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Synthesis of double hydrophilic block copolymers and induced assembly with 

oligochitosan for the preparation of polyion complex micelles

J. Reboul,a T. Nugay,a N. Anik,b H. Cottet,b V. Ponsinet,c M. In,d P. Lacroix-Desmazes*a and C. G�erardin*a

This paper reports on the polyion complex micelles (PIC micelles) formed between neutral-ionizable double hydrophilic block

copolymers (DHBC), poly(ethylene oxide)-block-poly(acrylic acid) (PEO-b-PAA), and oligochitosan, a natural polyamine. The

controlled synthesis of PEO-b-PAA polymers was achieved by atom transfer radical polymerization (ATRP) of tert-butyl acrylate

with u-bromide-functionalized PEO macroinitiators (Mw ¼ 2000 and 5000 g mol�1) and the subsequent deprotection reaction under 

acidic conditions. A series of copolymers with a narrow molecular weight distribution (Mw/Mn # 1.2) and varied PAA block lengths
was synthesized. Capillary electrophoresis (CE) was shown to unambiguously prove the blocky structure of the copolymers. It also

showed that about 60%of the sodium counter ions were condensed onto the polyacrylate block in the pure diblock copolymer

solution, which is consistent with the formation of polyion complex micelles triggered by counter-ion release in the presence of

oligochitosan. The formation of oligochitosan/PAA–PEO core–corona micelles has been investigated by dynamic light scattering

(DLS), small angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). A minimum length of the PAA block is

necessary to ensure micelle formation. The range of pH, where PIC micelles form, critically depends on the PAA block length, which

also determines the size of the micelles. Micelles can be dissociated at ionic strength above 0.4 mol L�1. Since these PIC micelles have

been used as recyclable structuring agents for the formation of ordered mesoporous materials, the reversibilty of the assembling

process was studied upon pH and ionic strength cyclic variations. A hysteresis of stability was observed at low pH, probably due to

hydrogen bonding.

I. Introduction

Recently, double hydrophilic block copolymers (DHBC) have

attracted much interest because of their potential in various

applications, such as crystal growth modification,1,2 metal oxide

particle stabilization,3–5 responsive polymer materials for

sensing, optics,6 diagnostics and controlled drug delivery.7,8

These copolymers are entirely soluble in water, but under

appropriate conditions of pH, ionic strength, temperature,

addition of an oppositely charged polyelectrolyte, one of the two

polymer blocks can become insoluble in water leading to micel-

lisation.9 Among DHBC-based assemblies, micelles resulting

from electrostatic interactions between the polyionic block of

a neutral-ionic DHBC and ionic species of opposite charge are of

particular interest. Micellisation results from the controlled and

inhibited growth of the insoluble complex phase due to the

presence of the solvated neutral polymer blocks of the DHBC.

Stable polyelectrolyte complexes (PEC), interpolyelectrolyte

complexes (IPEC)10–12 or polyplexes13 in aqueous solution can be

prepared by using one or two neutral-polyelectrolyte DHBC. It

has been shown that the structural characteristics and stability of

such polyion complex (PIC) micelles formed by an electrostati-

cally driven assembly of polyelectrolytes are dependent on

parameters such as the pH and ionic strength of the medium, the

mixing composition and length of the different polymer

chains.14–21

As the assembling process of DHBC can be triggered by

variations of physico-chemical conditions of the aqueous

medium, DHBCmicelles are good candidates for controlled drug

release systems or reversible structure directing agents (SDA) for

the synthesis of ordered mesoporous materials (OMMs). In
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a previous paper, we reported that polyion complex micelles

could be used as new SDA of ordered mesoporous silica.22

OMMs are characterized by large specific surface areas, ordered

pore systems and well defined pore size distributions centered on

values most often comprised between 2 and 15 nm.23–26 They are

traditionally prepared using assemblies of ionic or nonionic

surfactants as templates. Neutral block copolymers constituted

of a hydrophilic poly(ethylene oxide) (PEO) block able to

interact with silica precursors and a water insoluble block

responsible for the association via hydrophobic interactions have

been commonly used.27,28 Despite the considerable knowledge

acquired on mesoporous materials, the main limitation for their

development at the industrial scale is the high cost, which is

related to the SDA elimination step necessary to generate the

porosity. Calcination of the amphiphilic SDA, which is until now

the most efficient method, requires a high energy input and leads

to the loss of the SDA. Washing in organic solvents, often per-

formed in hot acidic solutions, is an interesting alternative route

but it is still expensive and not environmentally friendly.26 We

proposed the use of induced and reversible DHBC micelles as

new SDA removable and recyclable under environment-friendly

conditions (in water, at room temperature and in pH conditions

close to neutrality). The micelles were electrostatic complexes

between a poly(ethylene oxide)-b-polyacid DHBC and a weak

polybase:22 the particular case of PIC micelles of poly(ethylene

oxide)-b-poly((meth)acrylic acid) (PEO-b-PMAA or PEO-b-

PAA) and an oligochitosan is examined here in detail.

Complexation with other synthetic polyamines, such as poly-

ethyleneimine or polyvinylpyridine, was also studied and also

leads to pH-sensitive reversible well-defined PIC micelles, but

only the particular case of oligochitosan is presented here, since it

presents advantages due to its natural origin and its biocom-

patibility. Micelles were formed in a precise intermediate pH

range, as proposed in Fig. 1. In that pH range (around pH z

5.5), the presence of an inorganic silica precursor leads to the

elaboration of ordered mesostructured hybrid silica based

materials. The SDA was then extracted by washing the material

in water at pH 7.7, where micelles dissociate (outside the micelle

formation pH domain); DHBCs and oligochitosan were thus

recovered and recycled for other synthesis runs.

To the best of our knowledge, the formation and dissociation

processes of PEO-b-PAA/oligochitosan complex micelles have

never been studied yet. The scope of this paper is to give a deeper

description of the pH-induced reversible assemblies used as new

structuring agents of inorganic materials. With this aim, PEO-b-

PAA DHBCs with variable PAA block lengths were synthesized

by atom transfer radical polymerization (ATRP). The DHBC

effective charge was determined by capillary electrophoresis (CE)

using indirect UV detection.29 This method allowed confirmation

of the diblock architecture of the copolymer and determining the

fraction of counter-ions condensed on the polyelectrolyte block.

The pH range of complex micelle formation was then inves-

tigated by dynamic light scattering (DLS). The aggregates were

characterized by transmission electron microscopy (TEM) and

small angle X-ray scattering (SAXS). Reversibility of the micel-

lization process, upon variation of either pH or ionic strength,

was studied by DLS, too.

Finally, in order to study the effect of the DHBC symmetry

degree on formation of micellar assemblies, mixtures of oli-

gochitosan and copolymers with variable PAA block lengths

were investigated. It is well known that the hydrophilic/hydro-

phobic volume ratio of amphiphilic block copolymers typically

used as templates has a direct effect on the curvature of the

obtained mesostructures.26,30 The present study on micelle

formation in the absence of any inorganic precursor allowed us

to determine the pH conditions for micelle formation and

dissociation as a function of the PAA length for a given PEO

block length.

II. Experimental

(a) Materials

tert-Butyl acrylate (tBuA, Aldrich, 98%) was stirred on CaH2 for

two hours and was purified by vacuum distillation. Toluene

(Aldrich, 99.5%) and THF (Aldrich, 99.9%) were distilled over

sodium benzophenone (Avocado, 99%). CuBr (Aldrich, 98%)

was purified by stirring with glacial acetic acid. After filtration, it

was washed with absolute ethanol and diethyl ether and dried

under vacuum at 70 �C.31 1,1,1,7,10,10-Hexamethyl-

triethylenetetramine (HMTETA) (Aldrich, 97%), trifluoroacetic

acid (Aldrich, 99%), triethylamine (Aldrich, 99%), 2-bromoiso-

butyryl bromide (Aldrich, 98%), acetone (Fluka, 99.5%), diethyl

ether (Riedel-de Ha€en, 99.5%), sodium bicarbonate (sds, 99.5%),

sodium sulfate (Carlo Erba, 99%), DOWEX MSC-H resin

(Aldrich), neutral alumina (Al2O3, Acros organics, 50–200

microns) were used as received. a-Methoxy-u-hydroxy-poly

(ethylene oxide) with Mw ¼ 5000 g mol�1 and Mw/Mn ¼ 1.03

(CH3–PEG113–OH) and Mw ¼ 2000 g mol�1 and Mw/Mn ¼ 1.03

(CH3–PEG45–OH) were obtained from Fluka and Aldrich,

respectively, and used as received. Oligochitosan lactate with

Mw < 5000 g mol�1, poly(2-vinylpyridine) (P2VP) with Mw ¼

4111 g mol�1 and polyethylenimine (PEI) withMw ¼ 700 g mol�1

were all purchased from Aldrich.

(b) Synthesis of block copolymers

PEO macroinitiator. A solution of a-methoxy-u-hydroxy-

poly(ethylene oxide) (100 g, 20 mmol) and triethylamine (6.2 mL,

44.4 mmol) in 300 mL of anhydrous THF was introduced in

a 100 mL round-bottom flask equipped with a condenser and

under argon or nitrogen atmosphere. 2-Bromoisobutyryl

bromide (17 mL, 137 mmol) was added drop wise and

the solution was refluxed for 48 h under magnetic stirring. The

Fig. 1 Schematic presentation of the behaviour of the PEO-b-PAA/

oligochitosan system as a function of pH.
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solvent was then removed by rotary evaporation and 400 mL of

dichloromethane was added. The resulting solution was washed

with a saturated sodium bicarbonate aqueous solution and the

organic phase was dried over anhydrous magnesium sulfate and

filtered. The solution was concentrated by rotary evaporation

and the PEO macroinitiator was recovered by precipitation in

diethylether and dried under vacuum at room temperature

(yield¼ 93%), SEC in DMF:Mn¼ 4800 g mol�1,Mw/Mn¼ 1.03.

IR: n/cm�1 1722 (CO), 1100 (OCH2 ether groups from PEO

chains), 526 (CBr).

NMR 1H: dH (250 MHz; CDCl3), 1.9 ppm (6H, s, OCOC

(CH3)2Br), 3.4 ppm (3H, s,CH3OCH2CH2), 3.6 ppm (448H, br s,

OCH2CH2) and 4.4 ppm (2H, t, CH2CH2OCOC(CH3)2Br).

PEO-b-PtBuA. PEOmacroinitiator (5 g, 0.97 mmol,M¼ 5150

g mol�1), CuBr (0.07 g, 0.48 mmol), HMTETA (0.28 g, 1.2 mmol)

andacetone (20mL)were all placed in a 100mLSchlenkflask.The

reaction mixture was degassed by bubbling argon for

30 minutes. tert-Butyl acrylate (5 g, 39 mmol) (Mn,targeted ¼

mtBuA/nmacroinitiator¼ 5150 g mol�1 for the PtBuA block) was then

transferred into the flask via an argon purged syringe. Polymeri-

zation was conducted for about 24 hours at 55 �C under magnetic

stirring. After completion of the polymerization, the green reac-

tion mixture was diluted with 300 mL of THF and stirred for 48 h

over 3.5 g of an ion exchange resin ‘‘DOWEX MSC-H’’ (more

than 10 times excess of acid sites of resin against the initial amount

of CuBr).32 The resulting slightly yellow solution was finally

filtered through a column packed with neutral alumina to remove

the remaining traces of catalyst. The filtrate was concentrated by

rotary evaporation. The polymer was precipitated into pentane

and dried under vacuum at room temperature (m ¼ 8.05 g, yield

80.5%). SEC in DMF: Mn ¼ 7450 g mol�1,Mw/Mn ¼ 1.03.

IR: n/cm�1 1722 (CO), 1390 and 1364 (OC(CH3)3), 1098

(OCH2 ether groups from PEO chains), 526 (CBr).

NMR 1H: dH (250 MHz; CDCl3), 1.15 ppm (6H, br s, OCOC

(CH3)2), 1.45 ppm (369H, br s, CH2CHCOOC(CH3)3), 1.6 ppm

(82H, shoulder, CH2CHCOOC(CH3)3), 2.25 ppm (41H, br s,

CH2CHCOOC(CH3)3), 3.4 ppm (3H, s, CH3OCH2CH2), 3.7

ppm (448H, br s, OCH2CH2) and 4.2 ppm (2H, br s,

CH2CH2OCOC(CH3)2).

PEO-b-PAA. In a 100 mL Schlenk flask, trifluoroacetic acid

(3.15 mL, 40.9 mmol) was slowly added to a solution of PEO-b-

PtBuA (Mn,SEC ¼ 7450 g mol�1, 1 g, 0.13 mmol, 2.4 mmol of

tBuA units) in 2.1 mL of anhydrous dichloromethane at 0 �C.

The reaction mixture was kept under magnetic stirring at this

temperature for one hour and then for 48 hours at room

temperature. The crude product was precipitated in diethyl ether

and the copolymer was recovered by centrifugation at 6000 rpm

for 30 minutes. The copolymer was washed with diethylether

four times and finally dried under vacuum. The yellowish white

product was re-dissolved in water for purification by freeze-

drying eliminating the last traces of reactant (yield > 95%).

IR: n/cm�1 1722 (CO), 1550 (COO–), 1098 (OCH2 ether groups

from PEO chains), 526 (CBr).

NMR 1H: dH (250 MHz; DMSO-d6), 1.1 ppm (6H, t, OCOC

(CH3)2), 1.5 ppm (82H, br s, CH2CHCOOH), 2.3 ppm (41H, br s,

CH2CHCOOH), 3.25 ppm (3H, s,CH3OCH2CH2), 3.5 ppm (448H,

br s, OCH2CH2) and 4.05 ppm (2H, br s, CH2CH2OCOC(CH3)2).

Preparation of micelle suspensions. Aqueous PEO-b-PAA

diblock copolymer solutions were mixed with aqueous solutions

of oligochitosan according to a charge mixing ratio R equal to 1.

The mixing ratio was defined as the number of acrylic acid units

added against the number of amine functions added in the

mixture (R ¼ nAA/nN). The DHBC concentration was kept

constant at 2.5 weight%, whatever the molecular weight of the

copolymer. When the pH effect on micelle formation was

studied, a solution of copolymer was first mixed with a solution

of polyamine; the pH of the mixture was fixed at 2 and then, the

pH was increased by adding small amounts of a 0.5 M NaOH

solution. Small amounts of a 0.5 M HNO3 solution were added

for decreasing the pH when the reversibility of the micellization

process was studied. The DLS analysis was done directly on the

mixture between each addition of base and after a vigorous

stirring for five minutes. The same procedure was followed with

copolymers of different block lengths in order to study the

influence of the DHBC symmetry degree on micelle formation.

The effect of ionic strength was investigated by DLS with

a solution of PEO113-b-PAA33 and oligochitosan, whose pH

was adjusted to 6. The ionic strength was increased by adding

known amounts of NaCl salt directly in the solution.

(c) Characterization

1H NMR spectra of PEO-b-PtBuA polymers were recorded in

CDCl3 at room temperature with a Bruker 250 MHz spectrom-

eter. In the case of PEO-b-PAA copolymers, DMSO-d6 was used

as the solvent.

Size exclusion chromatography (SEC) was performed in DMF

(flow rate 0.8 mL min�1, pump Spectra Physics Instruments

SP8810 with two columns mixed-C PL-gel 5 mm from Polymer

Laboratories thermostated at 70 �C and a refractive index

detector Shodex Rise-61). PEO standards with Mn ranging from

194 to 120 000 g mol�1 were used for calibration.

Dynamic light scattering measurements were carried out with

an Autosizer 4800 instrument (Malvern, UK) with a 10 mW laser

operating at 532 nm. Hydrodynamic diameters were obtained

from measured diffusion coefficients by using the Stokes–Ein-

stein equation. The Contin algorithm was used for determining

intensity-averaged hydrodynamic diameters.

Transmission electron microscopy (TEM) experiments were

performed on a Jeol 1200 EXII microscope operated at 80 kV. A

drop of micelle solution was deposited onto a TEM precoated

grid and the samples were air dried. A staining solution of uranyl

acetate 2 wt% was used for the preparation of grids with negative

staining. After the drops of micelle solution were dried, a drop of

staining solution was put in contact with the sample for 1 min.

The excess was wicked away with filter paper.

Capillary Electrophoresis (CE) was carried out with an Agilent

Technologies system (Waldbronn, Germany) equipped with

a diode array detector. Separation capillaries prepared from bare

silica tubing were purchased from Composite Metal Services

(Worcester, UK). Fused silica capillary dimensions were 50 mm

i.d. � 58.5 cm (effective length to the detector, 50 cm). Electro-

lytes used for indirect UV detection were 12 mM 2-amino-2-

methyl-1,3-propanediol (ammediol) and 6 mM p-anisic acid at

pH¼ 8.8. Electrolytes used for the measurement of the sensitivity

of detection of the chromophore (p-anisic acid) by direct UV
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detection were 12 mM ammediol and 6 mM acetic acid at pH ¼

8.8. The separations were performed at +20 kV. Samples were

injected hydrodynamically at 17 mbar for 5 s followed by

a 10 mbar, 3 s injection of the electrolyte. Sample concentration

ranges were 2–10 g L�1 in water for PEO45-b-PAA9 and

PEO113-b-PAA18 and 1–5 g L�1 in water for PEO45-b-PAA64.

UV detection was performed at 248 nm. Temperature of the

experiment was set at 25 �C.

Small Angle X-ray Scattering (SAXS) measurements were

performed in transmission configuration on a Bruker DXPA

(Nanostar), using a copper anode (40 kV, 35 mA) as X-ray

source. A two mirror optic was used to select the wave length of

copper (l ¼ 1.54 �A). A ‘‘Histar’’ 2-D detector (22 � 22 cm) from

Bruker was used at 1 m distance from the sample. Samples were

filled in glass capillaries. The resulting 2-D images were found

isotropic, and the data were azimuthally averaged to yield scat-

tering curves of the intensity corrected from the background

from a solvent capillary, versus the scattering vector q. Gyration

radii (Rg) were determined by the Guinier approximation on the

scattering vector value domain comprised between 0.01 �A�1 and

0.04 �A�1 (the Guinier domain). The formula used was the

following: I(q)z exp (�q2Rg
2/3) where I and q are the scattered

X-ray intensity and the absolute value of the scattering vector,

respectively. Rg was then measured from the slope of the linear

part of the log (I) as a function of q2 representation.

III. Results and discussion

(a) Synthesis of PEO-b-PAA block copolymers

The different steps for the synthesis of the PEO-b-PAA DHBC

copolymers are summarized in Scheme 1.

PEO macroinitiator. The PEO macroinitiator was synthesized

by modifying the hydroxyl extremity of a-methoxy-u-hydroxy-

poly(ethylene oxide) according to a procedure adapted from

Ranger et al.33 Esterification of this hydroxyl function with 2-

bromoisobutyryl bromide leads to the macroinitiator formation.

This macroinitiator contains an activated alkyl bromide moiety,

which is suitable as an effective initiator for the ATRP of tert-

butyl acrylate monomer as the second block. The bromide

functionality of the PEO macroinitiator was investigated by 1H

NMR (Fig. S1†). The appearance of a signal at 4.35 ppm with an

integration corresponding to 2 protons is assigned to the meth-

ylene of the ester function of the PEO macroinitiator. Moreover,

the existence of a 6/2 ratio between the integrations of the methyl

protons –C(CH3)2Br at 1.92 ppm and the methylene protons at

4.35 ppm proves that each PEO chain contains a –Br end-group.

IR also highlights the formation of the macroinitiator by

showing the characteristic peak of the ether units at 1100 cm�1

associated with the characteristic peak of the C–Br bond at

526 cm�1 and a very small characteristic peak of the C]O bond

at 1722 cm�1

PEO-b-PtBuA. As illustrated in Scheme 1, PEO-b-PtBuA

copolymers were obtained by ATRP of tert-butyl acrylate in

acetone at 55 �C initiated by the PEO macroinitiator in the

presence of CuBr/HMTETA complex as catalyst. The procedure

was adapted from the work of Kelly and Matyjaszewsky.34 A

typical 1HNMR spectrum of a PEO-b-PtBuA is given in the ESI

(Fig. S2†). The signals at 1–2.5 ppm and 3.5–3.7 ppm due to the

protons of the PtBA and PEO blocks respectively were all

detected. The shift of the peak assigned to the isobutyryl protons

from 1.9 ppm on the PEO macroinitiator spectrum to 1.15 ppm

on the copolymer spectrum is consistent with a quantitative

initiation. Thus, 1H NMR analysis highlights the formation of

the diblock copolymer.

By varying the amount of tBuA monomer in the reaction

medium, copolymers with various molecular weights have been

synthesized from the same PEO macroinitiator. Molecular

weights of copolymers measured by SEC analyses and calculated

from the 1H NMR analyses are given in Table 1.

As shown in Table 1, experimental molecular weights calcu-

lated from the 1H NMR spectra are very close to the theoretical

molecular weights of the copolymers, demonstrating that the

polymerization of tBuA took place as expected. These results,

together with the narrow polydispersity of the molecular weight

distribution of the copolymers (Mw/Mn < 1.05), prove the good

control of the polymerization. In Fig. 2, the shift of the molecular

weight distribution toward higher molecular weight is consistent

with the increase of the PtBuA block length in this series. The

Scheme 1 Synthesis of the PEOmacroinitiator followed by the synthesis

of PEO-b-PtBuA and its hydrolysis to yield PEO-b-PAA copolymer.

Table 1 Molecular weights of PEO-b-PtBuA copolymers

Copolymer Mn,targeted
a DPn,PtBuA

b (NMR) Mn
b (NMR) Mn

c (SEC) Mw/Mn (SEC)

1 6040 8 6150 5670 1.02
2 6930 16 7260 6100 1.03
3 8260 24 8230 6620 1.03
4 10 300 41 10 390 7450 1.03

a Mn,targeted ¼ Mn,macroinitiator + mtBuA/nmacroinitiator.
b Calculated from the 1H NMR spectrum by DPn,PtBuA(NMR)¼(I1/12)/(I2/(113 � 4 + 3)). I1 is the

integration of the peaks in the range of 1.2–2.3 ppm and I2 is the integration of the peaks in the range of 3.4–4 ppm. Mn,NMR ¼ Mn,macroinitiator +
DPn,PtBuA(NMR) � MtBuA with Mn,macroinitiator ¼ 5150 g mol�1 and MtBuA ¼ 128 g mol�1. c SEC in DMF (with PEO calibration).
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discrepancy between Mn,NMR and Mn,SEC could be ascribed to

the lack of appropriate standards for such block copolymers.

PEO-b-PAA. The hydrolysis procedure is outlined in Scheme 1.

tert-Butyl ester moieties were removed by an acidic hydrolysis

using trifluoroacetic acid in dichloromethane according to

a procedure adapted from the work of Hou et al.35Completion of

the hydrolysis was checked by 1H NMR analysis. In DMSO-d6,

the 1H NMR signal at d ¼ 1.4 ppm of the tert-butyl group (–C

(CH3)3) in the tert-butyl acrylate units (–CH2–CH(COOC

(CH3)3)–) is well separated from the signal of the ethylene oxide

units (–O–CH2–CH2–, d ¼ 3.5 ppm). The disappearance of the

peak assigned to the tert-butyl group (d¼ 1.4 ppm) was the proof

of the end of the reaction (Fig. S3†).

The quantitative removal of copper ions from the copolymers

was ascertained by atomic absorption spectroscopy (molar ratio

[Cu]/[AA] < 10�4).

Theoretical molecular weights as well as molecular weights

determined by 1H NMR and titration of the synthesized

copolymers are given in Table 2.

An important question was to know if the acidic hydrolysis

would not break the ester linkage between the two blocks.

Elements of answer have been provided by 1HNMR. Indeed, on

the 1H NMR spectrum (Fig. S3†), the fact that the signal at 4.2

ppm corresponding to the methylene adjacent to the ester func-

tion is still present on the PEO-b-PAA spectrum is a proof that

the ester linkage still exists. Moreover, the integrations of this

signal –CH2CH2OC(O)C(CH3)2– at 4.2 ppm and the signal at 1.1

ppm corresponding to the isobutyrate protons –CH2CH2OC(O)

C(CH3)2– were determined. The ratio of these two integrations is

still equal to 2/6, indicating that the ester linkage between the two

blocks was quantitatively preserved.

Finally, the poly(acrylic acid) chains of the PEO-b-PAA

copolymers have been methylated in order to analyze the poly-

mers by SEC in DMF. The absence of any isolated peak corre-

sponding to PEO and poly(methyl acrylate) homopolymer

chains on the SEC spectra confirmed that no significant degra-

dation of the blocky structure of the copolymer occurred during

hydrolysis with TFA. All these results are in accordance with

those found by Hou et al.35 and Guillemet36 who demonstrated

that the ester linkage of similar copolymers resisted to higher

TFA concentrations than ours. It also agrees with other studies

involving TFA for the selective cleavage of carboxylic esters in

mild conditions.37,38

Three typical copolymers either rich in PEO (PEO113-b-

PAA18) or rich in PAA (PEO45-b-PAA64) and another one

presenting a very short PAA segment (PEO45-b-PAA9) were

also characterized by capillary electrophoresis (CE). In

a previous work, Anik et al.29 showed that it was possible to

use CE for characterizing the macromolecular architecture of

copolymers by the determination of the copolymer effective

charge densities. In this previous CE study, the effective charge

densities (feff) of diblock and statistic copolymers were deter-

mined via the measurement of the sensitivity of detection of the

copolymer in indirect UV detection mode.29 Experimental

results were favorably compared to the Manning theory of

counterion charge condensation.39 In a few words, Manning

limiting laws of counterion condensation predict that, in the

case of an infinitely long rigid rod polyion, a fraction of

counterions is electrostatically bound (or condensed in solu-

tion) to the polyion, reducing the chemical charge density (f

being the molar fraction of charged monomers) into an effec-

tive charge density (feff). For a statistical vinylic copolymer,

Manning theory predicts that feff ¼ f for f < 0.36 (no coun-

terion condensation) and feff ¼ 0.36 for f > 0.36 (counterion

condensation). For a diblock copolymer with a neutral block

and a charged vinylic block, the effective charge is given by

feff ¼ 0.36 � f, for all f values. Therefore, for a given f value,

there is a difference in the effective charge between a statistical

and a diblock copolymer. Reversely, the comparison between

the experimental feff values and the f values can bring valuable

information on the macromolecular architecture (i.e. on the

repartition of the charged monomers in the chain).

Fig. 2 SEC of PEO macroinitiator and PEO-b-PtBuA copolymers

(values in brackets indicate the DPn determined by 1H NMR).

Table 2 Molecular weights of PEO-b-PAA copolymers

Copolymer Mn
a (theoretical) Mn

b (NMR) Mn
c (titration)

Used
coded

10 5730 5510 5830 PEO113-b-PAA9
20 6300 6340 6440 PEO113-b-PAA18
30 6880 6250 6730 PEO113-b-PAA22
40 8100 7750 7520 PEO113-b-PAA33
50 2800 2750 2800 PEO45-b-PAA9
60 6760 6660 6790 PEO45-b-PAA64

a Mn,theoretical ¼ Mn,macroinitiator + DPn,PtBuA,NMR � MAA with MAA ¼ 72 g mol�1. b Calculated from the 1H NMR spectrum by DPn,PAA(NMR) ¼ (I1/3)/
(I2/(113� 4 + 3)). I1 is the integration of the peaks included in the range of 1.2–2.3 ppm and I2 is the integration of the peaks included in the range 3.2–4
ppm. Mn,NMR ¼ Mn,macroinitiator + DPn,PAA(NMR) � MAA.

c Calculated from the titration curve of the PAA segment by a NaOH solution. d Numbers
next to the block notation are the polymerization degrees (DP) of PEO and PAA blocks. DP of PAA blocks were calculated from the molecular weights
obtained by titration analysis.
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Experimental values of effective charge densities (feff) of

copolymers PEO113-b-PAA18, PEO45-b-PAA9 and PEO45-b-

PAA64 were determined using this recently described method-

ology.29 The superposition of the effective mobility-scale elec-

tropherograms obtained by indirect UV detection for the three

copolymers is given in Fig. 3. Chemical charge densities f of these

copolymers vary from 13% for PEO113-b-PAA18 to 58% for

PEO45-b-PAA64 (Table 3). Negative peaks indicated with

arrows are detected in the background electrolyte containing

anisate chromophore and ammediol counterion for indirect UV

detection at 254 nm. The first observation is that, as expected, the

effective electrophoretic mobility of the copolymer solute (mS)

increases with the chemical charge density f. Experimental

effective charge densities (feff) were calculated from the chemical

charge density f and from the effective charge per charged

monomer z1 according to the following relation:29

feff ¼ f � z1

z1 is experimentally related to the sensitivity of detection of the

copolymer solute and to the effective mobilities of the chromo-

phore (mA), solute (mS), and counter-ion (mC) by the relation:

Z1 ¼
1

kA

aS

aA

where kA is the mobility ratio:

kA ¼
mA½mS þ mC�

mS½mA þ mC�

aS is the slope of the calibration plot of the solute in indirect UV

detection mode and aA is the slope of the calibration plot of the

probe determined by direct UV detection at the same detection

wavelength than that used for the solute calibration. Calibration

plots are given in the ESI (Fig. S4†). The ratio aS against aA is the

transfer ratio (TR). It is related to the ability of the solute to

displace the probe and is defined as the number of mole of the

probe displaced by mole of solutes. All experimental values are

listed in Table 3.

As shown in Table 3, there is a very good agreement between

the experimental and theoretical feff,theo (Manning) values for the

three copolymers. This result confirms without any ambiguity the

diblock architecture of the synthesized copolymers. Moreover,

the variation of experimental mobility values found by CE as

a function of the chemical charge density f (determined from

titration) highlights the efficiency of our synthesis strategy for

controlling the PAA block length of DHBCs. Another key result

is that about 60% of the sodium counter-ions of the poly-

electrolyte block are condensed on the polyion, which is consis-

tent with the PIC micelle formation triggered by the counter-ions

release.

(b) Complex micelle formation

In dilute aqueous solution, interactions between ionic-neutral

DHBC and oppositely charged polyelectrolytes lead to the

formation of PIC micelles, which present a nanostructure similar

to that of micelles of classical amphiphilic copolymers. But, while

in PIC micelles, the attractive interactions responsible for the

core formation are electrostatic, they are hydrophobic interac-

tions in classical amphiphilic systems, where a strong segregation

occurs between the two copolymer blocks. This difference leads

to differences in their behaviour in aqueous solution. Here, the

electrostatic polyion complex system that has been used as

a reversible structure directing agent of mesoporous silica is

investigated. It results from the complexation between two weak

polyelectrolytes: a neutral-weak polyacid DHBC (PEO-b-PAA)

and a weak polybase (oligochitosan).

pH range of micellization. The PEO113-b-PAA33 block

copolymer was mixed with oligochitosan in aqueous solution, at

a fixed ratio R ¼ 1; and the behaviour of the mixture was studied

from pH 2 to 10. Fig. 4 shows the variations of the light scattered

intensity of the suspension and of the polydispersity index (PDI)

of the objects as a function of the pH. The scattered intensity has

a low value at low pH and at high pH and goes through a strong

maximum at pH ¼ 6. At that pH, the intensity is about 10 times

higher than the smallest value obtained at high pH. On the

intermediate pH domain, approximately comprised between 5

and 7, the high value of the light scattered intensity reflects the

Fig. 3 Effective mobility-scale electropherograms obtained for PEO-b-

PAA copolymers using indirect UV detectionmode. EOF: electroosmotic

flow.

Table 3 Values of chemical charge density (f), detection sensitivity of solute (aS) and probe (aA), effective electrophoretic mobility (in absolute value) of
probe (mA), solute (mS), and counter-ion (mC), transfer ratio (TR), mobility ratio (kA), experimental effective charge per monomer (z1), effective charge
density (feff) and theoretical effective charge density (feff,theo) for diblock copolymers

Copolymers f aS
a

aA
a TR mA

b
mS

b
mC

b kA z1 feff
c feff,theo

PEO113-b-PAA18 0.13 2.96 7.86 0.37 28.86 22.86 28.37 1.13 0.33 0.045 � 0.001 0.048
PEO45-b-PAA9 0.16 2.61 7.86 0.33 28.86 27.86 28.37 1.01 0.32 0.054 � 0.002 0.059
PEO45-b-PAA64 0.58 2.67 7.86 0.32 28.86 34.29 28.37 0.92 0.35 0.20 � 0.02 0.20

a In mAu L mol�1. b In 10�5 cm2 V�1 s�1. c Standard errors calculated from the linear fit using the Origin software.
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formation of polymer aggregates of high molecular weight. The

sharp decrease of the PDI from 0.55 to 0.13, associated with this

intensity variation, accounts for the change from a polymodal to

a unimodal population of scattering objects monodisperse in

size. In comparison, in the case of the copolymer and oligochi-

tosan studied individually, no intensity variation is observed

(Fig. S5†): the scattered intensity values remain low on the whole

pH range. These results highlight that, on an intermediate pH

range, the polymer mixture leads to the formation of micelles,

resulting from complexation between PAA blocks and

oligochitosan.

Since the pH has an effect on the ionization degree of weak

polyelectrolytes, the dependence of ionization degrees of the

PAA block and of oligochitosan on pH has been studied

(Fig. S6†). Acido-basic titrations of PEO113-b-PAA33 copoly-

mers and oligochitosan, individually, allowed determination of

pKas of each polymer (6.2 for the polyacid, 6.5 for the polybase).

Then, degrees of ionization were calculated based on the pKa

values. It should be considered that upon polymer mixing, the

ionization degrees of each polyelectrolyte are influenced by the

presence of the other polyelectrolyte. Curves shown for indi-

vidual polymers (Fig. S6†) are hence representative of the ioni-

zation degrees of the polymers before mixing. The existence of

a pH domain where the degrees of ionization of PAA and oli-

gochitosan chains are both high is evidenced. This critical pH

domain corresponds to the experimentally observed pH range of

micelle formation, as evidenced in Fig. 4. We conclude that

micelle formation is favored when the two polyelectrolytes are

both predominantly charged, as illustrated in Fig. 1. The present

results are in line with those found in the literature in the case of

complex systems between two weak polyelectrolytes, with at least

one of the two being a DHBC. Gohy et al., who studied

complexation of poly(ethylene oxide)-b-poly(2-vinylpyridinium)

with poly(ethylene oxide)-b-poly(sodium methacrylate),

observed that micelles formed in pH domains between 2 and

6.1.19 Voets et al. showed that complex micelles formed in the

6.2–8.7 pH range with the system composed of the poly(4-(2-

amino hydrochloride-ethylthio)butylene)-b-poly(ethylene oxide)

(PAETB49-b-PEO212) and poly(4-(2-sodium carboxylate-ethyl-

thio)butylene)-b-poly(ethylene oxide) (PCETB47-b-PEO212).40

The reversibility of the micellization process as a function of

the pH was also studied by dynamic light scattering. Fig. 5 shows

the change of the light scattered intensity with a cyclic variation

of the pH in the case of the PEO113-b-PAA33/oligochitosan

mixture (stoichiometric mixture in ionisable units, R ¼ 1).

Initially, a gradual increase of pH from 2.8 to 11.5 is performed;

the scattered intensity variation is then similar to the one

observed in Fig. 4: monodisperse scattering objects with hydro-

dynamic diameters ranging from 30 to 35 nm are formed at pH

about 6. Once the pH reaches 11.5, the pH of the same solution is

gradually lowered back down to 3.1. During the pH decrease,

micelles form again, as evidenced by the increased intensity

between pH 6.5 and 3.5. Interestingly, the pH domain of micelle

formation when pH decreases is wider than the pH domain

obtained when the pH is increased. The presence of micelles is

observed at lower pH values: micelles are still present at pH 4, as

evidenced by the high intensity at this pH. Moreover, the

hydrodynamic diameters of micelles present, in the pH decrease

run, are slightly larger (Dhmax ¼ 36.5 nm at pH ¼ 4.5) than those

measured when pH is increased (Dhmax ¼ 31 nm at pH ¼ 5.6).

The larger Dh values might be explained by the increase of ionic

strength due to the addition of NaOH and then HNO3 used for

varying the pH. Indeed, monovalent counter-ions added such as

Na+ and NO3
� partially screen polyion charges during micelle

formation leading to less compact electrostatic complexes in

micelle cores. Moreover, as these counter-ions are accompanied

of water molecules present in their coordination spheres, micelle

cores under formation are certainly more hydrated than when

micelles are formed during the pH rise, at lower ionic strength.

More swollen complex cores may hence be obtained during the

pH decrease. Moreover, it is interesting to underline the high

stability at low pH of priorly formed micelles: micelles are quite

stable at acidic pH, down to 3.5 (at a pH much lower than the

pKa of the polyacid), when they have been priorly formed at

a higher pH. This may be partly due to the formation of

Fig. 4 Scattered intensity (full triangles) and polydispersity index

(empty triangles) of an aqueous mixture of PEO113-b-PAA33/oligochi-

tosan as a function of pH.

Fig. 5 Scattered intensity variation as a function of pH for an aqueous

mixture of PEO113-b-PAA33 and oligochitosan. First, pH is increased

up to 11.5, then, it is decreased back down to 3.5.
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intramicellar hydrogen bonds between polymer chains upon

decreasing the pH.

Corona PEO chains are at a higher volume concentration

within the micelle (i.e. during the decrease of pH) than when

isolated in solution (i.e. during the increase of pH), this favours

hydrogen bonds when decreasing the pH below 5. Intramicellar

hydrogen bonding may, then, impede or slow down the micelle

dissociation process that should occur upon polyacid neutrali-

zation. It leads to a hysteresis of stability at low pH probably due

to intramicellar hydrogen bonding that occurs when pH is

decreased down to acidic medium.

Size and structure of the micelles. From the diffusion coeffi-

cient D0 determined by DLS, the value of the hydrodynamic

diameter Dh was calculated to be 30 nm at pH ¼ 6 where the

intensity is maximal. As revealed by TEM images with and

without negative staining (Fig. 6(a) and (c)), the complex micelles

obtained at pH ¼ 6 are isotropic. The histogram analysis of the

size distribution obtained from the negative staining TEM image

(Fig. 6(a) and (b)) allows determining an average diameter of

32 nm. The image obtained without negative staining (Fig. 6(c))

reveals the internal structure of the aggregates. An electronically

dense core composed of the polyion complex (appearing in dark)

is surrounded by a more diffuse corona of the PEO chains

(appearing as a clearer corona around the core).41

This core–corona nanostructure was confirmed by SAXS.

Fig. 7 shows the X-ray scattered intensity plotted as a function of

q, the amplitude of the scattering vector. The slope in the inter-

mediate q-range accounts for the shape and structure of the core

of the object. The sharp decrease of the intensity with a power

law behaviour I(q) f q�4 in this q-range suggests a structure

constituted of a well defined core, presenting an abrupt interface

with the surrounding corona.

At high q values, the slope provides information on the

conformation and local structure of the corona chains in solution:

the power law behaviour of the intensity I(q) f q�1.7 is charac-

teristic of polymer chains well dispersed in a good solvent.4

In the Guinier domain (q < 0.04 �A�1), a good agreement was

found with the Guinier law for spherical objects with a radius of

gyration of 5 nm. Hence, association between PEO113-b-PAA33

and oligochitosan led to the formation of micelles with a well

defined core–corona structure, which is also supported by the

low value of the Rg/Rh ratio, equal to 0.3 characteristic of this

type of nanostructure (Rh ¼ 15 nm).

Effect of salt concentration on the existence of the complex

micelles. As the formation of complex micelles is based on elec-

trostatic interactions between two oppositely charged polymers,

it is expected that addition of salt influences micelle formation. A

sufficient amount of added monovalent ions may lead to micelle

dissociation by screening polyion charges. The light scattered

intensity was plotted as a function of the sodium chloride (NaCl)

concentration for the PEO113-b-PAA33/oligochitosan mixture

(R ¼ 1) at pH ¼ 6 (Fig. S7†). The scattered intensity decreases

with increasing ionic strength until a salt concentration of

0.4 mol L�1 is reached. The low value of the scattered light

intensity reached at such ionic strength reveals that micelles have

dissociated. Above 0.4 mol L�1, no further intensity variation is

observed, highlighting that no micelle persists when more salt is

added. This behavior is in accordance with previous results

obtained by Kabanov et al.,18 Cohen Stuart et al.14 and Gohy

et al.19 who found a complete disaggregation of the micelles at

salt concentrations above 0.5 mol L�1.

The reversibility of the formation/dissociation process

controlled by the ionic strength was also studied. After having

increased the salt concentration up to 1 mol L�1 and triggered

micelle dissociation, salt elimination was then performed by

dialysis. When the salt concentration is increased up to 1 mol L�1,

the initial monomodal population centered at 30 nm (Fig. S8a†)

disappears. Instead, objects with diameters equal to 200 and

800 nm (Fig. S8b†) appear; the very low value of the corre-

sponding scattered light intensity by these large objects indicates

Fig. 6 (a) TEM micrograph of the aqueous mixture PEO113-b-PAA33/

oligochitosan observed with negative staining; (b) size distribution

obtained from the histogram analysis of the TEM micrograph; (c) TEM

micrograph of the aqueous mixture PEO113-b-PAA33/oligochitosan

without negative staining.

Fig. 7 Small angle X-ray scattering curve of the PEO113-b-PAA33/

oligochitosan system.
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that they are not numerous and composed of loose aggregates

with a low density. At high ionic strength, interactions of PEO

segments with sodium cations lead to partial PEO dehydration,

which may lead to poorly defined aggregates of copolymers

associated through PEO chains.42 After dialysis, a unimodal

population forms back again (Fig. S8c†). Interestingly, the

average size of the aggregates is higher than before salt addition.

This size difference may arise from the fact that micelle forma-

tion occurs during dialysis and hence at a higher ionic strength

than before salt addition. This may lead to larger and less dense

cores (more hydrated), hence to larger objects.

Effect of the degree of polymerization of the PAA block on

micelle formation. The influence of the PAA degree of polymer-

ization on the micellization process was studied. Three copoly-

mers with DPPAA ¼ 9, 22 and 33 but with the same DPPEO ¼ 113

were mixed with oligochitosan. Fig. 8 shows the variations of the

scattered intensities and hydrodynamic diameters as a function

of pH for the three mixtures. Significative variations of I and Dh

are observed only in the cases of copolymers with DPPAA ¼ 22

and 33. The mixture between oligochitosan and the copolymer

with the shortest PAA block (DP ¼ 9) does not lead to any

variation whatever the pH value, suggesting that no micellization

occurs. The pH domain of micelle formation with DPPAA ¼ 22

(4.5 < pH < 6.5) is narrower than with DPPAA ¼ 33 (4 < pH <

7.5), which suggests that stability of micelles as a function of pH

is lower when the PAA block length is shorter. The optimal pH

domain of micelle formation is nearly the same in both cases (5 <

pH < 6). On this pH domain, the intensity measured with

DPPAA ¼ 33 is about four times higher than the intensity with

DPPAA ¼ 22. On the other hand, both hydrodynamic diameters

and PDI are close: Dhz 30 nm and PDIz 0.25 (PDI data are

shown in Fig. S9†).

According to the scaling relations determined by Cohen Stuart

in the case of asymmetric block copolymers with a neutral-

hydrophobic diblock architecture (see ESI†), the shorter the

block length of the core, the lower the number of aggregation.

The variation of the intensity in the case of the present PEO-b-

PAA/oligochitosan system as a function of DPPAA in the optimal

pH domain is perfectly in line with these scaling relations. As the

scattered intensity measured in light scattering is related to the

molecular weight of the scattering objects by the relation I ¼

KCM (K is a constant depending on the instrument and on the

refractive index of the medium, C is the weight concentration in

polymers and M is the molecular weight of the scattering

objects), it affords indirect information on the micelle aggrega-

tion number. The higher the measured intensity, the higher the

Nagg of the micelles. We can conclude that a DPPAA of 33 leads to

the formation of micelles with a higher Nagg than a DPPAA equal

to 22. The very close values of Dh with these two DPPAA values

can be explained as follows. In the case of PEO113-b-PAA33,

Rg ¼ 5 nm and Rh ¼ 15 nm were determined by SAXS and DLS

respectively, this allows drawing a schematic picture of the

micelle as shown in Fig. 9.

It is obvious on this picture that the use of the copolymer

PEO113-b-PAA33, which is the copolymer with the longer PAA

block studied in this work, leads to the formation of star-like

micelles. The very low value of the gyration radius (Rg ¼ 5 nm) in

comparison with the radius of the overall micelle evidences the

star-like structure with a small core and a large corona. In that

Fig. 8 Scattered intensity and hydrodynamic diameter plotted as

a function of pH for mixtures composed of copolymers with DPPAA ¼ 9

(crosses), 22 (empty squares) and 33 (triangles).

Fig. 9 Schematic picture of a complex micelle composed of the PEO113-

b-PAA33/oligochitosan system (PEO is in grey, PAA in red and the oli-

gochitosan in blue).
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case, the effect of a variation of DPcore is very low on the overall

dimensions of the micelles (Dh). The hydrodynamic diameter is

essentially influenced by the value of the PEO length. A shorter

PAA block forming the core leads to a decrease of the core

radius, but, as the main contribution to the hydrodynamic

diameter comes from the corona chains, this does not consider-

ably change the Dh value.

When DPPAA ¼ 9, no micelle formation is observed. This is

certainly due to the fact that the ratio value of the length of the

PAA block against the length of the PEO block is too low to

ensure the formation of the micelles. The entropy gain related to

the release of the PAA counter ions and the energy gain associ-

ated with the electrostatic complexation are insufficient to

balance the configurational and conformational entropy loss of

the polymers.

IV. Conclusions

PEO-b-PAA/oligochitosan polyion complex micelles had been

successfully used as new and original structure directing agents

for the environment-friendly synthesis of well ordered meso-

porous silica materials. Herein, the electrostatic complex micelles

are studied in detail as a function of different parameters: the pH,

the ionic strength and the polymer block lengths. First, a series of

PEO-b-PAA double hydrophilic block copolymers with PAA

blocks of variable and well-controlled chain lengths was

synthesized from PEO macroinitiators using atom transfer

radical polymerization. ATRP of tBuA yielded well-defined

PEO-b-PtBuA amphiphilic copolymers with a polydispersity

Mw/Mn lower than 1.03. The quantitative and selective acidic

hydrolysis of the PtBuA block allowed us to obtain the PEO-b-

PAADHBCs without breaking the ester linkage between the two

blocks. The structure of the copolymer was further ascertained

by capillary electrophoresis analyses.

In aqueous solution, the PAA block complexes the weak

polybase, an oligochitosan, in well-chosen pH conditions,

leading to the formation of polyion complex micelles with an

oligochitosan/PAA–PEO core–corona structure. As the PAA

block and oligochitosan are respectively a weak polyacid and

a weak polybase, there exists two pH domains surrounding the

pH domain of micelle formation on which the neutralization of

one of the weak polyelectrolytes leads to the dissociation of the

micelles: the micellization/dissociation process is then reversible

as a function of the pH. After micelle dissociation by adjusting

the pH out of the central pH domain, re-formation of micelles is

possible when pH is tuned back into the intermediate pH range.

The possibility to control the micellization process in water is at

the basement of the use of PIC micelles as reversible templates

for the synthesis of mesoporous silica in an environmentally

friendly way. Although the reversibility of the micellization

process was indirectly evidenced through the satisfactory results

obtained during the template removal in water from the silica

material, it was necessary to investigate it in more detail.

Furthermore, another parameter allowing to control micelle

formation was put into evidence: the ionic strength. It was shown

that adding a monovalent salt (NaCl) into the micelle solution

leads to micelle dissociation above 0.4 mol L�1 due to polyion

charge screening. Removal of the salt by dialysis in water leads to

the formation of micelles larger than the ones obtained without

added salt.

Lastly, the study of the influence of the PAA block length on

micelle formation and size showed that a critical PAA length

exists below which complexation with oligochitosan does not

lead to any micelle. When the PAA degree of polymerization is

sufficiently high, well defined micelles are formed; their hydro-

dynamic diameter does not significantly vary with the PAA block

size of DHBCs studied in this work (DPPAA ¼ 22 and 33), but

their aggregation number together with the extent of the pH

range increase with the PAA block length.
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