table 5.1) when the average value of & is substituted into eq 5.1. The
time needed to reach 98% of Tmax theo 1S calculated to be approximately 135 s (i.e. 1 — exp(—k t)
= 0.98). The small deviation from the experimental fmax may be due to experimental error

combined with subjective observation and judgment of 7max.
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Figure 5.4 Temperature changes with time while the light was turned on and off. (A) Polymer
composites based on cross-linked PCL and P(CL-co-PDL)1:1 (2:1 weight ratio) with various
contents of PDA nanospheres (thermocouple embedded at ca. 0.4 mm in depth from the
surface of the films) at a constant light intensity of 350 mW/cm?; (B) The same polymer
composite film with 0.025 wt% PDA nanospheres irradiated with light of various intensities.
The light is switched on at 0 s and switched off at the maximum temperature. The left part of
the solid curves (rising temperature) is fit to eq 1 and the right part (falling temperature) is fit
to eq 2. The curves fitted with the average k value (k = 0.029 s!) with the same equations are
shown by the dotted lines. The vertical dashes indicate the theoretical time at which 98% of

Tmax.theo 1S Teached.
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Table 5.1 The values of 4 and & obtained from the fits to Equation 5.1 and 5.2.

Samples” Light intensity” (mW/cm?)
PDAo PDAoo2s PDAoos PDAois 250 300 350 500
A (°C) 15.2 49.0 57.6 65.9 33.6 427  49.0 749

Parameters

A* (°C) - 49.2 54.9 63.5 33.1 41.3 49.1 74.0
Timax 23.0 55.1 64.4 73.4 41.3 523 55.1 82.7
Timax,theo 234 56.1 66.1 75.5 41.6 51.7 56.1 84.5

Temperature rising curve
k(s 0.063 0.029 0.025 0.025 0.027 0.026 0.029 0.028
Temperature falling curve

k(s 0.068 0.032 0.029 0.032  0.030 0.030 0.032 0.032

“Polymer composites based on cross-linked PCL and P(CL-co-PDL);.; (2:1 weight ratio) with various contents of
PDA nanospheres at a constant light intensity of 350 mW/cm?. *The same polymer composites with 0.025 wt%
PDA nanospheres irradiated with light of various intensities. The average of k is 0.029 s'. °4 values obtained

when the average k value (0.029 s™') is used to fit the lines.

5.3.3 2W-SME responsive to light on and off

All light-actuated 2W-SME experiments were done in a cold room set at around 7 °C, close
to the crystallization temperature of PCL segment of polymer network. Figure 5.5 shows the
angle changes of 2W-SME under stress-free condition when the light was turned on and off.
The sample was first programmed to a “V” shape in 90 °C water bath. The short arm was fixed
on a clamp. The original angle of the sample was set at 70°. The temperature rose when the
light was turned on, and the sample started to open to a wider angle, reaching 90° and 115°
after 9 and 18 s, respectively. The light was then turned off, the sample started to close to a
smaller angle with the fall of the temperature, reaching 90° at 35 s and 70° after 83 s.
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Light on

Light off

Figure 5.5 Images showing the angle change with time for a sample of polymer composite
based on cross-linked PCL and P(CL-co-PDL)1:1 (2:1 weight ratio) with 0.15 wt% PDA
nanospheres when the light is turned on and off. Light intensity: 350 mW/cm?.

The actuation temperature may be optimized to achieve the best reversible angle change. In
this work, an optimal angle change magnitude of 45° was selected due to its better
reversibility. If the angle opening is too large, the sample cannot bend back completely to its
original position (Figure 5.S3). Figure 5.6A shows the angle change of the sample with
various contents of PDA nanospheres as a function of the irradiation time with a constant light
intensity of 350 mW/cm?. The sample with a higher content of PDA nanospheres had a better
and faster energy conversion from light to heat and showed a faster angle changes for opening
actions of the device. The angle closing for all samples followed a similar trend. For a sample
with the same content of PDA nanospheres (Figure 5.6B), the speed of angle opening
increased as the light intensity increased from 250 to 500 mW/cm?. At a lower light intensity
of 250 mW/cm?, the conversion to heat is not enough to melt all the PCL crystals since the
temperature reached only 41 °C (still in the melting range of PCL segment) after 150 s of
irradiation (Figure 5.4B), the angle opening only reached 107°. Heat loss may have become an

issue when the sample was not heated adequately.
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Figure 5.6 (A) Angle change of the samples of polymer composite based on cross-linked PCL
and P(CL-co-PDL)1:1 (2:1 weight ratio) with different contents of PDA nanospheres irradiated
by a fixed light intensity of 350 mW/cm?; (B) Angle change of the same polymer composite
with 0.025 wt% PDA nanospheres irradiated by various light intensities. The light was turned

on at 0 s and turned off at the peak maxima.

5.3.4 A micro-robot with self-locomotion capability

The photo-responsive 2W-SMPs may have numerous potential applications because of their
reversible movement. To illustrate a possible use of the 2W-SMPs, we designed a micro-robot
from a sample of polymer composite based on cross-linked PCL and P(CL-co-PDL)1:1 (2:1
weight ratio) with 0.15 wt% PDA nanocomposites and showed its self-locomotion ability
(Figure 5.7A). First, a track with right triangle sawtooth was prepared by three-dimensional
(3D) printing. The length of the horizontal side of right triangle was designed to be 0.35 mm.
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An arch-shaped SMP sample was prepared with a small bent hook in the front leg by placing
the material in water bath at 90 °C, and then in 0 °C water bath to fix this shape. Firstly, the
sample was positioned on the track and then irradiated by blue light; the angle opening
behavior led to the movement of the front leg forward while the rear leg, trapped by the
sawtooth, remained at the same position. Secondly, when the light was turned off, the front leg
was hooked by the sawtooth, and the rear leg moved forward due to angle closing upon
cooling of the device. The movement was repeated by turning the light on and off. Figure
5.7A illustrates the experimental results. The robot moved forward 8 steps (around 2.7 cm) in
11 min. Obviously, the speed of the movement was affected by the open-close switching speed
of the angle. The speed may be controlled by adjusting the content of PDA nanospheres and/or
the light intensity of irradiation; the speed of angle closing may also be adjusted by varying
the difference between the crystallization temperature of the actuation segment and the

ambient temperature. The mechanism of this micro-robot is illustrated in Figure 5.7B.

Original position

Light on, angle open
front leg forward

Light off, angle close
rear leg forward

Figure 5.7 (A) Images showing the self-locomotion capability of a sample of polymer
composite based on cross-linked PCL and P(CL-co-PDL)1:1 (2:1 weight ratio) with 0.15 wt%
PDA nanospheres when the light is turned on and off; (B) Illustration of the principles of

micro-robot self-locomotion.
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5.4 Conclusions

PDA nanospheres were prepared by self-polymerization and have strong absorption in the
region of 400 to 500 nm and good photothermal property. They are used as photothermal
fillers in the preparation of 2W-SMP composites based on cross-linked PCL and P(CL-co-
PDL)i:1. The amounts of PDA nanospheres were generally low and ranged from 0.025 to 0.15
wt%. A higher content of PDA nanospheres or a higher light inensity led to a faster
temperature increase and reached higher maximum temperatures. The polymer composites
showed excellent 2W-SMEs under stress-free condition with an angle change of 45°. The light
intensity needs to be strong enough to allow efficient energy conversion to attain the needed
temperature change and angle opening. The micro-robot capable of light-powered locomotion
illustrates the pontential application of the material. The speed of the movement can be
controlled by the light intensity or the content of PDA nanospheres in the material which
controls in turn the speed of the angle change. Due to the efficient photothermal effect, ease of
preparation and low cost of production, PDA nanospheres may replace other photothermal
fillers. The light-actuated 2W-SMPs may find potential applications as actuators and artificial

muscles.
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5.6 Supporting Information
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Figure 5.S1 DSC heating and cooling curves of PDA nanospheres.

Figure 5.S2. TEM images of PDA nanospheres dispersed in (A) CHCIls and (B) polymer
matrix. The ultrathin film of the sample with 3wt% PDA nanospheres was prepared using

solution casting method.
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Table 5.S1 Thermal properties of polymer composites with various PDA nanospheres
obtained from DSC curves.
Tmi®  Tm® Tet® Te2b AHm®  AHm’ AHa®  AHob
O (O O O  dg)  Ug Jg J)
Polymer network 354 700 53 56.8 37.1 9.3 35.1  10.7
0.025 wt% 356 726 7.0 59.5 36.3 2.9 38.7 4.1
0.05 wt% 387 73.1 11.0  60.1 41.4 2.6 46.6 3.7
0.15 wt% 374 726 104 603 40.7 3.5 450 4.2

Sample

9T and T, are the melting and crystallization temperatures, respectively. ®4H,, and AH, are are the enthalpy of
crystallization and the enthalpy of melting, respectively. The subscripts 1 and 2 indicate the PCL and (PCL-co-

PDL),.; segment in the polymer network, respectively. All data are obtained form the second heating run.
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Figure 5.S3 The changes in bent angle for a sample with 0.025 wt% PDA nanospheres as a
function of time at a light intensity of 350 mW/cm? and the reversal of the angle changes when

the light is turned off.
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Chapter 6

Conclusions and future work

6.1 Conclusions

Shape memory polymers have many potential applications, especially in the biomedical
fields. Complex SMPs (triple and multiple and two-way SMPs) may meet the stringent
requirements for certain applications, such as self-deployable device in aerospace. In this
work, we have designed two kinds of complex SMPs, i.e., SMPs with multiple shape
memories and two-way reversible shape memories. These new polymers are based on bio-
compounds and/or degradable polymers that can be made easily by the use of green
catalysts, such as an immobilized enzyme. We have studied the shape memory behaviors,
the molecular mechanisms and demonstrated an example of application. Such materials
possess advantages such as degradability, biocompatibility and tunable 7as and may be
potentially used in the field of biomedicine and tissue engineering, and as actuators, robots,

sensors, etc.

6.1.1 Multiple SMPs based on bio-compounds

The synthesis of multiple SMPs are usually complicated and some were previously made
by the use of transition metal catalysts. In this work, a simple radical polymerization
method was selected to synthesize a series of methacrylate-based random copolymers
bearing cholic acid and oligo(ethylene glycol) pendants. These polymers have one broad 7Ty
range, which can be tuned with various co-monomer molar ratios. The broad 7 range
endows the materials with dual and triple SMEs having excellent fixity ratios but mediocre
recovery ratios due to slippage between polymer chains. To improve the shape recovery
behavior, a photo-responsive cross-linker based on cinnamic acid was incorporated as a co-
monomer in the copolymers. After photo-cross-linking, the recovery ratios of both the dual
and triple shape memory effects were much improved, and the fixity ratios remained high.

The cross-linked polymer even showed good quadruple shape memory behavior. The cross-



linking density can be raised by the irradiation time, which in turn affects the shape memory
property. The optimum SME was obtained at an irradiation time of 60 min. The materials

have potential biomedical applications due to the biocompatibility of the monomers.

6.1.2 Biodegradable 2W-SMPs

The Ta of 2W-SMPs is often determined by the 7m of the actuator phase of the SMP
sample, limiting the application of the materials. To solve this problem, we have designed
polyesters containing different monomers that can be co-crystallized, and the 7m of the
polymer can be tuned by the variation of the chemical composition of the copolymers. A
green catalyst, a solid-supported lipase CALB, was successfully used to replace the
transition metal catalyst for the ring-opening polymerization of co-crystallizable co-
monomers, CL and PDL, to synthesize their homopolymers and random copolymers,
resulting in tailorable 7ms in a broad temperature range through the variation of the CL and
PDL molar ratio. The polymer network made of these prepolymers is biodegradable and
shows excellent 2W-SMEs under both stress and stress-free conditions. We can design the
Ta of 2W-SMPs under stress-free conditions through the selection of one or two
prepolymers followed by photo-cross-linking of the segments of the polymer network. We
studied the effect of the stretching stress on the strain changes, and the results showed that
the strain changes for under both stress and stress-free conditions can be improved by
increasing the stretching stress. The study of the evolution of the microstructure allows us a

better understanding of the mechanism of 2W-SMP.

Due to the inconvenience of direct heating of SMPs, indirect heating is a more attractive
option in the development of two-way SMPs. Light-actuated 2W-SMPs were designed by
incorporating PDA nanospheres as photothermal fillers into co-crystallizable polymer
networks composed of two prepolymers, PCL and PPDL. PDA nanoparticles were used
instead of metal nanoparticles due to the efficient photothermal effect, ease of preparation
and low cost of production. The samples were heated and cooled by turning on and off the
light. The sample was heated faster and reached a higher maximum temperature with
stronger light intensity and higher content of PDA nanospheres. The sample showed

bending-unbending shape changes when the light was switched on and off repeatedly.
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Higher content of PDA nanospheres and stronger light intensity accelerate the speed of
sample opening. A micro-robot designed by the use of a 2W-SMP composite can move on a
track with right triangle sawteeth when the light is turned on and off repeatedly. The speed
of locomotion needs to be improved by widening the temperature difference between the 7a

of the material and the ambient temperature.

6.1.3 Overall conclusion

Our objective was to solve some problems in the design of multiple and two-way SMPs
and to extend their applications to broader fields. This thesis brings a better understanding
to the design of multiple and two-way SMPs. Multiple SMPs can now be synthesized easily
by use of simple free radical polymerization, avoiding the toxicity brought by the metal
catalyst. The shape memory behaviors can be reinforced via the incorporation of chemically
cross-linked structures. The 7a of 2W-SMPs under stress-free conditions can now be
selected in a broad temperature range by the choice of co-crystallizable copolymers. The
evolution of the microstructure of 2W-SMPs are elucidated for better understanding the
mechanism. Photo-responsive 2W-SMPs can now be prepared via the incorporation of
polymer nanoparticles into semi-crystalline polymer networks as photothermal fillers. The
design of the micro-robot may provide a reference for the practical applications of 2W-

SMPs in the future.

6.2 Perspectives

In this work, light-actuated 2W-SMPs under stress-free conditions were designed, but
direct light irradiation may also limit the application of the materials in light-inaccessible
locations. Other stimuli, such as magnetism, microwave and ultrasound, may be more
interesting and convenient to use. To the best of our knowledge, there have been no reports
on magnetism, microwave or ultrasound responsive 2W-SMPs under stress-free conditions.
We may also explore the development of 2W-SMPs under stress-free conditions triggered

by other stimuli.
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6.2.1 Thermo-, photo- and magneto-responsive 2W-SMPs

Magneto-responsive conventional SMPs have been reported for many years as discussed
in Chapter 2.' The most common functional fillers for magneto-responsive SMPs used in
the literature are Fe3O4 particles. Thermo- and photo-responsive 2W-SMPs under stress-free
conditions have been realized in Chapters 4 and 5, where PDA nanospheres were used as
photothermal fillers. Is it possible to design a 2W-SMP triggered by multiple stimuli?
Yang’s group reported the use of polydopamine-coated FesOas particle clusters to create
photothermal effects for cancer therapy.* The key problem of realizing thermo-, photo-, and
magneto-responsive 2W-SMPs i1s to combine PDA and Fe3Oas particles together for the
fabrication of a new type of nanoparticles which can convert light and magnetism energy

into heat.

We first need to prepare Fe3O4 particles according to a method reported in the literature,*
which will be then coated by PDA by a solution oxidation method (Figure 6.1).° The hybrid
particles will be incorporated into semi-crystalline polymer networks designed in Chapter 4
using a solution casting method to prepare multi-stimuli responsive 2W-SMPs. 2W-SME
experiments will be conducted by exposing the material to heat, light, or an alternating
magnetic field for heating the sample and the sample would be expected to cool down after

the removal of these stimuli.
HO
Oxidative
polymerization

Fe,O, particles PDA coated Fe,O, particles

Figure 6.1 Preparation of PDA coated Fe3O4 particles.

6.2.2 New thermoplastic 2W-SMPs based on block copolymers

Chemical cross-linking has been considered to be necessary for the design of 2W-SMPs
as it can hold the permanent shape and prevent the flow of 2W-SMPs above the Tm.
Recently, some thermoplastic polymers have been reported to show a 2W-SME under

stress-free conditions,’® where the Ta was set in the broad Tm range of the sample so that a
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part of crystalline phase with higher transition temperature prevented macroscopic flow of
the sample and held the permanent shape. However, the reversible shape change of this type
of 2W-SMPs is usually very small compared with chemical cross-linked semi-crystalline

2W-SMPs.

A high Ty may be used to prevent flow of 2W-SMPs when the sample is heated above
the 7m of a separate crystalline phase. The 7z of PMMA is around 105 °C, which can be
used as the glassy phase in a 2W-SMP. PCL may be used as the semi-crystalline phase
because its Tm is lower than the 73 of PMMA. Thus, a diblock copolymer, P(CL-b-MMA),
with one semi-crystalline and one glassy phase is designed and will be synthesized (Figure
6.2). In this case, the weight ratio of the glassy phase plays a crucial role. If the weight ratio
of PMMA is too high, the corresponding copolymer will be too rigid to show 2W-SMEs. If
the weight ratio of PMMA is too low, the glassy phase may not hold the permanent shape
and prevent the macroscopic flowing of the sample.
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Figure 6.2 The synthetic route of diblock copolymers P(CL-b-MMA).

6.2.3 New thermoplastic 2W-SMPs based on hydrogen bonding

New 2W-SMPs may also be designed using strong physical cross-linking structure
instead of chemical cross-linking. Meijer and coworkers have verified the unique ability of
self-complementary arrays of hydrogen bonding in the supramolecular polymers using 2-
ureido-4-pyrimidinone (UPy).® UPy was considered to be preferred choice in advanced
applications due to its extremely high tendency to dimerize, with a dimerization constant
larger than 10° M in CHCls. The dissociation of self-complementary hydrogen bonding

moieties occurs when the temperature is heated above 60 °C.!° The Tm of the polymer
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should be below 60 °C so that the hydrogen bonds may prevent macroscopic flowing and
hold the permanent shape when the sample is deformed above its Tm. It is well known that
the 7m of PCL with low molecular weight is around 40 ~ 50 °C. Prepolymer PCL with four
arms will be first polymerized in the presence of CALB and then will be terminated by UPy
(Figure 6.3). Such a thermoplastic polymer may be expected to exhibit 2W-SME under

stress-free conditions.
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Figure 6.3 The synthetic route of PCL-UPy.
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