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Abstract

Micellization of a series of amphiphilic quaternized poly(2-(dimethylamino)ethyl methacrylate)-block-poly(methyl methacrylate)

(PQDMAEMA-b-PMMA) copolymers has been studied in water. The alkyl halide used for the quaternization of the aminated block has

an effect on the solution properties of the diblocks, that have been investigated by dynamic light scattering and surface tension measurements.

When a short length alkyl halide is used, the diblock copolymers behave like traditional amphiphiles, whereas their behavior is similar to

polysoaps in case of long alkyl halides. The size of the micelles increases when 1-bromopropan-3-ol is substituted for 1-bromopropane in the

quaternization reaction. It is, however, independent of the structure of butyl bromide, i.e. n-butyl vs tert-butyl bromide. The solution

properties of a star-shaped PQDMAEMA-b-PMMA copolymer have also been studied and compared to the linear counterpart. The star-

shaped architecture actually prevents the block copolymer to be properly oriented at the air/water interface in agreement with the formation

of unimer micelles. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The self-association of amphiphilic block copolymers in

a selective solvent for one constituent is well documented in

the scienti®c literature [1±4]. Micelles are formed, that

consists of a core formed by the insoluble blocks surrounded

by a shell of solvated blocks. Much attention is paid to the

micellization of amphiphilic copolymers in water because

these systems have potential in several application ®elds,

such as paints and coatings (electrosteric stabilization of

latex particles [5] and pigments [6]) and galenics (micelles

serving as drug carriers) [7,8].

Representative examples of amphiphilic copolymers

studied for their micellization ability in aqueous media are

block copolymers of the following comonomer pairs: ethyl-

ene oxide/butylene oxide [9±11], ethylene oxide/propylene

oxide [12±20], ethylene oxide/styrene [21,22], quaternized

4-vinylpyridine/styrene [23±28] and methacrylic acid/

styrene [29±35]. A review of this topic was published by

Selb and Gallot in 1985 [36]. More recently, micelles with

remarkable morphologies including rods, lamellae, vesicles,

and tubules were observed, being entropically driven when-

ever the chains of the core-forming blocks are less stretched

than in dense spherical aggregates [37]. Eisenberg et al.

reported on the formation of the so-called `crew-cut' aggre-

gates, formed by highly asymmetric diblock copolymers

consisting of a short hydrophilic polyelectrolyte or neutral

block and a long hydrophobic polystyrene or polybutadiene

block [38±49]. These aggregates were actually formed by

the addition of a small amount of water to the copolymer

dissolved in a non-selective solvent, e.g. dimethylformamide.

They were kinetically frozen by the removal of the non-

selective organic solvent by dialysis against the selective

one, i.e. water. In contrast to the amphiphilic diblocks used

by Eisenberg et al., the major block of the copolymers studied

in this work is the hydrophilic block, which results in the

complete solubility of the polymeric amphiphiles in water.

A series of poly (2-dimethylamino)-b-poly(methyl methacry-

late) (PQDMAEMA-b-PMMA) diblocks will be synthesized

by sequential living anionic polymerization of the comono-

mers. For the sake of comparison, a star-shaped counterpart

of one diblock will also be made available. Upon quaterni-

zation of the polyaminated block, all these copolymers will

be soluble in water and their micellar solution properties

will be studied in relation to the quaternizing agent used

(length and branching of the alkyl chain) and the molecular

architecture of the diblocks (linear and star-shaped).
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Micellization of this type of PDMAEMA-b-PMMA

diblock was studied by Baines et al. [50]. Critical micelle

concentration was found to increase with the length of the

hydrophobic block, the length of the hydrophilic block

being constant, whereas the size and the aggregation

numbers of the micelles decreased. When the molar mass

of the copolymer was increased at constant composition, the

cmc and the micelle size increased in parallel, in contrast to

the association number which decreased. The complete

protonation of the DMAEMA component by HCl prevented

micellization from occurring, except in the presence of salt

which screened the charge repulsion of the polycationic

blocks.

In this study, attention will be paid to the quaternization

of the PDMAEMA block by different alkyl halides. In case

of long alkyl chains, formation of a polysoap-like system is

expected [51±55], as result of intramolecular hydrophobic

interaction of the pendant alkyl chains leading to hydro-

phobic microdomains. So, two distinct levels of organiza-

tion might be observed upon micellization, i.e. formation of

a hydrophobic PMMA core surrounded by a corona of

quaternized polyaminated blocks, in which a subaggrega-

tion of the hydrophobic alkyl chains should occur. This type

of system has potential in the design of functional nano-

materials, as recently shown by Ikkala et al. who studied

bulk poly(4-vinylpyridine)-block-polystyrene diblocks,

modi®ed by the complexation of the 4-vinylpyridine units

by a low molar mass surfactant [56].

2. Experimental section

2.1. Copolymer synthesis

The diblock copolymers were anionically synthesized

as reported elsewhere [57]. Brie¯y, the monomers were

puri®ed by distillation over triethylaluminum. The glass

reactor containing the required amount of LiCl (10/1 LiCl/

initiator molar ratio) was ¯ame dried under vacuum, purged

with nitrogen, added with the solvent (tetrahydrofuran,

THF) and cooled down to 2788C. Diphenylmethyllithium

was added dropwise until a persistent orange color was

observed, followed by the required amount of this initiator.

Methylmethacrylate was ®rst polymerized at 2788C for 1 h,

followed by DMAEMA (2 h at 2788C). A sample was

picked out from the reactor before the addition of

DMAEMA. The copolymerization reaction was then

quenched with methanol.

A star-shaped copolymer was synthesized by the method

reported by Rempp et al. [58]. In this case, DMAEMA was

®rst polymerized, followed by MMA. An aliquot of the

living diblock copolymer was then picked out, deactivated

by methanol and further used as the copolymer `arm'. A

difunctional monomer (i.e. ethyleneglycol bis-methacrylate)

was then added to the living diblock macroanions with

formation of the star-shaped copolymer [58].

The ®nal product was characterized by size exclusion

chromatography (SEC) and nuclear magnetic resonance

(NMR). SEC was performed in tetrahydrofuran, with a

Hewlett±Packard 1050 liquid chromatograph equipped

with two Plgel columns (1000 and 10 000 AÊ , respectively)

and a Hewlett±Packard 1047A refractive index detector.

The Hewlett±Packard 79994A software was used for data

analysis. Poly(methylmethacrylate) standards were used for

calibration. A 1 wt% solution of the polymer in THF was

®ltered before injection. 1H NMR spectra of 1 wt% solution

in fully deuterated THF were recorded at 400 MHz with a

Bruker AM 400 spectrometer. THF is known to be a non-

selective solvent for the diblocks [50,57]. This was veri®ed

by dynamic light scattering (DLS), which con®rmed the

absence of aggregates, and by 1H NMR, which showed

well-resolved signals for the two blocks. �Mn of the second

block was calculated from the 1H NMR spectrum of the

copolymer and �Mn of the ®rst block. The apparent mean

number of arms �n , 4� in the star-shaped copolymer was

calculated from the molecular weights for the constitutive

arm and the copolymer, respectively. These molecular

weights were determined by SEC with PMMA standards.

The molecular characteristic features are listed in Table 1.

The PDMAEMA block of the copolymers was quater-

nized by several alkyl bromides (RBr). In a typical experi-

ment, the PMMA-b-PDMAEMA diblock was dissolved in

tetrahydrofuran and added with an excess of quaternizing

agent. The solution was heated at 408C for 24 h, and the

quaternized product was collected after the solvent removal.

Known amounts of PQDMAEMA-b-PMMA copolymers

were dissolved in water and puri®ed by dialysis against

regularly replaced distilled water. The molecular character-

istics of all the quaternized copolymers analyzed in this

study are listed in Table 1. The degree of quaternization

was determined by titrating the non-quaternized amine

groups with standard HCl solution and the quaternization

reaction was found to be quantitative in all the cases. The

accuracy of the method was checked with 1H NMR as

described elsewhere [59].

2.2. Solution properties

All the solutions were prepared by dilution of the

dialyzed copolymer solutions by bidistilled water contain-

ing NaCl (0.1 mol/l).

Surface tension (g) was measured with a thermostated

Kruss tensiometer equipped with a calibrated platinum

plate. All measurements were carried out at 208C and

repeated several times for each solution. The surface tension

of bidistilled water was regularly checked (72±73 mN/m).

Dynamic light scattering (DLS) was measured with a

Brookhaven Instrument Corp. DLS apparatus that consisted

of a BI-200 goniometer, a BI-2030 digital correlator and an

Ar-ion laser (LEXEL Lasers) with a wavelength of 488 nm.

The scattering angle used for the measurements was 908.
A refractive index matching bath of ®ltered decalin

S. Antoun et al. / Polymer 42 (2001) 3641±36483642



surrounded the scattering cell, and the temperature was

controlled at 258C. Prior to sample loading, appropriate

glass vessels were soaked overnight in sulfochromic solu-

tion, thoroughly cleaned by bidistilled water and dried in a

vacuum oven.

The experimental correlation function was measured, and

the hydrodynamic diameter of the particles was calculated

by using the Stokes±Einstein approximation [60]. When

aggregates of different size are formed in solution, the

experimental correlation function depends on all the indi-

vidual decay processes. In this case, the data analysis was

performed by using the contin routine which gives access

to the distribution of the relaxation times in the experimental

time correlation functions [60]. Z-averaged distribution of

hydrodynamic diameter was then calculated.

3. Results and discussion

The surface tension of the aqueous solutions of the

copolymers was measured with the purpose to determine

the critical micelle concentration (cmc). The average size

of the micelles was measured by DLS. All the copolymers

were readily soluble in water after puri®cation by dialysis

and no organic solvent was used further to solubilize them.

This preparation method of the copolymer solutions is basi-

cally different from that one used in previous works. Indeed,

Selb and Gallot [24] observed micellization of quaternized

poly(4-vinylpyridine)-block-polystyrene in methanol/water/

salt mixtures the copolymers being ®rst dissolved in metha-

nol and then added with the aqueous electrolyte solution.

When the water content of the solution was increased, the

average degree of the copolymer association passed through

a maximum. Similarly, Munk et al. investigated poly(-

methacrylic acid)-block-polystyrene copolymers, which

formed micelles with polystyrene core in water [29±35].

These copolymers could not be directly dissolved in water

but ®rst in dioxane/water mixtures rich in dioxane. The

micelles formed in this solvent mixture were transferred

in pure water or in aqueous buffers by stepwise dialysis.

Tuzar et al. showed that the size of these micelles increased

with the dioxane content of the mixed solvent, apparently

because of the swelling of the polystyrene core [35]. Baines

et al. also used a non-selective organic solvent in a preli-

minary dissolution step of PDMAEMA-b-PMMA copoly-

mers, thus prior to micellization in water [50]. Formation of

large aggregates was observed when these copolymers were

directly dissolved in water or in mixed aqueous solutions, in

contrast to what happened when the `two-step' dissolution

in water was used.

In this study, copolymers containing a major hydrophilic

block (.70 wt%) can be directly dissolved in water, with

formation of optically clear micellar solutions, which does

not mean that the micelles are close to the thermodynamic

equilibrium, particularly at temperature below the glass

transition temperature of the core-forming blocks. Never-

theless, residual THF could contaminate the PMMA core

and plasticize it after the quaternization reaction. However,

THF is removed during the dialysis step, and the micelles

are ®nally `frozen' in pure water.

3.1. Effect of the alkyl bromide used as the quaternizing

agent on the cmc

Fig. 1 shows how the surface tension of aqueous solutions

of the PMMA-b-DMAEMA 15/85 diblock (Table 1)

depends on concentration before (Q0) and after quaterni-

zation of the PDMAEMA block by ethyl bromide (Q2),

pentyl bromide (Q5) and heptyl bromide (Q7), respectively.

The Q0 and Q2 samples show the typical behavior of surfact-

ants, which allows the cmc to be determined unambiguously

(Table 2). The copolymer concentration needed to observe

the micelle formation is, however, one order of magnitude

higher for the ionized Q2 sample, whereas the surface

tension at the cmc is higher for Q2 (ca 55 mN/m) than for

Q0 (ca 40 mN/m). This observation suggests that the chain
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Table 1

Molecular characteristic features of the samples used in this study

Copolymer composition

(NMR) wt%

First block (SEC) Copolymer (NMR) Quaternization by alkyl bromide Sample

Mw £ 1023 Mw/Mn Mw £ 1023 Mw/Mn

PMMA-b-PDMAEMA 15/85 1.0 1.2 6.6 1.15 unquaternized Q0

1.0 1.2 6.6 1.15 ethyl Q2

1.0 1.2 6.6 1.15 pentyl Q5

1.0 1.2 6.6 1.15 heptyl Q7

PMMA-b-PDMAEMA 16/84 3.85 1.05 24.0 1.1 n-propyl Q3

3.85 1.05 24.0 1.1 n-propyl-3ol Q3ol

3.85 1.05 24.0 1.1 n-propyl-2,3 diol Q3diol

3.85 1.05 24.0 1.1 n-butyl Qn

3.85 1.05 24.0 1.1 tert-butyl Qt

PDMAEMA-b-PMMA78/22 4.4 1.05 5.65 1.1 ethyl pAQ2 (arm)

(arm)n 78/22 ± ± 21.10 1.45 ethyl pSQ2 (star)



conformation at the air/water interface differs considerably

as result of quaternization of the PDMAEMA block. The

higher surface tension observed for Q2 at and above the cmc

is in agreement with the electrostatic repulsion between the

charged PDMAEMA blocks, so leading to a low packing

density at the air/water interface and to a small decrease in

the water surface tension. In this respect, Baines et al. did

not observe the micellization of PDMAEMA-b-PMMA

diblock quaternized by HCl, because of the electrostatic

repulsion of the protonated PDMAEMA blocks [61]. This

effect is not operative in the Q0 solution and the diblock

chains are better organized at the water surface, more likely

with the PDMAEMA blocks dangling in the water phase

and the PMMA blocks pointing out to the air. Therefore, a

lower surface tension is observed at the cmc (40 mN/m)

which is smaller (0.3 g/l) compared to the Q2 sample.

These observations are in complete agreement with the

well-known decrease in the cmc whenever the charge

density of the hydrophilic component is decreased [62].

A well-de®ned cmc and the independence of the surface

tension on the equilibration time are consistent with the

formation of micelles at equilibrium in the case of low

molecular weight diblock containing a very short hydro-

phobic block � �Mn � 1000�:
When the bromide used for the quaternization of the

PDMAEMA block contains longer alkyl radicals (Q5 and

Q7 samples), the surface activity of the diblock is much less

pronounced (Fig. 1), the behavior being quite reminiscent of

polysoaps. The pentyl and heptyl chains in Q5 and Q7,

respectively, are expected to form small hydrophobic

micro-domains along the polyelectrolyte PQDMAEMA

chains. This intramolecular substructure is similar to that

one observed in polysoaps or in the so-called `surf-

complexes' formed by low molecular weight surfactants

in interaction with mutually reactive water-soluble poly-

mers [63,64]. These `complexes' generally adopt an hyper-

coiled conformation, which may explain that the Q5 and Q7

unimers are not properly oriented at the air/water interface

and that no clear cmc is observed. Therefore, the Q5 and Q7

chains have to be regarded rather as `polymeric aggregates'

than as unimers. However, these `polymeric aggregates'

that are formed at low concentration (0.05 g/l) can migrate

to the air/water interface with the hydrophobic components

pointing out to the air phase, thus reducing to some extent

the surface tension of the solution, but in a way that does not

depend very much on the copolymer concentration.

The hydrophobic PMMA blocks tend also to self-assemble

intermolecularly into hydrophobic micro-domains, which

results in additional complexity in the structure of the

micellar aggregates formed by the Q5 and Q7 samples.

When the PDMAEMA-b-PMMA (16/84) diblock (Table 1)

is quaternized by n-propyl bromide, 1-bromopropan-3-ol,

1-bromopropan-2,3-diol, n-butyl bromide and tert-butyl

bromide (Q3, Q3ol, Q3diol, Qn and Qt samples) no sharp decrease

in the surface tension is noted, as was the case for the Q5 and Q7

samples. However, the relatively short length of the pendant

hydrophobic segments could hardly explain the formation of

hydrophobic microdomains along the polymer chains, as was

stated for the Q5 and Q7 samples. Therefore, the lack of clear-

cut cmc in these samples of higher molecular weight ( �Mn of

24,000) compared to the ®rst series ( �Mn of 7600) is not

evidence that they behave as polysoaps, because kinetic

restrictions related to decreased chain mobility and dynamics

might control the migration to the surface and the orientation at

the air/water interface. Actually, it is well-known in the scien-

ti®c literature that short polymer chains migrate much faster

than longer ones to the interface [65]. Moreover, the equilibra-

tion time before any measurement has a strong effect as

illustrated in the next section. So, the apparent absence of

a clear-cut cmc might result from an exceedingly long time

to reach the equilibrium conformation at the interface.

3.2. Effect of the alkyl bromide used as the quaternizing

agent on the hydrodynamic diameter measured by DLS

Table 2 lists the hydrodynamic diameter measured by
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Table 2

Variation of the hydrodynamic diameter of the aggregates (micelles) with

copolymer concentration, in the presence of NaCl (0.1 M) for the Q0, Q2, Q5

and Q7. The corresponding cmc and g cmc are mentioned ( p too low inten-

sity for being measured accurately)

Conc. (g/l) Hydrodynamic diameter (nm)

Q0 Q2 Q5 Q7

0.05 12 p 352 398

0.10 19 p 365 410

0.25 19 p 350 425

0.50 24 46 360 450

1.50 23 61 338 435

3.0 26 59 365 422

cmc (g/l) 0.3 2.2 ± ±

g cmc (mN/m) 40 55 ± ±

Fig. 1. Concentration dependence of the surface tension of aqueous solu-

tions of the PMMA-b-PDMAEMA 15/85 diblock (Table 1) non-quater-

nized (Q0) and quaternized by different alkyl bromides (Q2, Q5 and Q7).

All the solutions are added with NaCl (0.1 M)



DLS for the Q0, Q2, Q5 and Q7 samples, at different copoly-

mer concentrations. These values have been calculated on

the basis of the Stokes±Einstein approximation and extra-

polated to zero concentration. The Q0 sample forms micelles

with a diameter of ca 10 nm, which is in complete agree-

ment with the value reported by Baines et al. for micelles

formed by comparable PDMAEMA-b-PMMA diblocks in

MeOH/water and THF/water mixtures [50]. Baines et al.

studied the in¯uence of the solution preparation on the

®nal hydrodynamic diameter measured by DLS. The

diblock copolymers were either directly dissolved in water

or dissolved in a non-selective cosolvent (THF or methanol)

followed by dilution with water. The micelle diameters were

found to be independent of the preparation method only for

low molar mass copolymers containing less than 30 mol%

PMMA. These criteria are actually ful®lled for the Q0

sample, which strengthens the opinion that the behavior of

the Q0 sample is typical of traditional surfactants.

As mentioned in the experimental part, the micellization

of the block copolymers was studied in water added with

NaCl (0.1 M). Indeed, Baines et al. observed that no micelle

was formed by the fully protonated PDMAEMA-b-PMMA

copolymers directly dissolved in water [50,61] However,

micellization occurred upon the addition of salt that

screened the electrostatic repulsion of the cationic charges

on the PDMAEMA chains. Similar observations were

reported by Selb and Gallot for quaternized poly(4-vinyl-

pyridine)-block-polystyrene [26] and by Asta®eva et al.

for poly(styrene)-block-poly(Na acrylate) [66], bigger

micelles being formed as the salt concentration was

increased. 0.01 M aqueous KCl solution was used by Baines

et al. to observe micellization of the PDMAEMA-b-PMMA

copolymers at a pH of 2. At pH as high as 9.5, addition of

salt was still required to promote micellization, although the

degree of protonation of the PDMAEMA block must be

very low under these conditions. In this work, all the

measurements were carried out in 0.1 M NaCl solution in

water. Micelles with a diameter of ca 40 nm are formed by

the Q2 sample at concentration exceeding the cmc. These

micelles are much larger than those ones formed by the

unquaternized copolymer (Q0) under the same conditions.

Thus, an increase in the charge density of the water-soluble

block leads to bigger micelles, all the other parameters

being kept constant. This observation is in agreement with

the data published by Zhang et al. for the micelles formed

by polystyrene-block-poly(acrylic acid) copolymers [67].

These authors observed that the stretching of the poly-

(acrylic acid) chains increased with the degree of neutrali-

zation and was extremely high when the neutralization was

close to completion. This chain extension was, however,

decreased by the addition of salt (Debye screening). Inter-

estingly enough, Zhang et al. showed that the ionized chains

in the corona of the micelles were more extensively

stretched in the presence of salt than the same chains with

a low degree of ionization. This stretching effect was

theoretically predicted by Pincus, who suggested that the

addition of electrolyte decreases the counterion osmotic

pressure, which stretches the polymer chains [68].

The Q5 and Q7 samples form large size aggregates, which

cannot be regarded as classical micelles and whose the size

remains nearly constant in the whole concentration range.

No cmc is clearly detected for the Q3, Q3ol and Q3diol

samples, although DLS shows that micelles are formed

(Table 3). This observation suggests that the lack of well-

de®ned cmc might result from the higher molecular weight

of the PDMAEMA-b-PMMA precursor, as discussed

before. These micelles have larger diameters than the Q2

sample (Tables 2 and 3). The micelle diameter increases

when the propyl radical is modi®ed by one hydroxyl

group (from Q3 to Q3ol) and still further when two hydroxyl

groups are attached to the propyl (from Q3ol to Q3diol).

Although no experimental evidence is available, this effect

is thought to result from an increase in the aggregation

number of the micelles rather than from the stretching

of the corona. In this respect, hydrogen-bonding of the

hydroxyl groups could play a role in the aggregation

mechanism.

The effect of the architecture of the quaternizing alkyl

chain has also been examined in the Qn and Qt samples

(Table 3). No clear dependence of the micelle diameter on

the structure of the butyl chain is, however, observed.

3.3. In¯uence of the copolymer architecture on the

aggregation behavior

The SQ2 is not a true star because the extremities of

the PMMA blocks are linked one to each other through

`microdomains' of crosslinked poly(ethylene glycol bis-

methacrylate). This molecular architecture is supposed to

reduce the chain mobility and, accordingly, to modify the

solution properties of SQ2 compared to the arm precursor

molecules (sample AQ2, in Table 1). The surface activity of

star-shaped copolymers has rarely been studied [69,70].

Investigations are dif®cult because extensive equilibration

times may be required [71], because of slow diffusion or

conformational changes at the air/water interface.

In this study, surface tension was measured for the star-

shaped SQ2 and the arm AQ2 at two equilibration times

(15 min and 15 h).
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Table 3

Dependence of the hydrodynamic diameter of the micelles on the copoly-

mer concentration, for the Q3, Q3ol, Q3diol, Qn and Qt samples, in the presence

of NaCl (0.1 M)

Conc. (g/l) Hydrodynamic diameter (nm)

Q3 Q3ol Q3diol Qn Qt

0.05 55 66 98 73 69

0.1 58 59 89 80 77

0.5 54 72 93 75 53

1.5 63 67 108 84 66

3 58 74 104 79 78



Fig. 2a shows the dependence of the surface tension on

the copolymer concentration. The dependence observed for

the arm copolymer AQ2 is comparable to the curve observed

for classical surface-active compounds. The sharp break in

the curve at a concentration of ca. 0.16 g/l is assigned to the

cmc. The surface tension at the cmc is 50 mN/m. Compared

to AQ2, SQ2 shows a lower surface activity, indicating that

the PMMA blocks have a restricted tendency to localize at

the air/water interface. The surface tension decreases in

such a way that no distinct break indicative of cmc is

observed. Therefore, SQ2 behaves as a prefabricated

micelle, that consists of a PMMA core surrounded by a

corona of PQDMAEMA blocks. The low surface activity

is in line with this picture, since micelles are known not

being surface-active [72,73].

The effect of the equilibration time on the concentration

dependence of the surface tension has been studied. No

effect is, however, observed in case of AQ2 (Fig. 2b). In

sharp contrast, the surface tension of the SQ2 solution

depends on the equilibration time (Fig. 2c), the surface

tension being clearly shifted to lower values at longer

equilibration times. Indeed, the surface tension observed

at high concentrations (20 g/l) is decreased from 58 to

50 mN/m when the equilibration time is increased from

15 min to 15 h. This effect can be rationalized by the very

dif®cult reorganization of the SQ2 molecules in order to

expose the non-ionic component at the air/water interface.

This reorganization is hindered by the molecular structure of

SQ2, in which PMMA forms a permanent core surrounded

by mutually repelling charged PQDMAEMA blocks.

DLS data clearly support the structure of prefabricated

micelles for SQ2 (Fig. 3). Indeed, the contin size distribu-

tion at low SQ2 concentration shows micelle-like objects

with an average hydrodynamic diameter of 4 nm (Fig. 3a).

At higher concentration, these micelles are aggregated into

larger structures (Fig. 3b). In contrast, no self-assembly of
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Fig. 2. Dependence of the surface tension on the copolymer concentration

(AQ2 and SQ2): (a) measurements after 15 h for AQ2 and SQ2; (b) measure-

ments after 15 min and 15 h for AQ2; (c) measurements after 15 min and

15 h for SQ2.

Fig. 3. CONTIN size distribution observed for the SQ2 copolymer at 258C:

(a) 0.5 g/l and (b) 7 g/l.



the AQ2 arm is observed by DLS at concentrations lower

than 0.15 g/l, thus in agreement with the cmc reported by

surface tension measurements at ca 0.16 g/l. The good

agreement in cmc measured by surface tension and DLS

for the AQ2 sample must be pointed out.

4. Conclusions

Low molecular weight PQDMAEMA-b-PMMA copoly-

mers containing a very small PMMA block have been

dissolved in water to form micelles as close to the thermo-

dynamic equilibrium as possible. These copolymers are

characterized by a well-de®ned, time-independent critical

micellar concentration. The size of the micelles is con-

siderably larger for the PQDMAEMA-b-PMMA diblock

compared to the non-quaternized counterpart as a result of

the strong electrostatic repulsion of the ammonium groups,

which causes the stretching of the PQDMAEMA chains in

the corona. These electrostatic interactions must be partially

screened by a salt in order to observe micellization. Micelles

are also observed in case of a higher molecular weight,

diblock although no clear cmc is detected. The effect of

the length of the quaternizing alkyl bromide has also been

examined. For long alkyl chains, an additional aggregation

process takes place, and a behavior reminiscent to polysoap

is observed. Star-shaped diblocks with PMMA forming the

core are nothing but prefabricated micelles, which show

low surface activity and no detectable cmc. A substantial

decrease in the surface tension is, however, observed after

long equilibration time, consistent with the idea that these

prefabricated micelles need time to reorganize at the air/

water interface.
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