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Chapter 1 

 

General Introduction 
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1. Introduction 

The Host-guest chemistry is a widespread, generally occurring important event in nature 

or human body. The Host-guest chemistry between two or more molecules occurs when 

they are chemically, geometrically and structurally. In nature, the processes take place in 

aqueous and are usually involved macromolecules or complex and organized systems. 

These interactions are extremely specific, and the host (receptor) can be used to develop 

technological devices, such as membranes, catalysts and sensors.  

There is a strong need to combine the host-guest chemistry with a transducing element to 

develop practically applicable sensing system capable of rapidly detecting chemicals. Thus, 

if the host-guest recognition phenomenon gives rise to a variation in a macroscopically 

measurable property, the term sensing can be used; a sensing molecule is a chemical 

structure capable of eliciting a response that quantifies the presence of an analyte (i.e., a 

chemical system, or host), which displays an observable response upon selective 

interaction with a target(guest). 

 

Figure 1. Schematic representation of a chemosensor based on the binding site-signaling 
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approach 
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1.1 Colorimetric sensors 

Colorimetric sensors are based on changes in a material‟s absorption statuses, both in the 

absorbance intensity at a fixed wavelength and in wavelength shifts measurable by UV-Vis 

spectroscopy. A generally research plan is the design and synthesis of sensing probe 

capable of giving rise to a “naked-eye” color change upon interaction with target molecule. 

Therefore, colorimetric sensors are sensing methods that non-specialists can detect target 

compounds. 

1.2 Fluorescence sensors 

Fluorescence sensors are based upon changes in lifetime, intensity and wavelength, etc. 

These methods are broadly used and are quickly growing in chemical sensing due to the 

inherent sensitivity of the fluorescence technique and due to its widespread availability. 

1.3 Small molecule vs. Polymer chemosensors 

The special recognition performance of naturally happening biological processes are not 

based on a single molecules but in human body wherein the receptor is served by the 

analyte(target) removal and delivery mechanism, and the  selectivity is originated from 

receptors as a result of analyte triggered biochemical processes. 

Small molecule chemosensors mainly rely on the direct interaction of the receptor with 

the analyte. They can be generally divided into two main types on the basis of detection 
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principles, such as molecular recognition-based and chemical reaction-based small 

molecule sensors. Small molecule chemosensors have been often used due to their high 

sensitivity, selectivity and easy process. However, small molecule chemosensors usually 

know from some limitations such as low water solubility, low structural stability and low 

functionality. For overcome to these limitations, has been utilized as a novel approach such 

as polymer chemosensors. 

Polymer chemosensors are extremely high molecular weight molecules, constituted by 

repeating units, and offer plenty of opportunities to couple analyte receptor interactions 

with intra- or intermolecular polymer interactions and solvent-polymer interactions: (a) in 

solution (b) in the solid state and, (c) in the highly interesting swelled and gel states. In 

addition to the affordable, distinct polymer geometries, that is, linear, spherical, and 

tridimensional (cross-linked network), the polymer constitution may be easily designed to 

create hydrophobic or hydrophilic environments for the pendant or main chain receptor 

motifs in a hydrophilic or hydrophobic medium, respectively, due to intra- and 

intermolecular polymer interactions and polymer-solvent interactions. 

 

 



13 

 



14 

 

Chapter 2 

 

Thiosemicarbazone Based Water-Soluble 

Polymeric Probe for the Selective Sensing and 

Separation of Cu(II) Ions in Aqueous Media
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2.1 Abstract 

A thiosemicarbazone-based water-soluble polymeric probe was developed for the 

selective colorimetric detection of Cu(II) ions with pH-tunable sensitivity. The successful 

separation of Cu(II) ions from several alkali and transition metal cations by thermal 

precipitation was demonstrated. N,N-Dimethylacrylamide (DMA) and 3-

vinylbenzaldehyde (VBA) were copolymerized by reversible addition−fragmentation chain 

transfer (RAFT) polymerization to produce p(DMA-co-VBA), herein P1. The aldehyde 

group of P1 was reacted with 4-phenylthiosemicarbazide to yield poly, [p(DMA-co-

PVHC)], herein P2. Upon the addition of Cu(II) ions to an aqueous solution of P2, the 

color of the solution turned from colorless to yellow due to the formation of a coordination 

complex between the Cu(II) ions and phenylthiosemicarbazone units of P2, herein 

P2−Cu(II). The availability of the electron-rich imino nitrogen in the thiosemicarbazone 

units allowed P2 to show excellent sensing behavior toward Cu(II) ions. P2 has remarkable 

pHswitchable sensing properties toward Cu(II) ions. Although efficient colorimetric 

sensing was observed at neutral or high pH, no appreciable color change appeared at low 

pH. Protonation of the imino nitrogen at low pH prevented the formation of coordination 

complexes. Cu(II) ions were separated successfully from various alkali and transition metal 

cations by thermal precipitation due to the thermoresponsive property of P2−Cu(II).We 
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report the unique thermoresponsive properties of fluorinated polyacrylamides, poly[N-(2,2-

difluoroethyl)acrylamide] (P2F). The solubility of fluorinated polyacrylamides in water can 

be easily controlled by changing the number of fluorine atoms in N-ethyl groups.Moreover, 

we demonstrate that fluorinated polyacrylamides are less cytotoxic than poly(N-

isopropylacrylamide) (PNIPAM). 

 

Keywords. 

Cu(II) ions, Polymeric sensor, Colorimetric sensor, Thiosemicarbazone, pH-tunable 
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2.2 Introduction 

The selective detection and efficient separation of transition metal ions has become 

increasingly important in recent times because of their vital role in biological processes and 

highly toxic nature.
1-7

 Among them, Cu(II) ions, being the third most abundant elements in 

the human body, have attracted considerable attention because they can have both positive 

and negative impacts on human health and the environment. Cu(II) ions are crucial 

components in biological processes, such as bone formation, cellular respiration, and 

connective tissue development and they also serve as a catalytic co-factor for several 

metalloenzymes.
8, 9

 On the other hand, beyond a certain limit, unbound Cu(II) ions can 

harm the human body and environment because of their high toxicity.
10, 11

 Therefore, the 

development of molecular probes for the rapid, selective, and efficient detection and 

separation of Cu(II) ions is essential in the field of chemo and biosensors. 

Several methods have been used to detect Cu(II) ions, including atomic absorption 

spectroscopy (AAS), inductively coupled plasma-atomic emission/mass spectrometry 

(ICP-AES/ICP-MS), electrochemical methods, surface plasma resonance detection, and 

quantum dot-based assays.
12-14

 Among them, colorimetric and fluorometric sensors have 

become increasingly popular because of their high sensitivity, qualitative and quantitative 

operational simplicity, and facile reactivity.
15-17
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Unlike thioureas, thiosemicarbazone moieties, which contain an additional imine group 

adjacent to the thiourea, provide a suitable coordination site for Cu(II) ions. 

Thiosemicarbazones have attracted considerable attention because of their wide range of 

biological properties, such as antiviral effects and antitumor activities.
18-21

 Complexation 

with metal ions, particularly with Cu(II) ions, increases the biological activity or weakens 

the side effects. Although a range of optical probes, including rhodamine or fluorescein 

dyes and other organic chromophores, have been developed for the selective detection of 

Cu(II) ions, there are only a few examples of thiosemicarbazone-based sensors,
17, 22-24

 

which are excellent candidates for applications in optical and fluorescence cellular imaging 

and chemotherapeutics.  

A variety of molecular probes have been reported for the detection of Cu(II) ions, but the 

development of chemosensors that can be used in aqueous media is still challenging.
9, 25-27

 

In this regard, stimuli-responsive water-soluble polymers with molecular receptor moieties 

or sensing units for Cu(II) ions are attractive. Compared to other conventional detection 

systems based on small molecular probes, stimuli-responsive polymeric probes offer 

enhanced water solubility, multifunctional sensing capability, and tunable detection 

sensitivity driven by external stimuli, such as pH, temperature, and light.
28-31

 

The responsive properties of polymers have been applied to the separation of heavy metal 
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ions.
32

 Stimuli-responsive polymers, having ligands capable of forming efficient 

coordination with specific heavy metal ions,
33

 are expected to serve as separators and 

efficient chemosensors. For example, Takeshita et al. reported the separation of Am(III) 

and Eu(III) ions using a thermoresponsive poly(N-isopropylacrylamide) (PNIPAm) gel 

crosslinked with ligands that can form complexes specifically with those ions.
34

 Tokuyama 

et al. proposed the temperature-driven solid-phase separation of Cu(II) ions using a 

thermoresponsive hydrogel.
35, 36

 

This paper reports a polymeric probe containing thiosemicarbazone moieties for the 

detection and separation of Cu(II) ions in an aqueous medium. On-off Cu(II) ion detection 

was controlled by changing the pH of the aqueous solutions. The thermal precipitation-

induced separation of Cu(II) ions among several alkali and transition metal cations was 

also demonstrated.  

 



20 

 

2.3 Experimental 

2.3.1 Material 

2,2′-Azobisisobutyronitrile (AIBN, Aldrich, 98%) was recrystallized from ethanol. 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DMP, 98%), 3-vinylbenzaldehyde 

(VBA, 97%), N,N-dimethylformamide (DMF, 99.8%), tetrahydrofuran (99.9%), 1,3,5-

trioxane (99%), and N-(2-hydroxyethyl)piperazine-N‟-(2-ethanesulfonic acid) (HEPES) 

were purchased from Aldrich. N,N-dimethylacrylamide (DMA, 99.0%) and 4-

phenylthiosemicarbazide (98.0%) were obtained from TCI (Tokyo Chemical Industry) and 

used as received. All metal perchlorate salts were supplied by Aldrich at the highest 

available purity and used as received. 

2.3.2 Instrumentation 

 
1
H nuclear magnetic resonance (NMR, Bruker Avance 300 MHz NMR) spectroscopy was 

performed in DMSO-d6. The apparent molecular weights and molecular weight 

distributions were measured by gel permeation chromatography (GPC, Agilent 

technologies 1200 series) using a polystyrene standard with DMF as the eluent at 30 
o
C 

and a flow rate of 1.00 mL/min. The UV-Vis spectra were recorded using an SINCO Mega 

Array PDA UV-Vis spectrophotometer equipped with a digital temperature controller. The 

hydrodynamic diameters were measured by dynamic light scattering (DLS, Nano ZS, 
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Malvern, U.K.). Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 

carried out in an iCAP 6000 Duo (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

Calibration was achieved using certified standard solutions from Merck (Inorganic 

Ventures' Quality Control Standard 26). The standard solutions were prepared at 1, 5, and 

10 mg/L of a HNO3/HF solution. 

2.3.3 Synthesis 

Poly[(N,N-Dimethylacrylamide)-co-(3-Vinylbenzaldehyde)] p(DMA-co-VBA) P1 N,N-

Dimethylacrylamide (5 mL, 48.52 mmol), 3-vinylbenzaldehyde (0.257 mL, 2.02 mmol), 

DMP (184.3 g, 0.505 mmol), AIBN (4.15 mg, 0.0253 mmol), 1,3,5-trioxane (0.0455 g, 

0.505 mmol, internal standard), and DMF (5 mL) were sealed in a 25 mL Schlenk flask 

equipped with a magnetic stirring bar at 70 
o
C under an argon atmosphere. The solution 

was purged with argon for 20 min, and the reaction flask was placed in a preheated oil bath 

at 70 °C. The samples were removed periodically using a syringe to determine the 

molecular weight and polydispersity index (PDI) by GPC and monomer conversions by 
1
H 

NMR spectroscopy. Polymerization was quenched 4 h later by exposing the mixture to air. 

The product was then precipitated in diethyl ether, filtered, and dried in a vacuum oven at 

30 
o
C. Mn= 4 200 g/mol, Mw/Mn= 1.08. 

1
H NMR (300 MHz, CDCl3, δ in ppm): 9.95 (1H, s, 

-CHO); 7.75 - 7.55 (2H, s, ArH); 7.55 - 7.28 (2H, s, ArH); 2.85 (6H, s, -N(CH3)2) 
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Poly P(DMA-co-PVHC) P2 p(DMA-co-VBA) (P1, 0.69 g, 1.759 mmol per VBA 

repeating unit), and 4-phenylthiosemicarbazide (0.294 g, 1.759 mmol) were added to a 

round-bottomed flask and dissolved in THF (50 mL). The reaction mixture was heated 

under reflux at 80 
o
C overnight. After evaporating the solvent, the resulting crude product 

was precipitated in diethyl ether and filtered. The precipitation process was repeated three 

times and dried in a vacuum oven at 30 
o
C to give P2. Mn= 5 100 g/mol, Mw/Mn= 1.18. 

1
H 

NMR (300 MHz, CDCl3, δ in ppm): 11.20 - 10.0 (1H, s, -NH); 10.0 - 9.0 (1H, s, -NH); 

8.60 - 7.80 (1H, s, -CH=N-); 7.80 - 6.80 (9H, m, ArH) 
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2.4 Results and Discussion 

 

Scheme 1. RAFT random copolymerization of DMA and 3-VBA to yield p(DMA-co-

VBA) (P1), subsequent post-modification of P1 to yield p(DMA-co-PVHC) (P2), and the 

selective detection of Cu(II) ions by the formation of coordination complexes between 

Cu(II) ions and phenylthiosemicarbazone units of P2 [P2-Cu(II)]. 
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Scheme 1 presents the synthetic strategy used in this study. Reversible addition-

fragmentation chain transfer (RAFT) copolymerization was used to directly prepare a 

p(DMA-co-VBA) (P1) with a well-controlled molecular weight and narrow molecular 

weight distribution (Figure S1). DMP was used as a chain transfer agent (CTA) and AIBN 

as an initiator with [DMA + 3-VBA] : [DMP] : [AIBN] = 100 : 1 : 0.05. The monomer feed 

ratio of DMA and 3-VBA was 96 : 4. Polymerization was quenched when the monomer 

conversion of DMA and 3-VBA reached 33 and 85 % in 4 h, respectively. Figure 1a 

presents the 
1
H NMR spectrum of P1. The incorporation ratio of 3-VBA with respect to 

DMA was calculated by comparing the relative peak intensities corresponding to aldehyde 

protons (a) and dimethyl protons of DMA in the 
1
H NMR spectrum of P1. The DMA : 3-

VBA incorporation ratio was calculated to be 9 : 1. The final incorporation ratio of 3-VBA 

was higher than the initial feed ratio, suggesting that the reactivity of the styrenic monomer 

is higher than that of the acrylamide-based monomers. P1 was soluble in water despite 

approximately 10 % of hydrophobic VBA units being incorporated along the polymer 

chains. The number-averaged molecular weight (Mn) of P1 was 4,200 with a low molecular 

weight distribution (Mw / Mn = 1.08) (Figure S1). 

In the next step, the aldehyde groups of P1 were reacted with 4-phenylthiosemicarbazide 

to yield p(DMA-co-PVHC) (P2). The GPC traces in Figure S1 showed a slight increase in 
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molecular weight after post-modification. Direct evidence of the successful transformation 

of P1 to P2 was confirmed by 
1
H NMR spectroscopy (Figure 1b). The aldehyde proton of 

P1 originating from the 3-VBA units at 10.0 ppm disappeared completely while new peaks 

(j, k, and l) of P2 appeared at approximately 7.8 ~ 11.1 ppm. 
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Figure 1. 
1
H NMR spectra of a) P1 and b) P2.  
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Figure 2. a) UV-Vis spectra of P2 (50 μM of the phenylthiosemicarbazone units along the 

P2 chain) upon the gradual addition of an aqueous solution of Cu(II) ions. b) Absorbance at 

318 nm and 390 nm versus the amount of Cu(II) added. c) UV-Vis spectra and d) 

photographs of P2 (50 μM of phenylthiosemicarbazone units) upon the addition of various 

metal cations (100 μM) in HEPES buffer.  
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The Cu(II) ion sensing studies with P2 were carried out in HEPES buffer at pH 7.4. The 

aqueous solution of P2 (3.0 mL, 0.01 wt%) was prepared in a 50 μM concentration of 

phenylthiosemicarbazone moieties (assuming 10 % incorporation of 

phenylthiosemicarbazone moieties along the polymer chain). The solution of Cu(II) ions 

(3.0 mM) was prepared in HEPES buffer solution. The UV-Vis absorption spectral changes 

in P2 with the gradual addition of Cu(II) ions in the concentration range of 5-50 μM (5-50 

μM) were monitored (Figure 2a).  The UV-Vis absorption spectrum of the original P2 

solution showed a maximum at 318 nm. Upon the gradual addition of Cu(II) ions, the 

absorption maximum at 318 nm was decreased progressively and red-shifted to 328 nm 

with an isosbestic point at 350 nm while the overall absorption bands broadened. Figure 2b 

shows plots of the Cu(II) concentration versus absorbance at 318 and 390 nm. The reason 

why the wavelength of 390 nm was plotted is that wavelengths shorter than 390 nm are 

part of the UV spectrum and are not visible, and 390 nm is the onset of the greenish yellow 

color.
37-39

 The decrease at 318 nm and the increase in absorbance at 390 nm were 

monitored upon the gradual addition of Cu(II) ions up to 35 μM, above which no further 

change was observed. Consequently, the color of the P2 solution turned from colorless to 

greenish yellow, which could be seen easily by the naked eye. The reason for the change in 

solution color was attributed to the formation of coordination complexes between Cu(II) 
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ions and phenylthiosemicarbazone units of P2 [P2-Cu(II)]. The detection limit of P2 

toward Cu(II) ions was as low as 5.0 μM. In addition to their high sensitivity, P2 exhibited 

good selectivity toward Cu(II) ions over several alkali and transition metal cations [Zn(II), 

Ni(II), Pb(II), Cr(II), Co(II), Fe(II), Cd(II), and Mn(II)] (Figure 2c and S2). Small changes 

in UV-Vis spectra were observed for the other cations but the colorimetric changes were 

not significant. Pyridine-based thiosemicarbazones usually bind with Zn(II) or Fe(II) 

through tridendate coordination. In this work, phenylthiosemicarbazone facilitated 

bidendate coordination selectively with Cu(II).
40-42

 This unique sensing behavior can be 

observed directly in the photograph (Figure 2d). 
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Figure 3. a) UV-Vis spectra and b) photographs of P2 (50 μM of phenylthiosemicarbazone 

units along the P2 chain) upon the addition of Cu(II) ions (50 μM) at different pH values. 

c) Changes in absorbance at 390 nm upon the gradual addition of Cu(II) ions at different 

pH. 
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After demonstration of the selective and sensitive detection of Cu(II) ions with P2, pH-

dependent control of the detection of Cu(II) ions was attempted. For this, the UV-Vis 

spectra of the P2 solution were examined at different pH after the addition of 50 μM Cu(II) 

ions (Figure 3a). As expected, the Δλmax of the solution at pH 7 showed a 10 nm red-shift 

with spectral broadening after the addition of Cu(II) ions. This suggests that the formation 

of P2-Cu(II) coordination complexes can be achieved easily at high pH. Note that similar 

phenomena were observed for the P2 solution at pH 10. Interestingly, there was no shift in 

the absorption maximum after the addition of Cu(II) ions at pH 2 but there was some 

spectral broadening (Figure 3a). These results were clearly reflected in the photograph in 

Figure 3b. No color change was observed for the aqueous solution of P2 at pH 2 upon the 

addition of Cu(II) ions, but there were discernable color changes at pH 7 and 10. Figure 3c 

presents plots of the Cu(II) concentration versus absorbance at 390 nm at different pH. 

While there was a slight increase in absorbance at 390 nm at pH 2, a notable increase at pH 

7 and 10 was observed. The formation of P2-Cu(II) coordination complexes was hindered 

somewhat at low pH. The sensitivity of P2 on Cu(II) ions decreased with decreasing pH of 

the solution. This suggests that the pH-dependent sensitivity is related directly to the 

effective formation of P2-Cu(II) coordination complexes. 
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Figure 4. Schematic diagram of the colorimetric detection of Cu(II) ions with tunable 

detection sensitivity driven by a change in pH in the aqueous solution; a) high pH (tertiary 

amine with lone pair electrons): the formation of P2-Cu(II) coordination complexes via 

thiourea sulfur and imino nitrogen atoms through a rearrangement of the thiourea moiety to 

a favorable syn-conformation, and b) low pH (quaternary amine salt): no formation of P2-

Cu(II) coordination complexes due to the protonation of imino nitrogen atoms. 



32 

 

The proton exchange reaction between the neutral and protonated states was observed on 

the phenylthiosemicarbazone moieties. In the neutral state, thiourea is favored to have a 

intramolecular hydrogen bonding-assisted anti-conformation.
19, 29

 Upon the addition of 

Cu(II) ions, complexation with Cu(II) ions via thiourea sulfur and imino nitrogen atoms 

can be achieved through conformational changes of thiourea to a syn conformation, 

enabling the active detection of Cu(II) ions. In the protonated state (low pH), a 

conformational change from anti to syn occurs upon the protonation of imino nitrogen 

atom of phenylthiosemicarbazone moieties. Protonation of the imino nitrogen led to 

quaternary cations. In other words, the lone pair electrons necessary for the complexation 

with Cu(II) ions were unavailable. As a result, the formation of P2-Cu(II) coordination 

complexes was prevented, leading to an OFF-state for the detection of Cu(II) ions. 
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Figure 5. a) Plots of the transmittance as a function of temperature measured on P2 (10 

mg/mL) and P2-Cu(II) coordination complexes (after the addition of 50 μM of Cu(II) ions) 

by turbidimetry and b) ICP-OES measurements; black column: the concentration of the 

original aqueous solution containing various metal cations (50 ppm of each metal cations 

was targeted initially), red column: concentration of various metal cations from the 

remaining solution after the addition of P2 (1.0 wt%), followed by the separation of Cu(II) 

ions by thermal precipitation, blue column: concentration of various metal cations from the 

separated polymer  
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The thermal phase transition is influenced by the monomer composition of copolymers 

that governs the hydrophilicity/hydrophobicity balance.
43-45

 PDMA is hydrophilic. 

Therefore, it does not have a lower critical solution temperature (LCST) up to 100 
o
C. The 

small incorporation of hydrophobic PVHC units along the polymer chains allows P2 to 

exhibit an LCST. The thermal transition in solubility was examined by observing the 

changes in the percentage transmission at a fixed wavelength (650 nm) by UV-Vis 

spectroscopy. The LCST point of the aqueous solutions (1.0 wt%) of P2 was detected at 38 

o
C (Figure 5a). After adding 50 μM of Cu(II) ions to this P2 solution, the LCST of P2-

Cu(II) coordination complexes was increased further to 47 
o
C. The formation of complex 

ions by coordinate interactions would render the polymers more hydrophilic, leading to an 

increase in the LCST value (Figure 5a). The effects of the formation of P2-Cu(II) 

coordination complexes on the LCST point were also examined by dynamic light scattering 

(DLS) at the same aqueous concentration (10 mg/mL) as that used for turbidimetry studies. 

The DLS data were recorded during the heating cycles. The LCST point was defined as the 

onset temperature of the increase in particle size. These LCST values determined by DLS 

were matched well with those determined by turbidimetry (Figure S3). 

Having shown the thermal phase transition behaviors of the P2-Cu(II) coordination 

complexes, the efficient separation of Cu(II) ions among other metal cations was attempted. 
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This separation was made possible by the thermoresponsive nature of the P2-Cu(II) 

coordination complexes; upon heating the P2-Cu(II) coordination complexes above the 

LCST (47
 o
C), only P2-Cu(II) precipitated from an aqueous solution, leaving other metal 

cations intact, thereby facilitating the separation of Cu(II) ions from other metal cations. 

ICP-OES was used to evaluate the efficacy of the separation of Cu(II) ions by thermal 

precipitation. An aqueous solution of various metal cations (each with 50 ppm, 0.5 mg of 

each metal cation/10 mL of deionized water) was prepared. To this solution, 0.1 g of P2 

(0.5 mM of phenylthiosemicarbazone units) was added. The resulting solution was then 

stirred and heated at 55
 o

C for 30 sec, resulting in precipitates stuck to the vial. The 

remaining solution was separated from the precipitates and subjected to ICP-OES. The 

precipitates containing Cu(II) ions [P2-Cu(II)] were redissolved in 10 mL of cold deionized 

water and examined by ICP-OES. Figure 5b shows the results of ICP-OES (see also Figure 

S4 for raw data). Before adding P2, the quantity of metal ions of the original solution 

ranged from 30 to 50 ppm (black column). After adding P2, followed by thermal 

precipitation, only 5 ppm of Cu(II) ions (90 % removal) were detected from the remaining 

solution with no noticeable reduction in the concentration of other metal ions observed (red 

column). This efficient separation of Cu(II) ions by thermal precipitation was further 

demonstrated by analyzing the precipitates. The precipitates contained more than 40 ppm 
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Cu(II) ions (more than 80 % recovery) while no significant quantity of other metal ions 

were detected (blue column).  
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2.5 Conclusions  

Well-defined water-soluble p(DMA-co-PVHC) copolymer for the efficient detection of 

Cu(II) ions was synthesized by RAFT polymerization, followed by post-modification 

reactions. The selective colorimetric sensing of Cu(II) ions in aqueous media described 

here rely on the formation of coordination complexes between Cu(II) ions and the 

phenylthiosemicarbazone units of the polymeric probes. The formation of these complexes 

was tuned finely by the variation in pH of the aqueous solution, which in turn governed the 

detection switchability: active colorimetric sensing at neutral or high pH, but no sensing at 

low pH due to the less facile formation of coordination complexes by protonation on the 

imino nitrogen of the phenylthiosemicarbazone units. Furthermore, the superior separation 

of Cu(II) ions from the other metal cations by thermal precipitation was explained by the 

thermoresponsive property of these complexes. The pH-switchable detection of Cu(II) ions 

coupled with temperature-induced separation is expected to have many applications in 

tunable sensing and separation.  
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2.6 Supplementary Information 
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Figure S1. DMF GPC traces of P1 and P2 copolymer. 
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Figure S2. The selectivity bar diagram of P2 copolymer with various cations in aqueous 

solution at 25 
o
C. The absorption maximum Δλmax (Δλmax = λ0-λχ, λ0 is the absorption 

maximum with P2 (50 μM) and λχ is absorption maximum with various cations (6.0 x 10
-2

 

M, added to 5μL). 
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Figure S3. Plots of apparent hydrodynamic diameters as a function of temperature 

measured by DLS for the aqueous solution (10 mg/mL) of the original P2 and P2 + Cu(II) 

ion complexes (after the addition of 50 μM of Cu(II) ions) 
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Figure S4. Raw data of ICP-OES measurements. 
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Chapter 3 

 

Thiosemicarbazone Based Polymeric for the 

Sustained Release of a Model Drug via Selective 

Detection of Cu(II) ions 
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3.1 Abstract 

The well-defined amphiphilic phenylthiosemicarbazone-based block copolymer was 

successfully synthesized by reversible addition-fragmentation chain transfer (RAFT) 

polymerization, followed by post-polymerization modification. Poly(N,N-

dimethylacrylamide) (pDMA) was synthesized via RAFT polymerization of N,N-

dimethylacrylamide (DMA). The resulting pDMA macro chain transfer agent (macroCTA) 

was further chain extended with 3-vinylbenzaldehyde (VBA) to yield poly[(N,N-

dimethylacrylamide)-b-(3-vinylbenzaldehyde)] p(DMA-b-VBA) block copolymer. The 

aldehyde group of p(DMA-b-VBA) was reacted with 4-phenylthiosemicarbazide to yield 

poly{N,N-dimethylacrylamide-b-[N-phenyl-2-(3-vinylbenzylidene)hydrazine 

carbothioamide]}, [p(DMA-b-PVHC)]. p(DMA-b-PVHC) was self-assembled in aqueous 

solution to yield polymeric micelles that consist of a pDMA block forming a hydrophilic 

shell and pPVHC block forming a hydrophobic core. p(DMA-b-PVHC) micelles can detect 

Cu(II) ions via color changes from colorless to yellow, induced by the formation of 

coordination complexes between Cu(II) ions and phenylthiosemicarbazone units of 

p(DMA-b-PVHC) micelles. The core of p(DMA-b-PVHC) micelles was crosslinked via 

the slow penetration of Cu(II) ions into the core, and the resulting particles with 

crosslinked ionic cores became swollen in water. Upon the addition of Cu(II) ions, the 
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hydrophobic model drug, coumarin 102, encapsulated in the core of micelles was released 

in a sustained manner due to the gradual swelling of the crosslinked core achieved by the 

slow penetration of Cu(II) ions.  

Keywords. 

Thiosemicarbazone, RAFT, Sustained drug release, Cu(II) ions, Polymer sensor 
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3.2 Introduction 

Recently, the studies of controlled release of drugs and other medicine from polymeric 

devices have attracted attention of many researchers all over the world. Controlled drug 

delivery applied to delivery over days, weeks, months, years and target release on burst or 

sustained release.
1
 Burst release can be defined as the initial large amount of drug is 

released before the release rate reaches a stable state. This phenomenon produces higher 

initial drug release and decreases the effective lifetime of the device.
2
 Sustained drug 

release systems can be used to decrease the necessary amount of drug to cause the same 

therapeutic effect to target disease and to regulate the temporal drug profile for maximum 

therapeutic benefits.
3
 T Higuchi reported the knowledge of controlled drug release at 1963. 

The sustained drug delivery demonstrated in 1966.
4
 Since that time, many studies have 

demonstrated the efficiency approach.
5-9

 

Drug delivery studies have been reported using the amphiphilic or stimuli-responsive 

block copolymers.
10-13

 The important problem with amphiphilic or stimuli-responsive 

block copolymer micelles is their spontaneous dissociation at concentrations below critical 

micelle concentration (CMC). To solve the problem, various cross-linking methods of 

micellar cores or shells are effectively conducted employed to make the polymer micelle 

structure. JK Oh‟s group reported the core-cross-linked micelles (CCMs) through the 
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formation of disulfide cross-linkages. Further, they demonstrate reduction-responsive 

enhanced release of encapsulated drugs.
14

 GH Hwang et al. proposed the pH-triggered 

release of drug-loaded polymer micelles by metal-ligand coordinated core cross-links.
15

 

Recently, the selective detection and efficient separation of transition metal ions have 

become increasingly important. Among them, Sensing of Cu(II) ions has attracted more 

attention because they can have both merits and demerits on human health and the 

environment. In the past, Cu(II) ions have been detected by atomic absorbance 

spectroscopy (AAS), inductively coupled plasma (ICP), voltammetry, and 

piezoelectric effect, which are often high-cost and time-consuming methods.
16

 An 

alternative methods for selective detection is the use of colorimetric or fluorescence 

spectroscopy. While numerous these methods have been used to detect Cu(II) ions, 

complexes of thiosemicarbazone ligand with Cu(II) ions have attracted attention cause 

anticancer, antiviral, anti-inflammatory agents and less side effects.
17-23

 

The Cu(I) or Cu(II) ions not only acts a vital role in normal cells but also it plays terms of 

critical roles in cancer. Interestingly, many studies reported high concentrations of Cu ions 

in blood serum and breast cancer. The lymphoma, bronchogenic, reticulum cell sarcoma, 

and cervical, breast, stomach and also lung cancers showed high serum Cu ions 

concentration.
24

 For example, higher serum and tissue Cu ions concentrations were 
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detected in breast cancer, suggesting that homeostasis of Cu ions is changed by malignancy. 

Certainly, Cu ions have been shown to promote cancer growth and metastasis.
24-26

 

Considering the increase of Cu ions by malignant cells and promotion of cancer 

progression, thiosemicarbazone is emerging as a potential target for developing new anti-

cancer therapeutics.
27-30

 we recently reported selective colorimetric sensing of Cu(II) ions 

with phenylthiosemicarbazone units of the polymer-based sensors in aqueous media.
16

 

Compared to small molecular thiosemicarbazone sensor, p(DMA-co-PVHC) have been 

used to detect Cu(II) ions and tunable sensitivity driven by pH. Furthermore, p(DMA-co-

PVHC) with Cu(II) coordination complexes, the excellent separation of Cu(II) ions from 

the other metal cations by thermal precipitation, such as temperature, pH, and light. 

Herein, we report a polymeric micelle colorimetric probe containing drug delivery system. 

In the new concept of sensing and drug delivery, the resulting p(DMA-b-PVHC) block 

copolymers produce a selective and sensitive chemosensor only to Cu(II) ions, proceeding 

through micellization with Coumarin 102 dyes. Cu(II) ions can be slowly penetrated into 

the core of micelle and act as a cross-linker of time-dependent. On the other hand, the 

complexes of thiosemicarbazone blocks with Cu(II) ions by coordinate interactions would 

render the polymers more hydrophilic, leading to increasing hydrophilicity of the 

hydrophobic core of pVHC blocks of p(DMA-b-PVHC) micelles. Besides, complexations 
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of thiosemicarbazone blocks with Cu(II) ions can act as the relaxing matrices for drug 

delivery and releases system 
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3.3 Experimental 

3.3.1 Materials 

2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DMP, 98%), 2,2′-

azobisisobutyronitrile (AIBN, 98%), N,N-dimethylformamide (DMF, 99.8%), 

tetrahydrofuran (99.9%), 1,3,5-trioxane (99%), and all the metal salts with the highest 

purity available were purchased from Aldrich and used as received. 4-

phenylthiosemicarbazide (98.0%) were purchased from TCI (Tokyo Chemical Industry) 

and used as received. 3-Vinylbenzaldehye (VBA, Aldrich, 97%) and N,N-

dimethylacrylamide (DMA, TCI, 99.0%) were passed through a column of basic alumina 

before polymerization. 

3.3.2 Instrumentation 

1
H nuclear magnetic resonance (NMR, Bruker Avance 300 MHz NMR) spectroscopy was 

performed in CDCl3. Gel permeation chromatography (GPC, Agilent technologies 1200 

series) was conducted using a polystyrene standard with DMF as the eluent at 30 
o
C and a 

flow rate of 1.00 mL/min. The UV-Vis spectra were recorded using an SINCO Mega Array 

PDA UV-Vis spectrophotometer. Hydrodynamic size distributions were obtained by 

dynamic light scattering (DLS, Nano ZS, Malvern, U.K.). Fluorescence emission spectra 
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were recorded with a HORIBA FluoroMax-4Pmspectrophotometers. Atomic force 

microscope (AFM) images were obtained using NX10 AFM (Park systems, Suwon, Korea). 

3.3.3 Synthesis 

Poly(N,N-dimethylacrylamide) (PDMA) DMA (9.60 ml, 97.04 mmol), DMP (176.9 mg, 

0.485 mmol), AIBN (1.99 mg, 0.012 mmol), 1,3,5-trioxane (43.6 mg, 0.485 mmol, internal 

standard), and DMF (10.0 mL) were added in a 25 mL Schlenk flask equipped with a 

magnetic stir bar. The solution was purged with argon for 20 min, and the reaction flask 

was placed in a preheated oil bath at 70 °C. After 1 h, the polymerization was quenched by 

removing the polymerization from heat and exposing the solution to air. The solution was 

precipitated into cold ether. The polymer was redissolved in THF and reprecipitated into 

the cold ether and dried under vacuum at room temperature for 24 h. Mn = 21 500 g/mol, 

Mw/Mn = 1.06. 
1
H NMR (300 MHz, CDCl3, δ in ppm): 2.85 (6H, s, -N(CH3)2); 2.00-1.00 

(3H, m, -CH2CH-); 0.85 (3H, t, -CH3) 

Poly[(N,N-dimethylacrylamide)-b-(3-vinylbenzaldehyde)] [p(DMA-b-VBA)] p(DMA-

b-VBA)  block copolymer was synthesized by RAFT polymerization using PDMA as a 

macro chain transfer agent (macroCTA). 3-Vinylbenzaldehyde (0.164 ml, 1.29 mmol), 

PDMA (0.31 g, 0.026 mmol), AIBN (1.06 mg, 0.00645 mmol), 1,3,5-trioxane (23.2 mg, 

0.26 mmol, internal standard), and DMF (5 mL) were sealed in a 10 mL Schlenk flask 
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equipped with a magnetic stir bar. The solution was purged with argon for 20 min, and the 

reaction flask was placed in a preheated oil bath at 70 °C. The solution was purged with 

argon for 20 min, and the reaction flask was placed in a preheated oil bath at 70 °C. After 

3h, the polymerization was quenched by removing the polymerization from heat and 

exposing the solution to air. The solution was precipitated into cold ether. The polymer was 

redissolved in THF and reprecipitated into the cold ether and dried under vacuum at room 

temperature for 24 h.  Mn = 24 400 g/mol, Mw/Mn = 1.07. 
1
H NMR (300 MHz, CDCl3, δ 

in ppm): 9.95 (1H, s, -CHO); 7.80-6.4 (4H, s, ArH); 2.85 (6H, s, 2.85 (6H, s, -N(CH3)2); 

2.00-1.00 (3H, m, -CH2CH-); 0.85 (3H, t, -CH3) 

Poly{[N,N-dimethylacrylamide]-b-[N-phenyl-2-(3-

vinylbenzylidene)hydrazinecarbothioamide]} [p(DMA-b-PVHC)] Post-polymerization 

modification reaction was conducted as previously reported.
16

 Briefly, p(DMA-b-VBA) 

(0.179 g, 0.135 mmol per VBA repeating unit) and 4-phenylthiosemicarbazide (45.2 mg, 

0.270 mmol) were added to a round-bottomed flask and dissolved in THF (50 mL) and 

heated at 80 °C overnight. The solution was concentrated and precipitated in diethyl ether. 

The precipitation process was repeated two times and dried in a vacuum oven at 30 °C. Mn 

= 24 500 g/mol , Mw/Mn = 1.08. 
1
H NMR (300 MHz, CDCl3, δ in ppm): 9.60 (1H, s, 

−NH); 9.0 (1H, s, −NH); 7.80 (1H, s, −CHN−); 7.80−6.80 (9H, m, ArH). 
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3.4 Results and Discussion 

 

Scheme 1.  Synthesis of p(DMA-b-VBA) via RAFT homopolymerization of DMA and 

subsequent RAFT block copolymerization of 3-VBA, followed by post-polymerization 

modification of p(DMA-b-VBA) to yield amphiphilic block copolymer p(DMA-b-PVHC) 

with thiocarbazone moieties. 

 

The strategy used in this study is depicted in Scheme 1. RAFT polymerization of DMA 

with DMP as a chain transfer agent (CTA) and AIBN as an initiator led to PDMA with a 

well-controlled molecular weight and narrow polydispersity. Polymerization was carried 

out with [DMA]:[DMP]:[AIBN] = 200:1:0.025 in the presence of 1,3,5-trioxane as an 

internal standard at 70 
o
C. Polymerization was quenched when the monomer conversion of 
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DMA reached 60 % in 1h. The apparent molecular weight (Mn, app = 21,500) with narrow 

molecular weight distribution (Mw/Mn = 1.06) of the resulting PDMA were obtained by 

GPC (Figure 1). Apparent molecular weight obtained by GPC was higher than the 

theoretical molecular weight (Mn, theory = 12,200, DPn, theory = 120) calculated from the 

conversion of DMA. Experimental molecular weight can be also determined by 
1
H NMR 

spectroscopy. Mn, NMR was determined from the integration of dimethyl signals of DMA 

repeating units at 2.85 ppm and the signals at 0.85 ppm of the DMP end groups (-CH3). Mn, 

NMR (11,800 g/mol) was in relatively good agreement with Mn, theory (Figure 2a).  

10
4

10
5

Molar Mass

 P(DMA)
120

 P(DMA
120

-b-VBA
10

) 

 P(DMA
120

-b-PVHC
10

)

 

Figure 1.  Overlaid GPC traces of PDMA, p(DMA-b-VBA), and p(DMA-b-PVHC). 
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Table 1. Results from the synthesis of PDMA, p(DMA-b-VBA), and p(DMA-b-PVHC) via 

RAFT polymerization, followed by postpolymerization modification 

a 
Monomer conversion determined by 

1
H NMR spectroscopy. 

b 
Theoretical molecular 

weight determined by monomer conversions. 
c
 Experimental molecular weight calculated 

from 
1
H NMR spectroscopy. 

d
 Apparent number-average molecular weight and PDI 

determined by DMF GPC with PMMA calibration. 
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Figure 2. 
1
H NMR spectra of PDMA, p(DMA-b-VBA), and p(DMA-b-PVHC).  

 

Polymer Conv
a
 (%) Mn, theory

b
 Mn, NMR

c
 Mn, app

d
 PDI

d
 

P(DMA)120 60 11 800 12 200 21 500 1.06 

P(DMA120-b-VBA10) 20 13 100 14 600 24 400 1.07 

P(DMA120-b-PVHC10) - - 15 000 24 500 1.08 
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RAFT polymerization of VBA was initiated with the well-defined pDMA macroCTA. The 

polymerization was performed in DMF and the ratio of [VBA]:[PDMA 

mcaroCTA]:[AIBN] was fixed at 50:1:0.25. VBA conversion was 15% in 3h, resulting in 

p(DMA-b-VBA) block copolymer (Mn = 13,100 and Mw/Mn = 1.07). The increase in the 

molecular weight of p(DMA-b-VBA) is demonstrated by the slight shift of the GPC traces 

toward higher molecular weight while the molecular weight distribution remained 

relatively low, showing the effective control over the block copolymerization (Figure 1 and 

Table 1). The experimental molecular weight of p(DMA-b-VBA) were also obtained from 

1
H NMR spectroscopy by calculating the integration area of the DMA repeat unit signals at 

2.85 ppm (-N(CH3)2) and the signal of the VBA repeat unit (-CHO) at 9.95 ppm (Mn, NMR = 

13,500, where DPNMR of DMA and VBA is 120 and 10, respectively) (Figure 2b).  

Having obtained the p(DMA-b-VBA) block copolymer, post-modification reaction was 

conducted to yield p(DMA-b-PVHC) with thiocarbazone moieties. 4-

Phenylsemithiocarbazide was successfully coupled to p(DMA-b-VBA) with high 

efficiency. To ensure full conversion, a two-fold excess amount of 4-

phenylsemithiocarbazide over aldehyde groups of VBA block in p(DMA-b-VBA) was used 

at 80 °C for 12h. 
1
H NMR spectroscopic analysis confirmed the successful transformation 

of p(DMA-b-VBA) to p(DMA-b-PVHC). New peaks (i, j, k) of p(DMA-b-PVHC) 
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appeared at approximately 7.8-10.0 ppm while an aldehyde peak (e) of p(DMA-b-VBA) 

disappeared completely. The reaction was almost quantitative, with essentially complete 

conversion of the aldehyde units being observed. The GPC traces showed that there was no 

significant change in the apparent molecular weight after the coupling reaction (Figure 1). 
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Figure 3. a) UV-Vis absorption spectra of 0.1 mg/mL p(DMA-b-PVHC) micellar solution 

(66 μM of the phenylthiosemicarbazone units) obtained right after the addition of various 

concentrations of Cu(II) ions in an aqueous solution at room temperature. b) Selectivity of 

p(DMA-b-PVHC) micelles with various metal ions. c) Time-dependent change in UV-Vis 

absorption spectra of 0.1 mg/mL p(DMA-b-PVHC) micellar solution with the addition of 

100 μM of Cu(II) ions. d) Schematic representation of the time-dependent detection of 

Cu(II) ions due to their slow penetration into a hydrophobic PVHC core. 
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p(DMA-b-PVHC) block copolymer is amphiphilic and can self-assemble into micelles in 

aqueous solution. The critical micelle concentration (CMC) value is an important 

characteristic of a surfactant. The CMC value of p(DMA-b-PVHC) copolymer was 

detected using a fluorescence technique with pyrene as a probe, and calculated to be 6.6  

10
-3

 mg/mL (Figure S1).  

  The Cu(II) ion sensing studies with self-assembled micelles of p(DMA-b-PVHC) were 

carried out in aqueous solution. An aqueous micellar solution (0.1 mg/mL) of p(DMA-b-

PVHC) was prepared in a 66 μM concentration of phenylthiosemicarbazone units. To 

ensure the successful formation of micelles, p(DMA-b-PVHC) was micellized at a much 

higher concentration than CMC. Changes in UV-Vis absorption spectral responses of 

p(DMA-b-PVHC) micelles were monitored upon the gradual addition of Cu(II) ions in the 

concentration range of 33-100 μM (Figure 3a). The gradual decrease in the absorption 

maximum at 318 nm and the gradual increase in absorbance at 390 nm with the overall 

broadening of the absorption band were observed. The original colorless solution became 

yellow with the addition of Cu(II) ions due to the formation of coordination complexes 

between Cu(II) ions and phenylthiosemicarbazone units of p(DMA-b-PVHC) micelles.
16, 31

 

As previously reported, p(DMA-b-PVHC) exhibited good selectivity toward Cu(II) ions 

over several alkalies and transition metal cations (Figure 2b). Interestingly, this detection 
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process is time-dependent. Changes in UV-Vis absorption spectral responses of p(DMA-b-

PVHC) micelles with time elapse were monitored in 100 μM of Cu(II) ions (Figure 3c and 

see also Figure S2a and S2b for different concentrations of Cu(II) ions). It was found that 

time required for the complete detection of Cu(II) ions with p(DMA-b-PVHC) micelles 

was about 24 h. The detection time profile of p(DMA-b-PVHC) micelles toward Cu(II) 

ions at different concentrations was plotted to show time-dependent detection progress 

(Figure S2c). The hydrophilic Cu(II) ions have limited access to the inner core of the 

micelles where pPVHC blocks with phenylthiosemicarbazone receptor units are closely 

packed. As time progressed, Cu(II) ions slowly penetrated into a hydrophobic pPVHC core 

and caused the time-dependent formation of coordination complexes (Figure 3d). 

  

Figure 4. a) Time-dependent increase in apparent hydrodynamic diameters of 0.01 mg/mL 

p(DMA-b-PVHC) micellar solution after the addition of 100 μM of Cu(II) ions. b) The 

formation of core crosslinked p(DMA-b-PVHC) micelles with ionic cores via the 

intermolecular tetradentate coordination complexation between Cu(II) ions and 
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phenylthiosemicarbazone ligand. 

DLS was conducted to observe the formation of p(DMA-b-PVHC) micelles and change in 

size of micelles resulting from Cu(II) detection via the formation of coordination 

complexes. For this, 100 μM of Cu(II) ions was added to the 0.01 mg/mL of p(DMA-b-

PVHC) micellar solution in water and the evolution of size distributions were measured as 

time progressed (Figure 4a). The average hydrodynamic diameter of original micelles was 

40 nm, indicating that p(DMA-b-PVHC) self-assembled to form micellar aggregates. After 

the addition of 100 μM of Cu(II) ions, the average hydrodynamic diameter increased 

gradually with time and reached 75 nm after 24 h. It was reported that Cu(II) tends to form 

bidentate coordination complexes with phenylthiosemicarbazone.
17, 31

 However, the 

formation of tetradentate coordination complexes is facilitated for p(DMA-b-PVHC) 

micelles because phenylthiosemicarbazone ligands are densely located in the inner core of 

micelles. The time-dependent slow penetration of Cu(II) ions into the core of micelles led 

to the intermolecular tetradentate coordination complexation with 

phenylthiosemicarbazone ligands, inducing the formation of the polymer micelles with 

cross-linked ionic cores (Figure 4b). As a result, the average hydrodynamic diameter 

increased gradually with time due to the swelling of crosslinked ionic cores in water.  
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Figure 5. Representative AFM phase images of 0.01 mg/mL p(DMA-b-PVHC) micellar 

solution spin-coated on mica a) before and b) after the addition of 10 μM of Cu(II) ions. 

The Cu(II) detection-induced formation of core crosslinked p(DMA-b-PVHC) micelles 

was confirmed by AFM. The samples were prepared from an aqueous solution of p(DMA-

b-PVHC) micelles (0.01 mg/mL) and deposited directly on mica substrate by spin-coating 

after micellization. The uniform, well-dispersed individual spherical micelles with an 

average diameter of 35 nm were visualized in AFM images (Figure 5a). 10 μM of Cu(II) 

ions was then added to the p(DMA-b-PVHC) micelle solution (0.01 mg/mL) and spin-

coated onto a mica substrate 24 h later for AFM analysis. While the characteristic micellar 

morphology was retained, the average diameter of the globular particles increased to 83 nm 

(Figure 5b). The core of p(DMA-b-PVHC) micelles were crosslinked via Cu(II) detection, 

rendering the resulting particles swollen.  
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Fig

ure 6. a) Emission spectra of an aqueous 0.1 mg/mL p(DMA-b-PVHC) micellar solution 

with encapsulated coumarin 102 after the addition of 100 μM of Cu(II) ions; the time-

dependent reduction in fluorescence intensity of coumarin 102. b) The time-dependent 

Coumarin 102 release profiles with the addition of different concentrations Cu(II) ions 

obtained from normalized fluorescence intensities based on the emission maximum of 

each curve in spectra. c) Encapsulated dyes within the hydrophobic core of p(DMA-b-

PVHC) micelles right after micellization (top), 35% of dye leakage after 1 month in the 
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absence of Cu(II) ions (left), and the complete release of encapsulated dyes after 1 month 

in the presence of 100 μM of Cu(II) ions (right). Each photograph of the left and right vial 

was taken under ambient and UV light (365 nm), respectively. 

Having examined the swelling behaviors of core crosslinked p(DMA-b-PVHC) micelles 

induced by the detection of Cu(II) ions, we attempted to evaluate the effect of the gradual 

Cu(II)-detection on the sustained release of the hydrophobic model drug, coumarin 102. 

For incorporation of coumarin 102 into the core of p(DMA-b-PVHC) micelles, 3.0 mg of 

p(DMA-b-PVHC) and 1.0 mg of coumarin 102 were dissolved in 1 ml of THF followed by 

dropwise addition of 30 mL of water for 12 h. The Cu(II)-induced sustained release of 

encapsulated coumarin 102 was studied by fluorescence spectroscopy. The initial micellar 

solution exhibited the strong emission of coumarin 102 with a maximum at 490 nm. After 

the addition of 100 μM of Cu(II) ions, the emission intensity of coumarin 102 decreased 

steadily as time progressed. Approximately 7.5 and 25 % of coumarin 102 was released in 

1 h and 1 day, respectively (Figure 6a). Interestingly, the amount of dye released gradually 

increased in a sustained manner up to 1 month with about 97% of dye being released. The 

release kinetics were further investigated with the different concentration of Cu(II) ions (33 

and 66 μM) in parallel with a control experiment in which no Cu(II) ions were added 

(Figure 6b). The amount of released dye was less than 3 % in 1 day and increased up to 



68 

 

35% in 1 month in the absence of Cu(II) ions. This level of leakage of a hydrophobic dye 

from polymeric micelles in water is viable, suggesting the moderate stability of p(DMA-b-

PVHC) micelles. When 33 or 66 μM of Cu(II) ions were added, slow release of the 

encapsulated coumarin 102 in comparison to the addition of 100 μM of Cu(II) ions was 

exhibited. The release kinetics, however, still followed a sustained fashion. The bright 

fluorescence was observed in the photograph of the initial colorless p(DMA-b-PVHC) 

micellar solution with coumarin 102 encapsulated. 1 month later, the solution was still 

colorless with a diminished fluorescence intensity due to the leakage of encapsulated 

coumarin 102 from polymeric micelles. This result reflects 35% of dye release obtained by 

fluorescence spectroscopy. After the addition of 100 μM of Cu(II) ions, however, the 

original colorless solution became yellow with no fluorescence intensity, indicating that 

almost quantitative release was achieved. While it took one day to complete the detection 

of Cu(II) ions followed by full swelling of core crosslinked p(DMA-b-PVHC) micelles, the 

sustained release of the encapsulated dye continued to 1 month. Though we cannot be fully 

certain of this prolonged release behavior, it is reasonable to assume that, unlike a burst 

release driven by a disruption of micelles, a diffusion-controlled release from a crosslinked 

swollen core requires more time. 
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3.5 Conclusions 

Well-defined amphiphilic block copolymer, p(DMA-b-PVHC), was successfully 

synthesized using RAFT polymerization, followed by post-polymerization modification 

with 4-phenylthiosemicarbazide. The sensing of Cu(II) ions in aqueous media described 

here rely on the slow penetration of Cu(II) ions into the hydrophobic core of PVHC blocks 

of p(DMA-b-PVHC) micelles. DLS and AFM investigations revealed that the size of 

micelles increased after the addition of Cu(II) ions due to the swelling of crosslinked ionic 

cores generated by the detection of Cu(II) ions. The sustained release of the hydrophobic 

model drug was achieved by virtue of slow swelling of core crosslinked p(DMA-b-PVHC) 

micelles. Overall, the ability of p(DMA-b-PVHC) micelles to detect Cu(II) ions selectively, 

combined with the drug release in a sustained manner, suggests significant promise in the 

development of potential therapeutic vehicles capable of diagnosis. 

. 
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3.6 Supplementary information 
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Figure S1. (a) The fluorescence emission spectra of pyrene as a function of copolymer 

concentration in water (mg/mL). (b) The fluorescence intensity ratio of I391/I371 from 

pyrene emission spectra versus the log of the concentration (logC; mg/mL), a measurement 

used to determine the CMC for p(DMA-b-PVHC). 
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Figure S2. Time-dependent change in UV-Vis absorption spectra of 0.1 mg/mL p(DMA-b-

PVHC) micellar solution with the addition of a) 33 μM, b) 66 μM of Cu(II) ions. C) Time-

dependent change absorbance at 310 and 390 nm versus the amount of Cu(II) added. 
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Figure S3. Emission spectra of an aqueous 0.1 mg/mL p(DMA-b-PVHC) micellar 

solution with encapsulated coumarin 102 after the addition of a) 0 μM, b) 33 μM, and 66 

μM of Cu(II) ions. 
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