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ABSTRACT: Polymeric micelles (PMs) composed of self-assembled amphiphilic block copolymers were synthesized from vinylbenzyl

thymine (VBT) and vinylbenzyl triethylammonium chloride (VBA) exhibiting improved physical stability. Three diblock copolymers

of different chemical compositions and similar molecular weights (polydispersities below 1.5) were obtained via nitroxide mediated

radical polymerization. Critical micelle concentration (CMC) was determined by dye micellization method, the shift of the absorption

peak of the anionic (EY) due to the interactions with non-assembled chains and auto-assembled copolymers was followed. Polymeric

systems exhibited good stability revealing that a higher proportion of cationic monomers in the diblock reduce the CMC. Further-

more, after the core of PMs was photocrosslinked by UV irradiation, the CMC decreases notably. Kinetic release studies using EY dye

as probe demonstrated that both, higher VBA ratios in the polymer and higher UV-irradiation, slow down the dye release. VC 2015
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INTRODUCTION

Nanotechnology has been one of the fastest evolving areas in

Science in the past 20 years. The ability to produce and manip-

ulate nanometer-sized structures has solved many technological

dilemmas and has opened doors to innovation in multiple

fields. In particular, the use of nanoparticles for the develop-

ment of drug transport devices constitutes an area of current

interest.1–4

Among the drug transport systems, the nanoscale polymeric

micelles (PMs) have triggered greater attention.5–7 PMs are col-

loidal particles, typically around 100 nm, composed of amphi-

philic block copolymers.8 The hydrophobic core serves as a

reservoir for poorly soluble active species and allows increasing

their concentration in hydrophilic solutions.9 Furthermore, in

comparison with surfactant micelles the PMs have a very high

thermodynamic stability and, in general, exhibit a Critical

Micelle Concentration (CMC) 1000 times lower.10 Therefore,

PMs can be used for solubilization, stabilization, and entrap-

ment of active species11,12 being one of the most promising

ways of controlled release systems.6,13 However, the application

of PMs in industrial reactors is limited due to the dissociation

of the micellar core–shell structures. An alternative to improve

the physical stability of the PMs is the chemical crosslinking of

the micellar core.14,15 Riess et al.3 reported an early work of

diblock copolymer micelles with crosslinkable hydrophobic

groups. Subsequently, several efforts have been made to improve

the synthesis of PMs with crosslinkable core or corona, such as

synthesizing polymeric segments with functional groups ready

to crosslink upon UV irradiation.16–20

Controlled radical polymerization (CRPs) enables the produc-

tion of tailor-made structures of block copolymers and repre-

sents an economic alternative to living anionic

polymerizations.21–24 Nitroxide mediated radical polymerization

(NMRP) is a CRP based on a dynamic equilibrium between

growing free radicals and stable nitroxide radicals.25–28 The

active-dormant interchange minimizes the termination reactions

between macroradicals and induces a slow growth of the poly-

mer chains.

Vinylbenzyl thymine (VBT) monomer was designed to have the

ability to crosslink upon short wavelength UV light, as a conse-

quence of thymine–thymine cyclobutane ring formation.29–32

Several copolymers containing VBT have been synthesized by

free radical polymerization and crosslinked by UV irradia-

tion.33–36 In addition, diblock copolymers containing VBT and

ionic monomers such as vinylbenzyl sulfonate (VPS) or vinyl-

benzyl triethylammonium chloride (VBA) have been
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synthesized.37,38 Warner and Saito studied the micelle formation

mechanism from self-assembled pVPS-(b)-pVBT copolymers,

and their ability to regulate the release of riboflavin.37 Kaur

et al. synthesized crosslinkable micelles based on pVBA-(b)-

pVBT diblock copolymers obtained by NMRP. The authors

reported the significance of hydrogen bonding between neigh-

bor thymines on the micelles formation, and the key role of the

core crosslinking on the stability of the formed micelles.38 How-

ever, several features related to the interrelationships between

the molecular structure of the copolymers, the micelle forma-

tion mechanisms and the ability to control the release processes,

still have not being completely elucidated.

In this article, a detailed study of the NMRP copolymerization

reaction of VBT and VBA monomers was carried out. Three

diblock copolymers of different chemical compositions were

synthesized having similar molecular weights, and subsequently

used for the formation of micellar systems. The size of the

micelles obtained from the diblock copolymers was determined

using dynamic light scattering (DLS) and atomic force micros-

copy (AFM), while the CMC was analyzed by UV-vis spectros-

copy. The effects of the length of hydrophilic segments (pVBA)

and the crosslinking degree of the micellar core on the CMC

were investigated. An in-vitro release study of an anionic dye,

eosin Y (EY), was carried out to evaluate the capability to con-

trol the dye release as function of the crosslinking degree of the

micellar core.

EXPERIMENTAL

Thymine, triethylamine, 2,2-tetramethylpiperidin-1-oxyl

(TEMPO), and EY were purchased from Sigma-Aldrich (Argen-

tina), while vinylbenzyl chloride (VBC), 2,6-di-tertbutyl-4-

methylphenol (BHT) and polyethylene glycol/polyethylene oxide

standards (Readycal-Kit PEO/PEG) were purchased from Fluka

(Argentina), and all used as received. Dimethylformamide

(DMF) was purchased from Dorwill (Argentina) and distilled

before used. Sodium metabisulfite, potassium persulfate and

sodium bromide were purchased from Anedra (Argentina), and

sodium hydroxide from Merck (Argentina). Tetrahydrofuran

(THF), acetone, ethanol, toluene and ethylene glycol were

obtained from Cicarelli (Argentina), while acetonitrile and

dimethylsulfoxide (DMSO) from Sintorgan (Argentina). Bidis-

tilled water was used in all reactions. The dialysis Biotech mem-

branes (Cut off 5 3500 Da) were purchased from Spectra/Por

(USA) and pretreated with bidistilled water as suggested by the

manufacturer.

Synthesis of VBT and Vinylbenzyl Trielthylammonium (VBA)

Monomers

For the synthesis of VBT monomer the method of Cheng et al.

was used.29 Thymine and sodium hydroxide in a 1 : 1 molar

ratio were dissolved in a minimum volume of distilled water

and the solution was stirred at room temperature for 2 h. Drop-

ping the aqueous solution into ethanol the thymine sodium salt

crushed out, and to eliminate any traces of water the thymine

sodium salt was lyophilized for 24 h. VBC (45 g – 0.296 mol),

lyophilized thymine sodium salt (56.56 g – 0.325 mol), inhibitor

BHT (60 mg – 0.25 mmol) and 800 mL of distilled DMF were

added to a three-neck round bottom flask equipped with a con-

denser, a nitrogen inlet and a magnetic stirrer. The reaction was

carried out at 70�C for 24 h under nitrogen atmosphere. The

solvent was removed almost completely by rotoevaporation at

35�C and the unreacted thymine was filtrated with boiling tolu-

ene. The filtrated solution was cooled at 25�C, and after 24 h,

the crystallized VBT was collected by filtration and dried under

vacuum (yield 5 47%).

For the VBA synthesis, the method developed by Zarras et al.

was followed.39 50 mL of VBC and 200 mL of acetone were

added into a round bottom flask. While the solution was stir-

ring, 50 mL of triethylamine were added, and the reaction was

run at 60�C with reflux for 1 h. Then, the heat was turned off

and the solution was allowed to stir overnight at room tempera-

ture. The precipitated product was filtered and washed with

cold acetone (yield 5 99%).

Synthesis of Diblock Copolymer pVBA-(b)-pVBT by Aqueous

NMRP

The synthesis of diblock copolymers was performed following

the procedure described by Kaur et al.38 The reaction was car-

ried out in two steps: in the first step, pVBA was polymerized

using a redox initiation system, and in the second step the

diblock copolymer was obtained by polymerization of VBT

from the pVBA macroinitiator formed in the first step. A gen-

eral method is presented in Scheme 1.

Initially VBA and TEMPO (0.0115 g – 0.0736 mmol) were dis-

solved in 10 mL of ethylene glycol : water (50 : 50) mixture.

The redox initiators, sodium metabisulfite (Na2S2O5) (0.01 g –

0.06 mmol) and potassium persulfate (K2S2O8) (0.012 g – 0.04

mmol), were dissolved separately in the same solvent mixture.

The solution containing the initiator was injected into the reac-

tion system and oxygen was removed by nitrogen bubbling for

15 min. Then, the temperature was increased to 125�C under

stirring and nitrogen atmosphere. The synthesis took place

under these conditions for 24 h. Samples were taken at different

times along the reaction, to determine the conversion (x) by

gravimetry, and the average molecular weights by size exclusion

chromatography (SEC). The synthesis was stopped by cooling it

in ice bath. The final products and each sample taken along the

reaction were precipitated by slowly adding the solution into

cold acetone under vigorous stirring and then dried under

vacuum.

In the second step, the macroinitiators pVBA-TEMPO, the VBT

monomer and 15 mL of ethylene glycol : water (50 : 50) mix-

ture were added into a three-neck flask. Nitrogen was bubbled

into the solution for 15 min while stirring. The temperature

was increased to 125�C keeping the nitrogen atmosphere, and

the synthesis was carried out under these conditions for 24 h.

The conversion and the average molecular weights were also

measured along the reaction as explained before. Following this

procedure, pVBA-(b)-pVBT diblock copolymers with different

chemical compositions in the range of 20–80% VBT were syn-

thesized, having approximately the same molecular weights. The

reactions were carried out by duplicate, and the mean values are

shown. Table I shows the experimental composition for each

polymerization reaction.
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Copolymers Characterization

The final products of each reaction step and the samples taken

along the reactions were characterized by gravimetry as follows.

Each polymer was precipitated in 100 mL of cold acetone and

dried under vacuum at 65�C until constant weight. Molecular

weight determinations were carried out using a SEC instrument

equipped with an injector Waters 717 plus Autosampler and a

refractive index detector Waters 2414. For the pVBA samples, a

set of five columns Ultrahydrogel WATERS (7.8–300 mm) were

used. The carrier solvent was water : acetonitrile (80 : 20) with

NaBr (0.5M) at 0.8 mL.min21 and 25�C. For the diblock copol-

ymer, a set of 7 columns Styragel (7.8–300 mm) was used and

the carrier was THF at 1 mL.min21 and 25�C.

Micelle Formation

Self-assembling of diblock copolymers was induced by dialysis

with buffer substitution. A 1% copolymer solution in DMSO

was filtered through a 0.45 mm syringe filter (Microclar) and

added into a dialysis tubular membrane (Spectra/Por - Cut off-

5 3500 Da). Dialysis was carried out using a volume of external

bidistilled water 10 times larger than the DMSO volume. The

total dialysis time was 42 h, and the external volume was

replaced with fresh bidistilled water following three cycles: every

1, 5, and 8 h.

Determination of CMC

The CMC was determined by the dye micellization method,

which detects the presence of micelles in the solution.40 The

shift of the characteristic visible absorption spectra of EY dye as

a consequence of its interactions with non-assembled chains

and auto-assembled copolymers was followed. The copolymer

micelles were made up by dialysis as described before. Subse-

quently, different dilutions covering a broad range of concentra-

tions were prepared and 10 mL of aqueous EY (9 mM) were

added to each dilution. UV-Vis spectra were taken using a

Lambda 20 Perkin Elmer UV/Vis Spectrophotometer. The shift

Table I. Experimental Composition for Each Polymerization Reaction: DB1, DB2, and DB3

Diblock 1 (DB1) Diblock 2 (DB2) Diblock 3 (DB3)

Mol (mmol) Molar Ratioa Mol (mmol) Molar Ratioa Mol (mmol) Molar ratioa

VBA 4.12 89.83 6.19 134.97 4.12 89.83

VBT 3.74 81.46 3.74 81.46 6.18 134.71

a Monomer/potassium persulfate molar ratio.

Scheme 1. Synthesis of diblock copolymers pVBA-(b)-pVBT by aqueous NMRP. (A) Redox initiation system, (B) Polymerization-Step 1: synthesis of

pVBA and, (C) Polymerization-Step 2: synthesis of pVBT from pVBA macroinitiator.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4194741947 (3 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


of the absorbance peak from k 5 518 nm in water to

k 5 530 nm in micellar environment was followed, and the

CMC was established. The same procedure was used for the

synthesized pVBA-(b)-pVBT copolymers.

Particle Size Measurements

The particle size distribution of the self-assembled micellar sys-

tem was determined by DLS (Brook-Haven BI-2030 Dynamic

Light Scattering Photometer) at 25�C, a detection angle of 90�

and irradiation wavelength k 5 630 nm. Considering that the

dynamic of these systems can be complex, to find the diffusion

coefficients and the particle size distributions, a multiple expo-

nential function was used to analize the intensity correlation

functions.

Atomic Force Microscopy (AFM) images were acquired with a

commercial Nanotec Electronic System (Nanotec Electr�onica

S.L., Madrid, Spain) operating in tapping mode at atmosphere

pressure and room temperature. Acquisition and image process-

ing were performed using the WS3M free software.41 V-shaped

Olympus RC800PSA cantilevers (Olympus Corporation, Tokyo,

Japan) made of silicon nitrite coated with Au/Cr on the back

side to enhance reflectivity were used, having a resonance fre-

quency in the range of 70–90 kHz, nominal spring constant

between 0.05 and 0.1 N.m21 and radius smaller than 20 nm.

The samples were prepared spreading the micellar solution onto

a clean glass slide and subsequently drying them in a vacuum

oven at 60�C for 30 min.

Micelle Core Crosslinking

To enhance the stability of the micellar system the pVBT seg-

ments forming the micelleÇs core were crosslinked using UV

light. Following the described procedure, micelles were prepared

by dialysis from highly concentrated copolymer solutions, and

then irradiated with UV light at various irradiation doses

between 0 J cm22 and 10 J cm22 (k 5 254 nm – CL 1000 Ultra-

violet Crosslinker). Subsequently, different dilutions of irradi-

ated micelles containing 10 mL of aqueous EY (9 mM) were

prepared. The corresponding UV–vis spectra were taken after

each irradiation.

Kinetics of EY Release

The EY dye was used as probe to study the release kinetics.

Aqueous pVBA-(b)-pVBT micelle solutions with concentrations

above the CMC were prepared with the same initial EY concen-

tration (24 mM) and dialyzed for 3 h against bidistilled water

(five times the volume of micelle used), using a dialysis mem-

brane with cut off 5 3500 Da. Samples from the external

medium were taken at different times, and replaced by the same

volume of fresh bidistilled water after each sampling. The UV–

vis spectra of each sample were recorded and the maximum

absorption peak of EY in aqueous environment was followed.

The release profiles of EY in both micelles (DB1 and DB2) were

compared with the release kinetics of EY in aqueous solution at

the same concentration (24 mM). In addition, the effect of the

micelles crosslinking degree on the EY release was evaluated in

function of the UV irradiation dose.

RESULTS AND DISCUSSION

Characterization of pVBA-(b)-pVBT Diblock copolymers

Table II presents the results of the molecular weight characteri-

zation corresponding to the pVBA macroinitiators and the

diblock copolymers. The monomer ratios in the block copoly-

mers of Table II estimated from the average molecular weights

approximately match the monomer ratios predicted from the

monomer feed ratios, and the conversion in each step. Note

that the level of conversion reached in each step was not 100%

However, the control of the NMRP reaction was evaluated fol-

lowing the polymerization rate, and the evolution of molecular

weights and polydispersity as function of conversion (x).

Another feature indicating a good radical process control is the

linear evolution of the natural logarithm of the initial and

instantaneous concentration of monomers ratio [ln([M0]/[M])]

along the reaction time.42,43 Figure 1 shows the evolution of

(ln([M0]/[M])) as function of time and the polydispersity with

the conversion, for the first and second step of the DB1 poly-

merization reaction. Even though for step 1 the achieved con-

version was lower than 100%, the remaining VBA monomer

was removed before the beginning of step 2. The absence of

VBA was guaranteed by SEC measurements.

The evolution of ln ([M0]/[M]) as function of time during the

first and second steps [Figures 1(A,B)] are both linear. Also, the

polydispersity (Ip) was kept below 1.5 during the reaction indi-

cating a good control of the polymerization. Similar results for

the evolution of Mn and Ip (not shown) were obtained for the

copolymerization reactions carried out with different copolymer

ratios, DB2 and DB3.

Micelle Formation and Analysis of Particle Size

Scheme 2 shows an illustration of the entire micelle formation

process and the subsequent crosslink. First the di-block copoly-

mer is completely dissolved in DMSO [Scheme 2(A)]. Then, the

buffer exchange is carried out by dialysis [Scheme 2(B)] and the

Table II. Number-Average Molecular Weight (Mn), Weight-Average Molecular Weight (Mw), Polydispersity (Ip 5 Mw/Mn), and Conversion (x) of pVBA

Macroiniciators and Final Diblock Copolymers

pVBA pVBA-(b)-pVBT
VBT : VBA Molar
RatioReaction Mn Mw Ip x Mn Mw Ip x

DB1 8300 10,600 1.3 0.42 13,900 18,800 1.3 0.46 40 : 60

DB2 14,300 18,300 1.3 0.87 17,400 22,600 1.3 0.44 18 : 82

DB3 3500 4100 1.2 0.34 14,700 18,100 1.2 0.66 76 : 24

VBT : VBA molar ratio indicates the contribution of each segment to the final diblock copolymer.
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DMSO is replaced by aqueous buffer. Due to the low affinity of

the pVBT segments for the aqueous, and the high solubility of

pVBA segments, the di-block tend to self-assemble into micelles.

Finally, crosslinking of the micellesÇs core is achieved by UV

irradiation of the aqueous suspension [Scheme 2(C)].

Formation of micellar nanoparticles was carried out for the

three diblock copolymers synthesized following the procedure

described in the “Experimental” Section. After the dialysis pro-

cess, solutions of copolymers DB1 and DB2 showed an opales-

cent aspect, typical of Rayleigh scattering, due to formation of

micelles.44 In contrast, the solution of copolymer DB3 showed a

transparent appearance indicating the absence of self-assembled

micelles at the concentration level tested, and consequently this

composition was not employed in following studies. The lack of

micelles can be attributable to the presence of a small cationic

segment (pVBA) in DB3, since is known that the self-

assembling capacity of charged copolymers to form micelles

improves when the charge of the molecule increases.45,46

DLS measurements were performed on DB1 and DB2 non-

irradiated micelles (0 J.cm22). The average diameter (da) of the

micelles and the corresponding standard deviations (r) resulting

from the fitting with multiple exponentials model are summar-

ized in the second and fifth columns of Table III. It was

observed that DB2 copolymer micelles have a smaller average

size and a narrower size distribution than DB1 micelles. The

smaller size of DB2 micelles is associated to a shorter chain

length, and consequently a reduced hydrodynamic volume, of

the hydrophobic block forming the micelle core of DB2. The

narrower size distribution of DB2 could be associated to the

polydispersity of that block. AFM measurements were also car-

ried out for both micelles solutions to validate DLS results, and

the micrograph for DB1 micelles is shown in Figure 2. A good

agreement between the diameters obtained with both techniques

was observed. AFM images also confirmed the lack of micelle-

aggregates.

In addition, the effect of the photoinduced thymine dimeriza-

tion on the particle size distribution was studied. DB1 and DB2

micelle solutions were irradiated with UV light (k 5 245 nm) at

2 J.cm22 and 5 J.cm22 producing a decrease of the average par-

ticle size (da) up to 25% for DB1 and 5% for DB2, caused by

the crosslinking of the micelles core (Table III). Also, it can be

noted that the particle size distribution gets significantly nar-

rower upon irradiation for both micellar systems.

Determination of CMC

For colloidal chemistry, CMC is defined as the amphiphilic

macromolecule concentration above which self-assembled

micelles are formed.47 By means of the dye micellization

method, the CMC was determined following the shift of the

Figure 1. DB1 synthesis. ln([M0]/[M]) as a function of time and polydispersity (Ip) as function of conversion for step 1 (A and C) and step 2 (B and

D), respectively.
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visible absorption spectra of EY dye. The aqueous solution of

EY exhibits an intense band at 518 nm corresponding to the

monomeric form of EY, with a shoulder at 496 nm due to the

dimeric form of the dye (spectra not shown). It is known that

in aqueous solution xanthene dyes have strong interactions with

oppositely charged polyelectrolytes, mainly electrostatics.48,49

Small changes on the dye peak positions suggest changes on the

polarity of the surrounding matrix, and on the degree of com-

partmentalization of the micro-heterogeneous system.50

For each micellar system DB1 and DB2, a series of dilutions

were prepared adding the same amount of EY dye (9 mM), and

the variations on the spectral behavior of EY in the presence of

micelles were studied. Figure 3(A) shows the changes observed

on the absorption spectra of EY as function of wavelength, for

different DB1 micelle concentrations ranging from

CM 5 0.007 mg.mL21 to CM 5 1 mg.mL21. The maximum

absorption peak of EY in water shifted to higher wavelengths

(from 518 to 530 nm in the CM range studied) upon the pro-

gressive addition of cationic diblock pVBA-(b)-pVBT copoly-

mers. Such spectral shift in the presence of micelles is common,

indicating electrostatic interactions between EY and the oppo-

sitely charged pVBA segments of the micelles. The red shift of

the spectra assigned to the monomeric dye is an evidence of the

polarity change in both environments.

From Figure 3(A), besides the red shift it can be observed that

the intensity of the maximum absorption peak of EY decreases

with the addition of diblock copolymers until a certain concen-

tration, and subsequently starts to grow. Figure 3(B) depicts the

Scheme 2. Micelle formation and subsequent crosslinking processes. (A) Block copolymer dissolved in DMSO, (B) Dialysis and self-assembled micelles

formation, (C) UV irradiation of the aqueous suspension.

Table III. Average Diameter (da) of Micelles and Corresponding Standard

Deviations (r) From DLS Measurements

Irradiation
dose (J.cm22)

DB1 micelles DB2 micelles

0 2 5 0 2 5

da (nm) 190 150 140 125 120 120

r 100 40 20 30 20 20

Figure 2. AFM micrograph of DB1 micelles formed by self-assembly of

diblock copolymers. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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evolution of the maximum absorption peaks at 518 and 530 nm,

as function of DB1 diblock copolymer concentration (CM). Two

different phases for the spectroscopic properties of the dye in

function of the DB1 micelle concentration are clearly shown.

Approximately up to 0.05 mg.mL21, the increase of CM produces

a noticeable reduction of the maximum absorption peak at

518 nm. Simultaneously, with the addition of small quantities of

diblock copolymer the broadening of the absorption band calcu-

lated as the full width at half maximum (FWHM) enhances

abruptly, reaching a maximum around 0.055 mg.mL21 [see inset

in Figure 3(B)]. These spectral changes are governed by the elec-

trostatic attraction between the anionic dye and the cationic

diblock pVBA-(b)-pVBT copolymer. In the CM range studied, an

isosbestic point was observed at 524 nm indicating that the spec-

tral changes are connected to the existence of two types of

“association sites” between the dye and the diblock pVBA-(b)-

pVBT copolymers, both single chains and self-assembled copoly-

mers. For higher micelle concentrations a significant increase of

the EY absorption peak at 530 nm was observed, accompanied

with a decrease of the bandwidth FWHM until recovering practi-

cally the initial value [inset in Figure 3(B)]. Those changes indi-

cate the formation of a region that provides the monomeric dye

a microenvironment less polar than water.

CMC was estimated from the intersection point of both curves

displayed in Figure 3(B). The resulting CMC value was

0.053 mg.mL21 for DB1 system, in good agreement with previ-

ously reported CMC values for similar copolymer systems

obtained by other techniques.38

Figure 4 compares the evolution of the absorption peaks of EY

at 518 nm and 530 nm as function of diblock copolymer con-

centration for DB1 and DB2 micellar solutions without irradia-

tion. Results for DB2 diblock copolymers show an earlier

intersection point compared to DB1 diblock copolymers

(CMC 5 0.012 mg.mL21) that can be attributed to the presence

of higher proportion of charged VBA monomer in the structure

of DB2. High dilution medium is necessary to overcome the

electrostatic repulsions between charged groups during the

aggregation process. It is well known that for amphiphilic mac-

romolecules with ionic charge, the tendency to form micellar

structures is enhanced when the ionic charge on the hydrophilic

segment increases.45,46

The effect of the crosslinking of the micellar core on the CMC

value was investigated. Figure 5 compares the evolution of the

absorption peaks at 518 nm and 530 nm as function of diblock

copolymer concentration for DB1 copolymers irradiated with

UV light between 0 and 5 J.cm22. The CMC decreases from

0.053 mg.mL21 in absence of irradiation (0 J.cm22) to

0.024 mg.mL21 at 2 J.cm22 and to 0.013 mg.mL21 at 5 J.cm22.

This behavior is a consequence of the dimerization reactions

taking place between adjacent thymines in the core of the

micelle that stabilizes the micellar system even for extreme dilu-

tions. These results provide a technological advantage over other

Figure 3. (A) Dye absorption spectra in function of wavelength for DB1 micelles at different concentrations (CM between 0.007 mg mL21 to 1 mg

mL21) and [EY] 5 9 mM; (B) Evolution of the dye absorbance ([EY] 5 9 mM) against DB1 micelle concentration (CM) w 518 nm and � 530 nm. Inset:

FWHM of the spectra in function of micelle concentration (CM).

Figure 4. Evolution of the dye absorbance as function of copolymer con-

centration for DB1 (w 518 nm, � 530 nm) and DB2 (D 518 nm, ~

530 nm) micelles.
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systems, in view of the fact that crosslinkable micellar systems

can be used below their CMC if they are previously irradiated

with a selective dose of UV light.

Controlled Release Kinetics

For the technological applications of these micellar systems, is

important to establish the effect of copolymer composition and

curing conditions on the release kinetics. Two aqueous solutions

of DB1 and DB2 micelles with concentrations slightly above the

CMC (0.059 mg.mL21 and 0.018 mg.mL21, respectively), and

24 mM of EY were prepared and dialyzed as described in the

Experimental Section. Samples were taken from the external

volume at 15, 30, 45, 60, 120, and 180 min, and replaced with

fresh bidistilled water. As a comparison, an aqueous solution of

EY (24 mM) was dialyzed and samples were taken using the

same procedure. The UV–vis spectra of each sample were

recorded and the evolution of the EY absorption peak at

524 nm (corresponding to the maximum absorption at the

CMC value) was followed and presented in Figure 6. In particu-

lar, Figure 6(A) clearly shows that for both systems there is a

control of the EY release. Also, it is observed that DB2 micelles

exhibit a slower release rate due to the higher amount of posi-

tive charged groups that interact with ionic EY dye.

Micellar solutions of DB1 and DB2 copolymers were irradiated

with UV light at 1 J.cm22 and 5 J.cm22 to evaluate the influ-

ence of the crosslinking degree on the kinetics release of EY dye

(24 mM). Figure 6(B,C) show that the photoinduced crosslink-

ing of thymine moieties in the core of the micelles slows down

the release rate of EY in both copolymer micelles. In addition,

the maximum EY release decreases from 0.59 to 0.39 mM for

DB1, and 0.42 to 0.21 mM for DB2.

Figure 5. Evolution of the absorption peaks at 518 nm and 530 nm as

function of copolymer concentration for DB1 micelles using different irra-

diation doses: (A) 0 J cm22 (w 518 nm, � 530 nm), (B) 2 J cm22 (�

518 nm, � 530 nm) and (C) 5 J cm22 (� 518 nm, � 530 nm).

Figure 6. Evolution of EY maximum absorption peak at k 5 524 nm as func-

tion of time for: (A) � aqueous solution, ~ DB1 and • DB2 micelles without

irradiation, (B) DB1 irradiated micelles (~0 J cm22, D 1 J cm22, 5 J cm22)

and (C) DB2 irradiated micelles (• 0 J cm22, � 1 J cm22, 5 J cm22).
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CONCLUSIONS

Three pVBA-(b)-pVBT diblock copolymers of similar molecular

weight but different molar ratios were obtained by NMRP. The

characterization of the SEC results showed a good reaction con-

trol and low polydispersities. Diblock copolymers with VBA

molar fraction higher than at least 50% were able to form

micelles exhibiting elevated self-assemble capacity due to the

presence of charged groups. DLS and AFM characterization

indicated a nanometric size distribution of self-assembled

micelles, and the absence of aggregates. In addition, it was

observed that the particle size can be controlled by the photoin-

duced crosslinking of the core using UV light. The tendency to

form micellar structures was enhanced when the ionic charge

on the hydrophilic segment was augmented, as well as with the

photoinduced crosslinking of the micelles core. The analysis of

the EY spectral changes detected in the presence of diblock

copolymer suggested that the EY dye is sensing two different

media depending on the environment. The release kinetics for

both micellar systems was controlled exhibiting a slower release

rate when higher amount of positive charged groups were pres-

ent. Furthermore, it was possible to modify the release kinetics

by irradiating and crosslinking of the micelles core. The

obtained results can be used for innovative technological appli-

cations. Forthcoming works plan to evaluate the ability of the

micellar systems to control the release of other molecules, and

to explore the mechanisms that govern the release kinetics.
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