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SOMMAIRE
Au cours des dernières décennies, le concept de «matériaux intelligents » a suscité un
intérêt en croissance rapide en raison de l'apparition de plusieurs nouveaux types de
matériaux polymères qui sont capables d'accomplir une fonction désirée en réponse àun
stimulus spécifique de façon prédéterminée et contrôlée. Deux exemples représentatifs
sont les polymères à mémoire de forme (SMPs) et les polymères autoréparables or
réparables par un stimulus (SHPs). Ils sont sujets de cette thèse. D'une part, les SMPs
sont des matériaux qui ont la capacitéde mémoriser une forme spécifique. Après avoir
étédéformés et fixés àune forme temporaire, ils peuvent récupérer la forme originale et
permanente sous l'effet d'un signal stimulant comme la chaleur, la lumière ou un champ
électrique. Bénéficiant de la mise en œuvre relativement facile, les SMPs sont une
alternative intéressante aux alliages àmémoire de forme bien établis; et ils ont trouvéun
large éventail d'applications potentielles allant des implants pour la chirurgie
non-invasive aux actionneurs sensibles aux environnements. D'autre part, les SHPs sont
des matériaux qui sont capables de réparer des dommages mécaniques (fissures ou
fractures) par eux-mêmes ou avec l'aide d’un stimulus externe. Leur développement a un
grand intérêt pour améliorer la sécurité, prolonger la durée de vie et réduire le coût de
l'entretien des matériaux. Sauf quelques matériaux souples (certains gels et élastomères)
qui sont guérissables de façon vraiment autonome, la plupart des SHPs nécessitent
l'intervention d'un stimulus comme c’est le cas pour les SMPs. L'objectif principal de
cette thèse est de développer de nouveaux SMPs et SHPs contrôlables par un
rayonnement lumineux. La stratégie que nous avons utilisée est basée sur l'ajout d'une
petite quantité de nanoparticules d'or (AuNPs ) ou de nanotiges d'or (AuNRs) dans un
SMP ou SHP pour absorber la lumière visible ou proche infrarouge. L’idée est d’utiliser
la chaleur dégagée par les nanoparticules lors de l’absorption de la lumière due à la
résonance plasmonique de surface (SPR) pour contrôler les transitions de phase dans les
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polymères et, par conséquent, de dicter leurs processus de mémoire de forme ou de
guérison. Bien qu’un effet photothermique est à l'origine de ces processus, tous les
avantages de l'utilisation de la lumière comme stimulus sont conservés, tels que
l'activation àdistance et le contrôle spatiotemporel. Plusieurs travaux de recherche ont été
réalisés au cours de cette thèse, dont les résultats, nous l'espérons, peuvent constituer une
contribution de base faisant l'utilisation d’AuNPs et AuNRs une technologie de
plate-forme pour le développement des SMPs et SHPs contrôlables par la lumière.
En ce qui concerne les SMPs, nous avons d’abord préparé un nouveau matériau
nanocomposite AuNP-polymère à base d’oligo(ε-caprolactone) ramifié et réticulé. En
faisant usage de chauffage localisé induit par la lumière, nous avons prouvé que la
lumière visible peut être utilisée pour activer un processus de récupération de forme de
manière sélective spatialement, et pour réaliser plusieurs formes intermédiaires
sur-demande. En outre, nous avons constatéqu'en ajustant l'intensitéde la lumière laser
ou la quantité d’AuNPs, l'élévation locale de la température dans le matériau peut être
importante et atteindre une amplitude prédéterminée sans influence défavorable sur ses
environs. Cette caractéristique intéressante permet d'utiliser le même SMP pour des
applications couvrant un large domaine de températures environnantes. De plus, dans
cette étude, nous avons démontré comment l'énergie libérée dans un processus de
récupération de forme contrôlépar la lumière peut être utilisée pour accomplir un travail
mécanique.
Sur la base du projet précédent, nous avons ensuite fait la première démonstration que la
polarisation de la lumière peut également être utilisée pour contrôler l'effet de mémoire
de forme ainsi que le processus de récupération de forme. À cette fin, nous avons conçu
et préparé un SMP anisotrope contenant des AuNRs orientés par étirage de films de
poly(alcool de vinyle) (PVA). L'idée est que la quantité de chaleur dégagée par les
nanotiges d’or lors de l'exposition à la lumière proche infrarouge, est déterminée par
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l’absorption de photons qui, pour un matériau anisotrope, est dépendante de la
polarisation de la lumière incidente. Nous avons montré qu’en effet, changeant la
direction de polarisation du laser incident par rapport àla direction d'étirage du film tout
en conservant toutes les autres conditions inchangées, permet de contrôler le degré
d'élévation de température dans le matériau, ce qui détermine le processus de
récupération de forme. En découvrant ce nouveau moyen de control, cette étude a élargi
la boî
te àoutils pour les SMPs contrôlables par voire optique.
Sur le côté SHPs, notre motivation d’exploiter l'approche photothermique est d'aborder la
question difficile de la guérison de matériaux mécaniquement forts et dues. En général,
une force mécanique élevée (ou une grande dureté) d'un matériau entrave sa capacité
d’auto-guérison ou guérison induite par des stimuli en raison du manque de mobilitéde
chaî
nes du polymère, sachant que cette mobilité est cruciale pour la diffusion du
polymère dans une région fracturée conduisant àla cicatrisation. Nous avons proposéla
stratégie consistant àutiliser l'effet photothermique pour provoquer la transition de phase
«fusion – cristallisation »pour la réparation. Dans une première étude, par le chargement
d'une très petite quantité d’AuNPs dans deux polymères cristallins, le poly(oxyde d'
éthylène ) (PEO, Tm~ 63 °C) et le polyéthylène de basse densité(LDPE , T m~103 °C),
nous avons réussi une guérison optique très rapide et efficace, fusionnant deux morceaux
de polymère en contact en un seul avec des propriétés mécaniques bien récupérées. Nous
avons confirméle mécanisme de guérison basésur la fusion des chaî
nes cristallisées lors
de l’exposition à la lumière, suivie de la cristallisation lors du refroidissement après
l'extinction du laser. Cette cristallisation des chaines ayant diffuséàtraves les surfaces de
coupe a pour effet de les fusionner pour la guérison. En plus de l'activation àdistance et
la capacité de cicatrisation rapide, nous avons aussi démontré le control spatial de la
guérison optique car elle a lieu uniquement dans les régions fracturées exposées au laser.
Après avoir appris comment utiliser l'effet photothermique découlant de la SPR d’AuNPs
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pour réaliser le control des processus de mémoire de forme et de guérison dans des
polymères séparés, nous avons continuénotre effort pour développer des matériaux qui
possèdent les deux fonctions de mémoire de forme et de guérison commandées par la
lumière. La réalisation d’un tel matériau est aussi une tâche difficile en raison de
l'incompatibilité structurelle entre les SMPs et SHPs, puisque la structure de réseau
réticulénécessaire pour le mémoire de forme réduit généralement la mobilitéde chaî
nes
requise pour la guérison. Grâce aux connaissances générées par nos recherches, nous
avons proposé un design de matériau consistant à réticuler chimiquement un polymère
cristallin (PEO) chargé d’une petite quantité d’AuNPs. Notre étude a montré que ce
matériau polymère acquise l’effet de mémoire de forme contrôlable par la lumière et la
guérison optique rapide dus au même effet de chauffage localiséinduit par un laser. En
effet, l'effet photothermique peut activer le processus de récupération de la forme du
matériau en élevant sa température au-dessus de la Tm de la phase cristalline et, dans le
même temps, permet la cicatrisation de fissures par l'intermédiaire de fusion des chaî
nes
cristallisées sous exposition au laser et la cristallisation ultérieure lors du refroidissement
après l’éteinte du laser. De plus, nous avons démontré que ces deux fonctions peuvent
être exécutées de manière séquentielle sur le même matériau, sans interférence entre elles.
La mise en œuvre simultanée des deux fonctions distinctes dans un seul matériau peut
élargir les applications possibles de SMPs et SHPs.
Par la suite, nous avons appliqué la stratégie établie avec des polymères cristallins aux
hydrogels polymères. Il est connu depuis longtemps qu’il est très difficile d’obtenir des
hydrogels mécaniquement robustes pouvant être réparés par effets de stimuli. Nous avons
conçu et préparé un hydrogel hybride en chargeant une petite quantité d’AuNPs dans un
hydrogel formépar copolymérisation du N, N-diméthylacrylamide (DMA), de l'acrylate
de stéaryle (SA) et du N, N'- méthylène bisacrylamide (MBA). La force mécanique de cet
hydrogel est donnée par une réticulation chimique qui coexiste avec une réticulation
physique due aux chaînes latérales d’alkyles hydrophobes cristallisées. Encore une fois,
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par le contrôle de la transition de phase de «fusion-cristallisation » des chaî
nes SA à
l'aide d'un laser, l'hydrogel hybride montre à la fois la fonction de mémoire de forme
contrôlépar la lumière et la fonction de guérison optique efficace. Une grande contrainte
à la rupture supérieure à 2 MPa a étéobtenue pour un hydrogel coupé en deux et puis
réparépar la lumièr.
La dernière, mais non la moindre, contribution portée par l’étude dans cette thèse est une
découverte que nous avons faite sur les SHPs. Nous avons observé que l’hydrogel de
PVA physiquement réticulé, étant préparépar la méthode de congélation/décongélation,
peut s’auto-guérir àla température ambiante sans l’utilisation d’un stimulus ou d'un agent
de guérison. Cette découverte est importante étant donné que cet hydrogel est
biocompatible et un matériau largement utilisé pour des applications. Notre étude a
montré que la clé pour obtenir une guérison autonome efficace de l'hydrogel de PVA
ayant une force mécanique relativement élevée est d'avoir une quantité suffisante de
groupements hydroxyle libres sur les chaî
nes de PVA pour ponts-hydrogène et une bonne
mobilitéde chaî
ne assurant la diffusion du polymère àtravers les surfaces de coupe.
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ABSTRACT
Materials scientists predict a prominent role in the future for “smart” materials. Over the
past decades, this concept has been receiving fast growing interest as a result of the
emergence of several new types of polymeric materials that are able to perform a desired
function in response to a specific stimulus in a controlled and predetermined modality.
Two representative examples are shape-memory polymers (SMPs) and self- or
stimuli-healable polymers (SHPs) that are subjects of this thesis. On the one hand, SMPs
are materials that have the ability to ‘‘memorize’’ a specific shape. After being deformed
to and fixed at a temporary shape, they can recover the original, permanent shape under
the effect of a stimulating signal such as heat, light or voltage. Benefiting from the
relatively easy processing, SMPs are a competitive alternative to the well-established
shape-memory alloys and have found a broad spectrum of potential applications spanning
from implant devices for minimally invasive surgery to environmentally sensitive
actuators. On the other hand, SHPs are materials that are capable of repairing mechanical
damages (cracks or fractures) by itself or with the help of an external stimulus. They are
of great interest for enhancing the safety, prolonging the lifetime and reducing the
maintenance cost of materials. Except a few soft materials (some gels and elastomers)
that are autonomously healable, most SHPs require the intervention of a stimulus like
SMPs. The main purpose of this thesis is to develop new light-controllable SMPs and
SHPs. The strategy we used consisted in adding a small amount of gold nanoparticles
(AuNPs) or gold nanorods (AuNRs) as light-absorber in either SMPs or SHPs, and then
using the heat released by the nanofillers upon the surface plasmon resonance (SPR)
absorption to control the phase transitions in the polymers and, consequently, determine
their shape memory and healing processes. Although photothermal effect is at the origin
of those processes, all the advantages of using light as stimulus are retained, such as
remote activation and spatiotemporal control. Several works have been completed during
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the thesis, which hopefully may constitute a core contribution to making the use of
AuNPs and AuNRs a platform technology for developing light-controllable SMPs and
SHPs.
Regarding SMPs, we first prepared a new AuNP-polymer nanocomposite material based
on cross-linked, branched oligo(ε-caprolactone). By making use of light-induced
localized heating, we proved that visible light could be used to enable a spatially selective
shape-recovery process and to achieve multiple intermediate shapes on-demand. In
addition, we found that by adjusting laser light intensity or the amount of AuNPs, the
local temperature rise in the material can be important and reach a predetermined
magnitude with almost no adverse influence on its surroundings. This appealing feature
makes it possible to use the same SMP for applications covering a wide range of
environmental temperatures. Moreover, in this study, we demonstrated how the
light-controlled shape recovery process releasing energy can be used to accomplish a
mechanical work.
On the basis of the first project, we made the first demonstration that light polarization
can also be utilized to control the shape memory effect and the shape recovery process.
To this end, we designed and prepared an anisotropic SMP containing oriented AuNRs by
stretching films of poly(vinyl alcohol) (PVA) with embedded AuNRs. The idea is that the
amount of heat released by AuNRs upon exposure to near infrared (NIR) light is
determined by the absorption of photons that is polarization-dependent. We showed that
changing the polarization direction of the incident laser with respect to the film stretching
direction while keeping all other conditions unchanged, could indeed control the extent of
temperature rise in the material that, in turn, determines the shape recovery process. By
discovering a new means, this study expanded the toolbox for light-controlled SMPs.
On the SHPs side, our motivation of exploiting the photothermal approach is to address
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the challenging issue of healing mechanically strong materials. Generally, a high
mechanical strength or stiffness for a material hampers self- or stimuli-induced healing
due to the lack of polymer chain mobility that is crucial for polymer inter-diffusion in a
fractured region leading to healing. We proposed the strategy of using the photothermal
effect to induce the melting-crystallization phase transition for repairing. In the first study,
by loading a very small amount of AuNPs in two crystalline polymers, poly(ethylene
oxide) (PEO, Tm ≈ 63 °C) and low-density polyethylene (LDPE, Tm ≈ 103 °C), we
observed very fast and efficient optical healing that merged two cut polymer pieces in
contact into a single one displaying significantly recovered mechanical properties. We
have confirmed the healing mechanism that is based on light-induced melting of
crystallized polymer chains, followed by chain crystallization on cooling after turning off
the laser, which “binds” the cut surfaces together for healing. We demonstrated that in
addition to the remote activation and fast healing capability, using light can realize
spatially selective healing as the healing process takes place only in the laser-exposed
area without affecting the rest of material.
After we have learned how to use the photothermal effect arising from the SPR of AuNPs
to achieve light-triggered shape memory and healing in separate polymers, we went on to
develop polymer designs that allow the same material to possess dual light-controlled
shape memory and healing functions. This is also a challenging task because of the
structural incompatibility between SMPs and SHPs as the permanent cross-linked
structure required for the former are usually conflicting with the high polymer chain
mobility and interdiffusion needed for the latter. Using our generated knowledge, we
proposed to chemically crosslink a crystalline polymer (PEO) while loading it with a
small amount of AuNPs. Our study showed that this single polymer material gained
optically triggered shape memory and fast optical healing based on the same localized
photo-induced heating effect arising from the SPR of AuNPs. Indeed, the photothermal
effect can activate the shape recovery process of the material by raising its temperature
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above T m of the crystalline phase and, in the same time, allows for the healing of crack
via melting of crystallized chains under laser exposure and subsequent crystallization
upon cooling after turning off laser. Furthermore, we demonstrated that the two
light-triggered functions could be executed in a sequential way without interference on
the same piece of material. The simultaneous implementation of the two distinct
functions in one single material may widen the possible applications of SMPs and SHPs.
In a follow-up study, we have extended the use of the mechanism for simultaneous
light-controlled shape memory and healing from crystalline polymers to polymer
hydrogels. It has been long known that making self- or stimuli-healable mechanically
strong hydrogels is very difficult. We have designed and prepared a hybrid hydrogel by
loading a small amount of AuNPs in a hydrogel formed upon copolymerization of
N,N-dimethylacrylamide (DMA), stearyl acrylate (SA) and N,N′-methylenebisacrylamide
(MBA). The mechanical strength of this hydrogel is provided with permanent
crosslinking coexisted with hydrophobically associated and crystallized alkyl side chains
that constitute physical crosslinks. Again, by controlling the melting-crystallization phase
transition of SA chains using a laser, the hybrid hydrogel exhibited both light-triggered
shape memory and efficient optical healing. Unprecedented tensile strength after
repairing greater than 2 MPa was achieved after healing two cut pieces of the hydrogel.
The last, but not least, contribution reported in this thesis is a discovery we made on
SHPs. We found that physically crosslinked PVA hydrogel prepared using the
freezing/thawing method can self-heal at room temperature without the need for any
stimulus or healing agent. This finding is important considering that PVA hydrogel is
biocompatible and widely used in biomedical applications. Our study showed that the key
to achieve an effective autonomous healing of the PVA hydrogel with high mechanical
strength is to have a sufficient amount of free hydroxyl groups on the PVA chains for
H-bonding and good chain mobility ensuring chain diffusion across the cut surfaces.
ix
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INTRODUCTION
As excellent representative examples of “smart” polymeric materials, both
shape-memory polymers (SMPs) and self- or stimuli-healable polymers (SHPs) have
received a great deal of attention over the two decades or so (1-16). On the one hand,
SMPs are materials that have the ability to ‘‘memorize’’ an original or permanent
shape. After being processed to a temporary shape, usually by deformation at elevated
temperatures followed by cooling to freeze polymer chains and store strain energy,
they can recover or relax to the original, stress-free state under the effect of thermal,
optical, electrical, or other environmental stimuli (1-36). The first recognition of the
polymer shape-memory effect, as suggested by Mather, can be traced back to 1940s
when the term of “elastic memory” was argued (3). Actually, the heat shrinkage
tubing technique, emerged in 1960s, represented a large-scale commercial application
of SMPs even before the terminology was born. The first report using the term of
“shape-memory polymer” to officially describe a category of functional polymers
probably came from CDF Chimie, a French company, in 1984 while describing
polynorbornene-based polymers (8). Since then, SMPs have been experiencing an
extensive development, and numerous SMPs with different structures and properties
have been developed. A requisite for all SMPs is the need of using an external
stimulus to activate the shape-memory process, i.e., return from the temporary to the
permanent shape. For most SMPs, the shape recover is triggered by heating the
polymer above either its glass transition temperature (T g) or melting point (Tm) to
enable polymer chains relaxation. In recent years, a variety of stimuli were explored
in order to make SMPs respond to light (9-24), electric or magnetic field (25-29),
ultrasound (30, 31), and water (32-36).
On the other hand, SHPs are materials capable of repairing mechanical damages
(cracks or fractures) by itself or with the help of a stimulus. They are designed with
the aim of improving the safety, lifetime, reliability and functionality of polymeric
materials. Over the last decade, there has been a fast growing amount of effort
1

dedicated to developing SHPs, either healable autonomously under ambiante
conditions or healable upon input of a stimulus (37-85). Both covalent bonding (46-51)
and supramolecular chemistry (52-68) have been adopted to achieve different types of
healable polymeric materials. While non-covalent chemical bonding have proved
particularly useful for designing self-healable polymers, most SHPs, especially
mechanically strong or stiff polymers, require the use of a stimulus for the healing.
Among all the external stimuli useful for both SMPs and SHPs, light has been
increasingly utilized as an external trigger because of a number of distinct features as
compared to other stimuli. The most important advantages of using light to trigger
molecular processes inside materials are that 1) remote activation is easily doable
since laser light can travel a long distance; 2) spatially controlled activation is
possible as the size-tunable light beam can be delivered to selected areas; 3)
light-triggered processes can be halted and resumed “on-demand” by switching on/off
the excitation light and 4) easy manipulation is expected thanks to the portable
light-source devices. Since light-controllable SMPs and SHPs are the main subject of
this thesis, the introduction will be focused on the various types of photosensitive
SMPs and SHPs as well as the different approaches reported in the literature.
1. Light-Triggered SMPs
Polymers that exhibit a shape-memory effect have both a visible, temporary shape and
a stored, permanent shape. Once the latter has been manufactured by conventional
methods, the material is changed into another, temporary form by processing usually
through heating, deformation, and finally, cooling. The temporary shape would be
preserved and remain stable at room temperature until it is subjected to an external
stimulus. The underlying principle behind this property lies in their macromolecular
network structure, which involves two keys, namely, physically or chemically
crosslinked network responsible for “remembering” the permanent shape and the
reversible switching segments affording the temporary shape. Upon deforming the
2

permanent shape to temporary shape, the strain energy is stored; while it can be
released as desired in a controlled manner when a right trigger is applied, such as
light.
Light-triggered SMPs can be mainly divided into two categories accordingly: those
based on reversible photochemical reactions (9-12) and those based on photothermal
effect (13-24). The former one, unlike the traditional SMPs, does not involve any
thermal effect in both its shape fixation and shape recovery process. It allows for a
robust, reversible modulus change between rigid/plastic and elastic state in response
to light usually through a reversible photochemical reaction. The latter one employs
light as a remote trigger to activate the shape recovery process by means of
light-induced heating, thanks to the added photo-responsive additives, which brings
the local temperature up and thus realize the transition from temporary shape to
permanent shape. Most of the light-triggered SMPs reported so far rely on this
mechanism.
1.1. Light-Controlled SMPs Based on Reversible Photochemical Reactions

Figure 1. Light-controlled shape memory behaviors: (A) the polymer containing
cinnamic acid (CA) side groups, with both sides of the sample exposed to UV light
for photo-crosslinking (fixation of a temporary shape) and photo-decrosslinking
(permanent shape recovery), photos a, b and c are the initial, temporary and recovered
3

shapes,

respectively; (B)

the interpenetrating polymer

network containing

cinnamylidene acetic acid (CAA) groups, with only one side of the sample exposed to
UV light for temporary shape fixation, photos a, b and c are the initial, temporary and
recovered shapes, respectively; and (C) the proposed molecular mechanism of this
light-induced SMPs based on reversible photochemical reactions.[9]
For this kind of light-controlled SMPs, photochromic species capable of undergoing a
reversible photo-controlled crossliking/decrosslinking, such as photoreversible [2+2]
cycloaddition reactions are needed. In principle, the crosslinking density, which is
reversibly adjusted by photo-crosslinking and photo-clevage and thus changes the Tg
of a polymer, usually is the controlling parameter. Specifically, two different
wavelengths of light are utilized to rule the modulus of material that is changed
between “soft” and “rigid” states. Soft state is basically a fully pre-cured SMP with a
low Tg which gives the permanent shape. Rigid state is achieved by
photo-crosslinking with one wavelength of light to increase the crosslinking density
resulting in a high Tg which takes charge of the temporary shape fixation at room
temperature. When the other wavelength of light is used to break or cleave the
photo-crosslinked net points, the shape recovery back to the permanent shape is
enabled. As a typical example, Lendlein and his coworkers made the demonstration
for the first time in 2004 that polymers containing cinnamic groups can be deformed
and fixed into predetermined shapes such as elongated films and tubes, arches or
spirals by ultraviolet light illumination (9). These temporary shapes are stable for long
time periods, even when heated to 50 oC. They can recover their original shape at
ambient temperatures when exposed to ultraviolet light (UV) of a different
wavelength. As illustrated in Figure 1, they used cinnamic acid (CA) and
cinnamylidene acetic acid (CAA) as the photoswitching groups, which undergo the
reversible photoinduced [2+2] cycloaddition reaction, and prepared two types of
amorphous polymeric materials having T g below 20 oC. One is a crosslinked
(meth)acrylate polymer containing a number of CA side groups, while the other one is
CAA-terminated star-poly(ethylene glycol) interpenetrated into a crosslinked
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poly(n-butyl acrylate). In both cases, after deformation of a sample at T > Ttr, (25 oC
or 35 oC), UV light at λ > 260 nm is applied for photoinduced crosslinking through
dimerization of CA or CAA groups; this photo-crosslinked, second network can fix
the deformation to some extent after removal of the external force without cooling of
the polymer to T < Ttr, thus fixing a temporary shape. The permanent shape can be
recovered (or largely recovered) at constant temperature by exposing the SMP to UV
light at λ < 260 nm that de-crosslinks the second network and allows the strain energy
to be released leading to the recovery of permanent shape.
By using a similar strategy, Wu and coworkers designed and synthesized multiblock
polyesterurethanes containing crystalline hard and amorphous soft segments and
pendant cinnamamide moieties which work as photo-responsive molecular switches
and provide the polymer with light-induced shape memory effect at room temperature
on exposure to light stimuli via reversible [2+2] cycloaddition cross-linking (shown in
Figure 2) (10).

Figure 2. Light-induced [2+2] cycloaddition reaction (left) and shape memory effect
(right) of photo-responsive multiblock polyesterurethane. (A) Original shape; (B)
temporary shape obtained by deforming via an external force, irradiating with λ > 260
nm UV light to form temporary chemical crosslinks through a [2+2] cycloaddition
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reaction and then releasing the external force; and (C) final shape (recovered to
original shape) after irradiation with λ < 260 nm UV light through cleaving of the
light-induced crosslinks.[10]
1.2. Light-Triggered SMPs Based on Photothermal Effect
For most of SMPs, the key to a right trigger to activate shape recovery process is the
way it bring temperature above the defined transition temperature and subsequently
fulfill the transformation from temporary shape to permanent shape. It is believed that
photothermal effect is qualified as the remote trigger to activate shape recovery
process. To this end, some kind of light-absorption species is needed to convert the
light energy to heat with a high efficiency through a non-irradiative energy dissipation
of electrons from excited state to ground state. Up to date, plenty of photo-reactive
species including organic dyes, ligands, carbon nanotubes (CNT), graphene, black ink,
gold nanoparticles (AuNP) and gold nanorods (AuNR) have been adopted to achieve
photothermal effect and trigger shape recovery process of SMPs, in which the
inductive heat was used to bring the local temperature of the shape memory sample
above its defined phase transition temperature, as illustrated in Figure 3.

Figure 3. Schematic illustration of photothermal effect-based light-triggered shape
memory polymers containing diverse fillers as a built-in heater upon light
absorption.[12]
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Figure 4. Optical images showing strain recovery towards an infrared light irradiation.
Infrared absorption, non-irradiative energy decay and the resulting local heating is
constrained to the near-surface region of a stretched ribbon, resulting in strain
recovery of the near-surface region and curling of the ribbon towards the infrared
source (exposure from the left) within 5 seconds.[13]
As early as in 2004, Vaia and co-workers demonstrated a thermoplastic elastomer
nanocomposite fabricated by mixing the commercially available polyurethane-based
Morthane and CNTs (1-5 vol.%) displaying infrared light-responsive shape-memory
behavior (Figure 4) (13). For the Morthane-CNT elastomer nanocomposite,
strain-induced polymer chain crystallization played an important role of physical
crosslinks and thus fixed the stretched temporary shape. When exposing it upon
near-infrared (NIR) irradiation, the non-irradiative decay of infrared photons absorbed
by CNTs raises the internal temperature, melting strain-induced polymer crystallites
with a transition temperature of ~ 48 oC and remotely trigger the release of the stored
strain energy leading to the permanent shape recovery. Similarly, carbon black and
graphene can also be employed as inductive heat-generating fillers to yield
NIR-responsive shape-memory polymer composite (15, 16).
More recently, Chen and co-workers reported an infrared-responsive SMP composite
prepared by dispersing commercially available amide-functionalized single-walled
carbon nanotubes (SWCNTs, 0.5 wt%) into Nafion matrix, which is a polymer
capable of multiple shape-memory effect due to a very broad thermal transition
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temperature range (19). By integrating the localized photothermal effect and the
multiple shape memory effect, the authors demonstrated versatile light-enabled shape
memory effects. The localized photothermal effect arising from the absorption of NIR
by SWCNTs was utilized not only for remotely controlled permanent shape recovery
but also for programming the multi-temporary shapes. As can be seen in one set of
results (Figure 5a-e), the authors proved that it was viable to obtain the second
temporary shape (a bend) of a SWNT-NafionH+ film at higher temperature (Td =
140-150 °C) via IR laser (Figure 5c) without reverting the first temporary shape (a
coil) (Td =70-75 °C, Figure 5b) to the original, permanent shape (Figure 5a).
Subsequent removal of the coil at 75 °C in oven while keeping the bend intact led to
the creation of the third temporary shape (Figure 5d). The demonstration made by
them well annotated the appealing features of using light to manipulate
shape-memory process.

Figure 5. Macroscale shape memory effects in 0.5 wt % SWNT-NafionH+ films. (a)
Permanent shape. (b) Coiling via 808 nm IR laser (6 mW/mm2, T = 70-75 °C) and
then cooling. (c) Localized bending via 808 nm IR laser (25 mW/mm2, T =
140-150 °C) and then cooling. (d) Removing coiling at 75°C in oven. (e) Removing
the localized bend and recovering the original shape via 808 nm IR laser (T =
140-150 °C).[19]
Theoretically, some organic dyes or ligands are supposed to be good photothermal
agents as well (21). Particularly, it is a very active research area to design and explore
the organic dyes with strong NIR-absorption and without dying polymer matrix for
laser-welding of plastics through a photothermal effect. The organic dyes for this
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purpose are so-called “clean welder” in industrial business (86-90). Although the
organic dyes are being widely used for plastic laser-welding, the reports that deal with
introducing organic dyes into polymers to yield the light-responsive SMPs remain few
to date. In principle, taking organic dyes or ligands as photothermal agents to design
light-responsive SMPs may have certain distinct advantages because they can either
directly mix with polymer matrix or be part of polymer chain through a grafting or
copolymerization method.
2. Light-Controlled SHPs
Compared to SMPs, SHPs represent a relatively new research field, beginning in the
early 1990s, with the majority of the research accomplished in the past decade (37-45).
To date, developed SHPs fall into two categories: (i) extrinsically healable polymers,
which operate using an intentionally pre-embedded healing agent, and (ii) intrinsically
healable polymers, which enable damage healing without the need of additional
healing agent. The first category is outside the scope of this thesis. SHPs of the
second category can be further divided into two groups, i.e., autonomously healable
polymers and stimuli-healable polymers. In principle, autonomous SHPs are much
desired because the healing process is realized at ambient conditions without any
external input. However, despite the enormous interest, self-healable polymers are
generally limited to soft materials with low mechanical strength that make use of
non-covalent intermolecular interactions such as hydrogen bonding (52-56),
electrostatic interaction (57-60), π-π stacking (61), ion migration (62), molecular
recognition (63-65), metal-ligand coordination (66, 67) and hydrophobic association
(68). Unlike soft supramolecular polymers whose dynamic non-covalent bonds can be
reformed across cut or fractured surfaces for repairing, strong or hard polymer
materials are genrally covalent chains with high Tg or Tm and, as a result, the
autonomous self-healing mechanism cannot work no matter how long the cut surfaces
are kept in touch. To address this isuue, it is also of great interest to develop
stimuli-healable polymers, as part of SHPs, in which an external energy or stimulus
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gets involved to initiate or activate the healing process. For the same reasons as stated
in the section of light-triggered SMPs, the use of light for SHPs is of both
fundamental and applied interest. For instance, the remote activation by using a laser
may be particularly appealing for repairing polymers that are difficult or even
impossible to reach by human. Likewise, in order to impart polymers with the
light-triggered healing ability, it is necessary to incorporate some kind of
photo-reactive moieties into the polymer structure, whose photochemical reaction
allows for formation of new chemical bonds across the cut surfaces. Known literature
methods are presented below.
2.1. Light-Triggered SHPs Based on Photo-Dimerization Reactions
No matter what type of SHPs is, the re-bonding or re-connection of polymer chains
across the cut surfaces through either covalent or non-covalent bond formation plays
the crucial role for healing to occur. Accordingly, certain photoactive species that
undergo a reversible photo-dimerization and photo-cleavage reaction with respect to
particular wavelengths, as shown in Figure 6, have been utilized to rationally design
light-triggered SHPs (69-75). The dimerization and cleavage of these photochromic
species take place through a reversible [2+2] cycloaddition (cunnamoyl/coumarine
and their derivatives) or [4+4] cycloaddition (anthracene and its derivatives) reactions,
which provide the chemistry basis of this kind of light-triggered healing. Basically,
when exposing the cracked surfaces to light irradiation at appropriate wavelengths,
the photoactive species (e.g. coumarin) incorporated in the polymer structure would
experience the desired cycloaddition and thus covalently re-bond the two surfaces
leading to the optical healing. In order to improve the optical healing efficiency,
pre-treating the two surfaces by exposing the polymer to shorter wavelengths to
cleave the dimers and obtain a sufficient amount of monomeric photoactive species on
the cracked surfaces is important for the subsequent optical healing. It is also worth
noting that because the light penetration depth is generally small, < 1 cm, the target
objects designed for light-triggered healing should be sufficiently thin or the cracks
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should be located on the surface. Moreover, it should be emphasized that during the
repairing process, polymer chains must have sufficient mobility to diffuse into the
crack or across the cut surfaces and bring the photo-reactive groups on the crack
surfaces of opposite sides into a close distance for formation of new chemical bonds.

Figure 6. Reversible photo-dimerization (at 1) and photo-cleavage (at 2) under UV
light irradiation at two different wavelengths (1 > 2) for (a) cynnamoyl, (b)
coumarin and (c) anthracene.
Recently, as one example of light-triggered SHPs based on photo-dimerization, Zhang
and coworkers reported coumarin-containing polyurethane (PU), which displays
photo-stimulated healing ability at room temperature (74). Specifically, by using the
reversible photo-dimerization and photo-cleavage of coumarin moiety, this
polyurethane can be repeatedly crosslinked and de-crosslinked under successive UV
irradiations at 350 and 254 nm (Figure 7a). As a consequence, damages in crosslinked
version of the polyurethane can be re-bonded through chain reconnection on fracture
surfaces resulting from the photochemical reactions. In order to examine the multiple
remendability of the PU, the authors conducted repeated failure-repair tests, the
results in Figure 7b show that the polymer can be repeatedly repaired under
successive UV irradiations, that is, first exposing the fracture surfaces to shorter
wavelength UV light (254 nm) for 1 min to cleave the coumarin dimers aiming to
generate sufficient reactive coumarins, followed by bringing the two surfaces together
11

by exposing them to longer wavelength UV for 90 min to afford the dimerization
reactions. However, owing to the declined amount of reactive coumarin moieties
located on the fracture surfaces, healing efficiency reduces as expected under the used
experimental conditions.

a)

b)

Figure 7. (a) Schematic illustration of reversible photo-dimerization and
photo-cleavage reactions of coumarin moieties in PU upon irradiation with 350 and
254 nm UV light; (b) stress-strain curves of virgin and repeatedly repaired PU
specimen. Healing conditions: irradiation with 254 nm UV light for 1 min followed
by irradiation with 350 nm for 90 min. The data inside the parentheses in the legend
are healing efficiencies. [74]
2.2. Light-Triggered SHPs Based on Photo-Metathesis Reactions
Aside from reversible photo-dimerization, another type of photochemical reactions,
namely “photo-metathesis” which relies on a different mechanism of photo-reversible
bond formation and dissociation, is also useful for light-triggered SHPs (76-85). So
far, a number of functional groups including sulfide (S)-based disulphide, allyl sulfide,
trithiocarbonates (shown in Figure 8) and oxetan/oxolane-substituted chitosan have
been found to undergo the photo-metathesis reaction. The S-based photo-metathesis
reaction is featured by reactive free radicals in host polymers that can be generated by
photo-irradiation at appropriate wavelengths and subsequently randomly re-combined
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during or after light irradiation, which enables light-triggered healing of polymers. It
is understandable that the efficient healing enabled by photo-metathesis reactions is
predominantly dependent on whether or not the lifetime of free radicals generated by
photo-irradiation is well-matched with the segmental chain mobility and chain
interdiffusion between fractured surfaces in contact in host polymer materials. This
explains why the host polymers selected for investigation of this kind are usually
polymeric gels or elastomers. For instance, Anseth et al. showed that hydrogels
formed by the oxidation of thiol functionalized 4-armed poly(ethylene glycol) (PEG)
macromolecules in aqueous solution could exhibit the light-enabled healing or
welding through photoinduced disulfide rearrangement at room temperature (76), as
shown in Figure 9.

Figure 8. S-based functional groups which undergo photoinduced metathesis reactions
useful for light-triggered healing with (a) disulfide, (b) trithiocarbonates, and (c) allyl
sulfide.[12]
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Figure 9. (a) Schematic representation of disulfide-based photo-metathesis reaction in
PEG hydrogels and (b) image of the PEG hydrogel photo-welded together by
photo-initiated disulfide rearrangement.[76]

Figure 10. (a) Preparation of TDS-containing PU by polyaddition of TDS diol, TEG,
TEA, and HDI in DMF with DBTDL at room temperature; b-e) Photographs of
TDS-containing PU showing optical healing. (b) Original sample, (c) after cutting
into two, (d) after optical healing for 24 h and (e) stress-strain curves of PU
comparing the pristine and healed samples after irradiation of visible light in air at
room temperature over time.[77]
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And more recently, Matyjaszewski and coworkers reported the thiuram disulfide
(TDS)-containing, covalently cross-linked polyurethane (PU) which displays
photo-metathesis enabled optical healing under the stimulation of visible light in air at
room temperature without using any solvent (77). The PU with a subambient Tg (≈
-50 oC to -34 oC), incorporating TDS units capable of re-shuffling, was synthesized by
a simple polyaddition between TDS diol, TEG, TEA and HDI in DMF with dibutyltin
dilaurate (DBTDL) as catalyst, as shown in Figure 10a. The optical healing property
of the TDS-containing PU was examined by cutting a cylindrical sample with a blade
(Figure 10 b, c), and subsequently bringing the two pieces into close contact for 1 min;
and the re-contacted samples were exposed to visible light in air at room temperature
for 24 h (Figure 10d). The two pieces merged into one single piece and in a bending
test, the polymer retained its integrity, just as the pristine one before cutting (Figure
10b). The stress-strain curves (Figure 10e) further quantitatively revealed the
properties of the samples brought into contact after cutting, before and after the
exposure to light. The re-gained stress, as well the strain value increased with the
exposure time; and as all signs of the rupture disappeared the sample essentially
recovered its original mechanical properties.
Similar to S-based functional groups mentioned above, oxetan/oxolane-substituted
chitosan also undergoes photoinduced metathesis reaction and has been adopted to
develop light-triggered SHPs. Back in 2009, Urban and Ghosh demonstrated a
polyurethane (PUR) network incorporated with an oxetane-substituted chitosan
precursor (OXE-CHI) capable of self-repairing upon exposure to UV light (83). What
is different from the S-based healable systems lies in that the healing process of
OXE-CHI-PUR systems is activated synergistically by mechanical damage and the
subsequent UV irradiation. Upon mechanical damage of the OXE-CHI-PUR network,
the mechanical stress-sensitive four-member OXE rings open and generate two
reactive ends. When the damaged area is exposed to UV light, chitosan chain scission
occurs, which forms crosslinks with the reactive OXE ends and thus repairs the
network. The presence of OXE-CHI precursor plays a key role in remendability of the
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network. Neither PU nor CHI-PUR alone is able to repair the mechanical damage,
while the attachment of covalently bonded OXE-CHI entities allows the optical
healing process to happen, as shown in Figure 11. Moreover, the healing of scratches
in OXE-CHI-PUR can be realized by UV irradiation at intensity comparable with the
typical sun exposure. However, the mechanical stress-induced opening of OXE rings
cannot be regenerated after crosslinking with chitosan chain radicals under UV
exposure, meaning that repeated healing at the same damaged area would be limited.

Figure 11. Chemical structure of the OXE-CHI-PUR network containing mechanical
stress-sensitive oxetane rings and UV light-sensitive chitosan chains as well as the IR
(upper) and optical (lower) images showing light-triggered healing of a mechanical
cut in the OXE-CHI-PUR sample upon exposure to UV irradiation for 0 min (A1), 15
min (A2) and 30 min (A3).[83]

Figure 12. (a) Chemical structure of Mebip-capped macromonomer and the
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corresponding metallo-supramolecular polymer; (b) Schematic representation of the
lamellar structure of the metallo-supramolecular polymer and the light-induced
dissociation of the metal-ligand complex where highlighted in red dashed circle. (c)
Image illustrating the optical healing of a film of the metallo-supramolecular polymer
with UV light (320-390 nm, 950 mW/cm2, 2 x 30 s).[85]
By using a different strategy, Rowan and coworkers explored metallo-supramolecular
polymers capable of optical healing through the reversible complex formation and
dissociation

between

the

metal

ions

(such

as

Zn2+

or

La3+)

and

2,6-bis(1’-methylbenzimidazolyl)pyridine (Mebip) ligands functionalizing the ends of
poly-(ethylene-co-butylene) chains (85). As an alternative approach, this metathesis
reaction is initiated by photoinduced heating of the metallo-supramolecular polymer.
As shown in Figure 12, upon exposure to UV light, the metal-ligand motifs are
electronically excited and the absorbed optical energy can be converted into heat
leading to the temporary disengagement of the metal-ligand motifs. Since
de-polymerized species can readily diffuse, quick and efficient scratch healing was
obtained through the re-formation of metal-ligand complex on cooling after turning
off the light. The healing ability is also related to the supramolecular nature of the
reversible bond and to the lamellar morphology of the polymer in which hard (metal
complexes) and soft (poly(ethylene-co-butylene)) phases are interconnected.
3. Photothermal Effect Arising from Gold Nanoparticles

Figure 13. Schematic illustration of localized surface plasmon resonance of noble
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metal nanoparticle as a result of coherent interaction of the surface electrons with
incoming light. [91]
Apart from the aforementioned photo-reactive species, another family of
photothermal candidates, noble metal nanoparticles (especially AuNPs), grabbed
much attention in the last few years owing to their great potential in biomedical
application, such as cellular imaging, thermal therapy and medical diagnosis (91-95).
The origin of the photothermal effect of noble metal nanoparticles lies in their
localized surface plasmon resonance (SPR) attributes, that is, the surface electrons of
noble metal nanoparticle suffer from a periodically varying distortion in
alternating electric field against the restoring force of positive nuclei, once the
intrinsic frequency of the “distortion” matches the alternating electric field applied by
incoming light, the electrons will be driven to collectively oscillate in phase with the
electrical field of the electromagnetic wave, as illustrated in Figure 13.

Figure 14. Surface Plasmon resonance absorption peaks of gold nanoparticles (AuNPs)
as a function of gold nanospheres’ size and gold nanorods’ aspect ratio (AR). [91]
As a consequence of SPR, the noble metal nanoparticles, such as gold nanoparticles
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AuNPs, are capable of strongly absorbing light with very high molar absorption
coefficients of around 107-109 M-1 cm-1 for AuNP with a diameter from 5 nm to 40 nm
and efficiently converting the light energy absorbed into heat. Moreover, the SPR
absorption of AuNPs is highly dependent on their particle size, shape and geometry.
Usually gold nanospheres absorb light in the visible range (generally, 500 - 550 nm).
Larger nanospheres exhibit a little bit more red-shifted spectra but their tunability is
quite limited and hardly extends into the NIR range. While once anisotropy is
introduced into the gold nanoparticle shape, a dramatic shift can be found in their
absorption spectra. Take gold nanorod (AuNR) as an example: resulting from its
anisotropy it has two surface plasmon resonances, one belongs to the transverse
oscillating electrons and the other is related to the longitudinal oscillating electrons
which displays the longer wavelength absorption spanning from visible to IR range
(see Figure 14). It should be indicated that either the transverse absorption or the
longitudinal absorption of AuNR can be utilized to enable the “light-to-heat”
transformation function depending on the specific needs.

Figure 15. Images of shape transitions of polymers fabricated from 15:85 A6/tBA
networks with AuNRs after exposure to 0.3 W IR light. The complete transition took
several minutes since the sample would change shape and move from the path of the
light, yet shape changes were nearly instantaneous when the light was directed on the
sample.[20]
Accordingly, Burdick and co-wokers added AuNRs (< 1 vol%) to a solution of A6,
tBA (structure shown in Figure 15) and photoinitiator, followed by polymerizing with
UV light exposure to yield a biodegradable SMP nanocomposite (20). As seen in
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Figure 8, the composite was crosslinked into rectangular strips, deformed above its T g
of ~ 43 oC and then cooled to room temperature to freeze the coiled temporary shape.
When the coiled sample was exposed to IR light (770 nm) with an intensity of 0.3 W
at room temperature, the permanent rectangular shape fully recovered as a result of
the photothermal effect arising from the longitudinal SPR absorption of AuNRs. In
particular, the shape change was nearly instantaneous when the light beam hits areas
of the sample, although the complete transition took several minutes. This
shape-memory example illustrates the ability of embedded AuNR to rapidly and
locally bring the temperature of a polymer sample above its T g and thus activate
light-controlled shape recovery process in a remote manner.
4. Objective of the Thesis
The overall objective of this thesis is to design, prepare and investigate new
light-triggered SMPs and SHPs based on the photothermal effect arising from the SPR
of AuNPs and AuNRs. Although, as discussed above, the use of AuNPs in SMPs is
known in the literature, our research effort has been focused on a number of
unexploited features of photosensitive SMPs that we believe are important for the
potential applications of this type of smart materials. With this purpose in mind, in
Chapter 1, we report a study that demonstrated, for the first time, a visible laser
light-enabled spatiotemporal control of the shape recovery process and the
concomitant mechanical work using a crystalline SMP loaded with a small amount of
AuNPs. In the work described in Chapter 2, we proposed the concept of SMPs
containing oriented AuNRs and made the first demonstration that varying the
polarization of the excitation NIR light with respect to the orientation direction of the
long axis of AuNRs is an effective way to optically control the shape memory effect
and the shape recovery progress.
As for light-triggered SHPs, we have performed the first study exploring the
photothermal effect of AuNPs. In order to address the challenging issue of
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formulating mechanically strong or hard SHPs that lack chain mobility, we proposed
to add a small amount of AuNPs in crystalline polymers, and demonstrated that
light-induced melting and crystallization of polymer chains on fracture surfaces can
lead to fast and effect healing. This original research is reported in Chapter 3. Built on
the generated knowledge, our follow-up research works went one step forward by
developing the first polymers that exhibit the two functions of light-controlled shape
memory and optical healing at the same time (not with two separate polymers).
Described in Chapters 4 and 5 are solid polymers and strong hydrogels, respectively,
of this kind, which are designed with the same principle of having a network structure
for shape memory and chain crystallization for optical healing via the order-disorder
phase transition.
Finally, as part of our studies on SHPs, Chapter 6 reports an important discovery
made in the course of this thesis. We found that the hydrogel of PVA containing
crystallized microdomains acting as physical crosslinks, can autonomously heal the
damage when the fracture surfaces are in contact. We showed that H-boning between
the hydroxyl groups of PVA is at the origin of the self-healing ability. This finding
thus unveiled a new property for this old biocompatible polymer hydrogel of great
interest.
In the last chapter of the thesis, Chapter 7, we present a general discussion on the
accomplishment and significance of the conducted research. We also give an opinion
on the perspectives of light-controlled SMPs and SHPs and propose a number of
future works that are worth being pursued.
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CHAPTER 1 OPTICALLY TRIGGERED AND SPATIALLY
CONTROLLABLE SHAPE-MEMORY POLYMER-GOLD
NANOPARTICLE COMPOSITE MATERIALS
1.1. About the Project
Shape-memory polymers represent a class of smart materials which can remember
and restore the original shape from the deformed temporary shape in response to an
external stimulus. Traditionally, the shape recovery process from temporary shape to
original shape is activated by heating. Even though thermally induced shape-memory
polymers with different molecular structures have been extensively investigated,
certain challenges still remain. On the one hand, direct thermal activation usually
means the whole polymer sample is heated, or one has to intentionally bring the
polymer sample close to a heat source. In this regard, developing the remote
activation for shape memory polymers is of interest. Moreover, in the traditional way
of inducing the shape recovery process, the temporary-permanent shape transition
usually occurs throughout the polymer sample and is fully completed under the effect
of heating. In other words, the shape recovery cannot be made to occur only at the
spatially selective area, and few stable intermediate shapes can be obtained. In this
project, by loading a small amount of AuNPs in a crystalline SMP, we investigated the
possibility of using visible light, via the photothermal effect arising from the SPR of
AuNPs, to impart the SMPs with a number of appealing features, such as 1) remote
activation, 2) spatial control on where the shape recovery is allowed to occur, 3) easy
processing of multiple intermediate shapes by optically halting or resuming the shape
transition process, and 4) light-enabled mechanical work by making use of the
released strain energy.
This work was published in Journal of Materials Chemistry, 2012, 22, 845-849 by
Hongji Zhang, Hesheng Xia and Yue Zhao. This research work was conducted in the
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Universitéde Sherbrooke under the supervision of Prof. Zhao. I prepared all the shape
memory polymer specimens and performed all the characterizations reported in the
paper. I wrote the first draft of the manuscript. Prof. Zhao finalized the manuscript
with revision contributions from Prof. Xia.
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1.2.1. Abstract
A new optically triggered shape memory composite material was prepared and
investigated. Poly(ε-caprolactone) (PCL)-surface functionalized AuNPs were loaded
in a thermosensitive shape-memory polymer (SMP) matrix of biodegradable,
branched

oligo(-caprolactone)

(bOCL)

cross-linked

with

hexamethylene

diisocyanate (HMDI), referred to as XbOCL. By making use of a localized
photothermal effect arising from the SPR absorption of AuNPs, we are able to
demonstrate an optically triggered and spatially-selective shape recovery process,
with a stretched AuNP-loaded XbOCL film undergoing stepwise contraction and
lifting of a load. Since the shape recovery process can be halted at anytime by turning
off the light exposure, multiple intermediate shapes can readily be obtained. These are
appealing features that cannot be obtained from thermally activated SMPs based on a
bulk thermal effect. Moreover, the magnitude of the photoinduced temperature
increase of the material can be controlled by adjusting the laser power, it is also
possible to use the same AuNP-loaded composite material for applications with
different environmental temperatures below T transition, since the thermal transition at
T> Ttransition can be optically induced by a laser from different environmental
temperatures.

25

1.2.2. Introduction
Shape memory polymers (SMPs) are capable of recovering from a temporarily fixed
shape to a permanent shape in response to a stimulus that can either be heat or light or
magnetic field, to name a few.1, 2 Using light to trigger the shape recovery process is
appealing since, like with other photocontrollable systems, light offers the possibility
of remote activation as well as spatial and temporal control. As compared to thermally
activated SMPs, there are only a few reports on optically-controlled SMPs.3-5 Of them,
the most general approach is to incorporate a number of photochromic groups, such as
cinnamic acid, into the SMP whose reversible photochemical reaction allows for
controlling the network density for either shape fixing (upon cross-linking) or
recovery (upon de-cross-linking).4 The magnitude of shape change is very small with
this method. Liquid crystalline polymer networks (LCNs) or elastomers (LCEs)
containing azobenzene groups represent a special type of optically activated SMPs .6-9
Reports include the use of the trans-cis photoisomerization of azobenzene to induce
an order-disorder phase transition in a LCE resulting in a contraction-elongation,6,7
the bending and unbending of LCE films upon UV and visible light exposure due to a
reversible control of the orientational state of azobenzene mesogens8 and the use of
linearly and circularly polarized visible light to deform and recover glassy LCNs as a
result of photo-directed adjustments of polymer chains in the glassy state.9 An
overwhelming majority of SMPs developed for specific applications, particularly for
biomedical uses, are thermosensitive and respond to a temperature increase across a
transition temperature Ttransition (Tg or Tm depending on the polymer).1,

2

Their

temporary shape is obtained by processing the polymer at T>T transition while preventing
chain relaxation through a network structure, followed by cooling to T<T transition for
chain freezing. Subsequently, if the polymer is heated to T>T transition, chain relaxation
occurs and the polymer recovers its permanent shape. The underlying mechanisms
enabling optical triggered shape recovery with LCNs and LCEs obviously cannot be
applied to those SMPs.
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To this regards, exploiting a photothermal effect is of great interest. If light can be
used to generate heat that, in turn, heats the SMP to T > Ttransition and triggers the shape
recovery, the remote control and the spatial and temporal selectivity associated with
light can then be combined with thermally activated SMPs. 10,11 Recently, Burdick et
al. studied the encapsulation of gold nanorods in an amorphous and biodegradable
SMP of poly(tert-butyl acrylate) (PtBA) crosslinked with a poly(-amino ester).11
They showed that exposure to near infrared light (770 nm, longitudinal plasmon
absorption of nanorods) could heat the composite material to T > Tg and activate the
shape recovery, and that the presence of gold nanorods does not increase the toxicity
of the material. Since there are very few reports on using the surface plasmon
resonance (SPR)-generated photothermal effect of gold nanoparticle (AuNPs) to
trigger the thermal phase transition in SMPs, the present study was designed for two
purposes: 1) to investigate the generality of this approach by extending it to
semi-crystalline SMPs whose Ttransition is a crystal melting temperature Tm, and 2) to
confirm two important advantages of such optically triggered SMPs over conventional
thermally-activated SMPs, which have not been addressed previously. Those two
features of interest are schematically illustrated in Figure 1.

Figure 1. Schematic illustration of spatially-selective shape recovery and obtaining of
intermediate shapes on demand.
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First, polymers generally are poor thermal conductors, meaning that heat released by
AuNPs upon absorption of light should raise the polymer temperature locally. This, as
schematized in Figure 1, makes it possible to spatially control the location of shape
recovery since only the region exposed to light will undergo the thermal phase
transition. This ability of control obviously cannot be achieved with thermally
activated SMPs as heating from the environment is a bulk effect.

Secondly, the

amount of heat generated by AuNPs could be adjusted by the intensity of light. This
makes it possible to optically tune the rise of the polymer temperature to around
Ttransition and to control the rate of stress release and thus shape recovery. Since the
polymer is cooled once light is turned off, the shape recovery process can be stopped
at any stage. In other words, multiple intermediate shapes could be obtained between
the initial temporary and permanent shapes. This ability of control is also
unachievable with thermally activated SMPs, because in most cases, the environment
has a fixed temperature (i.e. body temperature) and the shape recovery process cannot
be stopped without changing the environmental temperature. The two levels of control
enabled by an optical trigger offer more possibilities in envisaging applications.

Figure 2. Chemical structures of the shape memory polymer (XbOCL) and
polymer-functionalized gold nanoparticles (AuNPs) used to prepare the composite
material.
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Figure 3. (a) UV-vis spectra of thin films of XbOCL without AuNPs, XbOCL loaded
with AuNPs at different concentrations and AuNPs in solution. (b) TEM image of
XbOCL loaded with 0.1 wt% AuNPs.
1.2.3. Results and Discussion
1.2.3.1. Preparation and Characterization of the AuNP-Polymer Composite
The thermosensitive, shape-memory polymer matrix chosen to load with AuNPs is
biodegradable,

branched

oligo(-caprolactone)

(bOCL)

cross-linked

with

hexamethylene diisocyanate (HMDI), referred to as XbOCL. It was obtained
according to the method reported by Nagahama et al. 12 As shown in Figure 2, to
achieve a good compatibility between XbOCL and AuNPs, poly(ε-caprolactone)
disulfide (PCL-SS-PCL) was synthesized by ring-opening-polymerization (ROP) and
then tethered onto citrate-stabilized AuNPs via ligand exchange.13 Since the obtained
PCL-SS-PCL bearing a central disulfide bond has an average Mn of about 3000 (from
1

H NMR), each PCL block on the AuNP surface has an Mn of 1500.

PCL-functionalized AuNPs could readily be dispersed in chloroform for preparing the
composite material. To prepare an XbOCL film loaded with AuNPs, bOCL (100 mg,
0.007 mmol) was first dissolved in 1 mL of chloroform, followed by addition of
HMDI (4.7 mg, 0.028 mmol) and PCL-AuNPs (variable amounts) under stirring. The
mixture was then cast on a Teflon dish (diameter 40 mm) and slowly dried to remove
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the solvent for 12h before being incubated at 80 oC for 24h under nitrogen. The crude
film was washed thoroughly with CHCl3 and DMF, followed by drying under vacuum
at 60 oC for 2 days. The resulting sample was cross-linked, semi-crystalline,
AuNP-loaded XbOCL film. More details on the synthesis and characterization are
given in Supporting Information.
Films of XbOCL loaded with AuNPs at three concentrations were prepared. The
excellent dispersion of AuNPs in all the films can be noticed from the UV-vis
absorption spectra shown in Figure 3a. The SPR absorption band of AuNPs at 530 nm
displays almost no shift in the films as compared to a dilute solution of
PCL-functionalized AuNPs in CHCl3. Since the film thickness was adjusted to be
about the same, 0.15 mm, the relative amount of AuNPs can also be seen from the
SPR absorbance in comparison with bOCL containing no AuNPs. The TEM image in
Figure 3b obtained by directly casting a film onto a copper grid containing 0.1 wt% of
AuNPs also shows no aggregation of the nanoparticles, further confirming the
dispersion. Most AuNPs have a diameter around 15 nm, which corresponds to the
SPR at 530 nm.

Figure 4. DSC heating and cooling curves (10 oC/min) of XbOCL loaded with AuNPs
at different concentrations compared with XbOCL without AuNPs.
Figure 4 compares the DSC heating and cooling curves of XbOCL and its composites
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with AuNPs of various concentrations. Although compatibilized with the polymer
matrix, AuNPs act as an impurity for XbOCL and, consequently, result in a depression
of its crystallization temperature on cooling and the melting temperature, i.e., Ttransition,
upon heating. The decrease in the phase transition temperatures is greater with
increasing the content of AuNPs from 0.1 to 0.4%, but further increase to 1% has little
effect since the two samples with 0.4 and 1% of AuNPs appear to have similar
transition temperatures and enthalpies within experimental uncertainty (Table S1).
The DSC measurements not only reveal T transition, but also indicate the condition for
the crystallization. All the three AuNP/XbOCL composites need to be cooled to below
ambient temperature for the crystallization. In what follows, unless otherwise stated,
the system with 0.4% of AuNPs was utilized for investigation of light triggered shape
memory effect through the photothermal effect.
1.2.3.2. Optically Triggered Shape Memory Effect: Spatial Selectivity and
Multi-Temporary Shapes

Figure 5. Optically triggered shape recovery of an AuNP-loaded XbOCL film at room
temperature (laser at 532 nm, 1.1 W/cm2): photographs showing a fast untwisting
upon scanning of the laser spot (~ 3 mm) along the film.
The shape memory behavior of AuNP-loaded XbOCL triggered by light was first
investigated under a typically used condition. A film heated to 60 oC (T>Tm) was
rolled around a rod to form a spiral and then cooled to 0 oC for crystallization; after
fixation of the temporary shape, the film was brought back to room temperature (20
o

C, below Tm) for laser exposure. The photographs in Figure 5 show that when
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exposed to a solid state laser at 532 nm (close to the SPR absorption of AuNPs) with a
power of 1.1 W/cm2, the film could recover its initial unrolled shape. The laser
illumination spot had a size of about 3 mm, it took less than 30 seconds to achieve the
complete shape recovery by scanning the laser along the film. As a control test, a film
of XbOCL without AuNPs was processed to the temporary shape in the same way; no
shape recovery was observed when the film was exposed to the laser light at 30 oC,
i.e., 15 oC below its Tm as for the AuNP-loaded film. The results confirm that the
shape memory was indeed due to a photothermal effect, as heat released from AuNPs
upon absorption could bring the temperature of the film to above its Tm. Without
AuNPs, any possible heating effect resulting from laser exposure was not important
enough to fulfill the thermal phase transition required for shape recovery.

Figure 6. Photographs showing a spatially-selective shape recovery process at room
temperature by separate laser exposures on four sections of an AuNP-loaded XbOCL
film stretched to 100% deformation (successively from the bottom section to the top
section), with the film stepwise lifting a load 350 times its weight.
Figure 6 shows the result of an experiment that demonstrate the photocontrolled,
spatially selective shape recovery of AuNP-loaded XbOCL. A film (10 mm in length,
2.6 mm in width and 0.26 mm in thickness) was stretched to 100% deformation at 60
o

C (reaching 20 mm in length), and then cooled under strain to 0 oC to retain the

extended shape. As can be seen from the photographs, lines were marked on the film
surface to separate its length on four sections (each with 5 mm); the film was
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subjected to a load by attaching a 3.5 g copper block to its lower end, while the upper
side of the film was fixed. When the laser beam (1.1 W/cm2) was directed to the first
section at the low end, the contraction of the film occurred only in that region. The
laser could then be applied successively to the different sections, at desired times, to
complete the shape recovery process (about 95% recovery of its initial length). The
force generated by the film contraction, related to the relaxation of oriented chains,
allowed for the stepwise lifting of the weight. The weight of the film is about 10 mg,
it generates a recovering force strong enough to easily lift a weight 350 times of its
own weight! It is clear that such light-enabled spatially selective shape recovery is
made possible by the local heating of the polymer due to absorption of AuNPs. This
type of control cannot be achieved with a bulk environmental temperature change that
affects the entire film.
Figure 7 shows the temporal control of the light-triggered recovery process that
allows the AuNP-polymer composite to memorize multiple intermediate states
between the temporary and permanent shapes. In this experiment, a film was folded at
60 oC (T>Tm) and then cooled to 0 oC for fixation of the folded shape. When exposed
to the laser, the film started to unfold due to the photothermal effect. However, the
shape recovery process could be stopped at any stage by turning off the laser, and then
resumed at anytime by applying the laser on the film again. This can be seen from
Figure 7 showing the photographs and the plot of the angle between the two halves of
the film vs. accumulative time of laser exposure. The deformed film was unfolded to
various extents through successive cycles of laser on and off. Turning off the laser
could retain any of those intermediate shapes. This seemingly simple feature actually
addresses a critical issue about SMPs: the number of temporary shapes that can be
memorized by the polymer.14 Since the release of heat from AuNPs is ceased upon
turning off (or removal of) the laser, the polymer temperature is back to below
Ttransition quickly, and the shape recovery is stopped. What happens at the molecular
level is that the chain relaxation process responsible for the shape recovery can be
halted at any intermediate stages by turning off the laser, resulting in multiple and
33

stable temporary shapes. This can be achieved without having multiple discrete
reversible phase transitions in the SMPs.

Figure 7. Photographs and plot of recovering angle vs. time showing that unbending
of an AuNP-loaded XbOCL film can be stopped by turning off the laser, giving rise to
multiple intermediate shapes.
For an AuNP-loaded XbOCL film stretched to a temporary shape (Fig. 6), the
contraction force in the shape recovery process at T>T transition is obviously
proportional to the strain of the film that determines the chain extension. This force
can be measured by fixing a stretched film in a dynamic mechanical analyzer (DMA)
under the constant strain mode. We used this method to get more insight into the
optically triggered shape recovery process. Figure 8 shows the results obtained with a
film subjected to a strain of 20%. For comparison, the thermally induced force change
was first measured (Fig. 8a). Upon cooling of the film from 60 oC, where the polymer
network was in the isotropic state and under the maximum contraction force, to 0 oC,
the force dropped as a result of the non-isothermal crystallization of the polymer
starting at about 20 oC (fixation of the temporary shape). Upon subsequent heating,
the force was regenerated as the polymer was melted at T>Tm. In the experiment of
optically triggered shape recovery (Fig. 8b), the film was first cooled from 60 to 0 oC
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to complete the crystallization, then heated to and held at 20 oC (about 15 oC below
Tm) and finally exposed to cycles of laser on and off at a laser power of 0.57 W/cm2.
Upon laser exposure, a retraction force was generated quickly to approximately the
same level as by heating, while after turning off the laser, the contraction force
dropped over time. The rate of the force drop is determined by the polymer
crystallization kinetics. In the present case, it is an isothermal crystallization at 20 oC
after the heat release from AuNPs is ceased upon turning off the laser. On closer
inspection of the data, the crystallization kinetics under the used condition appears to
be consisted of two steps: a faster process followed by a slower one. It can be seen
that the generation of a retraction force upon laser exposure and the drop of the force
upon turning off the laser are reversible.

Figure 8. The contraction force generated by the shape recovery for an AuNP-loaded
XbOCL film stretched to 20% deformation: (a) the film was subjected to a cooling
and heating cycle between 60 and 0 oC; and (b) the film was subjected to repeated
cycles of laser-on and laser-off at room temperature (0.57 W/cm2).
Using the same experimental setup and the AuNP-loaded XbOCL film with a 20%
strain, we also investigated the effects of the laser power and the temperature of the
film on the generated contraction force. The results presented in Figures 9 provide
information on how these parameters influence the optically triggered shape recovery
process. In Figure 9a, the measurements were made at 20 oC using three laser powers,
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and the force was normalized with respect to the force obtained with the highest laser
power of 0.57 W/cm2. It is visible that a higher laser power results in a faster increase
of and a larger contraction force. This is understandable because a higher laser power
means more absorption of photons by AuNPs and more heat released to the polymer
matrix, which would heat the polymer to a higher temperature above T transition more
rapidly. In Figure 9b, the measurements were conducted with the same laser power of
0.57 W/cm2 while the film was held at three different temperatures prior to laser
exposure. Those temperatures, 0, 10 and 20 oC, are about 35, 25 and 15 oC,
respectively, below the Tm  35 oC of the AuNP-loaded sample. It can be seen that
upon laser exposure at 10 oC, the generated contracting force is only slightly smaller
than that obtained with the film at 20 oC. However, for the film at 0 oC, the
contraction force is smaller and develops more slowly, indicating that the amount of
heat released by AuNPs is not enough to bring the film temperature to above T transition.
These results suggest that with a laser power of 0.57 W/cm2, the temperature rise was
as high as 25 oC.

Figure 9. The contraction force generated by the shape recovery for an AuNP-loaded
XbOCL film stretched to 20% deformation: (a) the film was exposed to different laser
powers at room temperature; and (b) the film was exposed to the laser (0.57 W/cm2)
at different temperatures.
The results in Figure 9 demonstrate yet another appealing feature of optically
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triggered shape memory behaviour of AuNP-loaded XbOCL. This feature helps
address another important issue about SMPs: the tuning of the transition temperature
to fit a specific application. Since the amount of heat is controlled by the laser power,
the polymer temperature can be raised on-demand to different extents. This means
that the optically triggered shape recovery can be made to occur with a same material
used in different environments with different temperatures below T transition of the
polymer. No tuning by varying the polymer structure or composition is thus required.
1.2.4. Conclusions
We prepared a new AuNP-polymer shape-memory material exhibiting a number of
interesting properties. By making use of a localized photothermal effect due to the
SPR of AuNPs, we demonstrated that light could be used as a trigger to achieve a
spatially-selective shape recovery process and to obtain multiple intermediate shapes,
which cannot be accomplished by thermally activated SMPs based on a bulk thermal
effect. Moreover, adjusting the light intensity could readily control the magnitude of
the photoinduced increase in temperature, which makes it possible to use the same
AuNP-loaded composite material for applications with different environmental
temperatures below Ttransition, since the thermal transition at T> Ttransition can be
optically induced by a laser from different environmental temperatures.
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1.2.5. Supporting Information
Table S1. DSC data of XbOCL films with different amounts of AuNPs. The
crystallinity of XbOCL in the films was calculated from the melting enthalpies. S1

Figure S1. 1H NMR spectrum of PCL-SS-PCL in CDCl3

Figure S2. GPC trace of PCL-SS-PCL
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1.2.5.1. Experimental details
Materials
Oligoglycerin (polyglycerine No. 500, hydroxyl value 977) was supplied by
Sakamoto Yakuhin Kogyo Co. Ltd. (Osaka). Hydrogen tetrachloroaurate tetrahydrate
(HAuCl4·4H2O) was purchased from Alfa Aesar. All other reagents were purchased
from Aldrich and used as received.
Synthesis of Poly(ε-caprolactone) disulfide (PCL-SS-PCL)
Poly(ε-caprolactone) disulfide (PCL-SS-PCL) was synthesized by using ring opening
polymerization (ROP) initiated by 2,2′-dithiodiethanol and catalyzed by tin(II)
2-ethylhexanoate. Typically, ε-caprolactone (34.2 g, 0.3 mol) and 2,2′-dithiodiethanol
(1.54 g, 0.01mol) were added into a flask under vacuum for 24h at 50 oC to remove
water. Afterwards, the tin(II) 2-ethylhexanoate (122 mg, 0.3 mmol) was introduced
and the mixture was stirred under vacuum at 120 oC for 12h. The resulting product
was then dissolved in chloroform and precipitated in excess of cold methanol. The
precipitate was collected and dried in a vacuum oven at room temperature for 3 days
to yield the PCL-SS-PCL. The molecular structure and molecular weight were
characterized by using 1H NMR and GPC (see Figure S1 and Figure S2). The sample
has a Mn of about 3000 g/mol (from 1H NMR) and a polydispersity index (PDI) of
1.31 (from GPC).
Preparation of AuNPs functionalized by PCL-SS-PCL
The citrate-stabilized AuNPs was prepared according to a reported method. S2 The
resulting aqueous solution containing AuNPs stabilized by citrate was concentrated by
centrifugation and then added into the THF solution of PCL-SS-PCL (20 mg/mL)
dropwise under a vigorous stirring for 24h. The PCL-SS-PCL was anchored onto the
citrate-stabilized AuNPs via ligand exchange.S3 Afterwards, free PCL-SS-PCL was
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removed by three times of centrifuge. The obtained AuNPs stabilized by PCL-SS-PCL
could readily be redispersed in chloroform. The AuNPs were confirmed by UV-vis
absorption spectra and TEM.
Preparation of AuNPs/XbOCL composites
XbOCL is the branched oligo(ε-caprolactone) (bOCL, Mn ≈ 14,000, PDI = 1.14)
cross-linked by hexamethylene diisocyanate (HMDI). To prepare the composite
material of XbOCL loaded with AuNPs, bOCL (100 mg, 0.007 mmol) was first
dissolved in 1 mL of chloroform under stirring; HMDI (4.7 mg, 0.028 mmol) and
AuNPs functionalized by PCL-SS-PCL were then introduced into the stirred solution.
The mixture was poured into a Teflon dish (diameter 40 mm), with the solvent slowly
evaporated for 12h. The mixture was then incubated at 80 oC for 24h under nitrogen.
The crude film was washed thoroughly with chloroform and DMF, followed by drying
under vacuum at 60 oC for 2 days. The final sample obtained was a cross-linked,
semi-crystalline, AuNPs-loaded XbOCL film.
1.2.5.2 Characterizations
1

H-NMR spectra were recorded on a Bruker AC 300 spectrometer (300 MHz) using

deuterated chloroform as solvent and tetramethylsilane as internal standard. The
degree of polymerization of ε-CL segments was calculated from the integral ratio of
the repeating methylene peak (δ 3.65 ppm) and terminal methylene peak (δ 4.07 ppm)
of the caprolactone units and the molecular weight distribution (Mw/Mn) of bOCL
and PCL-SS-PCL were determined by a Waters gel permeation chromatograph (GPC)
instrument equipped with a Waters 410 differential refractometer detector and a
Waters 996 photodiode array detector. The measurements were performed at 35 ˚C
using one column (Waters Styragel HR4E, 7.8 mm×300 mm, 5 μm beads).
Polystyrene (PS) standards were used for the calibration and tetrahydrofuran (THF) as
the eluent (flow rate: 1.0 ml/min). UV-vis spectra were recorded with a Varian 50 Bio
spectrophotometer, while the distribution of AuNPs functionalized by PCL-SS-PCL in
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XbOCL networks was examined using a Hitachi H-7500 transmission electron
microscope (TEM) operating at 60 kV. The phase transition behaviors were
investigated by using a TA Q200 differential scanning calorimeter (DSC), using
indium as the calibration standard and a heating or cooling rate of 10 ˚C/min over a
range from -40 oC to 100 oC purged with nitrogen. The mechanical properties were
measured in the tension mode with a Perkin-Elmer DMA 8000 instrument. All the
stress relaxation experiments were carried out under a constant elongation of 20% by
using a specimen with dimensions of approximately 2.08×2.02×0.15 mm and a
heating or cooling rate of 1 oC/min. The light exposure experiments were conducted
using a PM-532-2000 laser with a wavelength of 532 nm and a tunable power output
from 0 W to 1 W (manufactured by Changchun New Industries Optoelectronics Tech.
Co., Ltd).
References
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1.3. Conclusion of the Project
In this study, we prepared a semi-crystalline polymer/AuNP nanocomposite by
loading PCL-SS-PCL surface functionalized AuNPs into a thermosensitive SMP
matrix of crosslinked biodegradable, branched oligo(caprolactone) (XbOCL). The
good dispersion of AuNPs in the XbOCL matrix was first confirmed by TEM
observation and UV-vis spectra showing the almost unchanged maximum SPR
absorption and half-peak width of AuNPs in the SMP film compared to AuNPs
dispersed in solution. DSC measurements revealed the thermal phase transition
behavior of XbOCL/AuNP samples at different AuNP contents, indicating the
melting-crystallization phase transition in all the samples with the Tm above room
temperature, which is prerequisite for stable temporary shape at ambient conditions.
Furthermore, it was confirmed that the light energy absorbed by AuNPs was
efficiently converted into heat locally. By making use of the localized photothermal
effect and thanks to the adjustable laser illumination spot, we successfully
demonstrated that visible light of wavelength near the SPR of AuNPs could be used as
a unique trigger to achieve a spatially selective shape recovery process and to obtain
multiple intermediate shapes in a predetermined fashion and under remote activation,
which cannot be accomplished by thermally activated SMPs based on a direct bulk
thermal effect. In order to get more insights into the optically enabled shape recovery
process, light-triggered release of the strain energy stored in the SMP of temporary
shape was also probed by means of DMA under a constant strain mode. Upon laser
exposure, a contraction force was generated quickly, while after turning off the laser,
the contraction force dropped over time due to the recrystallization of polymer chains
on cooling. We showed that the contraction accompanying the shape transition could
be used to execute a mechanical work.
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CHAPTER 2 LIGHT POLARIZATION-CONTROLLED
SHAPE-MEMORY POLYMER/GOLD NANOROD COMPOSITE
2.1. About the Project
In the first project, by making use of the photothermal effect given by AuNPs, we
have realized the light-triggered shape memory behaviors with remote activation as
well as spatial and temporal control. The amount of heat released by AuNPs upon
absorption of visible light, which dictates the shape recovery process, can be tuned by
changing the content of AuNPs or the excitation laser intensity. These parameters are
part of the means that can be exploited for light-controlled SMPs. In comparison with
other stimuli useful for SMPs, the polarization of light, i.e., the oscillating direction of
the electric field associated with an electromagnetic wave, is a unique attribute. We
have foreseen that if the absorption of photons by the light-absorber added in SMPs is
dependent on the polarization of the excitation light, polarization could also be
utilized to change the amount of released heat and thus control the shape memory
effect and the shape recovery process. Being spherical, AuNPs obviously cannot
fulfill the condition. To develop light polarization-sensitive SMPs, we chose to use
AuNRs of elongated form in this project. We prepared anisotropic PVA/AuNR SMP
by stretching the nanocomposite film to induce orientation of AuNRs with their long
axis aligned along the stretching direction. With this SMP, in which the re-organized
micro-crystalline domains serve as the “permanent” crosslinks and the amorphous
phase with a Tg near 80 oC affords the shape transition, we made the first
demonstration that varying the polarization of incident NIR light, corresponding to the
longitudinal SPR of AuNRs, can effectively control the photothermal effect and thus
dictate the shape recovery process.
This work was published in Macromolecular Rapid Communications 2013, 34,
1575-1579 by Hongji Zhang, Jianming Zhang, Xia Tong, Dongling Ma and Yue Zhao.
This research work was conducted in Universitéde Sherbrooke under the supervision
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of Prof. Zhao. Jianming Zhang synthesized the AuNRs, Xia Tong did the AFM
measurements and I performed all the other experiments and characterizations
reported in this publication. I wrote the first draft of the manuscript. Prof. Zhao
finalized the manuscript with revision contributions from Prof. Ma.
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2.2.1. Abstract
We demonstrate that light polarization can be used to control photothermal
effect-based shape-memory polymers (SMPs). Gold nanorods (AuNRs) were
embedded in poly(vinyl alcohol) (PVA) and aligned by stretching the composite film.
By changing the polarization direction of the incident laser at 785 nm with respect to
the film stretching direction, the magnitude of the longitudinal surface plasmon
resonance of AuNRs can be varied continuously, which determines the amount of heat
generated upon laser exposure and thus the local temperature rise in the composite
relative

to

the

glass

transition of the

PVA matrix.

Consequently,

the

temporary-to-permanent shape recovery process of the composite can be made to
occur to different extents by tuning the polarization of laser while keeping all other
conditions unchanged. This finding enhances the toolbox for controlling
light-triggered SMPs.
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2.2.2. Introduction
Generally, the temporary-to-permanent shape recovery process of a given
shape-memory polymer (SMP) occurs when the temperature is above its Tg or Tm
that allows the strain energy stored during the processing of the temporary shape to be
released. In addition to direct (bulk) heating of the polymer, stimuli-induced thermal
effect has been increasingly employed to obtain the required temperature rise. The
stimuli useful for this purpose include light[1-11], focused ultrasound[12,

13]

and

magnetic field[14-17], to name only a few. As compared to direct heating, the
aforementioned stimuli are interesting to exploit due to the remote activation and
spatial control of the shape memory behavior, as the stimulus source can be distant
from the SMP and the temperature rise can be made to happen only in selected region
of the sample. To this end, the use of a laser to control SMPs is particularly appealing
because of its long-travel distance and high spatial resolution. Such a photothermal
effect can be obtained if the SMP bears light-absorbing and heat-releasing
chromophore or ligand groups in its structure[2,4,5]. Otherwise, a convenient and
extensively used way consists in loading in the SMP matrix some kind of nanofillers,
such as gold nanoparticles, gold nanorods (AuNRs), carbon nanotubes and graphene,
which can absorb light and convert the optical energy into heat [6-10]. Whatever the
light-absorbing species is, photothermal effect-based SMPs can basically be
controlled by varying three parameters: the amount of the light-absorbing species
(chromophore or nanofiller), the light intensity and the light exposure time, because
they determine the amount of released heat upon light absorption and thereby the
extent of temperature rise in the SMP relative to the transition temperature T g or Tm.
2.2.3. Results and Discussion
In this paper, we demonstrate the use of a new parameter for light-controllable SMPs,
namely, the polarization of light. The idea is that if a nanofiller of an anisotropic form
is aligned in a SMP, light absorption can be dependent upon the polarization of light,
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meaning that the amount of heat, and thus the temperature rise, can be tuned by
varying the light polarization while keeping all other conditions unchanged. To
investigate this possibility, we chose to embed gold nanorods (AuNR) having aspect
ratio of about 3.5 in poly(vinyl alcohol) (PVA) (Figure S1, Supporting Information),
and used the stretching method to align AuNR[18,

19]

(Figure S2, Supporting

Information). Shown in Figure 1a are polarized UV-vis absorption spectra of a film of
PVA/AuNR (0.02 wt%) (thickness: 0.2 mm). Regardless of the polarization direction
of the spectrophotometer’s light beam, the intensities of longitudinal surface plasmon
resonance of AuNRs at 760 nm as well as the transverse absorption at 515 nm remain
unchanged, indicating the absence of any preferential orientation of AuNR. (The
small absorption band at 560 nm may arise from the presence of some low aspect
ratio AuNRs in the sample, which does not affect the study). By contrast, after the
film was stretched at 80 oC (above Tg) followed by cooling to room temperature, the
absorption spectrum became light polarization-dependent, as seen in Figure 1b for a
film stretched to a draw ratio of 5, being the ratio of the film length after stretching
over that before stretching. With the polarization parallel to the stretching direction,
referred to as 0o polarization angel, only longitudinal absorption was observed while
the transverse absorption at 515 nm was absent. With the polarization set to be
perpendicular to the stretching direction, i.e., 90o polarization angle, the longitudinal
absorption disappeared, while only the transverse absorption was visible. This result
indicates excellent orientation of AuNRs along the stretching direction in the film.
Actually, from the parallel and perpendicular absorbance at 760 nm, the order
parameter S, calculated from S = ((Apara/Aperp)-1)/((Apara/Aperp)+2), is about 0.88,
indicating almost perfect alignment of the nanorods, with their long axes in the strain
direction. Figure 1b also shows the spectra recorded at varying polarization angles. As
the polarization angle changes from 90o to 0o, the longitudinal absorption increases
continuously. This is the basis of light polarization-controllable photothermal effect.
Figure 1c compares AFM phase images of neat PVA and PVA/AuNR films stretched
under the same conditions. The bright stripe-like domains aligned along the stretching
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direction in the composite film are likely AuNRs near the surface.

Figure 1. Characterization of the alignment of AuNRs in PVA film. (a) Polarized
UV-Vis-NIR absorption spectra of un-stretched PVA/AuNR composite film. (b)
Polarized absorption spectra of PVA/AuNR film stretched to a draw ratio of 5 at
different angles between the polarization direction of the incident light and the film
stretching direction. (c) AFM phase images of neat PVA film and PVA/AuNR film
with the draw ratio of 5 acquired using the contact mode under ambient conditions.
This stretched PVA/AuNR (0.02 wt%) film containing aligned AuNRs was then
utilized as the starting shape-memory composite for our investigation of light
polarization-controlled shape recovery. The semicrystalline PVA has a T g ~ 75 oC, a
Tm ~ 220 oC and a crystallinity of 40% (Figure S3, Supporting Information); and it is
a SMP having a physically crosslinked network by the crystalline phase. The
temporary shape was thus prepared by deforming the material at 80 oC (> Tg)
followed by cooling to room temperature for shape fixation. Under this condition, the
temporary-to-permanent shape recovery should take place when the material is heated
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to T > Tg of PVA. Figure 2 shows the results that confirmed the control of shape
memory behavior by using the light polarization. In these experiments, a straight
PVA/AuNR film (original/permanent shape) was folded (temporary shape) at 80 oC
followed by cooling for shape fixation. A linearly polarized 785 nm laser (0.2 W/cm2),
near the longitudinal absorption of AuNRs, was applied to the fold where the strain
energy was stored. As seen in Figure 2a and 2b, with the polarization perpendicular to
the film stretching direction, i.e., normal to the long axis of AuNRs, no shape
recovery occurred even after 2 min laser exposure. By contrast, by rotating the light
polarization to be parallel to the stretching direction under otherwise the same
conditions, the film recovered to the straight shape within 10 seconds of laser
exposure. This result can be explained by polarization-dependent plasmon resonance
of aligned AuNRs. With perpendicular polarization, there is no longitudinal
absorption of AuNRs and thus no heat release for heating up the SMP; whereas with
parallel polarization, the longitudinal absorption is at the maximum and the released
heat could raise the temperature in the fold area to above Tg, activating the shape
recovery process. In Figure 2c, the angle between the two halves of the folded film,
denoted as recovery angle for simplicity, measured after 1 min of laser exposure is
plotted as a function of the light polarization angle.

It is seen that the extent of shape

recovery increased with decreasing the polarization angle. Since the light polarization
determines the longitudinal absorption of AuNRs (Fig.1b) and thus the amount of heat
released to the PVA matrix, different localized heating levels can be obtained within
the glass transition zone and, as a result, partial shape recovery process completed at
different degrees can be achieved by changing the light polarization. The results in
Figure 2 show unambiguously that keeping all other conditions the same, light
polarization can be utilized to control light-activated SMPs if the absorption of the
photoactive species is polarization-dependent. It is also to be noted that the unbending
in Figure 2a can be completed in a stepwise manner thanks to the spatial and temporal
control using light. By exposing the laser to the three folds separately at different
times, two other intermediate shapes can be obtained before recovering to the straight
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form.

Figure 2. Light polarization-dependent shape-memory behavior of PVA/AuNR (0.02
wt%) film upon laser exposure (0.2 W/cm2) at room temperature. (a) Photos showing
the polarization-dependent shape recovery: exposing first the folds to laser with
perpendicular polarization for 2 min gives rise to no shape recovery; subsequently, 10
seconds exposure to laser with parallel polarization results in full shape recovery. (b)
Recovery angle from unbending versus laser exposure time with parallel and
perpendicular polarization, respectively. (c) Recovery angle versus laser polarization
angle (1 min exposure), showing controllable shape recovery extent using light
polarization.
In addition to the visually observable control of the shape recovery process using light
polarization (Figure 2), the underlying polarization-dependent polymer chain
relaxation accompanying the shape recovery of the PVA/AuNR composite can also be
revealed. To do this, the composite film containing aligned AuNRs was subjected to
10% elongation at 80 oC followed by cooling to room temperature. In this case, the
temporary-to-permanent shape transition is a contraction of the film. By fixing the
film under the constant strain mode using the sample holder of a dynamic mechanical
analyzer (DMA), the extent of film contraction can be monitored by a measurable
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contraction force whose magnitude reflects the extent of the shape recovery process.
Reported in Figure 3 are representative results.

Figure 3. Laser exposure-induced contraction force in a PVA/AuNR film under strain
as a result of shape recovery. (a) Change in the force required to hold the film at
constant strain in response to laser exposure with both parallel and perpendicular
polarization at various laser intensities. (b) Change in the force in response to laser
exposure (0.22 W/cm2) with various polarization angles. The duration of laser
exposure was 2 min.
On the one hand, Figure 3a compares the contraction force generated by the 785 nm
laser exposure with parallel and perpendicular polarization, respectively. Using
perpendicular polarization, no contraction force was observed under laser intensity
ranging from 0.06 to 0.22 W/cm2, which, again, indicates no temperature rise required
for the shape recovery. With parallel polarization, at the lowest used laser intensity of
0.06 W/cm2, a small drop of the force was observed, indicating film softening due to
heating and that the temperature increase was too small to activate the film
contraction. A contraction force was detected at higher laser intensities. The stepwise
increase in the contraction force upon increase of the used laser intensity implies that
the film heating was insufficient to activate the complete shape recovery process. On
the other hand, in Figure 3b, keeping the laser intensity at 0.22 W/cm2, similar partial
shape recovery behavior was observable by changing the light polarization. At each
polarization, the duration of laser exposure was 2 min. Under the used conditions, a
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contraction force was generated only when the polarization angle was decreased to
30o, where the film heating due to the longitudinal absorption of AuNRs was
sufficient to activate partial film contraction. No surprise to see that parallel
polarization gave rise to the highest contraction force. For the experiments in Figure 3,
the polarization-dependent heating of the film was confirmed by directly measuring
the temperature next to the laser spot using an embedded digital thermal couple
(Figure S4, Supporting Information).
Before concluding, we mention that the initial unstretched shape of the composite
film cannot be recovered by the photothermal effect. PVA used in this study has a
high Tm ( > 220 °C), while the photothermal effect under the used experimental
conditions (AuNR content, laser power) is not enough to heat the film to above Tm
that is required for recovering the unstretched state. However, if the chosen polymer
has a relatively low Tm (for semicrystalline SMPs) or Tg (for amorphous SMPs) and
the film stretching can induce orientation of AuNRs, the photothermal effect should
be able to bring the polymer to above the phase transition temperature, with the
possibility of using the laser polarization to control the recovery process to the
unstretched state.
2.2.4. Conclusions
This proof-of-concept study shows that varying light polarization can be used as a
new means to control photothermal effect-based SMPs. The basic condition for this is
to have polarization-dependent absorption of the photoactive species in the SMP
(chromophores

or

fillers).

We

made

the

first

demonstration

of

light

polarization-controlled shape memory behavior by using aligned AuNR in PVA.
Although near-perfect alignment of AuNR was used in this study, we expect that
partial alignment can still give rise to significant polarization-dependent photothermal
effect. Changing polarization direction (using a half-wave plate in front of laser) may
be more convenient than changing laser intensity (requiring neutral filters for
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non-tunable light sources). The use of light polarization thus expands the toolbox
useful for light-controllable SMPs and for exploitation for their potential applications.
2.2.5. Experimental Section
Materials, methods and additional experimental data are supplied in the Supporting
Information.
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2.2.6. Supporting Information
2.2.6.1. UV-Vis-NIR Absorption Spectra of AuNR dispersed in aqueous solution
and in PVA film

Figure S1. UV-Vis-NIR absorption spectra of AuNR dispersed in aqueous solution
and in PVA matrix. The curve of AuNR in PVA film was arbitrarily shifted along the
y-axis for comparison and clarity.
UV-Vis-NIR absorption spectrum (Figure S1) displays the longitudinal and the
transverse resonance band of AuNR originate from the two components of the electric
field of the incident light perpendicular and parallel to the main axis of the particle. In
aqueous solution, the longitudinal SPR absorption maximum of AuNR (λ max) is
linearly proportional to the aspect ratio (R) by the following relationship[S1]: λmax =
95R + 420; accordingly, the AuNPs used in this study have the average aspect ratio (R)
of around 3.5. Furthermore, the absorption spectrum of AuNR in PVA film agrees
with that of AuNR in aqueous solution only with the peak slightly red-shift due to the
change in refractive index of the medium. However, the peak broadening does not
take place, indicating that the AuNR are well-dispersed in PVA matrix.
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2.2.6.2. Polarized UV-Vis-NIR Absorption Spectra of AuNR in PVA film at
different draw ratio

Figure S2. Polarized UV-Vis-NIR absorption spectra of AuNR in PVA film at
different draw ratio: unstretched (a); stretched to different draw ratio of 1.3 (b), 2 (c)
and 5 (d), respectively with light polarization parallel (solid line, ‖) and perpendicular
(dashed line, ⊥) to the film-stretching direction.
Both the longitudinal and transverse resonance is sensitive to the orientational order
of the AuNR. When the incident light is polarized parallel to the main axes of the
perfectly aligned AuNR, the spectrum displays only the longitudinal resonance.
Likewise, if the light polarized perpendicular to the main axes of the AuNR, only the
transverse resonance is observed. In practice, the alignment of AuNR along one
preferred direction can be reached using a stretch-film method. As shown in Figure S2,
the unstretched film with AuNR randomly dispered in PVA matrix does not show
considerably difference in polarized UV-Vis-NIR absorption (Figure S2a). While,
with stretching the PVA flim to a certain draw ratio, the dependence of polarized
UV-Vis-NIR absorption on the stretching direction becames dominated (Figure S2b, c
and d). When the PVA/AuNR film was stretched to a draw ratio of 5, the AuNR
display fully alignment along the stretching direction with the negligible polarized
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UV-Vis-NIR absorption when the polarized incident light is perpendicular to the
stretch direction.
2.2.6.3. DSC Measurements of PVA/AuNR

Figure S3. DSC heating and cooling curves (2nd scan, 10 oC/min) of blank PVA and
PVA loaded with AuNR (0.02 wt%).
As it can be seen from Figure S3, the addition of very small amount of AuNR does
not show significantly influence on the thermal-induced phase transition of PVA
matrix, e.g., glass transition temperature (Tg) of 77-75 oC, melting temperature (Tm) of
226-223 oC, the degree of crystallinity increases slightly from 40% to 46% (152 J/g
was taken as the fusion enthalpy of PVA under its completely crystalline state) [S2] due
to the existance of heterogeneous nucleator that the small amount of AuNR acted as.
2.2.6.4. Light polarization-dependent temperature rise of PVA/AuNR

Figure S4. Light polarization-dependent temperature rise of PVA/AuNR: temperature
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increase corresponding to (a) the polarized irradiation parallel and perpendicular to
the film-stretch direction and (b) the polarized irradiation at a fixed laser power of
0.22 W/cm2 under different angles between the polarizor and the film-stretch direction
measured by digital thermocouple being placed in contact with the film and next to
the laser spot (~ 1 mm away from the laser irradiation spot) at room temperature.
2.2.6.5. Sample Preparation
Materials Poly(vinyl alcohol) (PVA, Mowiol® 28-99, Mw ~145,000, > 99%
hydrolysis), hydrogen tetrachloroaurate (HAuCl4·3H2O), cetyltrimethylammonium
bromide (CTAB), sodium borohydride (NaBH4), silver nitrate (AgNO3) and ascorbic
acid (AA) were purchased from Sigma-Aldrich. Ultrapure deionized water (Millipore
system) was used throughout the experiments. All other reagents used in this study
were purchased from Aldrich and used as received.
Synthesis of AuNR[S3]
1) Seed Solution. CTAB solution (2.5 mL, 0.20 M) was mixed with 1.5 mL of 1.0 mM
HAuCl4·3H2O. To the stirred solution, 0.60 mL of ice-cold 0.010 M NaBH4 was
added, which resulted in the formation of a brownish-yellow solution. Vigorous
stirring of the seed solution was continued for 2 minutes. After the solution was
stirred, it was kept at 25°C.
2) Growth solution. The growth solution was prepared by mixing together 10 mL of
0.2 M CTAB, 560 μL of 4 mM AgNO3, 1 mL of 15 mM HAuCl4·3H2O and 9 mL of
Milli-Q water. AA (0.08 M) approximately 250 μL was slowly added to the mixture.
The addition of ascorbic acid was conducted dropwise, until the mixture became
colorless after which one quarter more of the total number of droplets to that point
was added. The final step was the addition of 200 μL of the seed solution to the
growth solution at 27-30°C. The color of the solution gradually changed within 10-20
minutes. The temperature of the growth medium was kept constant at 27-30°C during
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the full procedure.
Preparation of PVA composite film loaded with randomly dispersed AuNR.
To prepare the composite film of PVA loaded with AuNR, PVA (250 mg) was first
dissolved in 5 mL of distilled water at 98 oC under stirring, followed by adding the
refined AuNR into the stirred solution at room temperature and the mixture solution
was subjected to ultrasound irradiation for 30 min to afford a good dispersion. Then
the mixture was poured into a round polystyrene dish with water slowly evaporated
for 1 week at room temperature. The resultant optically isotropic PVA/AuNR
composite film with the AuNR concentration of 0.02 wt% relative to the mass of PVA
was obtained after further drying at 50 oC for 24 h under vacuum.
Preparation of PVA composite film loaded with oriented AuNR using a
film-stretch method.
To obtain the optically anisotropic PVA/AuNR composite film with the AuNR
oriented along one direction, the optically isotropic PVA/AuNR composite film with
the randomly dispersed AuNR was slowly stretched at 80 oC and cooled at room
temperature for around 3 h under force. Then the crude optically anisotropic
PVA/AuNR composite film obtained after removing force applied was subjected to 30
min annealing at 80 oC to afford the final anisotropic PVA/AuNR composite film with
AuNR aligned along the stretch direction, which is the starting material with the
original (permanent) shape used in this study.
2.2.6.6. Instruments and Methods
UV-vis absorbance was taken using Varian 50 Bio instrument. Differential scanning
calorimeter (DSC) measurements were performed at TA Q200, using indium as the
calibration standard and a heating or cooling rate of 10 ˚C/min purged with nitrogen
and the data was recorded by the second heating scan. The mechanical properties
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were measured in stress relaxation mode with a Perkin-Elmer DMA 8000 instrument
and the experiments were carried out by keeping displacement (0.020 mm) constant
using the film specimen with dimensions of approximately 10.0×2.0×0.2 mm and the
film specimen was obtained by re-stretching the PVA/AuNR composite film with a
draw ratio of 5 to 10% deformation at 80 ˚C followed by cooling at room temperature
for 3h under external force. The light exposure experiments were conducted using a
PM-785 laser with a wavelength of 785 nm and a tunable power output from 0 W to 1
W (manufactured by Changchun New Industries Optoelectronics Tech. Co., Ltd).
Atomic force microscopy (AFM, Nanoscope IV) was employed to examine the
alignment of AuNR along the stretching direction of PVA film.
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2.3. Conclusion of the Project
The orientation of AuNRs with average aspect ratio of about 3.5 in PVA matrix was
realized through the film-stretching method and confirmed by polarized UV-vis
absorption spectra and AFM observations. The longitudinal SPR absorption of AuNRs
in the 650 nm – 850 nm range was found to be strongly dependent on the angle
between the polarization direction of the incident light and the film stretching
direction. The polarization-dependent light absorption accordingly gave rise to
different amounts of heat released by AuNRs into the polymer, enabling light
polarization-controlled SMPs. Based on this mechanism, the temporary-to-permanent
shape recovery process of the anisotropic PVA/AuNR nanocomposite was made to
occur to different extents by tuning the polarization of the incident laser irradiation
while keeping all other conditions unchanged. This finding expands the toolbox for
developing light-controlled SMPs.
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CHAPTER 3 FAST OPTICAL HEALING OF CRYSTALLINE
POLYMERS ENABLED BY GOLD NANOPARTICLES
3.1. About the Project
Polymer materials capable of self-repairing a mechanical damage (crack or fracture),
either autonomously or under the effect of an external stimulus, represent another
class of emerging “smart” materials which have seized increasingly growing interest
because of the great potential in prolonging the lifetime of a material, reducing the
maintenance cost, or improving the safety. In recent years, a considerable amount of
effort has been dedicated to healable polymer materials and tremendous developments
have been achieved for both self- and stimuli-healable polymers. However, up to date,
challenge remains of designing strong or stiff healable polymeric materials with high
Tg or Tm and affording self-healing triggered by remotely applied external stimuli.
Aimed at contributing to overcome this issue, in this project, we have extended the
use of AuNP-based photothermal effect to SHPs. Our study showed that by loading a
small amount of AuNPs in stiff crystalline polymers, fast and efficient optical healing
can be realized through light-induced melting-crystallization phase transition, which
“restores” broken chemical bonds on fracture surfaces without actual formation of
new bonds.
This work was published in Macromolecular Rapid Communications 2013, 34,
1742-1746 by Hongji Zhang, Daniel Fortin, Hesheng Xia and Yue Zhao. This research
work was carried out in the Universitéde Sherbrooke under the supervision of Prof.
Zhao. Daniel Fortin conducted the XRD measurements and I performed all the rest of
experiments and characterizations reported in this publication. I wrote the first draft of
the manuscript. Prof. Zhao finalized the manuscript with revision contributions from
Prof. Xia.
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3.2.1. Abstract
A general method for very fast and efficient optical healing of crystalline polymers is
reported. By loading a very small amount of gold nanoparticles (AuNPs) in either
poly(ethylene oxide) (Tm ~ 63 oC) or low-density polyethylene (Tm ~ 103 oC), the heat
released upon surface plasmon resonance (SPR) absorption of 532 nm light by AuNPs
can melt crystallites in the interfacial region of two polymer pieces brought into
contact; and the subsequent recrystallization of polymer chains on cooling emerges
the two pieces into one. The fracture strength of such repaired sample can reach the
level of the undamaged polymer after 10 seconds laser exposure. Moreover, in
addition to an ability of long-distance remote and spatially selective healing, the
optical method also works for polymer samples immersed in water.
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3.2.2. Introduction
Polymers capable of self-repairing a mechanical damage (crack or fracture)
autonomously or can be healed by the input of a stimulus represent a class of
emerging “smart” materials. They have generated fast growing interest because
self-healing can prolong the lifetime of a material, reduce the cost and improve the
safety. There are basically two approaches to achieving polymer self-healing without
a stimulus. One consists in loading microcapsules filled with a reactive monomer in
the polymer matrix. Upon propagation of a fracture, capsules can be broken and the
monomer flows into the damaged region and polymerizes in the presence of a
catalyst.[1-4] The second approach is to prepare supramolecular polymers whose chain
structures are built up with non-covalent bonds. After being broken, those dynamic
bonds reform when fracture surfaces are in touch. [5-9] In the case of polymer healing
triggered by stimuli such as heat,[10, 11] pH[12] and light,[6, 13, 14] to name only a few,
exposure of the fracture to a stimulus must initiate formation of new chemical bonds
to merge the fracture surfaces.[5-16] Except the use of microcapsules, for both
autonomous and stimuli-triggered healing, and regardless of the stimulus used,
efficient repair requires formation of new chemical bonds across the fracture surfaces
and for this to happen, polymer chains must have sufficient mobility to diffuse and
interact. This fundamental condition of chain mobility and new chemical bonds
formation generally limits the self-healing ability only to soft polymers such as
elastomers, hydrogels or low-Tg polymers.[5-20] Some recent reports have addressed
this challenge by designing stiff self-healable polymers.[21, 22]
It is easy to understand that without healing capsules, hard or stiff crystalline
polymers lack the chain mobility for spontaneous self-healing at room temperature.
The best one can achieve would be efficient stimuli-triggered healing. In this paper,
we demonstrate a general approach to this end. We show that making use of the
photothermal effect from surface plasmon resonance (SPR) of gold nanoparticles
(AuNPs), very fast and efficient optical healing of crystalline polymers can be
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achieved based on a melting and recrystallization mechanism. Although the
photothermal effect via SPR absorption of AuNPs has already been used for many
photoresponsive polymers,
processing,[23,

24]

investigated for crystalline polymers and their

and a similar photothermal effect using carbon nanotubes was

utilized for laser welding under the assistance of external applied pressure, [25] to our
knowledge, the present study is the first demonstration of using the SPR photothermal
effect to achieve fast optical healing of crystalline polymers with recovered initial
mechanical strength while the required loading amount of AuNPs is much lower than
that of carbon nanotubes.[25] It should also be noted that heat generated by magnetic
nanoparticles loaded in polymers upon exposure to an alternating magnetic field has
been much exploited to induce phase transitions and utilized for such functions as
polymer self-healing[26,27] and shape-memory.[28-31] As compared to the magnetic
inductive heating, the photothermal effect resulting from laser light absorption of
AuNPs has several advantages such as long-distance remote activation, much higher
spatial selectivity of localized heating and the need of a much lower content of
nanofillers in a given polymer matrix.

Figure 1. Schematic illustration of the mechanism allowing for fast optical healing of
crystalline polymers. The parallel lines denote crystallized polymer chains
(amorphous regions omitted), while the coiled lines (in b) show melted chains in the
fracture area exposed to laser. The black dots represent gold nanoparticles (AuNPs).
(a) Two pieces of a crystalline polymer brought into contact; (b) the junction area
(fracture surfaces) is exposed to laser resulting in local melting of polymer crystallites
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and chain interdiffusion; and (c) melted chains in the fracture area recrystallize after
turning off the laser.
3.2.3. Results and Discussion
To evaluate the optical healing efficiency, the merging of two separate pieces was
utilized as the test of fracture repairing. The envisioned optical healing mechanism is
schematically illustrated in Figure 1. A small amount of AuNPs is dispersed in a
crystalline polymer; when light with a wavelength near the SPR of AuNPs (about 530
nm) is applied to the interfacial region between two pieces brought into contact, the
heat released by AuNPs upon light absorption can raise the local temperature to above
the melting temperature Tm of the polymer so that the crystallites are melted and
polymer chains in the melt can diffuse across the interface. When light is turned off,
interdiffused polymer chains in the interfacial area are cooled and can recrystallize
during the cooling, which leads to the repair the fracture. As shown below, the local
temperature rise can be controlled by adjusting the amount of loaded AuNPs or light
intensity, which makes the method, in principle, applicable to even very hard
crystalline polymers with high Tm.

Figure 2. (a)-(d) Photos showing fast optical healing of PEO/AuNP (0.0002 wt%) at
room temperature in air: (a) original film; (b) cut into two halves; (c) healed film after
10 seconds laser exposure on the junction of the fracture surfaces at an intensity of
11.4 W/cm2; (d) healed film (indicated by an arrow) under a load > 8000 times its
weight. (e) Stress-strain curves of the original and optically healed films of
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PEO/AuNP (0.04 wt%) for various laser exposure times at the intensity of 2.2 W/cm2.
We first investigated the approach using poly(ethylene oxide) (PEO) that is a
crystalline polymer with a relatively low T m. PEO was loaded with AuNPs at various
low contents (from 0.0002 to 0.04 wt% relative to PEO) by mixing with
citrate-stabilized AuNPs in an aqueous solution at room temperature. Film samples
(0.45 mm in thickness) used for light-triggered self-healing tests were prepared by
compression molding of the mixture at about 100 oC (experimental details in
Supporting Information). DSC measurements show that the presence of such small
amounts of AuNPs has very little effect on the crystallinity of PEO (76-79%) and its
Tm (63-64 oC) (Figure S1). And the absorption spectrum of a solution-cast thin film of
PEO/AuNP displays a SPR band at 532 nm similar to that of AuNPs solubilized in
water (Figure S2), indicating good dispersion of AuNPs in the PEO matrix (also
confirmed by TEM observation, Figure S3). The results of light-triggered self-healing
tests are shown in Figure 2. On the one hand, for visual observation, a piece of PEO
containing only 0.0002 wt% AuNPs was cut into two (Figure 2a); the two halves were
put into contact without pushing (Figure 2b), then a diode laser (532 nm, 11.4 W/cm2,
beam diameter ~3 mm) was applied to the interfacial area for 10 seconds (scanning
the laser along the junction of the two surfaces) and the two halves appeared to merge
into one single piece (Figure 2c). This film healed by 10 seconds light exposure could
already sustain a load > 8000 times its weight (Figure 2d), indicating very fast and
effective optical healing. At such a low AuNP content, the transparent film looks
almost the same as neat PEO (Figure S7). On the other hand, to further evaluate the
optical healing efficiency, tensile tests were performed on the original and optically
healed samples containing 0.04 wt% of AuNPs with varying laser irradiation times.
After turning off the laser and before conducting the mechanical tests, the samples
were left at room temperature for at least several minutes for thermal equilibrium in
the exposed area. The results of one set of experiments are shown (Figure 2e). A
substantial tensile strength developed after even 3 seconds of light exposure at an
intensity of 2.2 W/cm2. The healed polymer almost completely gained its original
70

strength after 10 seconds of laser irradiation (2.0 ± 0.3 MPa at break for the healed
samples). We did multiple tests and observed that a number of optically healed
samples actually fractured outside the healed junction region upon stretching. The
used PEO sample has a high crystallinity and is brittle, which accounts for the low
strain at rupture.

Figure 3. (a) Polarizing optical micrographs (POM) of a PEO/AuNP (0.04 wt%) film
with a see-through damage made by razor blade cut; (b) after localized optical healing
by exposing the damaged area to laser (λ = 532 nm, 2.2 W/cm2) at room temperature
in air. (c) Change in temperature over time for blank PEO and PEO/AuNP films upon
exposure to laser in air and after turning off the laser. (d) X-ray diffraction patterns of
a PEO/AuNP (0.04 wt%) sample recorded before exposure to laser, under laser
exposure (0.9 W/cm2) and after turning off the laser.
The above results show that the dispersion of a very small amount of AuNPs makes it
possible to realize very fast optical healing of hard crystalline polymers. We
conducted experiments that confirmed unambiguously the mechanism illustrated in
Figure 1, that is, AuNP SPR absorption-induced melting of crystallized polymer
chains under light exposure and their subsequent recrystallization when light is turned
off is at the origin of the repairing phenomenon. Figure 3a shows the polarizing
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optical micrograph of a thin film (50 µm) of PEO/AuNP (0.04 wt%), the crystallites
of PEO can be seen from the typical spherulites observable under crossed polarizers.
The film was cut through by a razor blade near the middle, splitting the spherulites
and forming a ravine-shaped fracture. Figure 3b shows the micrograph of the same
film with the fracture area exposed to the 532 nm laser at an intensity of 2.2 W/cm2 at
room temperature in air for 10 seconds. The damaged film completely healed through
a visibly recrystallized region containing smaller spherulites that bridge the ravine.
This is clear evidence that PEO chains in the damaged region melt when exposed to
laser and recrystallize upon cooling after turning off the laser. Thanks to the tunable
size of the laser beam, the optical healing can be made to occur only where a crack is
formed or damage is imposed, without compromising the morphology or property of
the rest of the material. This spatially confined self-healing also prevents macroscopic
flow due to melting of crystalline polymers. Figure 3c shows the results of a control
test that provides more evidence of the proposed mechanism. We measured the
change in temperature for neat PEO and a PEO/AuNP (0.04 wt%) film upon exposure
to the laser beam by using a digital thermocouple embedded deep enough into the
PEO/AuNP film to eliminate the impact of laser beam on the thermocouple device.
Without AuNPs, the laser exposure only raised the temperature by a few degrees,
which, by no means, can melt crystalline PEO. With the small amount of AuNPs
added in the polymer, once the laser was turned on, the local polymer temperature
increased quickly to above Tm of PEO leading to the melting of spherulites. As
expected, the temperature rise is quicker and more important with increasing the laser
intensity. Interestingly, with the two intensities investigated, when the laser was
turned off, the temperature dropped quickly until reaching about 45 oC where the
temperature decrease became much slower (with even a slight increase followed by a
plateau in the case of the 2.2 W/cm2 laser exposure). This slow-down in the
temperature decease is clearly caused by the recrystallization of PEO chains that is an
exothermic process. This part of curve actually reflects the recrystallization kinetics of
PEO chains after turning off the laser, which is determined mainly by three
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parameters: the laser beam intensity, the AuNP content and the temperature of the
surrounding medium (air in the present case). Needless to say that at the same laser
intensity, a higher content of AuNPs results in a faster rise in temperature. Finally,
Figure 3d shows the X-ray diffractograms of a PEO/AuNP (0.04 wt%) sample before
laser exposure, under laser exposure (0.9 W/cm2) and after turning off the laser. The
highly crystalline nature of PEO in the initial film was indicated by the characteristic
diffraction peaks at 2 ~ 19o and 23o (crystallinity ~ 77%); upon laser exposure, only
an amorphous halo was observed indicating the melting of PEO crystallites. After the
laser was turned off, the recorded diffraction pattern indicated the recrystallization of
PEO with a similar crystallinity (~ 73 %). More evidence for the optically induced
melting and the subsequent recrystallization of PEO are presented in Supporting
Information, including infrared spectral changes of a PEO/AuNP film recorded with
the laser beam on and off (Figure S5) as well as polarizing photomicrographs showing
the growth of crystallites of PEO from the isotropic state in the composite film
immediately after turning off the laser (Figure S6).

Figure 4. Photos and tensile tests showing light-triggered self-healing of LDPE/AuNP
(0.005 wt%) films (0.45 mm in thickness) at room temperature in air: (a) original film;
(b) cut into two halves; (c) healed film after 10 seconds laser exposure (532 nm, 7.7
W/cm2) on the junction of the fracture surfaces; (d) and (e) the film healed by 10
seconds light exposure can resist twisting and stretching (200% strain); (f)
stress-strain curves of the original and optically healed films for various laser
exposure times.
In order to demonstrate the generality of the optical healing approach for crystalline
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polymers, we further investigated the use of a low-density polyethylene sample
(LDPE, ρ = 0.915 g/cm3). As compared to PEO, LDPE has a higher T m of about 103
o

C and a lower crystallinity (~ 30%). It can undergo large plastic deformation when

subjected to tensile tests. Thick films of LDPE/AuNP (0.45 mm in thickness) were
prepared by first dispersing dodecanethiol-stabilized AuNPs into LDPE through
toluene solution-mixing at above 100 oC to ensure the dissolution of LDPE, followed
by compression molding at about 150

o

C. The absorption spectra and DSC

measurement results show that AuNPs are also well dispersed in LDPE and that the
presence of up to 0.05wt% AuNPs affects very little the thermal transition
temperatures as well as the crystallinity of LDPE (Figure S8 and Figure S9). As seen
in Figure 4, the optical healing works equally well with this high-Tm crystalline
polymer. Photos a-e show the cutting of an LDPE/AuNP (0.005 wt%) film, the optical
healing and the ability of the healed film to stand twisting or stretching to 200%
deformation without failure. The tensile test results in Figure 4f also show the very
fast healing process for LDPE. At a laser intensity of 7.7 W/cm2, 10 seconds of laser
exposure along the cut junction region was enough to allow the healed film to
basically recover the initial elastic modulus, yield strength, tensile strength and large
deformation at rupture. It should be pointed out that this SPR-based fast optical
repairing works for crystalline polymers. Only with crystallite melting, the chain
interdiffusion at the interface is important and the subsequent recrystallization
effectively “binds” the two pieces. For amorphous polymers, under similar conditions
and with AuNP-induced heating to ~ 20 oC above Tg of the polymer, negligible
healing effect could be observed in seconds due to limited chain interdiffusion and
entanglement across the interface.
The optical healing approach enabled by AuNPs represents a robust method. In
principle, one can apply it to other crystalline polymers. Besides the remarkably quick
healing capability, since laser beam can travel long distance, the spatially selective
optical healing can be realized by having the laser source far from the sample to be
repaired. We did a successful test by placing the laser 10 meters away from a sample
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of PEO/AuNP. Obviously, this feature is appealing for healing objects that are
difficult or even impossible to reach. Moreover, as long as light beam can be delivered,
the method can also be utilized to heal an object located in an environment other than
air. We have tested this feature by performing an optical healing experiment on a thick
film of LDPE/AuNP (0.05 wt%) immersed in water. The results show that it is
possible to achieve optical healing for samples in water by using higher laser intensity
(Figure S10).
3.2.4. Conclusions
To summarize, we demonstrated a method for very fast and efficient optical healing of
crystalline polymers. The mechanism has been clearly established based on the
melting of polymer crystallites in the fracture region induced by localized polymer
heating due to SPR absorption of a small amount of AuNPs and the subsequent
recrystallization on cooling. This optical healing method is applicable to a large
number of crystalline polymers and is particularly useful for hard or stiff polymers,
which differs from other approaches for light-enabled healing of polymers.[6,13,14,22]
The use of AuNPs requires a much lower loading amount than other light-absorbing
nanofillers.[25-27]
3.2.5. Experimental Section
Materials, sample preparation and more characterization results using DSC, UV-vis,
X-ray diffraction, IR, TEM and polarizing optical microscope are supplied in the
Supporting Information.
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3.2.5. Supporting Information
2.2.5.1. DSC Measurements of PEO/AuNP

Figure S1.

DSC heating and cooling curves (2nd scan, 5 oC/min) for a) blank PEO

and PEO loaded with citrate-stabilized AuNPs (two concentrations); and b) blank
PEO and PEO with AuNPs surface functionalized with mPEG 2000-SS-COOH.
Summarized in the Table are data derived from the DSC curves: T c : crystallization
temperature on cooling; T m: melting temperature on heating; Δ H: melting enthalpy;
and Xc: crystallinity calculated using 213 J/g as the heat of fusion of monocrystalline
PEO.[1]
The DSC measurement results in Figure S1 and S2 show that the presence of a small
amount of AuNPs stabilized either with citrate or PEG has very little effect on the
crystallization behavior of PEO. Apparently, AuNPs may act as heterogeneous
nucleation sites leading to a slight increase in the crystallinity.
3.2.5.2. UV-vis Absorption Spectra of PEO/AuNP
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Figure S2. UV-vis absorption spectra of AuNPs dispersed in aqueous solution and in a
film of PEO/AuNP (0.04 wt%).
As seen in Figure S2, the surface plasmon resonance (SPR) of AuNPs in the
PEO/AuNP (0.04 wt%) film displays an absorption peak at almost the same
wavelengths as AuNPs solubilized in water. This result indicates good dispersion of
AuNPs in the crystalline polymer.
3.2.5.3. TEM Observation of Blank AuNPs and AuNPs Dispersed in PEO Matrix

Figure S3. TEM images of (a) blank AuNPs and (b) AuNPs dispersed in PEO matrix.
To obtain the TEM images in Figure S3, a sample of blank AuNPs was prepared by
dipping a copper grid into citrate-stabilized AuNP aqueous solution at a concentration
of 0.2 mg/mL. The sample was kept at room temperature for 2 days to evaporate the
water. The sample of AuNPs dispersed in PEO was prepared under similar conditions
using an aqueous solution of PEO (10 mg/mL) and AuNPs (0.04 wt% relative to the
mass of PEO). During the solvent evaporation, AuNPs moved. The images in Figure
S3 were taken from regions with concentrated nanoparticles. Even in those areas,
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AuNPs remained well dispersed, showing no aggregation, which is in agreement with
the UV-vis absorption spectra in Figure S2. The TEM images also show that
citrate-stabilized AuNPs have a uniform size distribution with an average diameter of
about 10 nm.
3.2.5.4. Micrographs Showing the Sample of PEO/AuNP Used for X-ray
Diffraction (XRD) Measurements

Figure S4. Microscopic pictures of the PEO/AuNP (0.04 wt%) sample placed in the
sample holder of the X-ray diffractometer: (a) before laser exposure, (b) under laser
exposure (0.9 W/cm2 ) during the measurement, and (c) after turning off the laser
beam.
3.2.5.5. Infrared Spectra of PEO/AuNP

Figure S5. Infrared spectra of a PEO/AuNP film (0.04 wt%) film recorded before
exposure to laser, under laser exposure (0.9 W/cm2) and 5 seconds after turning off
the laser.
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Figure S5 shows the infrared spectra of a thin film (~ 50 m) of PEO/AuNP (0.04
wt%) before laser exposure, under laser exposure (0.9 W/cm2) and 5 seconds after
turning off the laser. Under laser irradiation, several bands of PEO assigned to
vibrational modes in the crystalline phase of PEO, such as 1360, 1342, 1280, 1242,
1236, 1061, 962, 948 and 843 cm-1, drastically weaken and even disappear, indicating
photothermal effect-induced melting of PEO chains.[S2, S3] After turning off the laser,
those bands reappear indicating the occurrence of recrystallization on cooling of the
polymer. Understandably, the bands assigned to amorphous phase of PEO, at 1350,
1325, 1296, 1251, 1040, 993 and 856 cm-l, increase their intensity upon laser
irradiation with PEO in the melt.
3.2.5.6. Polarizing Optical Microscope Observation after Turning Off the Laser

Figure S6. Polarizing optical micrographs of a thin film of PEO/AuNP (0.04 wt%) (~
50 m thickness) taken right after turning off laser irradiation (0.9 W/cm2).
The observation in Figure S6 confirms the fast recrystallization of melted PEO chains
on cooling. Once the laser exposure is turned off, as the photomicrographs show
growth of spherulites of PEO from the isotropic state (dark areas) in the first 4
seconds on cooling.
3.2.5.7. Transparency of PEO/AuNP Film
Figure S7 shows the photos of a blank PEO film and a film of PEO/AuNP (0.0002
wt%). At this low AuNP content, the film is almost as transparent as the blank one.
However, light-triggered self-healing is already effective at this AuNP concentration
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(Figure 2). This is a significant feature for applications where the optical transparency
of the crystalline polymer needs to be remained.

Figure S7. Photos of a blank PEO film and a film of PEO/AuNP (0.0002 wt%).
3.2.5.8. UV-vis Absorption Spectra of LDPE/AuNP

Figure S8. UV-vis absorption spectra of blank LDPE film and films of LDPE/AuNPs
containing 0.005 wt% and 0.05 wt% of AuNPs, respectively.
As seen in Figure S8, good dispersion of AuNPs loaded in LDPE is also observed.
There is a slight red shift of the SPR band when the AuNP content increases from
0.005 to 0.05 wt%, suggesting some agglomeration of AuNPs in the latter case.
3.2.5.9. DSC Measurements of LDPE/AuNP

Figure S9. DSC heating and cooling curves (2nd scan, 5 oC/min) of blank LDPE and
AuNP-loaded LDPE (two concentrations). Summarized in the Table are data derived
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from the DSC curves: Tc: crystallization temperature on cooling; T m: melting
temperature on heating; H: melting enthalpy; and Xc: crystallinity calculated using
287 J/g as the heat of fusion of monocrystalline PE.[S4]
Similar to PEO/AuNP, the presence of up to 0.05 wt% of AuNPs in LDPE affects very
little the crystallization temperature, the melting temperature and the crystallinity of
the polymer.
3.2.5.10. A Test of Optical Healing in Water

Figure S10. (a)-(e) Photos showing light-triggered self-healing of LDPE/AuNP (0.05
wt%) film (0.45 mm in thickness) in water at room temperature: (a) original film with
a cut-through crack made by razor blade; (b) laser beam (14.2 W/cm2) applied to the
damaged area of the film immersed horizontally in water (250 mL) at 1 cm below the
water surface; (c) a strip cut out through the initially fractured area; (d) and (e) the
strip healed by 10 seconds laser exposure resists bending and twisting. (f)
Stress-strain curves of the original film and films optically healed under water at
various laser exposure times. (g) Change in temperature of LDPE/AuNP films upon
exposure to laser both in water and in air (lower laser intensity is required to achieve
the same temperature rise in air). For comparison and as a control test, the recorded
change in temperature of water (3 mL in a quartz cell) under the same laser exposure
condition is also shown.
We investigated the possibility of optical healing for samples in water by conducting
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an experiment shown in Figure S10. A cut-through crack was imposed on a thick film
of LDPE/AuNP (0.05 wt%) using a razor blade (photo a); the film was then immersed
in water at about 1 cm to the surface (depth chosen arbitrarily) and a laser beam (14.2
W/cm2) was sent to cross the water and reach the crack for a given time (b) (higher
laser intensity as compared to the tests in air was utilized due to faster heat dissipation
in water during the laser-induced heating process). Afterwards, the film was taken out
of water and a strip was cut through the initial crack (c). If no optical healing occurred,
the strip would break into two halves. The results in Figure S10 show that healing did
take place under this condition even after 10 seconds of laser exposure, as the
single-piece strip could be subjected to various deformations (photos d and e).
However, the tensile tests made on the strip show that the light-triggered healing is
less efficient under water than in air. Although a substantial strength was recovered
after 10 seconds of light exposure, the strip broke from the crack before reaching the
yield point. This result should not be a surprise. The underlying mechanism means
that the healing quality depends on the recrystallization of polymer chains in the crack
region after the laser is turned off. In the present case, the recrystallization of melted
PE chains upon cooling in water is different from that upon cooling in air; the heat
dissipation is much faster in water than in air. We thus measured the change in
temperature of the LDPE/AuNP film at laser on and off state both in water and in air,
and the results are shown in Figure S10g. While the crystallization of LDPE on
cooling in air is revealed by the slow-down in the rate of the temperature decrease at
about 85 oC, this exothermic process is less prominent in water, indicating that the fast
cooling in water hampers the recrystallization of LDPE and thus limits the optical
healing efficiency. Although under similar laser exposure conditions, the healing
process is less complete in water than in air, the achieved healing is still substantial.
Knowing the mechanism, it is expected that more effective healing can be realized in
water. For instance, in order for the polymer cooling to be slowed down by
surrounding water to allow crystallization of LDPE to proceed, laser intensity can be
gradually reduced instead of a simple turning-off.
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3.2.5.11. Sample Preparation
Materials. The two semi-crystalline polymers were purchased from Aldrich:
poly(ethylene oxide) (PEO, average M = 200,000 g/mol) and low density
poly(ethylene) (LDPE,  = 0.915). Hydrogen tetrachloroaurate tetrahydrate
(HAuCl4·4H2O) was purchased from Alfa Aesar. All other reagents used in this study
were purchased from Aldrich and used as received.
Synthesis of gold nanoparticles (AuNPs). To add AuNPs in PEO, citrate-stabilized
AuNPs in aqueous solution was synthesized according to a reported method. [S5] The
dodecanethiol-stabilized AuNPs in toluene solution used for dispersion in LDPE was
also synthesized by following a two-phase (water-toluene) reduction method in the
literature.[S6]
Preparation of PEO and LDPE loaded with AuNPs. Thin films of PEO/AuNP used
for UV-vis, FTIR and POM characterizations were prepared by casting an aqueous
solution of PEO mixed with citrate-stabilized AuNPs (0.04 wt% relative to PEO).
Thick films (0.45 mm in thickness) used for other characterizations were prepared by
first dispersing citrate-stabilized AuNPs of a given concentration in PEO through
aqueous solution-mixing at room temperature, followed by water removal and then
compression molding of the mixture at approximately 100 oC. LDPE/AuNP films
were prepared using a similar procedure. Dodecanethiol-stabilized AuNPs were first
dispersed in LDPE through toluene solution-mixing at above 100 oC to ensure the
dissolution of LDPE, which was followed by removing toluene and then compression
molding of the LDPE/AuNP mixture at about 150 oC.
3.2.5.12. Instruments and Methods
Thermal phase transition behaviors were investigated by using a differential scanning
calorimeter (TA Q200 DSC). Indium was used as the calibration standard and a
heating or cooling rate of 5 oC/min were used for all measurements. Data reported in
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the paper were collected from the second heating or cooling scans. The mechanical
properties of PEO/AuNP films were measured using a dynamic mechanical analyzer
(Perkin-Elmer DMA 8000) in the tension mode with a loading rate of 0.2 N/min. The
stress-strain curves of LDPE/AuNP films were obtained using a dynamic mechanical
thermal analyzer (Rheometric Scientific, DMTA V) under 1 mm/s tensile rate at room
temperature. UV-vis and infrared spectra were recorded using a spectrophotometer
(Varian 50 Bio) and an FTIR spectrometer (Thermo Nicolet Avatar 370), respectively.
Polarizing optical microscopic (POM) observations were conducted on a Leitz
DMR-P microscope at room temperature. WAXD measurements were carried out at
20 oC on a Bruker APEX DUO X-ray diffractometer. The PEO/AuNP (0.04 wt%)
sample was cut to approximately 0.3x0.3x0.3 mm3, glued with paratone oil on a
sample holder and mounted. Six correlated runs with Phi Scan of 360 degrees and
exposure times of 180 seconds were collected with the Cu micro-focus anode
(1.54184 Å) and the CCD APEX II detector at 150 mm distance. The diffraction
patterns were analyzed using Diffrac.Eva from Bruker. TEM observations were
conducted using a Hitachi H-7500 transmission electron microscope (TEM) operating
at 60 kV. The light exposure experiments were carried out using a laser at a
wavelength of 532 nm and a tunable power output from 0 W to 1 W (Changchun New
Industries Optoelectronics Tech. PM-532-2000).
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3.3. Conclusion of the Project
In this project, by embedding AuNPs into crystalline polymer matrix (such as PEO,
LDPE), we prepared the PEO and LDPE composite materials, respectively, with the
well-dispersed AuNPs. Taking advantage of the photothermal effect arising from the
SPR of AuNPs, we have achieved very fast and efficient optical healing of crystalline
polymers. The mechanism is established based on the melting of polymer crystallites
in the fracture region induced by localized polymer heating enabled by AuNPs and the
subsequent recrystallization of polymer chains in contact surfaces on cooling at room
temperature resulting in the self-repairing. The localized healing ability of using light
as the external trigger demonstrated in this project is of great significance because it
minimizes the violent invasion to host material and avoids the macroscopic mass flow.
Furthermore, the healing approach established in this study is turned out a general
way to repair crystalline polymers and the healing can be made to work not only in air
but also under water with considerable healing efficiency still. In this study, by
embedding AuNPs into a crystalline polymer matrix (such as PEO, LDPE), we
prepared the PEO and LDPE composite materials with well-dispersed AuNPs. Taking
advantage of the photothermal effect arising from the SPR of AuNPs, we have
achieved very fast and efficient optical healing of the crystalline polymers. The
established mechanism is based on the melting of polymer crystallites in the fractured
region induced by light-induced localized polymer heating, which allows polymer
chains in the melt to interdiffuse, and the subsequent recrystallization of polymer
chains crossings the fracture surfaces occurred on cooling after turning off the laser.
We showed that the optical healing is confined in the area exposed to the laser beam,
meaning that the healing can be made to occur only in the damaged region without
altering the rest of the material. Furthermore, the optical healing approach established
in this study is very general and can be applied to crystalline polymers of varying T m.
To our knowledge, this is the first demonstration of using AuNPs to achieve light
healable crystalline polymers.
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CHAPTER 4 POLYMERS WITH DUAL LIGHT-TRIGGERED
FUNCTIONS OF SHAPE MEMORY AND HEALING USING
GOLD NANOPARTICLES
4.1. About the Project
As demonstrated in the above-discussed three projects, light-triggered shape memory
and healing functions can be realized separately in different polymers. Despite the
interest of combining the two appealing functions into one polymer and thus making
it multifunctional, studies dealing with one single polymer with the two light-enabled
functions have not been reported. On inherent difficulty resides in the fact that the
permanent network structure for SMPs are conflicting with the high chain mobility
and interdiffusion required for SHPs. On the basis of the knowledge generated in our
previous works, we tried to find a general way to tackle this issue and implement
light-triggered shape memory and self-healing functions into one polymer. Thereby,
effort on this subject has been made, resulting in the work reported in this chapter.
Our basic idea is to chemically crosslink a crystalline polymer loaded with a small
amount of AuNPs, and to use the photothermal effect to activate, on the one hand, the
shape recovery process of the material by optically raising its temperature above Tm
of the crystalline phase and to trigger, on the other hand, the optical healing of crack
via the melting-crystallization mechanism as demonstrated in chapter 3. Using PEO as
the crystalline polymer, we proved the validity and efficiency of this general material
design for both light-controlled shape memory and healing exhibited by a same
polymer material.
This work was published in ACS Applied Materials & Interfaces 2013, 5,
13069-13075 by Hongji Zhang and Yue Zhao. This research work was carried out in
the Universitéde Sherbrooke under the supervision of Prof. Zhao. I performed all the
experiments and characterizations reported in the paper. I wrote the first draft of the
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manuscript and Prof. Zhao finalized the manuscript.
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4.2.1. Abstract
Shape-memory and stimuli-healable polymers (SMP and SHP) are two types of
emerging smart materials. Among the many stimuli that can be used to control SMP
and SHP, light is unique due to its unparalleled remote activation and spatial control.
Generally, light-triggered shape memory and optically healable polymers are different
polymers and it is challenging to endow the same polymer with the two
light-triggered functions because of their structural incompatibility. In this paper, we
describe a general polymer design that allows a single material to exhibit both
light-controlled shape memory and optical healing capabilities. We show that by
chemically cross-linking a crystalline polymer and loading it with a small amount of
gold nanoparticles (AuNPs), the polymer displays optically controllable shape
memory and fast optical healing based on the same localized heating effect arising
from the surface plasmon resonance of AuNPs. The photothermal effect controls, on
the one hand, the shape memory process by tuning the temperature with respect to Tm
of the crystalline phase and, on the other hand, activates the damage healing through
crystal melting and recrystallization. Moreover, we show that these two features can
be triggered separately in a sequential manner.
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4.2.2. Introduction
Two types of light-triggered functions of smart polymer materials, namely,
shape-memory and healing, have been gaining fast growing interest recently. 1-25 On
the one hand, shape-memory polymers (SMPs) can change their shape in response to
an external stimulus by recovering a permanent shape from a programmed temporary
shape.26, 27 They are generally constructed by a chemically cross-linked network that
prevents chain relaxation during the temporary shape processing above the polymer’s
glass transition (Tg) or melting temperature (Tm). SMPs have great potential for many
applications such as stimuli-responsive actuators and implant devices for minimally
invasive surgery in medicine.28 On the other hand, stimuli-healable polymers (SHPs),
developed for the purpose of prolonging the service lifetime and reducing the cost,
can repair damage (crack or fracture) with the help of an external stimulus. For SMPs,
while directly heating a given polymer to T > Tg or Tm is usually used to activate the
permanent shape recovery, stimuli such as light 5-14, ultrasound29,

30

, electric or

magnetic field31-35 can also be utilized as effective triggers. In those cases, a
stimulus-induced thermal effect is generally at the origin of the shape memory effect. 4,
6-10, 12, 13, 29-36

For SHPs, the various stimuli used to enable the healing process, such as

temperature or pH change,37-39 exposure to an oscillating magnetic field40,

41

or

light15-25, are generally involved in activating new chemical bond formation and/or
providing chain mobility across fracture surfaces. Of the many stimuli known for
SMPs and SHPs, light has some unique advantages common for both types of
polymers. It can trigger the shape-memory or healing function remotely without
invading the material, locally without compromising the property of the rest of
material, and temporarily with an easy switching on-off feature.
To date, light-triggered shape-memory or healing have been developed as different
functions for different polymers. It is challenging to endow one single polymer with
the two functions; that is, the same polymer not only is capable of undergoing
light-controlled shape change but also is optically healable, as schematically
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illustrated in Figure 1. One reason for this difficulty is the structural incompatibility
between the two types of polymers. SMPs require a permanent network structure,
typically through chemical crosslinking, which restricts chain motion, and good SMPs
usually are stiff polymers with a high modulus. These structural features of SMPs are
conflicting with the high chain mobility and interdiffusion required for SHPs. It is of
fundamental and applied interest to confer one single polymer material with both
light-controlled shape-memory and optical healing capabilities. Although polymers
with either light-controlled shape memory5-14 or optical healing capability15-24 were
reported, and a very recent study demonstrated a polymer displaying both
light-triggered healing and thermally induced shape memory25, to date we are
unaware of any reports on chemically cross-linked polymers featuring the dual
light-enabled functions of shape memory and optical healing. Herein we make the
first demonstration of this kind based on a rational material design.

Figure 1. Schematic illustration of light-triggered shape memory and healing
exhibited by a same polymer.
4.2.3. Experimental Section
4.2.3.1. Materials. Hydrogen tetrachloroaurate tetrahydrate (HAuCl4·4H2O) was
94

purchased from Alfa Aesar. Poly(ethylene oxide) (PEO20k, M ~ 20,000), poly(ethylene
glycol) methyl ether (mPEG2k, M ~ 2,000), acryloyl chloride, potassium carbonate
(K2CO3), ammonium persulfate (APS), N,N,N’,N’-tetramethylethylenediamine
(TMEDA),

N,N’-dicyclohexylcarbodiimide

(DCC),

4-(dimethylamino)pyridine

(DMAP), 3,3’-dithiodipropionic acid and other reagents were purchased from
Sigma-Aldrich and used as received.
4.2.3.2. Synthesis of mPEG2k-SS. 3,3’-Dithiodipropionic acid (5 mmol), DMAP (1
mmol) and mPEG2k (1 mmol) dried under vacuum at 60 oC were introduced into dry
THF in a 100 mL flask and stirred for 30 min to obtain a homogeneous mixture
solution. DCC (1.2 mmol) was then added into the solution and the mixture kept
under stirring for 48h at room temperature. The resultant product was first filtered and
then precipitated in cold ether. The precipitate was collected and vacuum-dried for 48
h at room temperature to yield 3,3’-dithiodipropionic acid-terminated mPEG2k,
referred to as mPEG2k-SS. Its structure was confirmed by 1H NMR (Figure S1).
4.2.3.3. Preparation of AuNPs functionalized with mPEG2k-SS. Citrate-stabilized
AuNPs were prepared according to a reported method. 42 The resulting aqueous
solution of AuNPs with an average diameter of ~ 10 nm and uniform size distribution
observed by TEM (Fig S2), was concentrated by centrifugation and then added into an
aqueous solution of mPEG2k-SS (50 mg/mL) dropwise under vigorous stirring for 48
h. mPEG2k-SS was anchored onto AuNPs via ligand exchange. Afterwards, free
mPEG2k-SS was removed by three times of centrifugation at a speed of 22,000 rpm.
The obtained AuNPs stabilized by mPEG2k-SS were redispersed in distilled water and
ready for further use.
4.2.3.4. Preparation of cross-linked PEO/AuNP composite. PEO20k with two chain
ends terminated with an acrylate group was first synthesized by reacting HO-PEO-OH
(PEO20K) with excessive acryloyl chloride using a literature method. 43 1H NMR
spectrum in Figure S3 confirms the structure of acrylate-capped PEO20K. In order to
95

obtain chemically cross-linked PEO/AuNP composite material, AuNPs functionalized
with mPEG2k-SS was mixed together with acrylate-terminated PEO20k and APS (1
wt% relative to the mass of acrylate-terminated PEO20k) in distilled water under
sonication to ensure good dispersion, followed by adding the dilute TMEDA to enable
the cross-linking reaction at room temperature. After few seconds of further
sonication, the mixture was poured into a Teflon mold with an inner diameter of 55
mm, with water first slowly evaporated for 24 h, followed by vacuum-drying for 48 h
at room temperature and another 24 h thermal treatment at 60 oC. The final sample
obtained was cross-linked semi-crystalline PEO20K loaded with AuNPs, referred to as
cross-linked PEO/AuNP composite material. Based on the used amounts of
acrylate-terminated PEO20K and mPEG2K-SS functionalized AuNPs, the concentration
of AuNPs in the composite material was calculated to be 0.003 wt%.
4.2.3.5. Characterization methods. 1H-NMR spectra were recorded on a Bruker AC
300 spectrometer (300 MHz) using deuterated chloroform as solvent and
tetramethylsilane as internal standard. UV-vis absorption spectra were obtained using
a Varian 50 Bio spectrophotometer. Thermal phase transition behaviors were
investigated by using a TA Q200 differential scanning calorimeter (DSC). Indium was
used as the calibration standard; both heating and cooling rate were 10 ˚C/min. Data
reported in the paper were collected from the second heating and cooling scans. All
the mechanical properties were measured in the tension mode with a Perkin-Elmer
DMA 8000 instrument. The shape recovery-induced contraction force was measured
by using a specimen of approximately 3.0×1.4×0.2 mm under a constant strain mode.
The tensile stress (stress-strain) experiments for optical healing were performed under
a constant loading rate of 0.1 N/min at room temperature. Optical microscopic
observations were made on a Leitz DMR-P microscope with hot-stage. Laser
exposure experiments were conducted using a PM-532-2000 laser with a wavelength
of 532 nm and a tunable power output up to 1 W manufactured by Changchun New
Industries Optoelectronics Tech. Co., Ltd.
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4.2.4. Results and Discussion
4.2.4.1. Preparation of PEO/AuNP Composite
We demonstrate that chemically cross-linked (thermosetting) crystalline polymers
containing a very small amount of gold nanoparticles (AuNPs), which are easy to
prepare, can exhibit both light-controlled shape memory and optical healing.

Scheme 1. Preparation procedure of cross-linked PEO/AuNP composite.
This material design is based on: 1) that photothermally induced melting followed by
recrystallization is an effective means to optically heal (weld) thermoplastic
crystalline polymers,44-48 and 2) the fact that photothermal effect can readily be used
for optically controlled shape memory effect. 6-10 Our working hypothesis is that
adding a cross-linked structure, required for shape memory, to crystalline polymers
loaded with AuNPs for localized heating upon surface plasmon resonance (SPR)
absorption of light, should allow the material to possess the two functions. To
investigate this duality, we prepared AuNP-containing cross-linked PEO. As shown in
Scheme 1, PEO20K with both chain ends terminated with an acrylate moiety is mixed
with AuNPs functionalized with mPEG2K-SS before cross-linking reaction upon
addition of APS and TMDEA; films of cross-linked PEO/AuNP composite were
prepared by introducing the reaction mixture into a Teflon mold, followed by curing
at room temperature and 60 oC. Unless otherwise stated, films of cross-linked PEO
loaded with a trace amount of 0.003 wt% AuNPs, with a thickness of ~ 0.4 mm, were
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prepared and utilized for investigation of light-triggered shape memory and optical
healing of the polymer. We note that the choice of PEO 20K was based on the
consideration that the use of a lower molecular weight PEO will increase the network
density, which may reduce the PEO crystallinity and chain mobility and, consequently,
render the optical healing difficult to achieve. While UV-vis absorption spectra
(Figure S4) indicated that AuNPs are well dispersed in the cross-linked PEO matrix
displaying a SPR absorption band at ~530 nm, DSC measurements (Figure S5) found
that the presence of 0.003 wt% AuNPs could increase the crystallinity of PEO (from
59% to 67%), its melting temperatures on heating (from 60 oC to 62 oC) and its
crystallization temperature on cooling (from 42 oC to 43 oC). It is to be noted that both
melting and crystallization of cross-linked PEO chains in the PEO/AuNP sample take
place at above room temperature.
4.2.4.2. Light-Controlled Shape Memory

Figure 2. Light-controlled shape-memory of cross-linked PEO/AuNP. (a-e) Pictures of
a film at (a) its original shape, (b) in the temporary shape obtained by stretching at 80
o

C followed by cooling to room temperature, and (c-e) a three-step recovery to the

initial shape by separate laser exposure (7 W/cm2 ) of the stretched film from left to
right. (f) Temperature of a stretched film upon exposure to laser and its shape
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recovery ratio as a function of applied laser intensity. (g) Change in the tension
holding a stretched film under constant strain as a function of temperature. The used
film was stretched to 300% strain at 80 oC followed by cooling to room temperature
before the mechanical test and the rate of direct sample heating was 5 oC/min. (h)
Contraction force generated by exposing the stretched film under constant strain to
laser (7 W/cm2) at room temperature. The inset is a picture showing the film under
strain and indicating the three separate laser exposures.
We first investigated separately the two light-triggered functions. The cross-linked
PEO/AuNP can indeed undergo light-controlled shape memory process based on the
photothermal effect while preserving all the distinct features of using light as the
trigger. A set of representative results is shown in Figure 2. Photos a-e were taken to
visually demonstrate the spatial and temporal control possibility of using light to
activate the shape memory process. A film of initial (and permanent) shape (a) was
stretched at 80 oC (T > Tm) to 400% deformation followed by cooling to room
temperature fixing the temporary, elongated shape (b). The light-controlled shape
recovery was purposely completed by three successive exposures of the film (from
left to right, approximately a third length of the film for each exposure) to a laser
beam (λ = 532 nm, 7 W/cm2) (c-e). During each laser exposure, shape recovery (film
contraction in this case) occurred only in the illuminated region due to locally
photoinduced heating of the polymer to T > Tm of PEO. Thanks to the tunable
illumination spot (~ 3 mm in diameter) and the portable laser device used, the shape
recovery can be made to occur on-demand. Given a sufficient laser power, wherever
the film is subjected to laser irradiation, shape recovery takes place quickly and only
in the selected region, and once the laser is turned off, the process stops almost
immediately due to fast cooling of the material to T < Tm of PEO. Control tests found
the absence of shape recovery for samples containing no AuNPs under otherwise the
same conditions, indicating that without AuNPs, any possible heating effect resulting
from laser exposure is by far insufficient to activate the thermal phase transition
required for shape recovery. To better understand the dependence of shape recovery
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on laser exposure, the recovery ratio and the corresponding temperature of the sample
at various laser powers (using a digital thermocouple embedded in the film close to
the laser spot) were measured and the results are plotted in Figure 2f. While the
temperature increases with increasing the laser power, full shape recovery takes place
only at a laser power of about 4 W/cm2 at which the sample temperature reaches about
60 oC that is the melting temperature of crystalline PEO.
Another interesting feature associated with light-triggered SMPs is worth
demonstration. The spatially and temporally controlled shape recovery process by
light means enhanced control in the release of strain energy stored in the stretched
film. An easy way to view this consists in fixing a stretched film by the tension
clamps of a dynamic mechanical analyzer (DMA) under the constant strain mode, an
initial force being applied to hold the film. A contraction force should be generated
when the film tends to contract at T > Tm of PEO to recover the initial shape. To
perform the tests, a film stretched to 300% strain at 80 oC followed by cooling to
room temperature was utilized. For comparison, the conventional thermally induced
shape recovery was first realized by heating the sample at a constant rate of 5 oC/min.
As is seen from the result in Figure 2g, before the sample reaches 60 oC, the tension
required to hold the stretched film decreased; while from about 60 oC where the shape
recovery started, a contraction force was generated as revealed by an increase in the
tension. The decrease in the tension is a result of the thermal expansion of the film. It
will be shown later in the paper, thermal expansion may impact the result of thermally
induced healing of the PEO/AuNP material. Since using light allows the shape
recovery process to proceed only in the selected region and in a switching on-off
manner, it is easy to imagine that light can be used (remotely from a long distance if
necessary) to trigger the release of stored strain energy, and thus the corresponding
force, in a controllable way as desired. The test result in Figure 2h illustrates the
possibility. Using another film stretched to the same strain, laser beam was applied at
room temperature first to the low side of the film under strain (indicated by the arrow
labeled with “1” in the figure), a contraction force was quickly generated as a result of
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the photothermally induced shape recovery in the exposed part of the film. In other
words, light allows strain energy stored only in that part of the sample to be released.
If the film was not held under constant strain, the contraction force could be used to
do a mechanical work. The laser spot was then moved to about the middle of the film,
a new contraction force was generated upon release of strain energy stored in that
region. Finally, the laser was sent to the upper part of the film to generate another
force. Due to the constraint of the used DMA sample holder, more sophisticated
fashion of light-triggered release of stored strain energy was difficult to achieve, but
the simple test in Figure 2h should make the point clear. A couple of additional
observations should be mentioned. First, compared to bulk heating of the entire film,
laser exposure raises the local temperature quickly so that a contraction force is
observed without earlier thermal expansion-induced decrease in the tension holding
the film. Secondly, under each laser exposure at a selected area of the film, the rise of
the generated contraction force is followed by an apparent relaxation. At this time, we
do not have a clear explanation for this phenomenon. One speculation is that the
vicinity of the laser-exposed area may undergo limited heating to T < Tm of PEO,
being insufficient for chain relaxation but resulting in thermal expansion, which is
possible due to heat propagation and the Gaussian-distribution of the laser beam
intensities.
4.2.4.3. Optical Healing
The same cross-linked PEO/AuNP is also optically healable, confirming that the
material design makes it possess both light-triggered functions of shape-memory and
healing. An example of results is shown in Figure 3. The optical healing can be
observed visually from photos a-d. A cut-through crack was imposed on a film of
PEO/AuNP (0.003 wt%) using a razor blade (a), after exposing the crack area to laser
(13 W/cm2) at room temperature for 3 seconds, a strip was cut out through the initial
crack (b). If no optical healing occurred, the strip would break into two halves. The
result is that a single-piece strip emerged (c) and could already withstand a load >
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14,000 times its weight (d), indicating effective healing. To further evaluate the
optical healing efficiency, tensile tests were performed on the original and optically
healed strip samples. The result in Figure 3e shows that despite the crosslinked chains,
the optically healed sample gained about 62% of its original tensile strength after 3
seconds of laser exposure under the used conditions. According to previous
studies,42-46 the mechanism for the observed fast optical healing is the melting of
crystalline PEO chains on fracture surfaces exposed to laser, followed by
recrystallization of interdiffused and interlocked polymer chains on cooling after
turning off the laser. Same as the shape memory effect, control test showed that with
crosslinked PEO containing no AuNPs, no optical healing occurred under otherwise
the same experimental conditions. Moreover, the optical healing could be repeated
sveral times by cutting off the sample at the same place.

Figure 3. Optical healing of cross-linked PEO/AuNP. (a-e) Pictures and tensile stress
test results showing the fast light-triggered healing: (a) original film (~ 0.4 mm in
thickness); (b) original film with a cut-through crack made by razor blade; (c) after
exposing the crack to laser (13 W/cm2) for 3 seconds, a strip was cut out through the
initial crack along the red dashed lines indicated in (b); (d) the healed strip (indicated
by the arrow) could withstand a load > 14,000 times its weight; and (e) the
stress-strain curve of the healed strip in comparison to its original film. (f, g) Pictures
showing the failure of healing by direct heating of the whole sample to T > Tm of PEO:
(f) original film; (g) a cut-through crack was imposed by razor blade; and (h) after
heating the whole film to 140 oC for 3 min followed by cooling to room temperature,
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a strip was cut out through the initial crack and easily broke onto two pieces,
indicating the absence of healing.
An unexpected finding is also shown in Figure 3. The healing mechanism implies that
healing could also be achieved by directly heating the whole sample to T > Tm of PEO
and subsequently cooling it to room temperature. As shown in photos f-h, quite
surprisingly, only optical healing is effective, and the bulk heating cannot lead to
healing of the crack. When the whole film containg a cut-through crack was heated to
T > 60 oC, from 65 oC to 140 oC, for 3 min before cooling to room temperature, the
strip cut through the initial crack broke easily, indicating the absence of any
significant healing. The failure of healing by direct bulk heating was also observed in
a cross-linked polyethylene.49
The difference between exposing only the crack region to a laser beam and directly
heating the entire sample containing the crack can be observed on an optical
microscope. As shown in Figure 4, after bulk heating at 120 oC and subsequent
cooling, the crack actually widened (a), explaining the difficulty for interdiffusion of
polymer chains on fracture surfaces required for effective healing. By contrast, after
laser exposure focused on the crack region, the crack was visually mended with
merging fracture surfaces (b). The effective and fast optical healing versus the failure
of healing upon bulk heating has to originate from the different ways that the cracked
sample responds when it is subjected to heating or laser exposure. As schematically
depicted in Figure 4c and 4d, when the whole sample is heated, the thermal expansion
occurs freely and throughout the sample resulting in an expansion outward that
prevents intimate contact of fracture surfaces and chian interdiffusion required for
interlocked chain recrystallization. Consequently, no healing occurs. By contrast,
when the crack in a sample is selectively exposed to laser, the photothermally induced
heating occurs locally within an area essentially determined by the size of the laser
beam, resulting in confined thermal expansion that goes mostly inward since the
expansion outward cannot develop. Such localized expansion should generate hoop
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stress to push the fracture surfaces into contact that favors chain interdiffusin so that
the recrystallization of polymer chains on cooling after turning off the laser can sew
the crack. This finding is important. It shows that the use of light as the trigger based
on photothermal effect is not just about having the appealing features of remote
activation, spatial control and switching on-off capability, it may be the only effective
stimulus to activate the healing process under certain conditions in a precisely
selected region. Whatever the healing mechanism in play, polymer chain
interdiffusion across fracture or crack surfaces is necessary. In case where no external
force is applied to bring these surfaces into contact, such as manually putting two
pieces together practiced in many stimuli-induced healing studies, no effecticve
healing can take place. In such cases, the confined thermal expansion upon exposure
to laser pushing crack surfaces into contact become crucial in the stimuli-triggered
healing process.

Figure 4. Difference between bulk heating and light-induced local healing. (a, b):
Pictures showing the widening of a crack upon direct heating of the whole sample of
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(a) cross-linked PEO/AuNP, and (b) the effective mending of the crack after exposure
to laser. (c, d) Schematic illustration of (c) the free thermal expansion of the sample
upon direct heating that prevents crack surfaces from entering into close contact, and
(d) the confined thermal expansion upon laser exposure, which helps bringing the
crack surfaces together by laser irradiation.
4.2.4.4. Sequential Triggering of Both Functions
An important question that can be raised is whether or not the dual optically
controlled functionalities can be individually triggered with a same material. We
carried experiments to show that this is doable in many conceivable situations. The
example of results in Figure 5 demonstrates that the optical healing and
light-controlled shape memory effect can be executed in a sequential manner. In this
test, a temporary shape was obtained by folding a PEO/AuNP composite film along
three lines and two cracks were imposed in two areas (photos a and b). One of the cuts
was first optically mended without affecting the temporary shape of the film (photo c).
Then, two separate light-triggered unbending of the film was made to occur, resulting
in two intermediate temporary shapes and the second crack remained unrepaired
(photos d and e). Finally, the second cut could be optically healed (photo f) and the
unbending of the film by exposing the laser along the last fold completed the
permanent shape recovery (photo g). Tensile tests on the original and healed films
also confirmed the effective optical healing (Fig.5h). This test shows that in many
situations, the two light-triggered functions can be individually activated without
interfering from each other. Obviously, situations can also be imagined where the two
actions cannot be separated. In the present case, if the cut is at the fold, optical healing
will inevitably release strain energy in that area, resulting in corresponding shape
recovery (unbending).
Before concluding, it should be mentioned that like any optical approaches based on
light absorption, the excitation light has to be delivered to the targeted regions in the
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material in order to achieve an effective shape memory effect or healing. Therefore,
the reported method works better for thin and transparent polymer/AuNP
nanocomposite materials. For this reason, the demonstrated efficiency of this method
requiring a very small amount of AuNPs is important because this low concentration
of dispersed nanofillers makes it easier to obtain a homogeneous and transparent
nanocomposite and allows the laser light to penetrate deeper inside the material.

Figure 5. Sequentially triggering the optical healing and the light-controlled shape
recovery process for a film of cross-linked PEO/AuNP. (a) Original film (~ 0.4 mm in
thickness) with the permanent shape; (b) temporary shape obtained by folding the film
along the lines a1, a2, a3 at 80 oC followed by cooling to room temperature; then two
cuts were made as indicated by red arrows (b1 and b2 in photo a); (c) the b1 cut was
healed by exposing the crack to laser (12 W/cm2) for 5 seconds; (d) the first
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unbending after 10 seconds laser scanning along the fold a1 at a power of 6 W/cm2,
followed by the second unbending under the same condition along the fold a 2; (e) the
other cut b2 remained in the film of an intermediate temporary shape; (f) the cut b2
was optically healed under the same condition as for the cut b1; (g) the third
light-triggered unbending along the fold a3 completed the permanent shape recovery;
(h) the stress-strain curves of the original and optically healed film.
4.2.5. Conclusions
We have described a general design for making polymers that are both
light-controllable shape-memory and optically healable material. We have
demonstrated that by cross-linking a crystalline polymer and loading it with a very
small amount of AuNPs, the polymer can be given the two light-triggered functions
based on the same photothermal effect arising from the SPR absorption of AuNPs.
This photothermal effect controls, on the one hand, the shape memory of the material
by tuning its temperature with respect to T m of the crystalline phase, and, on the other
hand, activates the healing of crack via melting of crystallized chains under laser
exposure and their recrystallization at the laser-off state. It should be emphasized that
although thermal effect is at the origin of the underlying mechanisms for both shape
memory and self-healing, using light as the trigger allows all distinguished features
associated with optical stimulus to be preserved, including remote activation, spatial
and temporal control. Moreover, in many conceivable situations, the two
light-triggered functions can be individually activated in a sequential manner with the
same material. It was also found that optical healing through chain melting and
recrystallization does not work by direct bulk heating of cross-linked freestanding
polymer. It works using the photothermal effect because localized heating upon light
absorption in confined crack area is what brings crack surfaces into close contact, a
key condition for effective healing to occur. The simultaneous displaying of the two
appealing and different functions by a single material may widen the possible
applications of SMP and SHP.
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4.2.6. Supporting Information
4.2.6.1. Sample Characterizations
Figures S1-S3 show, respectively, the 1H NMR spectrum of disulfide-functionalized
mPEG, the TEM image of PEG-functionalized AuNPs in aqueous solution and the 1H
NMR spectrum of PEG with both chain ends terminated with an acrylate group for
crosslinking.

Figure S1.

1

H NMR spectrum of 3,3’-dithiodipropionic acid- terminated mPEG2k

(mPEG2k-SS) in CDCl3.

Figure S2 TEM observation of AuNPs dispersed in aqueous solution with an average
diameter of ~ 10 nm.
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Figure S3. 1H NMR spectrum of PEO20K with both chain ends terminated with an
acrylate moiety in CDCl3.
4.2.6.2. Absorption spectra of cross-linked PEO/AuNP

Figure S4. Absorption spectra of AuNPs in water (before and after ligand exchange by
using mPEG2k-SS) and in films of cross-linked PEO (xPEO20k) (~ 0.4 mm in
thickness).
To achieve a good compatibility between the PEO20k matrix and AuNPs, mPEG2k-SS
was employed to replace citrate via ligand exchange in aqueous solution. Figure S4
shows that the SPR absorption of mPEG functionalized AuNPs display a small red
shift compared with citrate-stabilized AuNPs in water, likely due to a change in
refraction index of its vicinity. For cross-linked PEO films loaded with mPEG2K-SS
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functionalized AuNPs, at the used low AuNP concentration of 0.003 wt% or a higher
content of 0.01 wt%, the SPR absorption appear at ~530 nm in the films, almost the
same as in solution, indicating an excellent dispersion of AuNPs in the cross-linked
PEO matrix.
4.2.6.3. Thermal phase transitions
DSC measurements were carried out to determine the thermal phase transitions of
blank PEO20k, cross-linked PEO20k (xPEO20k) and xPEO20k loaded with 0.003 wt%
AuNPs (xPEO20k/AuNP). As is seen from Figure S5 and data summarized in Table
S1, the presence of AuNPs effect the phase transition behaviors, such as the
crystallization temperature on cooling (Tc), the melting temperature on heating (T m)
and the crystallinity (Xc) calculated from the ratio of the melting enthalpy (H) to 213
J/g taken as the heat of fusion of monocrystalline PEO. S1 As expected, the
crystallinity of PEO decreases after cross-linking. However, as compared to
cross-linked PEO without AuNPs, the addition of a very small amount of AuNPs
(0.003 wt%) actually increases X c from 59% to 67%, Tm from 60 oC to 62 oC and Tc
from 42 oC to 43 oC.

Figure S5. DSC curves of PEO20k, xPEO20k and xPEO20k/AuNP (0.003 wt%).
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Table S1. Thermal phase transition data of PEO20K, xPEO20k and xPEO20k/AuNP
(0.003 wt%) derived from DSC measurements.

Figure S6. DSC curve of the first heating scan for an as-prepared xPEO20k/AuNP
(0.003 wt%) sample prior to use in the optically controlled shape memory and healing
experiments.
Figure S6 shows the first heating scan of the as-prepared xPEO20k/AuNP (0.003 wt%)
sample. No exothermic peak was observed on heating to 120 oC indicating the
absence of any significant thermally induced reaction of residual vinyl groups at the
PEO chain ends, if there are any.
References
(S1) Wunderlich, B.

Macromolecular Physics, 1973, Vol. 1, Academic Press, New

York, pp. 388.
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4.3. Conclusion of the Project
In this project, we have established a general polymer material design that allows the
same material to exhibit both light-triggered shape memory and optical healing. It is
based on loading a small amount of AuNPs in a chemically crosslinked crystalline
polymer, and using the photothermal effect to control the melting of the crystalline
phase that governs the shape memory or the healing process. Such dual light-triggered
functions have been demonstrated using our prepared PEO/AuNP nanocomposite.In
addition to optically triggered shape memory with remote and spatiotemporal control
as well as the fast optical healing, we showed that the two functions could be
activated separately on the same piece of material in a sequential manner. Moreover, it
was found that damage healing could not be achieved by direct bulk heating of the
PEO/AuNP nanocomposite whatever the applied. The explanation to this surprising
observation is that while the localized optical heating in the damaged area exposed to
laser can generate hoop stress (due to thermal expansion) pointing inward and thus
bringing the crack surfaces into contact required for healing, direct bulk heating gives
rise to the free thermal expansion pointing outward and thus bringing the crack
surfaces apart. This finding points out that with local cracks or fractures in some
materials, direct heating may not be a reliable means for repairing, while optical
healing may be most useful in such situations.
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CHAPTER 5 LIGHT-HEALABLE STRONG HYDROGELS
THROUGH MELTING-CRYSTALLIZATION PHASE
TRANSITION
5.1. About the Project
Following the study discussed in Chapter 4, we further extended our design strategy
from solid bulk polymer materials to polymer hydrogels in order to gain more
understanding on light-triggered shape memory and healing of polymers. The
research field of healable hydrogels is currently facing a few challenges, one of which
involves the usually poor mechanical strength or stiffness. As mentioned before, for
any self-healable material systems, either bulk polymers or polymer hydrogels, the
mechanical strength is generally an antagonist of the healing ability. This is a serious
problem because a weak mechanical strength may prevent the materials from some
stress-bearing applications such as cartilage and tissue engineering scaffolds. With a
particular purpose of handling this issue, in the present study, we made a material
design that allows a mechanically strong, AuNP-containing hybrid hydrogel to display
both efficient light-triggered healing and shape memory. The strong hydrogel was
obtained by chemical crosslinking coexisted with physical crosslinking from
hydrophobically associated and crystallized dangling side chains, while light-induced
melting of the crystallized physical crosslinks enables the optical healing and shape
memory.
This work is the subject of a manuscript submitted for publication. The paper is
authored by Hongji Zhang, Dehui Han, Qiang Yan, Daniel Fortin, Hesheng Xia and
Yue Zhao. This research work was carried out in the Universitéde Sherbrooke under
the supervision of Prof. Zhao. Dehui Han synthesized the PA6ACA polymer and
prepared the PA6ACA-capped AuNPs; Qiang Yan confirmed the molecular structure
and molecular weight of PA6ACA by 1H NMR; Daniel Fortin conducted the XRD
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measurements and I performed all the other experiments and characterizations
described in the paper. I wrote the first draft of the manuscript and Prof. Zhao
finalized the manuscript with revision contributions from Prof. Xia.
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5.2.1. Abstract
A general method for preparing mechanically strong hydrogels that can undergo
light-triggered healing was demonstrated. By loading a small amount of gold
nanoparticles (AuNPs, 0.05 wt%) in

hydrogel prepared with stearyl acrylate (SA), N,

N-dimethylacrylamide (DMA) and N, N′-methylenebisacrylamide (MBA), whose
strength is endowed by chemical crosslinking coexisted with crystallized hydrophobic
SA side chains acting as the physical crosslinks, exposing a cut-through damage to
laser of wavelength at the surface plasmon resonance of AuNPs and subsequently
turning off the light, gives rise to efficient healing of the hydrogel as a result of the
reversible melting-crystallization phase transition of the hydrophobically associated
SA chains. Hydrogel of this kind exhibits unprecedented tensile strength after
repairing greater than 2 MPa. It also displays light-controllable shape memory effect.
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5.2.2. Introduction
Hydrogels, made from natural or synthetic polymers, hold an important place in smart
and soft materials due to their applications in many areas such as biomedicine,[1]
biosensors,[2] soft robotics[3] and tissue scaffolds.[4] In particular, inspired by nature,
polymer hydrogels capable of self-repairing damage have attracted much attention in
recent years. Up to date, a variety of strategies have been successfully developed to
enable hydrogels self-healing, including the use of hydrogen bonding, [5] electrostatic
interactions,[6] dynamic chemical bonds,[7] π-π stacking,[8] ion migration,[9] molecular
recognition,[10] metal coordination,[11] molecular diffusion[12] and hydrophobic
associations with surfactant.[13] However, self-healable hydrogels as well as hydrogels
healable under the effect of a stimulus (generally heating) are soft materials of low
mechanical strength. This weakness prevents them from some stress-bearing
applications such as cartilage and tissue engineering scaffolds. To our knowledge, the
magnitude of the tensile strength regained after repairing for most healable hydrogels
is below 0.4 MPa. Only few mechanically strong healable hydrogels were reported
recently. For example, Gong et al6d demonstrated polyampholyte hydrogels (water
content 50-70 wt%, original strength as high as 2 MPa) which showed partial
self-healing in salt solution or at an elevated temperature in water (50 oC) with a
recovered strength of around 0.38 MPa. Wang et al5d reported graphene-reinforced
nanocomposite hydrogel (water content ~78 wt%) exhibiting high tensile strength up
to 0.35 MPa after repairing at an elevated temperature. The challenge of making selfor stimuli-healable strong hydrogels is inherent. Efficient healing of a hydrogel
requires high polymer chain mobility and diffusion in the damaged region, which
normally means low mechanical strength. This is the reason for which healable
hydrogels are usually made with dynamic networks or physically crosslinked systems,
while self-healing of permanently crosslinked hydrogels with high crosslinking
density for mechanical strength, has remained largely inaccessible because of the
much reduced chain mobility. Herein we demonstrate a general method for preparing
light-healable strong hydrogel. We show that the tensile strength after optical healing
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of cut-through damage can reach > 2 MPa for hydrogel prepared by copolymerization
of

stearyl

acrylate

(SA),

N,

N-dimethylacrylamide

(DMA)

and

N,

N′-methylenebisacrylamide (MBA), containing 0.05 wt% of gold nanoparticles
(AuNPs) surface-functionalized with

poly(N-acryloyl 6-aminocaproic acid)

(PA6ACA).
5.2.3. Results and Discussion

Figure 1. (a) Schematic illustration of light-healable strong hydrogel based on a
photothermally induced melting-crystallization phase transition of the physical
crosslinks; (b) synthesis of crosslinked P(DMA-SA)/AuNP hybrid hydrogel with
hydrophobic side chains for physical crosslinking through crystallization; and (c)
synthesis of PA6ACA-capped AuNPs.
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Figure 1a schematically depicts the used method. A small amount of gold
nanoparticles (AuNPs) is added in a mechanically strong hydrogel prepared using a
strategy first reported by Osada et al. for imparting the shape-memory effect.[14a, f] The
hydrogel is built up with chemical crosslinking coexisted with crystallized
hydrophobic long alkyl side chains acting as physical crosslinks; the physical network
allows for fixation of a temporary shape and its dissociation enables the recovery of
the permanent shape.[14] On the other hand, hydrogel capable of self-healing at room
temperature through hydrophobic associations of alkyl side chains was first
demonstrated by Tuncaboylu et al.[13] by making use of the dynamic nature of
physical crosslinks stabilized by micelles of a surfactant. In our case, to achieve
optical healing of strong hydrogel, a laser of wavelength close to the surface plasmon
resonance (SPR) of AuNPs is applied to the fracture surfaces of the hydrogel (e.g. cut);
heat released by AuNPs due to SPR can raise the temperature locally in the exposed
damage area and induce the melting of the physical crosslinks so that the melt chains
can inter-diffuse in the fractured region. When laser is turned off, the crystallization of
the hydrophobic side chains takes place on cooling that binds the fracture surfaces for
healing. In principle, without AuNPs in the hydrogel, direct heating should also work
for healing. However, the advantage of using the AuNP SPR-based photothermal
effect is the ability to confine the heating only in spatially selected area, i.e. only on
damage without affecting the rest of the hydrogel, as well as the capacity of remote
activation of the healing process. Thermal effect induced by external stimuli such as
light, ultrasound and magnetic field have been exploited for polymer self-healing and
shape memory[15], but we are unaware of any report of this kind. Figure 1b shows the
formulation of our hydrogel that basically is a random copolymer of DMA (as
water-soluble polymer), SA (for long alkyl side chains) and MBA (for covalent
crosslinking). While the hydrophilic DMA is for water uptake, the hydrophobic SA
provides dangling side chains that aggregate and crystallize to constitute the physical
crosslinks of the hydrogel. The P(DMA-SA)/AuNP hybrid hydrogel was prepared by
in-situ free radical copolymerization of the mixture of the monomers in the presence
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of AuNPs (Figure 1b). To ensure good dispersion of AuNPs in the hydrogel, as shown
in Figure 1c, the nanoparticles were synthesized by using a reduction method in the
presence of dithiobenzoate-terminated PA6ACA ligand. Upon addition of the
reducing agent NaBH4, the dithiobenzoate end group was converted to the thiol group
attached onto the surface of AuNPs, resulting in AuNPs (2.5-10 nm in diameter)
surface-functionalized with PA6ACA that is a polyacrylamide favoring the
compatibility of AuNPs with the hydrogel.
Table 1 lists the hydrogel samples prepared by varying the density of either the
covalent or the physical crosslinks. At a given concentration of MBA, the amount of
SA determines the extent of hydrophobic associations and crystallization of the SA
side chains (samples 1-4). Whereas at a constant SA content, changing the
concentration of MBA results in hydrogels of different covalent crosslinking density
(samples 1 and 5-7).

The effects of these parameters on the optical healing will be

discussed later. In all samples, the amount of AuNPs was kept at 0.05 wt% with
respect to the total amount of monomers. Unless otherwise stated, the results obtained
with sample 1, i.e., the hydrogel prepared with 1.5% crosslinker MBA and 24% SA
with hydrophobic side chains, will be presented and used for discussion. Figure 2
shows the characterization results for this hydrogel. At room temperature, the swelling
degree at equilibrium (weight ratio of gel containing water over dried gel) is ~ 2,
meaning that the hydrogel contains ~50 wt% of water. This level of water content is
relatively low with respect to some tough hydrogels.[6c, d] The DSC curves in Figure
2a displays an endothermic peak at 45 oC on heating and an exothermic peak at 38 oC
on cooling, resulting from the melting and crystallization, respectively, of the alkyl
side chains in the hydrogel. Figure 2b shows the storage and loss modulus of the
sample as a function of frequency at room temperature. Over the whole frequency
range, the hydrogel behaves like a solid with much higher storage modulus. Figure 2c
shows the change in the storage modulus and in tan  (ratio of G″ to G′) vs.
temperature at a fixed frequency of 1 Hz. The hydrogel starts to lose the stiffness at
temperature above 42 oC, dropping from around 0.4 MPa at this temperature to 0.04
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MPa at 60 oC. Such drastic change in the mechanical property should be attributed to
Table 1. Prepared hydrogel samples with varying SA and MBA contents for physical
and covalent crosslinking, respectively, as well as their water content and thermal
properties indicating the reversible melting-crystallization phase transition of the
hydrophobic SA side chains in most samples (Tm: melting temperature on heating; Tc:
crystallization temperature on cooling; H: melting enthalpy; x: crystallinity).

[a] with respect to the total amount of monomers; [b] calculated with respect to the
weight of hydrogel; [c] calculated by using Ho=218 J/g for 100% crystallized SA
side chains[16].

Figure 2. Characterization of the hydrogel containing 1.5% MBA and 24% SA: (a)
DSC heating and cooling curves; (b) changes in the storage modulus, G′, and loss
modulus, G″, of the hydrogel as a function of frequency at room temperature; and (c)
changes in the storage modulus and tan  as a function of temperature at a fixed
frequency of 1 Hz. All heating or cooling experiments were carried out at a rate of 5
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o

C/min.

the thermally induced phase transition from ordered (crystalline) packing to
disordered (amorphous) aggregate of the SA side chains. The concomitant increase of
tan  also confirms the softening of the hydrogel associated with the disruption of the
physical crosslinks.

Figure 3. Optical healing of the hydrogel containing 1.5% MBA and 24% SA, enabled
by the melting-crystallization phase transition of the hydrophobic side chains: (a-c)
photos that visually show the healing behavior: (a) an original hydrogel sample, (b)
the sample cut into two pieces and (c) healed sample emerging into one piece upon
exposure to laser (λ= 532 nm, 0.72 W) for 5 seconds (c); (d) stress-strain curves for
the original and optically healed hydrogels with two short laser (0.72 W) exposure
times at room temperature; (e) x-ray diffraction patterns of the hydrogel sample
recorded at room temperature, before exposure to laser, upon laser exposure (0.32 W)
and after turning off the laser; and (f) the local temperature rise in the hydrogel as a
function of applied laser power.
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Efficient optical healing of the strong hydrogel is depicted in Figure 3. One original
sample was cut into two (Figure 3a-b); the two halves were brought into intimate
contact and then a diode laser beam (λ= 532 nm, 0.72 W, beam diameter ~3 mm) was
applied to the interfacial area for 5 seconds (scanning along the junction of the two
surfaces) and the two halves merged into one single piece after turning off the laser
(Figure 3c). Here it should be noted that without laser exposure no healing effect
could be observed no matter how long the two halves were held in contact. Likewise,
without AuNPs in the hydrogel, no healing was possible under the used conditions. To
further evaluate quantitatively the optical healing efficiency, tensile tests were
performed on the original and the optically healed hydrogel samples with short laser
irradiation times. After turning off the laser and before conducting the mechanical
tests, the healed hydrogel samples were rest at room temperature for a few minutes for
thermal equilibrium. The results of tensile test are shown in Figure 3d. Upon
elongation, the original hydrogel sample fractured at a stress of ~ 2.3 MPa and a strain
of ~ 50%. For the optically healed sample, whose fracture upon elongation occurred
in the initial cut, a significant healing effect was achieved using just 5 seconds of light
exposure at an intensity of 0.72 W, with the regained tensile strength reaching > 1
MPa. For the same hydrogel, after prolonging the laser exposure to 10 seconds, the
breaking of the healed sample took place at a higher tensile strength, which is also the
strength at fracture in this case, close to 2 MPa, indicating an almost complete
recovery of its original mechanical properties. It should be emphasized that to date,
very few healable hydrogels were reported to exhibit a tensile strength recovered after
repairing greater than 1 MPa.

Experimental evidence supported the working

hypothesis that a photo-thermally induced melting-crystallization phase transition
inside the physical crosslinks is at the origin of the healing process. Figure 3e shows
the X-ray diffraction pattern of a hydrogel sample where the sharp diffraction peak at
2 ~21.7o arises from crystallized SA side chains. Upon laser exposure, only a
broadened halo was observable around 2 ~19.1o indicating disappearance of the
ordered phase. Subsequently, after turning off the laser, the diffraction peak
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characteristic of a crystalline phase reappeared. This result confirmed that under the
used conditions laser exposure could melt the crystalline domains packed by the
dangling SA chains in the hydrogel, which was followed by a recrystallization
occurring on cooling after turning of the laser. Moreover, by embedding a digital
thermocouple into the hydrogel, it was possible to measure the local temperature rise
in the close vicinity of the laser-exposed region. Figure 3f shows the detected
temperature as a function of the applied laser power. With the used 0.72 W, the
temperature detected rose quickly, < 4 seconds, above the melting temperature of
about 45 oC. Back to Figure 3d, the Young’s moduli at small strain for the optically
healed samples appear to be higher than that of the original sample, which may be
caused by a different state of crystallized SA chains and some inevitable drying effect

(a)

Fracture Strength (MPa)

Fracture Strength (MPa)

in the repaired region with respect to the rest of the sample.
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(b)

3

original
healed

2

1

0

1.5

2.7

6.0

15.0

MBA Content (mol%)

Figure 4. Comparison of the strength at fracture between the original and optically
healed sample (10 seconds laser exposure, 0.72 W) for hydrogels of various
compositions: (a) hydrogels with 1.5% of covalent crosslinker MBA but different SA
contents (samples 1-4 in Table 1); and (b) hydrogels with 24% of SA but different
covalent crosslinker (samples 1 and 5-7 in Table 1). Error bars represent the standard
deviation (n ≥ 4).
The results summarized in Figure 4 not only illustrate the effect of both the covalent
and physical crosslinks on the healing, but also further confirm the optical healing
mechanism and points out how to make the healing effective for mechanically strong
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hydrogels. Figure 4a compares the strength at fracture of undamaged hydrogel and the
recovered fracture strength after optical healing (10 seconds laser exposure on two cut
pieces, 0.72 W) for hydrogel samples with various contents of SA while having the
same covalent crosslinker concentration (1.5%). As the SA content decreases, the
initial fracture strength of the hydrogel decreases, which is understandable because
less SA side chains means reduced contribution of the physical crosslinks to the
mechanical strength. However, down to 20% SA, there is still an appreciable amount
of crystallized SA chains for physical crosslinking in the hydrogel (Table 1), and the
optical healing efficiency remains very high. The healing capability of the hydrogel
starts to drop with 16% of SA, for which only a very slight melting and crystallization
of SA can be observed (Figure S4a). At 10% SA, it is no surprise to see basically the
absence of healing because of the absence of crystallization of SA side chains. On the
other hand, Figure 4b reports the data for hydrogels having the same physical
crosslinking density with 24% SA but varying covalent crosslinking density with
different MBA contents. When the covalent crosslinker concentration increases from
1.5 to 2.7%, the hydrogel becomes even stronger exhibiting a fracture tensile strength
approaching 3 MPa. At this level of covalent crosslinking, the dangling SA side
chains can still associate and crystallize (Table 1); consequently, the optical healing
efficiency remains excellent since the hydrogel showed recovered fracture strength
near 2.5 MPa.

By contrast, with the MBA concentration further up to 6%, the

healing efficiency drops considerably even though an appreciable amount of
crystallized SA chains exists in the hydrogel. This result implies that when the
polymer chain mobility is restricted too much by the covalent crosslinking, the SA
side chains melted under laser exposure can no longer sufficiently inter-diffuse in the
damage region that is required for healing of the hydrogel after the laser is turned off.
At the highest concentration of 15% covalent crosslinks, no melting-crystallization
phase transition of SA chains could be detected (Figure S4b) and, concomitantly, no
optical healing was achievable. It is worth noting that in this last hydrogel, despite the
very high covalent crosslinking density, its fracture strength is much smaller than the
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other hydrogels due to the absence of physical networking. This result indicates that
high mechanical strength of this type of hydrogels comes from an appropriate balance

Fracture Strength (MPa)

of both the covalent and physical crosslinking densities.

2.5
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healed

2.0
1.5
1.0
0.5
0.0

P(D
P(
P(
P(DM
A-SA DMA-LA) DMA-HA MA-EA)
)
)

Figure 5. Chemical structures of the acrylates used in preparing the hydrogels with
hydrophobic side chains of different lengths; and (b) comparison of the strength at
fracture for the original and optically healed hydrogels (10 seconds laser exposure,
0.72 W). Except the nature of the acrylate comonomer, all hydrogels were prepared
under the same conditions of 0.05 wt% AuNP, 1.5% MBA crosslinker and 24% of the
comonomer. Error bars represent the standard deviation (n ≥ 4).
The crucial role played by crystallization of the SA side chains in the optical healing
was also revealed by an additional control experiment. Various hydrogels containing
hydrophobic alkyl side chains shorter than SA were synthesized under otherwise the
same conditions. Figure 5 shows the used acrylate monomers and the results of the
comparative optical healing measurements using samples prepared with the same
MBA concentration (1.5%) and the same fraction of hydrophobic side chains (24%).
No crystallization of all the shorter alkyl side chains was observed in the
corresponding hydrogels. Consequently, not only the optical healing can not develop
in those hydrogels, but also their mechanical strength is weak as compared to the
hydrogel with the SA side chains. We also mention that the efficiency of repeated
optical healing of the same cut was investigated using the sample with 24% SA and
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1.5% MBA. The recovered strength at fracture decreased slightly with increasing the
number of fracture-healing cycles. The average tensile strength over five cycles was
about 1.5 MPa.
The AuNP-containing hydrogel is multifunctional exhibiting also optically
controllable shape memory effect. As mentioned above, such coexisted physical
crosslinks formed by a microphase separated component including the dangling
hydrophobic side chains

[14a]

, makes it possible to fix a temporary shape and their

dissociation or softening activates the permanent shape recovery. Figure 6 shows an
example of results. A piece of the hydrogel prepared with 1.5% MBA and 20% SA
(sample 2 in Table 1) containing about 56 wt% of water was stretched to ~100% strain
at 70 oC in a water bath followed by cooling to room temperature to afford fixation of
the elongated temporary shape (photos a and b). When laser (0.32 W) was applied to
the two end areas (about 2/3 of the length) at room temperature, a selective shape
recovery was achieved in a few seconds with the sample contracting from both sides,
while the unexposed middle part of the hydrogel remained intact (photo c).
Subsequently, another exposure was exerted on the middle section to fulfill the whole
shape recovery (photo d). Such optically controllable shape-memory effect originates
from chain relaxation (or strain energy release) due to local temperature rise above the
melting of the crystallized SA side chains. This can readily be confirmed by
monitoring the force required to hold a hydrogel sample at a constant length upon
laser exposure. Figure 6e shows the results for a hydrogel deformed to 50% strain
(temporary shape) and, for comparison, the hydrogel of initial shape. Upon laser
exposure, the unstretched sample displays a decrease of the stress, which is caused by
thermal softening and expansion of the sample related to the melting of the SA side
chains. By contrast, when laser was applied to the sample of temporary shape, despite
the thermal expansion effect, a net increase in the stress was observed due to the
restoring (contraction) force arising from the shape recovery process. Finally, we note
that it is possible to optically heal a localized damage on a sample with a temporary
shape without affecting the shape memory function, provided that the laser beam is
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focused on the damaged area so that other parts of the sample avoid photoinduced
heating.

Figure 6. Light-controlled shape-memory behavior of the hydrogel: photos of (a) a
hydrogel of original shape, (b) the temporary shape obtained by stretching the sample
to ~100% strain at 70 oC in a water bath followed by cooling to room temperature, (c)
selective shape recovery by exposing the two end areas (about 2/3 of the sample) to
laser (0.32 W), and (d) fully recovered permanent shape after laser exposure of the
central part of the sample; (e) different changes in the stress required to hold a
hydrogel sample with either original shape or temporary shape (deformed to 50%
strain) upon exposure to laser (0.32 W).
5.2.4. Conclusion
In

conclusion,

we

reported

the

use

of

photothermal

effect

induced

melting-crystallization phase transition of hydrophobic alkyl side chains to prepare
light-healable, mechanically strong hydrogels with high regained tensile strength. The
demonstrated mechanism makes the method general and applicable to preparing other
strong stimuli-healable hydrogels. The key requirement in using this method is to
have hydrophobically associated and crystallized side chains that constitute the
physical crosslinks coexisting with permanent crosslinking for ensuring the
mechanical strength of the hydrogels.
5.2.5. Experimental Section
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The preparation of the strong hydrogel containing AuNPs (Figure 1b) is described
below. Additional details on the synthesis and characterizations are given in
Supporting Information.
Synthesis of PA6ACA-functionalized AuNPs: To a vigorously stirred solution
containing HAuCl4·3H2O (39.4 mg, 0.1 mmol) and PA6ACA (0.8 g, 0.2 mmol) in 40
mL MeOH, 0.3 mmol of NaBH4 in 3 mL MeOH was added dropwise under cooling in
an ice bath. The solution rapidly turned red and it was kept under stirring for another
3 h at room temperature. Afterwards, three consecutive centrifugations at 28,000 rpm
were carried out to collect AuNPs and remove free polymer chains. The obtained
AuNPs can readily be dispersed in MeOH, DMSO or water.
Synthesis of AuNP-containing Hydrogels: The AuNP-loaded, chemically cross-linked
P(DMA-SA) hydrogel was prepared by using an in-situ free radical copolymerization
method. As an example, AIBN (7 mg, 0.043 mmol, initiator), MBA (3.8 mg, 0.025
mmol, covalent crosslinker), SA (105 mg, 0.324 mmol), DMA (125 mg, 1.263 mmol),
AuNP (0.115 mg in 0.1 mL MeOH) and 0.5 mL ethanol were introduced into a
flat-bottom vial with an sealable cap. The mixture was first pre-heated to 40 oC to
obtain a homogeneous solution and then immersed into an oil bath at 85 oC for 30 min
to afford the in-situ free radical copolymerization. Afterwards, the as-synthesized
cross-linked gel was completely dried under vacuum at room temperature before
being soaked in a large amount of water for at least two weeks to remove
un-crosslinked

water-soluble

species

and

for the

hydrogel to

reach

its

equilibrium swelling state. In addition, following the same procedure and under the
same conditions, replacing SA with LA or HA or EA (Figure.5) allowed us to prepare
AuNP-containing hydrogels in which the hydrophobic side chains are shorter than
SA.
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5.2.6. Supporting Information
5.2.6.1. Synthesis and Characterization of P(DMA-SA)/AuNP Hybrid Hydrogels
1. Materials
Azobisisobutyronitrile (AIBN, from Aldrich) and stearyl acrylate (SA, from TCI
America) were recrystallized from ethanol solution. N,N-Dimethylacrylamide (DMA),
lauryl acrylate (LA), hexyl acrylate (HA) and ethyl acrylate (EA) (all from
Sigma-Aldrich) were purified through activated basic alumina column in order
to remove inhibitor before use. Gold (III) chloride trihydrate (HAuCl4·3H2O),
N,N′-methylenebisacrylamide (MBA), sodium borohydride (NaBH4) and all other
reagents used in this study were purchased from Sigma-Aldrich and used as received.
2. Synthesis of PA6ACA by RAFT Polymerization

Figure S1. 1H NMR spectrum of PA6ACA in DMSO-d6.
N-Acryloyl 6-aminocaproic acid (A6ACA) and cyanoisopropyl dithiobenzoate (CIDB)
were synthesized as already reported

[S1, S2]

. Poly(N-acryloyl 6-aminocaproic acid)

(PA6ACA) was synthesized according to a typical reversible addition-fragmentation
chain transfer (RAFT) polymerization procedure. Typically, A6ACA (1.2 g, 6.5
mmol), CIDB (2.8 mg, 0.0127 mmol), AIBN (0.4 mg, 0.00244 mmol) and 3 mL
DMSO were introduced into a round-bottom flask with a magnetic stirrer. The
mixture was degassed by freeze-pump-thaw cycles, sealed under vacuum, and
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polymerized at 78 °C for 2.5 h. The resulting polymer was precipitated in an excess
amount of cold diethyl ether, purified by repeated precipitations, and dried under
vacuum. 1H NMR spectrum of the polymer is shown in Figure S1; from the
characteristic peak integrals, the number-average molecular weight was estimated to
be ~ 4000 g/mol.
3. TEM Observation of PA6ACA-functionalized Gold Nanoparticles (AuNPs)
TEM was employed to determine the size distribution of PA6ACA-functionalized
AuNPs. As shown in Figure S2, their sizes range from ~2.5 nm to ~10 nm, whereas
this heterogeneity in size does not affect the present study. We mention that AuNPs
surface-functionalized with other polymers such as PDMA were also prepared; but
they could not give rise to stable dispersion of AuNPs in the hydrogel during the
in-situ free radical copolymerization process.

Figure S2. TEM image of PA6ACA-functionalized AuNPs.
4. UV-vis Absorption Spectra of PA6ACA-capped AuNPs in Different Mediums
UV-vis absorption spectra of PA6ACA-functionalized AuNPs dispersed in MeOH,
water and the P(DMA-SA) hydrogel (~ 0.7 mm in thickness) are shown in Figure S3.
It is seen that the maximum absorption wavelength of the surface Plasmon resonance
of AuNPs (λmax = 532 nm) and the half-peak width are almost the same, indicating
the excellent dispersion of the nanoparticles in the P(DMA-SA) hydrogel.
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Figure S3. UV-vis spectra of PA6ACA-functionized AuNPs dispersed in methanol,
water and the hydrogel.
5. Effect of Chemical or Physical Crosslinking Density on the thermal Phase
Transition in Hydrogels
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Figure S4. DSC heating and cooling curves (5 oC/min) of the hydrogels with varying
SA content (a) and MBA crosslinker content (b).
Figure S4 shows the DSC heating and cooling curves (5 oC/min) for hydrogels in
Table 1. In a, for the samples having the same covalent crosslinker content (1.5 mol%
MBA), as the amount of SA decreases, the endothermic peak on heating due to the
order-disorder phase transition of the dangling side alkyl chains, becomes less
important. The same observation can be made for the exothermic peak (crystallization)
on cooling. In b, on the other hand, at the same amount of SA (24%), the reversible
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order-disorder phase transition of the SA side chains is also increasingly restricted by
an increasing density of the permanent chemical crosslinking. At the highest 15.0% of
MBA, almost no melting or crystallization of the SA chains can be detected. As
discussed in the paper, the optical healing efficiency is directly determined by the
extent of the order-disorder phase transition of the dangling side chains in the
hydrogel. Therefore, either covalent or physical crosslinking density affects the
optical healing.
5.2.6.2. Instruments and Methods
Thermal phase transition behaviors were investigated by using a differential scanning
calorimeter (TA Q200 DSC). Indium was used as the calibration standard and a
heating or cooling rate of 5 oC/min was used for all measurements. Data reported in
the paper were collected from the second heating or cooling scans. The viscoelastic
behavior of he P(DMA-SA)/AuNP hydrogel was measured using a dynamic
mechanical analyzer (Perkin-Elmer DMA 8000) in shear mode. The mechanical
tensile tests on the hydrogels conducted on a dynamic mechanical thermal analyzer
(Rheometric Scientific, DMTA V) using 1 mm/s tensile rate at room temperature. For
the light-triggered shape memory effect, the stress required to hold a hydrogel sample
at a constant length was measured in stress relaxation mode with the Perkin-Elmer
DMA 8000 instrument by keeping a constant strain. UV-vis spectra were recorded on
a spectrophotometer (Varian 50 Bio). WAXD measurements were carried out at 20 oC
on a Bruker APEX DUO X-ray diffractometer. The hydrogel sample was cut to
approximately 0.3x0.3x0.3 mm3, glued with paratone oil on a sample holder and
mounted. Six correlated runs with Phi Scan of 360 degrees and exposure times of 180
seconds were collected with the Cu micro-focus anode (1.54184 Å) and the CCD
APEX II detector at 150 mm distance. The diffraction patterns were analyzed using
Diffrac. Eva from Bruker. The light exposure experiments were performed using a
laser at a wavelength of 532 nm and a tunable power output from 0 W to 1 W
(Changchun New Industries Optoelectronics Tech. PM-532-2000). 1H-NMR spectra
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were recorded on a Bruker AC 300 spectrometer (300 MHz) using DMSO-d6 as
solvent and tetramethylsilane as internal standard. TEM observation was performed
using a Hitachi H-7500 transmission electron microscope (TEM) operating at 60 kV.
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5.3. Conclusion of the Project
In this project, we designed and synthesized an AuNP-containing hybrid hydrogel by
using in-situ free radical copolymerization of hydrophilic DMA, hydrophobic SA and
chemical crosslinker MBA. We showed that the obtained mechanically strong
hydrogel could exhibit light-enabled healing and shape memory due to the
photothermal effect from SPR absorption of AuNPs surface-functionalized with a
polyacrylamide for dispersion in the hydrogel. While the coexisted chemical and
physical networks endow the hydrogel with high strength and stiffness, light-induced
melting of the crystallized hydrophobic SA chains makes possible the optical healing
and shape memory. We showed that no light-triggered healing was observed with
dangling hydrophobic side chains shorter than SA because of the absence of
crystallized domains acting as the physical crosslinks. The hybrid hydrogel design is
general and can easily be applied to prepare other strong hydrogels with the optical
healing and shape memory properties.
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CHAPTER 6 POLY(VINYL ALCOHOL) HYDROGEL CAN
AUTONOMOUSLY SELF-HEAL
6.1. About the Project
In the course of this thesis centered on light-controlled SMPs and SHPs, a discovery
was made regarding self-healable hydrogels that are capable of repairing damage
autonomously without any input of external stimuli, as long as the crack or fracture
surfaces are in contact. We found that the hydrogel of PVA, a widely used and
commercially available polymer, prepared by the freezing-thawing method resulting
in crystalline microdomains acting as physical crosslinks, possesses this appealing
self-healing ability. Our study suggested that hydrogen-bonding between the hydroxyl
groups of PVA be at the origin of this property, similar to most soft self-healing
polymers for which the autonomous healing stems from formation of some kind of
dynamic, non-covalent bonding or intermolecular We investigated the effect of a
number of parameters on the self-healing efficiency, including molecular weight of
PVA, concentration of PVA in the hydrogel and the number of freezing-thawing
cycles.
This work was published in ACS Macro Letters 2012, 1, 1233-1236 by Hongji Zhang,
Hesheng Xia and Yue Zhao. This research work was carried out in the Universitéde
Sherbrooke under the supervision of Prof. Zhao. I performed all the experiments and
characterizations reported in this publication. I wrote the first draft of the manuscript.
Prof. Zhao finalized the manuscript with revision contributions from Prof. Xia.
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6.2.1. Abstract
It is discovered that poly(vinyl alcohol) (PVA)hydrogel prepared using the
freezing/thawing method can selfrepair at room temperature without the need for any
stimulusor healing agent. The autonomous self-healing process can befast for
mechanically strong PVA hydrogel yielding a highfracture stress. Investigation on the
effect of the hydrogel preparation conditions points out that hydrogen bonding
between PVA chains across the interface of the cut surfaces is at the origin of the
phenomenon. The key for an effective selfhealing is to have an appropriate balance
between high concentration of free hydroxyl groups on PVA chains on the cut
surfaces prior to contact and sufficient PVA chain mobility in the hydrogel.
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6.2.2. Main Text
Self-healing materials possess the capability of repairing themselves after damages,
which is a striking property that can prolong the lifetime of these materials and, thus,
lower the cost. In recent years there is fast growing interest on a variety of
self-healing polymers.

1−11

Of them, self-healing hydrogels have attracted much

attention due to their great potential in biomedical applications.

12−24

It is no surprise

to see that the main strategies for making self-healable hydrogels are all built up with
the use of dynamic covalent bonds 16 or supramolecular interactions such as hydrogen
bonding, electrostatic interaction, host−guest recognition, metal-ligand coordination,
hydrophobic association, and π−π stacking.

17−24

Despite the exciting progress made

on self-healing hydrogels, important challenges still remain. On the one hand,
hydrogels for biomedical applications must have good biocompatibility and
nontoxicity, whereas the designed self-healable hydrogels generally put the emphasis
on their self-healing property without taking the biocompatibility and toxicity issues
into great account. On the other hand, the current generation of self-healable
supramolecular hydrogels generally suffers from low mechanical strength, which may
be problematic for some biomedical applications such as tissue engineering scaffolds.
Basically, the self-healing ability of a hydrogel is antagonist of its mechanical strength,
because good polymer chain mobility, which favors chain diffusion across an
interface of cut or fractured surfaces and predominantly influences the efficiency of
self-healing, often means low mechanical strength of the hydrogel. It can also be
noticed that many self-healing hydrogels are stimuli-healable hydrogels because their
repairing process requires the input of a stimulus to be activated.

16,18, 22−24

Here we

report the discovery that poly(vinyl alcohol) (PVA) hydrogel prepared under
appropriate conditions can autonomously self-heal, exhibiting both good self-healing
capability and mechanical strength. This finding is important because PVA hydrogel
has been extensively studied and considered as one of the hydrogels the most suitable
for biomedical applications due to its biocompatibility and nontoxicity.

25

The

unveiled self-healing nature of PVA hydrogel adds a new appealing property to this
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old hydrogel and may hold promise for applications.
We prepared physically cross-linked PVA hydrogel using the well-known
freezing/thawing method. 25 Typically, PVA (8 g, Mowiol 28−99 from Aldrich, MW:
∼145000 g/mol, > 99% hydrolysis) was dissolved in distilled water (22.8 mL)
at∼95 °C under vigorous stirring; the homogeneous solution was then cast into a mold
of desired dimension and cooled at -15°C for 1 h, which was followed by thawing at
room temperature for 12 h. Unless otherwise stated, the hydrogel used in this work
was prepared at a PVA concentration of 35 wt% and subjected to one cycle of
freezing/thawing, and for self-healing experiments, the cut pieces were brought into
contact immediately after the cut (< 5 s). The mechanical strength and appearance of
the PVA hydrogel can easily be tuned by varying a number of parameters. Roughly, its
mechanical strength and opacity are proportional to the concentration of PVA and the
number of freezing/thawing cycles. For biomedical applications, physically
cross-linked PVA hydrogel, being composed of only water and the polymer, compares
advantageously with chemically crosslinked hydrogel that contains more chemicals
(cross-linker, catalyst, etc.).

25

When the freezing/thawing method was used,

crystallization of PVA occurs at low temperature resulting in the formation of
crystallites that act as physical cross-links to hold the network structure in the PVA
hydrogel.

25

Under our used experimental conditions, X-ray diffraction measurements

found that the degree of crystallinity in the hydrogel containing 35 wt% of PVA is
about 14% after one freezing/thawing cycle and 20% after three cycles (details on the
characterizations of the hydrogel are given in Supporting Information). We found that
such physically cross-linked PVA hydrogel can autonomously self-heal in air at room
temperature without the need for any external stimulus or healing agent.
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Figure 1. Photographs showing the self-healing behavior of PVA hydrogel: (a) two
pieces of original hydrogel with and without rhodamine B for coloration; (b) two
halves of the original hydrogels cut from the middle; (c) self-healed hydrogel upon
bringing the two separate halves in contact for 12 h in air at room temperature without
any external stimulus; (d) bending of the self-healed hydrogel; and (e) stretching of
the self-healed hydrogel to about 100% extension.
The phenomenon is shown with the pictures in Figure 1. Two pieces of original
hydrogels, one of which contains a red pigment for visualization of the interface of
cut surfaces, were prepared using 35 wt% PVA and one freezing/thawing cycle
(Figure1a). They were cut into two pieces using scissors and two halves taken from
each of the original hydrogels were put together rapidly to have their freshly created
fracture surfaces brought into contact (Figure1b). A single piece of hydrogel emerged
quickly from the two halves without any stimulus or healing agent; the diffusion of
pigment molecules from one-half to the other could be noticed (Figure1c). After 12 h,
while the cut region on the surface was still visible, the interface in the bulk
disappeared almost completely; and the self-healed, one piece hydrogel could
withstand all kinds of mechanical forces without failure at the interface, such as
bending (Figure 1d), twisting, compressing, and stretching to a large extension
(Figure 1e).
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Figure 2. a) Stress-strain curves of original and self-healed PVA hydrogel at various
healing times (35% polymer) recorded at room temperature under a tensile rate of 1
mm/s. b) Plot of the recovery of tensile strength (fracture stress) of self-healed
hydrogel vs. healing time, Error bars denote the standard deviations from at least three
experiments.
To further quantitatively evaluate the self-healing property of the PVA hydrogel,
tensile tests were performed on the original and self-healed samples with varying
healing times. The results of one set of experiments are shown in Figure 2a. As
expected, self-healed hydrogel samples ruptured at the interface upon elongation and
the recoverable strength, denoted as fracture stress, increased with increasing the
healing time. The fracture stress after 48 h healing is ∼200 kPa, which is∼72% of the
tensile strength of the original uncut hydrogel of the similar dimension and treated
under identical conditions. To our knowledge, as far as autonomously self-healed
hydrogels are concerned, the recovered fracture stress of ∼200 kPa is the highest
value reported up to now. It is also worth noting that more than half of the self-healing
process occurred within the first hour after bringing the two pieces of cut hydrogel
together. As seen in Figure 2a, after 1 h, the fracture stress has achieved ∼105 kPa,
corresponding to ∼40% of the initial tensile strength recorded with the uncut sample.
Similarly, after 10 min self-healing, the fracture stress was already up to an
impressive ∼60 kPa. Actually, the hydrogel self-healed for less than 10 s could
withstand a stress around 10 kPa, which may be a very meaningful mechanical
strength for certain hydrogel applications. These results indicate the occurrence of a
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very rapid and efficient autonomous self-healing process in such physically
cross-linked PVA hydrogels. Figure 2b shows the plot of the fracture stress recovery,
averaged over the results of several sets of experiments, versus the healing time,
further illustrating the fast occurring self-healing within the first hour after putting the
cut surfaces together. It can be noted in Figure 2a that prior to their failure at the
interface the self-healed samples display slightly higher stresses than the uncut
hydrogel upon elongation. While this apparent difference may be partly attributed to
experimental uncertainty in the measurements, it may be indicative of small changes
in the toughness of the self-healed hydrogel, which could be caused by the loss of
some water molecules during the specimen manipulation required for the self-healing
experiment. Apart from the tensile test, the repeatability of the hydrogel’s self-healing
ability was also investigated. It was found that the PVA hydrogel could experience
many cycles (> 10) of damage and healing along the interface with the fracture stress
decreased slightly over the cycles (data of 10 cycles of tests are shown in Figure S1).

Figure 3. Effect of the preparation conditions of PVA hydrogel on their fracture stress
after self-healing at room temperature: (a) PVA concentration in the gel; (b) separation
time before bringing two cut surfaces into contact for self-healing (35% of PVA); and
(c) number of freezing/thawing cycles (35% of PVA). Error bars denote the standard
deviations from at least three experiments.
Considering the hydroxyl group of vinyl alcohol, the autonomous self-healing ability
of the PVA hydrogel is likely to stem from the formation of hydrogen bonding
between PVA chains. It is easy to picture that the hydrogen bonds contributing to the
self-healing should essentially be those formed between PVA chains on both sides of
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the interface and/or those between PVA chains on one side and PVA chains diffusing
across the interface from the other side when the two cut surfaces are brought into
contact. To get more insight into the underlying mechanism, we investigated the
impact of a number of parameters on the self-healing efficiency, including the
concentration of PVA in the gel, the separation time of the cut hydrogel before being
brought into contact and the number of freezing/thawing cycles. The results in Figure
3 show that all the parameters affect profoundly the self-healing ability of the PVA
hydrogel. Overall, what favors the formation of intermolecular hydrogen bonding
between PVA chains and the diffusion of PVA chains across the interface strengthens
the self-healing process. First, the concentration of PVA in the hydrogel plays an
important role (Figure 3a). Up to 35 wt%, the fracture stress of self-healed PVA
hydrogel increases sharply with increasing the polymer content while keeping other
conditions the same. The hydrogel cannot repair itself if the concentration of PVA is
below 20 wt % regardless of the healing time and number of freezing/thawing cycles.
This result implies that a sufficient amount of polymer chains on the cut surfaces is
necessary to promote a sufficient number of H-bonds formed between PVA chains
across the interface. At a low concentration of < 20 wt%, PVA chains are well
dispersed and surrounded by water molecules so that the chance for PVA chains on
the two sides to reach each other to form H-bonds can be severely diminished.
However, when the concentration of PVA is higher than 35 wt %, the recovered
fracture stress goes down. At 40 wt % of PVA, it became difficult to obtain a
homogeneous solution due to some insoluble polymer. Also reported in Figure 3a is
the healing efficiency (after 48 h healing) in terms of recovered fracture stress with
respect to the original uncut hydrogel. The most effective recovery was found for
hydrogels with a PVA concentration of 30-35 wt %. Altogether, with the used
molecular weight of PVA, the optimal polymer concentration is about 35 wt%.
Second, at 35 wt % of PVA, the fracture stress of self-healed PVA hydrogel decreases
drastically with increasing the separation time before putting the cut surfaces together
(Figure 3b). While most of the hydrogel’s self-healing ability remains at a separation
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time less than 1 h, the hydrogel loses almost completely its self-healing ability after
24 h or longer separation. This result is no surprise and suggests that, after cutting the
hydrogel, if the two new surfaces are kept separated from each other, PVA chains on
the same surface could rearrange to allow their hydroxyl groups to form either
interchain or intrachain H-bonds to minimize the surface energy. The consequence of
this is that the number of free hydroxyl groups on each surface decreases over time,
which reduces the number of H-bonds that can be formed across the interface when
the two surfaces are brought together.

4, 17

In an attempt to observe the temporal

evolution of the numbers of free and H-bonded hydroxyl groups of PVA on a cut
hydrogel surface, we recorded infrared spectra of a freshly cut surface and after
various separation times. Unfortunately, no information could be extracted due to the
dominant absorption bands of H-bonded water molecules in the 3000-3500 cm−1
spectral regions hiding the absorption bands of PVA (Figure S2).
Third, at 35 wt % of PVA, the number of freezing/thawing cycles also impacts the
hydrogel’s self-healing ability (Figure 3c). The hydrogel prepared using this method is
known to become harder and more opaque with increasing the number of
freezing/thawing cycles as a result of increased crystallinity of PVA chains.

26, 27

X-ray diffraction and viscoelastic measurements on our hydrogels confirmed an
increased crystallinity and mechanical strength with increasing the number of
freezing/thawing cycles (Figures S3 and S4). Generally, a greater hardness of
hydrogel means reduced chain mobility. If polymer chains on the two surfaces cannot
migrate or diffuse from one side to the other due to the lack of chain mobility,
obviously the self-healing process cannot develop effectively. This explains the
decreasing fracture stress of self-healed hydrogel with increasing the number of
freezing/thawing cycles. Furthermore, there are other parameters that can affect the
self-healing behavior. For instance, with one freezing/thawing cycle, different
freezing times could also affect the self-healing performance. Again, the optimal
conditions (PVA concentration, number of freezing/thawing cycles, freezing time,
separation time, etc.) could vary for PVA samples having different characteristics and
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thus different crystallization kinetics in the formation of the physically cross-linked
state. From all of the above results, the key to a fast and efficient autonomous
self-healing of hard PVA gel appears to have enough free hydroxyl groups on the cut
surfaces susceptible to form H-bonds across the interface (determined by PVA
concentration and separation time of cut surfaces) and yet a sufficient chain mobility
that is required for chain diffusion across the interface and association of hydroxyl
groups to form H-bonds (determined by the number of freezing/thawing cycles and
freezing time).
As mentioned above, the gelation of PVA dissolved in water upon the
freezing/thawing cycle is due to partial crystallization of PVA chains that results in
hard crystallites serving as physical cross-links of a network structure. When a
hydrogel is cut into two pieces, the possibility of having broken crystallites on the cut
surfaces cannot be ruled out. As the cut surfaces are brought into contact, it would
also be possible that crystallization of PVA chains at the interface occur over time and
contribute to the self-healing. At this point, we have no experimental evidence to
support this hypothesis. However, crystallization of PVA at the interface is unlikely
under our used experimental conditions. Indeed, all self-healing tests were carried out
at room temperature (∼ 25°C), while the crystallization of PVA in the hydrogel occurs
at much lower (subambient or freezing) temperatures.

25

In summary, we reported the finding that physically crosslinked PVA hydrogel
prepared using the freezing/thawing method can autonomously self-heal at room
temperature without the need for any stimulus or healing agent. The self-healable
hydrogel can be mechanically strong exhibiting the highest fracture stress reported so
far. Our studies suggest that the key to obtaining fast and efficient self-healing of
mechanically tough PVA hydrogel is to have a good balance between a sufficient
amount of free hydroxyl groups of PVA on cut surfaces required for forming
interchain H-bonds and enough chain mobility ensuring chain diffusion across the
interface. The discovery is important because PVA hydrogel is low cost, easy to
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produce, and has great potential for biomedical applications due to its
biocompatibility and nontoxicity. The discovered self-healing ability adds a new value
to this old hydrogel.
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6.2.3. Supporting Information
6.2.3.1. Repeated Self-Healing at Room Temperature
The fracture stress regeneration of PVA hydrogel (35 wt% polymer) undergoing
repeated fracture and self-healing at room temperature was investigated. As shown in
Figure S1, the PVA hydrogel can still self-heal after 10 successive cycles, the fracture
stress being slightly decreased upon repeated tests.

Figure S1. Evolution of fracture stress of PVA hydrogel upon 10 successive cycles of
fracture and self-healing under ambient conditions (35 wt% PVA, cut surfaces brought
into contact for 10 min immediately after fracture.
6.2.3.2. ATR Infrared Spectra of a Cut Hydrogel Surface
ATR infrared spectra of a cut hydrogel surface were recorded immediately after the
cut and at different times after. The spectra in Figure S2 show that the absorption
bands of free and H-bonded hydroxyl groups on PVA chains are hidden by the
dominant absorption bands of water molecules (65 wt% water in the hydrogel) in the
3000-3600 cm-1 region. No information on the temporal evolution of free and
H-bonded hydroxyl groups can be extracted.
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Figure S2. ATR spectra of PVA hydrogel recorded on a freshly cut hydrogel surface
and after 30 h.
6.2.3.3. Wide Angle X-ray Diffraction Measurements

Figure S3. WXRD patterns of PVA hydrogel (35 wt% polymer) after one and three
freezing/thawing cycles.
The crystallinity of PVA in the hydrogel (35 wt% polymer) after one and three cycles
of freezing/thawing was measured by means of wide angle X-ray diffraction (WAXD).
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The measurements were conducted using an as-prepared hydrogel sample at room
temperature. The results shown in Figure S3 are well consistent with literature. 1 The
sharp peak at 2θ ~ 19.4°, corresponding to the 101 reflection, indicates the presence of
crystallites of PVA; and based on the peak area and width, the crystallinity and
crystallite size can be estimated.S1 Data in Figure S3 yielded a PVA crystallinity of
about 14% and a crystallite size of 1.75 nm for the hydrogel after one
freezing/thawing cycle; these values increased to 20% and 2.42 nm, respectively, for
the same hydrogel after three freezing/thawing cycles.
6.2.3.4. Viscoelasticity Measurements
Dynamic mechanical measurements were carried out on PVA hydrogels (35 wt%
polymer) prepared with one and three freezing/thawing cycles. Figure S4 show
changes in the storage (G’) and loss (G") moduli of the hydrogel as a function of
frequency at room temperature (Figure S4a), and vs. temperature at a fixed frequency
of 1 Hz (Figure S4b). The results show that the PVA hydrogels exhibit elastic-like
characteristic (G’ > G″), as well as frequency-dependent behavior: both G’ and G"
increase with increasing frequency or on cooling. This dynamic feature seems to arise
from the physical cross-links formed by the crystallites of PVA in hydrogels prepared
by the freezing/thawing method, which contrasts with hydrogels with covalent
chemical cross-linking that may display frequency-independent storage (G’) and
loss (G″) moduli.S2 For the two hydrogels, the fact that even at 70 oC the storage
modulus is still much higher than the loss

modulus (G’ > G″) implies the existence

of a mechanically tough network in the PVA hydrogels. Moreover, as expected, due to
a higher crystallinity (Figure S3), the hydrogel prepared using three cycles of
freezing/thawing exhibits greater moduli than the hydrogel subjected to only one
freezing/thawing cycle. An increasing mechanical hardness of the hydrogel with
increasing the number of freezing/thawing cycles means a reduced PVA chain
mobility.
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Figure S4. Storage modulus (G’, solid symbols) and loss modulus (G″, open symbols)
of PVA hydrogels (35 wt% polymer) prepared using one (square) and three (triangle)
cycles of freezing/thawing: a) moduli vs. frequency at room temperature and b)
moduli vs. temperature at a fixed frequency of 1 Hz.
A stress relaxation measurement was also performed on the PVA hydrogel prepared
using one freezing/thawing cycle. Figure S5 shows that stress rapidly relaxed during
the first minute after load and then appeared to increase slightly over time. The
remained stress after 10 min (~ 68% of the initial stress) also agrees with the presence
of a physically cross-linked network in the hydrogel. The slight increase over time
implies a continuous structural evolution in the hydrogel under strain, probably
caused by evaporation of some water molecules.

Figure S5. Stress relaxation of PVA hydrogel (35 wt% polymer) prepared using one
freezing/thawing cycle, at room temperature after a 25% strain.
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6.2.3.5. Swelling Ratio and Gel Fraction Measurements
We measured the swelling ratio and gel fraction forthe PVA hydrogels prepared using
one, three and nine cycles of freezing/thawing, using a literature method. S3 Swelling
to equilibrium was obtained at room temperature in a water bath. The swollen sample
was withdrawn from water and weighed after gentle surface wiping using an
absorbent paper. The swelling ratio (SR) at equilibrium was calculated according to
the following equation: SR (%) = (Ws – Wd)*100/Wd; where Ws is the weight of the
swollen sample and Wd the weight of the dried hydrogel sample. And the gel fraction
(GF) was calculated according to: GF (%) = (Wr – Wd)*100/Wd; where Wr is the
weight of the dry sample after one week immersion in a water bath at 60 oC. As
shown in Figure S6, the swelling ratio and gel fraction drastically decrease and
increase, respectively, with increasing the number of freezing/thawing cycles. The
results indicate an increasing network density as a result of increase in the
crystallinity of PVA in the hydrogel subjected to more cycles of freezing/thawing.

Figure S6. Swelling ratio at equilibrium and gel fraction of PVA hydrogels (35 wt%
polymer) prepared using different cycles of freezing/thawing.
6.2.3.6. Characterizations
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WAXD measurements were carried out at room temperature on a Bruker APEX DUO
X-ray diffractometer. The hydrogel sample was cut to approximately 0.3x0.3x0.3
mm3, glued with paratone oil on a sample holder and mounted. Six correlated runs
with Phi Scan of 360 degrees and exposure times of 180 seconds were collected with
the Cu micro-focus anode (1.54184 Å) and the CCD APEX II detector at 150 mm
distance. The diffraction patterns were analyzed using Diffrac.Eva from Bruker.
Dynamic mechanical measurements were performed on a Perkin Elmer DMA-8000. A
wide scope of frequency scan was conducted by shear mode from 0.01 Hz to 100 Hz
at room temperature. And the temperature scan was carried out from room
temperature to 70 oC at a constant frequency of 1 Hz. The time-dependent stress
relaxation at room temperature was monitored using the tension mode under a fixed
strain of 25%. The stress-strain curves were obtained using DMTA equipment
(Rheometric Scientific, DMTA V) under 1 mm/s tensile rate at room temperature. The
other mechanical tests for fracture stress were conducted using a home-made setup by
which the weight applied to a healed hydrogel could be determined and the resulting
stress at break can be calculated accordingly. Attenuated total reflection (ATR)
infrared spectra were recorded using a FT-IR spectrophotometer (Thermo Scientific
Nicolet iS10 FT-IR) equipped with an ATR cell.
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6.3. Conclusion of the Project
We reported the finding that physically crosslinked PVA hydrogel prepared using the
freezing-thawing method exhibits the autonomously self-healing ability under
ambient conditions and without the need for any external intervention. The underlying
mechanism for this phenomenon lies in the abundance of hydroxyl groups on PVA
chains which can form strong hydrogen bonds. When the fracture surfaces, such as
the surfaces of two pieces of PVA hydrogel, are brought into contact, the formation of
hydrogen bonds between PVA chains located in or diffused across the interface region
can bind the two surfaces together, thus leading to the self-repairing. Our study
showed having that both a good self-healing efficiency and a high mechanical
strength for the PVA hydrogel necessitates an appropriate balance between the amount
of free hydroxyl groups on diffusing PVA chains and the physical crosslinking density
affecting polymer chain mobility. Generally, high PVA concentration and high chain
mobility give rise to the efficient self-healing, while a high physical crosslinking
density formed during the freezing-thawing treatment favors the mechanical strength.
Considering the fact that physically crosslinked PVA hydrogel is known as excellent a
material for biomedical applications thanks to the biocompatibility and absence of
chemical additives, the discovered autonomous self-healing ability adds a new value
to this old hydrogel.
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CHAPTER 7 DISCUSSION AND FUTURE STUDIES
The research work presented in this thesis is centered on the design and study of
light-triggered SMPs and SHPs. Basically, the thesis can be divided into two parts.
The first part deals with light-triggered SMPs enabled by a photothermal effect
resulting from the SPR absorption of AuNPs loaded in the polymer, which converts
the absorbed light energy into heat with a high efficiency and rises the local
temperature of the polymer. Two projects dealing with this subject have been
completed and the results led to the two publications described in Chapters 1 and 2 of
the thesis. To our knowledge, before our studies, there was only one report on the use
of the photothermal effect of AuNPs in an amorphous SMP with Tg as the phase
transition temperature for the shape recovery. Our first work not only extended the use
to semi-crystalline SMP with Tm phase transition, but also, more importantly, made
the first demonstration of various appealing features such as remote activation,
spatiotemporal control, multiple on-demand temporary shapes and conducting a
mechanical work with released strain energy. In the second work, the use of the
excitation light polarization to control SMPs loaded with oriented AuNRs is a new
concept that has not been known before.
The second part of this thesis dealt with light-controlled or autonomous SHPs. After
having established the approach of using the photothermal effect of AuNPs to
optically heal hard or stiff crystalline polymers through a melting-crystallization
mechanism (Chapter 3), we have combined the healing concept with the structural
requirement for SMP to design the first polymer-AuNP nanocomposite (Chapter 4)
and hybrid hydrogel (Chapter 5) exhibiting both light-controlled shape memory and
light-triggered healing. We showed that using the photothermal effect arising from a
very small amount of AuNPs embedded in the polymer matrix, fast and efficient
damage healing in crystalline polymers is possible based on light-induced melting of
polymer crystallites in the fracture region and the subsequent interdiffusion and
recrystallization of polymer chains across the fracture surfaces on cooling after
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turning off the excitation light. Inspired by the work principle of optical healing for
crystalline polymers, we designed and achieved AuNP-containing solid polymer
materials or hydrogels capable of optical healing through the melting-crystallization
and, at the same time, shape memory controlled by the same light-induced melting of
crystallized chains. The last work in Chapter 6, we discovered that physically
cross-linked PVA hydrogel prepared by using the freezing-thawing method can
autonomously heal at ambient conditions without using any external stimulus. The
formation of hydrogen bonds on or across the fracture surfaces accounts for the
self-healing ability of this important hydrogel.
7.1. General Discussion
7.1.1. Light-Responsive SMPs
Distinguished from elastomers featuring a permanent network structure and capable
of restoring its original shape as soon as the external force is released, a SMP
identifies itself for the temporary shape which can be fixated and maintained in a
temperature range of interest (usually above room temperature) after unloading the
external force. Form the thermodynamic point of view, deforming the original shape
of a polymer sample with permanent network into temporary shape means the loss of
entropy. In this regard, the obtained temporary shape tends to return to its original
shape for the sake of entropy recovery. Therefore, one has to turn to the kinetic
aspects in order to stabilize the deformed shape of a polymer sample. This can be
reached by using the network chains as a kind of molecular switch. For this purpose
the flexibility of the polymer chain segments should be a function of a parameter (e.g.
temperature). One possibility for this switch function is a thermal phase transition of
the network polymer chains in the temperature range of interest. At temperatures
above the transition temperature (T >Ttr) the chain segments are flexible enabling a
large deformation under external force, whereas the flexibility of the chains below the
transition temperature (T <Ttr) becomes at least partly limited which offers the
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possibility to stabilize or “freeze” the deformed shape. In brief, a temporary shape of
SMP can be obtained by deforming a sample at T >T tr followed by cooling to T <Ttr to
freeze polymer chains and thus store the strain energy. When the polymer with the
temporary shape is re-heated to T >Ttr, polymer chains are able to move and re-adjust
their conformation so as to reach the thermodynamically stable state with the
maximum entropy, leading to the release of the previously stored strain energy during
the deformation or temporary shape programming process and the recovery of its
original or permanent shape.
Based on the fundamental principle for shape-memory effect, light can find usage in
either the fixation of temporary shape or the recovery of permanent shape or both. On
the one hand, relying on the reversible photo-crosslinking, the flexibility of chain
segments in a polymer network can be altered. Prior to applying the
photo-crosslinking reaction to generate the second crosslinking netpoints, the network
chain segments are in rubbery state with high flexibility and the desired deformation
can be performed under external force; while with the photo-crosslinking occurring,
the network chain segments become increasingly stiff, leading to the entering of
plastic state in the temperature range of interest and the deformed shape is fixated due
to the limited flexibility of polymer chain segments. With photo-decrosslinking, the
network chain segments regain the flexibility in rubbery state and relax which results
in the recovery of original shape from the deformed shape. In such a case, light is
involved in both processes of temporary shape processing and permanent shape
recovery and achieves the fixation of temporary shape and recovery of permanent
shape without changing the temperature.
On the other hand, using photothermal effect is another approach to make light a
trigger for SMPs, which we believe is more interesting. As a matter of fact, most
reported studies, including our works in this thesis, rely on this mechanism. In this
case, light is used only for the shape recovery process but is not involved in the
processing of temporary shape. Particularly, taking advantage of photothermal effect
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should be the method of choice for achieving light-responsive SMPs. Even though the
underlying principle is the thermal effect that brings a given SMP to T >Ttr, thus
leading to the recovery of original shape, what counts most is the use of light as the
trigger that provides an ability of remote activation for the shape recovery process as
well as spatial control on where the shape recovery needs to occur and temporal
control by which the shape recovery process can be stopped at any stage upon turning
off the light, resulting in multiple intermediate shapes of the material. Another
important advantage of using photothermal effect lies in the fact that the wavelength
of the excitation light can be varied as desired from UV to NIR by choosing
appropriate nanofillers transforming light energy to heat inside SMPs. This feature
may be important for some practical applications. For example, biomedical
applications generally prefer the use of lower-energy visible or NIR light rather than
UV light. In our studies, AuNPs and AuNRs were employed to enable the
photothermal effect for activating the shape recovery process of SMPs.
7.1.2. Self- and Light-Healable Polymers
Traditionally, mechanical damage (such as scratch, crack or fracture) made on
polymer materials is repaired by welding or gluing technique. The recently developed
concept of self-healing is to enable a material to repair damage with minimum
external intervention. From the thermodynamics point of view, in order for a chemical
process to occur spontaneously, the total Gibbs free energy change resulting from the
process should be negative (i.e., ΔG < 0). By taking a close look at the molecular level,
we would find that the two main events happened during the mechanical damage of
macromolecular networks would be polymer chain breaking and slippage. Polymer
chain breaking means rupture of chemical bonds and usually generates highly reactive
species, while the chain slippage brings about the dissociation of intermolecular
interactions between polymer chains and polymer chain conformational changes.
Theoretically, the thermodynamic consideration should favor the self-healing owing
to the decrease in total Gibbs free energy related to this process, governed by ΔH<0
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due to new chemical bond formation. Normally the absence of a spontaneous
self-healing process in materials is caused by an unfavorable kinetics. The slow, even
stopped macromolecular chain interdiffusion at the polymer-polymer interface is the
main factor that hinders self-healing of a damage to occur. This explains why the
autonomous self-healing usually takes place in elastomers or gel-like soft polymer
materials. Therefore, in cases where polymer chains cannot diffuse to enable
self-healing due to a high Tg or Tm, an external energy input or stimulus becomes
essential for allowing the healing process to occur. From the above analysis, it is easy
to understand why direct heating can be used to initiate the damage healing in
polymers.
Over the last decade, exciting progresses have been made on both the autonomously
and stimuli-responsive SHPs. A variety of chemistry strategies including covalent and
non-covalent bonding have been explored aiming to achieve efficient self-healing.
Basically, non-covalent interactions, such as hydrogen bonding, electrostatic
interaction,

host-guest

recognition,

metal-ligand

coordination,

hydrophobic

association and π-π stacking, have been employed to design autonomously HPs due to
their dynamic and reversible nature at room temperature. By contrast, mainly covalent
bonding is usually involved in stimuli-healable polymers. Of the stimuli, using light
has been increasingly popular due to the attractive features of long-distance remote
activation and spatiotemporal control. One important strategy of using light for
polymer healing is based on photo-chemical reactions, including the typical
photo-dimerization reactions enabled by cynnamoyl, coumarin, anthracene and their
derivatives as well as the photo-metathesis reactions enabled by S-based disulphides,
allyl sulfides, trithiocarbonates and OXE-substituted chitosan et al. Using these
methods to achieve optical healing of polymer materials means the re-formation of
new chemical bonds, mostly the covalent bonds; and usually the UV light is used to
induce the desired chemical reaction. Even though efficient healing can be realized,
this kind of optical healing only works for the polymers bearing the particular
photo-reactive groups. For this reason, attaching the specific photo-reactive species of
168

interest into the host polymer structure is crucial to enable the optical healing, which
sometimes means complex organic synthesis and/or polymerization.
Although using light to induce a photothermal effect on a polymer is easy, how to
make use of the photothermal effect for SHPs is not trivial. A local temperature rise in
the polymer upon light irradiation can heat the polymer above its T g or Tm to afford
the chain mobility required for chain motion and diffusion. However, the
photo-induced chain mobility alone is not enough for effective healing to occur.
Therefore, one strategy is to combine the photothermal effect with supramolecular
polymers bearing non-covalent chemical bonds such as ligand-metal coordination and
Diels-Alder bonds. Light-induced heating in a fracture region can dissociate the
non-covalent bonds and allow for the interdiffusion of chains or molecular species,
while on cooling after turning off the light, new non-covalent bonds can be reformed
across the fracture surfaces leading to the healing of the polymer. Our studies in this
thesis basically demonstrated a new mechanism of using the photothermal effect for
SHPs, making it possible to optically heal hard or stiff crystalline polymers through a
light-induced melting-crystallization process. With our approach, the healing stems
from the crystallization of polymer chains diffusing across the fracture surfaces, and
there is no formation of new chemical bonds involved and no need for incorporating
any photo-reactive species into the polymer structure. Of course, AuNPs are used for
the photothermal effect and the approach works only for crystalline polymers. Besides,
there are many choices of additives that can be loaded in polymers by the simple
mixing method to absorb light and release heat, such as carbon nanotubes and
grapheme, in addition to AuNPs and AuNRs used in our research. Using the
photothermal effect, we expect that the local temperature upon laser light exposure
can rise to over 200 oC depending on the added amount of AuNPs and the applied
light intensity. This means that the self-healing mechanism can be effective even for
polymers with a high Tm. In other words, the photothermal effect-based approach
should be the method of choice for light-triggered self-healing for hard polymers.
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7.1.3. Why Using Gold Nanoparticles?
As mentioned above, AuNPs and AuNRs are one of the many possible light-absorbing
fillers that can be loaded in polymers to obtain a photothermal effect. We chose
AuNPs to conduct our research works knowing that they have exceptionally efficient
light absorption at the SPR (especially with nanoparticles of < 20 nm in diameter) and
heat-generating power. Nevertheless, a surprising finding resulting from this thesis,
which we believe is important, is that the content of loaded AuNPs can be extremely
tiny to produce a sufficient amount of heat for photo-induced local heating of the
polymer. As seen in Chapter 4, a small amount of 0.003 wt% of AuNPs in PEO is
enough to trigger light-controlled shape memory and healing for the films of 0.4 mm
in thickness under a very accessible laser power density (13 W/cm2), by heating the
nanocomposite above Tm of PEO (60 oC). This seemingly vanishing amount of
AuNPs actually still ensures the massive presence of AuNPs in the polymer. By using
19.3 g/cm3 as the density of AuNPs with 10 nm diameter, a simple calculation shows
that there are around 109 nanoparticles presented in 1 cubic millimeter of the sample.
This finding is important because most, if not all, reported studies used concentrations
of photothermal fillers much larger than the concentrations we used, likely much
more than what is really necessary for the photothermal effect. A tiny amount of
AuNPs means reduced cost of preparing the material and greater chance to have a
homogeneous material that helps retaining the transparency much needed for any
light-controlled polymers. On the other hand, even though our approach of using
AuNP-enabled photothermal effect for SMPs and/or SHPs is generally limited to
relatively thin samples (< 10 mm in thickness) owing to the transmission issue, its
application to thicker samples would be possible using proper materials design. For
instance, it is conceivable to add AuNPs in a thick piece of polymer with a
concentration gradient with more nanoparticles located deeper in the material. In this
way, as the light intensity decreases upon penetrating deep in the polymer, the higher
content of AuNPs could compensate the lack of photons and still generate a local
temperature rise sufficiently important for either SMPs or SHPs.
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7.2. Future Studies
Due to the high stake of developing and applying SMPs and SHPs, research on these
smart functional materials will remain intense for still many years to come. On the
basis of the knowledge generated by this thesis, many future studies are worth being
conducted. By loading a small amount of AuNPs into a multi-shape memory polymer
matrix, such as norbornene-based copolymers with cholic acid pendant groups or
commercially available Nifion that has a broad glass transition temperature range,
AuNPs can readily be used to implement a precise optical control of such multi-shape
memory polymer materials. Similarly, AuNPs can also be introduced into main-chain
liquid crystalline elastomers to design light-controlled reversible shape-memory or
shape-changing polymer materials, which hold promise for optical actuators.
Described below are a couple of some other examples.
7.2.1. Recyclable SMPs Based on Diels-Alder (DA) Reactions
Most of SMPs reported so far are designed with covalently crosslinked network
structure which is essential for SMPs to ensure good shape-memory property and
mechanical performance. However, the non-recyclability attribute related to chemical
crosslinking, in comparison to shape-memory alloys, make SMPs difficult to be well
qualified for some practical applications and the non-recyclable and non-degradable
polymer wastes would inevitably burden the current environmental concerns. While
up to date, very few studies can be found to deal with recyclable SMPs. Herein, a
general design strategy will be introduced to make recyclable SMPs based on the
well-known DA reactions. This may represent a future direction in this research field.
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Figure 1. Schematic illustration of recyclable SMPs enabled by reversible DA
reactions. The chemical crosslinking through DA reaction enables the polymer
network with shape-memory function and the decrosslinking reaction via retro DA
reaction makes the SMPs recyclable, reprogrammable and healable.
As illustrated in Figure 1, the key points in the polymer design include: (1)
incorporating the maleimide and furan pendant groups which can undergo the
reversible DA reaction into a polymer structure with thermal phase transition
temperature in a range of interest (usually above room temperature); (2) the covalent
crosslinking through DA reaction gives rise to the 3D polymer network with
shape-memory property; (3) the decrosslinking via the retro-DA reaction reproduces
the linear polymer, thus allowing for the recyclability; (4) the reversible DA reaction
enables the shape-memory polymer material to be reprogrammable as well as
self-healable on cooling. Upon exposure to heating at a high temperature, the
decrosslinked linear chains can flow and diffuse in the cracked region, the subsequent
DA reaction on cooling should accomplish the healing by reformation of covalent
bonds between polymer chains crossing the fracture surfaces. Additionally, the
material at the stage of decrosslinked linear polymer can be re-molded and the
subsequent crosslinking via DA reaction would enable the polymer network to
remember a new permanent shape. Therefore, by a rational design, a recyclable and
reprogrammable SMP with thermally induced self-healing ability based on reversible
DA reaction can be realized. Moreover, if certain photon-absorbing species with
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photothermal effect, such as AuNPs, are added into the material, all the features
enabled by light absorption can be imparted to the polymer. Even though we have
demonstrated the dual light-triggered shape-memory and optical healing functions
based on the covalently crosslinked semi-crystalline PEO network as described in
Chapter 4, one shortcoming is that the healed shape-memory PEO sample cannot
develop large deformation above the transition temperature (T m of PEO) because the
recrystallized PEO chain segments binding the crack surfaces would melt, thus
leading to the failure of the material. By contrast, based on this current design, the
healed shape-memory sample can experience all kinds of deformation because the
cracked surfaces are mended by covalent DA bonds.
7.2.2. Comparative Study of Self-Healing Behavior between Physically and
Chemically Crosslinked PVA Hydrogels
In Chapter 6, we reported the discovery that physically crosslinked PVA hydrogel
prepared using the freezing-thawing method can self-repair at room temperature
without the need for any stimulus or healing agent. The mechanism of self-healing
relies on the hydrogen bonding interactions between hydroxyl groups on PVA chains.
Our study further pointed out that the key for an effective self-healing and good
mechanical property is to have an appropriate balance between the concentration of
hydroxyl groups on PVA chains on the fracture surfaces available for hydrogen
bonding and the physical crosslinking density which largely impacts the PVA chain
mobility in the hydrogel. Since hydrogen bonding is at the origin of the self-healing
ability, one would wonder if chemically crosslinked PVA hydrogel can autonomously
self-heal as well. A number of reports argued that it is challenging for hydrogels with
chemical crosslinking structure to achieve efficient autonomous self-healing owing to
the much reduced chain mobility. For example, to overcome the constraint of network
on chain mobility, Phadke and co-workers intentionally synthesized a chemically
cross-linked hydrogel network with flexible-pendant side chains carrying an optimal
balance of hydrophilic and hydrophobic moieties that allow the side chains to mediate
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hydrogen bonds across the hydrogel interfaces, as a result, the rapid self-healing was
reached (53).

Figure 2. PVA hydrogel prepared by covalently crosslinking PVA chains in water with
aldehyde group-terminated cross-linkers.
Aiming to gain more fundamental understanding on how covalently crosslinked
network exerts influence on the healing behavior, the PVA hydrogel design illustrated
in Figure 2 can be proposed, in which covalently crosslinked PVA hydrogel with
different length of crosslinker will be synthesized under varying conditions. By
investigating the effect of a number of parameters, including the molar concentration
and the length of crosslinker, the PVA concentration and the content of free PVA
chains in hydrogel, on the healing property, and further performing a comparative
study with physically crosslinked PVA hydrogel, we anticipate to achieve the
autonomous self-healing of chemically crosslinked PVA hydrogel and gain more
fundamental knowledge on the relationship between the structure and healing
property of this hydrogel. Furthermore, it is of interest to extend the investigation to
chemically cross-linked hydrogels of poly(acrylic acid) (PAA) or polyacrylamide
(PAM) that, similar to PVA, can have intra- and interchain hydrogen bonding. These
studies will tell us whether or not the autonomous healing is an inherent property of
many polymer hydrogels due to extensive dynamic bonding between polymer chains.
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CONCLUSIONS
The research works reported in this thesis represent a comprehensive study on the use
of the photothermal effect arising of the SPR of AuNPs to design and prepare
light-controlled SMPs and SHPs. The results leading to the publication of six papers,
have contributed to advancing the fundamental knowledge and understanding on these
two types of emerging smart polymer materials.
The two projects described in Chapters 1 and 2 dealt with light-triggered SMPs
enabled by localized heating resulting from the SPR of embedded AuNPs. By loading
AuNPs in a crystalline polymer matrix (XbOCL), we demonstrated the distinct
features made possible by using visible light as the stimulus, including the remote
activation and spatiotemporal control of the shape recovery process, the possibility to
obtain multiple intermediate shapes and the use of released strain energy to execute a
mechanical work during the light-induced temporary-to-permanent shape transition.
Relying on the same photothermal effect, we prepared anisotropic SMP of
PVA/AuNR nanocomposite with orientated nanorods and

made the

first

demonstration that the polarization direction of the excitation light can be used to
control the shape memory effect by controlling the amount of heat released by AuNRs
upon NIR light absorption. The working mechanism is based on the light
polarization-dependent longitudinal SPR absorption of AuNRs whose long axes are
aligned in the SMP film.
In the third project presented in Chapter 3, we established a new application of the
photothermal effect for light-triggered SHPs. By loading AuNPs in crystalline
polymers, we demonstrated a fast and efficient optical healing through light-induced
melting of polymer crystallites, allowing for polymer chains diffusion, in the fracture
region and the subsequent recrystallization of polymer chains across the fracture
surfaces upon cooling of the polymer after turning off the light. This optical healing
method is general and applicable to a large number of crystalline polymers, and thus
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represents a solution to overcome the difficulty of healing hard or stiff polymers. The
AuNP-enabled optical healing can work not only in air but also under water as long as
the photothermally induced temperature rise can reach above Tm of the polymer
material.
In a follow-up study reported in Chapter 4, we met the challenge of endowing the
same polymer with the two functions of light-triggered shape memory and optical
healing, which are normally found in two separate polymers. Based on a rational
material design, chemically crosslinked PEO loaded with a small amount of AuNPs
was prepared, and shown to be able to exhibit light-triggered shape memory with
remote and spatiotemporal control as well as the fast optical healing based on the
light-induced melting-crystallization mechanism. Even though the optical healing is
made possible by a thermal effect, we discovered that the efficient healing under light
exposure could not be achieved by direct bulk heating of the fracture region. The
reason is that contrarily to bulk heating, the localized heating upon light irradiation in
a confined crack area generates a hoop stress pointing inward and thus forcing the
crack surfaces to be in touch, which plays the crucial role for healing to occur.
Inspired by the working principle for imparting the same polymer with both
light-controlled functions, in the study presented in Chapter 5, we further extended the
material design to polymer hydrogels and obtained the first hydrogel exhibiting both
light-trigged shape memory and optical healing. AuNPs were loaded in a hybrid
hydrogel whose mechanical strength is derived from the synergy between a
chemically crosslinked network and a physical network formed by hydrophobically
associated and crystallized dangling alkyl side chains in hydrogel. With this design,
the same light-controlled melting-crystallization phase transition of the crystallized
side chains governs the shape memory process and enables the optical healing of the
hydrogel.
The last project of the thesis (Chapter 6) reports our discovery that physically
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crosslinked PVA hydrogel prepared by using a freezing-thawing method, is able to
self-heal damage at room temperature autonomously without the need for any external
stimulus. The formation of hydrogen bonds cross the fracture surfaces between the
hydroxyl groups on PVA chains has been identified as what allows the self-healing to
occur. This finding may have impact because PVA hydrogel is known to be
biocompatible and widely used in many applications. The unveiled self-healing ability
adds a new value and appealing property to this hydrogel.
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