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SOMMAIRE
La coumarine et ses derives sont un type de chromophores photoreactifs qui peuvent
operer a une dimerisation reversible et a des reactions de clivage a differentes longueurs
d'onde. En incorporant la coumarine dans des polymeres et des copolymeres a blocs
(BCPs), les materiaux obtenus deviennent photosensibles. lis ont attire beaucoup
d'attention pour leurs applications potentielles dans les materiaux a memoire de forme
ainsi que le developpement des piles solaires et des nanovecteurs de medicaments. Les
travaux de recherche presenters dans cette these avaient pour but de developper de
nouveaux polymeres et BCPs photosensibles portant la coumarine, et a exploiter leurs
applications potentielles comme films et nanoparticules. Pour atteindre cet objectif, nous
avons concu, synthetise et caracterise plusieurs nouveaux polymeres et BCPs
fonctionnalises avec la coumarine. Nous avons egalement etudie leurs proprietes en
solution et a l'etat solide sous plusieurs formes de materiaux controlables avec la lumiere,
tels que micelles, vesicules, nanogels, microgels, films et nanoparticules a une seule
chaine.
Dans un premier temps, nous avons developpe une strategie pour preparer des nanogels
photoreactifs en combinant l'auto-assemblage de BCPs composes de deux blocs
hydrophiles et la photochimie de la coumarine. Ces BCPs ont un bloc thermoreactif, qui a
une temperature critique de solution inferieure (LCST), et qui est fonctionnalise avec un
certain nombre de groupements coumarine. En solution aqueuse, lorsque la temperature
depasse la LCST du bloc thermosensible, le BCP forme des micelles pouvant etre
reticulees par la reaction de photodimerisation de la coumarine a X>310 nm. Apres le
refroidissement de la solution a une temperature en-dessous de la LCST, un nanogel
(nanoparticules d'un hydrogel) est ainsi obtenu. De plus, utilisant Pultraviolet a X<260
nm, les dimeres de coumarine peuvent etre brises, ce qui reduit le taux de reticulation
dans le nanogel et done provoque un gonflement de ce dernier dans l'eau. Ainsi,
I'utilisation de deux longueurs d'onde nous permet de controler, de maniere reversible, la
densite de reticulation des particles de nanogel, ce qui a pour consequence de faire varier
leur volume. Nous avons aussi mvestigue I'utilisation de ces nanoparticules pour la

liberation controlee d'un compose modele encapsule.
Dans un deuxieme temps, nous avons etudie 1'influence du positionnement des
groupements coumarine sur le changement de volume photoinduit des nanogels. En
synthetisant des BCPs permettant la dimerization (reticulation) de la coumarine soit dans
la couronne, soit dans le noyau, ou pour les deux parties (nanogels bi-reticules), nos
etudes ont revele que la plus grande variation de volume (tant en expansion qu'en
contraction) a ete obtenue avec les nanogels bi-reticules. De plus, lorsque la densite de
reticulation dans les nanogels est relativement basse (10~40%), nous avons observe une
transition de phase thermique inhabituelle caracterisee par une temperature critique de
solution superieure (UCST). Cette transition a ete attribute a une agregation reversible
des particules de nanogel bi-reticule.
Dans un troisieme projet, en synthetisant un nouveau BCP compose de deux blocs
hydrophiles, nous avons utilise la meme approche d'auto-assemblage en solution aqueuse
pour obtenir d'abord des vesicules geantes (~ 1.5 urn de diametre) et ensuite, avec la
photo-reticulation de la coumarine, un microgel (particules d'un hydrogel ayant une
grosseur de l'ordre de micrometres). En integrant une faible quantite de coumarine (~ 5%
molaire), la reticulation de la couronne est capable a la fois de stabiliser la structure des
vesicules et de permettre l'hydratation de leurs membranes a T<LCST. Nous avons ainsi
obtenu des particules qui manifeste un important changement de volume (~700%)
reversible et rapide, induit par un changement de la temperature de le solution. Enfin,
lorsque ces particules de microgel sont exposees a un rayonnement ultraviolet a

A<260

nm, le bri de la reticulation (dimeres de coumarine) entraine leur dissociation.
Dans le quatrieme projet, nous avons developpe une methode basee sur la dimerisation
intramoleculaire de la coumarine pour fabriquer des nanoparticules a une seule chaine.
Avec une solution tres diluee d'un polymere portant la coumarine et ayant une haute
masse moleculaire, la reaction de dimerisation de la coumarine peut se produire de
maniere intramoleculaire, c'est-a-dire entre des groupements sur une meme chaine. Ceci
cause une reorganisation des segments de chaine et une transition de «pelote a globule»,
formant ainsi des nanoparticules petites (~ 20 nm en diametre). Le diametre
ii

hydrodynamique de ces nanoparticules est modifiable par la densite de reticulation. De
plus, ces nanoparticules peuvent etre utilisees comme nano-reacteurs pour la synthese in
situ de nanoparticules d'or (AuNPs) dont la cinetique est controlable avec la densite de
reticulation.
Le cinquieme et dernier projet portait sur la deformation photoinduite de films d'un
polymere supramoleculaire dans lequel les groupements coumarine sont lies au
poly(4-vinylpyridine) (P4VP) via liaison hydrogene. Nous avons constate que lorsqu'un
film est expose a la lumiere (A>310 nm) il se plie vers la lumiere. Nos etudes ont attribue
ce phenomene a un desequilibre des contraintes agissant dans le film resultant d'une
dimerisation anisotrope de la coumarine. En effet, lorsqu'une seule face du film est
illuminee, cette reaction n'a lieu que dans une region pres de cette surface; comme la
densite" du film est liee au degre de reticulation des chaines, ceci provoque une difference
de tension entre les deux faces du film et done un phenomene de flexion. La
demonstration de deformation photoinduite dans un polymere amorphe pourrait ouvrir
une nouvelle voie pour le developpement des polymeres photodeformables.

in

ABSTRACT
Coumarin and its derivates are one type of photoreactive chromophores which can
undergo reversible dimerization and cleavage reactions at different wavelengths of light.
By incorporating coumarin moieties into polymers and block copolymers (BCPs), the
resulting materials become photoresponsive. They have attracted much attention due to
their potential applications as shape-memory materials, photo-sensitizers for solar cells
and drug delivery carriers. The research work presented in this thesis aimed at developing
novel coumarin-containing polymers and BCPs, and investigating their potential
applications as polymeric nanoparticles and films. To achieve this goal, we have designed,
synthesized and characterized a number of such photoresponsive polymers and BCPs. We
have studied their properties in solution and solid state in the form of several
photocontrollable materials such as micelles, vesicles, nanogels, microgels, films and
single chain nanoparticles (SCNPs).
In the first project, we demonstrated a general strategy to prepare photoresponsive
nanogels by combining the self-assembly of double-hydrophilic BCPs (DHBCPs) and the
photoreaction of coumarin. These water-soluble DHBCPs have a thermo-responsive
block that has a lower critical solution temperature (LCST) and is functionalized with
coumarin. In aqueous solution, when the temperature is raised to above the LCST, the
DHBCP forms micelles that can be cross-linked through the photodimerization of
coumarin groups at A>310 nm. Upon subsequent cooling of the solution to T<LCST,
nanogels (nanoparticles of a hydrogel) is thus obtained. Under A,<260 nm UV irradiation,
the photocleavage reaction of coumarin dimers can be used to reduce the cross-linking
density, resulting in swelling of nanogel particles in water. By using two wavelengths, the
reversible photo-cross-linking and de-cross-linking allows for a reversible volume change
of nanogel particles. We also investigated the use of such photoresponsive nanogels for
controlled release of model compounds.
In the second project, we have investigated the influence of the position of coumarin
groups on the photoinduced volume change of nanogel particles. By synthesizing various
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DHBCPs with which the dimerization of coumarin (cross-linking) can occur either in the
core, the shell or both the core and shell, our studies found that more significant volume
expansion and contraction could be achieved with both core- and shell-linked nanogel
particles. Moreover, at a relatively low dimerization degree (10-40%), such doubly
cross-linked nanogel displays an unusual thermal phase transition characterized by an
upper critical solution temperature (UCST). This transition has been attributed to a
reversible aggregation of nanogel particles.
In the third project, by synthesizing a new DHBCP, we have applied the same
self-assembly strategy to first obtain giant vesicles (~1.5 um in diameter) with the
photodimerization of coumarin, then a microgel (large, micrometer-sized particles of a
hydrogel). The "soft" cross-linking of the vesicle corona with a small amount of
coumarin groups (5 mol%) is capable of both retaining the vesicle structure and allowing
the swelling of vesicle membrane at T<LCST. We have obtained particles that could
display a large, reversible and fast volume transition (-700%) induced by a temperature
switching across the LCST. Under A<260 nm UV irradiation, the de-cross-linking
reaction leads to disintegration of the particles.
In the fourth project, we have developed a method, based on the intramolecular
dimerization of coumarin, to prepare SCNPs. With a very dilute solution of a coumarincontaining polymer with high molecular weight, the dimerization could dominantly occur
intramolecularly, that is, between coumarin groups on the same polymer chain. This
causes coil-to-globule transition leading to the collapse of single polymer chains and
formation of small SCNPs (-20 nm in diameter). The hydrodynamic diameter of these
particles was tunable by controlling the photo-cross-linking density. Moreover, we
showed that SCNPs could be used as nano-reactors for in situ synthesis of gold
nanoparticles (AuNPs), the kinetics of which could be controlled by the dimerization
degree.
The last project dealt with photo-deformable films of a supramolecular polymer of
poly(4-vinylpyridine) hydrogen-bonded with coumarin side groups. We find that films of
this polymer could be bent when exposed to UV light at A>310 nm. Our studies have
V

attributed this phenomenon to an imbalanced surface stress arising from anisotropic
dimerization of coumarin groups. As one side of the film is exposed to UV light, the
photoreaction occurs only in a region close to the surface. Since polymer density is
related to the cross-linking degree, this may create a difference in tension between the
two surfaces of the film and result in the observed bending. The demonstration of
large-scale photoinduced deformation of an amorphous polymer opens the way for
further development of photodeformable polymers.
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Figure 5 (a) Fluorescence photomicrographs of samples cast from a vesicular solution
equilibrated with Nile Red at 40 °C, cooled to 20 °C and heated back to 40 °C,
respectively (from left to right), (b) Fluorescence emission spectra of Nile Red (A,ex=530
nm) recorded from the same solution subjected to the temperature changes
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CHAPTER 4
Figure 1 (a) Schematic illustration of preparation of polymer SCNPs through intrachain
photo-cross-linking, (b) Chemical structures of coumarin-containing random copolymers

of P(DMAEMA-co-CMA) and the reversible photo-cross-lining reaction activated by UV
light at two different wavelengths
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Figure 2 UV-vis spectra of PI in THF (1 mg/mL, 12 mL) recorded after UV irradiation
(-900 mW cm"2), showing photodimerization (cross-linking) upon >310 nm irradiation
and partial photo-cleavage (de-cross-linking) upon <260 nm
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Figure 3 SEC traces of PI (a) and P2 (b) with different irradiation times and the change
of the apparent molecular weight and polydispersity of PI and P2 as a function of
coumarin dimerization degree (c)
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Figure 4 Relative viscosity of P2 linear polymer and its SCNPs in THF solution at
various concentrations
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Figure 5 DSC curves (second heating scan) for P2 linear polymer and its SCNPs
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Figure 6 TEM images for SCNPs of P2 in THF (a) and H 2 0 (b)
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Figure 7 NMR spectra of P2 in CDCI3 before (bottom) and after (top) cross-linking-" 130
Figure 8 (a) T2 decay curves of -CH2O- groups on the side chain of PDMAEMA (peak/
in Figure 4) in CDC13 with various photodimerization degrees from C-0 to C-6: 0%, 11%,
23%, 36%, 49%, 60% and 71%, respectively; (b) T2 of fast component of-CH 2 0- groups
vs. dimerization degree; (c) faction of fast component of -CH2O- groups vs. dimerization
degree

r
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Figure 9 (a) Photos showing the effect of photodimerization degree of coumarin on the
rate of AuNP formation in THF solution of P(DMAEMA-co-CMA) (from left to right:
64%, 27% and 0%) (b) UV-vis spectra of the reduction solution with SCNPs at a
dimerization degree of 64% at various reaction times; and (c) increase in the absorbance
of AuNPs at 530 nm over reaction time for solutions of P(DMAEMA-co-CMA) with
different dimerization degrees
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Figure 10 (a) UV-vis spectrum of AuNPs formed in aqueous solution of SCNPs of P2
recoreded after 180 min reaction; and (b) change in absorption at 530 nm vs. reaction
time
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CHAPTER 5
Figure 1 Chemical structure and the reversible photocrosslinking of poly(4-vinyl
pyridine) partially complexed with 7-(carboxymethoxy)-4-methylcoumarin through
hydrogen bonding
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Figure 2 (a) Photographs for a film of P4VP-CMC (10 mol% of CMC) showing the
photoinduced bending towards the UV light (750 mW cm"2), and (b) the increase in the
bending angle as a function of UV irradiation time. The error bar indicates the maximum
and minimum bending angles observed in five separate experiments
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Figure 3 Achievable bending angle vs. coumarin content for P4VP-CMC films exposed
to UV irradiation (X > 310 nm, 750 mW cm"2). The error bar indicates the maximum and
minimum bending angles observed in five separate experiments
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Figure 4 (a) Reflectance infrared spectra recorded for the two sides of the film shown in
Figure 2. The spectral changes revealing the photodimerization of coumarin moieties
occurred on the side receiving the UV light are marked by arrows, (b) Schematic
illustration of the mechanism underlying the photoinduced bending of the film
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XIX

INTRODUCTION
1. Self-assembly of block copolymers
"Self-assembly" is a scientific term to describe the spontaneous organizations of
molecular units from a disordered structure to an ordered structure. A typical example of
self-assembly is the micellization of amphiphilic solutes (like low molecular weight
surfactants) in aqueous media. Surfactants are usually amphiphilic organic compounds,
which contain both hydrophobic and hydrophilic groups. In nature, surfactants can be
found everywhere, for example lipid bi-layered structure of cell membranes from
spontaneous arrangement of amphiphilic phospholipids (1-4). The characteristic
bi-layered phospholipid structures are called "liposomes". In addition to liposome
structure, surfactants can form spherical and cylindrical micelles, depending on their
structures as shown in Figure 1(a). One can predict the predominant morphologies of
surfactant aggregates using their geometric packing parameter (Pc), which is determined
by the different structures of surfactants. Pc is given by Vt/aoh, where Vb and 4 are the
volume and effective length of the hydrophobic chains, respectively, and ao is the area
occupied by the hydrophilic head groups (4). For P c <0.5 (with a large hydrophilic head),
highly curved aggregates such as spherical (P c <0.3) and cylindrical micelles (0.3<PC<0.5)
are favored; while for 0.5<PC<1 (with a large hydrophobic tail), less curved bi-layered
liposomes are preferred.

The same self-assembly concept of small surfactants (with molecular weight <500 Da)
can be extended to amphiphilic block polymers (BCPs), which consist of one hydrophilic
and one hydrophobic block linked by covalent bonding. Amphiphilic BCPs in aqueous
solution also tend to self-assemble into polymeric micelles, like low molecular weight
surfactants, due to the segregation of hydrophobic blocks. They can self-assemble into
various micellar aggregates, including spherical, worm-like (cylindrical) and crew-cut
(vesicular) micelles (Figure 1(b)), which are dependent on the volume fraction of
hydrophobic block. Generally, for a coil-coil BCP, spherical micelles are obtained at the
l

volume fraction of hydrophobic block (fb)<50%; while vesicles form at f higher than
70% (1-3, 5, 6).

vs/>» Hydrophilic block
«/»*•«» Hydrophobic block

Figure 1. Schematic illustration of various nano-aggregates of amphiphilic surfactants (a)
and BCPs (b) in aqueous media (from left to right): spherical, cylindrical and vesicular
micelles.
In recent years, the development of living radical polymerization (LRP) techniques (such
as reversible addition fragmentation chain transfer (RAFT) polymerization and atom
transfer radical polymerization (ATRP), etc) has facilitated the preparation of BCPs and
has played an important role in the research of self-assembly of BCPs (7, 8). The great
and continuously growing interest in the area of self-assembly of amphiphilic BCPs also
stems from the potential application of BCP micelles in biomedical fields (such as drug
and gene delivery vehicles), as BCP micelles are much more stable than the surfactant
micelles for two reasons. Firstly, the critical micelle concentration (CMC, the lowest
concentration required to form micelles) of BCPs is much lower, compared with low
molecular weight surfactants. With the dilution (especially the dilution effect in the blood
stream after injection), BCP micelles do not simply dissociate into unimer state and thus
can transport drug molecules to the target without prematured leakage. Secondly, due to
2

the dynamic nature of micelles, the unexpected chain exchange usually occurs between
inter-micelles or micelles-free polymer chains in solution (9). In the case of BCP micelles,
a "glassy state" core with a high glass transition temperature (Tg) can "freeze" the
polymeric nanostructures due to the low mobility (the entanglement of coiled polymer
chains), while hydrophilic repulsions between the densely packed chains on the corona of
micelles also disfavor any chain exchange.

2. Double-hydrophilic block copolymers
Double-hydrophilic block copolymers (DHBCPs) are defined as BCPs whose two blocks
are both water-soluble polymers. One of the most important designing principles of
DHBCPs is that at least one block in DHBCP is a "smart" polymer, which can shift from
water-soluble to water-insoluble state in response to external stimulus (so-called stimuliresponsive polymer, described below). Therefore, DHBCP micelles can reversibly form
and dissociate upon application or removal of certain stimuli. DHBCPs are a special type
of amphiphilic BCPs with particular research interest (10-16).

3. Stimuli-responsive polymers
Stimuli-responsive polymers (SRPs), also termed "smart" or "intelligent" polymers, are
defined as polymers that exhibit rapid response (change in their chemical or physical
properties) to a change of environmental conditions, such as temperature, pH and light,
etc. A typical example of SRPs is the weak polyacids or polybases whose solubility in
water is dependent on pH due to pH-determined charge state. Based on the types of
stimuli, SRPs can be classified into three major categories: physical- (temperature,
humidity,

pH,

light,

ultrasound

and

electric/magnetic

field,

etc.),

chemical-

(reduction/oxidization, ionic strength and carbon dioxide, etc.) and biochemical- (enzyme,
antigen and bio-signals, etc.) responsive polymers. There are numerous publications on
SRPs. Here we only introduce temperature-, pH- and photo-responsive polymers because
these are the stimuli used in the research projects presented in this thesis. There are three
general designing strategies of SRPs: 1) use responsive polymers that are sensitive to one
type of stimuli; 2) use a combination of responsive- and non-responsive polymers to
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adjust the responsive behaviors and to reduce the content of SRPs as they are generally
more costly; and (3) use a combination of responsive polymers that react to two or more
different types of stimuli in order to increase the level of complexity and controllability of
SRPs.
3.1 Thermo-responsive polymers
Typically, binary phase diagrams of solute A in solvent B have been well-understood by
physical chemists. To describe the solubility change of A in B with temperature, there are
two types of phase transition behaviors. If A and B are miscible below a specific
temperature and phase-separated above this temperature, this temperature is called "lower
critical solution temperature" (LCST) and this system is noted as having the LCST phase
behavior. On contrary, the "upper critical solution temperature" (UCST) is defined to
describe the opposite thermal phase behavior. In polymer solutions with polymer A in
solvent B, polymer with those temperature-dependent phase transitions (LCST or UCST),
is referred to as thermo-responsive polymer. The dissolving or mixing process of a
polymer in a given solvent can be thermodynamically evaluated by AG=AH-TAS, where
AQ AH and AS are the change in free energy, enthalpy and entropy of mixing at a give
temperature T, respectively. Normally, AS is positive due to the more chaotic arrangement
in the solution state. For non-polar polymers, the change of mixing enthalpy is positive
but close to 0 as there is no specific interaction with solvent molecules. Thus, the
dissolving is depending on -TAS, that is, non-polar polymers have good solubility at
higher temperature, known as UCST. In the case of polar polymers, AH is significantly
negative and far below 0 due to the strong interactions between polymer and solvent
molecules, for example hydrogen bonding, which easily gives AGO. However, the
intermolecular interactions can be disrupted by temperature, i.e. the breakage of hydrogen
bonding by increasing temperature. This will generate the LCST phase behavior.
Poly(N-isopropylacrylamide) (PNIPAM) is one of the most studied thermo-responsive
4

polymers (17-23). It is a water-soluble polymer at low temperature, but becomes
insoluble above -32 °C, which is known as the LCST. Due to the extensive hydrogen
bonding between water molecules and amide groups of PNIPAM, PNIPAM has the
random-coiled chains with high flexibility below the LCST (soluble or hydrated state).
Above the LCST, polymer chains self-collapse into globular conformation and then
aggregate to macroscopically phase-separate from water. This happens because at T>32
°C, thermal energy breaks the hydrogen bonding between water molecules and amide
groups of PNIPAM, while inter-chain interactions become dominant due to H-bonds
between amide groups of PNIPAM.

The LCST of PNIPAM is sensitive to any change which would influence the hydrogen
bonding competitions of water and polymer (17). For example, at room temperature,
adding a certain amount of methanol into the PNIPAM aqueous solution would cause the
phase separation in the homogenous solution (19). It is known as the "co-nonsolvency"
phenomenon that the mixture of two good solvents could behave as a nonsolvent at a
temperature below the LCST of PNIPAM in pure water. This is promoted by the
disruption of hydrogen bonding between water and polymer and the formation of new
hydrogen bonding between polymer-methanol and methanol-water. Additionally, the
co-nonsolvency phenomenon can be found in many other organic solvents as well,
including ethanol, butanol, acetone, tetrahydrofuran and dioxane, which can possibly
form hydrogen bonding with water (17).

To modulate the LCST, various hydrophobic and hydrophilic modifications of PNIPAM
have been studied. The LCST of PNIPAM can be switched over a wide temperature
window from 4 to 100 °C. Winnik and co-workers have studied the effect of hydrophobic
ends or grafts in PNIPAM by using various alkyl chains or fluorescent (pyrene) units
(24-26). LCST is diminished due to the disruption of hydrogen bonding by the
hydrophobic interactions. Compared with the hydrophobic modifications, PNIPAM can
also be copolymerized with a few percent of hydrophilic monomers, such as acrylic acid
(AA), methacrylic acid (MAA) and A^iV'-dimethylacrylamide (DMA), to switch its
solubility "ON/OFF" at temperatures higher than 32 °C, for example at body temperature
5

(-37 °C) (27-31). For instance, one can incorporate DMA into PNIPAM, which can raise
the LCST to a wide temperature range, depending upon the DMA content. The LCST of
PNIPAM can be shifted from 32 °C to > 100 °C when the mole ratio of DMA to NIPAM is
varied from 0% to >74% in polymer (29).
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Figure 2. Chemical structures and LCSTs of typical thermo-responsive polymers (from
left

to

right):

poly(N-isopropylacrylamide)

(PNIPAM),

poly(N-ethylacrylamide)

(PNEAM), poiy(N-isobutylacrylamide) (PNIBAM), poly(piperidinacrylamide) (PPDAM),
poly(N-propylacrylamide) (PNPAM), poly(N,N-diethylacrylamide) (PDEAM), poly(Nmethyl-N-isopropyl-acrylamide)

(PNMNIAM)

and

poly(N-cyclopropylacrylamide)

(PNCPAM). (LCST data from ref 41) The bottom row is the oligo(ethylene glycol)
methyl ether (meth)acrylate. (LCST data from ref 43)
Thermo-sensitive PNIPAM hydrogels (including macro-, micro- and nano-gels) can
easily be prepared from the dispersion polymerization or emulsion polymerization with
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A'.A^-methylene-bis-acrylamide (MBAm) as chemical cross-linkers (31-36). PNIPAM
based hydrogels are fully swollen below the LCST, while the de-swelling of hydrogels
occurs above the LCST because of the phase transition. This process normally displays a
large and reversible volume change, which has led the gel particles of PNIPAM to be
widely investigated in the pharmaceutical industries (37). For example, by incorporation
of a water-sensitive fluorophore

N-{2-[(7-N,N-dimethylaminosulfonyl)-2,l,3-benzoxa

diazol-4-yl](methyl)amino}ethyl-N-methylacrylamide (DBD-AA) in "super-hydrophilic"
PNIPAM nanogels, the intracellular fluorescent thermometry could be realized (38). With
increasing temperature, nanogels could produce stronger fluorescence because of the
de-swelling of PNIPAM nanogels and a slight temperature change within 0.5 °C in the
cellular environment could be distinguished. Moreover, hydrogels of PNIPAM can also
be used as matrix to fabricate the thermo-responsive photonic crystals (PCs). Asher et al.
reported color tunable PCs prepared by using polystyrene (PS) spheres and PNIPAM gels.
The diffracted wavelength of the PC film was tunable between 704 and 460 nm by
varying the temperature to control the swelling or shrinking degree of PNIPAM gels (39).

With the similar hydrogen bonding structures, other N- or N, N'- alkyl (di~) substituted
poly(acryl amides) (PAAMs) have also been studied as thermo-responsive polymers and
their LCSTs are highly dependent on the different substitutions as shown in Figure 2 (40,
41, 43). It is possible to prepare multiple thermo-responsive polymers with two or three
LCSTs if the different PAAms were copolymerized in one BCP (41, 42). Besides of
PAAms, Lutz et al. reported another series of thermo-responsive polymers composed of
(methyi)acrylate with oligo(ethylene glycol) side chains. The LCST of those polymers are
also widely tunable from 10 °C to 100 °C with the number of ethylene glycol units. Due
to the high concentration of biocompatible ethylene glycol units (up to 85 wt%), those
polymer are expected to be potentially applied in the biomedical field (43, 44).

One can also use thermo-responsive polymers in BCP micelles. For an amphiphilic BCP
micelle, thermo-repsonsive polymers are employed as corona to reversibly stabilize or
de-stabilize the BCP micelles; while for DHBCP micelles, thermo-responsive polymers
can be utilized as micelle cores to control the formation and dissociation of micelles by
7

switching the temperature (10-12). Using PEO-6-PNIPAM as an example, BCP micellar
or vesicular aggregates (depending on the block length of PNIPAM) can form above the
LCST of PNIPAM (45, 46). One can possibly use thermo-responsive polymer micelles
for the controlled release of drugs. For instance, BCP micellar or vesicular aggregates
loaded with drugs can dissociate below the LCST, which can realize the release of drugs
on the targets with local cooling treatment.
3.2 pH-responsive polymers
pH-responsive polymers are one of the most used SRPs due to the easily available
monomers. pH-responsive polymers are normally composed of ionisable groups (usually
carboxylic and amine groups), which can accept or donate protons with the change of pH.
There are basically two types of pH-responsive polymers: polyacid and polybase,
depending on the pKa value of monomers (normally from 3 to 10). The ionization of weak
acids and bases is usually changeable upon the variation of pH, which can induce the
change of the solubility and conformation of polymers (47, 48). Classical pH-responsive
monomers include AA, MAA, 4-/2-vinyl pyridine (VP), A^'-dimethylaminoethyl
methacrylate (DMAEMA) and AfN'-diethylaminoethyl

methacrylate (DEAEMA).

Accordingly, some representative pH-responsive polymers are shown in Figure 3.
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Figure 3. Chemical structures of typical pH-responsive polymers (from left to right):
poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), poly(4-vinyl pyridine) (P4VP),
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poly(A/,A/-dimethylaminoethyl methacrylate) (PDMAEMA) and poly(/V,Ar-diefhylaminoethyl methacrylate) (PDEAEMA).

pH-responsive polymers are widely used in the fabrication of responsive polymer
interfaces as smart coatings to alter surface properties and sensors to predict the
environmental change. An easily charged pH-responsive polymer can be grafted onto the
surface of bio-medical products, such as surgical implants, substrates for in vitro cell
culture and scaffolds for tissue engineering, to control the bio-adhesive interactions, as
the surface of most bacteria are negatively charged at ambient pH (49). With the
pH-controlling solubility change, pH-responsive polymers also can be used to
functionalize a smart surface, which is able to undergo the super-hydrophilic to
super-hydrophobic transitions by adjusting pH (50).

As the extra-cellular pH of most tumors is acidic (5.8-7.2) and the pH of the normal cell
is -7.4 (the pKa of polymer in this range is possibly responsive in the body),
pH-responsive polymers are also the best candidate in drug delivery systems due to the
large pH shift of cancer cells (51, 52). Polybases (polycations) can easily complex with
nucleotides (normally negatively charged RNA or DNA) through the electrostatic
interaction (53). For example, the pKa of PDEAEMA is - 7 , suggesting that it is neutral
and insoluble at pH -7.4 (normal cells), but protonated and soluble at acidic conditions
(tumor cells). This allows for building the pH-responsive BCP micelles or
nano-/micro-sized particles for in vitro applications (47). For example, one can use
pH-responsive core-shell nanoparticles with a PDEAEMA core as carriers for nontoxic
delivery of small molecules and proteins to the cytosol (54, 55). When nanoparticles
changed from the extra-cellular/cytosolic pH of 7.4 to an endo-lysosomal pH of 5.0, the
size or volume of nanoparticles will increase as PDEAEMA becomes soluble. This would
lead to the release of hydrophobic drugs or increase the diffusion rate of hydrophilic
drugs.
3.3 Photo-responsive polymers
Photo-responsive polymers are also a type of smart materials with the possible control of
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structures and properties by light. To realize the light-response, photo-responsive systems
usually involve two types of designs: photo-thermal effect by "photon antenna" and
photo-induced chemical reactions of chromophores. For the photo-thermal effect fashion,
one can embed photosensitive antenna (metal nanoparticles or organic dyes) in a thermal
responsive polymer matrix with LCST (34, 56-65). With the thermal energy from the
conversion of absorbed photons by antennas, the phase transition of thermal responsive
polymer (LCST or UCST) could be induced. For the photo-induced chemical reactions
fashion, polymer containing photo-responsive chromophores can undergo various
photo-chemical reactions, which can alter its physical or chemical properties of polymers,
for example, shifting the hydrophilic/hydrophobic balance and changing the refractive
index of polymer matrix.
3.3.1 Photo-thermal response
The first example of photo-thermal effect by "photon antenna" was proposed by Suzuki
et al. By incorporation of copper chlorophyllin in thermo-responsive PNIPAM hydrogels,
the discontinuous volume transition of gel was obtained under visible light irradiation at
an appropriate temperature (56). It is believed that chromophores could absorb the light,
which is then dissipated locally as heat. This extra heat could increase the local
temperature of polymer gel and induce the phase transition of PNIPAM. Based on the
same mechanism, Oishi et al. recently embedded gold nanoparticles (GNPs) in BCP
micelles to absorb the light by their unique surface plasmon resonance (SPR) (59). The
solution temperature of the micelle solution with gold nanoparticles showed 8 °C increase
after 10 min irradiation, while the solution without GNPs displayed a negligible increase
(<1 °C). As a result, the disruption of BCP micelles could occur under photo-thermal
effect.

Whereas, the development of photo-thermal systems in bio-medical treatments requires
two basic conditions: 1) the light-absorbing species should have an extremely high
extinction coefficient, which promote the absorption of light and efficient generation of
heat; 2) the photo-treatment window should be located at near infrared (NIR) light (800
to 1200 nm), which can penetrate the skins and tissues deep without significant damage
10

of healthy cells (60-63). Kumacheva et al. reported the application of gold nanorods
(GNRs, SPR at 800-1200 nm) as light absorber. Under NIR light, photo-thermally
modulating volume transition of PNIPAM gel -53% was achieved (60). Later on, Xia and
his group reported NIR photo-thermally controlled release by using gold nano-cages
functionalized with PNIPAM (64). Furthermore, single walled carbon nanotubes
(SWCNs) could also be utilized as a photo-antenna that serves as an effective "molecular
heater" to PNIPAM gels (65). Due to the highly photo-thermal energy conversion, the
volume transition of PNIPAM gel with SWCNs under NIR light could complete in 15 s
and this process is reversibly switchable for >1200 cycles.
3.3.2 Photo-chemical response
Another category of photo-responsive polymer is polymer containing chromophores that
can undergo various photochemical reactions upon absorption of photons. The prominent
characters of those photochemical reactions include fast response, green chemistry
process (no solvent) and tunable rate by the input energy etc. The physical properties of
chromophores (such as molecular shapes, refractive index and dipole moments, etc.) can
change during the photo-chemical reactions.
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Figure 4. Examples of reversible photochemical reactions (from refs. 66-70).
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Usually, the chromophore groups with two or more stable or meta-stable isomers (A and
B), can be reversibly switched between isomer A and B by different wavelength (X\ and
X2) as shown in Figure 4. Both photo-isomerization and photo-cycloaddition are examples
of reversible photochemical reactions (66-70). As shown in Figure 4, photo-induced E-Z
isomerization between trans- and cz's-azobenzene is present under UV or visible light.
7ra«,s-azobenzene is a thermodynamically stable isomer with a rod-like shape, as well as
longer molecular length and lower polarity (because of the highly symmetric structure),
compared to the cz's-form having a bent molecular shape. The reverse cis-to-trans
isomerization could occur even in dark as a result of its thermodynamic instability.
Spiropyran (SP) could undergo an isomerization from the closed SP form to the open
merocyanine (MC) form. Due to the charge separation, MC isomers have a much larger
dipole moment and are much more hydrophilic. Moreover, MC isomers with higher
conjugated structure usually are pink to purple colored and the color change of SP has
been applied for photochromatic materials. The last example is coumaric acid or its esters.
They can undergo the E-Z isomerization as well and Z isomers can form the dimers via
the photo-cycloaddition [2+2] reaction under UV light. The cyclobutyl rings can be
cleaved when exposed to a deeper UV light. Differing from azobenzene and SP, the two
isomers of coumaric acids are stable at room temperature and the photo-cycloaddition
reactions of coumaric acids are two-photon responsive.

Compared with thermo- and pH-responsive polymers, photo-responsive polymers can
work in bulk state without solvent media. The extensive applications of photo-responsive
polymers, such as photo-lithographs (71, 72), photo-responsive liquid crystals (73-78),
holographic recording (71, 79-83) and photo-induced nano-patterning of BCPs (84-90),
have been developed. For instance, Ikeda's group has studied the photo-induced
deformation behaviors of a series of azobenzene based liquid crystals elastomers (LCEs)
(77, 78). The combined use of LCEs and photo-isomerization of azobenzene can generate
large-scale photo-induced deformations including contraction, expansion and bending,
triggered by the trans-cis isomerization of azobenzene in all cases. Such light deformable
polymers are one candidate for artificial muscles (77). Besides, our group also reported
the application of azobenzene-based elastomers as tunable diffraction gratings, whose
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diffraction efficiencies could be controlled by both the isomerization of azobenzene and
the deformation of elastomers (80-82).

When chromophores are incorporated into polymer backbone or as pendant groups, the
solution properties of polymers (viscosity, conductivity and solubility, etc.) are also
tunable by various photo-chemical reactions. In fact, the conformation of polymer chains
with chromophores can undergo "transitions" (expansion or contraction) induced by
photo-chemical reactions. In 1980s, lire and co-workers started to explore the
applications of photo-responsive polymers in solutions for, for example, fractional
precipitation (70, 91, 92). They found that the solubility of polystyrene (PS) decorated
with SP or azobenzene in cyclohexane was tunable by photoisomerization, since MC and
m-azobenzene with higher dipole moment could reduce the solubility of PS in a
non-polar solvent (91, 92).
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Figure 5. Chemical structure and the photo-reaction of an azobenzene containing BCP.
The hydrophobic block can be reversibly switched between low and high polarity by
exposure to UV and visible light (from refs 94).

Our group and others have expanded the study of photo-responsive BCPs in solution
(93-97). In 2004, we proposed the first photo-controlled BCP micelle based on an
azobenzene amphiphilic BCP comprising, as shown in Figure 5, poly(tert-butyl
acrylate-co-acrylic acid) [P(rBA-eo-AA)] as a hydrophilic block and poly(azobenzene
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methacrylate) (PAzoMA) as a hydrophobic block (94). Without UV irradiation, the
micellar aggregates were stable in the trans form of azobenzene, while upon exposing the
micellar solution to UV light (365 nm), photo-induced dissociation of polymer micelles
was observed due to the large dipole moment change from 0 {trans) to 4.4 D (cis). Three
years later, Lee et al. reported another example of photo-responsive amphiphilic BCPs
with SP (97). Compared with azobenzene moieties, the incorporation of SP units led to
BCP micelles with improved light responsiveness, which could be reversibly formed and
dissociated in aqueous solution under light, due to the larger polarity change between
hydrophobic SP and hydrophilic MC.

A

-»- B
COH

P.

ph\)

.NO

° H VJ
CHjOH

Figure 6. Examples of irreversible photochemical reactions (from refs 73, 98, 99).

On the other hand, there are also examples of photo-reactions, like photo-rearrangement
or photo-cleavage, which are irreversible. These chromophores are summarized in Figure
6. Methyl esters of nitrobenzyl (or pyrene) are widely used as the classical
photo-generators of acid. Under the deep UV, photo-cleavage reactions occur to
de-protect the acid groups (73). Due to the generation of acid, the photo-reaction of
methyl esters could induce a large dipole moment change and, for amphiphilic BCPs,
shift the hydrophobic- hydrophilic balance. Another irreversible photo-reaction is the
Wolff rearrangement of 2-diazo-l,2-naphthoquinones (DNQ) (98, 99). After photolysis, a
drastic change of its water solubility is also understandable because of the formation of
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cyclopentadiene- carboxylic acids. These photo-reactions are irreversible, but most of
them could responsive to NIR light, which promotes them as potential candidates for the
controlled drug delivery.

In 2005, our group reported a light-breakable BCP micelle composed of a hydrophobic
core of polymethacrylate bearing pyrene pendant groups (PPy) and a hydrophilic shell of
PEO. Upon UV light irradiation, the photo-cleavage of pyrene groups converts the
hydrophobic PPy block into hydrophilic PMAA block, resulting in the complete
dissociation of polymer micelles (100). Based on the same mechanism, we have obtained
other light-breakable BCP micelles designed with the use of nitobenzyl and coumarin
(101).
3.4 Multi-responsive polymers
More recently, of particular interest is the development of multi-responsive polymers
with the application for BCP (especially DHBCP) micelles. In order to ensure a rapid and
accurate release of drugs on the target, multi-responsive polymer micelles are believed as
one of the best drug delivery systems. By incorporation of structural units sensitive to
different stimuli, it is possible to design polymers that can respond to a combination of
pH/temperature, light/temperature, pH/light and pH/temperature/light. For example, Jiang
et al. reported a light/temperature dual responsive DHBCP composed of a "permanently"
hydrophilic block of PEO and a "smart" hydrophilic block of poly(ethoxytri(ethylene
glycol)acrylate-co-nitrobenzyl acrylate) (P(EOMA-co-NBM)) (102). P(EOMA-co-NBM)
is thermo-responsive block and it can undergo the hydrophilic to hydrophobic transition
above its LCST to form the DHBCP micelles with a PEO corona and a
P(EOMA-co-NBM) core. Furthermore, nitrobenzyl groups can be cleaved from the esters
upon UV irradiation, resulting in an increase of the LCST of P(EOMA-co-NBM) block
due to the formation of hydrophilic MAA comonomer units. Thus, micelles could be
dissociated under UV light irradiation at a chosen temperature due to the LCST shift. As a
matter of fact, other multi-responsive polymeric systems could be designed with the same
strategy (103-108).
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Another type of multi-responsive BCPs consists in two DHBCPs that are both responsive
to the same stimulus but change the properties in the opposite direction. A simple
example is BCP composed of a polyacid and a polybase, which are both responsive to pH.
At high pH, micelles with polybase core and polyacid corona form as the polyacid block
is soluble in water; while at low pH, the inverse micelle with polyacid core and polybase
corona is formed. That is, the same BCP can self-assemble into two distinct micelles with
the opposite core-shell structures under only one stimulus. These are so-called
"schizophrenic" micelles. This concept was firstly introduced and demonstrated by
Armes's group in 1998 (109). With pH-responsive DHBCPs of PDEAEMA and
poly(2-(7V-morpholino)ethyl

methacrylate)

(PMEMA),

pH-controlled,

core-shell

switchable micelles could be obtained. At high pH (basic), micelles with PDEAEMA core
could be obtained as PDEAEMA is insoluble; while at low pH (acidic), reverse micelles
with PMEMA core is formed. The concept of "schizophrenic" has also been extended
into BCP vesicles by Eisenberg et al (110). Due to the fundamentally interesting
nano-structures, the studies of "schizophrenic" micelles have been developed with
various polymeric systems and stimuli (15, 111-112).

4. Photochemistry of coumarin
Coumarin is a natural dye, which can be found in many plants, like tonka beans, vanilla
grass and sweet grass, etc (113). As mentioned above, coumarin and its derivatives are a
type of chromophores, which can undergo the reversible photo-dimerization and photocleavage reactions under different wavelengths of UV light as shown in Figure 7(a).
Upon irradiation with UV light with longer wavelengths (usually >310 nm, around the
maximum absorption -320 nm for un-substituted coumarin), the dimerization of two
coumarin moieties occurs via a [2+2] cycloaddition reaction. Unlike azobenzene and SP,
coumarin unimer and dimer are both stable at room temperature. However, the
photo-reaction of coumarin is reversible and the formed cyclobutane ring can be cleaved
upon absorption of UV light at shorter wavelengths (<260 nm), converting coumarin
dimer back to the unimer form.
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Figure 7. (a) Reversible photo-dimerization and photo-cleavage reactions of coumarin
under UV light at different wavelengths, (b)-(d) four possible isomers arising from the
photo-dimerization of coumarin: syn head-to-head, syn head-to-tail, anti head-to-head,
and anti head-to-tail.
Like other [2+2] cycloaddition reactions, thermal cycloadditions containing disrotatory
displacement of the highest occupied molecular orbital (HOMO) in one molecule and the
lowest unoccupied molecular orbital (LUMO) in the other molecule are symmetry
forbidden due to the oppositely symmetric of HOMO and LUMO at the ground state
according to Woodward-Hoffmann rules (114, 115). But with the excitation upon light,
the LUMO of the ground-state molecule becomes the HOMO of the excited molecule
which is occupied by one excited single electron, leading to a reversal of symmetry
relationships. The overlap of the HOMO of excited molecule and the LUMO of
ground-state molecule promote the formation of covalent bonding between the two
molecules leading to the dimer of coumarin. Because there are two directions for the
overlap (syn: face to face and anti: face to back) and the carbon-carbon double bond in
coumarin is asymmetric, four stereochemical dimers could possibly be produced during
the cycloaddition reaction: syn head-to-head, syn head-to-tail, anti head-to-head, and anti
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head-to-tail, as shown in Figure 7b (115). Depending on various synthetic conditions
(substitution of coumarins, solvent and reaction time), the stereochemistry of dimers is
controllable. Besides, both the photo-dimerization and photo-cleavage reactions can be
activated by two-photon absorption of light with doubled wavelength (116, 117). It makes
coumarin as one of the most interesting chromophores, especially for the bio-medical
applications, due to the penetration of human skin and tissues by long wavelength light.

5. Latest progress on coumarin-containing polymers
Coumarin and its derivatives have the excellent light-harvesting ability. Thus, they are
currently used as light absorbers or photo-sensitizers for organic solar cells (especially for
dye-sensitized solar cells), with a quality as good as the "ruthenium" dyes (118). Due to
the unique photo-chemical behaviors, coumarins have also been widely used in
bio-medical industry, photo-responsive polymers and nanotechnologies (117-121). Here,
the latest progress of coumarin-containing polymers is briefly reviewed.
5.1 Coumarin for alignment of liquid crystals
As a non-contact strategy to prevent dust, electrostatic charges and physical damage from
the traditional mechanical-rubbing method, photo-alignment of liquid crystal has been
extensively studied for the development of new generation of liquid crystal displays
(LCDs) (122). Principally, polymers used for liquid crystal photo-alignment can be
classified into three types based on the mechanism of their photo-chemical reactions:
photo-isomerization of azobenzene, photo-induced cross-linking of cinnamic ester and
coumarin, and photo-triggered degradation of polyimide (122). As compared to other
photo-alignment materials, photo-cross-linkable polymers containing coumarin have
excellent photochemical or thermal stabilities, and can induce liquid crystal orientation
with a wide range of angles from 0° to 90° (123).

For the preparation of a photo-alignment film, a layer of coumarin-containing polymer is
firstly cast on the substrate surface. As noted, coumarin moieties as well as polymer
backbones are randomly oriented in the beginning. If one exposes coumarin film to a
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low-intensity polarized UV light, the dimerization only occurs with the coumarin groups
whose transition moment is in the same direction as the polarization of the UV light. The
resulting preferential orientation of coumarin dimers can induce orientation of liquid
crystal molecules parallel to the UV light polarization. If the film is exposed to
high-intensity polarized UV light, most coumarin molecules are dimerized leaving only
un-reacted coumarin moieties in the direction perpendicular to the UV polarization. In
this case, the orientation of liquid crystal molecules is controlled by those un-reacted
coumarin moieties, /. e. perpendicularly aligned to the polarization direction of UV light
(123-125).

In 1996, Schadt et al. firstly studied the use of coumarin-containing polymers to
photo-align liquid crystal in LCDs. With linearly polarized UV light, optically and
thermally (>200 °C) stable alignment layer could be produced by the photo-cross-linking
of poly(coumarin methacylate) and the tilt angles of liquid crystal molecules was
adjustable from 0° to 90° (123). Due to easy manipulation of photo-alignment technology,
they also demonstrated that multiple-domain LCDs with improved viewing performance
could be obtained by using selectively photo-patterned alignment layers. Jackson and
co-workers have further studied the orientation of liquid crystals by a coumarincontaining liquid crystalline polymer. They found that there was a threshold value of
exposure dose and dimerization degree of coumarin to determine the orientation of liquid
crystals. When the UV exposure dose is lower than 0.72 J/cm2 or the dimerization degree
of coumarin is lower than 40%, liquid crystal molecules trend to align parallel to the
polarization direction of UV light because coumarin dimers induce the orientation. By
contrast, with exposure dose greater than 0.72 J/cm2 or the dimerization degree higher
than 40%, the orientation of liquid crystal molecules is perpendicular to the polarization
direction as un-reacted coumarins induce the orientation (126). Besides, the orientation
behavior is influenced by chemical structures of the coumarin and polymer (123-126).
5.2 Coumarin for biomaterials
Due to the outstanding biocompatibility of coumarin itself, coumarin-based polymers
have great potential in the medical science as scaffolds for tissue engineering. Coumarin
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can undergo the photo-dimerization reaction under a certain wavelength of UV light to
generate a cross-linked structure. Thus, coumarin-containing bio-polymers in water can
be used as hydrogels for biomedical applications. For example, photo-cross-linked
hydrogels have been reported to immobilize cell adhesive peptide and artificial fibrin
glue. Since 1980s, Yamamoto et al. have been studying photo-responsive poly(amino acid)
or polypeptide-based hydrogels bearing coumarin moieties (127, 128). With the
photo-cross-linking reaction of coumarin, hydrogels from bio-macromolecules can be
easily obtained. One can use the concept of "stabilize first and de-stabilize on demand",
in order to control the degradation rate of those hydrogels by controlling the dimerization
degree of coumarin. Poly(amino acid) or polypeptide hydrogels from photo -crosslinking
are green bio-products since no low molecular weight byproducts are formed upon the
photoreaction and no chemical cross-linkers are required.

Amino-substituted coumarin methoxyl groups at position 6 or 7 can exhibit a long
wavelength absorption at -400 nm and they are photo-labile groups, which can be used as
protecting groups in medicines. They can work in bio-macromolecular drugs (peptides) as
caged compounds to protect the drugs during the circulation and be cleaved at the target
site (129-131). Kotzur et al reported that a coumarin functionalized peptide allows for a
selective photo-cleavage to release the functional peptide. Based on this mechanism, our
group designed new light-breakable BCP micelles with amino-substituted coumarin
methoxyl BCPs (131). With an amphiphilic BCP of PEO and poly(methacrylate
coumarin), BCP micelles could be obtained with a coumarin-containing core and PEO
shell. Upon irradiation, the cleaved coumarin groups could largely shift the
hydrophobic-hydrophilic balance and induce the dissociation or disruption of BCP
micelles. The light-breakage of micelles has been successfully followed by measuring the
fluorescent emission of cleaved water-soluble coumarin compounds. Moreover, it was
demonstrated that the cleavage of coumarin could be achieved through either one-photon
absorption of UV light or two-photon absorption of NIR light. Compared with other
photo-cleavage reactions (100, 101), coumarin is a bio-compatible leaving group and has
a greater potential for in vivo drug delivery.
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Figure 8. Photo-stabilized and photo-de-stabilized BCP micelles by using the
reversible photodimerization reaction of coumarin (from ref 132).
5.3 Coumarin in solution
Our group has first proposed a strategy to use the reversible photodimerization of
coumarin to photo-stabilize and de-stabilize BCPs micelles in solution. The idea is to
make an amphiphilic BCP whose hydrophobic or hydrophilic block bears some
coumarin pendant groups. After formation of BCP micelles, the photo-dimerization of
coumarin groups through a cycloaddition reaction under A>310 nm irradiation gives
rise to micelle cross-linking that stabilizes the micelles; subsequently, upon absorption
of photons at A.<260 nm, the cleavage of cyclobutane bridges can occur leading to
micelle de-cross-linking and this would de-stabilize the micelles. With the
photo-cross-linking, the dissociation of micelles was prevented, which would cause
the

prematured

leakage

of

drugs

during

the

circulation;

while

by

the

photo-de-cross-linking, the breaking of BCP micelles is easily achieved.

The first example using the above strategy was reported in 2007 (132). The chemical
structure of the designed amphiphilic BCP is shown in Figure 8. It has a random
copolymer of methyl methacrylate and

4-methyl-(7-(methacryloyl)oxyethyloxy)

coumarin (P(CMA-co-MMA)) as the hydrophobic block and a hydrophilic block of
PEO. The dimerization degree of coumarin groups could be reversibly switched

21

within a certain range (-70% to 40%) in a number of cycles of alternating UV
irradiations at X>310 nm and A.<260 nm. BCP micelles after crosslinking have a better
stability. After drying the aqueous solution of crosslinked micelles, those micelles
were still stable and existed in micellar state even after being redispersed in dimethyl
sulfoxide (DMSO), which is a good solvent for both blocks. The photo-cross-linking
and

de-cross-linking

strategy

can

stabilize

and

de-stabilize

BCP

micelles

"on-demand", which is an appealing feature for controlled delivery applications (133).

In addition to the core-cross-linking approach, we have also prepared shell-cross-linked
reverse BCP micelles using the photo-dimerization of coumarin (134). The BCP is
composed of PDMAEMA as the hydrophilic block and a random copolymer of coumarin
methacrylate and methyl methacrylate (P(CMA-co-MMA)) as the hydrophobic block. In
a mixed organic solvent of THF/CH2C12 (1/1, v/v), the PDMAEMA block with
quarternized tertiary amine groups, formed upon addition of HC1, could form the
hydrophilic core because of the poor solubility in the organic solvent, while hydrophobic
P(CMA-co-MMA) chains formed the micelle shell. The reverse micelles were then
exposed to UV light of A>310 nm to dimerize the coumarin units. The successful
shell-cross-linking could preserve micellar aggregates upon addition of triefhylamine that
convertes charged PDMAEMA back to the neutral form. Of course, shell-de-cross-linking
results in desintegration of the micelles.

6. Objective of the thesis
The overall objectives of the research work presented in this thesis are to develop novel
photo-responsive polymers by exploring the coumarin photochemistry, and to study their
use for advanced light-controllable materials including self-assembled nano- and
micro-structures. A general strategy is to introduce the coumarin-based reversible
photo-cross-linking into DHBCPs, which we envision allows for combining the
photocontrol with the stimuli-switchable self-assembly capability of DHBCPs and giving
rise to new multi-stimuli-responsive materials in aqueous solution. To this end, we have
designed, synthesized and characterized a variety of coumarin-containing polymers
(random copolymers and DHBCPs). More importantly, we have demonstrated their use in
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developing a number of photocontrollable materials such as nanogels, microgels, single
chain nanoparticles and photo-deformable films.

In Chapter 1, we present a general strategy to prepare photo-responsive nanogels, i. e., a
hydrogel in the form of nanoparticles. Using the self-assembly of a DHBCP of which one
block has a LCST and contains coumarin groups, we show that nanogels can easily be
prepared by photo-cross-linking the core-shell micelle formed at T>LCST, followed by
cooling the solution to T<LCST. The photo-controllable core-cross-linking density makes
it possible to use light to tune the size of nanogel particles in water. In Chapter 2, we
present a continuous work on photo-responsive nanogels. Using a new series of DHBCPs
of which the two blocks have coumarin moieties in their structures, we demonstrate how
to prepare nanogel particles with both core and shell cross-linked. In addition to
photocontrollable size-change, this type of nanogels exhibits complex thermal transitions
in water, characterized by coexisting intra-particle LCST and inter-particle UCST. In the
work described in Chapter 3, the same design principle of coumarin-containing DHBCPs
was applied to obtain larger stimuli-responsive hydrogel particles, referred to as
microgels. They can be obtained by slightly photo-cross-linking the corona of giant
vesicles self-assembled by a DHBCP at T>LCST of the membrane-forming block,
followed by cooling to T<LCST. We show that by using the concept of "soft"
cross-linking, such microgel particles can undergo a fast, large and reversible volume
transition upon temperature switch between below and above the LCST.

In Chapter 4, we demonstrate a different application of coumarin-containing polymers: a
facile means of preparing polymer single-chain nanoparticles (SCNPs). By photodimerization of coumarin groups located on the same chain, under a dilute concentration,
the intra-chain cross-linking can lead to collapse of single polymer chains and result in
SCNPs (10-20 nm in diameter in water). Such SCNPs were further utilized as a
nanoreactor for the synthesis of gold nanoparticles (AuNPs). Our study found that the
rate of AuNP formation could be tuned by optically controlling the dimerization degree of
coumarin groups, which is related to the overall chain mobility inside the SCNPs
determined by the cross-linking degree. The work presented in Chapter 5 dealt with
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coumarm-containing polymers in the solid state. A supramolecular polymer was
synthesized by linking coumarin side groups via hydrogen-bonding. Free-standing film of
such a polymer could readily be prepared through solution casting, and irradiation with
UV light on one side of the film could induce bending. We discuss the possible
underlying mechanism for the photoinduced deformation, in terms of photo-cross-linking
on one side of the film resulting in imbalanced surface stresses.
Finally, a general discussion and some future works are presented in Chapter 6.
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CHAPTER 1 PHOTORESPONSIVE NANOGELS BASED
ON PHOTO-CONTROLLABLE CROSS-LINKS
1.1 About the project
Nanogels are nanometer-sized hydrogel particles formed by cross-linked water-soluble
polymers. For drug delivery applications, they have a number of interesting features as
compared to large-size hydrogels: 1) excellent biocompatibility due to the high-volume of
absorbed water, 2) possible development of intravenous injection, 3) easily up-taking by
cells, 4) long-termed colloidal stability and 5) faster response to stimuli. Typically, the
traditional preparation of nanogel particles is from the emulsion polymerization or
dispersion polymerization. However, these polymerizations may produce gel particles
containing a large number of surfactants and residual monomers that need to be removed
by further purification. For biomedical applications, the residual low molecular weight
additives are detrimental. In recent years, the so-called double-hydrophilic block
copolymers (DHBCPs), whose two blocks can be soluble in water, have been widely
studied because of their unique self-assembly behaviors in aqueous solution under
various stimuli. By combining self-assembly

of DHBCPs and their core- or

shell-cross-linking strategy, we attempted to develop a general strategy to prepare
stimuli-responsive nanogel particles with well-controlled size, cross-linking density and
morphology. To this end, we have designed a DHBCP of which one block is a
coumatin-containing

thermoresponsive

polymer

and

studied

the

preparation,

thermoresponsiveness and photoresponsiveness of the resulting nanogels, as well as their
potential application in photocontrolled release.

This work was published in Macromolecules (2009, 42, 4845) by Jie He, Xia Tong and
Yue Zhao. This research work was conducted in the Polymers and Liquid Crystals
Laboratory, under the supervision of Prof. Yue Zhao. The SEM and AFM images were
taken by Mrs. Xia Tong. I have performed the rest of experiments in this publication.
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Photoresponsive Nanogels Based on Photocontrollable Cross-links
Jie He, Xia Tong, Yue Zhao
Departement de chimie, Universite de Sherbrooke, Sherbrooke, Quebec, Canada JIK 2R1

(Corresponding author: yue.zhao(5),usherbrooke.ca)
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1.2.1 Abstract
We present a new and general strategy for preparing photoresponsive nanogels. It is based
on using light to reversibly change the cross-linking density of nanogel particles to
control their swelling degree in aqueous solution. This control mechanism allows for
gradual volume change of nanogel particles by light. For proof of concept, diblock
copolymers composed of poly(ethylene oxide) and poly[2-(2-methoxyethoxy)ethyl
methacrylate-co-4-methyl-[7-(methacryloyl)oxy-ethyloxy]coumarin] (PEO-6-P(MEOMA
-co-CMA))

were

synthesized;

nanogels

could

easily

be

prepared

by

first

photo-crosslinking the micellar aggregates at T>LCST of the P(MEOMA-co-CMA)
block through dimerization of coumarin side groups upon absorption of X>310 nm UV
light, and then cooling the solution to T<LCST to obtain cross-linked water-soluble
polymer nanoparticles. Under A.<260 nm UV light, the reverse photo-cleavage of
cyclobutane rings could be used to reduce the cross-linking density, leading to the
swelling of nanogel particles with a volume increase by 100%. The reversibility of the
photoinduced

volume

change,

the

effects

of

the

molecular

weight

of

P(MEOMA-co-CMA) block and the content of coumarin groups on the photoresponsive
behavior and the use of nanogel particles for photo-controlled release were investigated.

1.2.2 Introduction
Micro- or nanogels are usually hydrogels in the form of micro- or nanoscale particles that
may have a faster reaction time to stimuli such as pH or temperature change as compared
to bulk hydrogels.1"5 With respect to pH- or thermosensitive systems there have been
relatively few reports on microgels designed to respond to light.6"10 The main approaches
known for preparing photoresponsive microgels follow the strategies developed with bulk
hydrogels.11"14 One method consists in incorporating either chromophore molecules or
nanoparticles in the microgel, whose absorption of light generates heat and induces the
volume transition by elevating the temperature to above the lower critical solution
temperature (LCST) of the polymer, being most often poly(/V-isopropylacrylamide)
(PNIPAM).6"8 With the other method, microgels of random copolymers bearing
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spiropyran moieties were shown to be photoresponsive due to the photoisomerization
between

hydrophobic

spiropyran

and hydrophilic merocyanine.9'10

Indeed,

the

photoinduced change in hydrophilicity could affect the LCST of the polymer and thus
result in microgel's volume change at temperatures close to LCST. A specific challenge
in developing light-responsive microgels is how to achieve a gradual and graded volume
change upon illumination, which is required for some particular applications. For instance,
using the volume transition of a PNIPAM-based hydrogel induced by photothermal effect,
Sershen et al. demonstrated a light-controllable valve that could either stop or allow the
flow of a liquid in a microfluidic device.15 It is conceivable that if the volume change of a
photosensitive hydrogel can be graded, light can then be used to control the opening of
the valve to tune the flow rate, instead of having only the closed and open states. Such a
gradual volume change by light cannot be accomplished by means of the two known
mechanisms.6"15 On the one hand, with the thermal effect generated by light, the volume
transition of PNIPAM occurs sharply at around its LCST (- 32 °C) while it is difficult to
fine tune the solution temperature by controlling the amount of heat. On the other hand,
the use of the spiropyran-merocyanine photoisomerization resulted in a small volume
change effect10, and the effect is unlikely to be repeatable due to the easy degradation of
the dyes. In the present study, we have investigated a general strategy to address the
problem. Using nanogel particles (tens of nanometers in diameter) prepared from block
copolymers self-assembly in aqueous solution, we demonstrate that light-induced gradual
volume change is achievable based on a photocontrollable cross-linking density of the gel.
This new control mechanism, which obviously can be scaled up and applied to larger-size
hydrogel particles, offers possibilities of developing more sophisticated photocontrollable
hydrogels.
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Figure 1. (a) Schematic illustration of the preparation and photocontroUed volume
change of nanogel. (b) Designed diblock block copolymer bearing coumarin side groups
for the reversible photo-cross-linking reaction.
The design of such photoresponsive nanogels is schematically illustrated in Figure 1. It
combines the use of block copolymer self-assembly and a reversible photo-crosslinking
reaction. Basically, with a water-soluble diblock copolymer, one block of which displays
a LCST and bears photochromic side groups, micelles can be obtained by heating the
solution to T>LCST and cross-linked by the photoreaction of the chromophore upon
illumination at X\. By cooling the solution to T<LCST, the preparation of nanogel is
completed with cross-linked water-soluble nanoparticles. Due to the reversibility of the
photoreaction, the cross-linking degree of the nanogel can be reduced in a controlled
fashion by illumination at X2, which leads to swelling of nanogel particles. The initial
cross-linking state can be recovered by re-cross-linking at T>LCST. To validate the
design, a series of diblock copolymers with the structure in Figure lb were synthesized.
They are composed of a block of poly(ethylene oxide) and a block of
poly(2-(2-memoxyemoxy)emylmethacrylate-co-4-methyl-(7-(methacryloyl)oxy-ethyl-ox
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y) coumarin), denoted as PEO-6-P(MEOMA-co-CMA) hereafter. The required reversible
photo-cross-linking reaction is provided by the photo-dimerization of coumarin side
groups under irradiation at A>310 nm and the photo-cleavage of cyclobutane bridges
under irradiation at X<260 nm.16"18 As demonstrated by the present proof-of-concept study,
optically controlling the cross-linking degree of nanogel particles could allow the control
of the particles' volume change. We mention that PNIPAM nanogels prepared by using
photo-cross-linking

as

well

as

thermosensitive

block

copolymer

micelles
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photo-cross-linked at T>LCST are known in the literature. ' But to our knowledge, this
is the first study exploring a reversible photo-cross-linking reaction for photoresponsive
nanogels, aiming to disclose a new optical control mechanism for hydrogels' volume
change.

1.2.3 Experimental section
Materials
All chemicals were purchased from Aldrich. 2-(2-Methoxyethoxy)ethyl methacrylate
(MEOMA) was passed through a basic aluminum oxide column prior to use.
Poly(ethylene oxide) (PEO) macroinitiator was prepared by reacting PEO monomethyl
ether (Mn=5,000 g/mol) and 2-bromoisobutyryl bromide using a literature method.21
4-Methyl-[7-(methacryloyl)oxy-ethyl-oxy]coumarin (coumarin methacrylate, CMA) was
synthesized using the method previously reported.16 Dipyridamole (DIP, >98%), Nile Red
(NR), N, N, N \ N', N"-pentamethyldiethylenetriamine (PMDETA, 99%), anhydrous
anisole (99%) and copper chloride (Cu(I)Cl, 99%) were used without further purification.

Synthesis of Block Copolymers
Using the same macroinitiator of PEOm-Br, diblock copolymers with various
P(MEOMA-co-CMA) blocks, differing in the absolute molecular weight and the content
of photo-cross-linkable coumarin groups, were synthesized

by atom transfer radical

polymerization (ATRP) (Scheme 1). Using the sample PEOi,2-6-P(MEOMA9o-C0-CMAi2)
as an example, detailed synthetic procedure is as follows. CuCl(I) (12 mg, 0.12 mmol),
PEO n2 -Br (200 mg, 0.04 mmol), PMDETA (54 uL, 0.24mmol), MEOMA (1.13 g, 6
mmol) and CMA (162 mg, 0.6 mmol) were dissolved in 4 mL anisole in a 10 mL flask
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under N2 atmosphere. The reaction mixture was degassed by three freeze-pump-thaw
cycles, and then filled with N2. The flask was placed in a pre-heated oil bath at 60 °C for
60 min. After the polymerization, the reaction mixture was cooled to room temperature
and diluted with THF. The catalyst was removed by passing the mixture through a neutral
alumina column. The solution was then concentrated and precipitated twice in a mixture
of pentane and diethyl ether (1:1, v/v), followed by precipitation in pentane alone for two
more times. The block copolymer was filtered and dried at 40 °C for 24 h. According to
GPC measurements (PS standards), the polymer has a Mn of 28,700 g/mol and a
polydispersity index (Mw/Mn) of 1.08. From TH NMR spectrum, comparing the integrals
of the resonance peaks of -OCH2- of PEO and PMEOMA (3.65 ppm), -O-CH3 of
PMEOMA (3.39 ppm) and -CH3 of CMA (2.42 ppm) led to the estimation of 90 units of
MEOMA and 12 units of CMA, corresponding to a NMR-based Mn of 25,380 g/mol.
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Scheme 1. Synthetic route to diblock copolymer PEO-6-P(MEOMA-co-CMA).

Characterizations
Gel permeation chromatography (GPC) measurements were performed on a Waters
system equipped with a refractive index detector (RI410) and a photodiode array detector
(PDA 996). THF was used as the eluent at an elution rate of 1 mL min"1, while
polystyrene standards were used for calibration. lH NMR spectra were obtained with a
Bruker Spectrometer (300 MHz, AC 300). For the variable-temperature measurements,
the spectra were recorded after the solution was held at a given temperature for 10 min
for equilibrium. Dynamic light scattering (DLS) experiments were carried out on a
Brookhaven goniometer (BI-200) equipped with a highly sensitive avalanche photodiode
detector (Brookhaven, BI-APD), a digital correlator (Brookhaven, TurboCorr) that
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calculates the photon intensity autocorrelation function g (t), a helium-neon laser
(wavelength X = 632.8 nm), and a thermostat sample holder. The hydrodynamic diameter
(DH) of micellar aggregates was obtained by Cumulants and CONTEST analyses, and the
light scattering intensity was measured at 90°. All initial solutions were filtered with a
200-nm pore filter and, before the DLS measurement at each temperature, the solution
was equilibrated for 10 min. Each DLS measurement was performed three times to
calculate the average hydrodynamic diameter. The photo-cross-linking of coumarin side
groups was obtained by using a UV-vis spot curing system (Novacure) with a 320-500
nm filter generating UV light at X > 310 nm (intensity at 320 nm is ~ 35 mW cm"2). For
the photo-cleavage of cyclobutane rings (photo-de-cross-linking), a UV-C Air sterilizer
lamp (1.25 W) peaked at ^=254 nm was used at a distance of 5 cm to the nanogel solution.
Fluorescence emission spectra were recorded on a fluorescence spectrophotometer
(Varian Cary Eclipse) equipped with thermostat sample holder (Varian SPVF), while
UV-vis spectra were taken using a spectrophotometer (Varian 50 Bio). The dimerization
degree of coumarin was calculated from the decrease in absorbance of the peak around
320 nm. Observation of photo-cross-linked and photo-de-cross-linked nanogel particles
was made on a Nanoscope 3A atomic force microscope (AFM) in tapping mode. The dry
samples were prepared by directly dipping a clean mica substrate in the solution,
followed by drying at room temperature. Solution-cast samples on silicon wafers were
also examined on a Hitachi S-4700 field-emission-gun scanning electron microscope
(SEM) operating at 3 kV

To investigate the effect of photocontrollable crosslinking degree on the release of guest
molecules from the nanogel, DIP and NR were utilized. For the loading of DIP, 4 mL of a
PEOn2-6-P(MEOMA83-CMA6) solution (2 mg mL"1) was first heated to 40 °C to form
the micelles; after 10 min for equilibrium, 100 uL of a DIP ethanol solution (20 mg mL"1)
was then added slowly (25 uL per 30 s). The mixture was stirred at 40 °C for 12 h for the
encapsulation of DIP. Ethanol was removed by evaporation in a vacuum oven, before
more water was added and insolubly non-encapsulated D P removed by microfiltration
(200-nm pore filter). In the case of NR, it was loaded in the nanogel by mixing 10 uL of
an acetone solution of the dye (0.06 mg mL" ) with 2 mL of the micellar solution (2 mg
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mL"1) at 40 °C. As will be shown later, the release of loaded dyes from the nanogel at 10
°C could be monitored by measuring changes in either fluorescence emission or
absorption of the dyes as a function of time. Moreover, the change in fluorescence
emission of NR (excitation wavelength: 550 nm) as a function of temperature, associated
with the solubilization of NR upon micelle formation, was used to determine the LCST of
block copolymers. In this case, emission spectra were recorded at various temperatures
(solution equilibrated at each temperature for 5 min).
Table 1. Characteristics of synthesized block copolymers.
M^GPC

Sample

M^NMR

PDI

LCST

LCST

DLS

FS

HMEOMA-

(g/mol)

(g/mol)

a

b

PEO„2-Z>-PMEOMA112

38 800

26 000

1.10

1:0

31

30

PEO„2-Z>-PMEOMA273

62 200

56 300

1.12

1:0

28

27

PE0112-Z>-P(MEOMA83-co-CMA6)

29 300

22 230

1.07

1:0.067

25

23

PEOi i2-6-P(MEOMA9o-co-CMA12)

28 700

25 380

1.08

1:0.134

17

16

PEOi12-fe-P(MEOMA188-co-CMA14)

44 900

41200

1.07

1:0.075

21

19

PEOU2-Z>-P(MEOMA175-C0-CMA19)

49 800

43 660

1.10

1:0.110

17

12

IlCMA

" Determined by GPC using polystyrene for calibration.

(°C)

rf

(°C) e

Calculated from block copolymer

c

composition as determined by 'H NMR spectroscopy. Calculated from 'H NMR spectra. d Measured
as the onset of the abrupt increase in scattering intensity.

e

Determined as the onset of the abrupt

increase in fluorescence emission of Nile Red.

1.2.4 Results and discussion
Synthesis, Characterization and Thermoresponsive Behavior
Diblock copolymers of PEO-£-P(MEOMA-co-CMA), being both thermosensitive and
photosensitive, were prepared by ATRP using a PEOm-Br macroinitiator. The
polymerizations were carried out with the Cu(I)Cl/PMDETA catalytic system in anisole
at 60 °C. By adjusting the mole ratio of the two monomers of MEOMA and CMA, a
series of block copolymers with various molecular weights and compositions were
obtained as shown in Table 1. For comparison, samples without photoactive CMA units
were also prepared. The block copolymers with CMA were precipitated twice in pentane
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Figure 2. (a) GPC traces of two coumarin-containing block copolymers and the
macroinitiator. (b) *H NMR spectrum (in CDCI3) of the block copolymer of
PEO, i2-6-P(MEOMA9o-co-CMAi2).

and diethyl ether (1:1, v/v) to remove unreacted CMA monomer. The precipitation and
filtration should be conducted at very low temperature with dry ice to obtain powder
samples. Examples of GPC curves are shown in Figure 2a indicating the controlled
growth of the second random copolymer block of P(MEOMA-co-CMA), with a low
polydispersity index of-1.10. Figure 2b shows the 'H NMR spectrum in CDC13 of one
sample (PEOn2-6-P(MEOMA9o-co-CMAi2). Knowing the molecular weight of the PEO
block, the relative amount of MEOMA could readily be calculated by comparing the
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integrals of the resonance peaks / g (from PEO and the side chain of MEOMA) and h
(from the methyl group in side chain of MEOMA). The mole ratio of CMA as compared
to MEOMA in the random copolymer block was determined from the integrals of the
peak i (from the methyl group in side chain of CMA) and the peak h. The NMR analysis
results were summarized in Table 1.
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Figure 3. Determination of the lower critical solution temperature (LCST) for the block
copolymer PEOn2-fe-P(MEOMA83-co-CMA6) in an aqueous solution (2 mg mL"1) using
various-temperature dynamic light scattering (DLS) (a) and fluorescence emission of Nile
Red(b).

It is known that the homopolymer PMEOMA has a LCST around 25 °C and the block
copolymer PEO-6-PMEOMA could form micelles with PMEOMA core at T>LCST.22
With the incorporation of CMA comonomer units into the thermoresponsive PMEOMA,
it was expected that the LCST of the new diblock copolymer might be affected, but the
formation of micelles, which is necessary for the preparation of our photoresponsive
nanogels, would be preserved. We thus investigated the thermally induced micellization
behavior of the block copolymers by means of DLS and fluorescence spectroscopy. The
results in Figure 3, obtained with the sample of PEOn2-6-P(MEOMAg3-co-CMA6),
clearly show the micellization related to LCST of the P(MEOMA-co-CMA) block. With
DLS, the scattering intensity of an aqueous solution of the block copolymer (2 mg mL"1)
was recorded as a function of temperature (Figs. 3a). The abrupt increase at - 25 °C
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indicates the transformation from dissolved polymer chains to micelles when the
P(MEOMA-co-CMA) block undergoes the hydration to dehydration transition and
becomes insoluble in water. The change of scattering intensity was accompanied by an
increase in hydrodynamic diameter (DH) (data not shown), while the LCST determined as
the onset of the abrupt increase is about 25 °C. Using an aqueous solution of the polymer
(2 mg mL"1) equilibrated with NR, the fluorescence emission spectral change of NR upon
heating (spectra in Supporting Information) also allowed the LCST to be determined. An
increase in emission intensity and a blue shift of the maximum emission wavelength of
NR were observed with increasing the temperature, indicating that NR molecules were
located in an increasingly hydrophobic (dehydrated) environment. 2"24 From the plot of
emission intensity vs. temperature in Figure 3b, the hydration to dehydration transition is
clear; the LCST thus determined is about 23 °C, slightly lower than that from DLS. All
the results confirmed the formation of micelles of the diblock copolymer at T>LCST. The
values of LCST as measured by the two techniques are given in Table 1. Two
observations can be made, which have logical explanations. First, a larger molecular
weight of the PMEOMA or the P(MEOMA-co-CMA) block gives rise to micellar
aggregates having a larger size due to a bigger dehydrated micelle core. Second, with a
similar molecular weight for the P(MEOMA-co-CMA) block, a higher content of the
CMA comonomer units results in a lower LCST due to the hydrophobicity of the
coumarin moiety. As compared to PEO-6-PMEOMA, the presence of coumarin units in
PEO-i-P(MEOMA-co-CMA) reduces markedly the LCST. We note that two independent
series of DLS measurements were performed and yielded almost identical LCST values
(within 1 °C), thus confirming the good reproducibility of the results.

Preparation of Nanogels with Phototunable Cross-Unking Density
As mentioned above, coumarin could undergo a photo-dimerization reaction under X >
310 nm and the reverse photo-cleavage reaction under X < 260 nm UV light. This may
allow a polymer containing pendant coumarin groups to be reversibly cross-linked and
de-cross-linked using two different wavelengths. Our interest in the present study is to
make use of this appealing property to construct a general strategy for preparation of
photoresponsive nanogels via block copolymer self-assembly in aqueous solution (Fig.l).
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With PEO-6-P(MEOMA-co-CMA) dissolved in water, the chains aggregates on heating
to T>LCST to form micelles with a core of the coumarm-containing polymer. Upon
exposure of the micelles to X > 310 nm light, they can be cross-linked, while by bringing
the solution temperature back to T<LCST, the cross-linked micelles become nanogels
since they are nanoparticles of a cross-linked water-soluble polymer.
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Figure 4. UV-vis and DLS results obtained with an aqueous solution of
PEOn2-6-P(MEOMAi75-co-CMAi9) showing the photocontrol of cross-linking degree in
preparing the nanogel: (a) decrease of the absorbance at 320 nm upon illumination at X >
310 nm (with 10 s intervals) indicating the dimerization of coumarin groups in micelles at
T>LCST (40 °C), with in the inset the plot of dimerization degree vs. irradiation time; (b)
increase of the absorbance at 320 nm when exposed to X < 260 nm light (with 10 s
intervals for the first 130 s and 20 s for the rest) indicating the reverse photoreaction of
cyclobutane cleavage, with in the inset the plot of the dimerization degree vs. irradiation
time; (c) reversible change in the dimerization degree of micelles upon alternating UV
niumination at X > 310 nm for dimerization (5 min exposure) and at X < 260 nm for
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cleavage (5 min); and (d) dependence of the average hydrodynamic diameter of nanogel
particles at T<LCST (10 °C) on the dimerization degree and the corresponding change in
the scattering intensity measured at 90°.
Using an aqueous solution of PEOii2-£-P(MEOMAi75-co-CMAi9) (0.2 mg mL"1), we first
investigated the reversibility of the photo-cross-linking reaction in the micellar
aggregates and its effect on the obtained nanogels. Figure 4a shows the UV-vis spectral
change of the micellar solution at 40 °C (above the LCST) upon irradiation of X > 310 nm
UV light. The decrease in the absorption of coumarin groups, peaked at -320 nm, over
irradiation time indicates the occurrence of dimerization and thus the cross-linking of the
micelles. From the spectra, the dimerization degree, defined as (l-At/Ao) with A<, and At
being the initial absorbance at 320 nm and the absorbance after an irradiation time t,
respectively, could be calculated; the result given in the inset shows the kinetic process
and that the dimerization degree reaches a plateau value of - 85% after 200 s. As the
resulting dimer form with cyclobutane ring (Fig.l) absorbs light at X < 260, when light
applied to the micellar solution was changed to X < 260 nm, the absorbance at 320 nm
started to recover as a result of the reverse photo-cleavage reaction bringing back
coumarin side groups, as shown in Figure 4b. The reversibility of the photoreaction with
micelles at 40 °C was confirmed by five consecutive cycles of photo-dimerization and
photo-cleavage. The result in Figure 4c shows that the dimerization degree could be
switched between - 85% and 25% by alternating UV exposure at X > 310 nm and X < 260
nm. Considering the moderate concentration of CMA units in the P(MEOMA-co-CMA)
block (from - 7 to 13 mol%), it is reasonable to assume that most dimerization occurs
between coumarin groups on different polymer chains so that the dimerization degree is
indicative of the cross-linking density. This was confirmed by the result in Figure 4d. In
this experiment, micelles formed at 40 °C were subjected to X > 310 nm irradiation for
various degrees of photodimerization of coumarin groups, and the resulting nanogels at
10 °C were characterized by DLS (a higher polymer concentration of 2 mg mL"1 was used
for better DLS measurements). As can be seen, the average hydrodynamic diameter (DH)
of the nanogel is directly correlated to the dimerization degree. Since highly cross-linked
nanogel absorbs less water, it swells less resulting in a smaller size. The result shows that
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to produce nanogels swellable to various extents the cross-linking density could easily be
controlled by the dimerization degree in the micellar state. Figure 4d also shows that as
the nanogel swells more with reducing the cross-linking density (DH increases), the
scattering intensity decreases. This should be caused by, on the one hand, a reduced
contrast of the refractive index between highly hydrated nanogel and water and, on the
other hand, the dissolution of some polymer chains in the solution. It is noted that the
increase in scattering intensity as the nanogel particles de-swell is consistent with what
was observed with thermally induced volume transition of PNIPAM nanogels.

Photoresponsive Behavior of Nanogels
The dependence of swelling on cross-linking degree suggests that such nanogels could
respond to light exposure that changes the cross-links. We investigated the
photoresponsive behavior of the nanogel in aqueous solution. Figure 5 shows the results
of DLS and *H NMR (in D 2 0) obtained with PEOU2-^-P(MEOMA83 -co-CMA*) (2 mg
mL" ). At 40 °C, the DLS measurement shows micelles having an average DH of 34 nm,
while on the 'H spectrum the resonance signals of the micelle core-forming
P(MEOMA-co-CMA) block can hardly be noticed due to the compact aggregation of the
chains. After photo-cross-linking to a dimerization degree of about 85% using X > 310
nm light, and with the solution cooled to 10 °C, the nanogel swells in water as the DLS
indicates a D H o f - 41 nm. However, the 'H NMR spectrum displays little change except
the temperature change induced shift of the solvent peak (residual HOD),

suggesting

that even in the hydrated state the P(MEOMA-co-CMA) chains of the highly cross-linked
nanogel were still densely packed. Indeed, by exposing the nanogel to UV light of X <
260 nm, which reduces the dimerization degree to - 25%, the volume of the nanogel
increases significantly as the DH goes up to 49 nm. Swollen nanogel particles also display
a larger dispersity index (from 0.09 before to 0.3 after the de-cross-linking).

The highly

swollen state is also revealed by the }H NMR spectrum on which the signals of the
solvated P(MEOMA-co-CMA) chains at 4.0 and 3.3 ppm reappear. These results clearly
show the photoinduced volume increase of the nanogel based on the photo-controllable
cross-linking density.
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Figure 5. (a) Size distribution and (b) H NMR spectra (in D2O) for micelles at T>LCST
(40 °C), nanogel particles at T<LCST (10 °C) and de-cross-linked nanogel, obtained with
PEO112-6- P(MEOMA83-co-CMA6) (2 mg mL"1).
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Figure 6. DLS results obtained with PEOii2-i-P(MEOMA83-co-CMA6) (2 mg mL"1)
showing the photo-changeable volume of nanogel particles: (a) reversible change in
hydrodynamic diameter at 10 °C upon alternating photo-de-cross-linking at X < 260 nm (8
min exposure) and photo-cross-linking at X > 310 nm (12 min), with the solution heated
to 40 °C before cooling back to 10 °C; and (b) increase in hydrodynamic diameter of
nanogel particles and the corresponding decrease in dimerization degree of coumarin
groups vs. irradiation time upon X < 260 nm exposure.

The photoinduced volume increase of the nanogel due to the transition from a highly to a
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lightly cross-linked state could be repeated many times. However, the initial highly
cross-linked state could not be recovered by direct photo-cross-linking of the swollen
nanogel. Instead, it could be reestablished by heating the solution to T>LCST (40 °C) for
volume contraction, followed by photo-cross-linking and cooling of the solution to
T<LCST (10 °C). Again with PEOii2-*-P(MEOMAg3-co-CMA6), Figure 6a shows the
results of four cycles of volume increase induced by X < 260 nm Ught (8 min, solution
volume 2 mL dimerization down to -25%) and volume decrease obtained by the
combined use of thermal effect and X > 310 nm light (12 min, dimerization up to - 85%).
The average photoinduced increase in DH due to de-cross-linking is from about 38 to 48
nm; that is about 25% increase in hydrodynamic diameter, corresponding to a volume
increase o f - 100% for the nanogel. In one cycle of those measurements, the decrease in
the dimerization degree upon irradiation with X < 260 nm light and the corresponding
equilibrium DH (10 min at 10 °C after each exposure) were monitored at various
irradiation times, the result is given in Figure 6b. As expected, the degree of
photoinduced swelling of the nanogel is dependent upon the extent of de-cross-linking.
But interestingly, the result shows that most of the volume increase upon irradiation was
achieved when the dimerization degree was reduced from - 82% to - 60%, while the
further de-cross-linking resulted in small increase of swelling. Under the used conditions,
it took about 100 s to get the dimerization degree down to - 60%. To obtain some
information on the kinetics of the photoinduced volume increase, we performed the
following experiment. Immediately after 2 min of irradiation with X < 260 nm light, the
scattering intensity from the solution was measured over time. Only a small increase
within the first 30 s was observed after turning off the light before the scattering intensity
became constant (the small increase is probably caused by a re-equilibration due to a
small cooling of the solution upon removal of light irradiation). Considering the fact that
if the nanogel volume increase took some time to develop after the 2 min irradiation, a
decrease in the scattering intensity would be observed (Fig. 4c), this result suggests that
the nanogel swelling was essentially completed during the course of the 2 min
de-cross-linking. In other words, this photoinduced volume transition of the nanogel is
fast.
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Table 2. Average hydrodynamic diameters of micelles (at 40 °C) and nanogel particles (at
10°C)a

Sample

Micelle

Micelle

before

after

Nanogel
Nanoge

cross-linki cross-linki

1

ng

ng

PE0112-6-P(MEOMA83-co-CM

36.3±0.9

31.2±2.7

41.0±1.8

A6)

nm

nm

nm

PEO„2-6-P(MEOMA9o-co-CM

31.5±1.1

29.9±0.8

35.8±2.

A12)

nm

nm

1 nm

PEOii2-6-P(MEOMAig8-co-C

36.6±0.9

31.7±1.1

39.1±1.

MAH)

nm

nm

1 nm

PEO,i2-Z>-P(MEOMAi75-co-C

36.8±1.5

34.9±0.8

39.2±0.

MA[9)

nm

nm

7nm

Nanogel after

volume

de-cross-linki

change after

ng

de-cross-linki
ng (V/V0)b

52.5±5.6nm

2.1

44.0±2.3 nm

1.9

46.3±1.9nm

1.7

44.2±0.9 nm

1.4

Reported data are the average values with standard deviations obtained from at least three
measurements.

b

V0 and V are the hydrodynamic volume of the nanogel particle before and after

photo-de-cross-linking, respectively.

All samples of PEO-6-P(MEOMA-co-CMA) in Table 1 were investigated under the same
conditions of nanogel preparation and experiments for photoresponsive behaviors as
described above. The results are summarized in Table 2 showing, in particular, their
average photoinduced volume transition, i.e., the increase in DH upon de-cross-linking
and the corresponding

volume variation. Both the molecular weight of the

P(MEOMA-co-CMA) block and the content of the coumarin comonomer appear to affect
the photoinduced volume increase of the nanogel. A greater effect was observed for
nanogels prepared with block copolymer samples having a lower molecular weight of the
P(MEOMA-co-CMA)

block.

It

seems

that

a

smaller

core

of

cross-linked

P(MEOMA-co-CMA) reacts more strongly to the photocontroUed cross-linking density.
Comparing the two samples with a shorter P(MEOMA-co-CMA) block, at the same
dimerization degree of- 85%, the higher concentration of coumarin side groups gave rise
to less swollen nanogel at 10°C due to a greater cross-linking density. However, the
photo-de-cross-linking resulted in a similar volume increase (~ 100%) of the nanogel. For
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the two samples with a longer P(MEOMA-co-CMA) block, the difference in the
concentration of coumarin groups showed little effect on the photoinduced volume
change of the nanogels. Another point is worth being made. Considering that the
un-cross-linked PEO corona should not contribute to the observed increase in the
hydrodynamic diameter upon photo-de-cross-linking, more important photoinduced
volume transition could be obtained with nanogel particles with shell and core both
cross-linked.

va)

Cross-linked

De-cross-linked

(")

Hist %

-

Cross-linked

De-cross-linked

Figure 7. Cross-linked and de-cross-linked nanogel particles viewed at the dry state: (a)
AFM topological images with depth histograms for marked region, and (b) SEM images.

Cross-linked and de-cross-linked nanogel particles (~ 85 and 25% dimerization degree
respectively) in the dried state could be observed on AFM and SEM, as shown in Figure 7
with images obtained using PEOn2-&-P(MEOMA83-co-CMA6). De-cross-linked particles
appear slightly bigger and have a larger size distribution than cross-linked particles,
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especially with some larger aggregates observable on the AFM image. But most particles
have similar sizes of around 30 nm. This is understandable because the photoinduced
swelling of nanogel particles in solution comes from a larger amount of absorbed water;
as water is evaporated, the particles would shrink. The depth histograms of AFM
covering the marked areas for the two samples (large aggregates avoided) indicate that
de-cross-linked particles also have a larger average height (~ 9 nm) than that of
cross-linked ones (~ 7 nm). The fact that in both cases, the heights of the particles are
much smaller than their sizes in the substrate plane indicates that they are flattened in the
course of water evaporation.
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Figure 8. Fluorescence emission intensity of dipyridamole at 486 nm (Xex=415 nm) vs.
time for dye-loaded non-cross-linked micelles (•) and cross-linked nanogel (o) at 10 °C
in a dialysis cap immersed in water/dioxane (2:1, v/v), photo-de-cross-linking of the
nanogel being obtained by X < 260 nm exposure for 3 min.
PhotocontroUed Release from Nanogels
In addition to the aforementioned valve in a microfluidic device,15 another possible
application of the photocontrollable volume change of nanogel particles is to control the
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release

rate

of

loaded

guest

molecules.

Using

the

sample

of

PEOii2-^-P(MEOMAg3-co-CMA6), we performed a number of experiments to investigate
this possibility. The first experiment was designed to observe the effect of photoinduced
swelling of nanogel particles on the release rate in-situ. Dipyridamole (DIP) was first
loaded in micelles at 40 °C; 24 then half of the micellar solution was exposed to X > 310
nm UV light for full cross-linking (dimerization degree ~ 85%), while the other half was
left un-cross-linked. For the measurements, 0.3 mL of each solution was placed in a
dialysis cap immersed in 3 mL of water/dioxane (2:1, v/v) thermostated at 10 °C and
filled in a UV cell.

The release of D P into the solution by diffusing through the

membrane was monitored by measuring the fluorescence emission of the dye at 486 nm
(excitation at 415 nm) at time intervals of 10 min. Figure 8 shows the plots of
fluorescence emission intensity vs. time. It is evident that the release of DIP from
un-cross-linked micelles was much faster than from the cross-linked nanogel. With the
micelles, no slow-down of the release was observed after 80 min when, as a control test,
the solution was exposed to X < 260 nm UV for 3 min, the following measurement
showed a decrease of the fluorescence intensity likely due to some photo-bleaching effect.
But the release then resumed with the same rate. In the case of nanogel, the release was
much slowed down from 100 min, with the fluorescence intensity reaching a
plateau-level. However, after a 3-min exposure to X < 260 nm light for nanogel
de-cross-linking, the release rate increased sharply following a slight irradiation-induced
decrease of fluorescence intensity. This result shows clearly that the swelling of nanogel
particles in solution as a result of photoinduced de-cross-linking can speed up the release
of loaded molecules.

Another way to control the release rate would be to optically tune the pre-fixed
cross-linking density of the nanogel. To investigate this possibility, Nile Red (NR) was
first loaded in micelles at 40 °C, then two aliquots of the solution were photo-cross-linked
to different degrees with 20 and 60% dimerization of coumarin groups, respectively, and
compared with un-cross-linked micelles. For this experiment, the three solutions were
brought to 10 °C to allow the swelling of nanogel particles and the release of guest
molecules. When released into an aqueous medium, NR molecules became insoluble,
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resulting in a decrease in its absorption at 550 nm, and the absorbance could be
monitored once the solutions were cooled to 10 °C. Figure 9 shows the plots of
normalized absorbance A/A0 vs. time for the two nanogels and the non-cross-linked
micelles, A 0 being the absorbance at 40 °C before the release. It can be seen that the
dissolution of non-cross-linked chains results in the fastest release of loaded dye
molecules, while the release is increasingly slower with increasing the cross-linking
density due to smaller swelling of the nanogel particles.

60
80
100
Time (min)

120

Figure 9. Normalized absorbance of Nile Red at 550 nm vs. time for dye-loaded
non-cross-linked micelles (•) and nanogels with 20% (A) and 60% (•) dimerization
degree at 10 °C in aqueous solution.

1.2.5 Conclusions
We presented a new and general strategy for preparing photoresponsive nanogels. It is
based on the use of photocontrollable cross-linking density to determine the swelling of
nanogel particles in aqueous solution. This control mechanism allows the volume of
nanogel particles to be changed gradually by illumination, which differs from the
approaches based on a photothermal effect or photoinduced change in hydrophilicity. For
proof-of-principle,

diblock

copolymers

of

PEO-^-P(MEOMA-co-CMA)

bearing
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coumarin side groups were synthesized. Water-soluble nanoparticles were obtained by
first forming micelles at T>LCST of P(MEOMA-co-CMA), then cross-linking micelles
through dimerization of coumarin groups under A>310 nm UV light and finally bringing
the solution to T<LCST. Upon exposure to A,<260 nm UV light, the reverse
photo-cleavage of cyclobutane bridges could reduce the cross-linking density and lead to
an increase in volume of nanogel particles by 100%. The initial hydrogel could be
recovered by photo-cross-linking at T>LCST and the photoinduced volume transition
could be repeated. Moreover, we showed the possibility of using this type of
photoresponsive nanogels to optically control the release of loaded quest molecules. This
can be achieved either by direct photo-de-cross-linking of nanogel particles in solution, or
by optically tuning the cross-linking degree in preparing the nanogel.

Acknowledgement We acknowledge financial support from the Natural Sciences and
Engineering Research Council of Canada (NSERC) and le Fonds quebecois de la
recherche sur la nature et les technologies of Quebec (FQRNT). YZ is a member of the
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1.2.6 Supporting information
Examples of recorded UV-vis and fluorescence emission spectra in the photocontroUed
release experiments and determination of LCST by FS are given below.

Figure SI. Fluorescence emission spectra of dipyridamole (^=415 nm) loaded in
un-cross-linked micelles of PEOn2-6-P(MEOMA83-co-CMA6). The micellar solution was
placed in a dialysis cap immersed in water/dioxane (2:1, v/v) filled in a UV cell. The
increase in fluorescence emission is due to an increasing amount of dipyridamole
released into the solution by diffusion through the dialysis membrane. After 80 min, the
nanogel was exposed to X < 260 nm UV light for 3 min, resulting in an increase of the
release rate due to the photoinduced de-cross-linking of nanogel particles.
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Figure S2. UV-vis absorption spectra of Nile Red-loaded un-cross-linked micelle
solution of PEOn2-^-P(MEOMA83-co-CMA6) at 10 °C. The release of Nile Red into an
aqueous solution, where it is insoluble, results in a decrease of the maximum absorption
at - 570 nm and an increase of absorption at wavelengths below - 490 nm due to
aggregation of dye molecules. The inset shows the unchanged absorption peak of
coumarin groups at ~ 320 nm during the release.

50

1.3 Conclusions of the project
In this project, a general strategy to prepare photoresponsive nanogel particles from
DHBCPs containing coumarin groups was demonstrated. The micellar aggregation of a
DHBCP comprising one thermoresponsive polymer with coumarin pendant groups, can
be preserved for core cross-linking through coumarin dimerization at T>LCST.
Subsequently, when the micellar solution is cooled to T<LCST, nanogel particles are
obtained because of the hydrophilic nature of micelle cores. Due to the reversibility of the
photoreaction

of

coumarin,

the

cross-linking

density

can be

tuned by

the

photo-de-cross-linking via the cleavage reaction, which leads to further swelling of
nanogels. By switching the two different wavelengths, the photocontrol over the size
change of nanogels was realized by optically tuning the dimerization degree of coumarin
moieties. We believe that further development of such photoresponsive nanogels is of
interest for exploring possible applications such as optically controlled release and valve
in micro fluidic devices.
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CHAPTER 2 CORE- AND SHELL-CROSS-LINKABLE
NANOGELS
2.1 About the project
Core-shell nanogels with a photoresponsive core can display a volume change by the
photocontrol over of the cross-linking density. Considering the double-layered structure
of nanogels prepared from DHBCP self-assembly in water, we propose here a new design
of DHBCPs that allows for photo-cross-linking both the core and the shell of nanogel
particles. This would be of fundamental interest for revealing the effect of cross-link's
location on the photocontroUed size change. For example, if both core and shell of
nanogels are cross-linked via coumarin dimerization, do they contribute equally to
photoinduced volume change in water? Through rational design, we synthesized new
series

of

DHBCPs

based

on

poly(N,N'-dimethylacrylamide)

(PDMA)

and

poly(N-isopropylacrylamide) (PNIPAM), while a number of coumarin side groups were
incorporated into either PDMA or PNIPAM or both PDMA and PNIPAM, which made it
possible to selectively photo-cross-link either the shell or the core or both the shell and
core. We performed a comparative study on the photoinduced size change of this type of
nanogel particles. Moreover, in addition to the LCST of PNIPAM that determines the
hydration state of the core of nanogel particles, we found a surprising UCST thermal
transition that dictates a reversible aggregation of nanogel particles. A possible
mechanism was discussed. A manuscript reporting this work is accepted by Langmuir.

This project was carried out in the Polymers and Liquid Crystals Laboratory, under the
supervision of Prof. Yue Zhao. The NMR spectra with variable temperatures were
obtained with the assistance of Dr. Luc Tremblay. Mr. Bin Yan helped me with the
dynamic light scattering measurements. I have performed the rest of experiments in this
publication.
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2.2.1 Abstract
New thermal- and photoresponsive core-shell nanogel particles were obtained from
self-assembly in aqueous solution of a double-hydrophilic block copolymer (DHBCP) of
which the two blocks could be photo-cross-linked via the reversible photodimerization
and photocleavage of coumarin moieties. The diblock copolymer, consisting of
poly[N,N-dimemylacrylamide-co-4-memyl-[7-(memacryloyl)oxyemyloxy]coumarin] and
polyPvf-isopropylacrylamide-co-4-methyl-[7-(methacryloyl)oxyemyloxy]coumarin]
(P(DMA-co-CMA)-&-P(NIPAM-c0-CMA)), was synthesized by using reversible addition
fragmentation

chain

transfer

(RAFT)

polymerization.

At

T>LCST

of

the

P(NIPAM-co-CMA) block, core-shell micelles were formed and UV light irradiation at
A>310 nm resulted in cross-linking of both the micelle core of P(NTPAM-co-CMA) and
the micelle shell of P(DMA-co-CMA); subsequent cooling of the solution to T<LCST
gave rise to water-soluble, swollen nanogel particles. Upon UV light irradiation at ?i<260
nm, the decrease of cross-linking density could increase the swelling of nanogel particles
by - 2 3 % in diameter. By alternating irradiation with the different wavelengths, the
average hydrodynamic diameter of nanogel particles was tunable between -58 and -47
nm. Interestingly, upon further cooling of the solution, aggregation occurred for nanogel
particles with a moderate cross-linking density (10%~40% dimerization of coumarin
moieties). Therefore, such core- and shell-cross-linked nanogel could display both
"intra-particle" LCST (solubility of polymer chains forming the core) and "inter-particle"
UCST (solubility of particles). The possible mechanism and the effect of dimerization
degree on the UCST behavior were discussed.

2.2.2 Introduction
Double-hydrophilic block copolymers (DHBCPs) have attracted much attention in the
past years, due to the facile preparation from living radical polymerizations and their
unique self-assembly behaviors under various chemical and physical stimuli (pH,
temperature, light and redox, etc). 16 A general design of DHBCPs is to combine one
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"permanently" hydrophilic block with one "smart" block that is able to switch between a
hydrophilic and a hydrophobic state under the effect of external stimuli.1 Like
amphiphilic BCPs, DHBCPs can self-assemble into various forms of micellar aggregates
that can be exploited for such applications as nano-carriers for drug delivery and
nano-reactors for chemical reactions.7"14 To prevent self-assembled micellar aggregates
from being dissolved, a number of cross-linking strategies of polymer chains have been
developed.8"9'15-21

Nanogels, defined as chemically or physically cross-linked hydrogel particles with a
nanoscale size, represent one of very interesting stimuli-responsive nanomaterials. Being
able to uptake a large amount of water and with relatively low surface tension, nanogel
particles may have excellent biocompatibility and could potentially be developed as
intravenous injections for intracellular drug delivery.22'25 The general method for
preparing nanogels is based on the traditional emulsion or dispersion polymerization.26
Among

the

reported

stimuli-responsive

nanogels,
26 30

poly(N-isopropylacrylamide) (PNIPAM) have been most studied. "

those

using

For instance, Gota

et al. showed the application of PNIPAM fluorescent nanogel particles as the intracellular
thermometry.24 In contrast to micelles of amphiphilic BCPs whose core is hydrophobic,
nanogel particles are made with water-soluble polymers, and their highly hydrophilic
nature is necessary to avoid the precipitation at high ionic strength.24

Cross-linking micelles of DHBCPs is an effective way to prepare nanogel particles.
Generally, micelles are first formed under a certain condition (e.g. at temperatures above
the lower critical solution temperature (LCST) for one block), then they are cross-linked
(either core- or shell-cross-linking) to have structural integrity; afterward, the condition is
changed to allow the whole DHBCP to be soluble in water (T<LCST of the micelle
core-forming block). The resulting swollen micelles are nanogel particles. As compared
with the traditional preparation methods, nanogels obtained from DHBCPs own smaller
and more uniform particle sizes. On the other hand, photo-cross-linking have the
advantages to be non-toxic (no low molecular weight additives) and easily controllable as
compared with other chemical cross-Unking methods. 19 - 21,3M0
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Recently, we reported the preparation of photo-responsive nanogel particles from a
DHBCP composed

of poly(ethylene

oxide) and

poly[2-(2-methoxyefhoxy)ethyl-

mefhacrylate-co-4-methyl-[7-(mefhaciyloyl)oxyethyloxy]coumarin]
(PEO-Z)-P(MEOMA-co-CMA)).

The

core-forming

block

PMEOMA

was

a

thermo-responsive polymer with a LCST at -25 °C and it was randomly copolymerized
with a number of coumarin methacrylate units.34 By heating the solution to T>LCST, the
micellar aggregates were preserved by photo-cross-linking via dimerization of coumarin
under UV light A>310 nm. After cooling the solution to T<LCST, the obtained nanogel
particles could undergo a reverse photo-cleavage reaction under X<260 nm UV light,
leading to swelling of nanogel particles with a volume increase -90% as a result of
decreased cross-linking density. The size of nanogel particles was photo-controllable
through the reversible photo-cross-linking and de-cross-linking reaction of coumarin. In
another report, photo- and thermo-responsive microgels from large DHBCP vesicles were
also obtained.35 The DHBCP vesicles were composed of a PNIPAM membrane and a
poly[2-(dimethylamino)ethylmethacrylate] (PDMAEMA) corona bearing a few coumarin
units. By slightly cross-linking the corona- forming block, microgel particles were
obtained and they could display a large and reversible temperature-controlled size change
(-700% in volume).

As a continuing effort, in the present study, we synthesized a new series of DHBCPs that
consist

of

polyfTV.iV-dimethylacrylamide-co^-methyl-fT-^efhacryloylJoxyethyloxy]

coumarin] and poly[N-isopropylacrylamide-co-4-methyl-[7-(methacryloyl)oxyethyloxy]
coumarin] (denoted as P(DMA-co-CMA)-6-P(NIPAM-co-CMA), hereafter). The novelty
of this system is that a number of photo-cross-linkers (coumarin) were randomly
incorporated into the two constituting blocks. As schematically illustrated in Figure 1,
this DHBCP design allows both core and shell of the micellar aggregates self-assembled
at T>LCST of P(NIPAM-co-CMA) to be photo-cross-linked. The objective of this study
was twofold. First, we wanted to know how the double cross-linking could influence the
photoinduced size change of nanogel particles at a given temperature, as compared to
only core- or only shell-cross-linked nanogel particles.

Can a cross-linked shell also
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contribute to a size change in response to changing cross-linking density? Secondly, we
wanted to know if the size of such highly cross-linked nanogel particles can change in
response to the thermal phase transition of the core-forming block. As reported in this
paper, we found that this type of photo- and thermo-responsive nanogels exhibits
interesting and intriguing behaviors. In addition to photoinduced size change of highly
cross-linked nanogel particles as a result of photocontrollable dimerization degree of
coumarin, moderately cross-linked nanogel particles not only undergo size change
resulting from the LCST-determined water solubility of core-forming P(NIPAM-co-CMA)
chains, but also exhibit a reversible inter-particle aggregation characterized by an upper
critical solution temperature (UCST). This unusual UCST thermal transition is
schematically illustrated in Figure 1, and a possible underlying mechanism is proposed.

Figure 1. Schematic illustration of the preparation of both core- and shell-cross-linked
nanogel particles and their thermal transitions in aqueous solution.

2.2.3 Experimental section
Materials
All chemicals were purchased from Aldrich and used as received unless otherwise noted.
2, 2'-Azobis(isobutyronitrile)

(AIBN) was recrystallized

twice from ethanol.

N,N-dimethyl acrylamide (DMA, 99%) was passed through a basic aluminum oxide
column to remove the inhibitor. N-isopropylacylamide (NIPAM, 97%) was recrystallized
from

hexane.

4-Memyl-[7-(memaciyloyl)oxy]ethyl]oxy]coumarin

(coumarin

methacrylate, CMA) was synthesized using a previously reported method.20 The chain
transfer agent (CTA), S-l-dodecyl-S'-(a, a'-dimethyl-a"-acetic acid)trithiocarbonate, was
prepared using a literature method.
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Synthesis of P(DMA-co-CMA) macro-chain transfer agent
The synthetic route to the diblock copolymer is shown in Scheme 1. The general
procedure for RAFT polymerization followed the previous report.4 Using the sample of
P(DMA64-C0-CMA3) in Table 1 as example, the synthetic procedure is as follows. DMA
(3 g, 30.3 mmol), CMA (0.4 g, 1.5 mmol), CTA (0.21 g, 0.58 mmol) and AIBN (20 mg,
0.12 mmol) were dissolved in 3 mL anisole (99%, anhydrous) in a 10 mL flask. The
reaction mixture was purged by nitrogen for 10 min under stirring and then placed in a
pre-heated oil bath at 70 °C for 1 hr. After polymerization, the polymer was reprecipitated
in ethyl ether three times and dried under vacuum for 24 hr. From GPC measurements
using polystyrene (PS) standards, the polymer sample has a Mn of 5 400 g/mol and a
polydispersity index (Mw/Mn) PDI=1.12. By comparing the integral of the side methylene
groups of CMA at -4.3 ppm, the side methyl groups of DMA at -3.0 ppm, and the
methylene group from RAFT agents at -3.4 ppm in the ! H NMR spectrum (in CDCI3),
the NMR-based molecular weight is -7,100 g/mol and the mole fraction of CMA is
-4.7%.

Synthesis of the diblock copolymer P(DMA-co-CMA)-6-P(NIPAM-co-CMA)
Using the sample of P(DMA64-co-CMA3)-6-P(NIPAMi82-co-CMA8) in Table 1 as
example, the diblock copolymer synthesis was carried out by using the following
procedure. Macro-CTA of P(DMA64-co-CMA3) (210 mg, 0.03 mmol), NIPAM (820 mg,
7.3 mmol), CMA (97 mg, 0.36 mmol) and AIBN (1.2 mg, 0.007 mmol) were dissolved in
3 mL of dioxane (99%, anhydrous) in a 10 mL flask. After being purged by nitrogen for
10 min under stirring, the flask was placed in a pre-heated oil bath at 70 °C for 1 hr. The
polymer was purified by reprecipitation in ethyl ether three times and dried under vacuum
for 24 hr. From GPC, the diblock copolymer has a M n of 22 200 g/mol and PDI=1.20.
The diblock copolymer composition was determined from the 'H NMR spectrum (in
CDCI3), and the estimated numbers of NIPAM and CMA units are 182 and 8, respectively,
by using the side methylene group of PNIPAM at -3.9 ppm and side methylene groups of
CMA at-4.3 ppm.
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to

the
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of

P(DMA-co-CMA)-&-P(NIPAM-c0-CMA).

Preparation of nanogel particles
BCP (30 mg) was dissolved in 15 mL of distilled water with 50 mM of NaCl below 10 °C
overnight (the same concentrations of polymer and NaCl were used in all preparations
unless otherwise stated). The polymer solution was filtrated with a cellulose filter (200
nm pore size, from Whatman) and then set in a pre-heated water bath at 45 °C (>LCST of
P(NIPAM-co-CMA)). With the small solution volume, no change in light scattering was
observed after 10 min, suggesting that core-shell micelles were formed and the thermal
equilibrium in the solution was achieved. We then exposed the solution to A>310 nm UV
light (intensity at 320 nm was -35 mW cm"2) for the photo-cross-linking of coumarin side
groups, giving rise to both core- and shell-cross-linked micelles. Nanogel particles were
obtained by cooling the solution from 45°C to room temperature (<LCST, see Fig. 1). The
dimerization degree of coumarin was monitored by UV-vis spectra and calculated with
the equation 1 -A/Ao (AQ and At are the initial absorbance and the absorbance at irradiation
time t at 320 nm, respectively). For each measurement, 100 uL of polymer solution was
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further diluted in 2 mL H2O to get an appropriate absorbance. At a certain dimerization
degree, - 2 mL of nanogel solution was used to characterize the scattering intensity and
the hydrodynamic diameter. We mention here that at a given polymer concentration, the
UV irradiation intensity (both for photodimerization and photocleavage of coumarin
groups) can affect the time required to reach the photostationary state, but once the
maximum photodimerization degree (or minimum degree in the case of photocleavage) is
obtained, a longer irradiation time, i. e., a greater exposure dose, makes little difference
on the data (e.g. Fig.S4).

Characterizations
Generally, ] H NMR spectra (in CDCI3, unless otherwise stated) were obtained with a
Bruker spectrometer (300 MHz, AC 300). For the variable-temperature measurements (in
D 2 0), the spectra were recorded on a Varian spectrometer (600 MHz, INOVA system).
Before each measurement, the solution was held at a given temperature for 10 min for
equilibrium. Gel permeation chromatography (GPC) measurements were performed on a
Waters system equipped with a refractive index detector (RI 410) and a photodiode array
detector (PDA 996). THF was used as the eluent at an elution rate of 1 mL/min, while PS
standards were used for calibration. The UV light at X>310 nm for the photodimerization
of coumarin (photo-cross-linking reaction) was generated from a UV-vis spot-curing
system (Novacure) with a 320-500 nm filter and the intensity at 320 nm is -35 mW cm'2;
while the photo-cleavage of cyclobutane rings (photo-de-cross-linking) was achieved by
using a UV-C Air sterilizer lamp (1.25 W) peaked at X.=254 nm at a distance of 5 cm to
the nanogel solution. During the photo-cross-linking and photo-de-cross-linking, the
dimerization degree of coumarin was recorded on a Varian 50 Bio UV-vis
spectrophotometer. Using a thermostat sample holder (Varian SPVF), change in
transmittance (500 nm) as a function of temperature was measured by using the UV-vis
spectrophotometer. LCST and UCST were taken as temperatures where the transmittance
changed abruptly. The measurements were carried out using a solution cooling or heating
rate of 0.5 °C/min. Dynamic light scattering (DLS) experiments were carried out on a
Brookhaven goniometer (BI-200) equipped with a highly sensitive avalanche photodiode
detector (Brookhaven, BI-APD), a digital correlator (Brookhaven, TurboCorr) that
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calculates the photon intensity autocorrelation function g (t), a helium-neon laser
(wavelength X,=632.8 nm), and a thermostat sample holder. The volume-averaged
hydrodynamic diameter (DH) of nanogels was obtained by a CONTIN analysis and the
polydispersity of nanogel sizes was obtained by a cumulant analysis. The change in
scattered light intensity was measured at 90°. DH reported in the paper is the average
value with at least three measurements. The sizes of nanogel particles were also examined
using a Hitachi S-4700 field-emission-gun scanning electron microscope (SEM)
operating at 3 kV. Samples for SEM were prepared by casting 3-5 uL of nanogel solution
on silicon wafers and dried at a given temperature.

Table 1. Characteristics of synthesized block copolymers
M„, G PC
3

Sample

P(DMA77)

xlO"
(g/mol)

M„,NMR

PDI

a

xlO"3
(g/mol) b

4.8
11.4
14.7
21.1
19.2
5.4
11.6
13.2
24.0
22.2

7.6
20.9
21.8
35.1
26.3
7.1
16.0
16.9
36.1
29.9

1.09
1.08
1.12
1.10
1.13
1.12
1.12
1.15
1.18
1.20

Mol% of
CMA in
PDMA0
4.7%
4.7%
4.7%
4.7%
4.7%

Mol% of
CMA in
PNIPAM
c

4.4%
6.7%
5.9%
4.6%

P(DMA77)-6-P(NIPAM118)
P(DMA77)-&-P(NIPAM114-co-CMA5)
P(DMA77)-Z>-P(NIPAM243)
P(DMA77)-Z)-P(NIPAM142-co-CMA,o)
P(DMA64-co-CMA3)
P(DMA64-co-CMA3)-6-P(NIPAM78)
P(DMA64-co-CMA3)-6-P(MPAM76-e0-CMA5)
P(DMA64-co-CMA3)-6-P(NIPAM256)
P(DMA64-co-CMA3)-^-P(NIPAM182-co-CMA8)
a
Determined by GPC using polystyrene standards for calibration. * Molecular weight calculated
from !H NMR spectra in CDC13. cThe mole fraction of CMA in each block determined from the
integral area of 'H NMR spectra in CDC13.

2.2.4 Results and discussion
Synthesis, Characterizations and Thermoresponsive Behaviours
The synthetic route to the diblock copolymer of P(DMA-co-CMA)-0-P(NIPAM-co-CMA)
is shown in Scheme 1. The target polymer was synthesized by a two-step RAFT
polymerization, in which the functional monomer CMA was randomly copolymerized in
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each block. A series of diblock copolymers with various molecular weights and
compositions were successfully prepared and characterized by GPC and NMR spectra.
The molecular weights, polydispersity and the mole fraction of CMA in each block (with
respect to DMA or NIPAM units) were summarized in Table 1. The typical ] H NMR
spectra of a macro-CTA, P(DMA64-co-CMA3) and a resulting diblock copolymer
P(DMA64-co-CMA3)-6-P(NIPAMi82-co-CMA8)

are presented

in Figure

SI.

The

NMR-based molecular weight of the macro-CTA can be determined by comparing the
integrals of the peaks from DMA and the RAFT agent. The number of DMA units in the
P(DMA64-co-CMA.3) block was estimated to be 64 by comparing the peak g from methyl
side group at 2.8-3.1 ppm and the methylene group from RAFT agent at 3.4 ppm, while
the number of CMA units was - 3 , obtained by using the methylene group e at -4.2
ppm.43 For the BCP, knowing the molecular weight of P(DMA64-co-CMA3) block, the
relative amount of PNIPAM could be estimated by its side methylene group/at -3.9 ppm.
The mole fraction of CMA in the second block was calculated from the integral of the
peak e while subtracting the contribution from the P(DMA64-co-CMA3) block.

As for the choice of the constituting blocks, PDMA is a hydrophilic polymer over the
entire temperature range of liquid water (0-100 °C), being widely employed in
amphiphilic BCPs as a hydrophilic block.42'

44

Due to its highly hydrophilic nature,

PDMA bearing - 5 mol% of hydrophobic CMA units remains water-soluble at T<80 °C.
On the other hand, PNIPAM is one of the most studied thermo-responsive polymers.26"30'
It can be dissolved in water at low temperature and dilute concentration, but becomes
insoluble at T> -32 °C (LCST), as a result of breaking hydrogen bonding between amide
groups

and

water

molecules.

With

the

BCP

design

of

P(DMA-c0-CMA)-i-(PNIPAM-co-CMA), we expected the formation of micelles at
T>LCST of the P(NIPAM-co-CMA) block. Knowing that the actual LCST should be
influenced by the amount of CMA, thermally induced micellization behaviors of diblock
copolymers were first studied by DLS. By slowly increasing the solution temperature
(-0.3 °C/min), the scattering intensity and DH of various BCPs were recorded. The
temperature, at which abrupt increase of scattering intensity is observed, is taken as the
LCST. Figure 2(a) shows the change in scattering intensity vs. temperature for three BCP
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samples differing in the CMA location. The apparent LCSTs at 18, 19 and 33 °C were
obtained for P(DMA77)-0-P(NrPAM142-co-CMAio), P(DMA64-c0-CMA3)-6-P(NIPAMi82co-CMA8)

and

P(DMA64-c0-CMA3)-0-P(NrPAM256),

respectively,

indicating

micellization at a lower temperature with increasing the amount of CMA in the PNIPAM
block. The hydration to dehydration transition of PNIPAM block was further investigated
by

recording

!

variable-temperature

H

NMR

spectra.

Using

P(DMAM-co-CMA3)-0-P(NIPAMig2-c0-CMA8) as an example, the lB. NMR spectra in
D2O at different temperature are presented in Figure 2(b). At 10 °C (below the LCST), all
characteristic signals of PDMA and PNIPAM blocks are visible, indicating the
molecularly dissolved state below the LCST. Upon increasing the temperature to 40 °C
(above the LCST), while the peaks of the P(DMA-co-CMA) block are essentially
unchanged, those of the isopropyl group of on the P(NIPAM-C0-CMA) block at 3.9 and
0.9 ppm are basically disappeared. This indicates the hydration to dehydration transition
of P(NIPAM-C0-CMA) chains and the formation of micelles. The values of LCST and DH
at 15 and 45 °C obtained for various BCPs are summarized in Table 2. Two conclusions
can be made. Firstly, the copolymerization of hydrophobic monomer CMA in PNIPAM
can significantly bring down the LCST. With 5 mol% of CMA, the decrease of the LCST
of PNIPAM is more than 10 °C. This is consistent with our finding in a previous study.34
The incorporation of hydrophobic CMA comonomer units in a water-soluble polymer
brings down its LCST. In the present case, the LCST of PNIPAM can effectively be tuned
by the CMA content. However, it is noted that the CMA content is not the only factor that
determines the LCST of PNIPAM. The interactions with the hydrophilic PDMA block
also

play

a

role.

This

can

be

seen

by

comparing

the

LCSTs

P(DMA64-c0-CMA3)-0-P(NrPAM76-C0-CMA5)
P(DMA64-c0-CMA3)-Z>-P(NiPAMi82-co-CMA8).

of
and

While

the

former

has

a

higher

CMA/NIPAM ratio than the latter, its shorter P(NIPAM-co-CMA) block is subjected to a
greater influence of the P(DMA-co-CMA) block, which results in a slightly higher LCST.
Secondly, a higher molecular weight of the PNIPAM or P(NrPAM-co-CMA) block gives
rise to larger micellar aggregates due to bigger hydrophobic core, which is also in good
agreement with previously reported results.42 Another observation is worth a discussion.
The first two samples in Table 2 have essentially the same degree of polymerization. In
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the water-soluble state at 15 °C, P(DMA77)-0-P(NIPAM1i4-c0-CMA5) has a larger D H
than that of P(DMA77)-0-P(NIPAMii8), implying that the presence of a small number of
CMA units in the PNIPAM block (~ 4 mol%) could change significantly the chain
conformation. In the aggregated state at 45 °C, however, their micelles have basically the
same DH. This suggests two possibilities: 1) they have a similar aggregation number, and
2) they do not have the same aggregation number but the difference is compensated by
different chain conformations. More investigations are needed to understand the effect of
the CMA content on the chain conformation and aggregation number in the micelles.

(a)
1.0

^0.8
CO

c

2
£ 0.6 -I
O)

<i> 0 4
o

^0.2
0.0

10
(b)

15

20

25
30
35
40
Temperature (°C)

45

°»»
cm,
en, s
sooc-c-lka, cn>.^tB, cy^toB, < * ^ < C H , i^s-c-s-c^n,
en,
c-o
c-o
c-o
co

5.0

4.0

3.0
2.0
1.0
Chemical Shift (ppm)

0.0

Figure 2. (a) Change in scattering intensity of 2 mg/mL aqueous solution as a function of
temperature

for

P(DMA77)-6-P(NrPAM142-co-CMAio)

(left,

square),
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P(DMA64-co-CMA3)-Z)-P(NIPAMi82-c0-CMA8)

(middle,

triangle)

and

P(DMA64-c0-CMA3)-&-P(NIPAM256) (right, circle), (b) Variable-temperature ! H NMR
spectra of P(DMA64-c0-CMA3)-6-P(NIPAMi82-co-CMA8) in D 2 0 (2 mg/mL) at 40 (top)
and 10 °C (bottom).

Table 2. Thermoresponsive behaviors of block copolymers
Sample

DH at 15 °C

D H at45°C

LCST'

PPMA77)-&-P(NIPAMn8)

6.2±2.4 nm

28.3±1.3nm

37 °C

PPMA77)-Z)-P(NIPAM114-co-CMA5)

11.7±2.5nm

27.3±0.9 nm

24 °C

P(DMA77)-Z>-P(NIPAM243)

15.9±2.6nm

34.9±0.7 nm

34 °C

PPMA77)-Z>-P(NIPAM,42-co-CMA1o)

8.3±3.0nm

26.1±0.8nm

18 °C

P(DMA64-co-CMA3)-6-P(NIPAM78)

10.3±0.9nm

21.9±1.0nm

37 °C

P(DMA64-co-CMA3)-6-P(NIPAM76-co-CMA5)

6.9±3.1nm

23.3±1.0nm

21 °C

P(DMA64-co-CMA3)-6-P(NIPAM256)

18.9±1.7nm

42.2±0.8 nm

33 °C

P(DMA64-co-CMA3)-ft-P(NIPAM182-co-CMA8)

15.1±2.3nm

35.2 ±0.3 nm

19 °C

" LCST determined as the onset of the abrupt increase of scattering intensity by DLS.

Preparations of Nanogels
As described above, coumarin side groups can be used for reversible photo-cross-linking
and photo-de-cross-linking of BCP chains under UV irradiation at different wavelengths.
Using this photoreaction, we can prepare photoresponsive nanogel particles via the
self-assembly

of

DHBCPs.34'
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In

the

present

study,

the

use

of

P(DMA-co-CMA)-6-P(NIPAM-co-CMA) allowed us to prepare nanogels of which both
core

and

shell

were

P(DMA)-6-P(NIPAM-co-CMA)

cross-linked.
and

For

comparison

P(DMA-co-CMA)-o-P(NIPAM),

purpose,
with

only

We utilized an aqueous solution of ?(DMA64-co-CMA3)-b-?(NIPAMm-co-CMA%)

(2

cross-linkable core or shell, were also prepared.

mg/mL) to investigate the photo-cross-linking reaction in the micellar aggregates and its
effect on the obtained nanogels. To this end, a micellar solution equilibrated at 45 °C was
exposed to UV light at X>310 nm, and UV-vis spectra at various irradiation times were
recorded by diluting a small aliquot of the solution (diluted to 0.1 mg/mL) after a given
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irradiation time (see Figure S2). The absorption of coumarin centered at -320 nm
decreased over irradiation time, indicating the dimerization of coumarin groups. From the
UV-vis spectra, the dimerization degree (DD) of coumarin could be calculated from
DD=l-A/Ao, where Ao and At are the initial absorbance and the absorbance at irradiation
time t, respectively. The increase in DD over time is plotted in Figure 3.

500 1000 1500 2000 2500 3000 3500

Irradiation Time (s)
Figure

3.

The

increase

of

P(DMA64-c0-CMA3)-0-P(NIPAMi82-co-CMA8)

dimerization
(2

mg/mL)

degree

of

during

the

photo-cross-linking at above LCST (45 °C) vs. the irradiation time.

BCP micelles photo-cross-linked at T>LCST became core- and shell-cross-linked
nanogel upon cooling of the solution to T<LCST. We investigated the effect of DD,
which determines the cross-linking density, on the size of nanogel particles. The results
are shown in Figure 4 by plotting DH and the scattering intensity vs. DD for a nanogel
solution at 15 °C. It can be seen that the scattering intensity increases continuously until
DD reaches 40% and then remains almost unchanged upon further increase in DD. This
result suggests that at DD<40%, micelles are not fully cross-linked and, consequently, a
number of free polymer chains are dissociated from the aggregate once in the swollen
nanogel state. This would account for the reduced scattering intensity. At DD>40%,
micelles are fully cross-linked and the resulting nanogel particles could preserve polymer
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chains. This partial dissociation of un-cross-linked polymer chains at lower DD may also
explain the dependence of the measured average DH as shown in Figure 4. Below 40% of
dimerization degree, co-existed nanogel particles and free polymer chains may account
for the increase of DH over dimerization degree. After DD reaches 40% and higher, there
is no more dissociation of free polymer chains as the cross-linking density is high enough
to lock-in all the polymer chains within the particles. In this regime, the size of nanogel
particles decreases with increasing the cross-linking density due to restricted swelling by
water molecules. The size of nanogel particles with the highest DD=72% is -47 nm.
From Figure 4, it could be expected that a cross-linking density-dependent size change of
stable nanogel particles would occur with DD between -72 and 30% (no severe
dissociation of polymer chains). This was indeed observed as shown below.

LOW
0)

Dimerization Degree (%)
Figure

4.

Average

hydrodynamic

P(DMA64-co-CMA3)-o-P(NIPAMi82-co-CMA8)

diameter

of

nanogel particles and the solution

scattering intensity vs. dimerization degree of coumarin groups at 15 °C.

Compared

to

both

only

core-

or

shell-cross-linked

nanogel

prepared

with

P(DMA-c0-CMA)-&-P(NIPAM-co-CMA), nanogels with only cross-linked core or shell,
prepared with P(DMA)-o-P(NIPAM-co-CMA) and P(DMA-c0-CMA)-0-P(NIPAM),
respectively, were different (see Supporting Information). In particular, no stabilization of
scattering intensity upon cross-linking was observed even at high dimerization degree,
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which indicates the absence of stable nanogel particles by using only core- or
shell-cross-linking, likely due to the low mole fraction of coumarin moieties in each
block.

Photoinduced Size Change of Nanogel Particles
Being aware of the reversible photo-cross-linking and photo-de-cross-linking reaction
and the dependence of swelling degree of nanogel on the cross-linking density, we
investigate the photo-responsive behaviors of core- and shell-cross-linked nanogels. The
highly cross-linked P(DMA64-c0-CMA3)-0-P(NIPAMi82-co-CMA8) nanogel (2 mg/mL)
(DD -72%) was exposed to UV Ught at A,<260 nm. The photo-cleavage of cyclobutane
bridges back to monomelic coumarin could be observed from UV-vis spectra (see Figure
S3). The recovery of absorption of coumarin at -320 nm indicates the photo-cleavage of
coumarin dimers, and the dimerization degree could be reduced to -27% after 1800 s.
During the photo-de-cross-linking at 15 °C, the size of nanogel particles and the solution
scattering intensity were measured by DLS at T<LCST. The results in Figure 5(a) show
that the average DH of nanogel particles displayed a significant increase from -47 to -58
nm (corresponding to a volume increase of -90%) with the decrease of dimerization
degree from -72% to -27%. It is understandable that the swelling of nanogel is
dependent on the cross-linking density of inside networks.22'34 At a highly cross-linked
state, the network of polymer chains will confine the swelling by the restricted effect of
cross-linkers (coumarin dimers). After de-cross-linking, the decrease in the number of
cross-linking point would weaken this constraint and facilitate the particle swelling. The
results also suggest that the cross-linking density could be easily controlled not only in
the photo-cross-hnking step but also using the photo-de-cross-linking in solution, and that
tunable size change of nanogel particles could be achieved by adjusting the cross-linking
density.

The

concomitant

decrease

of

scattering

intensity

during

the

photo-de-cross-linking is noteworthy at the dimerization degree lower than -50%, which
is attributed to partial dissociation of polymer chains and the reduced contrast of
refractive index between water and nanogel particles after full swelling by water. Figure
5(b) shows typical autocorrelation functions and relaxation time distributions of DLS,
indicating

the thermally

and photoinduced

size changes

between

core-

and
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shell-cross-linked micelles at 40 °C (>LCST), the corresponding nanogel and the
de-cross-linked nanogel at 15 °C. The size distribution is narrower for highly cross-linked
particles (micelle and nanogel), nevertheless, after photo-de-cross-linking of nanogel, the
polydispersity increased only from 0.03 to 0.12, indicating a quite uniform size
distribution even in the de-cross-linked state. The different hydration and swelling degree
for the nanogel before and after de-cross-linking can also be observed from ! H NMR
spectra (see, Figure S3). The spectra were recorded from the highly cross-linked (-80%)
and de-cross-linked (-27%) nanogel solution in D2O at 10 °C. In both cases, the clear
signal of isopropyl group at 3.6 ppm and 0.9 ppm indicates that the cross-linked core of
the nanogel, formed by P(NIPAM-C0-CMA), is hydrated, as it should be. However, upon
closer inspection, the integral ratio of peaks at 3.6 ppm (methylene on isopropyl group
from PNIPAM in the core) and 2.6 ppm (methyl group from PDMA in the shell) changes
from 0.17 to 0.29 after photo-de-cross-linking of the nanogel. Assuming that the
hydration state of the shell remained essentially the same, this result reveals a more
swollen and hydrated state of the core of nanogel after photo-de-cross-linking.
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5.

DLS

results

obtained

P(DMA64-c0-CMA3)-0-P(NIPAMi82-c0-CMA8)

with

an

nanogel

aqueous
(2

mg/mL)

solution

of

during

the

photo-de-cross-linking under UV light X<260 nm: (a) average hydrodynamic diameter
and scattering intensity as a function of dimerization degree at 15 °C; (b) autocorrelation
functions and relaxation time distributions (by CONTIN) for micelle (40 °C),
cross-linked and de-cross-linked nanogel particles (15 °C).

The reversibility of photo-tunable size change of nanogel particles was further studied.
Similar

to

nanogel

of

PEO-o-P(MEOMA-co-CMA)

reported

previously,34

photo-de-cross-linked nanogel could not recover to the initial highly cross-linked state by
directly re-photo-cross-linking swollen nanogel at T <LCST. To recover highly
cross-linked nanogel of P(DMA-co-CMA)-0-P(NIPAM-c0-CMA), photo-cross-linking
was performed after heating the solution to T>LCST (45 °C) for re-formation of micelles,
followed by cooling back to T<LCST. We have carried out three cycles of reversible
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photoreactions and measured the size change of nanogel particles (see Figure S4). By
alternating irradiations with the different wavelengths of UV light (A>310 nm and X<260
nm), the dimerization degree could be switched between - 2 8 % and -80% and the
corresponding average hydrodynamics diameter of nanogel was tunable between -58 nm
and -47 nm (-23% increase of diameter). Moreover, core- and shell-cross-linked nanogel
also exhibited size change in response to temperature switching between below and
above LCST of the P(NIPAM-co-CMA) core. Upon heating the nanogel solution from 15
°C to 40 °C, the average size of particles contracts from -47 nm to -38 nm due to the
thermal phase transition of P(NIPAM-co-CMA) (Fig. 5(b)). The combined size change of
nanoparticles, i. e., cooling the micelle solution from T>LCST to T<LCST followed by
photo-de-cross-linking at T<LCST, is as -60% in diameter, which corresponds to a
volume increase of -300%. A schematic illustration recapitulating the thermal- and
photoinduced size change of both core- and shell-cross-linked nanogel is presented in
Supporting Information (Fig.S5).

Figure 6. SEM images obtained by casting (a) cross-linked (-80%) and (b)
de-cross-linked (-27%) P(DMA64-c0-CMA3)-0-P(NIPAMi82-c0-CMA8) nanogel solution
at 10 °C.
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By contrast, for nanogel particles of P(DMA77)-0-P(NIPAMi42-cc>CMAio) with only
cross-linked core, photo-de-cross-linking results in an average diameter change from -37
to -40 nm; while for nanogel of P(DMA64-C0-CMA3)-Z>-P(NIPAM256) with only
cross-linked shell, no photoinduced size change and no reversible change in dimerization
degree of coumarin were observed (see Figure S6). The much larger photocontrollable
size change observed for core- and shell-cross-linked nanogel is likely contributed by the
two layers of the core-shell nanogel. The photo-tunable size change of nanogel particles
was also observable with SEM, as shown in Figure 6. At highly cross-linked state,
uniform nanogel particles were present and the average size is -30 nm, which is slightly
smaller than that in aqueous solution due to contraction of dried particles. After exposed
to UV light X<260 nm, a lager size distribution and some larger particle appeared in SEM
images, indicating photo-induced swelling of nanogel particles in solution. This
observation is consistent with the DLS (Fig. 5b) and *H NMR results (Fig. S6).
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Figure 7. Change in scattering intensity upon cooling from 45 to 15 °C (cooling rate -0.3
°C/min)

for

a

solution

of

moderately

cross-linked

P(DMA64-c0-CMA3)-0-P(NIPAMi82-c0-CMA8) (~ 19% dimerization, 2 mg/mL)). The
inset shows pictures of the solution equilibrated at three temperatures.
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UCST-Type Thermosensitivity of Nanogel Particles
In the course of the study, we found an interesting and apparently intriguing phenomenon.
Upon cooling, which normally enhances the water solubility of the whole DHBCP,
solution of moderately core- and shell-cross-linked nanogel (DD 10%-40%) could
display an abrupt increase of scattering intensity at a certain temperature. By further
decreasing temperature, the solution could turn opaque, visually observable. These
observations indicate a thermally induced water solubility change characterized by an
upper critical solution temperature (UCST), that is, the same solution has a LCST at
higher temperatures and a UCST at lower temperatures. This peculiar thermoresponsive
behavior

is

shown

in

Figure

7

where

the

results

obtained

with

P(DMA64-c0-CMA3)-0-P(NIPAMi82-c0-CMA8) nanogel solution (DD -19%) as example.
The scattering intensity was recorded during cooling from 45 °C to 15 °C. At elevated
temperatures, the scattering intensity is about 6-7 kcps due to scattering by BCP micelles
with an insoluble P(NTPAM-co-CMA) core. When the solution is cooled to near 25 °C,
the scattering intensity drops due to the swelling of nanogels. The LCST comes from the
solubility change of P(NIPAM-C0-CMA) chains within a particle (intra-particle). Upon
further cooling of the solution, an abrupt increase in scattering intensity is observed at 17 °C, indicating a UCST thermal transition. The size of nanogel particle at 17 °C rises to
-240 nm with a high polydispersity 0.3. Further decrease of the temperature results in
micrometer-sized particles with light scattering intensity out of the measurable limit. The
large particles are instable and their precipitation is observed after 2-3 hours. Visually
observable changes of the solution can also be seen from the pictures at three
temperatures in Figure 7. The coexistence of two phase transitions, one LCST and one
UCST, is visible.

Figure 8 shows the kinetics of scattering intensity change upon fast cooling of the
solution from T>LCST to T<UCST. Two nanogel solutions with dimerization degree of
12%) and 19%, respectively, were utilized in this experiment. Each solution was first
equilibrated at 45 °C (T>LCST), and then quickly transferred to the sample holder of
DLS pre-set at 10 °C (T<UCST); the change in scattering intensity over time was
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recorded. For both solutions, during the change of solution temperature from 45 to 10 °C,
the scattering intensity decreases first before rising again, reflecting the LCST followed
by the UCST.
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Change

of

scattering

intensity

over

time

for

P(DMA64-co-CMA3)-Zj-P(NrPAMi82-co-CMA8) solution (2 mg/mL), with two different
dimerization degrees, during cooling from 45 to 10 °C.
UCST observed for some hydrophilic polymers is usually attributed to ionic interactions
47

or hydrogen bonding competition with an organic solvent.48'49 This is not the case with

P(DMA-co-CMA)-Z>-P(NIPAM-c0-CMA) in water. To understand this phase transition,
l

B. NMR spectra were recorded with P(DMA64-co-CMA3)-o-P(NIPAMi82-co-CMA8)

nanogel solution (DD 19%) in D2O at various temperature. If the observed UCST is
caused by water insolubility of the BCP, polymer inter-chain interactions should dominate
over polymer-water interactions and, as a result, significant differences of polymer
resonance peaks below and above the UCST should be observed. The *H NMR spectra
show that, surprisingly, resonance signals of both blocks are well present at temperatures
below UCST with similar relative intensity near the LCST (19 °C) (see Figure S7). The
well-dissolved state of BCP chains at T<UCST suggests that there is no hydration to
de-hydration transition or polymer chain solubility change across the apparent UCST.
74

Therefore, the solubility change (Figs. 7 and 8) should come from aggregation of nanogel
particles. This would also explain the DLS result indicating a rapid increase of the
average hydrodynamic diameter of particles at T<UCST.

Figure

9.

SEM

images

for

samples

cast

from

P(DMA64-co-CMA3)-o-P(NiPAMi82-co-CMA8) nanogel solution (2 mg/mL, dimerization
degree-19%) at (a) 10 °C (T<UCST), and (b) 40 °C (T>LCST).
In order to confirm this, SEM was used to reveal the morphology change of particles at
T<UCST. To prepare the sample, 3-5 pL of the solution in Figure 7 was cast on silicon a
wafer and cold-dried at 10 °C (T<UCST). For comparison, the same solution was cast
and dried at 40 °C (T>LCST). Figure 9 shows the SEM images. Large aggregates with
hundreds of nanometers in diameter can be seen in the sample cast at T<UCST, although
there are still many small particles. By contrast, for the sample cast at T>LCST, mostly
small particles with diameters around 30 nm are visible. The same experiments were also
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conducted by using TEM, and large aggregates were observed at T<UCST as well. These
observations are consistent with the DLS and [ H NMR measurements, suggesting the
occurrence of nanogel particles at T<UCST, resulting in large cluster of nanogel particles.

This phenomenon is reminiscent of the cluster of micelles formed

by inter-polymer

chain bridges, especially in flowerlike micelle aggregation from telechelic amphiphilic
polymers.50"52 Francois et al. reported that flowerlike micelles from co-functional PEO
with long hydrophobic alkyl chain tend to gather into larger aggregation or form the
dense phase (minimizing the interface energy) even at T<LCST, and that the inter-micelle
bridging attraction could form via the dynamic exchange of hydrophobic end segments
between the micelles and free polymer chains.5 In the present case, the aggregation of
nanogel particles at T<UCST may also be caused by a kind of inter-nanogel bridging
attraction that, we believe, is related to free polymer chains present in the solution. As
mentioned above, the UCST behavior was only observed for moderately core- and
shell-cross-linked nanogel particles. For them, a partial dissociation of nanogel particles
at T<LCST can occur, i. e., a certain amount of BCP chains may detach from the particles.
It is reasonable to assume that those free chains would be able to get in and out of
nanogel particles. A dynamic exchange of the free polymer chains may create a bridging
effect on the nanogel particles and lead to their clustering. Coumarin moieties, which are
highly hydrophobic, may play a similar role as the hydrophobic units in telechelic
amphiphilic polymers in inducing the bridging effect.50"52 As temperature is lowered,
stronger intermolecular interactions between the coumarin groups (hydrophobic and
possibly 71-71 interactions) on free chains could strengthen their packing tendency and lead
to aggregation of nanogel particles. Understandably, with highly cross-linked particles,
the bridging effect is weak because of the absence of a sufficient amount of free chains.
On the other hand, if nanogel particles are only slightly cross-linked, they are basically
dissolved at T<LCST, and no cluster of particles can be formed.
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The effect of dimerization degree on the UCST was further studied by transmittance
measurements. The results in Figure 10 show that with an increase of dimerization degree
from 19% to 35%, the UCST decreases from 16.5 °C to 8.5 °C. UCST could not be
detected at higher dimerization degrees. This result may be explained by the proposed
mechanism of nanogel cluster formation. As the dimerization degree (cross-linking
density) increases, there are fewer free polymer chains to exchange between nanogel
particles, which reduce the bridging effect. Consequently, a lower temperature (lower
UCST) is needed to better swell nanogel particles so that available free polymer chains
could exchange between them more effectively. The phenomenon of clustering of fully
water-soluble nanogel particles characterized by a UCST, observed for the first time to
our knowledge, is schematically recapitulated in Figure 1.

2.2.5 Conclusions
In

summary,

a

new

series

of

coumarin-containing

DHBCPs

of

P(NIPAM-co-CMA)-6-P(DMA-co-CMA) were synthesized and characterized. Their
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formation of core-shell micelles in aqueous solution at T>LCST of P(NIPAM-co-CMA)
was used to prepare both core- and shell-cross-linked nanogel through photodimerization
of coumarin under UV light A>310 nm followed by cooling to T<LCST. Photoinduced
size change of nanogel was observed upon the reverse photocleavage of coumarin dimers
under UV light X<260 nm. The average size of core- and shell-cross-linked nanogel
particles could be changed between -58 nm and -47 nm by optically controlling the
dimerization degree between - 2 8 % and -80%. With this BCP, the photoinduced size
change was found to be more important for both core- and shell-cross-linked nanogel
than nanogel gel with only cross-linked core or only cross-linked shell. In addition to the
LCST of P(NIPAM-co-CMA) that determines the micelle-to-nanogel transition, a UCST
thermal phase transition was observed at lower temperatures for moderately cross-linked
nanogel. Experiments found that this UCST is related to aggregation or clustering of
nanogel particles. A mechanism based on dynamic exchange of dissolved free polymer
chains between nanogel particles was proposed to explain this phenomenon observed for
the first time.
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Figure SI. 'H NMR spectra of macro-CTA P(DMA64-co-CMA3) (a) and diblock
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Figure S2. UV-vis spectra of P(DMA64-co-CMA3)-&-P(NIPAM182-co-CMA8) (2 mg/mL)
(diluted to 0.1 mg/mL) upon expose to UV light (X>310 nm) at above LCST (45 °C).
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Figure S3. UV-vis and ]H NMR results obtained with an aqueous solution of
P(DMA64-c0-CMA3)-6-P(NrPAMi82-c0-CMA8)

nanogel

(2

mg/mL)

during, the

photo-de-cross-linking under UV light A,<260 nm: (a) UV-vis spectra upon irradiation
with UV Ught <260 nm at 15 °C; (b) *H NMR spectra (in D20) for highly cross-linked
(-82%) and de-cross-linked (-27%) nanogel at 10 °C.
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Figure S5. Schematic illustration of the reversibly photo- and thermally controlled size
change of nanogel particles.
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Figure S6. Preparation of only core- or only shell-crosslinked nanogels: (a) and (c)
UV-vis spectra recorded from aqueous solutions of P(DMA77)-6-P(NrPAM142-co-CMAio)
and P(DMA64-c0-CMA3)-£-P(NIPAM256), respectively, (2 mg/mL) upon exposure to X, >
310 nm UV light; (b) and (d) average hydrodynamic diameter and scattering intensity
plotted as a function of dimerization degree of coumarin for the core-cross-linked
(P(DMA77)-Z>-P(NIPAMi42-co-CMAio))

and

shell-crosslinked

(P(DMA64-co-

CMA3)-&-P(NTPAM256)) nanogels, respectively. The scattering intensity of both solutions
increases constantly with increasing dimerization degree, indicating an insufficient
cross-linking degree in both cases.
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and

P(DMA77)-6-P(NIPAMi42-co-CMAio) with dimerization degree of 29%.
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2.3 Conclusions of the project
We have designed a new series of core- or/and shell-cross-linkable nanogels from the
photoresponsive DHBCPs containing coumarin moieties in either one or the two blocks
of PDMA and PNIPAM. Due to photocontrollable cross-links on both the core and shell
layers of nanogels, a larger phototunable volume change was observed for both core- and
shell-cross-linked nanogel particles than those with only core- or shell-cross-linked. The
hydrodynamic diameter of such doubly cross-linked nanogel particles could be reversibly
photo-switched between about 58 and 47 nm by irradiation with UV light at X>310 nm
and X<260 nm. With the thermally switchable water solubility of the core-forming
PNIPAM, the same nanogels could also display a thermally induced volume change from
47 to 38 nm by changing the temperature from T>LCST to <LCST. Moreover, it was
found, for the first time, that depending on the photodimerization degree of coumarin
groups, a UCST thermal transition occurs arising from a reversible aggregation of
nanogel particles.
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CHAPTER 3 PHOTO AND THERMORESPONSIVE
MICROGELS
3.1 About the project
An appealing feature of the photoresponsive nanogel particles described in the first two
chapters is the reversible volume change in water in response to light or temperature
variation (two stimuli). Due to the size in the nanometer scale, the photocontrol over
volume change of nanogel particles can only be detected by dynamic light scattering or,
indirectly, from SEM and AFM observations. In this project, the objective is to extend
such photoresponsive hydrogel particles to larger sizes in the micrometer scale and to
achieve more important stimuli-switchable size changes observable using an optical
microscope. We designed and synthesized a new DHBCP composed of PNIPAM and
PDMAEMA, with the latter bearing a small amount of coumarin groups. At T>LCST of
PNIPAM, this DHBCP could self-assemble into giant vesicles with PNIPAM membrane
and water-soluble PDMAEMA corona. After photo-cross-linking of PDMAEMA and
subsequent cooling of the solution to T<LCST of PNIPAM, micrometer-sized hydrogel
particles, i.e., microgels, could be obtained. In addition to the photocontrollable
disintegration upon photo-de-cross-linking, we found that the microgel particles could
undergo a large, reversible and fast volume expansion and contraction by switching the
temperature between below and above the LCST of PNIPAM (~ 700% increase of
hydrodynamic volume!).

This work has been published in Macromolecules (2009, 42, 7267) by Jie He, Xia Tong,
Luc Tremblay and Yue Zhao. This research was conducted in the Polymers and Liquid
Crystals Laboratory, under the supervision of Prof. Yue Zhao. The optical micrographs,
fluorescence images and spectra were obtained by Mrs. Xia Tong. The NMR spectra with
variable temperatures were recorded with the assistance of Dr. Luc Tremblay. I have
performed the rest of experiments in this publication.
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3.2 Manuscript from Macromolecules (2009, 42, 7267)
Corona-Cross-Linked Polymer Vesicles Displaying a Large and Reversible
Temperature-Responsive Volume Transition
Jie He,1 Xia Tong,1 Luc Tremblay,2 Yue Zhao1'*
Departement de chimie, Departement de medecine nucleaire et de radiobiologie and Centre
d'imagerie moleculaire de Sherbrooke Universite de Sherbrooke, Sherbrooke, Quebec,
Canada JIK 2R.1

(Corresponding author: yue.zhao@usherbrooke.ca)
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3.2.1 Main text
Amphiphilic block copolymer (BCP) vesicles (polymersomes) represent an active
research area due to their potential for applications such as controlled drug delivery and
nanoreactors for controlled chemical reactions. ' Much effort has been dedicated to two
important issues. On the one hand, in order to preserve the structural integrity of polymer
vesicles under varying conditions, cross-linking of polymer chains has widely been used,3
like for core-shell micelles.4 On the other hand, by using stimuli-responsive BCPs, many
polymer vesicles could react to environmental changes such as pH,5 temperature,6 redox
reactions7 and light. An easy way to prepare stimuli-responsive BCP vesicles is to
choose a hydrophobic block that, in response to a specific stimulus, can become
hydrophilic or increase the polarity to shift the hydrophilic-hydrophobic balance toward
the vesicles' dissociation in aqueous solution. It is then obvious that if such BCP vesicles
are cross-linked, only a volume change would occur since the cross-links prevent
polymer chains from molecularly dissolving. It is of fundamental interest to design and
develop such structurally-stable and dynamically stimuli-responsive materials. In this
Communication, by proposing the concept of "soft" coronal cross-linking, we
demonstrate a general strategy for polymer vesicles that can undergo a large and
reversible stimuli-induced volume change in solution. Recently, McCormick's group
reported the first direct assembly in aqueous solution of a thermally responsive vesicle
from a double hydrophilic BCP of poly(N-(3-aminopropyl)methacrylamide hydrochloride)
(PAMPA) and poly(N-isopropylacrylamide) (PNIPAM).9 They showed that after vesicle
formation at T>LCST of PNIPAM, a negatively charged polyelectrolyte, poly(sodium
2-acrylamido-2-methylpropanesulfonate) (PAMPS), could be used to complex with the
positively charged PAMPA corona and effectively "lock" the vesicle structure. Although
the system featured the capacity of unlocking the vesicles by adding an electrolyte to
dissociate the polyelectrolyte complex, in the "locked-in" state, the polyelectrolyte
complex is kind of "hard" coronal cross-linking, because the cross-linked corona is
compact, insoluble and, by confining PNIPAM in the interior, could greatly suppress the
swelling of vesicles at T<LCST even though PNIPAM chains became more solvated
inside the capsule. The same group later developed similar polymer vesicles using
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poly(2-(dimethylamino)efhyl methacrylate) (PDMAEMA) as the corona and obtained
cross-linking with gold nanoparticles formed by reducing NaAuCU complexed to amine
groups, which still gave no evidence for large swelling of the vesicles at T<LCST of
PNIPAM.10 We would like to propose the concept of "soft" coronal cross-linking, which
designates a cross-linking state that allows the polymer vesicle to expand greatly when
the membrane becomes soluble in water in response to a stimulus, while still preserving
the vesicle structural integrity with no dissolution of polymer chains. In other words, a
large reversible volume change can take place under the "locked-in" state of the vesicles.
As shown below, such a "soft" coronal cross-linking could be obtained by having a low
cross-linking density for polymer chains forming the corona of vesicles.
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Figure 1. Schematic illustration of the "soft" coronal cross-linking that allows for a large
volume change, (b) Chemical structure of the diblock copolymer containing
photo-cross-linkable coumarin groups.
The "soft" coronal cross-lmking design is schematically illustrated in Figure 1. The
corona is slightly cross-linked. Under the effect of a stimulus such as a temperature
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change, should the hydrophobic membrane-forming block become soluble in water, the
chains are allowed to fully hydrate and expand with the cross-linked corona. The
unconstrained hydration of the vesicle wall and cross-linked corona leads to a large
volume increase, while the vesicle shape persistence is ensured by the cross-linked chains.
To demonstrate the approach, which clearly can be applied to many stimuli, we
synthesized a thermally sensitive and corona-cross-linkable P(DMAEMA-eo-CMA)6-PNIPAM by incorporating coumarin methacrylate (CMA) comonomer units in
PDMAEMA (Fig.l). A low extent of coronal cross-linking can be obtained through
photo-induced dimerization of a small amount of CMA groups (~ 5 mol% with respect to
the DMAEMA units).

Vesicles with PNIPAM wall were easily prepared by heating an

aqueous BCP solution (0.2 mg • mL"1) to 40 °C (>LCST of PNIPAM). After cross-linking
of the P(DMAEMA-co-CMA) corona upon exposure to UV light (15 min, 4 mL of
polymer solution, - 500 mW/cm2 measured at 320 nm in front of the solution), the
solution was cooled back to 20 °C (<LCST) with PNIPAM chains recovering the
solubility in water. With both polymers in the solvated state at 20 °C, un-cross-linked
chains, which inevitably exist owing to the required low cross-linking degree, could
diffuse outside of the aggregates upon equilibration. Vesicles were collected by
centrifugation

and

used

for

characterizations.

Using

a

sample

of

P(DMAEMA49-co-CMA3)-6-PNIPAM74, for which coumarin units in the corona-forming
block represent - 5 mol% ensuring a low cross-linking density, we obtained strong
evidence for a large and reversible volume transition of the vesicles, reaching about
700% volume increase upon cooling from 40 °C to 20 °C (see Supporting Information for
details on the synthesis and characterizations including *H NMR, UV-vis, DLS and
TEM). Figure 2a shows the typical change of the size distribution of vesicles in solution
as determined by DLS. For this measurement, the apparent hydrodynamic diameter (DH)
increased from ~ 1.3 um to 3.5 um. The fully hydrated vesicles at 20 °C also resulted in a
drop in light scattering intensity due to the reduced refractive index difference between
the vesicles and the medium. By changing the solution temperature between 20 and 40 °C,
the large volume variation of the vesicles is totally reversible. Figure 2b shows three
cycles of temperature-induced change in the apparent DH (the error bars were calculated
from five independent measurements). The cross-linking provides a size memory effect
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that, upon heating to 40 °C, allows the vesicles to undergo a contraction driven by the
dehydration of PNIPAM.
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Figure 2. (a) Autocorrelation functions and relaxation time distributions (CONTIN) for
the vesicle solution at 20 °C (red line) and 40 °C (black line), (b) Reversible size change
of the vesicles at the two temperatures
Being aware of the uncertainty on the large DH values as measured by DLS, careful
microscopic observations were made and the results confirmed unambiguously the large
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volume transition occurred in solution. Figure 3 a shows TEM images (unstained)
obtained by casting the solution at 20 or 40 °C on a copper grid warmed up at the same
temperature. The diameters averaged over >40 particles are about 1.5 um at 40 °C and 3
um at 20 °C. This corresponds to a volume increase of 700%. Such a big size difference
in the dry state must reflect very different volumes in solution (the DLS data in Fig.2a
indicates >900% increase in the apparent hydrodynamic volume). The large vesicles also
made it possible to observe their uniform size change directly on an optical microscope,
as can be seen from the reflection optical micrographs in Figure 3b (the apparently
smaller sizes of vesicles, as compared to those viewed by TEM, could be caused by the
encapsulation of the Nile Red dye).

40 °C

20 °C

Figure 3. (a) TEM and (b) optical micrographs of vesicles at 20 and 40 °C in the dry state.
All scale bars are 2 um.
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As mentioned above, the expansion upon cooling and the contraction upon heating of the
vesicles going through the LCST of PNIPAM were accompanied by a drop and rise of the
scattering intensity, respectively. This allowed us to monitor the kinetics of these
processes. For the expansion experiment, the vesicle solution equilibrated at 40 °C was
quickly moved to the sample holder of DLS held at either 20, 25 or 30 °C, and the
scattering intensity at 90° was collected immediately. The results in Figure 4a show that
the expansion process was completed within about 30 s at 20 °C, 40 s at 25 °C and 65 s at
30 °C. Considering that it took the solution a certain amount of time to reach the final
temperature below LCST (about 55, 43 and 35 s for reaching 20, 25 and 30 °C
respectively), the process is very fast. Understandably, lower the temperature, faster was
the hydration of PNIPAM. By cooling the solution to 20 °C, the expansion of vesicles
was over before the solution reached the final temperature. Likewise, the kinetics of the
contraction process upon heating from either 20 or 25 or 30 °C to 40 °C was revealed by
the increase in scattering intensity. The results in Figure 4b also pointed out to a fast
process. In this case, since the final temperature above LCST was the same, the time
required for the solution to reach it from below LCST (about 92, 65 and 52 s for heating
from 20, 25 and 30 °C respectively) appeared to determine the speed of vesicle
contraction. The process was the fastest with the solution heated from 30 °C to 40 °C (~
50 s) because of the smallest temperature difference (less time required for thermal
equilibrium). The speeds and magnitude for the swelling and contraction of the vesicles
are similar to those of PNIPAM microgels with voids.12 This implies that the hydration
and dehydration of PNIPAM in the vesicles determine their volume transition process.
The preserved structural integrity at T<LCST should contribute to the fast contraction of
the vesicles at T>LCST, since the process involves no aggregation of dissolved polymer
chains, and is driven by the dehydration of an ensemble of polymer chains already linked
together. Due to the fast kinetics, the size decrease on heating to 40 °C was found to be
the same regardless of the heating rate. This feature is in sharp contrast with
non-cross-linked chains, for which the formation of vesicles at T>LCST involves the
aggregation of dissolved chains and the relatively slow process is highly sensitive to the
heating rate. '

Figure 4c shows the apparent DH of the vesicles at various temperatures

around the LCST of PNIPAM. It is worth being noted that despite the light cross-hnking,
95

the vesicles were structurally stable. The thermally induced expansion and contraction
could be repeated many times with similar kinetics.
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Figure 4. (a) Scattering intensity (at 90°) of a vesicle solution (1.5 mL, 0.2 mg/mL) vs.
time upon cooling from 40 °C (>LCST) to various temperatures below LCST. (b)
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Scattering intensity of the same vesicle solution vs. time upon heating from various
temperatures below LCST to 40 °C. (c) Plot of the equilibrium size of vesicles vs.
temperature.

The fast stimulus-induced volume transition of polymer vesicles is of interest for
controlled delivery applications. A test was conducted. Figure 5a shows the fluorescence
photomicrographs

recorded

with

samples

cast

from

a vesicular

solution

of

P(DMAEMA49-co-CMA3)-6-PNIPAM74 equilibrated with Nile Red (a hydrophobic dye)
at 40 °C, cooled to 20 °C and reheated to 40 °C, respectively. Although the low-resolution
of the optical microscope could not show the location of dye molecules, their
encapsulation by hydrophobic PNIPAM at 40 °C is clear. Upon cooling to 20 °C, the
expansion of vesicles with the full hydration of PNIPAM basically quenched the
fluorescence of loaded dye molecules and the large vesicles became invisible due to the
lack of fluorescence emission. The fluorescence quenching is due to aggregation of dye
molecules in an aqueous medium. Upon heating back to 40 °C, the contraction of vesicles
with the dehydration of PNIPAM allowed part of dye molecules to be reloaded, which
made the vesicles become noticeable again. Figure 5b shows the fluorescence emission
spectra of Nile Red (Xex=530 nm), recorded from the same solution subjected to the
temperature change. The spectral changes corroborate with the observation (the shift of
the emission maximum reflects changes in the polarity of the environment).

Before concluding, two sets of experiments conducted are worth being mentioned. First,
by virtue of the reversible photo-cross-linking reaction (Fig.l), 11 photo-de-cross-linking
of the vesicles under UV of X<260 nm led to their disintegration at 20 °C due to the
dissolution of polymer chains. This photocontroUed "unlocking" of vesicles has the
similar effect to the dissociation of the polyelectrolyte complex corona by adding an
electrolyte in the solution. Secondly, we also synthesized BCP samples with coumarin
moieties either on the PNIPAM block or on both PDMAEMA and PNIPAM blocks to
prepare vesicles with "soft" membrane-cross-linking or vesicles with cross-linked corona
and wall. In those cases, the thermally induced size changes are much smaller.
Membrane-cross-linking limits the expansibility of hydrated PNIPAM chains.
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(a)

40°C

20°C

40°C

10 um
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Figure 5. (a) Fluorescence photomicrographs of samples cast from a vesicular solution
equilibrated with Nile Red at 40 °C, cooled to 20 °C and heated back to 40 °C,
respectively (from left to right), (b) Fluorescence emission spectra of Nile Red (A,eX=530
nm) recorded from the same solution subjected to the temperature changes.
In conclusion, we have obtained polymer vesicles that can undergo large, reversible and
fast volume transition in aqueous solution in response to temperature change, while
preserving the vesicle structure. We have proposed the concept of "soft" coronal
cross-linking as a general designing strategy for such polymer vesicles. The key is to
have a lightly cross-linked corona that is capable of both retaining the vesicle structure
and allowing the swelling of vesicle membrane when it becomes soluble in water.
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Polymers whose water solubility can be switched by other stimuli such as pH and light
can also be employed to design the vesicles. This achievement is of fundamental interest
not only for stimuli-controlled release of loaded guest molecules, but also for other
possible applications. For instance, it is conceivable that such a large deformation
associated with the volume expansion and contraction of polymer vesicles could be
explored to generate mechanical energy to carry out a work in solution.
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3.2.2 Supporting information
3.2.2.1 Synthesis of Diblock Copolymers
Materials
All chemicals were purchased from Aldrich and used as received unless otherwise noted.
N,N-dimethylaminoethyl methacylate (DMAEMA, 98%) was passed through a basic
aluminum oxide column and distilled under vacuum prior to use. 4-Methyl-[7(methacryloyl)oxy]ethyl]oxy]coumarin (coumarin methacrylate, CMA) was synthesized
using a method previously reported.1 N-isopropylacylamide (NIPAM, 97%) was
recrystallized from hexane. 2, 2'-Azobis(isobutyronitrile) (AIBN) was recrystallized
twice from ethanol. The chain transfer agent (CTA), 2-(2-cyanopropyl) dithiobenzoate
(CPDB), was synthesized using a method in the literature.
Synthesis of P(DMAEMA-co-CMA) macro-chain transfer agent
The general procedure for RAFT polymerization followed previous reports. "5 Using the
sample of P(DMAEMA49-co-CMA3) as an example, the synthetic procedure is as follows.
DMAEMA (3.14 g, 20 mmol), CMA (0.29 g, 1 mmol), CPDB (88 mg, 0.4 mmol) and
AIBN (13 mg, 0.08 mmol) were dissolved in 4 mL anisole (99%, anhydrous) in a 10 mL
flask. The reaction mixture was degassed under vacuum for 10 min and refilled with
nitrogen. The flask was placed in a pre-heated oil bath at 70 °C for 5 h. After
polymerization, the solution was cooled down to room temperature. The polymer was
precipitated in hexane three times and dried under vacuum for 24 h. From GPC
measurements using polystyrene (PS) standards, the polymer sample has a Mn of 8800
g/mol and a polydispersity index (Mw/Mn) PDI= 1.09. From the ]H NMR spectrum (in
CDCI3), the integrals of the resonance peaks of aromatic ring in CPDB (7.85 ppm), the
side methylene groups of CMA and DMAEMA (at 4.3 and 4.0 ppm, respectively) yielded
a NMR-based Mn=8200 g/mol and the estimated composition with 49 units of DMAEMA
and 3 units of CMA.
Synthesis of the diblock copolymer P(DMAEMA-co-CMA)-6-PNIPAM
The synthetic route to the diblock copolymer is shown in Scheme 1. Using the sample of
101

P(DMAEMA49-co-CMA3)-tb-PNIPAM74 as an example, the diblock copolymer synthesis
was carried out using the following procedure. Macro-CTA of P(DMAEMA49-co-CMA3)
(210 mg, 0.025 mmol), NIPAM (560 mg, 5 mmol) and AIBN (1 mg, 0.006 mmol) were
dissolved in 2 mL of dioxane (99%, anhydrous) in a 10 mL flask. The reaction mixture
was degassed under vacuum for 10 min and refilled with nitrogen. The flask was then
placed in a pre-heated oil bath at 70 °C for 1 h.

The polymer was purified by

precipitation in a mixture of ethyl ether and hexane (1/3, v/v) three times and dried under
vacuum for 24 h. From GPC, the diblock copolymer has a M n of 18400 g/mol and PDI=
1.18. The diblock copolymer composition was calculated from the ] H NMR spectrum; the
number of NIPAM units in the sample was estimated to be 74.
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Scheme SI. Synthetic route to the diblock copolymer of P(DMAEMA-co-CMA)-6PNIPAM.

Synthesis of other block copolymers
A number of other block copolymers were synthesized using the same procedure
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(synthetic details not repeated here). These include a diblock copolymer whose PNIPAM
block bears coumarin side groups and a sample whose PDMAEMA and PNIPAM blocks
both contain coumarin side groups. These samples could be used to prepare
wall-cross-linked vesicles as well as vesicles with both corona and wall cross-linked. The
characteristics of all synthesized block copolymers are summarized in Table SI. An
example of GPC curves and : H NMR spectra are shown in Fig. SI.

Table SI. Characteristics of synthesized block copolymers

Sample

PDMAEMA47
P(DMAEMA49-co-C

Mn> GPC

M„; NMR

Mole fraction

Mole fraction

(g/mol

(g/mol)

of CMA in

of CMA in

)a

b

PDMAEMA

PNIPAM

8.1k

7.4 k

1.08

0

0

8.8 k

8.2 k

1.09

5.7%

0

15.9 k

1.16

0

0

24.3 k

17.5 k

1.18

0

5.2%

18.4 k

16.7 k

1.18

5.7%

0

19.7 k

18.7 k

1.17

5.7%

5.1%

PDI

MA3)
PDMAEMA47-6-PNIP
AM75
PDMAEMA47-6-P(NI

18.7
k

PAM79-CO-CMA4)
P(DMAEMA49-co-C
MA3)-Z>-PNIPAM74
P(DMAEMA49-C0-C
MA3)-&-P(NIPAM8o-c
0-CMA4)
a

Determined by GPC using polystyrene standards for calibration. Molecular weight and

block copolymer compositions calculated from J H NMR spectra in CDCI3.

Preparation of vesicles and their photo-cross-linking
A sample of P(DMAEMA49-co-CMA3)-i-PNIPAM74 (2 mg) was dissolved in distilled
water (10 mL) at T<LCST of PNIPAM ( ~5 °C) for overnight. The solution was then
filtered with a 200-nm pore filter (from Whatman). To form the vesicles, the solution was
heated to 40 °C (>LCST of PNIPAM) and equilibrated for 10 min. The vesicle size was
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measured by DLS. For the photo-cross-linking reaction of coumarin, a vesicle solution (4
mL) was exposed to UV light of X> 310 nm (~ 500 mW/cm2 measured at 320 nm) for 15
min to obtain corona-crosslinked vesicles. Despite the large size, the dispersion of
vesicles was stable for 2-3 days, and the aggregation occurring after longer times could
easily be re-dispersed by stirring.
3.2.2.2 Characterizations
Gel permeation chromatography (GPC) measurements were performed on a Waters
system equipped with a refractive index detector (RI410) and a photodiode array detector
(PDA 996). THF was used as the eluent at an elution rate of 1 mL min"1, and polystyrene
standards were used for calibration. ! H NMR spectra were obtained with a Bruker
spectrometer (300 MHz, AC 300). To characterize the thermo-responsive behavior, a
Varian spectrometer (600 MHz, INOVA system) was used to record the spectra at
different temperature. The photo-cross-linking of coumarin side groups was obtained by
using a UV-vis spot curing system (Novacure) with a 320-500 nm filter generating UV
light at X > 310 nm (intensity at 320 nm is ~ 500 mW cm"2). For the photo-cleavage of
cyclobutane rings (photo-de-cross-linking), a UV-C Air sterilizer lamp (1.25 W) peaked
at X=254 nm was used at a distance of 5 cm to the solution. UV-vis spectra were taken
using a spectrophotometer (Varian 50 Bio). Dynamic light scattering (DLS) experiments
were carried out on a Brookhaven goniometer (BI-200) equipped with a highly sensitive
avalanche photodiode detector (Brookhaven, BI-APD), a digital correlator (Brookhaven,
TurboCorr) that calculates the photon intensity autocorrelation function g2(t), a
helium-neon laser (X = 632.8 nm), and a thermostat sample holder. The apparent
hydrodynamic diameter (DH) of vesicular aggregates was obtained by Cumulants and
CONTIN analyses, and the light scattering intensity was measured at 90°. All initial
solutions at the molecularly dissolved state were filtered with a 200-nm pore filter and,
before the DLS measurement at each temperature, the solution was equilibrated for 10
min. Each DLS measurement was performed five times to calculate the average
hydrodynamic diameter. The vesicle solution after cross-linking was separated by
centrifugation using a Hettich D-78532 centrifuge at 6000 rpm for 60 min. The sizes of
vesicles were examined using a Hitachi H-7500 transmission electron microscope (TEM)
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operating at 60 kV. Samples for TEM were prepared by casting 3-5 pL of the vesicle
solution on a carbon-coated copper grid, followed by drying at a predetermined
temperature. In some cases (when mentioned in the text), TEM samples were stained with
phosphotungstic acid (0.5 wt% aqueous solution) to increase the contrast. The
encapsulation of a hydrophobic dye, Nile Red (NR), by the vesicles was investigated by
using a fluorescence microscope (Leica DMRX). It was equipped with a filter for
515-560 nm excitation. The fluorescence microscope could also be used as a normal
optical microscope for reflection observations. The steady-state fluorescence emission
spectra of the vesicle solution equilibrated with NR LC were recorded using a
fluorescence spectrophotometer (Varian Cary Eclipse) equipped with a single cell Peltier
for controlled-temperature measurements.
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Figure SI. (a) GPC traces and (b) ! H NMR spectra in CDCI3 of the macro-chain transfer
agent P(DMAEMA49-coCMA3)
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3.2.2.3 Thermo-responsive Behavior of the Diblock Copolymer in Aqueous Solution
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P(DMAEMA49-co-CMA3)-&-PNIPAM74, (b) plot of light scattering intensity (measured
at 90°) vs. temperature for P(DMAEMA49-c0-CMA3)-6-PNIPAM74, and (c) plot of
transmittance vs. temperature for P(DMAEMA.49-co-CMA3). All measurements were
made with a polymer concentration of 0.2 mg mL"1 and a heating rate of 0.5 °C/min. The
LCST of the diblock copolymer is that of the PNIPAM block, while the rise in scattering
intensity is due to the formation of vesicles. The P(DMAEMA49-co-CMA3) block shows
a LCST at about 54 °C.
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3.2.2.4 Variable-Temperature *H NMR and UV-Vis Spectra
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Figure S3. Shown in (a) are the ]H NMR spectra of an aqueous solution of
P(DMAEMA49-co-CMA3)-6-PNrPAM74 at 20 °C (initial solution) (bottom, black), at 40
°C (middle, red), and at 20 °C after exposure to UV light for cross-linking 40 °C (top,
green). The dehydration of PNIPAM at 40 °C, forming the vesicle membrane, is indicated
by the reduced intensity of its resonance signals with respect to the signals of
P(DMAEMA-co-CMA) (peaks b and e with respect to peaks d, in particular). When
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cooled back to 20 °C, PNIPAM chains are re-dissolved leading to the recovery of the
resonance peaks. It is also clear that the photo-cross-linking reduced the intensity of
peaks of P(DMAEMA-coCMA) block. This suggests that the formation of coumarin
dimers may bring down the LCST of this random copolymer, and that cross-linked
P(DMAEMA-co-CMA) chains were also in an aggregated state at 40 °C. The spectral
differences as compared to Figure SI (b) could be attributed to the use of different
solvents (ref. 5). The effective photo-cross-linking in the solution can be seen from the
UV-Vis spectra in (b). The initial solution at 20 °C (black line) displays the absorption
band of coumarin at ~ 320 nm. After exposure to UV light at 40 °C, the solution became
highly turbid and the baseline went beyond the detection limit (spectrum not shown).
After cooling back to 20 °C (red line), the spectrum shows no absorption band of
coumarin, indicating the complete photo-dimerization reaction; while the shape of the
baseline is signature of wavelength-dependant light scattering, indicating the preservation
of aggregates due to the cross-linking.
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Figure S4. 'H NMR spectra (in D2O) of the vesicles collected by centrifugation. Both
PNIPAM and cross-linked P(DMAEMA-co-CMA) chains are hydrated at 20 °C (vesicle
expansion) and dehydrated at 40 °C (vesicle contraction). We note that no spectral region
of ppm>5 was shown in Figs. S3 and S4 because no coumarin signals could be detected
in aqueous solution. This suggests that even with hydrated polymer chains, coumarin side
groups could be in an aggregated state due to strong hydrophobic interactions.
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3.2.2.5 More TEM Images

Figure S5. Unstained low-magnification (700 x) TEM images of P(DMAEMA49-c<?CMA3)-6-PNIPAM74 vesicles deposited on a grid at 20 °C (a) and 40 °C (b), showing the
large size difference. The scale bars are 10 um.
m

Figure S6. TEM images of P(DMAEMA49-co-CMA3)-6-PNIPAM74 vesicles, stained
with 0.5 wt% phosphotungstic acid solution, at 20 °C (a) and 40 °C (b) (note the different
scale bars). The staining allowed the membrane of vesicles to be better observed as
compared to the unstained image in Figure 3 a. Also, these images were recorded with a
vesicular solution without being subjected to centrifugation, while the image in Figure 3a,
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showing a more uniform size of vesicles, was recorded from a vesicular solution after
centrifugation.

Supporting Figure 7. TEM image of a cast sample at 20 °C stained by phosphotungstic
acid after photo-de-cross-linking of P(DMAEMA49-co-CMA3)-6-PNIPAM74 upon X<260
nm UV exposure for 10 min. The disintegration of the vesicles is evident.
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3.3 Conclusions of the project
The LCST-mediated self-assembly of a coumarin-containing DHBCP gave rise to the
formation of large cross-linked particles in the form of vesicles, with a size of several
micrometers. The DHBCP is composed of a block of PNIPAM and another block being a
random copolymer of P(DMAEMA-co-CMA) containing ~5 mol% of coumarin units. By
the "soft" photo-cross-linking strategy on the coronal-forming block PDMAEMA,
structurally-stabilized microgel particles (~3 um in diameter) could be prepared. By
switching the solution temperature between below and above the LCST of PNIPAM,
microgel particles displayed a large and reversible size change (with an average diameter
of-1.5 um at 40 °C and ~3 um at 20 °C). The interest of this study is two-fold. On one
hand, the preparation of microgels from self-assembled DHBCP giant vesicles provides a
new, "surfactant-free" approach for preparing micrometer-sized hydrogel particles. On
the other hand, the large volume transition of microgel particles may be explored for new
applications such as conversion of optical energy to mechanical work.
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CHAPTER 4 PREPARATION OF POLYMER SINGLE
CHAIN NANOPARTICLES USING INTRAMOLECULAR
PHOTODIMERIZATION OF COUMARIN
4.1 About the project
The synthesis of polymeric nanoparticles (PNPs) has attracted much attention due to their
extensive applications in the fields of drugs delivery (as microcapsules), surface coating,
microelectronic technology and in situ nano-/micro-reactors, etc. A number of synthetic
strategies have been developed to prepare particles with the various sizes to meet the
different requirements. Typically, there are two main approaches: wet polymerization
techniques (dispersion, suspension and emulsion polymerization) and self-assembly of
block copolymers (BCPs) in solution. The wet polymerization techniques are the
traditional preparation method for nanoparticles with diameters above 30 nm, while the
BCP self-assembly generally results in formation of micelles and vesicles in the typical
range of 20~200 nm. In recent years, the interest in synthesizing small, sub-20 nm PNPs
is fast growing driven by the development of nanotechnology. Such small size PNPs are
usually out of the limits of polymerization-based and self-assembly approaches. A
strategy to synthesize the PNPs of 5-20 nm from self-collapse of single polymer chains
has been proposed. PNPs prepared by using this approach are termed single chain
polymer nanoparticles (SCNPs). Since this is a relatively new topic, there are few
reported studies in the literature, in which the collapse of single chains is obtained by
chemically induced intra-chain cross-linking.
In this project, we demonstrate the use of coumarin-containing polymers to prepare
SCNPs by making use of intra-chain photo-cross-linking via photodimerization of
coumarin groups. A manuscript on this work, coauthored by Jie He, Luc Tremblay, Serge
Lacelle and Yue Zhao, will be submitted to Soft Matter. This research project was
conducted in the Polymers and Liquid Crystals Laboratory, under the supervision of Prof.
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Yue Zhao. The NMR spectra were collected with the assistance of Dr. Luc Tremblay. The
spin-spin decay times were analyzed with the help of Prof. Serge Lacelle. I have
performed the rest of experiments in this pubhcation.
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4.2.1 Abstract
We present a new and easy method for preparing polymer single chain nanoparticles
(SCNPs). It uses the photodimerization of coumarin groups located on the same chain to
obtain the intrachain cross-linking required for chain collapse in solution. To demonstrate
the approach, samples of a random copolymer composed of Af,Ar-dimethylaminoethyl
methacylate

(DMAEMA)

and

4-methyl-[7-(methacryloyl)oxy-ethyl-oxy]coumarin

(CMA), with 7 or 13 mol% of CMA, were synthesize via the reversible addition
fragmentation chain transfer (RAFT) polymerization. We show that well-defined SCNPs
could be obtained by the intrachain photodimerization of coumarin groups upon X>310
nm UV irradiation in a dilute copolymer solution. The coil-to-globule transition induced
by intrachain photo-cross-linking was investigated by means of ] H NMR spin-spin
relaxation time (Tj). The result indicates that the photoinduced chain collapse is
accompanied by a sharp increase of the fraction of chain segments having reduced
mobility. SCNPs were further used as a nanoreactor to synthesize gold nanoparticles
(AuNPs) in situ. In tetrahydrofiiran, the rate of AuNP formation was found to be
dependent on the polymer chain conformation and mobility determined by the
dimerization degree of coumarin. This provides a means to optically control the kinetics
of AuNP formation.

4.2.2 Introduction
In recent years, polymer nanoparticles have attracted much attention in the field of
nanoscience and nanotechnology due to their facile preparation and potential applications
in many areas such as drug delivery systems and microelectronics.1" A number of
approaches,

including

emulsion

polymerizations

and

block

copolymer

(BCP)

self-assembly, have been developed to fabricate polymer nanoparticles.6"12 To obtain
ultra-fine nanoparticles with size below 20 nm, the strategy of using intramolecular
(intrachain) cross-linking to induce the coil-to-globule transition and polymer chain
collapse, resulting in the so-called single chain nanoparticles (SCNPs), has gained
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increasing interest. By using various chemical and physical cross-linking methods,
well-defined polymer SCNPs were prepared through single chain collapse in dilute
polymer concentration that prevents the intermolecular (interchain) cross-linking from
happening.13"20

Coumarin and its derivatives have been widely utilized in designing photosensitive
polymeric materials.21 Recently, our group has exploited the use of reversible
photodimerization of coumarin to prepare reversibly photo-cross-linkable BCP micelles,
vesicles, nanogels and other photoresponsive polymer nanoparticles.22"25 Herein, we
demonstrate that making use of the reversible photodimerization reaction of the
chromophore

as

shown

in

Figure

1,

intrachain

photo-cross-linking

of

coumarin-containing polymers provides a facile means of producing SCNPs. By
dissolving coumarin-containing polymers in a good solvent at a very low concentration,
the photo-cross-linking through a photoinduced cycloaddition reaction under A>310 nm
irradiation can be controlled to occur intramolecularly, leading to the collapse of single
chains and the formation of SCNPs. Furthermore, intrachain de-cross-linking could be
obtained upon UV irradiation at A,<260 nm. In order to get insight into the coil-to-globule
transition associated with chain collapse in solution, we carried out an investigation using
!

H NMR spin-spin relaxation time (Ti) and found evidence that the conformational

transition is accompanied by a sharp increase in the fraction of chain segments having
reduced mobility. Moreover, by using the coumarin-containing polymer shown in Figure
1, the resulting SCNPs could be further utilized as a nanoreactor to synthesize gold
nanoparticles (AuNPs) in situ. We found that in tetrahydrofuran (THF) the kinetics of
AuNP formation is sensitive to polymer chain conformation and mobility that are
determined by the photodimerization degree of coumarin groups.

119

CH 3

CH 3

CH.
1 -(cH 2 -c^ce I -c)
5r

o=c
o

o=c

I
O
I
CH 2
I
CH 2

I
CHj
CBj

A
H,C

ca3

-(CH2-C7^CH7-Crs-

Photo-crosslinking

O

's
CH.

J^

Photo-de-cross-

OL O

,inking

PI: m/n=51/632
P2: m/n=7&/523

Figure 1. (a) Schematic illustration of preparation of polymer SCNPs through intrachain
photo-cross-linking. (b) Chemical structures of coumarin-containing random copolymers
of P(DMAEMA-co-CMA) and the reversible photo-cross-linking reaction activated by
UV light at two different wavelengths.

4.2.3 Experimental section
Materials
All chemicals were purchased from Aldrich and used as received unless otherwise noted.
N, N-dimethylaminoethyl methacrylate (DMAEMA, 98%) was passed through a basic
aluminium

oxide

column

and

distilled

under

vacuum

prior

to

use.

4-Methyl-[7-(methacryloyl)oxy]ethyl]oxy]coumarin (coumarin methacrylate, CMA) was
synthesized by using a previously reported method.22 2, 2'-Azobis(isobutyronitrile)
(AIBN) was recrystallized twice from ethanol. The chain transfer agent (CTA),
2-(2-cyanopropyl) dithiobenzoate (CPDB), was synthesized according to a literature
method. 27
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Synthesis of coumarin-containing polymer
The general conditions for RAFT polymerization were the same as in our pervious
reports.

Using the sample P2 in Figure 1 as example, the synthetic procedure is as

follows. DMAEMA (1.55 g, 10 mmol), CMA (432 mg, 1.5 mmol), CPDB (2.2 mg, 10
umol) and AIBN (0.4 mg, 2.5 umol) were dissolved in 4 mL anisole (99%, anhydrous) in
a 10 mL flask. The reaction mixture was degassed under vacuum and refilled with
nitrogen for 10 min. Then, the flask was placed in a pre-heated oil bath at 65 °C for 24 hr.
After polymerization, the reaction mixture was cooled to room temperature; the polymer
was collected after three times of precipitation in hexane, and dried under vacuum for 24
hr. The obtained polymer has a number-average molecular weight Mn=103700 g/mol and
a polydispersity index PDI (Mw/Mn)=1.15 according to SEC measurements using
polystyrene (PS) standards. From the lH NMR spectrum (in CDCI3), the units of
DMAEMA and CMA were estimated to be 523 and 78, respectively (the composition
determination used the resonance signals of the side methylene groups of CMA and
DMAEMA at 4.3 and 4.0 ppm, respectively).

Preparation of single chain nanoparticles
100 mg of the copolymer was dissolved in 100 mL of THF or ^-chloroform (CDCI3, for
NMR measurement) and stirred overnight. After being filtered with a 200-nm pore-size
Teflon filter, the solution was then exposed to UV light X >310 nm (intensity ~ 900 mW
cm"2). The dimerization degree (DD) of coumarin was monitored by UV-vis spectroscopy
and calculated according to DD=l-A/Ao, where Ao and At are the initial absorbance and
the absorbance after irradiation time t at 320 nm, respectively. After the dimerization
reached the maximum value (>70%), the chain cross-linking reaction was considered to
be completed; the solution could be concentrated under vacuum distillation and polymer
nanoparticles precipitated in hexane were then dried under vacuum overnight.
Nanoparticles can be re-dispersed in THF or CHCI3 to form a homogenous solution with
a desired concentration.

Synthesis of gold nanoparticles in situ
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The synthesis of AuNPs was conducted in both THF and water solution with the presence
of polymer nanoparticles.

Here, using the reduction reaction in water as example,

details are as follows. P2 in a THF solution (1 mg/mL) was fully cross-linked under X >
310 nm UV light. The polymer solution was then dialysed against water for 24 firs to
fully exchange the solvent. The aqueous solution was filtered with a 200-nm pore-size
filter and diluted into 0.5 mg/mL. By adding HAuCl4 (47p.g, 0.12 umol) aqueous solution
to 0.5 mL of P2 nanoparticle solution, the reduction reaction was carried out under
stirring at room temperature and followed by UV-vis spectroscopy.
NMR measurements of nanoparticles
The ^-NMR measurements of the spin-spin relaxation times (T2) were performed with
the Hahn spin-echo method on a Varian Unity Inova spectrometer operating at 600 MHz.
The samples with various cross-linking densities were dissolved in CDCI3 (1 mg/mL).
The typical acquisition parameters were 5.6 us nil r.f. pulses, 6 kHz spectral bandwidth,
and 3 s relaxation delay at room temperature. Analysis and processing of free induction
decays (FIDs), spectra, and spin-echoes were carried out with Mestrelab Research's
Mnora NMR software.
Characterizations
Size exclusion chromatograph (SEC) measurements were performed on a Waters system
equipped with a refractive index detector (RI 410) and a photodiode array detector (PDA
996). THF was used as the eluent at an elution rate of 1 mL/min, while PS standards were
used for calibration. Generally, *H NMR spectra (in CDCI3, unless otherwise stated) were
obtained with a Bruker AC 300 MHz spectrometer. The UV light at X>310 nm used for
the photo-cross-linking reaction was generated from a UV-vis spot curing system
(Novacure) with a 320-500 nm filter and the intensity was ~900 mW cm"2. For the
photo-cleavage of cyclobutane rings (photo-de-cross-linking), a UV-C Air sterilizer lamp
(1.25 W) peaked at A.=254 nm was used at a distance of 5 cm to the nanoparticle solution.
During the photo-cross-linking and de-cross-linking, the dimerization degree of coumarin
was followed by recording UV-vis spectra on a Varian 50 Bio UV-vis spectrophotometer.
The size of nanoparticles was examined using a Hitachi H-7500 transmission electron
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microscope (TEM) operating at 60 kV. Samples were prepared by casting 3-5 uL solution
on a carbon-coated copper grid, followed by drying at room temperature. Glass transition
temperatures (Tg) of polymer samples were measured by using a TA Q200 differential
scanning calorimeter (DSC) with a heating and cooling rate of 10 °C min"1. The viscosity
measurements were carried out at 22 °C on a Viscotech rheometer (Rheologica
Instruments AB) using a cone-plate geometry (30 mm diameter, 2° cone).

4.2.4 Results and discussion
Preparation and Characterization of SCNPs
As presented in Figure lb, the investigated coumarin-containing polymer, is a random
copolymer of poly(N,N-dimefhylaminoefhyl methacrylate) bearing a number of CMA
comonomer

units,

referred

to

as

P(DMAEMA-co-CMA)

hereafter.

RAFT

copolymerization was conducted at 65 °C to yield two samples with different coumarin
mole ratios (PI and P2). In order to prepare well-defined polymer SCNPs, polymers were
required to have a high molecular weight and narrow polydispersity. With the accurate
control over the molecular weight by RAFT polymerization (the mole ratio of DMAEMA
and CPDB was kept -1000:1), the two samples have molecular weight -100000 g/mol
and polydispersity -1.2, which we found are good enough for preparing SCNPs through
intrachain photo-cross-linking.

To promote efficient single chain collapse via intrachain photo-cross-linking, the
photodimerization of coumarin should be conducted with the polymer dissolved in a good
solvent at a very low concentration in order to avoid the interchain cross-linking.13"20 As
mentioned above, coumarin side groups in the polymer can undergo a photodimerization
reaction upon absorption of photons at A,>310 nm. If the dimerization occurs between two
coumarin groups on the same polymer chain adopting a coil conformation, it gives an
intrachain cross-linking point. Chain collapse can be expected to take place when the
chain is subjected to the constraint of a certain number of intrachain cross-links and
undergoes the coil-to-globule conformational transition.
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Figure 2. UV-vis spectra of PI in THF (1 mg/mL, 12 mL) recorded after UV irradiation
(-900 mW cm"2), showing photodimerization (cross-linking) upon >310 nm irradiation
and partial photo-cleavage (de-cross-linking) upon <260 nm.
Either PI or P2 was dissolved in THF at 1 mg/mL; then the solution was exposed to
A>310 nm UV light (900 mW cm" ) for photo-cross-linking. The occurrence of
photodimerization of coumarin groups in the dilute solution was first monitored by
UV-vis spectroscopy. UV-vis spectra of P2 recorded over irradiation time are shown in
Figure 2. The absorption peak of coumarin at -320 nm displays a continuous decrease •
with increasing irradiation time, indicating a growing degree of dimerization. From the
spectra, the dimerization degree could reach - 75% after 1 h irradiation. Compared with
the photodimerization in BCP micellar aggregates in water,22'24'25 the photoreaction
appears to proceed more slowly. This is likely caused by the good solvation of coumarin
groups in THF, which makes it more difficult to have two coumarin groups at a close
distance required for dimerization. Upon changing the UV light wavelength to A,<260 nm,
the reverse photo-cleavage reaction occurs partly, with the dimerization degree reduced
from 75 to 38% after 2 h irradiation.
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Figure 3. SEC traces of PI (a) and P2 (b) with different irradiation times and the change
of the apparent molecular weight and polydispersity of PI and P2 as a function of
coumarin dimerization degree (c).
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SEC measurements show that under the experimental conditions the photodimerization
takes place intramolecularly and the resulting cross-linking indeed could lead to chain
collapse resulting in the formation of SCNPs. It is known that the apparent molecular
weight will increase if the cross-linking occurs intermolecularly, while it will decrease if
the cross-linking is intramolecular. 15~19 SEC traces of PI and P2 recorded at various UV
irradiation times (up to 1 h) are given in Figure 3, and the corresponding changes in the
apparent molecular weight (Mn) and the molecular weight distribution plotted as a
function of coumarin dimerization degree are also shown.
For both polymers, the elution peak shows a continuous increase of retention time,
indicating the occurrence of intramolecular cross-linking. The apparent molecular weight
decreases from -110000 to -74000 g/mol for PI and from -104000 to 75000 g/mol for
P2. By contrast, the polydispersity of cross-linked polymers increases slightly which is
possibly caused by the different cross-linking degree of each individual polymer chain.
According to the results, PI behaves in the same way as P2 despite a lower content of
coumarin groups. And also quite surprisingly, after exposing the formed SCNPs to UV
light at X<260 nm for the photocleavage reaction of coumarin, SEC measurements found
no shift of the elution peak towards shorter retention times. In other words, the
photo-de-cross-linking could not induce the reverse globule-to-coil transition. As
mentioned above, under the used conditions, the photocleavage reaction occurs only
partially due to a photostationary state.22 It appears that the remaining intrachain
cross-linking (with - 38% dimerization of coumarin) was enough to preserve the globule
conformation and retain polymer chains in the collapsed state.
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Figure 4. Relative viscosity of P2 linear polymer and its SCNPs in THF solution at
various concentrations.

SCNPs prepared through intrachain photo-cross-linking were further characterized by
means of solution viscosity, DSC and TEM. The results of viscosity and DSC are shown
in Figures 4 and 5, in comparison with the linear polymer precursor. The relative
viscosity of the linear polymer P2 and its SCNPs in THF solution were measured at room
temperature (Fig.4). The fast increase of the relative viscosity of the linear polymer with
increasing polymer concentration is typical of coiled polymer chains having strong
intermolecular interactions with the solvent. By contrast, the relative viscosity of SCNPs
increases only slightly when increasing the concentration up to 20 mg/mL. This behavior
is indicative of collapsed SCNPs that have less interaction with the solvent and induce
less important increase of the solution viscosity. Likewise, the glass transition
temperature (Tg) increases from 40 °C for linear P2 to 79 °C for its SCNPs with a
dimerization degree of 72%, which confirms the loss of chain mobility after
photo-cross-linking. The broader glass transition region of the SCNPs also suggests that
the cross-linking degree of individual chains may vary, which is consistent with the
slightly polydispersity after photo-cross-linking (Fig.3).
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Figure 5. DSC curves (second heating scan) for P2 linear polymer and its SCNPs.

The formed SCNPs could be visualized by TEM. In Figure 6 shows an image of
nanoparticles of P2 cast from a THF solution and an image of the nanoparticles cast from
an aqueous solution, with, in both cases, an inset showing a section of the image with a
higher magnification. Cast from THF, the nanoparticles have diameters in the range of
30-60 nm, which is much larger than the typical sizes of SCNPs reported (10-20
nm).14"19 However, after solvent exchange through dialysis, nanoparticles in water appear
to have smaller sizes corresponding to SCNPs (10-20 nm). The larger size in THF could
be explained by the fact that THF is a good solvent for the polymer. When cast in a
solvated state, the SCNPs have a loose structure and can flatten easily on the surface of
the copper grid during the solvent evaporation. Aggregation of SCNPs during the drying
process also cannot be ruled out. In water, which is a non-solvent for the
coumarin-containing P(DMAEMA-co-CMA) (P2 has 13% of coumarin), contraction of
SCNPs should occur, making them more dense, compact and thus smaller. Additionally,
after dialyzing against water, SCNPs of P2 are rather stable in aqueous solution; no
irreversible precipitation was observed after three months.

128

Figure 6. TEM images for SCNPs of P2 in THF (a) and H 2 0 (b).
'H NMR Spectroscopic Investigation of SCNPs
To get more insights into the conformational transition of polymer chains from random
coil to globule in the process of intrachain photo-cross-linking induced SCNP formation,
we carried out an investigation by means of 'H NMR spectroscopy. Figure 7 shows the
NMR spectra of P2 in CDCI3 (1 mg/mL) before and after UV irradiation for
photo-cross-linking. The assignments of resonances to various protons of the side chain
of DMAEMA and CMA are indicated in the spectra. With dimerization degree at 71%,
the intensities of CMA peaks (especially those of aromatic protons) decrease due to the
cross-linking reaction. The NMR integrals of aromatic protons c of coumarin at -6.16
ppm and d and e of methylene groups of side chains at -4.3 ppm decreased by about 55%
and 35%, respectively. New resonance peaks appear at 3.0-3.8 ppm which are assigned
to the formed cyclobutane rings. Diminished signals of DMAEMA units after
cross-linking are also noticeable (-5%), which should be accounted for by the transition
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to the globular conformation which restricts the mobility of polymer chains. Since ]H
spin-spin relaxation time (T2) is sensitive to molecular motion,29-31 we conducted NMR
relaxation time measurements.
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Figure 7. NMR spectra of P2 in CDCI3 before (bottom) and after (top) cross-linking.
Figure 8a shows the decay curves of the protons of -CH2O- group on the side chain of
PDMAEMA obtained with the Hahn spin-echo method at various photodimerization
degrees of coumarin groups in P2 (1 mg/mL). All decay curves are approximately
bi-exponential (i.e., two Ti), which indicates the existence of two types of molecular
motions in solution. The short T2 arises from a fast decaying component that represents
the population of chain segments undergoing a slow motion, i. e., with restricted mobility.
Conversely, the long T2 is related to a slow component of chain segments that have a fast
motion due to higher mobility. Since the NMR measurements were conducted using the
same dilute polymer solution as for the preparation of SCNPs, interchain interaction is
assumed to be negligible. The molecular interactions leading to the two populations of
chain segments with different mobilities should arise mainly from the interaction between
segments within the same polymer chain (intrachain polymer interaction) and between
chain segments and solvent molecules (polymer-solvent interaction), which correspond to
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the fast and slow decay component, respectively. For example, for P2 before
cross-linking, T2, fast is 107 ms with a fraction 31% for the fast component (more rigid
segments subjected mainly to intrachain polymer interaction), while T2 slow is 140 ms with
a fraction of 69% for the slow component (more solvated, flexible segments mainly
exposed to interaction with CDCI3.).
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Figure 8. (a) T2 decay curves of-CH2O- groups on the side chain of PDMAEMA (peak/
in Figure 4) in CDCI3 with various photodimerization degrees from C-O to C-6: 0%, 11%,
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23%, 36%, 49%, 60% and 71%, respectively; (b) T2 of fast component of-CH 2 0- groups
vs. dimerization degree; (c) fraction of fast component of -CH2O- groups vs. dimerization
degree.

With increasing the cross-linking density, the T2 value of the fast component and its
fraction are plotted as a function of dimerization degree in Figure 8b and c. For
dimerization degrees lower than -36%, T2 is 105-110 ms. Upon further increase of the
dimerization degrees from 36% to 71%, the T2 values rapidly decrease from 105 to 80 ms,
indicating a loss of mobility of chain segments for the fast component. For the slow
component, T2 varies in the range of 140 to 160 ms, indicating that chain segments
subjected to polymer-solvent interactions are influenced relatively weakly by the chain
cross-linking. As for the fraction of fast component, it shows an abrupt increase at high
dimerization degrees. These NMR results indicate the conformational transition of
polymer chain from random coil to globule occurring at a dimerization degree >36%.
When the dimerization degree reaches 71%, the resulting SCNPs have a fast T2 -80 ms
and - 6 8 % of chain segments in the fraction of fast component with a reduced mobility. It
is understandable that in the SCNPs less chain segments are exposed to solvent molecules
and the fraction of solvated chain segments is smaller.

In Situ Synthesis of Gold Nanoparticles Using SCNPs as a Nanoreactor
Because of the coordination ability of the tertiary amine in PDMAEMA with many
metals, this polymer can be used to synthesize colloidal metal nanoparticles, such as gold
09,

nanoparticles (AuNPs), without any additional reductants. We investigated the use of
SCNPs of P(DMAEMA-coCMA) as a nanoreactor for the synthesis of AuNPs. This was
first conducted in THF solution at Au/N=l/10 (mole ratio of HAuCL to the amine groups
of PDMAEMA). Since the cross-linking density can easily be tuned with the
photodimerization degree of coumarin, we wanted to know how this parameter could
affect the formation of AuNPs. For this experiment, three THF solutions of P2 (0.5
mg/mL) with different dimerization degrees (0%, 27% and 64%) were mixed with the
same amount of HAuCL; and stirred at room temperature. Upon reduction of HAuCU
leading to the formation AuNPs, the appearance of the solution changed from colorless to
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dark red, which is accompanied by a gradual increase of absorption at ~ 530 nm
corresponding to the surface plasmon resonance (SPR) of AuNPs. We found that the
cross-linking density, thus the aggregation or conformation of single polymer chain,
could exert a profound effect on the rate of AuNP formation. This can be noticed from the
photographs shown in Figure 9a. With the same reaction time, the solution with more
cross-linked P(DMAEMA-co-CMA) shows a darker red color, indicating the formation
of more AuNPs. Figure 9b shows the UV-vis spectral change over time for the polymer
solution with 64% dimerization degree. The increase in the amount of AuNPs can be seen
from the increased absorbance at 530 nm. Figure 9c shows the plots of absorbance at 530
nm vs. time for the three polymer solutions. The effect of chain cross-linking becomes
evident. The apparent rate of AuNP formation in the SCNP solution (64% dimerization
degree) is roughly twice and four times faster than in the polymer solution with a
dimerization degree of 27% and in the un-cross-linked polymer solution, respectively.

Time (hr)

Figure 9. (a) Photos showing the effect of photodimerization degree of coumarin on the
rate of AuNP formation in THF solution of P(DMAEMA-co-CMA) (from left to right:
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64%, 27% and 0%) (b) UV-vis spectra of the reduction solution with SCNPs at a
dimerization degree of 64% at various reaction times; and (c) increase in the absorbance
of AuNPs at 530 nm over reaction time for solutions of P(DMAEMA-co-CMA) with
different dimerization degrees.

The observed dependence of AuNP formation rate on the single polymer chain
cross-linking degree is interesting. It means that the kinetics can be easily tuned by
adjusting the intrachain cross-linking. The controllable photo-cross-linking degree of
coumarm-containing polymers offers an obvious advantage. This phenomenon is
understandable from the mechanism of AuNP formation. The tertiary amine groups of
PDMAEMA act as both reductant and stabilizer of AuNPs in the reaction via the
absorption of AuCL, ions and coordination bonding between gold and amine groups.
When polymer chains are collapsed and packed into SCNPs, more AuCU ions would be
concentrated around the polymer chains and AuNPs could be more easily retained.

Following the same line of thought, the more compact structure of SCNPs in water
should speed up the formation of AuNPs. Indeed, using the same experimental conditions
except the solvent change from THF to water, the absorption of AuNPs appeared only
after a few minutes. Figure 10a shows the UV-vis spectrum after 180 min reaction, the
inset is a TEM image of the formed AuNPs (6-9 nm in diameter). By following the
UV-vis spectral change, the apparent rate of AuNP formation in aqueous solution is
shown in Figure 10b. The whole reduction process in water is finished in -180 min at
room temperature, which is much faster than the reaction in THF solution. And this
reaction rate is in good accordance with the reported results using a BCP of
PDMAEMA.28
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Figure 10. (a) UV-vis spectrum of AuNPs formed in aqueous solution of SCNPs of P2
recoreded after 180 min reaction; and (b) change in absorption at 530 nm vs. reaction
time.

4.2.5 Conclusions
We demonstrated a novel and facile method for preparing polymer SCNPs. It is based on
incorporating a number of coumarin side groups into a polymer and using the easily
controllable photodimerization of the chromophore to cross-link single polymer chains
intramolecularly

in

a

dilute

solution.

Using

random

copolymers

of

P(DMAEMA-co-CMA) containing 7 or 13 mol% of coumarin, we found evidence of
SCNP formation upon intrachain photo-cross-linking. *H NMR spin-spin relaxation time
(T2) measurements revealed that the coil-to-globule transition (chain collapse) occurred
when the cross-linking degree reached a certain threshold (>36% dimerization degree
with the sample containing 13% of coumarin), which is accompanied by a sharp increase
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of the fraction of chain segments having reduced chain mobility (fast relaxation time) and
the concomitant drop of the fraction of chain segments having a greater chain mobility
(solvated fraction with the slower relaxation time). Furthermore, we showed that such
SCNPs could be used as a nanoreactor for the synthesis of AuNPs, and found that for
P(DMAEMA-co-CMA) in a good solvent like THF, the rate of AuNP formation is
sensitive to the intrachain cross-linking density determined by the dimerization degree of
coumarin groups (faster with increasing the cross-linking density). This provides a means
to optically tune the kinetics of AuNP formation.
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4.3 Conclusions of the project
In this chapter, we developed an intramolecular photo-cross-linking method to prepare
polymer single chain nanoparticles (SCNPs), which is based on the photo-dimerization of
coumarin groups. Using coumarin-containing PDMAEMA diluted in a good solvent such
as THF, the photodimerization of coumarin groups could take place intramolecularly, i.e.,
among coumarin groups on the same chain, resulting in the collapse of coiled polymer
chains to form globular nanoparticles. The NMR relaxation time measurements (7^) find
that the coil-to-globule conformation transition occurs after the dimerization degree
reaches -36%. In water, the obtained SCNPs have a size of 10-20 nm as revealed by
TEM observation. Such SCNPs have been further applied to serve as nano-reactors to
synthesize gold nanoparticles (AuNPs). We found that the rate of AuNP formation is
highly sensitive to the photodimerization degree of coumarin groups and thus can be
tuned optically.
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CHAPTER 5 PHOTOINDUCED BENDING OF
COUMARIN-BASED SUPRAMOLECULAR POLYMERS
5.1 About the project
Deformation of polymer films under the effect of external stimuli is well known and
extensively studied. Of particular interest is that simple bending and unbending
deformations could mimic muscle's movements, making stimuli-deformable polymers a
potential material for artificial muscles. Generally, the mechanism of deformation is
unbalanced force acting on the two sides of a film. Among the materials, light-deformable
polymers are particularly attractive because of the temporal and spatial electivity. Such
polymers can be designed by having chromophores whose photoreaction on one side of
the film induces the required unbalanced stresses. In this project, inspired by studies on
azobenzene polymers (66, 77), we synthesized a photoresponsive polymer by attaching
coumarin side groups via hydrogen bonding. We found that free-standing films of such
supramolecular coumarin-containing polymer can be bent by light due to polymer chain
photo-cross-linking on one side of the film.

This work was published in Soft Matter (2009, 5, 308) by Jie He, Yi Zhao and Yue Zhao.
This research project was conducted in the Polymers and Liquid Crystals Laboratory,
under the supervision of Prof. Yue Zhao. The glass transition temperatures of polymer
films were measured with the assistance of Mr. Yi Zhao. I have performed the rest of
experiments in this publication.
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Jie He, Yi Zhao, Yue Zhao*
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5.2.1 Main text
Materials that change shape or volume in response to light irradiation are among smart
materials of growing interest. Although a few small-molecule photochromic crystals
were reported to display photoinduced shape change, 1 ' 2 most of such materials are
polymer-based systems. Generally, to achieve a photodeformation with a polymer, a
photochromic molecule is incorporated into the polymer structure, and the
photoreaction should result in a structural and/or conformational change of the
polymer leading to a macroscopic shape or volume change. In this regard, azobenzene
has been the most explored chromophore to date and the combined use with liquid
crystalline (LC) networks has generated large-scale photoinduced deformations
including

contraction,

elongation

and

bending,

photoisomerization of azobenzene in all cases. "

triggered

by

the

trans-cis

Of particular interest and

importance are the large bending of azobenzene LC network films, controllable with
either the orientation of mesogens or the polarization of the irradiation, as recently
demonstrated by Ikeda's group.6"10 Depending on the orientational state of azobenzene
mesogens, being homogeneous or homeotropic, the side of the film absorbing UV
light can undergo a contraction or expansion only in a region close to the surface and
result in bending of the film toward or away from the irradiation light, respectively.
Like other systems based on LC networks,3"5 the cooperative movement of mesogens
is believed to play a key role since no comparable large-scale photoinduced
deformations were achieved using amorphous polymers. In view of the potential of
photodeformable polymers for such applications as artificial muscle, actuator,
shape-memory materials and remotely photocontrollable devices,3"12 it is of interest to
explore chromophores other than azobenzene, 13 and to discover new mechanisms.
Here we report a study of poly(4-vinyl pyridine) (P4VP) hydrogen-bonded to a
photochromic coumarin group, referred to as a supramolecular polymer due to the
non-covalent association. We found that films of this amorphous polymer could
exhibit large-scale photoinduced bending similar to azobenzene LC networks. The
likely mechanism is discussed in terms of the photodimerization of coumarin pendent
groups occurring on one side of the film, which creates unbalanced surface stresses
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leading to the bending. To our knowledge, this is the first report of large-scale
photoinduced deformation displayed by an amorphous polymer.

^M;
Figure 1. Chemical structure and the reversible photocrosslinking of poly(4-vinyl
pyridine) partially complexed with 7-(carboxymethoxy)-4-methylcoumarin

through

hydrogen bonding.

The photosensitive polymer shown in Figure 1, P4VP-CMC, was prepared by partially
functionalizing P4VP (Mw= 160,000) with

7-(carboxymethoxy)-4-methylcoumarin

(CMC) through H-bonding between the pyridyl and carboxylic acid groups. The
preparation method " consisted in dissolving weighed coumarin acid and P4VP in
DMF (polymer concentration: 10 wt%), followed by slow evaporation of the solvent,
while the formed H-bonds could readily be confirmed with infrared

spectra

(Supporting Information). Samples of various complexation degrees were prepared
(from 4 to 12 mol% of CMC). In contrast to azobenzene LC networks, large films of
this amorphous polymer could easily be obtained by solution-casting. Those used in
the present study have a thickness of about 50 um. Since they have a glass transition
temperature (Tg) o f - 90-1 13°C (lower T g with more H-bonded CMC), their bending
behaviors were investigated at 110-115°C, slightly above Tg. Also depicted in Figure
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1 is the photoinduced dimerization of coumarin pendant groups upon UV irradiation at
X > 310 nm, which is responsible for the polymer crosslinking, as well as the cleavage
of the cyclobutane bridge upon UV irradiation at X < 260 nm. The occurrence of this
reversible photoreaction in the films of P4VP-CMC was confirmed with UV-Vis
spectra (Supporting Information). We note that the photocrosslinking of coumarins
and, similarly, cinnamic acids were used in a variety of photoresponsive materials.

Irradiation Time (min)
Figure 2. (a) Photographs for a film of P4VP-CMC (10 mol% of CMC) showing the
photoinduced bending towards the UV light (750 mW cm"2), and (b) the increase in
the bending angle as a function of UV irradiation time. The error bar indicates the
maximum and minimum bending angles observed in five separate experiments.

Figure 2a shows two photographs for a film (~ 15 mm in length and 4 mm in width)
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of P4VP-CMC (10 mol% of CMC) before and after 15 min UV irradiation (> 310 nm,
light intensity 750 mW cm"2) at 115 °C; one end of the film was fixed on a glass slide
by a tape. The UV exposure caused a 90° bending of the film towards the light source
(the angle is that between the substrate surface and the direction that the straight end
of the film is pointing). Figure 2b shows the plot of bending angle vs. irradiation time
for this sample. The photographs showing the development of bending over time were
taken from a video recording the process (the film was in a nearly vertical position
before UV irradiation coming from the right side). The speed of bending becomes
greater when the film temperature is higher. For instance, at 120 °C, 90° bending was
achieved within 5 min. Under the same conditions, the magnitude of bending was
found to depend on the content of H-bonded coumarin moieties. Figure 3 shows the
plot of achievable bending angle as a function of coumarin content, accompanied by
the corresponding photographs. The bending is more prominent as the amount of
pendant coumarin groups increases, reaching -90° bending with 10 mol% or more of
CMC. Further increasing the coumarin concentration renders the polymer film more
fragile and thus more difficult to prepare. In all cases, after turning off the UV light,
the bending deformation is stable at the experimental or lower temperature.

145

100
0

S>
CD

80-

JD

U)
C

< 60T5
C
CD

CO

40

.

20-

8

10

12

Coumarin Content (mol%)
Figure 3. Achievable bending angle vs. coumarin content for P4VP-CMC films
exposed to UV irradiation (X > 310 nm, 750 mW cm"2). The error bar indicates the
maximum and minimum bending angles observed in five separate experiments.

The photoinduced large bending of P4VP-CMC films should originate from
imbalanced surface stresses generated by the photoreaction of coumarin moieties.
Similar to azobenzene-based polymers,6"1 this occurs if the photoinduced crosslinking
(Fig. 1) takes place only in a region nearby the surface receiving the UV light.
Reflectance infrared spectra were recorded for the two sides of the film in Figure 2a, i.
e., irradiated and non-irradiated sides. The result in Figure 4a provides evidence that
indeed the photoinduced dimerization of coumarin groups occurs only on the side
exposed to the UV light. The significant shift of the C=0 stretching vibration band,
from 1750 cm"1 for the non-irradiated side to 1768 cm"1 for the irradiated side, is
indication of the photodimerization of coumarin groups.

No shift was observed for

the non-irradiated side as compared to the film prior to irradiation (spectrum not
shown). Even though the actual depth of the photocrosslinked region is unknown, it is
reasonable to assume that a crosslinking density gradient could be formed along the
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film thickness direction as the incident photons propagate through the film. On the
basis of this result, the likely mechanism for the photoinduced bending is
schematically illustrated in Figure 4b. The dimerization of two coumarin groups could
bring P4VP chains closer each other and result in an increase in density only on the
side exposed to UV light, which exerts a surface volume contraction effect leading to
the macroscopic bending of the film. During the UV irradiation, the imbalanced
surface stresses should mount as the anisotropic dimerization increases. And the result
in Figure 3 is understandable since such a photoinduced surface contraction effect
should be greater with increasing the amount of the photocrosslinkable coumarin
groups.

To further confirm the mechanism, other experiments were performed (more details in
Supporting

Information).

First,

P4VP

was

partially

functionalized

with

7-(carboxydecyloxy)-4-methylcoumarin (CDC) that has a much longer flexible spacer
separating the carboxylic acid and coumarin units than CMC. It could be expected that
the greater decoupling of the chain backbone from coumarin groups might reduce the
effect of photodimerization on the conformation of the supramolecular polymer chains.
Indeed, no meaningful photoinduced bending for the films of P4VP-CDC was
observed (only a few degrees). Second, poly(2-vinyl pyridine) (P2VP) was complexed
with CMC. The linking of CMC to P2VP through H-bonding would be less efficient
than with P4VP due to an additional steric hindrance affecting the self-assembly.22
This could diminish the photoinduced bending since the transfer of stresses to the
chain backbone, arising from the coumarin dimerization, should be less efficient.
Indeed, the achievable bending angle for P2VP-CMC (10 mol% of CMC) is about 30°.
Third, if the photocrosslinking on one side of the film is what creates the imbalanced
surface stresses leading to the bending, the use of other chromophores could reveal the
same phenomenon. A preliminary test was conducted by partially functionalizing
P4VP with 9-anthracene carboxylic acid (ACA) that is known to undergo a [4+4]
cycloaddition reaction under 365 nm UV irradiation.2 Though less prominent,
photoinduced bending was observed for films of P4VP-ACA (bending angle of about
20° for a sample with 10 mol% of AC A).
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Figure 4. (a) Reflectance infrared spectra recorded for the two sides of the film shown in
Figure 2. The spectral changes revealing the photodimerization of coumarin moieties
occurred on the side receiving the UV light are marked by arrows, (b) Schematic
illustration of the mechanism underlying the photoinduced bending of the film.
Back to the bent film of P4VP-CMC in Figure 2, subsequent exposure of the same
side to UV light of X < 260 nm could give rise to partial cleavage of the cyclobutane
bridges, but this could not unbend the film. By contrast, exposing the opposite side of
the bent film to UV light of X > 310 nm for photocrosslinking, which results in an
inversed contraction effect, could unbend the film by - 10°-20°. Complete unbending
of the film was observed upon heating the film to 150 °C. The incomplete
photodecrosslinking with coumarin chromophores21 may account for the behavior as
the remaining crosslinks could prevent the relaxation of the bending-created stresses
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by increasing the Tg of the crosslinked surface region to above the experiment
temperature. That the film is unbent at elevated temperature can be explained by two
possibilities: 1) the photodeformed, crosslinked film is heated to above the "surface"
Tg so that the elastic deformation of chains is relaxed; and 2) the dissociation of
H-bonds becomes important due to the dynamic nature, which effectively decrosslinks
polymer chains and release the stresses. What happens may be a combination of both.
The reversibility issue can be addressed and improved through polymer design (for
example, polymers of low Tg and LC polymers are worth being studied). The role of
H-bonding in generating the photoinduced bending is unclear at this time. Although
no film bending was observed in our preliminary tests using a polystyrene with
covalently linked coumarin groups, no conclusions can be drawn and more
investigations are needed.
In summary, we found that the amorphous supramolecular polymer of P4VP-CMC
can display a large-scale photoinduced bending deformation comparable to that
known for azobenzene LC networks. The plausible mechanism is based on a surface
volume contraction effect generated by photocrosslinking of polymer chains on one
side of the film, and it appears to be general. This finding opens a new avenue in
designing and developing photodeformable amorphous polymers. The robust
processing possibilities of amorphous polymers are an important advantage for
possible applications.
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5.2.2 Supporting information
Materials
All chemicals were purchased from Aldrich and used as received. The coumarincontaining carboxylic acids were synthesized according to a modified literature method
(Scheme 1). l

CH 3

CH 3

Scheme 1. Synthesis of coumarin-containing carboxylic acids

Synthesis of 7-(carboxymethoxy)-4-methylcoumarin (n=l): 2-Bromoactic acid (2.0 g,
14.5 mmol), 7-hydroxy-4-methylcoumarin (2.0 g, 11.3 mmol), potassium carbonate (4.8
g, 35 mmol), a trace of potassium iodide and 150 mL of ethanol were placed into a 250
mL round bottomed flask equipped with a magnetic stirrer and heated under reflux for 20
h. The mixture was then poured into 200 mL of water, and the pH value of the solution
was adjusted to be - 5 by adding hydrochloride acid (5 wt%). After evaporation of the
ethanol at room temperature, a white precipitate was filtered off, and washed with water
twice. Yield: 64%. MS (m/e): 234 (M+). lH NMR (^-DMSO, ppm, 5): 13.1 (w, 1H,
-COOH), 7.7 (d, 1H, aromatic hydrogen), 6.9 (t, 2H, aromatic hydrogen), 6.2 (m, 1H,
=C-H), 4.8 (m, 2H, -CH2-), 2.3 (m, 3H, -CH3).

Synthesis of 7-(carboxydecyloxy)-4-methylcoumarin (n=10): It was prepared by using
the same procedure as described above, only with 11-bromoundecanoic acid replacing
2-bromoactic acid. Yield: 58%. MS (m/e): 360(M+). ! H NMR (d6-DMSO, ppm, 8): 12.1
(w, 1H, -COOH), 7.67 (d, 1H, aromatic hydrogen), 6.94 (d, 2H, aromatic hydrogen), 6.2
(m, 1H, =C-H), 4.1 (t, 2H, -CH2-), 2.35 (m, 3H, -CH3), 2.16 (t, 2H, -CH2-), 1.69 (m, 2H,
-CH2-), 1.5-1.0 (m, 14H, -CH2-).
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Complexation of poly(4-vinyl pyridine) (P4VP) with 7-(carboxymethoxy)-4methylcoumarin (CMC) and preparation of free-standing films
For example, to prepare the sample of P4VP-CMC (10 mol% of CMC), 0.2 g of P4VP
and 0.05 g of CMC were dissolved in 1.8 g DMF, the solution was stirred at room
temperature for 24 h. Afterwards, the solution was cast onto a mold made with Teflon.
After the removal of most solvent at room temperature, the film was further dried at
120°C for 12 h in a vacuum oven. The dried film of P4VP-CMC could easily be peeled of
from the Teflon surface.
Characterizations
l

H NMR spectra were obtained using a Bruker Spectrometer (300 MHz, AC 300). Mass

spectra were recorded on a Micromass ZAB-1F high-resolution mass spectrometer.
Transmission FT-IR spectra were recorded on a Nicolet Avatar 370 spectrometer.
Reflectance FT-IR spectra were recorded on a Nicolet Nexus 470 spectrometer equipped
with accessories for reflectance spectra. UV-vis spectra were taken using a Varian 50 Bio
spectrophotometer. A Perkin-Elmer DSC-7 differential scanning calorimeter was utilized
to measure the glass transition temperature Tg of the samples (calibration with indium and
heating rate of 10 °C min"1). Tg was taken as the midpoint of the step change in the heat
flow. The photocrosslinking was performed by applying the UV light to one surface of
the film placed in a home-made thermostat stage. Using a flexible light guide from a
UV-Vis spot curing system (Novacure), UV light with adjustable spot size could easily be
directed to the film. For the photodimerization of coumarin, a 320-500 nm filter was used
to generate UV light at X>310 nm (-750 mW cm"2), while for the photodimerization of
anthracene, a 365 nm filter was used to obtain UV light centered at 365 nm (~ 90 mW
cm"2). Finally, a UV-C Air sterilizer lamp (1.25 W) peaked at X= 254 nm was used for
photocleavage of cyclobutane (photo-de-cross-linking).
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Infrared and UV-Vis Spectra of P4VP-CMC
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Supporting Figure 1. Transmittance IR spectra of a film of P4VP-CMC (10 mol% of
CMC) before (down) and after (top) UV irradiation for photocrosslinking (A,>310 nm).
Compared the spectrum before UV irradiation, the spectrum after UV irradiation displays
a new absorption band for C=0 at 1750 cm"1 and a decrease in the intensity for the C=0
band at 1720 cm"1 and the C=C band at -1610 cm"1 (marked by blue arrows), which
confirms the photodimerization of coumarin groups.2 On the other hand, the characteristic
H-bonds between pyridine and carboxylic acid units, appearing around 1940 and 2500
cm"1 (marked by red arrows),3 can be noticed before and after the UV irradiation.
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Supporting Figure 2. UV-vis spectra for a film of P4VP-CMC (10 mol% of CMC)
recorded at 115°C: (a) upon UV irradiation at X > 310 nm, the decrease in absorbance at 320 nm indicates the photodimerization of coumarin groups, and (b) upon subsequent UV
irradiation and X < 260 nm, the partial recovery of the absorbance indicates a partial
photocleavage of cyclobutane groups. The spectra were taken with a time interval of 1
min. The fihn used in this experiment, solution cast and dried on a quartz plate, was much
thinner than those used for the photoinduced bending experiments.
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Photoinduced Bending of Other Systems

Supporting Figure 3. Photographs showing the photoinduced bending for (a) a film of
poly(2-vinyl pyridine) (P2VP) complexed with 10 mol% of CMC, upon UV irradiation at
A>310 nm (750 mW cm"2) and 90 °C; and (b) a film of P4VP complexed with 10 mol% of
an anthracene carboxylic acid, upon UV irradiation at ^.=365 nm (90 mW cm"2) at 115°C.
Irradiation time in both cases is 15 min.
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5.3 Conclusions of the project
With the rational design, we have prepared an amorphous supramolecular polymer from
P4VP and a coumarin acid via hydrogen bonding. The supramolecular polymer possesses
good processing property from the polymer structure and photoactivity from the
coumarin groups. Free-standing films of this supramolecular film can exhibit large-scale
photoinduced bending similar to azobenzene LCEs, when the photoreaction occurs
anisotropicly on one side of the film. To our knowledge, this is the first report of
large-scale photoinduced deformation displayed by an amorphous polymer.
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CHAPTER 6 DISCUSSION AND PERSPECTIVE
The research work presented in this thesis was focused on the synthesis and
characterization of coumarin-functionalized polymers and BCPs. By exploring the
coumarin photochemistry in polymers and BCPs self-assembly, we have obtained a
number of new photoresponsive materials and nanostructures (nanogel, microgel, SCNPs
and photodeformable films) and demonstrated their potential applications. We hope that
our original research work could contribute to developing smart photoresponsive
materials and attract more attention to coumarin-based polymers from the research
community. In this chapter, we provide a general discussion and some perspectives on the
future works.

6.1 General discussion
6.1.1 Nanogels and microgels from DHBCPs
In the previous chapters, self-assembly behaviors of DHBCPs have been studied and used
to prepare photoresponsive nanogels and microgels. Compared with the traditional
amphiphilic BCPs, there are several advantages of DHBCPs for micellar aggregates: 1)
the easy polymerization of hydrophilic monomers by using RAFT and ATRP
polymerization technique now well-established (14-16); (2) the self-assembly process of
DHBCPs is "green" or "organic-solvent free" due to the water solubility; (3) the
micellization of DHBCPs is totally reversible, with the micellar and unimer states easily
switchable by external stimuli; (4) multiple self-assembled morphologies of DHBCP can
be manipulated by adjusting the relative block lengths (10-15). So far, a number of
investigations have demonstrated the great controllability and immense importance of
DHBCP micelles, which can potentially be applied for biomedical applications such as
controlled drug delivery.

As a drug carrier, BCP micelles should fulfill three conditions during each phase of drug
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encapsulating, transportation in physiological fluid and on-site release: 1), polymer
micelles should be able to uptake hydrophobic drugs, which alone exhibit poor solubility
and low stability in a physiological environment; 2), drug-loaded polymer micelles
circulating in biological fluids, should be stable and resist to dilution and interactions
with the biological medium (e.g. hydrolysis and enzymatic degradation); 3), after
reaching the target (e.g. cancer tissues and cells), polymer micelles should be structurally
disrupted to "open the door" allowing for fast drug release.

It is easy to imagine that part of polymer micelles may dissociate upon dilution to below
the CMC due to thermodynamic instability and a premature leakage of drug could cause
harmful side effects during transportation. However, other studies have already revealed
that DHBCPs hold a relatively high CMC in the range of 0.05-0.2 mg/mL (CMC for
amphiphilic BCPs is around 10"3 to 10"2 mg/mL), indicating a greater stability of DHBCP
micelles upon the dilution of blood stream or other physiological fluids after injection.
For example, the CMC of PNIPAM above the LCST is -0.2 mg/mL (135). Nevertheless,
as drug carriers, the instability of BCP micelles including those of DHBCPs remains to be
a main concern. This leads us to seek various cross-linking strategies (including chemical
bonding or physical interaction) that can preserve the structural integrity of DHBCP
micelles. The unique photo-cross-linking and de-cross-linking reaction of coumarin have
been used, for the first time, to stabilize amphiphilic BCP micelles at first and de-stabilize
them subsequently by our group (133). Nice results in that study have led us to design
coumarin-containing DHBCPs and apply the same photocontrol strategy. By combining
the self-assembly of DHBCPs and the core- and/or shell-cross-linking using the
reversible photodimerization of coumarin, we have successfully developed a general
approach to readily prepare stimuli-responsive nanogel or microgel particles. We showed
that the DHBCP design is flexible and that many possibilities exist depending on the
target materials or functions. For instance, with a DHBCP having a thermoresponsive
block decorated by a few percent of coumarin groups, when its aqueous solution is heated
to T>LCST of the thermoresponsive block, it can self-assemble into micelles or vesicles
with the thermoresponsive block forming the dehydrated micelle core or vesicle
membrane (wall). The solution can then be exposed to A>310 nm UV light for micelle
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core or vesicle membrane cross-linking to stabilize the self-assembled structures. With
the subsequent cooling of the solution to T<LCST, nanogel or microgel particles are
obtained as the micelle core or vesicle membrane become water-soluble while the
cross-linking prevents the dissociation of polymer chains.

Applying this strategy, core-shell nanogel particles with P(MEOMA-co-CMA) core and
PEO shell were prepared by photo-cross-linking at 40 °C (above LCST of the
P(MEOMA-co-CMA) block). Since the photo-reaction of coumarin was reversible, the
cross-linking

density

of

nanogel

particles

was

optically

tunable

by

the

photo-de-cross-linking reaction under irradiation with X<260 nm UV light. As a result of
reducing the cross-linking density, nanogel particles could further swell into a larger size
(90% in crease by volume). By switching the UV light wavelength, this photocontroUed
volume change of nanogels could be repeated for many times. These nanogel particles
were thermo-responsive as well, and could also display a reversible size change upon
temperature switching across the LCST. Our study revealed, for the first time, that
nanogel particles could easily be prepared from the self-assembly of DHBCPs in water
and multi-stimuli-responsive nanogels could be realized from the interplay of
photo-chemistry of coumarin and thermosensitivity.

As core-shell nanogels with a responsive core can display a large volume change under
stimuli, we came up with another fundamental question: can core and shell contribute
differently to the photocontroled volume change if they both are cross-linkable via
coumarin photodimerization?
cross-linkable

DHBCPs

To address this question, nanogels from doubly

were

studied

in

the

second

project.

DHBCP

of

P(NIPAM-cc»-CMA)-Z)-P(DMA-co-CMA) was designed. By comparing the core-, shelland doubly-cross-linked nanogels, we found that photoinduced volume change of
doubly-cross-linked nanogels was more important as compared to nanogels with only
core or shell cross-linked. The surprising finding in this study is the unusual UCST
thermal transition which, we identified, is related to a reversible aggregation of nanogel
particles. Although the exact mechanism of the USCT behavior is not fully understood at
this point, we found evidence that no DHBCP chain thermal phase transition is involved,
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and proposed that dynamic, free chain exchange between nanogel particles may provide a
bridging effect and cause the aggregation at lower temperatures. With the current DHBCP
design, a major difficulty is to determine the actual cross-linking degree for the core and
for the shell of nanogel particles. They are likely to be different since the photoreaction
usually occur more efficiently at the surface layer of a particle (or a film) than in the inner
region, while the measured photodimerization degree is an average value over all
coumarin groups located on both core and shell. Therefore, it would be interesting to
pursue the study on the molecular design with a different cross-linking strategy. For
example, one can prepare DHBCP with one coumarin-containing block and one
disulfide-containing block, which reversibly respond to the chemical oxidation or
reduction and can be used as a chemical cross-linker (136). The advantage of such a
DHBCP is the selective cross-linking in either core or shell by using different stimuli.
With this design, it would be more straightforward to investigate the effect of core- and
shell-cross-linking on the photoinduced size change of nanogel particles.

Based on LCST-mediated self-assembly of another DHBCP forming giant vesicles, we
have prepared micrometer-sized hydrogel particles, named microgels. In this case, the
DHBCP is composed

of two thermo-responsive blocks: PNIPAM block and

P(DMAEMA-co-CMA) block. BCP vesicles with a P(DMAEMA-co-CMA) corona and
PNIPAM membrane were easily formed by heating the solution to 40 °C (T>LCST of
PNIPAM). With the concept of "soft cross-linking" in corona, structurally-stabilized
microgel particles with the size - 3 um at 20 °C could be prepared. By switching the
solution temperature between below (20 °C) and above (40 °C) the LCST of PNIPAM,
microgel particles displayed a large and reversible size change from - 3 um to -1.5 um,
which corresponds to a volume change of 700%. Moreover, we confirmed that microgels
were photoresponsive as well, and they could be further dissociated by irradiation with
A.<260 mn UV light to photo-de-cross-link the corona. The "breathing" feature of the
microgel particles upon switching the solution temperature could inspire the search for
new functions such as conversion of optical energy on mechanical force. Experimental
design to achieve this will be challenging.
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We have developed a novel and general approach for preparing multi-stimuli-responsive
nanogels and microgels by making use of the self-assembly of DHBCPs and combining
the photoreaction of coumarin with thermosensitivity. These works have expanded the
use of coumarin chemistry in designing SRP nano/microparticles and opened new ways
to develop photoresponsive nano-materials with possibility of a spatial and temporal
control of their properties or behaviors due to the use of light. However, more research
efforts are required for further development of these materials and some important issues
remain to be addressed. For instance, nanogel and microgel particles indeed can be
applied as controlled drug delivery vehicles. However, photo-chemical reactions of
coumarin proceed under strong and deep UV light, which is harmful for normal cells and
tissues and cannot penetrate the human skins. As a result, the photo-cross-linking and
de-cross-linking

via

two-

or

multi-photon

absorption

of

NIR

with

such

coumarin-containing polymers should be studied in the future (116, 117).
6.1.2 Self-assembly of DHBCPs
Usually, self-assembled morphologies of BCP are determined by a number of parameters,
such as the relative hydrophobic/hydrophilic block length, the initial solvent, polymer
composition, salt/acid/base additives and temperature, etc (137, 138). Under the normal
condition, BCP vesicles only form at a highly asymmetric hydrophobic/hydrophilic block
length. For example, in a coil-coil BCP of PAA-6-PS, one could get vesicular aggregates
when the weight fraction of PS was >90%. While, in the case of DHBCPs, vesicles have
been easily obtained from P(DMAEMA49-co-CMA3)-6-PNIPAM74, in which the weight
fraction of PNIPAM block was only -50%. With a careful lB NMR study, the partial
co-segregation of PDMAEMA block was observed when the temperature was above the
LCST of PNIPAM and below the LCST of PDMAEMA block. This phenomenon was
referred as the "cooperative effect" in BCPs. When the phase separation of PNIPAM
occurred, the PDMAEMA block connected with PNIPAM block by covalent bonds was
partially forced to segregate with PNIPAM. This cooperative effect would decrease the
available hydrophilic block length, which was favorable toward forming vesicles. Our
current understanding on the cooperative effect in the self-assembly of DHBCPs is
limited. The fundamental study on mutual influence of the two blocks would be
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interesting. With the quantitative analysis by NMR, one can determine how far the
cooperative effect can propagate in the PDMAEMA block by varying the block length of
PNIPAM. Likewise, the cooperative effect can be further employed to design new SRP
nano-structures as well. In particular, simply by controlling the solution temperature, one
can adjust the effective ratio of hydrophobic to hydrophilic block without changing the
actual composition; and more complex self-assembled architectures could be found in
one pre-designed DHBCP.
6.1.3 Polymeric nanoparticles
The controlled synthesis of polymeric nanoparticles with pre-designed functionalities and
size has been studied for a very long time. Various synthesis strategies, including wet
polymerization

techniques

(dispersion

polymerization

and

micro-/mini-emulsion

polymerization), the solution self-assembly of BCPs (micelles or vesicles), as well as
bulk synthesis techniques via the phase separation of BCPs, have been developed. With
the growing interest in the nanofabrication, ultra-thin (<20 nm) nanoparticles are required
for the fine fabrication of various self-assembled nanostructures. Usually, there are two
approaches to prepare polymeric nanopaticles within 20 nm: self-collapse of hyper
branched polymers or dendrimers and intramolecular cross-linking of polymer single
chains. In Chapter 4, we set an example of synthesis of the polymeric SCNPs with the
intramolecular collapse by the dimerization of coumarin. The idea was to manipulate
dimerization reactions of coumarin within polymer single chains. Under the condition of
extremely dilute polymer concentrations in a good solvent, we demonstrated that
dimerization of coumarin dominantly occurred intramolecularly, i.e., between coumarin
groups on the same chain, which caused the collapse of coiled polymer chains to form the
globular nanoparticles. Moreover, SCNPs of functional polymers could be further used as
nano-reactors to produce metal nanoparticles such as AuNPs in situ. We found that the
reduction rate of AuNPs was faster with a more compact, cross-linked polymer chain
conformation. It is believed that this idea can be further applied in the preparation of new
hybrid

nano-materials.

Considering the many possibilities

of using

coumarin

photodimerization, more complex macromolecular architectures, such as molecular
tadpoles, polymer brushes and polymer nano-tubes, are expected to be prepared via the
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coumarin chemistry.

6.2. Perspectives
6.2.1 Multi-stimuli-responsive BCP micelles
It would be of fundamental and applied interest to pursue the study of coumarin-based
multiple stimuli-responsive polymeric micelle systems. As described, nanogels and
microgels prepared through the self-assembly of coumarin-containing DHBCPs were
endowed with a rich stimuli-responsive behavior from both coumarin and the smart block
of DHBCPs. Due to various selections and sources of water-soluble polymers sensitive to
temperature or pH, the dual responsive polymer micelles, nanogels and microgels could
be designed and obtained. For example, one can develop pH-photo dual responsive
polymer micelles from a pH responsive polymer, like PDEAEMA. With a diblock
copolymer of PEO and coumarin functionalized PDEAEMA, polymer micelles could be
formed in basic-pH aqueous solution. After loading drug in such cross-linked polymer
micelles, its release activated by pH change can be investigated, while photo-de-crosslinking could change the release or diffusion profile of drug molecules. From the many
choices of SRPs (e.g. PDMAEMA is responsive to pH and temperature), it is possible to
design DHBCP micelles or nanogels that are responsive to multiple stimuli.

Combining the all-optical-stabilization and destabilization strategy using coumarin BCP,
one can design BCP micelles that can be disrupted by other types of stimuli such as
ultrasound and magnetic field. Using poly(2-tetrahydropyranyl methacrylate) (PTHPMA)
as an example, PTHPMA-based BCP micelles were found to be responsive to a high
frequency ultrasound (139, 140). It appears that ultrasound could induce the hydrolysis
reaction of THP groups. As high-frequency (diagnostic) ultrasound is one of the external
stimuli that can penetrate deeply into tissues in a noninvasive way, it would be possible to
prepare BCPs of PTHPMA and coumarin. On one hand, polymer micelles are stabilized
by photo-cross-linking allowing for their circulation in the blood, while on the other hand,
rapid micelle disruption under the effect of ultrasound is expected to release guest
molecules. As compared to the de-cross-linking reaction with coumarin dimers by the
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deep UV, the study of non-detrimental release is more useful to clinical applications.

Another possibly interesting approach to constructing multi-stimuli-responsive systems is
the combined use of two photoresponsive chromophores in the same BCP to achieve a
more

complex

level

of

photocontrol.

Fundamentally,

the

concept

of

"photo-communication", which refers to precise control of two separate photoreactions
by switching the wavelength, could be appealed. One example is to synthesize an
amphiphilic BCP composed of a hydrophilic PEO block and a hydrophobic PMMA block,
which is decorated by two chromophores, like coumarin and SP. The micelle core of
PMMA can respond to light at 310 nm (photo-cross-linking of coumarin) and 365 nm
(photo-isomerization of SP). With both the micelle structural integrity given by coumarin
and the polarity change upon SP-to-MC isomerization, one can optically turn on/off the
"openness" of micelle core. Moreover, guest molecules loaded in core-cross-linked
micelles can be released under either the photo-de-cross-linking reaction of coumarin
(260 nm) or the photo-isomerization of SP to MC isomers (365 nm).
6.2.2 Biocompatible coumarin-containing polymers
As a motivation to develop coumarin-containing polymers for controlled drug delivery
applications, a high biocompatibility of BCP micelles or vehicles is required to avoid the
undesired bio-toxicity from polymers. For this reason, further investigation of all-optical
stabilization and de-stabilization using coumarin-based biopolymers is worthy being
conducted. It should be mentioned here that the high biocompatibility of coumarin could
serve as an important component in oral drugs, compared with other chromophores. For
example, poly(L-lysine) (PLLys) is one type of poly(amino acid) composed of essential
amino acid L-lysine and can be used as scaffold for the culture of cells, tissues and
bacteria. By grafting coumarin in the extra amine side groups of PLLys, one can prepare
coumarin-functionalized bio-BCPs. With careful evaluation of bio-compatibility, micelles
of PLLys can be investigated for in vivo applications, like anti-tumor drugs release.

As injection drug-delivery carriers, we have discussed three required conditions in the
first part of discussion. But with the clinical application, one can easily come up with
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another question: where are those polymer carriers after releasing the drugs on the target?
Actually, some of those carriers could be trapped by phagocytic cells for the clearance,
while the rest of them still exist in the blood circulation and they are stable in the body
condition for years (141). Therefore, on the molecular design level, one important issue
needs to be considered, that is, the bio-degradation property of those polymer micelles or
vehicles. After the release of drug molecules, hopefully the polymeric nanocarriers can be
degraded under body condition. For example, it is possible to synthesize bio-degradable
amphiphilic BCPs with a hydrophilic PEO block and a biodegradable polyester or
polyamide block, like poly(lactic acid) (PLA), which is copolymerized with coumarin.
With this BCP design, micelles hold a degradable and photoresponsive core. On one hand,
the photo-controllable release can be investigated using the approach of "stabilization
first and de-stabilization on demand"; while on the other hand, the realization of drug
release can be performed on the degradation of PLA, which is known as slow release or
sustained release of drugs. Interestingly, Akashi et al. reported that the degradation rate of
polymers showed high tunability by the cross-linking degree of materials. (142, 143) One
can further investigate the photo-controlled degradation as a novel drug release
mechanism by making use of the reversible dimerization of coumarin.
6.2.3 Photo-tunable photonic crystals
Our studies revealed that coumarin functionalized nanogel particles could display a large
and reversible size change by using the reversible photodimerization and photocleavage
reaction of the chromophore. Indeed, applying the same concept, it is possible to further
pursue and expand this research into polymers in the solid state. For example, one can
prepare

photoresponsive

polymer

porous

membranes

with

the

selective

and

photo-controlled penetration via dimerization and cleavage of coumarin. By applying this
photochemistry of coumarin, it is possible to manipulate the macroscopic behaviors and
functions of solid materials by fine-tuning of the microstructures of the materials.

One interesting example is the application of coumarin-based polymers in photonic
crystals (PCs), which are composed of periodically self-assembled nanoparticles (144,
145). The feature of PCs is their highly ordered and crystalline-like structures with a
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periodically modulated dielectric constant, which can selectively reflect a certain
wavelength of light (the so-called stop band). Depending on the periodicity packing
length, the stop band of PCs is tunable from visible light to infrared region by changing
the lattice spacing. Essentially, there are two strategies to prepare coumarin-based
photo-tunable PCs. Firstly, we can work on the inverse-opal of coumarin-functionalized
hydrogels. With monodisperse spheres of PS or PMMA opal template, one can fabricate
inverse-opal hydrogel by firstly polymerizing coumarin and hydrophilic monomers
(NIPAM as an example), then removing the PS or PMMA template by organic solvent.
Since one can control the swelling degree of inverse-opal hydrogel by dimerization of
coumarin, the packing length as well as the stop band of PCs should be reversibly
responsive to UV light. Secondly, it is also possible to prepare PCs from the
coumarin-based polymer nanoparticles. By emulsion or dispersion polymerizations,
coumarin-containing PNIPAM nanogel particles with a mono-dispersed size from
200-300 nm can be easily obtained. Thus, opal-structured PCs can be built with a
photo-tunable stop band by swelling or shrinking of polymer nanoparticles via
photo-reaction of coumarin (144).

A different approach to constructing photo-tunable PCs is to apply the self-assembly of
bulk BCPs in hybrid materials. Kang et al. recently reported a facile method to prepare
tunable PCs based on confining Si0 2 nanoparticles within the poly(2-vinyl pyridine)
(P2VP) lamellar layer of PS-6-P2VP thin films (146). Stop bands of photonic crystals are
tunable across the full visible light from 400 to 800 nm by the swelling and de-swelling
of P2VP. According to this approach, we can develop optically tunable organic/inorganic
hybrid PCs via self-assembly of coumarin-, azobenzene- and nitrobenzyl-fimctionalized
BCPs. By embedding inorganic nanoparticles in lamellar layers of photoresponsive
polymer, one can possibly change the layer thickness by photo-modulated cross-linking
or dipole moment change, in order to manipulate the packing length of nanopaticles.
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CONCLUSIONS
The research work described in this thesis has led to the development of novel
photoresponsive polymers and BCPs. By incorporating coumarin moieties into the
polymer structure, we have designed, synthesized and studied several photoresponsive
polymer materials including nanogels, microgels, single chain nanoparticles and
photodeformable films. By exploring the coumarin photochemistry, especially the
reversible photodimerization, we have demonstrated their potential applications as
multi-stimuh-responsive, self-assembled, nano- or micro-structured materials. The main
conclusions are summarized as follow.

1) A general approach to preparing multi-stimuli-responsive nanogel particles is
developed. Typically, with a DHBCP that contains a thermoresponsive block bearing a
few percent of coumarin groups and having a LCST, the self-assembled micellar
aggregates with a thermoresponsive core can be prepared by heating its aqueous solution
to T>LCST. Upon photo-cross-linking by X>310 nm UV light, followed by cooling the
solution to T<LCST, nanogel particles are obtained as the micelle core or vesicle
membrane becomes water-soluble.

2) Photoinduced volume change of nanogel particles as a result of photocontrollable
cross-linking density is demonstrated. Since the photoreaction of coumarin is reversible,
the

cross-linking

density

of

nanogel

particles

is

optically

tunable

by

the

photo-cross-linking (A>310 nm) and photo-de-cross-linking (^»<260 nm). Our study
reveals that nanogel particles with both core and shell photo-cross-linked can displayed a
more important photo-induced size change than those with only cross-linked core- or
shell.

3) An unusual UCST thermal phase transition of nanogel particles is discovered. At a
relatively low coumarin dimerization degree (10-40%), both core- and shell-cross-linked
nanogel particles display a reversible aggregation upon cooling and redispersion upon
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heating of the aqueous solution. A mechanism based on a free chain bridging effect is
proposed to explain this phenomenon.

4) The concept of "soft cross-linking" is proposed and demonstrated to prepare microgel
particles that can undergo a large, reversible and fast volume transition (-700% variation
of hydrodynamic volume) in response to temperature switching across the LCST. The
idea is to have first a DHBCP self-assemble into giant vesicles at T>LCST of one block,
then slightly photo-cross-link the vesicle corona formed by the coumarin-containing
block and finally cool the solution to T<LCST to obtain a microgel. While the corona
cross-linking prevents polymer chains from dissolving, the switch between hydrated and
collapsed membrane chains results in the large volume change.

5) A new method for preparing small SCNPs (~ 20 nm) is proposed and demonstrated,
which is based on intra-chain photo-cross-linking of coumarin-containing polymers.
Under the condition of dilute concentration of polymer in a good solvent,
photodimerization of coumarin groups on the same chain can occur, leading to chain
collapse from a coil to globular state and the formation of SCNPs. As one example of
possible applications, it is shown that SCNPs can be utilized as nanoreactors to prepare
AuNPs of which the rate of formation is optically tunable as it is sensitive to the
photodimerization (cross-linking) degree.

6) Photoinduced bending of solution-cast free-standing films of an amorphous and
supramolecular coumarin-containing polymer is discovered. A mechanism based on
imbalanced surface stresses arising from photodimerization of coumarin groups on one
side of the film is proposed. This study reveals a general approach to designing
photodeformable polymer films and can be applied to other chromophores.
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