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ABSTRACT: Amphiphilic diblock copolymers, poly(n-butyl acrylate)-block-poly(acrylic acid) (PnBA-PAA), with
narrow molecular weight distribution (PDIe 1.07) were prepared by atom transfer radical polymerization (ATRP)
of n-butyl acrylate andtert-butyl acrylate (tBA), followed by selective acidolysis of the PtBA block. These polymers
possess a soft PnBA hydrophobic block with a constant chain length of 90-100 monomer units and pH- and
ionic strength-sensitive hydrophilic PAA block with DPPAA ) 33-300 AA monomer units. They were expected
to form stimuli-responsive micelles. The block copolymers with DPPAA g 100 are directly soluble in water at pH
> 4.7. Pyrene steady-state fluorescence spectroscopy and fluorescence correlation spectroscopy (FCS) studies
indicate the existence of a very low critical micelle concentration (cmc∼ 10-8 mol/L). The number-average
hydrodynamic radii of the micelles, as determined by FCS, range from 28 to 55 nm, depending on the PAA
block length. FCS data indicate that micellar sizes significantly decrease upon dilution for salt-free systems. This
is attributed to a dynamic, but kinetically controlled, behavior of these self-assembled nanostructures. In saline
solutions the micellar sizes remain constant above the “apparent” cmc (cmc*), which is attributed to slower
dynamics of unimer exchange between micelles.

Introduction
Amphiphilic block copolymers may self-assemble into a wide

range of supramolecular structures such as spherical micelles,
rods, or vesicles,1-7 which are of interest in a number of fields:
drug delivery,8-10 removal of pollutants from water, or stabiliza-
tion of emulsion polymerization,11,12 for example. Among the
systems developed, the most interesting ones are stimuli-
responsive micelles, which may change their physical parameters
(shape, aggregation number, size, etc.) in response to external
stimuli, such as pH, ionic strength, or temperature. These
micelles must be “dynamic”; i.e., they are in equilibrium with
their unimers (single block copolymer chains), similar to low-
molecular-weight surfactants. Here, the unimer exchange enables
the formation of monodisperse and well-defined self-assembled
supramolecular structures. However, most of the polymeric
amphiphiles developed up to now possess a hydrophobic core
having a high glass transition temperature,Tg (e.g., polystyrene),
and thus form nondynamic, “frozen” micelles.13-20 Those
micelles are not in equilibrium with their unimers as unimer
exchange is hindered due to kinetic constraints. As one of the
consequences, they have to be dissolved in aqueous media with
the help of a nonselective cosolvent or by heating above theTg

of the hydrophobic block. An exception to this rule is when
the (nonequilibrium) micellar structure has already preformed
in the bulk, as was shown for polystyrene-block-poly(acrylic
acid) (PS-PAA).21,22 Here, the corresponding self-organized
bulk films dissolve spontaneously in water and form nonequi-
librium assembled structures reminiscent of those obtained in
the bulk phase. Rather recently, dynamic micelles were obtained

from block copolymers having a soft hydrophobic block. For
example, polyisobutylene-block-poly(methacrylic acid) (PIB-
PMAA), having a hydrophobic PIB block of short to medium
length (degree of polymerization, DPPIB ) 25-75) and a long
PMAA hydrophilic block (DPPMAA > 100), appears to form
dynamic micelles.23,24 Owing to the lowTg of the PIB block
(Tg ∼ -65 °C), these polymers are spontaneously soluble in
water (at pH> 7 for DPPIB e 75) and yield micelles sensitive
to different stimuli (pH, ionic strength). On the contrary, the
same PIB-PMAA diblock copolymers were brought into water
using THF as a cosolvent when the PIB block becomes too
long or comparable in length with the PMAA block (PIB70-
PMAA50-70 or PIB134-PMAA150-300).25 Polyethylethylene-
block-poly(styrenesulfonic acid) (PEE-PSS) with DPPEE) 114
and DPPSS ) 83 is also directly soluble in water, forming
micellar aggregates.26

We thus decided to focus on block polymers that consist of
a soft hydrophobic block similar in length, but which are less
hydrophobic in nature, in order to assess whether dynamic
micelles can be obtained with such a system.

The polymer chosen was poly(n-butyl acrylate)-block-poly-
(acrylic acid) (PnBA-PAA). The PnBA block is less hydro-
phobic than PIB or PEE, and its PAA block is more hydrophilic
than PMAA due to the absence of the hydrophobicR-methyl
group. Gaillard et al. reported the synthesis of PnBA-PAA
diblock copolymers by sequential monomer addition using
radical addition fragmentation transfer (RAFT) polymerization.12

Since the second monomer (nBA) was directly added after only
61-94% conversion of the acrylic acid and without purification
of the first block, this resulted in less defined polymers with
high polydispersity (PDI) 1.4-2.3) and only short PnBA and
PAA blocks (DP< 50). More importantly, the PnBA block
contained a considerable fraction of AA units. The incorporation
of AA units into the hydrophobic block of an amphiphilic block
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copolymer dramatically changes the physicochemical properties
of the copolymers, as was recently shown by Bendejacq et al.
for PS-PAA.27

In order to obtain block copolymers whose structure was
better controlled for our purpose, we turned toward atom transfer
radical polymerization (ATRP), which allows reaching high
degrees of polymerization with a good control of functionality
and polydispersity. In this first paper, we report the synthesis
of diblock copolymers having a well-defined block character,
a low polydispersity index (PDI< 1.1), and a long PnBA block
of almost constant length (degree of polymerization, DP) 90-
100). Their solubilization and micelle formation was studied
by potentiometric titration, steady-state fluorescence spectros-
copy, and fluorescence correlation spectroscopy (FCS), indicat-
ing that micelles are indeed obtained by dissolving the polymers
in water at pH> 4.7 without the help of any cosolvent. A
complete characterization of the micelles as a function of
different parameters, such as pH, ionic strength, preparation
conditions, or PAA length, is the subject of a subsequent paper.24

Experimental Section

1. Synthesis. Materials.n-Butyl acrylate andtert-butyl acrylate
(kindly supplied by BASF AG) were stirred overnight on calcium
hydride (Merck, 95%) with Irganox 1010 inhibitor (CIBA Geigy),
distilled under vacuum, and degassed by three freeze/pump/thaw/
flood with nitrogen cycles. CuBr (Aldrich, 98%) was stirred
overnight in glacial acetic acid, filtered, and rinsed successively
by acetic acid, ethanol, and ether to remove traces of CuBr2.28

N,N,N′,N′,N′′-Pentamethyldiethylenetriamine (PMDETA, Aldrich,
98%), ethyl 2-bromoisobutyrate (EBIB, Aldrich, 98%), and methyl-
2-bromopropionate (MBP, Aldrich, 98%) were distilled (under
vacuum if necessary) and degassed by freeze/thaw cycles. Ethyl
acetate (Merck,>98%), acetone (Merck, 99.8%), andn-decane
(99%+, Aldrich) were degassed by freeze/thaw cycles. Neutral
Al 2O3 (Ecochrom), SiO2 (63-200µm, Merck), methanol (Merck,
99.8%), THF (Merck, 99.8%), trifluoroacetic acid (CF3COOH,
Merck, >99%), and dichloromethane (Aldrich, 99.8%) were used
as received.

Macroinitiators. For the macroinitiator PnBA90-Br, a single-
neck 500 mL flask was filled in a glovebox with Cu(I)Br (0.6152
g, 4.29× 10-3 mol), nBA (220.0 g, 1.72 mol), acetone (73.3 g),
n-decane (22.0 g), and PMDETA (0.7415 g, 4.28× 10-3 mol).
After complete dissolution of the Cu(I)Br/PMDETA complex, a
few drops of the solution were taken as samplet0. Methyl
2-bromopropionate (1.435 g, 8.59× 10-3 mol) was then added,
the flask was closed with a septum, taken out of the glovebox, and
dipped in an oil bath at 60°C. Samples were taken under ni-
trogen flow throughout the reaction to follow the kinetics. The
samples were cooled immediately in an ice/water bath and opened
to air. A few drops of the sample were diluted in several mil-
liliters of THF and injected in gas chromatography (GC) to
determine the conversion usingn-decane as internal standard. The
conversion of monomer at timet is xP ) 1 - At/A0, whereAt and
A0 are the ratios of the monomer ton-decane peaks in the GC,
respectively, at timest andt0. Some drops of the sample were also
diluted with 0.5 mL of CDCl3 in order to determine the conversion

by 1H NMR spectroscopy using the peaks at 4 ppm (-OCH2-
both of the polymer and of the monomer) and between 5.5 and 6.5
ppm (CH2dCH- of the monomer). The samples were further
characterized by SEC and MALDI-TOF MS after removal
of the copper complex by flash chromatography on a small SiO2

column.

The reaction was finally terminated at 45% conversion by cooling
the flask to 0°C (ice-water) and opening it to the atmosphere.
The copper complex was removed by flash chromatography on a
two-layer Al2O3/SiO2 column rinsed with chloroform and acetone,
removal of most of the residual monomer and solvent by rotating
evaporation, and precipitation at-40 °C in methanol. Efficient
precipitation of the polymer was achieved by keeping the polymer/
methanol solution overnight at-40 °C. The polymer was then
collected by decantation of the supernatant. After three purifications
in that way, and removal of the residual solvent under vacuum, a
viscous colorless polymer (87.7 g, 89% yield) was finally obtained.
Mn(theoretical)) 11 700 g/mol; GPC (THF):Mn ) 12 800 g/mol,
PDI ) 1.08; MALDI-TOF MS: Mn ) 12 900 g/mol, PDI) 1.13.
1H NMR (250 MHz, CDCl3): δ (ppm)) 4.04 (t,3J(H,H) ) 5 Hz,
2H, O-CH2-), δ ) 2.28 (m, 1H,-CH2-C(CdO)H-), δ ) 1.90
and hidden under the other signals between 1.2 and 1.7 (m, 2H,
-CH2-C(CdO)H-), δ ) 1.60 (m, 2H, O-CH2-CH2-CH2-
CH3), δ ) 1.35 (m, 2H, O-CH2-CH2-CH2-CH3), δ ) 0.93 (t,
3J(H,H) ) 5 Hz, 3H, O-CH2-CH2-CH2-CH3). 13C NMR (50
MHz, [D8]THF): δ (ppm) ) 175.0 (CdO), δ ) 64.8 (O-CH2-
CH2-CH2-CH3), δ ) 42.4 (-CH2-C(CdO)H-), δ ) 36.0
(-CH2-C(CdO)H-), δ ) 31.7 (O-CH2-CH2-CH2-CH3), δ )
20.1 (O-CH2-CH2-CH2-CH3), δ ) 14.2 (O-CH2-CH2-CH2-
CH3). The precursor PnBA100-Br was synthesized in a similar way.
For conditions see Table 1 and Supporting Information.

Diblock Copolymers. The diblock copolymers were prepared
by ATRP under similar conditions as for the precursor, by using
PnBA90-Br and PnBA100-Br as macroinitiators for the polymeriza-
tion of the PtBA block. The experimental conditions for the
synthesis of each second block are summarized in Table 1. For
these reactions, 0-10% CuBr2 (relative to CuBr) was added to the
reaction mixture to decrease termination reactions. This latter
component was dissolved separately in acetone and PMDETA and
then added when the other reagents were solubilized. Kinetics were
followed by gas chromatography, MALDI-TOF MS spectroscopy,
and size exclusion chromatography. Purification of the shortest
diblocks was similar to that of the first block. The polymers having
the longest PtBA blocks are soft solids and were ultimately freeze-
dried in dioxane for better removal of residual solvent. As an
example, the1H NMR (250 MHz, CDCl3) characterization of
PnBA90-PtBA300 is given: δ (ppm) ) 4.03 (t, 3J(H,H) ) 5 Hz,
2H PnBA, O-CH2-), δ ) 2.24 (m, 1H PnBA and 1H PtBA,
-CH2-C(CdO)H-), δ ) 1.83 and hidden under the other signals
between 1.2 and 1.7 (m, 2H PnBA and 2H PtBA, -CH2-C(Cd
O)H-), δ ) 1.56 (m, 2H PnBA, O-CH2-CH2-CH2-CH3), δ )
1.44 (m, 9H PtBA, O-C(CH3)3), δ ) 1.35 (m, 2H PnBA, O-CH2-
CH2-CH2-CH3), δ ) 0.94 (t, 3J(H,H) ) 5 Hz, 3H PnBA,
O-CH2-CH2-CH2-CH3). 13C NMR (50 MHz, [D8]THF): δ
(ppm) ) 174.6 (CdO, PnBA and PtBA), δ ) 80.8 (O-C(CH3)3,
PtBA), δ ) 64.8 (O-CH2-CH2-CH2-CH3, PnBA), δ ) 43.1
(-CH2-C(CdO)H-, PnBA and PtBA), δ ) 36.8 (-CH2-C(Cd
O)H-, PnBA and PtBA), δ ) 31.8 (O-CH2-CH2-CH2-CH3,

Table 1. Experimental Conditions for the Synthesis of the Precursors and Block Copolymers by ATRP

T (°C) initiator [M]:[I]:[Cu(I)]:[Cu(II)]:[L]
monomer/solventb/

decane (wt %)
reaction
time (h)

final
conv (%)

PnBA90-Br 60 MBP 200:1:0.5:0:0.5 70/23/7 8.25 45
PnBA100-Br 77 EBIB 140:1:2:0:2 26/71/3 4.75 70
PnBA90-PtBA33 40-60a PnBA90-Br 60:1:0.5:0.025:0.5 70/23/7 25 55
PnBA90-PtBA100 60 PnBA90-Br 200:1:0.5:0.025:0.5 70/23/7 68 50
PnBA100-PtBA150 60 PnBA100-Br 200:1:0.5:0:0.5 70/23/7 61.5 58
PnBA90-PtBA300 60 PnBA90-Br 600:1:0.5:0.05:0.5 70/23/7 16 days 50

a The polymerization was started at 40°C, and the temperature was raised to 60°C after 17.25 h.b Acetone was used as solvent for all polymerizations,
except for PnBA100-Br where ethyl acetate was chosen.
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PnBA), δ ) 28.5 (O-C(CH3)3, PtBA), δ ) 20.1 (O-CH2-CH2-
CH2-CH3, PnBA), δ ) 14.3 (O-CH2-CH2-CH2-CH3, PnBA).

The synthesis of PnBA100-PtB150 is similar to that of the three
other block copolymers. However, the copolymer contained some
residual homopolymer (PnBA100) because some PnBA-Br macro-
initiator chains had been deactivated (either by dehydrobromination
or by termination by disproportionation). After acidolyis of the
unpurified PnBA100-PtBA150, Soxhlet extraction in cylohexane
yielded pure PnBA100-PAA150. Details are given in the Supporting
Information.

Acidolysis of PnBA-PtBA to PnBA-PAA. The PnBA-PtBA
diblock copolymers were dissolved in dichloromethane (c ∼ 150
g/L) and stirred at room temperature for 48 h with 5 equiv of
trifluoroacetic acid relative to the amount oftBA units. The
polymers did not precipitate and were collected after rotating
evaporation of the solvent and the trifluoroacetic acid. Further
elimination of the residual CF3COOH was achieved in the case of
PnBA90-PAA33 by two cycles of redissolution in dichloromethane/
methanol (10/1 v/v), rotating evaporation, and vacuum pumping
overnight. For PnBA90-PAA100 and PnBA90-PAA300, the traces
of trifluoroacetic acid were removed by freeze-drying in dioxane/
methanol (40/1 v/v). Elemental analysis of traces of fluorine
(performed on one sample), as well as13C NMR, revealed the
absence of significant quantities of residual trifluoroacetic acid after
drying. As an example, the NMR characterization of PnBA90-
PAA300 is given.1H NMR (250 MHz, MeOD): δ (ppm)) 4.09 (t,
2H PnBA, O-CH2-), δ ) 2.44 (m, 1H PAA,-CH2-C(CdO)-
H-), δ ) 2.32 (m, 1H PnBA, -CH2-C(CdO)H-), δ ) 1.93 and
hidden under the other signals between 1.3 and 1.8 (m, 2H PnBA
and 2H PAA, -CH2-C(CdO)H-), δ ) 1.65 (m, 2H PnBA,
O-CH2-CH2-CH2-CH3), δ ) 1.44 (m, 2H PnBA, O-CH2-
CH2-CH2-CH3), δ ) 0.98 (t, 3H PnBA, O-CH2-CH2-CH2-
CH3). Integration of the protons between 0.7 and 2.8 ppm (20.7H
when the-OCH2 peak of PnBA at 4.09 ppm is fixed to 2H) is
close to the theoretical value for complete hydrolysis (3H PAA+
10H PnBA ) 20.0H), which reveals a degree of hydrolysis close
to 100%.13C NMR (62.5 MHz, [D8]THF): δ (ppm)) 177.2 (Cd
O, PAA), δ ) 175.0 (CdO, PnBA), δ ) 64.8 (O-CH2-CH2-
CH2-CH3, PnBA), δ ) 42.4 (-CH2-C(CdO)H-, PnBA and
PAA), δ ) 36.0 (-CH2-C(CdO)H-, PnBA and PAA),δ ) 31.8
(O-CH2-CH2-CH2-CH3, PnBA), δ ) 20.1 (O-CH2-CH2-
CH2-CH3, PnBA), δ ) 14.2 (O-CH2-CH2-CH2-CH3, PnBA).

Molecular Characterization. For gas chromatography, samples
diluted in THF were injected at a temperature of 250°C on a Fisons
GC 8000 system gas chromatograph. A Megabore methylpolysi-
loxane capillary column DB1 (length: 30 m, 0.53 mm i.d., film
thickness 1.5µm) was employed as stationary phase and hydrogen
as mobile phase. Separation for the determination of the conversion
of bothnBA and tBA was performed using the following temper-
ature program: 2 min at 60°C, heating at 20°C/min up to 120°C,
and keeping at 120°C until the end of the experiment. The
components were detected with a flame ionization detector operating
at 250 °C. Raw data were recorded and evaluated using the
ChromCard for Windows Software V1.17â.

1H and 13C NMR spectra were recorded on a Bruker AC 250
NMR spectrometer with samples dissolved in CDCl3, CDCl3/MeOD
(85/15 v/v), MeOD, or [D8]THF, and spectra were treated using
the WinNMR program. Calibration of the spectra was made either
by adding some tetramethylsilane in the NMR tube (δ ) 0 ppm)
or by using the solvent residual peak as reference.

Size exclusion chromatography (SEC) was performed with PSS
SDV-gel columns (5µm, 60 cm, 1× linear (102-105 Å), 1 × 100
Å) with THF as eluent (flow rate) 1.0 mL/min), at room
temperature, and using UV spectrometry (λ ) 230 and 260 nm)
and refractometry for detection. The number-average molecular
weight (Mn) and molecular weight distribution (MWD) were
determined using polystyrene standards calibration. For MALDI-
TOF mass spectrometry, samples were prepared by mixing the
polymer, the matrix (3-indoleacrylic acid), and the salt (NaI) in
THF (proportion 1:10:1), and evaporating the solution on a grid.

The samples were analyzed using a Bruker Reflex III spectrometer
operating in linear mode.

2. Characterization in Solution. Reagents.The aqueous
solutions were prepared using Millipore water (deionized water,
resistance>18 MΩ), sodium chloride (99.5%, Fluka), tris(2-amino-
2-hydroxymethyl-1,3-propanediol) (TRIS, Aldrich, 99.8%), HCl
(0.01, 0.1, or 1 M), and NaOH (0.01, 0.1, or 1 M). NaOH and HCl
solutions were prepared using Titrisol concentrated solutions, and
NaOH solutions were back-titrated with HCl before use. Pyrene
(Aldrich, 98%), rhodamine 6G perchlorate (Lamda Physik), and
octadecyl rhodamine B (Sigma-Aldrich) were used as fluorescent
probes without further purification. pH was measured using a glass
electrode connected to a Schott pH-meter CG 840 calibrated with
two buffers solutions at pH 4.0 and 10.0. A third buffer at pH 7.0
was used to check the accuracy of the pH-meter.

Potentiometric Titrations were performed at room temperature
with an automatic titrator (Titrando 806, Metrohm) controlled by
the Metrohm Tiamo computer software. The combined glass
electrode (Unitrode Pt1000, 6.0258.000, Metrohm) was calibrated
using three different pH buffers (pH 4.01, 7.00, and 9.00, Merck
CertiPUR) prior to each measurement. Sample solutions were
prepared by dissolving the polymers at 1.0 g/L and pH∼ 11 in the
absence of salt and adding 0.1 M NaCl after at least one night of
stirring to ensure complete dissolution of the polymer. After 24 h
of equilibration, a known volume of the polymer solution (∼10
mL) was added to the jacked glass cell of the titrator and titrated
by an aqueous HCl solution (0.1 M HCl and 0.1 M NaCl) using a
2 mL buret (Dosing unit 807, Metrohm) driven by a Metrohm
Dosino 800. Measurements were started after 5 min of equilibration
and with volume increments of 5-50 µL spaced by at least 180 s
(a drift of 5 mV/min was applied). The equivalence points of the
titration (the first one corresponding to the titration of the excess
NaOH, the second one to the complete protonation of PAA-,Na+)
were set as the inflection points (maximum of the first derivative).

Pyrene Fluorescence Spectroscopy.23,29,30A stock solution of
the polymer was first prepared at a concentration of 10-4 mol/L
and pH∼ 9-10 (R ∼ 1) by dissolving the polymer in water with
1 equiv of NaOH compared to the AA units. After complete
dissolution of the polymer, 0.1 M NaCl and 0.01 M TRIS were
added. The latter was used to keep the pH constant during the
successive dilutions of the polymer solutions. The advantage of
TRIS is that it is a very efficient buffer even at low concentration
and thus does not significantly change the ionic strength of the
solution or the emission/absorption pyrene spectra. The polymer
stock solution was then diluted to 10 different concentrations down
to 10-10 mol/L using a buffer solution of water containing 0.01 M
TRIS and 0.1 M NaCl. Each sample was then prepared by dropping
carefully 60µL of a pyrene solution (2.5× 10-5 mol/L in acetone)
into an empty vial, evaporating the acetone by gentle heating at
50-60°C, adding 3 mL of one of the polymer solutions, and stirring
the closed and light-protected vials 48-72 h at 50-60 °C. The
final concentration of pyrene in water thus reached 5× 10-7 mol/
L, which is slightly below the pyrene saturation concentration in
water at 22°C. Polymer solutions were also prepared in the same
manner without added salt or TRIS.

Steady-state fluorescence spectra of the air-equilibrated samples
were recorded with a Shimadzu RF-5301 PC spectrofluoropho-
tometer (right angle geometry, 1 cm× 1 cm quartz cell) using the
following conditions: excitation at 333 nm, slit width 3 nm for
the excitation, and 1.5 nm for the emission. The intensities of the
bandsI1 at 372 nm andI3 at 383 nm were then evaluated, and their
ratio was plotted vs the polymer concentration.

Fluorescence Correlation Spectroscopy (FCS).Aqueous solu-
tions at polymer concentrations ranging from 2.25× 10-2 to 1 ×
103 mg/L were prepared in glass vials from a stock solution made
by dissolving the polymer in the absence of added salt at pH∼ 9.5
(degree of ionizationR ) 1) and 1 g/L. This stock solution was
further diluted to the desired concentrations with alkaline water at
pH ∼ 9.5. After one night of equilibration 100 mL of the fluorescent
dye, either rhodamine 6G perchlorate (Rh6G),c1(Rh6G)) 2.0 ×
10-7 mol/L, c2(Rh6G)) 1.1× 10-8 mol/L, or octadecyl rhodamine
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B (ORB), c(ORB) ) 1.0 × 10-8 mol/L, was added to 900 mL of
each polymer solution, resulting in the final concentrations of the
fluorescent probec1,0(Rh6G)) 2.0 × 10-8 mol/L, c2,0(Rh6G))
1.1× 10-9 mol/L, andc0(ORB)) 1.0× 10-9 mol/L. Measurements
were performed at least 24 h after dilution of the micellar solutions
on a ConfoCorII setup (Carl Zeiss Jena). An argon ion laser was
applied for excitation of the dye molecules atλ1 ) 488 nm andλ2

) 514 nm. The laser beam was focused by a C-Apochromat 40×
water immersion objective (numerical aperture of 1.2). Measure-
ments were taken in typical sample volumes of 35µL. The emitted
fluorescent light was collected by the same objective and separated
from the excitation light by a dichroic mirror. The emission beam
was mapped onto a pinhole in the image plane of the objective (70
µm at λ1 and 74 µm at λ2). Fluorescence was detected by an
avalanche photodiode in single-photon-counting mode. Further
information about the setup for FCS is given elsewhere.31,32

The translational diffusion time and the number of fluorescent
particles in the illuminated volume (the confocal volume,Vc) are
obtained from the autocorrelation function of the intensity fluctua-
tions monitored as a function of time. For polydisperse systems
those values have to be regarded as number averages.

Fluorescence fluctuations may arise from phenomena such as
Brownian diffusion, flow, and chemical reaction. When the
fluorescence fluctuations are only a consequence of diffusive
processes through the illuminated volumesbeing regarded as an
ellipsoid with radiuswxy and focus length 2wzsand provided that
the quantum efficiency of the dye molecules does not change upon
binding to the micelles, the autocorrelation functionG(τ) (ACF)
may be derived in an analytical form as

whereK is the number of fluorescent probes with different diffusion
characteristics,τi is the averaged time needed by the fluorescent
particle of fractioni to pass the illuminated volume, andT denotes
the fraction of dye molecules in the triplet state with lifetimeτtr. Nh
is assigned to the averaged number of fluorescent particles within
the excitation volume, andφi is the fraction of theith component.33,34

Sdenotes the geometry parameter of the confocal volume, defined
as the ratio of the focus length and radius

The translational diffusion coefficients,Di, are related to the
respective diffusion times by

The hydrodynamic radii,Rh,i, are given by the Stokes-Einstein
equation

with kB the Boltzmann constant,T the absolute temperature, and
η0 the solvent viscosity.

All experiments were performed at ambient temperature without
further temperature control. The error in concentration was
estimated to be 5%. The diffusion times obtained atλ1 ) 514 nm
may be corrected to the geometry factor,S, at λ1 ) 488 nm by

The autocorrelation functions were evaluated by a homemade
software fitting the data to eq 1 by a Levenberg-Marquart
algorithm.37 In order to determine the geometry of the laser focus,
an aqueous solution of Rh6G was used as reference. The geometry
parameterS was deduced for each cover slide applied for cmc
determination after adjusting the pinhole and kept constant for the
fitting of the experimental data for all subsequent measurements
performed on the respective slide. The waist radiiwxy(λ1 ) 488
nm) ) 205 nm andwxy(λ2 ) 514 nm)) 246 nm were derived
from the reference measurements taking advantage of the known
diffusion coefficient of Rh6G in water38 (D ) 4.18× 10-10 m2/s).
Optical saturation and photobleaching effects39 were avoided by
reducing the irradiance far below saturation until no change was
observed in diffusion times during calibration and sample measure-
ments. The detection volumeVc ) 2πwxy

2wz was determined to be
around 0.2 fL (λ ) 488 nm) and 0.4 fL (λ ) 514 nm). TheF-test
was exploited to verify the validity of a single-component (K ) 1)
or a two-component model (K ) 2).

Results and Discussion

1. Synthesis and Molecular Characterization of the
Diblock Copolymers.The diblock copolymers were synthesized
by sequential monomer addition using ATRP for the polymer-
ization of both blocks. In order to obtain block copolymers
having a constant poly(n-butyl acrylate (PnBA) block length
for different lengths of the poly(acrylic acid) (PAA) blocks,
n-butyl acrylate (nBA) was polymerized first to yield a
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Figure 1. Semilogarithmic plot of monomer conversion followed by
1H NMR (]) and gas chromatography (0), vs t2/3, during the synthesis
of the PnBA90-Br macroinitiator.

Figure 2. Evolution of the molecular weight (9, SEC;0, MALDI-
TOF MS) and of the polydispersity index (PDI) with monomer
conversion ([, SEC; ], MALDI TOF MS) of the PnBA90-Br
macroinitiator. The straight line corresponds to the theoretical molecular
weight.
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PnBA90-Br macroinitiator. The evolution of conversion, plotted
as ln([M]0/[M]) vs t2/3 (Figure 1), is in agreement with Fischer’s
theory40 of the persistent radical effect. This observation together
with a linear evolution of the number-average molecular weight,
Mn, with conversion, a decrease of the polydispersity index with
conversion (Figure 2), and a final polydispersity index close to
1.1 indicates a well-controlled polymerization process. The
reaction was quenched at only 45% conversion in order to avoid
termination reactions and thus to minimize the loss of Br end
groups at the terminus of the PnBA block.

The diblock copolymers were then obtained by initiating the
polymerization oftert-butyl acrylate (tBA) with the PnBA-Br
macroinitiator. According to Figures 3 and 4, the polymerization
of the second block is also well controlled in each case, and
the polydispersity index remains below 1.1. Moreover, the final
diblock copolymers initiated by PnBA90-Br show no significant
trace of residual homopolymer of PnBA (Figure 5), indicating
an efficiency of the PnBA90-Br macroinitiator close to 100%.
This confirms that quenching the polymerization of the PnBA
block at 45% conversion was efficient to minimize the loss of
Br end groups. The molecular weights and polydispersity indices
of the block copolymers are given in Table 2.

The acid-catalyzed elimination of isobutylene from the PtBA
blocks was then performed with trifluoroacetic acid in dichlo-
romethane41 to yield the final PnBA-PAA diblock copolymers.
Hydrolysis with aqueous HCl in dioxane42 was not used since
it was found to partially hydrolyze the PnBA block.43 With
trifluoroacetic acid, at least 95% of the PtBA was converted
into PAA. The characteristic peak of thetert-butyl group could
indeed not be detected any more either with1H NMR (δ )
1.44 ppm, C(CH3)3; Figure 6) or with13C NMR (δ ) 80.7,
O-C(CH3)3 and δ ) 28.5(O-C(CH3)3; Figure 7) after the
reaction. Moreover, the PAA to PnBA ratio, as determined by
1H NMR, fits rather well with the theoretical values (Table 2).
Acidolysis of homo-PnBA under the same conditions did not
indicate the formation of any detectable acrylic acid units
according to13C NMR (i.e., theCdO peak atδ ) 177.1 ppm
characteristic of PAA units did not appear after the reaction,
and only theCdO peak atδ ) 175.0 ppm corresponding to
PnBA units is visible). Thus, the acidolysis is selective and
quantitative towardtBA units and does not alter the PnBA block.

As a conclusion, three narrowly distributed (PDI< 1.1)
PnBA-PAA block copolymers having a constant PnBA block
length (degree of polymerization, DPn ) 90) and predefined
PAA blocks were obtained in a well-controlled manner by
ATRP. In addition, PnBA100-PAA150was synthesized following
a similar procedure. However, the rather high amount of ligand
(PMDETA, which was shown to act as a transfer agent44) and
of CuBr, as well as the high final conversion (70%), probably
led to a partial loss of the bromine end groups of the PnBA100

macroinitiator. As a consequence, this macroinitiator was not
fully efficient, and pure PnBA100-PAA150 diblock was only
obtained after elimination of the residual homo-PnBA100 by
Soxhlet extraction in cyclohexane (see Supporting Information
for synthetic details). Differential scanning calorimetry of
PnBA90-PAA100 revealed that the glass transition temperatures,
Tg, of the PnBA90 and of the PAA100 blocks are-55 ( 1 and
85 ( 2 °C, respectively.

2. Aqueous Solution Properties. 2.1. Solubility and Po-
tentiometric Titrations. The three block copolymers having
the longest PAA block (DPPAA ) 100-300) dissolve spontane-
ously at pH> 9 (R ) 1) and stay soluble down to pH< 2.5 (R
) 0) when back-titrated with HCl. In contrast, the polymer with
the shortest block (DPPAA ) 33) is insoluble at any pH (as long
as no cosolvent is used) and will not be further discussed herein.
Moreover, none of the protonated polymers (R ) 0) dissolve
spontaneously in pure water (under these conditions, pH∼ 3.5).

Figure 3. Semilogarithmic plot of monomer conversion followed by
gas chromatography vst2/3 during the synthesis of PnBA90-PtBA33

(4) (after 17 h the temperature was raised from 40 to 60°C); PnBA90-
PtBA100 (0), and PnBA90-PtBA300 (]).

Figure 4. Evolution of the molecular weight (filled symbols) and of
the polydispersity index (empty symbols) with monomer conversion
of PnBA90-PtBA33 (2, 4), PnBA90-PtBA100 (9, 0), and PnBA90-
PtBA300 ([, ]) determined by SEC. The straight lines correspond to
the theoretical molecular weights.

Figure 5. SEC eluograms of the macroinitiator, PnBA90, and of the
corresponding block copolymers.

4342 Colombani et al. Macromolecules, Vol. 40, No. 12, 2007



As a quantitative example, a turbid suspension of PnBA90-
PAA100 (containing 0.1 M NaCl), titrated from pH∼ 2.5 by
NaOH (with 0.1 M NaCl), only becomes transparent for pH>
4.7 (R ∼ 0.2). We assume that this is due to the rather poor
solubility of protonated PAA. The structure of these turbid
solutions will be investigated in the subsequent publication in
this series.24

The study of the evolution of the pH of the block copolymers
with the degree of ionization,R ) [COO-,Na+]/[COOH]0 (ratio
of ionized AA units), was carried out at a concentration of 1
g/L in the presence of a constant salt concentration of 0.1 M
NaCl (added after dissolution of the polymer). The titrations
yield apparent pKa values (i.e., pH atR ) 0.5) between 5.5 and
5.7 (Figure 8). These values are considerably lower than those
for linear45,46 and star-shaped PAA46 as well as for PnBA90-
PAA150

47 in the absence of salt, reported to be between 6.3 and
6.5. However, they agree well with the value obtained for PAA
titrated in the presence of 0.1 M NaCl (pKa ) 5.4).48 This may
be explained by the fact that, in the absence of salt, the negative
charges created upon deprotonation of some AA units make
the subsequent deprotonation of more AA units more and more
difficult. In the presence of a sufficient amount of salt, those

charges are screened, facilitating the deprotonation of all AA
units.

On closer inspection, the apparent pKa of the block copolymer
having the longest PAA block is slightly lower than that of the
other polymers. It has been previously shown that the apparent
pKa of star-shaped PAA is decreasing with increasing arm length
as the mean segment density within the star decreases and thus
the osmotic pressure on the confined counterions is lowered.46

Considering the amphiphilic character of our block copolymers,
this may indeed reflect the presence of star-shaped micelles with
PAA corona in aqueous solutions rather than single block
copolymer chains. The existence of star-shaped micelles will
be demonstrated in a subsequent publication.24

Table 2. Molecular Characteristics of the Different PnBA-PtBA Block Copolymers

10-3Mn (g/mol) PDI tBA (mol %) PAA (mol %)a

theor MALDI-TOF MS SEC SEC theor 1H NMR 1H NMR potentiometry

PnBA90 11.7 12.9 12.7 1.09
PnBA100 12.3 12.5 15.3 1.07
PnBA90-PtBA33 15.9 16.8 17.7 1.05 0.27 0.29 0.27
PnBA90-PtBA100 24.3 24.7 25.6 1.07 0.52 0.54 0.50 0.47
PnBA100-PtBA150 32.0 33.7 1.04 0.60 0.56 0.57
PnBA90-PtBA300 50.4 51.4 47.2 1.07 0.77 0.78 0.78 0.71

a The molar percentage of PAA was determined by1H NMR in MeOD or THF as well as by potentiometry after hydrolysis of the diblocks. Values
obtained by potentiometry are probably underestimated because of a few percents of adsorbed water in the polymer.

Figure 6. 1H NMR spectra of (a) PnBA90-PtBA100 in CDCl3 and (b)
PnBA90-PAA100 in CDCl3/MeOD (85/15 v/v).

Figure 7. 13C NMR spectra ([D8]THF) of PnBA90-PtBA300 and
PnBA90-PAA300.

Figure 8. Potentiometric titration of∼10 mg of PnBA90-PAA100 (4),
PnBA100-PAA150 (9), and PnBA90-PAA300 (O) with aqueous HCl (0.1
and 0.1 M NaCl) starting from pH∼ 11, in the presence of 0.1 M
NaCl, and at a polymer concentration of 1 g/L. (a) Titration curves;
equivalence points are indicated by vertical lines. (b) Dependence of
pH on degree of ionization.
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Finally, the content of AA units per copolymer determined
by potentiometric titration fits well with the composition of the
block copolymers (Table 2), taking into account that this content
may be underestimated because of a small percentage of water
in the polymer.

2.2. Determination of the Critical Micelle Concentration
(cmc). Pyrene Fluorescence Spectroscopy.The onset of
micelle formation of saline solutions of our amphiphilic block
copolymers (0.1 M NaCl andR ) 1) was evaluated using
steady-state fluorescence spectroscopy of pyrene. This approach
has proven to be a versatile method to determine the onset of
micelle formation of block copolymer amphiphiles in aqueous
media.23,29,30,49,50In this approach, the ratio between the intensi-
ties of the first (I1) and the third (I3) vibrational bands of the
pyrene emission spectrum decreases with the polarity of the
medium in which pyrene is dissolved (Figure 9).I1/I3 remains
constant (∼1.7-1.8) at polymer concentrationsc < 4.5× 10-8

mol/L, below which pyrene is in aqueous environment, indicat-
ing the absence of micelles. As soon as micelles are formed,
pyrene migrates into the hydrophobic core (or the core-corona
interface) andI1/I3 decreases. The cmc (Table 3) was determined
as the intersection between the plateau atI1/I3 ∼ 1.7-1.8 and
the tangent of the decrease ofI1/I3 vs concentration in Figure
10. The cmc of PnBA90-PAA300 was also determined at pH∼
9 (R ∼ 1) in the absence of salt, furnishing the same onset of
micelle formation as in saline solutions.

Here, it has to be highlighted that pyrene fluorescence
spectroscopy may only give an upper estimate of the cmc.
Indeed, the polymer concentration at whichI1/I3 starts to
decrease is equal to 10-8 mol/L, which is lower than the pyrene
concentration (5× 10-7 mol/L). The molar concentration of
micelles is even lower by 2 orders of magnitude, taking into
account the aggregation number of the micelles, which was
determined to be around 200-300 for all polymers at polymer

concentrations of 10 g/L.24 Consequently, a partitioning of the
pyrene molecules between the water solution and the micelles
at low concentrations could also lead to high values ofI1/I3.
Thus, in order to corroborate the steady-state fluorescence
spectroscopy results, fluorescence correlation spectroscopy
experiments were performed.

Fluorescence Correlation Spectroscopy (FCS). The onset
of micelle formation and the hydrodynamic radii of the micelles
were also determined by FCS. Instead of using covalently dye-
labeled polymers,51 the micelles were fluorescently tagged with
the cationic laser dyes Rhodamine 6G perchlorate (Rh6G) in
the absence of added salt and octadecylrhodamine B (ORB) in
the absence and presence of added salt. This approach has been
shown to be a convenient method to study the aggregation

Figure 9. Emission spectrum of pyrene in an aqueous solution of PnBA90-PAA300 (0.1 M NaCl, 0.01 M TRIS, pH∼ 9-10) atc ) 10-10 mol/L
(left) andc ) 10-4 mol/L (right).

Table 3. Critical Micelle Concentrations of the Block Copolymers at pH∼ 9-10 (r ) 1) and Respective Number-Average Hydrodynamic Radii
of Micelles

cmc (pyrene fluorescence) cmc (FCS)

cNaCl(mol/L) (10-8 mol/L) (mg/L) (10-8 mol/L) (mg/L) 〈Rh〉n
a (FCS) (nm)

PnBA90-PAA100 0 2.4( 1.1b 0.45( 0.2b 28 ( 3b

3.6( 1.7c 0.65( 0.3c 23 ( 2c

0.1 4.5( 2.5 0.8( 0.5 12( 1.7c 4.4( 0.3c 21 ( 2c

PnBA100-PAA150 0 1.9( 0.9b 0.45( 0.2b 36 ( 2b

0.1 2( 1 0.5( 0.3
PnBA90-PAA300 0 2 ( 1.5 0.7( 0.5 1.4( 0.6b 0.45( 0.2b 55 ( 2b

(13 ( 1.4)c (4.7( 0.5)c (79 ( 3)c

0.1 2( 1 0.7( 0.4 2.0( 0.6c 0.7( 0.2c 39 ( 3c

a Average of three independent experiments at 0.45 g/L for PnBA90-PAA100 and PnBA90-PAA300 and at 1.13 g/L for PnBA100-PAA150. b Evaluated
with Rh6G as fluorescent tag.c Evaluated with ORB as fluorescent tag.

Figure 10. Determination of the cmc using fluorescence spectroscopy
of pyrene: PnBA90-PAA100 (0), PnBA100-PAA150 (b), and PnBA90-
PAA300 (]) at pH∼ 10 and 0.1 M NaCl and of PnBA90-PAA300 (2)
at pH ∼ 9 without added salt or buffer.

4344 Colombani et al. Macromolecules, Vol. 40, No. 12, 2007



behavior of low-molecular-weight surfactants52 as well as for
amphiphilic block copolymer systems.20,25,53,54

Experiments at Low Ionic Strength Using Rh6G. The poorly
water-soluble Rh6G proved to be a suitable dye for our system
in the absence of added salt, as it binds sufficiently to the
negatively charged micelles, exhibiting high quantum yields and
low triplet fractions (<15%). In contrast, rhodamine B and cresyl
violet provided too poor binding capabilities to be suitable as
fluorescent tags. Indeed, cresyl violet exhibited the worst affinity
to the micelles. This is noteworthy, as cresyl violet does not
significantly differ from Rh6G with respect to its charge and
skeletal structure. The significant difference in binding capabili-
ties is attributed to the more strongly pronounced hydrophobic
nature of Rh6G as an ethyl ester derivative of rhodamine B.
Thus, besides electrostatic interactions the hydrophobic interac-
tions seem to be essential to bind sufficiently to micelles. The
relevance of Rh6G’s hydrophobicity to bind efficiently to
charged particles in aqueous media is well documented.55-57

Unexpectedly, ORB, a strongly hydrophobic dye, also exhibited
only poor binding efficiencies in the absence of salt, whereas it
was reported to bind efficiently to amphiphilic block copolymer
micelles with PMAA shell in saline solutions.54

Representative experimental autocorrelation functions (ACF)
for different polymer concentrations are shown in Figure 11.
Experiments were conducted at two different dye concentra-
tions: c1,0(Rh6G)) 2.0 × 10-8 mol/L andc2,0(Rh6G)) 1.1

× 10-9 mol/L. Considering the molar mass of the polymers,
the polymer molar concentration assessed ranges from 0.7×
10-9 to 5× 10-5 M. In terms of molar concentration of micelles,
however, this is in order of magnitudes lower (3× 10-12 M <
cmicelle < 1 × 10-7 M) as their aggregation number were
determined to beNagg) 186, 192, and 303 for PnBA90-PAA300,
PnBA100-PAA150, and PnBA90-PAA100, respectively.24 There-
fore, the molar micelle concentration becomes lower than the
dye concentration at polymer mass concentrationsc(polymer)
e 50 mg/L, corresponding to molar micelle concentrations
cmicellese 10 nM. Experiments with the lower dye concentration
were therefore conducted in order to apply a more reasonable
micelles-to-dye molar ratio.

Figure 11 shows three major concentration regimes. At high
concentrations (c > 90 mg/L) a single slow diffusive process
determines the ACFs. At an intermediate concentration regime,
two diffusive processes dominate the ACFs, revealing signifi-
cantly different diffusion times. At polymer concentrationsc
< 0.45 mg/L andc < 0.68 mg/L at dye concentrationsc1,0-
(dye) ) 1.0 × 10-8 mol/L andc2,0(dye) ) 1.1 × 10-9 mol/L,
respectively, no contribution of a slow component is evident
for PnBA90-PAA100 and PnBA90-PAA300. This holds also true
for PnBA100-PAA150.

By fitting the experimental ACFs to eq 1, these concentration
regimes may be quantified by plotting the diffusion times as a
function of polymer concentration as shown in Figure 12. At

Figure 11. Representative normalized autocorrelation functions of PnBA90-PAA100 (top) and PnBA90-PAA300 (below) for decreasing polymer
concentrations (pH∼ 9.5, R ∼ 1) at two different dye concentrations:c1,0(Rh6G) ) 2.0 × 10-8 (left) and c2,0(Rh6G) ) 1.0 × 10-9 (right).
Excitation atλ ) 488 nm. The arrows represent the direction of decreasing polymer concentrations (in mg/L) in the following order: 450, 90, 45,
9.0, 4.5, 2.3, 0.68, 0.45, 0.23, 0.090, 0 (top right); 475, 90, 45, 9.0, 2.3, 0.90, 0.68, 0.45, 0.23, 0.090, 0 (bottom right); and 2.3, 0.90, 0.68, 0.45,
0.23 (left, top and bottom). The inserts are magnifications of box sections.
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polymer concentrationsc > 90 mg/L, the ACFs were well fitted
to a one-component model (K ) 1), yielding diffusion timesτ2

) 1700-2500 µs (depending on the polymer). This clearly
indicates the presence of large aggregates, i.e., micelles. At the
intermediate concentration regime (0.3 mg/L< c < 70 mg/L)
eq 1 was fitted to the experimental data applying a two-
component model (K ) 2). In this region, free dye molecules
with a diffusion timeτ1 ) 26 ( 2 µs and aggregates with
diffusion timesτ2 ) 1400-1850 µs (at the beginning of the
two-component region, depending on the polymer) coexist.
Finally, at very low block copolymer concentration,c < 0.45
mg/L, fits were satisfactory only when applying a one-
component model (K ) 1) resulting in the diffusion time of the
free dye molecule,τ1.

In a second step of data analysis, the respective diffusion
times for the free dye (τ1(Rh6G, 488 nm)) 26µs andτ1(Rh6G,
514 nm)) 37µs)sas derived from calibration measurementss
were fixed at their known values, fitting the experimental
autocorrelation data with a reduced number of fitting variables
to grant for better accuracy in evaluated parameters.

The evolution of the diffusion times with polymer concentra-
tion for all polymers is summarized in Figure 13 (top). Here,
only the slow diffusion times (τ2) are represented within the
two-component region. Calibration of the detection volume also
enabled to calculate the diffusion coefficient and the number-
average hydrodynamic radius,Rh (eq 7) (Figure 13, middle).
Finally, the fraction of dye molecules bound to polymer was
determined as the respective fitting parameter whenever the two-
component model applied (Figure 13, bottom). It is set to zero
at the lowest concentration when a single diffusion time
corresponding to free dye is observed and respectively assigned
to unity whenever only diffusion times corresponding to micelles
are evident.

As it becomes evident from Figure 12 and Figure 13 (middle),
the number-average hydrodynamic radii of the fluorescent-
tagged species increases at a polymer concentration of ca. 0.23
mg/L from 0.6 to 2.3, 4.9, and 10 nm for PnBA90-PAA100,
PnBA100-PAA150, and PnBA90-PAA300, respectively. These

hydrodynamic radii roughly correspond to those of single
polymer chains, assuming that the PnBA segments are collapsed
and PAA segments are stretched to 1/4 to 1/2 of their contour
length,Lc ) DP×lmon (wherelmon ) 0.25 nm is the length of a
monomer unit and DP denotes the degree of polymerization of
the PAA block). This indicates that no micellar aggregates are
formed at this concentration. Moreover, explicit contribution
of a second slow diffusive process to the ACFs is only evident
at polymer concentrations above 0.45 or 0.68 mg/L atc1,0(Rh6G)
) 2.0 × 10-8 mol/L or c2,0(Rh6G) ) 1.1 × 10-9 mol/L,
respectively (see Figure 11, insets). The exiguous discrepancy
between the two dye concentrations is attributed to a shifting
of the dye-micelle association equilibrium to the dissociated
state, worsening the detection limit for the slower diffusion time,
due to a lower fraction of labeled micelles.

The onset of micelle formation is therefore determined as
the minimum concentration where the second diffusion time of
the aggregates is higher than the value expected for single chains
and explicitly contributes to the ACFs. Thus, the cmc in the
absence of added salt is assigned to be 0.45 mg/L for all
polymers assessed herein.

The number-average hydrodynamic radii obtained atc . cmc
(Table 3) very well coincide with thez-average values obtained
by dynamic light scattering (DLS) at comparable concentra-
tions: 〈Rh〉z ) 30 nm (PnBA90-PAA100) and 〈Rh〉z ) 61 nm
(PnBA90-PAA300).24 However, a distinct dependence of the
hydrodynamic radii on dilution is observed in all cases. Indeed,
attempts to fit the experimental data according to a two-
component model, where both diffusion times were fixed to

Figure 12. Logarithmic plot of translational diffusion times vs polymer
concentration (mass and molar concentration, bottom and top axis,
respectively). Fast diffusive time,τ1 (O), and slow diffusive time,τ2

(two-component model (0), and one-component model (9)), for
PnBA90-PAA100 obtained atλ ) 488 nm (c1,0(Rh6G)) 2.0 × 10-8

mol/L) and the respective valuesτ1 (×) and τ2 (f) obtained by
measurements atλ ) 514 nm (c2,0(Rh6G)) 1.1 × 10-9 mol/L). (All
symbols were attributed error bars, which may affect the representation
of the open ones.)

Figure 13. Evolution of translational diffusion times (top), number-
average hydrodynamic radii (middle), and fraction of fluorescent-tagged
micelles (bottom) for PnBA90-PAA300 (9), PnBA100-PAA150 (O), and
PnBA90-PAA100 (4) at pH ∼ 9.5 with no added salt (λ ) 488 nm,
c1,0(Rh6G) ) 2.0 × 10-8 mol/L). The vertical dashed line indicates
the cmc. Diffusion times assigned to dye attached to single chains are
highlighted by an arrow.
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the respective values of free dye and micelles of constant size,
failed in all cases (see Supporting Information). This excludes
apparent diffusion times as a fitting artifact due to alleged
fractions. As this notable observation may be also attributed to
the binding properties of the applied fluorescent probe, further
experiments were accomplished using highly hydrophobic
ocatdecylrhodamine B (ORB) as the fluorescent tag, which was
reported to strongly bind to micelles with PMAA corona.58 Their
outcomes are provided in the following.

Experiments at Low Ionic Strength Using ORB. As high-
lighted above, ORB exhibits a much poorer binding to our
micelles compared to Rh6G. Even at the highest polymer
concentration the diffusion time corresponding to the free dye
τ1(ORB, 514 nm)) 37 ( 1 µs contributed up toφ1 ) 10% to
the ACFs. Furthermore, micelles tagged with ORB showed a
significant lower fluorescent brightness and higher triplet
fractions (15%< T < 24%) compared to Rh6G as fluorescent
probe. This resulted in poor signal-to-noise ratios and a higher
error for fast diffusive processes that may be convoluted with
the triplet relaxation. Despite the rather poor performance,
PnBA90-PAA300 and PnBA90-PAA100 solutions without added
salt were studied using ORB as a fluorescence probe in order
to seize the impact of the fluorescent tag on the apparent
diffusion times assessed by FCS.

The significant decrease of the diffusion times with decreasing
polymer concentration is, however, also evident with ORB (see
Figure 14), which is consistent with measurements performed
with Rh6G as the fluorescent tag (vide supra). Furthermore,
the onset of micelle formation is obvious at 0.65 and 4.7 mg/L
for PnBA90-PAA100 and PnBA90-PAA300, respectively (Table
3). For the polymer with the short hydrophilic block we find a
good agreement for the cmc and the hydrodynamic radius of
the micelles determined with the two different dyes. The
polymer with the long hydrophilic block in measurements with
ORB as fluorescent label has a higher cmc and shows larger
hydrodynamic radii than with Rh6G. We attribute these differ-
ences to the fact that ORB is not suited for highly charged
hydrophilic systems as present in salt-free solutions. The
preferred binding to the core-shell interface58 may be hindered
owing to the high incompatibility of the hydrophobic dye and
the hydrophilic corona, i.e., prohibiting an efficient penetration
of the micelles’ corona by the fluorescent tag. This effect is
less distinct with PnBA90-PAA100, where the corona is thinner.
Furthermore, it has to be stressed that in the absence of added
salt the ACFs are clearly dominated by a rather slow diffusion
time (τ1 ) 650µs, corresponding to a hydrodynamic radius of
9.3 nm) at concentrations well below the assigned cmc. As this
diffusion time is also apparent in aqueous ORB solution in the
absence of any polymer (c(ORB) ) 1 nM, see Figure 14,
bottom), this diffusion time is attributed to aggregates of dye
molecules. Nevertheless, the decline ofRh with decreasing
polymer concentration is confirmed with ORB as fluorescent
probe.

In the regime of low ionic strength the hydrophobic dye ORB
can only be used for block copolymers with a short hydrophilic
block. Otherwise, the hydrophobic interaction between dye and
polymer is hindered, and no reliable FCS investigation is
possible. In contrast, the ionic dye Rh6G can label both polymers
sufficiently.

Experiments at High Ionic Strength.In the regime of high
ionic strength the charges of the hydrophilic block are screened.
Hence, an effective electrostatic interaction between dye and
polymer is not possible, and the ionic dye Rh6G is not suitable
for labeling the micelles. As expected, we found even at high

polymer concentrations no interaction between Rh6G and the
polymer micelles. Although ORB exhibited a significantly lower
fluorescent brightness and higher triplet fractions compared to
Rh6G, it could be used for experiments at high ionic strength.
Indeed, the binding of ORB to the polymer in the presence of
added salt was slightly enhanced compared to the case at low
ionic strength. Quantitatively, the diffusion time for free dye
only contributed less thanφ1 < 5% to the ACFs at the highest
polymer concentration assessed. Furthermore, in contrast to the

Figure 14. Normalized autocorrelation functions for decreasing
polymer concentration in the absence of added salt for PnBA90-PAA300

(c0(ORB)) 1.0× 10-9 mol/L, top). The arrow indicates the decreasing
polymer concentration (in mg/L) in the following order: 711, 237, 47,
9.5, 7.1, 4.7, 2.4, 0.90, and 0. Evolution of translational diffusion times
with polymer concentration in the absence of added salt for PnBA90-
PAA300 (middle) and PnBA90-PAA100 (bottom). The vertical dashed
lines indicate the onset of micelle formation.
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case at low ionic strength no cluster formation of ORB
molecules were evident in the presence of added salt. Only the
diffusion time of the free dye moleculesτ1(ORB, 514 nm))
37 ( 1 µs contributed to the ACFs in micellar solutions as well
as in polymer-free aqueous solutions. Thus, experiments per-
formed with ORB at high ionic strength allowed us to compare
the results obtained at low and high ionic strength using the
same dye. Experimental autocorrelation functions and the
evolution of the diffusion times with decreasing polymer
concentration for PnBA90-PAA300 and PnBA90-PAA100 in
saline solutions are presented in Figure 15. The onsets of micelle
formation are evident atc ) 0.7 mg/L (PnBA90-PAA300) and
c ) 4.4 mg/L (PnBA90-PAA100).

In contrast to the situation in the absence of added salt, the
diffusion times do not decrease significantly with decreasing
polymer concentration. Moreover, the determined hydrodynamic
radii at c . cmc (Table 3), either with or without added salt,
reflect the expected contraction of the ionic corona due to
screened charges. The values are in reasonable agreement with
thez-average values obtained by DLS measurements at the same
ionic strength: 〈Rh〉z ) 30 nm (PnBA90-PAA100) and〈Rh〉z )
51 nm (PnBA90-PAA300).24

Discussion of the FCS Results. As stated above, we observe
a significant dependence of the hydrodynamic radii on polymer
concentration. Similar observations for micellar solutions of
PIB-PMAA25 and PVP-PEO,58 studied by FCS and DLS,
respectively, have already been reported earlier, although not
further discussed. Very recently, Bendejacq et al. reported on
highly asymmetric amphiphilic diblock copolymers, P(S-stat-
AA)∼20-b-PAA∼200.27 Small-angle neutron scattering proved that
the corresponding micelles are dynamic when the molar amount
of AA in the P(S-stat-AA) block reaches 50%, presenting an
“apparent cmc” and showing a significant decrease in core size
and aggregation number upon dilution like in our system. Such
results appear to be in contrast to a closed association model
that is generally used to describe micellization.

These results may be interpreted in terms of kinetic deter-
mined micellization. Theoretical studies by Besseling and Cohen
Stuart,59 Talanquer et al.,60 and Nyrkova and Semenov61,62

predict that the micellization of amphiphilic block copolymers
with a liquidlike hydrophobic block is kinetically rather than
thermodynamically controlled. Two activated processes have
to be considered: unimer exchange dynamics, i.e., release and
capture of amphiphilic unimers by micelles, and the nucleation
process that is prerequisite for micelle formation (similar to
crystallization). Indeed, the nucleation of micelles exerts the
highest activation energies for these two processes owing to
the high interfacial tension of the core-shell vicinity, which
causes micelle formation and disintegration to be kinetically
determined. Hence, the aggregation number and the onset of
micelle formation may significantly differ from their thermo-
dynamic quantities. In this respect, two consequences have to
be highlighted herein: First, only “apperent cmcs” (kinetic
cmc*) are experimentally accessible that can be considerably
higher or lower than the thermodynamic cmc, depending on
the experimental conditions. Second, a decrease of the unimer
activity in solution by dilution furnish a pathway for micellar
solutions to approach their thermodynamic state, i.e., aggregation
number and molar concentration of micellessprovided that the
unimer exchange dynamic is sufficiently fast (low activation
barrier for unimer exchange). Indeed, a significant decrease of
the aggregation number upon dilution is predicted, whereas the
formation of new micelles is hindered due to the high activation
barrier for nucleation.63 The FCS results presented herein indeed

indicate such a predicted shrinking of micelles upon dilution at
low ionic strength.

In saline solutions such a decrease in micellar’s size is not
evident, which is strongly indicative of a much slower unimer
exchange dynamics in the presence of added salt. This is further
sustained by a more detailed survey on the solution properties
of the discussed micelles reported in the second contribution
of this series.24 Here, we provide sound experimental evidence
that the polymer is readily dissolved in alkaline water under

Figure 15. Normalized autocorrelation functions for decreasing
polymer concentration in the presence of added saltc(NaCl) ) 0.1 M
for PnBA90-PAA300 (c0(ORB) ) 1.0 × 10-9 mol/L, top). The arrow
indicates the decreasing polymer concentration in the following order:
711, 237, 47, 9.5, 4.7, 2.4, 0.71, and 0.24 mg/L. Evolution of
translational diffusion times with polymer concentration in saline
solution for PnBA90-PAA300 (middle) and PnBA90-PAA100 (bottom).
The vertical dashed lines indicate the onset of micelle formation.
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the formation of narrowly distributed dynamic micelles in the
absence of added salt,24 whereas a dissolution of the polymer
in saline aqueous solution is significantly hampered. Indeed,
such micelles prepared in the presence of salt exhibit much
higher hydrodynamic radii and do not approach the character-
istics that are yielded for micelles prepared in the absence of
salt.

Conclusions

PnBA-PAA diblock copolymers with a narrow molecular
weight distribution and controlled composition (90-100 nBA
units and 33-300 AA units) were successfully synthesized via
ATRP. The block copolymers with PAA blocksNAA > 100
dissolve readily in water at pH> 4.7 (R ∼ 0.2) without any
cosolvent. This is noteworthy, considering the highly hydro-
phobic character of the long PnBA block.

Fluorescence correlation spectroscopy (FCS) provides hy-
drodynamic radii consistent with the formation of micelles. The
cmc values in the absence and in the presence of added salt
determined either by FCS or pyrene steady-state fluorescence
spectroscopy are extremely low (∼10-8 mol/L) and agree well
within experimental error. They are in the same range as those
of PIB-PMAA with comparable chain lengths of the hydro-
phobic block.25 We were only able to determine an apparent
(kinetic) cmc. Hence, it is not possible to draw quantitative
conclusions on its dependence on block length or salinity.

The observed decrease of the micelle size with decreasing
polymer concentration provides a first experimental hint for
theories published recently, which consider the micelle formation
of amphiphilic block copolymers as a kinetically controlled
process. A more detailed discussion of all points predicted by
the theoretical work exceeds the size of this contribution. For a
deeper experimental verification of the theoretical predictions
more time- and material-consuming experiments are necessary.

A detailed characterization of the structure and solution
properties of the micelles presented herein under various
conditions will be reported in a forthcoming paper.24
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