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Abstract 

Light-responsive block copolymers have attracted great interest for a variety of 

technological and biomedical applications, due to their remote and spatiotemporally 

controlled response to the external stimulus. Photo-responsive self-assembled 

polymer micelles have been proposed for a variety of applications, such as 

nanocarriers to encapsulate hydrophobic molecules within their cores and release 

them in response to light irradiation.
 
In this work, multifunctional, stimuli-responsive 

triblock copolymers have been synthesized via reversible addition fragmentation 

chain transfer (RAFT) polymerization. The well-defined triblock copolymers, 

containing a hydrophobic spiropyran methacrylate (SPMA) block, a hydrophilic, pH- 

and temperature-sensitive poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) 

block and a hydrophilic poly(ethylene glycol) (PEG) block, were self-assembled into 

spherical core-shell-corona micelles in water. The core of the micelles is sensitive to 

changes of the solution temperature and pH as well as to light irradiation, whereas the 

shell is temperature- and pH-responsive. In addition, diblock copolymers with a 

hydrophobic SPMA block and a hydrophilic PDMAEMA block, which self-

assembled into core-shell micelles in water, were synthesized by RAFT 

polymerization. The response and the morphology of the copolymer micelles, upon 

UV and visible light irradiation, were monitored by UV/vis spectroscopy and field 

emission scanning electron microscopy (FESEM). This study focuses on the detailed 

investigation and exploitation of the adjustable polymorphism, from the nano to the 

micro scale, of the spiropyran-based self-assemblies. 
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1. Introduction 

1.1 Stimuli-responsive polymers 

Stimuli responsive polymers or so-called “smart polymers” have been intensively 

studied over the past years for a diverse range of applications in nano- and bio-

technology, due to their tunable structure and functionality.
1,2

 These smart 

macromolecular chains are capable of conformational and chemical changes in 

response to a variety of chemical and/or physical stimuli, such as temperature,
3–5

 

mechanical force,
6
 solution pH,

7–9
 electrical or magnetic fields

6,10,11
 and light 

irradiation
12–14

 (Figure 1). The activated polymers undergo structural or 

morphological changes, such as molecular bond rearrangement/cleavage, etc, which 

can result in changes in their macroscopic properties, i.e., color, shape and 

functionality.
15

 Due to the plethora of different functional groups, stimuli-responsive 

polymers with the desirable mechanical, optical, biological and chemical properties 

can be synthesized. These intelligent materials have been proposed for applications in 

the fields of biology, medicine, materials science, and others and can be used as 

sensors-biosensors, controlled drug delivery systems, etc.
1,2,16

  

 

 

 

Figure 1: Physical, chemical, and biochemical triggers applied to stimuli-responsive 

polymers.
17
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1.2 Temperature-responsive polymers 

Among all employed stimuli, temperature is among the most widely investigated. 

Polymers that respond to temperature are classified into two types main types 

depending on their response to temperature: the lower critical solution temperature 

(LCST) and upper critical solution temperature (UCST) polymers. Polymers that 

undergo a LCST phase transition are soluble in water at temperatures below the LCST 

and phase separate upon increasing the temperature, due to polymer-polymer intra- 

and inter-molecular interactions. On the other hand, UCST polymers dissolve in the 

solvent at temperatures above the UCST, but are insoluble at lower temperatures, due 

to electrostatic and/or hydrogen bonding interactions.
5,18

 The most widely known 

LCST type polymer is poly(N-isopropylacrylamide) (PNIPAm) (Figure 2), which 

phase separates at around 32 °C and has been excessively studied for use in biological 

applications.
19

 Another interesting and unique polymer which possesses a LCST 

between 32-53 °C is poly(2-(dimethylamino)-ethyl methacrylate) (PDMAEMA) 

(Figure 2). PDMAEMA responds to temperature as well as to pH changes in aqueous 

solution, while due to its cationic nature it can also form nanocomplexes with DNA.
20

 

The LCST varies depending on the polymer molecular weight, the solution pH, and 

the salt concentration.
21,22

 

 

 

 

 

 

Figure 2: Polymers with LCST behavior, PNIPAm (left) and PDMAEMA (right). 

 

1.3 pH-responsive polymers 

Another extensively studied stimulus is the solution pH. pH-responsive polymers can 

alter reversibly their charge, solubility, volume, chain conformation and surface 
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activity by changing the pH of the solution. The driving force for the reversible 

microphase separation or the self-organization of these polymers, that is activated 

upon the appropriate adjustment of the solution pH, are the ionic interactions. These 

“smart” polymers been proposed for numerous applications in personal care, 

industrial coatings, controlled drug delivery, etc. The latter is very promising in 

particular when targeting anti-cancer drug delivery to the acidic tumors.
7
 pH 

responsive polymers can be classified into two main types depending on the ionizable 

pendant groups. These are the weak polyacids and weak polybases. The polyacid 

pendant groups accept protons at low pH and release them at high pH, and as a result 

the polymers are non-ionized at low pH  when the acidic groups are protonated, 

whereas as the solution pH increases the polymer becomes negatively charged and 

highly soluble in polar media.
23

 The most frequently used weak polyacids are those 

which bear a carboxylic acid group, i.e. poly(acrylic acid) (PAA), poly(methacrylic 

acid) (PMAA), etc. On the other hand, polybases bear amine groups on their side 

groups, which become protonated at low pH values, thus increasing the internal 

repulsion between neighboring monomer repeat units, which leads to an overall 

increase of the polymer dimensions. As the pH increases, the amine groups become 

deprotonoted, leading to a reduction of the charge repulsion and to a decrease of the 

hydrodynamic size of the polymer.
24

 The most frequently used polybases are: 

poly(2(4)-vinyl pyridine) (P2(4)VP), poly((2-diethylamino)ethyl methacrylate) 

(PDEA), poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA) (Figure 3), 

which is also a thermo-responsive polymer, and others. 

 

 

 

 

 

 

 

Figure 3: Protonation - deprotonation process of the PDMAEMA homopolymer. 
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1.4 Light-responsive polymers 

Besides pH and temperature, discussed above, light irradiation has attracted great 

attention in the recent years as a stimulus. The unique advantages of light comprise 

the precise spatiotemporal and remote, nonintrusive control, the facile dosing in order 

to tune the strength of the response and the limitation of the chemical impurities in the 

system, as most of the photochemical processes do not require additional reagents.
25

 

Furthermore, the irradiation parameters such as the wavelength and the intensity of 

the light can be easily modulated to meet the system’s requirements. Light-responsive 

behavior can either be reversible or irreversible, depending on the chromophore that is 

incorporated within the polymer chain. Irreversible light-responsive polymers contain 

photolabile units that upon irradiation can be cleaved through irreversible 

transformation. The most well-known light-degradable unit is the o-nitrobenzyl ester 

(ONB) moiety. In contrary to irreversible systems, reversible-light responsive 

polymers undergo a reversible photoreaction (isomerization) upon irradiation. This 

process can regulate the polymer properties such as the polarity, amphiphilicity, 

charge, optical chirality, conformation, colour, etc.
14

 For the isomerization of the 

chromophore units, UV-light in the range between 300-400 nm, is most frequently 

used, while for the reversible process heat or visible light is often employed. The 

reversibility of these systems renders them great candidates for a variety of 

biomedical and technological applications, such as molecular switches, drug delivery 

systems, artificial muscles, actuators, etc. Several photochromic organic molecules 

including azobenzenes,
26,27

 dithienylethenes,
28,29

 anthracenes, coumarins
30,31

 and 

spiropyrans
32–34

 have been introduced into polymers to prepare light-responsive 

systems (Figure 4). 
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Figure 4: Photoactive chemical groups, azobenzene reversible trans–cis isomerization 

(a), dithienylethene reversible cyclisation (b), anthracene reversible dimerization (c) 

and irreversible o-nitrobenzene cleavage (d).
35

 

 

1.4.1 Spiropyran molecules 

Spiropyran compounds have had a significant impact in the emergence of the field of 

chromism, and since their discovery have been proposed in numerous potential 

applications in diverse fields. Spiropyran molecules consist of two heteroaromatic 

rings, one being a pyran ring connected through a sp
3
 hybridized spiro C atom, as 

shown in Figure 5. Ar1 and Ar2 can represent benzene, naphthalene, anthracene, 

indolinol, thiophenol or other aromatic rings.
36

 

 

Figure 5: Basic structure of spiropyran. 
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The most widely investigated spiropyran is the indolinospiropyran, in which Ar1 

represents an indole ring, and it was also used in this study (Figure 6). The two rings 

of the molecule are orthogonal to each other and usually the ring-closed form is called 

spiropyran (SP), while the ring-opened form is called merocyanine (MC). In the SP 

form, electron transitions exist leading to absorption peaks of these colorless 

molecules in the UV region. Upon UV irradiation, cleavage of the C-O bond occurs, 

and the non-planar rings become coplanar, while the molecule forms a large 

conjugated system. In contrast to the SP form, MC is polar, colored and is 

accompanied with a large red shift in its absorption spectra. The re-isomerization of 

the MC to SP form occurs either with visible light irradiation or upon heating.
37

 

 

 

 

Figure 6: Reversible isomerization of spiropyran upon UV and visible light 

irradiation. SP form (left) and MC form (right). 

 

1.4.2 Properties of spiropyran 

The properties of spiropyran are not limited to its photochromism, since the molecule 

also exhibits solvatochromism, thermochromism, acidochromism, mechanochromism, 

etc. All these properties render spiropyrans very unique molecules, and the 

embodiment of a spiropyran moiety within a polymer chain leads to a multi-

responsive polymer.  In general, solvatochromism is the ability of a molecule to 

change its color due to the change in the solvent polarity. Merocyanine isomers 

exhibit negative solvatochromism meaning that as the polarity of the solvent 

increases, the absorption peaks in the visible light range is blue shifted (Figure 7).  

This effect is caused by intermolecular interactions, such as hydrogen bonding, 

between the solvent and the MC molecules.
37
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Figure 7:  Effect of the solvent polarity on the absorption spectrum of merocyanine.
37

 

 

Acidochromism is the ability of a compound to change its colour due to a charge-

induced change upon ionization. In the presence of any charged species, protons in 

the case of acidochromism, the polar merocyanine can be stabilized in its protonated 

merocyanine form (MCH
+
).

38
 The re-isomerization of the protonated merocyanine 

back to the SP state can occur upon visible light irradiation (Figure 8). 

 

 

 

 

 

 

 

 

Figure 8: Acidochromism of merocyanine. 
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Mechanochromism is the ability of the molecules to change their shape, and thus their 

properties, upon application of mechanical strain or ultrasound. Similarly, when stress 

is applied to a spiropyran-embedded material, isomerization to the coloured MC form 

occurs. The stress induced ring-opening of the spiropyran molecule takes place upon 

application of the stress on both sides of the spiro centre, causing the cleavage of the 

Cspiro-O bond (Figure 9)
39

. 

 

 

Figure 9: Substitution positions of spiropyran that enable mechanical strain.
38

 

 

1.4.3 Merocyanine isomer 

The physical changes induced in the structure of spiropyran upon UV irradiation, 

have a significant impact on the self-assembly behavior of the molecule, since 

merocyanine has unique self-assembly capabilities. The polar zwitterionic MC 

isomers tend to form intermolecular stacks due to dipolar and π−π stacking 

interactions between the molecules. The electrostatic forces compensation leads to 

two kinds of aggregates: the H-aggregates (antiparallel) with a head-to-tail molecular 

arrangement and the J-aggregates (parallel) in which molecules are arranged as bricks 

in a wall.
40

 The control over the MC aggregates still remains a challenge, with the 

first report on these superstructures, that were formed by the zipper crystallization 

method and were named Quasi-crystals, manifesting both their crystalline and 

amorphous properties (Figure 10).
41
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Figure 10: Self-assembly of the spiropyran polymers by zipper crystallization.
41

 

 

1.5 Amphiphilic block copolymers 

Amphiphilic block copolymers have attracted great attention over the past decades 

due to their unique properties and their numerous applications in medicine, 

nanotechnology, etc. These macromolecules comprise of two or more chemically 

different polymer blocks joined together by covalent bonds (Figure 11).
42

 The 

synthesis of amphiphilic block copolymers occurs using living or controlled 

polymerization methods (anionic/cationic or radical) and more than one type of 

monomer species, usually one hydrophilic and one hydrophobic.
43,44

 The resulting 

polymers possess both hydrophilic (polar) and lipophilic (non-polar) properties, and 

can, under certain conditions, self-assemble into energetically stable structures in 

order to reduce the free energy of the system and the avoid the unfavourable 

hydrophobe-water interactions. 

 

Figure 11: Self-assembly of amphiphilic diblock copolymers.
45
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1.5.1 Self-assembly of amphiphilic molecules 

Self-assembly is ubiquitous in nature as systems of any size, autonomously organize 

into patterns or structures of reduced energy.
46–49

 Molecular self-assembly involves 

the spontaneous organization of molecules through non-covalent interactions such as 

electrostatic interactions (ionic bonds), hydrogen bonds, hydrophobic/hydrophilic 

interactions, π−π stacking and van der Waals interactions.
48–50

 The exploitation of 

self-assembly as a bottom-up approach provides a wide range of complex structures 

with desirable properties, such as micelles, vesicles, rods, etc, which can be used in 

various applications in many different fields.
48,51–53

 Specific self-assembled 

nanostructures can be targeted according to a packing parameter (p) which is defined 

by the following equation
54

: 

                                             𝑝 =
𝑣

𝑎𝑜𝑙𝑐
 

Where, v is the volume of the hydrophobic block, αo is the optimal area of the head 

group and lc is the length of the insoluble hydrophobic block. As a general rule, when 

p ≤ 1/3 spherical micelles are favoured, when 1/3 ≤ p ≤ ½ cylindrical micelles are 

formed, while when 1/2 ≤ p ≤ 1 enclosed membrane structures, like vesicles, can be 

obtained (Figure 12).  

 

Figure 12: Self-assembled structures formed by amphiphilic diblock copolymers of 

different packing parameter (p).
55
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However, controlling the primary morphology of these structures or even the 

secondary arrangement of the molecules, which usually occurs by the application of 

an external stimulus, still remains a great challenge.
16,56,57

  

 

1.5.2 Micellization - Polymer micelles  

Polymer micelles are formed when the concentration of the amphiphile in the 

solution is above the critical micelle concentration (CMC) at a given temperature. 

However, the temperature of the solution must also be above the critical micellization 

temperature (CMT) for the formation of micelles. At concentrations below the CMC, 

the copolymers exist only as individual molecules (unimers) in the solution. The 

formation of the micelles is governed by the balance between the attractive and 

repulsive interactions. The attractive forces include hydrophobic and electrostatic 

interactions, which direct the segregation of the core segment from the aqueous 

phase. On the other hand, steric interactions and electrostatic repulsion contribute to 

the repulsive forces and prevent the unlimited growth of the micelles.
58

 Polymeric 

micelles are usually composed of hundreds of molecules with a typical diameter 

around 100 nm and narrow size distribution. 

There are different kinds of micelles, the core-shell micelles with a hydrophobic core 

and a hydrophilic shell (Figure 13a and c), the reverse micelles (Figure 13b) with a 

hydrophilic core and a hydrophobic shell, and the micelles that consist of double-

hydrophilic block copolymers (DHBC), known as core-shell-corona micelles (Figure 

13d). In recent years the development of core-shell-corona micelles has attracted 

great attention, in comparison to the diblock and symmetric triblock copolymers, due 

to the different morphologies that have been observed in the nanometer scale. These 

micelles consist of asymmetric triblock copolymers with the third block used to 

introduce additional control properties and thus influencing the self-assembly process 

and the stability of the micelles.
59,60
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Figure 13: Formation of polymer micelles from different types of block copolymers.  

 

1.6 Stimuli-responsive micelles 

The self-assembly of stimuli-responsive amphiphilic block copolymers results in 

stimuli-responsive micelles with advanced properties. These structures can be used in 

various applications, due to their response to external stimuli such as temperature, 

pH, light irradiation, etc. The response to one or more stimuli could change 

drastically the properties of the micelles and even cause their disruption. As a result, 

many of these systems have been investigated as drug delivery vehicles. 

 

 

1.7 Reversible addition fragmentation chain transfer (RAFT) 

polymerization 

Reversible addition fragmentation chain transfer polymerization has become one of 

the most versatile and powerful techniques for the synthesis of complex polymer 

architectures including block, star and comb (co)polymers. RAFT polymerization 

enables the control over the molecular weight and molecular weight distribution of the 

polymer, while it also provides living characteristics to the polymer chains. The 

polymerization process involves, a thiocarbonylthio group (S=C-S) with substituents 

R and Z, as the chain transfer agent (CTA) that impacts the polymerization reaction 

kinetics and therefore, the degree of structural control.
61

 The RAFT mechanism is 

shown in Figure 14.  
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Figure 14: Proposed mechanism of RAFT polymerization.
61

 

 

A key for the successful polymerization is the equilibrium between the active 

propagating radicals (Pn· and Pm·) and the dormant polymeric thiocarbonylthio 

species. The rate of the addition/fragmentation equilibrium must be faster than the 

propagation, ensuring that all the polymer chains grow with the same possibility. 

Additionally, the re-initiation and propagation should also be fast enough to suppress 

the termination. However, the selection of appropriate CTAs for different classes of 

monomers is a critical factor for the enhanced control in RAFT polymerization 

(Figure 15). 

 

Figure 15: Guidelines for the selection of appropriate RAFT agents for the 

polymerization of different monomer classes.
62
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The Z-group is primarily responsible for the C═S bond reactivity towards radical 

addition and controls the stability of the intermediate radical, which must be weighed 

against the propagating radical reactivity. On the other hand, the R-group has to be a 

good leaving group, but also rapidly initiate propagation to ensure all chains are 

initiated early in the reaction to achieve a narrow molecular weight distribution.
62

 

For the purpose of this work a suitable CTA for the polymerization of methacrylate 

monomers had to be chosen. 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] 

pentanoic acid (CDTPA) (Figure 16) is commonly used in the literature as a CTA for 

the polymerization of methacrylate monomers and was thus selected. 

 

 

 

 

Figure 16: Chemical structure of the 4-cyano-4-[(dodecylsulfanylthiocarbonyl) 

sulfanyl]pentanoic acid chain transfer agent. 

 

 

  



21 
 

2. Experimental Section 

2.1 Materials  

DMAEMA (Aldrich, 98%) was passed through a basic alumina column prior to 

polymerization. 2,2′-azobis(2-methylpropionitrile) (AIBN, Aldrich, 98%), 4-cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid (CDTPA, Aldrich, 97%), 2-

bromoethanol (Aldrich, 95%), 2,3,3-trimethylindolenine (Aldrich, 98%), 2-hydroxy-

5-nitrobenzaldehyde (Aldrich, 98%), dicyclohexylcarbodiimide (DCC, Aldrich, 99%), 

4-(dimethyl122 amino)pyridine (DMAP, Aldrich, ≥99%), potassium hydroxide, 1,4-

dioxane (Carlo Erba, 99.8%), petroleum ether (Aldrich, 99%), toluene (Aldrich, 

≥99.7%), triethylamine (TEA, Aldrich, ≥99.5%), 2-propanol (Aldrich, ≥99.5%), and 

hexane (Aldrich, 95%) were used as received. Milli-Q water of specific resistivity of 

18.2 ΜΩ·cm at 25 °C was used in all experiments.  

 

2.2 Synthesis of spiropyran methacylate (SPMA) 

2.2.1 Synthesis of 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide 

In a two-neck flask, bearing a side arm and equipped with a condenser, a mixture of 

2,3,3-trimethyl-3H-indole (8.9 g, 0.056 mol) and 2-bromoethanol (8.75 g, 0.07 mol) 

in dry acetonitrile (75 mL) was refluxed at 100 °C for 72 h under an inert nitrogen 

atmosphere (Scheme 1).  After cooling down to ambient temperature, the solvent was 

evaporated under reduced pressure to obtain a dark red solid. The crude solid product 

was suspended via sonication and underwent several washing cycles with hexane. The 

product was further purified with n-hexane and CHCl3 (2:1), and with diethyl ether 

and methanol (3:1) to remove the unreacted reagents. It was next isolated via filtration 

and dried under reduced pressure. The dark pink solid, still containing traces of the 

initial reactants, was then recrystallized several times from chloroform to obtain 13.5 

g of the pink pure product, 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide, 

in 85 % yield, which was further characterized by 
1
H NMR spectroscopy in D2O. 
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2.2.2 Synthesis of 9,9,9a-trimethyl-2,3,9,9a-tethadydro-oxazolo[3,2-α]indole 

1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide (13.6 g, 0.047 mol) were 

dissolved in 235 mL water for 2 h. Then, potassium hydroxide (4.2 g, 0.075 mol) was 

added to the pink solution and was further reacted for 4 h at room temperature, under 

continuous stirring. The yellow oily product, which phase separated in the aqueous 

medium, was extracted with diethyl ether (4 × 90 mL). The volume of the organic 

phase was reduced under reduced pressure and stirred over anhydrous magnesium 

sulfate to remove traces of water. Next, the solution was filtered and the solvent was 

evaporated to obtain 9,9,9a-trimethyl-2,3,9,9a-tethadydro-oxazolo[3,2-α]indole (9.5 

g) as a yellow oil at 99 % yield, which was characterized by 
1
H NMR spectroscopy in 

CDCl3. 

 

2.2.3 Synthesis of 1’-(2-hydroxyethyl)-3’,3’-dimethyl-6-nitrospiro(2H-1-

benzopyran-2,2’-indoline) 

In a two-neck flask, bearing a side arm and equipped with a condenser, a mixture of 

9,9,9a-trimethyl-2,3,9,9a-tethadydro-oxazolo[3,2-a]indole (9.5 g, 0.047 mol) and 2-

hydroxy-5-nitrobenzaldehyde (9.3 g, 0.056 mol) in EtOH (100 mL) was refluxed at 

100 °C for 3 h under an inert nitrogen atmosphere. After cooling down to ambient 

temperature the mixture was filtered and the resulting dark purple solid was washed 

with EtOH (50mL) and dried under reduced pressure to obtain 1’-(2-hydroxyethyl)-

3’,3’-dimethyl-6-nitrospiro(2H-1-benzopyran-2,2’-indoline) (8.1 g) as purple crystals 

in 64 % yield, which was further characterized by 
1
H NMR spectroscopy in CDCl3. 

 

2.2.4 Synthesis of 1΄-(2-methacryloxyethyl)-3’,3΄-dimethyl-6-nitrospiro-(2H1-

benzopyran-2,2΄-indoline) (SPMA) 

The spiropyran monomer, SPMA, was synthesized via a typical Steglich esterification 

reaction. In a flask bearing a side arm a solution of DCC (2.46 g, 0.012 mol) in dry 

dichloromethane (DCM) (65 mL) was cooled to 0 °C while stirring under an inert 

nitrogen atmosphere. Next, methacrylic acid (MAA) (0.95 mL, 0.011 mol) was added 

to the reaction. After 10 min, 4-dimethylaminopyridine (DMAP) (0.25 g, 0.002 mol), 
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which acts as a catalyst was transferred in the reaction mixture and was further 

reacted with SP-OH (3 g, 0.0085 mol) to obtain the final ester. The reaction was 

allowed to proceed for 2 days at RT in the absence of light. Next, the crude product 

was isolated under reduced pressure and was purified via column chromatography 

(silica gel, CHCl3). It was recrystallized several times from methanol to afford 2.2 g 

(0.0052 mol) of light green powder in 61 % yield, which was further characterized by 

1
H NMR spectroscopy in CDCl3. Due to the SP-to-MC ring-opening reaction of the 

monomer upon interaction with acidic silica, the silica column was first packed with 

the same solvent mixture used for the molecule elution in the presence of 7% 

triethylamine (TEA) to reduce the acidity of the packing material. 

 

2.3 Synthesis of 2-(8-(hydroxymethyl)-3′,3′-dimethyl-6-

nitrospiro[chromene 2,2′-indolin]-1′-yl)ethanol (Bifunctional 

spiropyran) 

2.3.1 Synthesis of 3-hydroxymethyl-5-nitrosalicylaldehyde 

In a two-neck flask, bearing a side arm and equipped with a condenser, 3-

chloromethyl-5-nitrosalicylaldehyde (1 g, 4.54 mmol) was dissolved in an 

acetone/nanopure water mixture (5.5 mL/1.8 mL) under an inert N2 atmosphere. After 

heating to reflux temperature for 20 min, aqueous sodium hydroxide (0.8 mL of a 6 M 

solution) was added dropwise over a period of 3 min. The reaction mixture was stirred 

and refluxed for 3 h and after cooling down to ambient temperature the crude product 

was isolated under reduced pressure. Next, chloroform was added and the mixture 

was filtered to isolate the byproducts. The solution was then precipitated from hexane 

to afford 0.3 g (1.5 mmol) of a light green powder in 33% yield, which was further 

characterized by 
1
H NMR spectroscopy in CDCl3. 

 

2.3.2 Synthesis of 2-(8-(hydroxymethyl)-3′,3′-dimethyl-6-

nitrospiro[chromene2,2′-indolin]-1′-yl)ethanol 

In a two-neck flask, bearing a side arm and equipped with a condenser, a mixture of 

9,9,9a-trimethyl-2,3,9,9a-tethadydro-oxazolo[3,2-a]indole (0.3 g, 1.48 mmol) and 3-
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hydroxymethyl-5-nitrosalicylaldehyde (0.150 g, 0.392 mmol) in EtOH/H2O (10 mL) 

was refluxed at 90 °C for 5 h under an inert nitrogen atmosphere. After cooling down 

to ambient temperature the crude product was isolated under reduced pressure and 

washed with 70% aqueous acetonitrile solution and two times with diethyl ether to 

remove the unreacted reagents. Next, the product was dried under reduced pressure to 

obtain 0.03 g (0.078 mmol) purple crystals in 20%, yield which was further 

characterized by 
1
H NMR spectroscopy in CDCl3. 

 

2.4 Synthesis of the PEG-b-PDMAEMA-b-PSPMA triblock 

copolymer 

2.4.1 Synthesis of the macromolecular chain transfer agent mPEG112-CDTPA 

(macro-CTA) 

The PEG macro-RAFT agent was synthesized by a typical esterification reaction. In a 

flask bearing a side arm, a mixture of poly(ethylene glycol) methyl ether Mn = 5000 

g/mol (5 g, 0.001 mol) and 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] 

pentanoic acid (CDTPA) (0.807 g, 0.002 mol) in dry dichloromethane (DCM) (25 

mL) was cooled to 0 °C, while stirring under an inert nitrogen atmosphere. Next, a 

mixture of DCC (0.413 g, 0.002 mol) and DMAP (0.029 g, 0.24 mmol) in dry DCM 

(2 mL) was transferred dropwise in the reaction over a period of 2 min. The reaction 

was allowed to proceed for 2 days at 40
 
°C. Next, the reaction mixture was filtered in 

order to remove the byproduct (dicyclohexyl urea) that was formed during the 

esterification reaction. The crude product was purified by repeated precipitations (four 

times) into diethyl ether and subsequent dissolution into CH2Cl2. The final product 

was dried under reduced pressure to obtain mPEG112-CDTPA (4.63 g) as a yellow 

powder in 86% yield, which was further characterized by 
1
H NMR spectroscopy in 

CDCl3. 
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2.4.2 Synthesis of the poly[(ethylene glycol)methyl ether]-b-poly[2-

(dimethylamino)ethyl methacrylate] macro-CTA 

A typical RAFT procedure for the synthesis of the diblock copolymers using 

azobisisobutyronitrile (AIBN) as the initiator and mPEG112-CDTPA as the CTA 

(CTA:AIBN = 10:1 mole ratio) is described below. In a dry round bottom flask 

bearing a side arm, mPEG112-CDTPA (1 g, 0.185 mmol) was dissolved in 1,4-dioxane 

(10 mL) under an inert nitrogen atmosphere. Next, DMAEMA (1.04 g, 6.588 mmol) 

was added to the flask followed by the addition of AIBN (3.94 mg, 0.0185 mmol, as a 

solution in dioxane). The final solution was degassed by four freeze-pump-thaw 

cycles and subsequently placed in a preheated oil bath at 65 °C for 28 h. Next, the 

polymerization was terminated by cooling the solution with liquid nitrogen and 

exposing it to air. The diblock copolymer was isolated by precipitation in a large 

excess of n-hexane and was dried under reduced pressure for 24 h before being used 

for the polymerization of spiropyran. 

 

2.4.3 Synthesis of the PEG-b-PDMAEMA-b-PSPMA triblock copolymer 

The synthesis of the triblock copolymer was conducted using the above synthesized 

PEG-b-PDMAEMA macro-CTA (CTA:AIBN = 3:1 mole ratio) for the 

polymerization of the photo-responsive SPMA. A similar procedure was followed, 

using AIBN as the initiator and 1,4-dioxane as the solvent. In a dry round bottom 

flask bearing a side arm, PEG-b-PDMAEMA (0.5 g, 0.05 mmol) was dissolved in 

1,4-dioxane (5 mL) under an inert nitrogen atmosphere. Next, SPMA (0.3 g, 0.71 

mmol) was added to the flask followed by the addition of AIBN (2.74 mg, 0.0167 

mmol, as a solution in dioxane). The final solution was degassed by four freeze-

pump-thaw cycles and subsequently placed in a preheated oil bath at 70 °C for 24 h in 

the absence of light. Next, the polymerization was terminated by cooling the solution 

with liquid nitrogen and exposing it to air. The triblock copolymer was isolated by 

precipitation in a large excess of n-hexane twice, followed by dissolution in THF and 

drying under reduced pressure.  

 



26 
 

2.4.4 End group modification of the PEG-b-PDMAEMA-b-PSPMA triblock 

copolymer  

In a round bottom flask bearing a side arm, PEG-b-PDMAEMA-b-PSPMA (0.1 g, 

0.0067 mmol) was dissolved in toluene (2 mL) followed by the addition of AIBN 

(0.027 g, 0.167 mmol). The final solution was degassed by four freeze-pump-thaw 

cycles and subsequently placed in a preheated oil bath at 80 °C for 2.5 h in the 

absence of light. Next, the reaction was terminated by cooling the solution with liquid 

nitrogen and exposing it to air. The triblock copolymer was isolated by precipitation 

in a large excess of n-hexane twice, followed by dissolution in toluene and drying 

under reduced pressure. 

 

2.4.5 Preparation of the triblock copolymer micelles 

Polymer micelles were prepared by a typical procedure as follows: 5 mg of the 

amphiphilic PEG-b-PDMAEMA-b-PSPMA were dissolved in 1 mL acetonitrile, 

which is a good solvent for all blocks. 9 mL of nanopure water were added dropwise 

under vigorous stirring at room temperature. Next, the volume of the solution was 

reduced using a rotary evaporator, during which step the organic solvent was also 

evaporated, and the final polymer concentration was adjusted to 0.05 wt%. The 

solution was filtered through a hydrophilic 0.45 μm syringe filter before being 

analysed. 

 

2.5 Synthesis of the PDMAEMA-b-PSPMA diblock copolymer 

2.5.1 Synthesis of the poly[2-(dimethylamino)ethyl methacrylate] macro-CTA 

A typical RAFT procedure for the synthesis of the PDMAEMA macro-CTA using 

azobisisobutyronitrile (AIBN) as the initiator and CDTPA as the CTA (CTA:AIBN = 

7:1 mole ratio) is described below. In a dry round bottom flask bearing a side arm, 

CDTPA (0.2 g, 0.495 mmol) was dissolved in 1,4-dioxane (12mL) under an inert 

nitrogen atmosphere. Next, DMAEMA (7.23 g, 0.046 mol) was added to the flask 

followed by the addition of AIBN (11.62 mg, 0.071 mmol, as a solution in dioxane). 

The final solution was degassed by four freeze-pump-thaw cycles and was 
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subsequently placed in a preheated oil bath at 70 °C for 28 h. Next, the 

polymerization was terminated by cooling the solution with liquid nitrogen and 

exposing it to air. The homopolymer was isolated by precipitation in a large excess of 

n-hexane and was dried under reduced pressure for 24 h, before being used for the 

polymerization of spiropyran. 

 

2.5.2 Synthesis of the PDMAEMA-b-PSPMA diblock copolymer 

The synthesis of the PDMAEMA-b-PSPMA diblock copolymer was conducted using 

the above synthesized PDMAEMA-CDTPA as the macro-CTA (CTA: AIBN = 3:1 

molar ratio) for the polymerization of the photo-responsive SPMA. A similar 

procedure was followed, using AIBN as the initiator and 1,4-dioxane as the solvent. 

In a dry round bottom flask bearing a side arm, PDMAEMA (0.5 g, 0.05 mmol) was 

dissolved in 1,4-dioxane (6 mL) under an inert nitrogen atmosphere. Next, SPMA (0.3 

g, 0.71 mmol) was added to the flask followed by the addition of AIBN (2.74 mg, 

0.0167 mmol, as a solution in dioxane). The final solution was degassed by four 

freeze-pump-thaw cycles and was subsequently placed in a preheated oil bath at 70 °C 

for 28 h in the dark. Next, the polymerization was terminated by cooling the solution 

with liquid nitrogen and exposing it to air. The diblock copolymer was isolated by 

several precipitations in a large excess of n-hexane, followed by dissolution in THF 

and drying under reduced pressure.  

 

2.5.3 End-group modification of the PDMAEMA-b-PSPMA diblock copolymer  

In a round bottom flask bearing a side arm, PDMAEMA-b-PSPMA (0.25 g, 0.017 

mmol) was dissolved in toluene (3 mL) followed by the addition of AIBN (0.068 g, 

0.416 mmol). The final solution was degassed by four freeze-pump-thaw cycles and 

was subsequently placed in a preheated oil bath at 80 °C for 2.5 h in the absence of 

light. Next, the reaction was terminated by cooling the solution with liquid nitrogen 

and exposing it to air. The diblock copolymer was isolated by precipitation in a large 

excess of n-hexane twice, followed by dissolution in toluene and drying under 

reduced pressure. 
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2.5.4 Preparation of the diblock copolymer micelles 

Polymer micelles were prepared by a typical procedure as follows: 5 mg of the 

amphiphilic PDMAEMA-b-PSPMA diblock copolymer were dissolved in 1 mL 

isopropanol, which is a good solvent for both blocks. 9 mL of nanopure water were 

added dropwise under vigorous stirring at room temperature. Next, the volume of the 

solution was reduced using rotary evaporator, during which step the organic solvent 

was also evaporated, and the final polymer concentration was adjusted to 0.05 wt%. 

The solution was filtered through a hydrophilic 0.45 μm filter before being used. 

 

2.6 Characterization Techniques  

Size Exclusion Chromatography (SEC) 

The number average molecular weights (Mn’s) and the molecular weight distributions 

(Mw/Mn’s) of the polymers were determined by size exclusion chromatography (SEC). 

The instrument was equipped with a Waters 515 HPLC pump (Waters, Milford, MA, 

USA), two PL mixed-D and mixed-E columns operated at 35 °C and a Waters 410 

refractive index detector (Waters, Milford, MA, USA). The eluent was THF, 

containing 2 v/v% triethylamine, at a flow rate of 1 mL·min
−1

. The system was 

calibrated using a series of six narrow molecular weight linear poly(methyl 

methacrylate) standards, ranging from 850 to 342,900 g mol
−1

. 

 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

1
H NMR spectra were obtained on a Bruker DPX-300 spectrometer (Bruker, 

Rheinstetten, Germany). All samples were dissolved in chloroform-d3 or deuterium 

oxide-d2, depending on their solubility, and the spectra were recorded at RT. 

 

Ultraviolet-Visible (UV/Vis) Spectroscopy 

The SP-to-MC isomerization of the diblock and triblock copolymers was monitored, 

as a function of irradiation time, using a Shimadzu 2600i spectrophotometer in the 



29 
 

wavelength range 300−700 nm. For this purpose, the absorption spectra of 0.01 wt % 

aqueous solutions of the PDMAEMA-b-PSPMA and PEG-b-PDMAEMA-b-PSPMA 

copolymers were recorded following irradiation with UV or visible light. 

 

Field Emission Scanning Electron Microscopy (FESEM) 

The morphology of the self-assembled structures was studied by FESEM (JEOL JSM 

7000F) at an accelerating voltage 10-30 kV. For the measurement, one drop of a 

dilute suspension of the polymeric solution was dropped on a glass substrate prior to 

drying at room temperature. 

 

Dynamic Light Scattering (DLS) 

The size of the self-assembled structures in aqueous media was measured by a 

Malvern Zetasizer NanoZS 90 instrument equipped with a 4 mW He-Ne laser 

operating at λ = 632.8 nm The scattered light intensity was measured at a scattering 

angle of 90°. Data were collected over a period of 2–10 min at room temperature. The 

reported data are the average values from triplicate measurements 

 

Light Sources 

The UV light source that was used for the isomerization of the spiropyran moiety to 

the merocyanine form (MC) was a Spectroline hand-held UV lamp operating at 365 

nm (8 watt). The visible light source was a Variac Cermax 300 W Xenon lamp (λ > 

320 nm) and a filter was used to eliminate all irradiation below 400 nm. The cuvettes 

containing the polymer solutions were aligned at a distance of 5 cm from the light 

source, ensuring the homogeneous irradiation of the sample. 
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3. Results and Discussion 

3.1 Synthesis and characterization of spiropyran methacrylate 

(SPMA) 

The synthesis of the spiropyran methacrylate (SPMA) monomer was achieved by a 

four-step reaction according to the procedure adapted from Raymo et al
63

, starting 

from 2,3,3-trimethyl-3H-indole (Figure 17). Briefly, the alkylation of 2,3,3-trimethyl-

3H-indole with 2-bromoethanol gave the indolium bromide salt (1) in 85% yield, 

while treatment of the latter with a strong base (KOH) afforded the oxazole derivative 

in 93% yield (2). Next the condensation of the cyclic precursor with 2-hydroxy-5-

nitrobenzaldehyde under reflux for several hours produced the nitro-substituted 

chromophore (3, SP-OH) in 68% yield. Finally, the photochromic monomer was 

prepared by a Steglich esterification reaction of the spiropyran alcohol (3) with 

methacrylic acid in the presence of a catalyst (DMAP) and was obtained in 60% yield. 

 

Figure 17: Synthetic route followed for the preparation of spiropyran methacrylate (SPMA). 
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3.1.1 Synthesis of 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H indolium bromide 

In the first step, the reflux of 2,3,3-trimethyl-3H-indole with 2-bromoethanol in dry 

acetonitrile under an inert atmosphere resulted in the pink bromide salt, 1-(2-

hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide (1). The successful synthesis of 

1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide was studied by 
1
H NMR 

spectroscopy in D2O. The appearance of two new signals, at 4.08-4.11 ppm and 4.62-

4.65 ppm, which are attributed to the methylene protons of the attached hydroxyethyl 

moiety, verified the successful alkylation of the indoline molecule. The 
1
H NMR 

spectrum exhibited six signals as assigned below: (300 MHz, D2O) δ 1.57 (6H, H-6), 

2.82 (3H, H-5), 4.08-4.11 (2H, H-7), 4.62-4.65 (2H, H8), 7.61-7.64 (2H, H-1, H-2), 

7.73-7.77 (2H, H-3, H-4) (Figure 18). 

 

Figure 18:
 1

H NMR spectrum of 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H indolium bromide 

(1) in D2O.  

 

3.1.2 Synthesis of 9,9,9α-trimethyl-2,3,9,9α-tethadydrooxazolo[3,2-α]indole 

The reaction of 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indolium bromide with KOH 

in water and the formation of the cyclic product, 9,9,9α-trimethyl-2,3,9,9α-

tethadydrooxazolo[3,2-α]indole (2), had a distinct effect on the 
1
H NMR chemical 

shifts of the former molecule. First, the upfield shift of the two complex multiplets for 

the two pairs of methylene protons (H-7, 3.55 ppm, H-8, 3.8 ppm), and the upfield 

shift of H-5 at 1.11 ppm, demonstrated the formation of the five-membered ring 

which caused a change in the environment of the methyl and methylene groups. In 
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addition, the upfield shift of the methyl protons H-6, which were split into two 

singlets at 1.30 ppm and 1.34 ppm, verified the successful formation of the oxazole 

derivative. (300 MHz, CDCl3): δ 1.19 (3H, H-5), 1.39 (3H, H-6), 1.43 (3H, H-6‟), 

3.48-3.63 (2H, H-7), 3.70-3.87 (2H, H-8), 6.75-6.78 (1H, H4), 6.90-6.95 (1H, H-2), 

7.07-7.17 (3H, H-1, H-3) (Figure 19). 

 

Figure 19: 1
H NMR spectrum of 9,9,9α-trimethyl-2,3,9,9α-tethadydrooxazolo[3,2- α]indole 

(2)  in CDCl3. 

 

3.1.3 Synthesis of 2-(3’,3’-dimethyl-6-nitro-3’H-spiro[chromene-2,2’-indol]-1’-

yl)-ethanol 

The synthesis of the nitro-substituted spiropyran alcohol was accomplished upon the 

condensation of the synthesized 9,9,9α-trimethyl-2,3,9,9α-tethadydrooxazolo[3,2- 

α]indole (2) with 2-hydroxy-5-nitrobenzaldehyde in ethanol under reflux temperature. 

The formation of a chiral spirocenter which connects the indoline and the benzopyran 

rings has a prominent effect on the 
1
H NMR chemical shifts of the former molecule. 

The appearance of five new signals at 7.98-8.08 ppm (H-5, H-7), 7.15-7.18 ppm (H-

8), 6.66-6.74 ppm (H-4) and 5.98-6.01 ppm (H-3), indicate the successful synthesis of 

the spiropyran derivative. Also, the change in the chemical environment led to an 

upfield shift of the H-9, H-10 and H-3’ protons. (300 MHz, CDCl3): δ 1.16 (3H, H-

3’), 1.25 (3H, H-3’), 3.17-3.37 (2H, H- 9), 3.51-3.69 (2H, H10), 5.98-6.01 (1H, H-3), 

6.66-6.74 (1H, H-4), 6.81-6.86 (1H, H- 7”), 7.01-7.05 (2H, H-6”, H-5”), 7.10-7.12 

(1H, H-4”), 7.15-7.18 (1H, H-8) and 7.98-8.08 (2H, H-5, H-7) (Figure 20). 
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Figure 20:
 1

H NMR spectrum of SP-OH (3) in CDCl3. 

 

3.1.4 Synthesis of spiropyran methacrylate (SPMA) 

The synthesis of spiropyran methacrylate (SPMA) was accomplished via a Steglich 

esterification reaction of the precursor spiropyran alcohol with methacrylic acid in the 

presence of DCC, catalyzed by DMAP. The esterification process led to the 

appearance of three new signals in the 
1
H NMR spectrum: at 5.5 ppm and 6.0 ppm, 

which corresponds to the protons of the carbon-carbon double bond, H-11, and a peak 

at 1.91 ppm assigned to the methyl group of the methacrylate moiety, H-12. In 

addition, the change in the chemical environment shifted the H-9 and H-10 protons 

downfield due to the formation of the ester group (300 MHz, CDCl3): δ 1.16 (3H, H-

3’), 1.28 (3H, H-3’), 1.91 (3H, H-12), 3.38-3.60 (2H, H-9), 4.28- 4.32 (2H, H-10), 

5.56 (1H, H-11), 5.86-5.89 (1H, H-3), 6.07 (1H, H-11), 6.69- 6.76 (2H, H-4, H-7’), 

6.88-6.92 (2H, H-5’, H-6’), 7.08-7.10 (1H, H-4), 7.18-7.23 (1H, H-8), 8.0- 8.04 (2H, 

H-5, H-7) (Figure 21). 
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Figure 21:
 1

H NMR spectrum of 1΄-(2-methacryloxyethyl)-3΄,3΄- dimethyl-6-nitrospiro-(2H-

1-benzopyran-2,2΄-indoline) (SPMA) in CDCl3. 

 

3.2 Synthesis of 2-(8-(hydroxymethyl)-3’,3’-dimethyl-6-nitrospiro[chromene 2,2’-

indolin]-1’-yl)ethanol (Bifunctional spiropyran) 

The synthesis of the bifunctional spiropyran derivative was achieved by a four-step 

reaction starting from 2,3,3-trimethyl-3H-indole, according to the procedure adapted 

from Raymo, F., et al. and O’Bryan, G., et al.
63,64

 (Figure 22). Briefly, the alkylation 

of 2,3,3-trimethyl-3H-indole with 2-bromoethanol gave the indolium bromide salt (1) 

in 86% yield, while treatment of the latter with a strong base (KOH) afforded the 

oxazole derivative (2) in 92% yield. Next the hydrolysis of 3-chloromethyl-5-

nitrosalicylaldehyde with aqueous sodium hydroxide (NaOH) produced 3-

hydroxymethyl-5-nitrosalicylaldehyde (3) in 33% yield. Finally, the bifunctional 

spiropyran moiety was obtained by the condensation of the cyclic precursor (2) with 

the hydroxyl derivative (4) in 20% yield. 

The first two steps of the reaction were described above in Sections 3.1.1 and 3.1.2. 
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Figure 22: Synthetic route for the preparation of the bifunctional spiropyran 

derivative. 

 

3.2.1 Synthesis of 3-hydroxymethyl-5-nitrosalicylaldehyde 

The reaction of 3-chloromethyl-5-nitrosalicylaldehyde with aqueous sodium 

hydroxide (6 M NaOH) under reflux temperature and the formation of the hydroxyl 

derivative, 3-hydroxymethyl-5-nitrosalicylaldehyde (3), had a distinct effect on the 
1
H 

NMR chemical shifts of the former molecule. The downfield shift of the methylene 

protons H-4 (4.87 ppm), due to the change in the chemical environment after the 

hydrolysis reaction, indicates the successful formation of the hydroxy derivative. 
1
H 

NMR (300 MHz, CDCl3) δ: 10.24 (1H, H-1), 8.62-8.72 (2H, H-2, H-3) 4.82 (2H, H-

4) (Figure 23). 

Figure 23:
 1

H NMR spectrum of 3-hydroxymethyl-5-nitrosalicylaldehyde (3) in CDCl3. 

EtOH 

 90°C
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3.2.2 Synthesis of the bifunctional spiropyran derivative 

The synthesis of the dihydroxy-substituted spiropyran derivative was accomplished 

by the condensation of the synthesized 9,9,9α-trimethyl-2,3,9,9α-

tethadydrooxazolo[3,2- α]indole (2) with the synthesized 3-hydroxymethyl-5-

nitrosalicylaldehyde in ethanol under reflux temperature. The formation of a chiral 

spirocenter, which connects the indoline and the hydroxy benzopyran ring had a 

prominent effect on the 
1
H NMR chemical shifts of the former molecules. The 

appearance of three new signals at 7.99-8.13 ppm (H-7), 7.13-7.20 ppm (H-5) and 

5.87-5.92 ppm (H-6) indicated the successful synthesis of the spiropyran derivative. 

In addition, the change in the chemical environment, due to the formation of the chiral 

spirocenter, led to an upfield shift for the H-8 and H-9 protons which appeared as two 

complex multiplets. (300 MHz, CDCl3): δ 1.16-1.35 (6H, H-1), 3.25-3.53 (2H, H-9), 

3.70-3.81 (2H, H-10), 4.36-4.64 (2H, H-8), 5.87-5.92 (1H, H-6), 6.61-6.70 (1H, H-3), 

6.85-7.00 (2H, H-2), 7.05-7.13 (1H, H-4), 7.13-7.22 (1H, H-5) and 7.99-8.13 (2H, H-

7) (Figure 24). 

 

 

Figure 24: 1
H NMR spectrum of 2-(8-(hydroxymethyl)-3’,3’-dimethyl-6-

nitrospiro[chromene-2,2’-indolin]-1’-yl)ethanol (4) in CDCl3. 
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3.3 Synthesis and characterization of the PDMAEMA-b-PSPMA 

diblock copolymers 

3.3.1 Synthesis of the PDMAEMA homopolymer  

The diblock copolymer was synthesized via radical addition-fragmentation chain 

transfer (RAFT) polymerization (Figure 25). First, the PDMAEMA-CDTPA 

macroinitiator was synthesized using 4-cyano-4-[(dodecylsulfanylthiocarbonyl) 

sulfanyl]pentanoic acid as the chain transfer agent (CTA) and azobisisobutyronitrile 

(AIBN) as the initiator in 1,4-dioxane at 65 °C for 28 h (Figure 25, Step 1). The 

successful polymerization was verified by SEC and 
1
H NMR spectroscopy. The 

monomodal SEC curve (Figure 26, black line) indicates the controlled growth of the 

polymer chains. Namely, the resulting number average molecular weight and 

molecular weight distribution of the PDMAEMA macroinitiator were found Mn = 

11500 g/mol and Mw/Mn = 1.13, respectively.  

 

Figure 25: Synthetic route followed for the preparation of the PDMAEMA-b-PSPMA 

diblock copolymers. 
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3.3.2 Synthesis of the PDMAEMA-b-PSPMA diblock copolymer 

The synthesized PDMAEMA-CDTPA macroinitiator was used for the polymerization 

of SPMA using azobisisobutyronitrile (AIBN) as the initiator in 1,4-dioxane at 70 °C 

for 28 h (Figure 25, Step 3). The successful polymerization was verified by SEC and 

1
H NMR spectroscopy. The monomodal SEC curve (Figure 26, red line) shifted 

towards lower elution times, without any traces of the PDMAEMA macroinitiator, 

thus indicating the controlled growth of the polymer chains, as well as the living 

character of the polymerization. Namely, the resulting number average molecular 

weight and molecular weight distribution of the PDMAEMA-b-PSPMA diblock 

copolymer were found Mn = 15500 g/mol and Mw/Mn = 1.15, respectively. The 
1
H 

NMR spectrum showed the characteristic peaks attributed to both the PDMAEMA 

and PSPMA blocks, allowing to calculate the chemical composition of the 

copolymers (Figure 27, top spectrum). The molar ratio of the two blocks, 

PDMAEMA and PSPMA, was determined by ratioing the peak integrals of the signal 

at 7.88 ppm (Ar-H, H-a,b) attributed to the PSPMA block and the signal at 2.56 ppm 

(CH2-N, H-w) due to the PDMAEMA block. The mole ratio of the two blocks 

PDMAEMA/PSPMA was calculated 10:1, which corresponds to a SPMA content of 9 

mol% and a 25 wt% of the SPMA block in the diblock copolymer. 

 

3.3.3 End group modification of the diblock copolymers 

The end group modification of the synthesized diblock copolymer took place using an 

excess of AIBN in toluene at 80 °C for 3 h (Figure 25, Step 3). The successful 

polymer modification was verified by 
1
H NMR spectroscopy (Figure 27, bottom 

spectrum). The integral of the peaks at 0.5-1.5 ppm, in which the methyl and 

methylene protons of the CDTPA appeared, decreased after the modification reaction 

indicating the loss of the polymer end groups. Furthermore, the appearance of a new 

peak at 1.56 (H-p’), which corresponds to the methyl protons of the AIBN fragment 

((CH3)2CN) that is attached at the polymer chain end, confirms the successful 

polymer derivatization.  
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Elution Time (min)

 PDMAEMA, Mn=11500g/mol, Mw/Mn=1.13

 PDMAEMA-b-PSPMA, Mn=15500g/mol, Mw/Mn=1.15

 

Figure 26: SEC traces of the PDMAEMA homopolymer (black line) and the PDMAEMA-b-

PSPMA diblock copolymer (red line). 

 

 

Figure 27: 1
H NMR spectra of the PDMAEMA-b-PSPMA diblock copolymer, before (top 

spectrum) and after (bottom spectrum) the end group modification reaction, in CDCl3. 
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3.4 Photo-responsive properties of the PDMAEMA-b-PSPMA 

diblock copolymer in aqueous media 

The photo-responsive behavior of the diblock copolymer in aqueous media was 

monitored by UV/Vis spectroscopy. The absorption spectra of the diblock copolymer 

as a function of irradiation time, with UV light at λ = 365 nm, are shown in Figure 

28. Before UV irradiation, the absorption at λ > 450 nm is relatively low, suggesting 

that the PSPMA block is in the spiropyran form. The ring-opening isomerization of 

SP to MC was confirmed by a constant increase in the absorption band from 450 to 

650 nm, after UV irradiation of the sample. The maximum isomerization of SP to MC 

was achieved after 25 min UV irradiation, and was also accompanied by a 

spontaneous change in the color of the sample, from colorless to light purple, due to 

the formation of the MC isomer. In parallel, an increase of the absorption between 

370 nm and 440 nm was observed, which was assigned to the non-planar isomer X. It 

is worth noting that the peak assigned to the polar MC moieties was red-shifted from 

576 to 562 nm as a function of irradiation time, possibly suggesting the formation of 

MC-MC aggregates. 

 

 

 

 

 

 

Figure 28: Left: UV/Vis absorption spectra of an aqueous PDMAEMA-b-PSPMA 

copolymer solution upon irradiation with UV light. Right: Increase of the absorption 

intensity of MC, at λmax, as a function of irradiation time. 
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Next, the sample irradiated for 25 min with UV light was used to conduct a kinetic 

study of the isomerization of MC back to the SP form upon visible light irradiation. 

(Figure 29) shows the time-dependent change in the absorption spectra for the 

diblock copolymer as a function of irradiation with visible light. The absorption band 

of MC (450 nm-650 nm) gradually decreased, however, even after 90 min of 

irradiation with visible light a notable absorption was observed, suggesting that some 

MC isomers remain in the copolymer, and thus the MC-to-SP isomerization presents a 

hysteresis with irradiation time. It was found that even after prolonged irradiation, the 

MC isomer does not fully isomerize back to the SP form, and the system reaches a 

photostationary state with a mixture of the low energy closed SP form and the 

energetically most stable transoid open MC form.38 Moreover, as the absorption 

intensity of merocyanine gradually decreased, a slight blue-shift of the MC absorption 

band, from 565 to 568 nm, was observed and in parallel a decrease of the absorption 

band of the non-planar X isomer (370 nm – 440 nm) was evident, suggesting a 

reversible light activated process.  

 

 

 

 

 

 

Figure 29: Left: UV/Vis absorption spectra of an aqueous PDMAEMA-b-PSPMA 

copolymer solution upon visible light irradiation. Right: Decrease of the absorption 

intensity of MC, at λmax, as a function of irradiation time. 
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3.5 Self-assembly behavior of the PDMAEMA-b-PSPMA diblock 

copolymer in aqueous media 

The diblock copolymer comprising a hydrophobic photo-, pH- and temperature-

sensitive poly(spiropyran methacrylate) (PSPMA) block, a hydrophilic, pH- and 

temperature-sensitive poly(2-(dimethylamino)ethyl methacrylate)) (PDMAEMA) 

block, was self-assembled into micelles in water. The morphology and the size of the 

copolymer micelles, upon UV and visible light irradiation, were monitored by 

FESEM and DLS. After the micellization process, the polymer concentration was 

adjusted to c = 0.0025 wt%, and a drop of the solution was deposited on the silicon 

wafer and was dried overnight at room temperature for use in FESEM. The FESEM 

images revealed spherical micelles with diameter D = 117 ± 31 nm (Figures 30a-c). 

The size of the micelles in the solution was also examined using dynamic light 

scattering (Figure 30d). The average hydrodynamic diameter of the diblock 

copolymer micelles was found Dh = 90 nm, which is in relatively good agreement 

with the size determined by FESEM. To investigate the stability of the micelles in the 

aqueous medium, a sample was measured again by DLS after 3 weeks, and the 

hydrodynamic diameter was found almost identical to the initial size, proving the 

excellent stability of the nanostructures. 

 

Next, the micellar copolymer solution was placed in a quartz cuvette and was 

irradiated with UV light for 25 min prior to FESEM observation. The images of the 

UV irradiated sample in FESEM showed the formation of a thin film with shapeless 

structures (Figure 31). From these images it was concluded that the isomerization of 

the hydrophobic spiropyran moieties to the hydrophilic merocyanine isomer has led to 

the disruption of the micelles. 
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Figure 30: (a, b) FESEM images of the PDMAEMA-b-PSPMA diblock copolymer 

micelles formed in aqueous solution, (c) size distribution of the micelles by FESEM 

and (d) DLS measurements of the copolymer micelles at t = 0 (black line) and after 3 

weeks in solution (red line).   

 

Figure 31: FESEM images of the PDMAEMA-b-PSPMA diblock copolymer after 

irradiation with UV light for 25 min. 
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Furthermore, the UV irradiated sample was irradiated with visible light for 2.5 h to 

induce the isomerization of MC back to the SP form. During the irradiation the colour 

of the solution changed from light purple to colourless-yellowish indicating the ring-

closure isomerization of the MC species. After visible light irradiation, a drop of the 

sample was deposited on the silicon wafer and was dried overnight at room 

temperature, before being measured by FESEM. The FESEM images revealed the 

reformation of spherical nanostructures, with significantly larger size compared to the 

initial micelles (D = 213 ± 36 nm), whereas some patches of a remaining film were 

also observed, suggesting that the isomerization of MC-to-SP was not complete, or 

that the reformation of the spherical structures was hindered (Figure 32). 

Figure 32: FESEM images of the PDMAEMA-b-PSPMA diblock copolymer after 

sequential irradiation with UV light (25 min) and visible light (2.5 h). 
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Further observation of the UV irradiated sample after 2 days (Figures 33a-c) and 4 

days (Figures 33d-f), revealed the formation of rod-like particles, whose length 

increased with time. The length of these unique structures after 2 days was ~1 μm, 

while after 4 days it increased significantly to 6.3 ± 0.7 μm. Moreover, in both cases 

higher magnification images showed that these elongated particles consisted of 

multiple rod-like particles in a liquid-crystalline type of assembly.  

Figure 33: FESEM images of the UV-irradiated PDMAEMA-b-PSPMA diblock 

copolymer after 2 days (a-c) and 4 days (d-f) in solution. 
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The prolonged monitoring of the sample after 7 days in solution revealed the 

disappearance of the rods and the formation of extremely long (~100 μm) and 

intertwined helical ribbons (Figure 34). Higher magnification images of the left-

handed ribbons showed that their terminus consisted of many separate interwoven 

fibers self-assembled to form the hierarchical superstructures (Figure 34b).  

Figure 34: FESEM images of the UV-irradiated PDMAEMA-b-PSPMA diblock 

copolymer after 7 days in solution. 

c) 

e) 
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Morphological changes of the spiropyran-based self-assembled structures upon UV 

irradiation or under acidic conditions have been reported previously, manifesting the 

role of the merocyanine moieties in these unique self-assembly behavior of the 

systems.
41,65

 These unusual self-assemblies are attributed to the interactions between 

the MC isomers, including dipole-dipole, π-π stacking between the aromatic rings as 

well as hydrogen bonding interactions. The first report on these unique properties of 

MC, described the formation of MC supramolecular aggregates in nonpolar solvents 

under UV irradiation and in the presence of a constant electric field.
66

  The quasi 

crystals formed comprised globules that were linked together and aligned along the 

electric force. In addition, the spontaneous formation of highly organized spiropyran-

based microcrystalline structures at the liquid/air interface has been reported.
67

 

Recently the tunable morphological change of a spiropyran molecule from 

nanospheres to nanorods, assisted by an acid stimulus, was reported and attributed to 

the π-π stacking and hydrogen bonding of the MC moieties.
65

 However, the self-

assemblies formed by the diblock copolymers prepared in this work, after UV 

irradiation of the sample, are distinct and differ from the aggregates described above. 

The synthesized spiropyran-based copolymers displayed a high degree of organization 

and uniform morphologies from the nano to the micro scale. In addition, these 

assemblies were characterized by high complexity and adjustable morphology with 

time. The driving forces that transformed the structure-less polymer (upon UV 

irradiation) to the rod-like particles and then sequential to their organization into the 

long interwind helical ribbons are hypothesized to be the intermolecular forces 

between the MC isomers, dipole-dipole, π-π stacking between the aromatic rings and 

hydrogen bonding interactions with the surrounding water molecules, however, the 

dynamics and the kinetics of this self-assembly process are still unclear and are under 

further investigation in our lab. 
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3.6 Synthesis of the PEG-b-PDMAEMA-b-PSPMA triblock 

copolymer 

3.6.1 Synthesis of the macromolecular CTA, mPEG113-CDTPA (macro-CTA)  

 

Figure 35: Synthetic route employed for the preparation of the PEG-b-PDMAEMA-

b-PSPMA triblock copolymers. 

 

Following a similar procedure to that described above for the preparation of the 

diblock copolymer, a triblock copolymer was also synthesized via radical addition-

fragmentation chain transfer polymerization (RAFT) (Figure 35). First, the PEG 

macro-CTA was synthesized by a typical esterification reaction using 4-cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid as the CTA in dry 

dichloromethane in the presence of DCC, catalyzed by DMAP (Figure 35, Step 1). 

The successful synthesis of the macro-CTA was verified by SEC. From the 
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monomodal and narrow SEC curve (Figure 36, black line) the resulting number 

average molecular weight and molecular weight distribution of mPEG113-CDTPA 

were found Mn = 14300 g/mol and Mw/Mn = 1.04, respectively. Surprisingly, SEC 

analysis gave us systematically higher molecular weights compared to the nominal 

values, and therefore, NMR analysis was used to determine the molecular weight of 

the polymers, instead. First, the successful synthesis of the macro-CTA was verified 

by 
1
H NMR spectroscopy (Figure 37). The 

1
H NMR spectrum of the polymer 

exhibited peaks attributed to both mPEG113 and the CDTPA. The appearance of two 

new signals at 4.24-4.28 ppm and 3.76-3.80 ppm, assigned to the methylene protons 

of mPEG, next to the newly formed ester bond, confirmed the successful synthesis of 

mPEG113-CDTPA. In addition, the molecular weight of PEG was calculated by 

ratioing the peak integrals of the methyl protons of mPEG at 3.4 pmm (H-k) over the 

methylene protons of the PEG repeat unit at 3.62 ppm (H-j) and was found Mn = 4900 

g/mol. 

10 12 14 16

 

 

 

Elution Time (min)

 PEG-Macro CTA, Mn=14300 g/mol, Mw/Mn=1.04

 PEG-b-PDMAEMA, Mn=21800 g/mol, Mw/Mn=1.09

 PEG-b-PDMAEMA-b-PSPMA, Mn=26200g/mol, Mw/Mn=1.11

 

Figure 36: SEC traces of the PEG macro-CTA (black line), the diblock copolymer PEG-b-

PDMAEMA macro-CTA (red line) and the PEG-b-PDMAEMA-b-PSPMA triblock 

copolymer (blue line). 
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Figure 37: 1
H NMR spectrum of mPEG113-CDTPA in CDCl3 

 

3.6.2 Synthesis of the diblock copolymer PEG113-b-PDMAEMAx macro-CTA 

The synthesized PEG113-CDTPA macroinitiator was next employed for the 

polymerization of DMAEMA, using AIBN as the initiator in 1,4-dioxane at 65 °C for 

28 h (Figure 35, Step 2). The successful polymerization was verified by SEC and 
1
H 

NMR spectroscopy. The monomodal SEC curve (Figure 36, red line) shifted towards 

lower elution times, without any traces of the PEG113-CDTPA macroinitiator, 

indicating the controlled growth of the polymer chains as well as the living character 

of the polymerization. The resulting number average molecular weight and molecular 

weight distribution of the PEG113-b-PDMAEMA diblock copolymer were found Mn = 

21800 g/mol and Mw/Mn = 1.09, respectively again much higher than the expected 

molecular weight. On the other hand, the 
1
H NMR spectrum of the product exhibited 

peaks attributed to both the PEG and PDMAEMA blocks, and allowed to determine 

the chemical composition of the diblock polymer (Figure 38). The mole ratio 

between the two blocks, PEG and PDMAEMA, was determined by comparing the 

peak integrals of the signal at 3.65 ppm (O-(CH2)2, H-k) attributed to the PEG block 

and the signal at 2.56 ppm (CH2-N, H-w) due to the PDMAEMA block. Taking into 

account the Mn of the PEG block, which corresponds to 113 repeat units, the degree of 

polymerization of the PDMAEMA block was found 32, which corresponds to an Mn = 

5000 g/mol. 
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Figure 38: 1
H NMR spectrum of mPEG113-b-PDMAEMA in CDCl3 

 

3.6.3 Synthesis of the PEG-b-PDMAEMA-b-PSPMA triblock copolymer 

Finally, the synthesized PEG113-b-PDMAEMA32 macroinitiator was used for the 

polymerization of SPMA to prepare the PEG-b-PDMAEMA-b-PSPMA triblock 

copolymer (Figure 35, Step 3). The successful polymerization was again verified by 

SEC and 
1
H NMR spectroscopy. The monomodal SEC curve (Figure 36, blue line) 

shifted towards lower elution times, without any traces of the PEG113-b-PDMAEMA 

macroinitiator, indicating the controlled growth of the polymer chains as well as the 

living character of the polymerization. The resulting number average molecular 

weight and molecular weight distribution of the PEG-b-PDMAEMA-b-PSPMA 

triblock copolymer were found Mn = 26200 g/mol and Mw/Mn =1.11, respectively, 

consistently higher than the expected value. However, the 
1
H NMR spectrum of the 

triblock copolymer (Figure 39 bottom spectrum) exhibited peaks attributed to all 

three blocks (PEG, PDMAEMA, PSPMA) and allowed to calculate the composition 

and the molecular weight of the copolymer. The molar ratio of the three blocks, PEG, 

PDMAEMA and PSPMA, was determined by ratioing the peak integrals of the signal 

at 7.88 ppm (Ar-H, H-a,b) corresponding to the PSPMA block,  the signal at 2.56 ppm 

(CH2-N, H-w) attributed to the PDMAEMA block and the signal at 3.65 ppm (O-

(CH2)2, H-k) attributed to the PEG block. Given the degree of polymerization of the 

PEG and PDMAEMA blocks determined above for the diblock copolymer precursor, 

the DP of the PSPMA block was calculated DP = 9. Therefore, the molar ratio of the 

three blocks, PEG-PDMAEMA-PSPMA was found 113-32-9, which corresponds to a 
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PEG-PDMAEMA-PSPMA content of 73-21-6 mol% and a weight fraction of 35-37-

28 wt% for the triblock copolymer. Moreover, from these data the number average 

molecular weight of the SPMA block was found Mn = 3800 g/mol and of the triblock 

copolymer Mn = 13700 g/mol. 

 

3.6.4 End group modification of the PEG-b-PDMAEMA-b-PSPMA triblock 

copolymer 

The end group modification of the synthesized triblock copolymer took place using an 

excess of AIBN in toluene at 80 °C for 3 h (Figure 35, Step 4). The successful 

reaction was verified by 
1
H NMR spectroscopy (Figure 39, bottom spectrum). The 

integral of the peaks at 0.5-1.5 ppm, in which the methyl and methylene protons of the 

CDTPA appeared, decreased after the modification indicating the loss of the polymer 

end groups. In addition, the appearance of a new peak at 1.56 (H-p), which 

corresponds to the methyl protons of the AIBN fragment ((CH3)2CN) that is attached 

at the polymer chain end, confirms the successful polymer derivatization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39: 1
H NMR spectra of the PEG-b-PDMAEMA-b-PSPMA block copolymer before 

(top spectrum) and after (bottom spectrum) end group modification in CDCl3.  
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3.7 Photo-responsive properties of the PEG-b-PDMAEMA-b-PSPMA 

triblock copolymer in aqueous media 

The photo-responsive behavior of the PEG-b-PDMAEMA-b-PSPMA triblock 

copolymer in aqueous media was monitored by UV/Vis spectroscopy. The absorption 

spectra of the triblock copolymer as a function of irradiation time, with UV light at λ 

= 365 nm, are shown in Figure 40. Before UV irradiation, the absorption at λ > 450 

nm is relatively low, suggesting that the SPMA units are in their spiropyran form. 

Following irradiation with UV light, the ring-opening isomerization of SP to MC was 

confirmed by the constant increase of the intensity of the absorption band from 450 to 

650 nm. The maximum isomerization of SP to MC was achieved after 20 min of UV 

irradiation, and was accompanied by a spontaneous change of the color of the sample, 

from colorless to purple, confirming the formation of the conjugates MC isomer. 

Furthermore, an increase of the absorption intensity in the 370 nm - 440 nm range was 

detected, which was assigned to the open non-planar X isomer. It is noted again that 

the absorption maximum of the merocyanine was red-shifted, from 577 nm to 561 

nm, as a function of irradiation time, indicating the formation of as discussed above 

for the PDMAEMA-b-PSMA diblock copolymer (Section 3.4). 

 

 

 

 

 

 

Figure 40: Left: UV/Vis absorption spectra of an aqueous PEG-b-PDMAEMA-b-

PSPMA copolymer solution upon UV irradiation. Right: Increase of the absorption 

intensity of MC, at λmax, as a function of irradiation time. 
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Next, the UV irradiated sample (20 min) was used to conduct a kinetic study of the 

isomerization of MC back to the SP form, upon visible light irradiation. Figure 41 

shows the time-dependent change in the absorption spectra of the triblock copolymer 

as a function of irradiation with visible light. The absorption band of MC (450 nm - 

650 nm) gradually decreased, however even after 90 min of irradiation with visible 

light a notable absorption was observed, as discussed above for the diblock 

copolymer, and suggested that the MC-to-SP isomerization is not quantitative. It is 

noted that, the MC isomer does not fully reverse back to the SP form even after 

prolonged irradiation, and the system reaches the so-called photostationary state.38 

Moreover, as the absorption intensity of the merocyanine isomer gradually decreased, 

a slight blue shift of the MC absorption band, from 565 to 570 nm was detected. In 

parallel a decrease of the absorption intensity of the non-planar isomer X (370 nm - 

440 nm) was found, verifying the reversibility of the photo-induced process.  

 

 

 

 

 

 

Figure 41: Left: UV/Vis absorption spectra of an aqueous PEG-b-PDMAEMA-b-

PSPMA copolymer solution upon visible light irradiation. Right: Decrease of the 

absorption intensity of MC, at λmax, as a function of irradiation time. 
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A kinetic study of the thermal isomerization of MC to SP was also conducted 

following the decrease of the intensity of the MC peak of the UV irradiated sample at 

37 °C for 2.5 h. Figure 42 (left) shows the time-dependent change of the absorption 

spectra of the triblock copolymer at 37 °C. The absorption band of the MC isomer 

diminishes rapidly in the first 5 min, but afterwards the decrease slows down and 

becomes gradual with time. After 2.5 h at 37 °C, the merocyanine does not fully 

reverse back to the closed spiropyran isomer with the system reaching a 

photostationary state. It is also noted that the thermal relaxation of MC (Figure 42, 

right) is slower compared to the light induced process discussed above (Figure 41, 

right), signifying the contribution of the light stimulus. Moreover, the thermal-

induced MC-to-SP isomerization is slower in aqueous compared to organic media, 

which is attributed to the polar nature of MC, leading to stronger interactions with the 

highly polar water molecules and to the stabilization of MC in water.
68,69

 

 

 

Figure 42: Left: UV/Vis absorption spectra of an aqueous PEG-b-PDMAEMA-b-

PSPMA copolymer solution at 37 °C as a function of time. Right: Decrease of the 

absorption intensity of MC, at λmax, as a function of time. 
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3.8 Self-assembly behavior of the PEG-b-PDMAEMA-b-PSPMA 

triblock copolymer in aqueous media 

Having established the photo-responsive behavior of the triblock copolymer, its 

morphology in water was investigated. The triblock copolymer comprises a 

hydrophobic photo-, pH- and temperature-sensitive poly(spiropyran methacrylate) 

(PSPMA) block, a hydrophilic, pH- and temperature-sensitive poly(2-

(dimethylamino)ethyl methacrylate)) (PDMAEMA) block and a hydrophilic 

poly(ethylene glycol) (PEG) block, and is thus expected to self-assemble into 

spherical core-shell-corona micelles in water. The influence of UV and visible light 

irradiation on the morphology and size of the copolymer micelles were monitored by 

FESEM and DLS. Following the micellization process, the polymer concentration 

was adjusted to c = 0.0025 wt%, and a drop of the solution was deposited on the 

silicon wafer and was dried overnight at room temperature for use in FESEM. The 

FESEM images revealed spherical micelles with a diameter D = 53 ± 14 nm and 

relatively uniform size distribution (Figure 43). 

Figure 43: FESEM images of the triblock copolymer micelles formed in aqueous 

solution (a-c) and size distribution of the copolymer micelles by FESEM (d). 
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The size and the stability of the micelles were also examined using dynamic light 

scattering (Figure 44). The average hydrodynamic diameter of the triblock copolymer 

micelles was found Dh = 40 nm, in good agreement with the FESEM results discussed 

above. To investigate the stability of the micelles in water, a sample of the copolymer 

micelles was analyzed again by DLS 3 weeks after its preparation and the 

hydrodynamic diameter was found identical to the initial size, proving the excellent 

stability of the nanostructures. 
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Figure 44: DLS measurements of the triblock copolymer micelles at t = 0 (black line) 

and after 3 weeks in solution (red line).   

 

Next, the micellar copolymer solution was placed in a quartz cuvette and was 

irradiated with UV light for 20 min prior to FESEM observation. After the irradiation 

with UV light the sample showed the formation of a film with shapeless structures 

(Figure 45), which were attributed to the disintegration of the copolymer micelles 

upon isomerization of the hydrophobic spiropyran to the hydrophilic merocyanine 

moieties. 
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Figure 45: FESEM images of the PEG-b-PDMAEMA-b-PSPMA triblock copolymer 

after irradiation with UV light for 20 min. 

 

Afterwards, the UV irradiated sample was further irradiated with visible light for 2.5 

h. During irradiation the colour of the solution changed from light purple to 

colourless-yellowish, signifying the isomerization of MC back to the SP units. The 

sample was next deposited on a silicon wafer and was dried for FESEM observation. 

The FESEM images revealed the reformation of spherical copolymer nanostructures 

(Figure 46), but of a significantly larger size, D = 180 ± 40 nm, compared to the 

initially formed micelles, which suggest the structural reorganization of the 

copolymer chains to form larger or looser structures, similar to results discussed 

above for the PDMAEMA-b-PSPMA diblock copolymer (Section 3.5). This increase 

in size could be either attributed to water swollen polymer micelles, due to the 

remaining hydrophilicity of the PSPMA block, which reaches the photostationary 

state, and/or to the organization of the copolymer chains into polymer vesicles. The 

elucidation of the precise morphology of these polymer nanostructures will be 

examined as part of the future work on these systems.  

Further observation of the UV irradiated sample after 3 days revealed again the 

formation of rod-like particles, with length ~1 ± 0.2 μm and width ~212 ± 51 nm, as 

shown in Figure 47. These structures are morphological similar to those obtained for 

the PDMAEMA-b-PSPMA diblock copolymer after being kept for 2 and 4 days in 

solution.   
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Figure 46: FESEM images of the PEG-b-PDMAEMA-b-PSPMA triblock copolymer 

after sequential irradiation with UV (20 mins) and visible (2.5 h) light. 

 

 

Figure 47: FESEM images of the UV-irradiated PEG-b-PDMAEMA-b-PSPMA 

triblock copolymer after 3 days in solution. 
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And finally, as expected, extended monitoring of the sample after 7 days in solution 

revealed the disappearance of the rods and the formation of extremely long (100’s 

μm) and complex helical ribbons (Figure 48). Higher magnification images of the 

ribbons revealed that the terminus of these left-handed superstructures comprised 

many individual fibers that interlaced to form the hierarchical assemblies (Figure 48c, 

d and h). 

These results are identical to those obtained for the diblock copolymers discussed 

above, and are very interesting, suggesting that the MC stacking could be a very 

powerful and generic tool for the hierarchical self-assembly of these SPMA-based 

block copolymers leading to the design of unique and very complex superstructures. 

Further studies are underway to elucidate the structure of these assemblies as well as 

the kinetics of the self-assembly process. 

 

 

 

 

 

c) 
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Figure 48: FESEM images of the UV-irradiated PEG-b-PDMAEMA-b-PSPMA 

triblock copolymer after being kept for 7 days in solution. 
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4. Conclusions and Future Perspectives 

In this work, multi-responsive amphiphilic triblock and diblock copolymers, based on 

SPMA, were synthesized via RAFT polymerization. The novel triblock copolymer 

consisted of a hydrophobic, temperature-, pH- and light-responsive PSPMA block, a 

hydrophilic, temperature- and pH-responsive PDMAEMA block and a neutral, 

hydrophilic PEG block, while the diblock copolymer comprised a PDMAEMA and a 

PSPMA block. The PEG-b-PDMAEMA-b-PSPMA triblock copolymer self-

assembled into well-defined and stable spherical core-shell-corona micelles in water, 

whereas the PDMAEMA-b-PSPMA diblock copolymer formed spherical core-shell 

micelles under the same conditions. The response and the morphological behavior of 

the copolymer micelles, following UV and visible light irradiation, were studied by 

UV/vis spectroscopy, FESEM and DLS. In particular, the disassembly of the micelles 

after exposure to UV light, and the copolymer re-assembly into large nanostructures, 

following sequential irradiation with visible light, was evidenced by FESEM for both 

the diblock and triblock copolymers. Further analysis of the UV-irradiated 

copolymers revealed the formation of large rod-like particles (a few μm long) at 

earlier times (2-4 days after irradiation) and the presence of very long (100’s μm) 

helical ribbon-like superstructures at longer times (7 days after irradiation). It is 

believed that these self-assemblies, which are characterized by high morphological 

complexity, were obtained due to the MC-MC, MC-SP and MC-water interactions 

(dipole-dipole interactions, π-π stacking and hydrogen bonding) in the sample. The 

detailed investigation of the polymorphism that these spiropyran-based polymers has 

presented is still ongoing and could be part of the future work on these systems. 

In the second part of this thesis, a bifunctional spiropyran molecule has been 

successfully synthesized. This spiropyran bears two hydroxyl functional groups and 
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can be used, after one more modification step to transform the alcohol to a bromide, 

as a cross-linker to form shell cross-linked core-shell-corona micelles. For example, 

when combined with the PEG-b-PDMAEMA-b-PSPMA triblock copolymer micelles 

prepared in this work, it could lead to the quaternization of the PDMAEMA shell to 

give pH-, temperature-, light and mechano-responsive micelles. This would be a 

pioneering system for in depth investigation in the future, since there is no report in 

the literature so far on such multi-responsive micellar systems. 
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