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ABSTRACT: Three pairs of end-labeled poly(acrylic acid-b-methyl methacrylate) block copolymers were
synthesized to study micelle formation in water by nonradiative energy transfer (NRET). One member
of each pair contained naphthalene as the donor chromophore at the poly(methyl methacrylate) (PMMA)
chain end, and the other, pyrene as the acceptor. The highest molecular weight sample (70 MMA units)
formed micelles at the lowest concentrations we could examine, 0.1 mg/L, and did not undergo chain
exchange on the time scale of weeks. This polymer forms micelles when the solid sample is treated with
1 equiv of NaOH in water, but the mechanism of micelle formation appears to involve fragmentation of
the polymer powder instead of an association of single block copolymer chains. The samples with 40 or
20 MMA units are largely dissociated in pure water, and micelle formation is only slightly increased at
higher polymer concentration. No cmc could be observed. However, for these samples addition of small
amounts of salt (NaCl) strongly increases the polymer aggregation. The presence of salt also slows down
the exchange rate of polymers among the micelles.

Introduction

Over the past 10 to 15 years, the aggregation behavior
of amphiphilic block copolymers in aqueous solution has
been studied for several polymer systems. Issues inves-
tigated include the form and size of the micelles, the
critical micelle concentration (cmc),1-10 and the dynam-
ics of chain exchange between micelles.10-13 Many of
these studies have involved fluorescence techniques,
either through the addition of fluorescent dyes as probes
to the block copolymer solutions,1-7 or by covalently
attaching the fluorophore directly to the polymer.8-11

These various studies indicate a behavior of the block
copolymers which is reminiscent of that of low molecular
weight surfactants, and as a consequence the principle
of closed association,14 which describes the behavior of
low molecular weight surfactants, is generally accepted
to apply to block copolymer systems as well. However,
there exist some problems in characterizing block
copolymer aggregation. The cmc values are often
extremely low (in the range of mg/L) and close to or even
below the limit of experimental detection. In some cases
different measurements have lead to contradictory cmc
values for the same sample.6,7

Another problem often encountered with block co-
polymers in water is the difficulty to dissolve the
polymers directly in water. Whereas some hydrophilic
polymers like the Pluronics4-6 disperse readily in water,
other block copolymers (containing a polystyrene block
in most of the cases) need to be heated or require long
stirring times to get clear solutions.1,2,15 Sometimes,
lengthy procedures including dialysis are necessary to
obtain uniform micelles,8,16,17 and in some reports, the
authors confined their investigations to mixtures of
water with organic solvents to avoid these prob-
lems.10,18,19 These dissolution difficulties may be con-
nected with long hybridization times: In many cases,
chain exchange between micelles requires hours.10,11,13
One indication of slow exchange is the detection of sharp

peaks in a gel permeation chromatography (GPC)
experiment, indicating no significant exchange on the
time scale of the experiment.2,20 Several authors,
including Munk et al.12,13 and Mattice et al.11 have
demonstrated that for some block copolymers the chain
exchange between micelles is much slower, in the range
of days or weeks, or not observable at all. Here it is
possible, or even likely, that the micelles are not in their
true equilibrium state. Two features are supposed to
control the slow rate of exchange in these systems. One
is the low solubility of the hydrophobic block in water.
In addition, the core material of the micelles may be in
its glassy state at room temperature. Thus there is a
kinetic as well as a thermodynamic barrier for chains
to exit from a micelle.21

The objective of this investigation is to examine the
association process in water of neutralized block copoly-
mers (sodium salt) of the type poly(acrylic acid-b-methyl
methacrylate), a system for which very little information
is currently available. We are interested in understand-
ing the influences of chain length, polymer concentra-
tion, and salt concentration on micelle formation and
micellar stability for this system. For most of our
experiments, we take advantage of nonradiative energy
transfer (Förster energy transfer, NRET) between fluo-
rescent dyes attached to the block copolymer molecules.
This technique samples distances in the nanometer
range,22 which corresponds to micellar dimensions.
NRET measurements allow us to distinguish between
aggregated and molecularly dissolved states of the
system and also permit us to examine the exchange
process. Here we describe experiments on three pairs
of poly(acrylic acid-b-methyl methacrylate) block co-
polymers either donor-labeled with naphthalene (AA-
MMA-N) or acceptor-labeled with pyrene (AA-MMA-Py)
at the end of the hydrophobic PMMA block.

Experimental Section

Synthesis of End-Functionalized poly(tert-butyl acry-
late-b-methyl methacrylate) (tBA-MMA-F).23-25 All reac-
tions were performed under vacuum in a glass apparatus
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equipped with ROTAFLO stop cocks; the reactor was provided
with sufficient ground glass joints to put the ampules with
reactants directly on it. THF (Riedel-de Haën Chromasolv)
was dried with butyllithium/styrene and cryodistilled. The
initiator (diphenylhexyl)lithium was prepared by reaction of
butyllithium (12 mL, 19.2 mmol, Acros) and diphenylethylene
(3.6 mL, 20.4 mmol, Fluka purum) in dry THF (ca. 100 mL)
in a glass ampule under nitrogen. Its approximate concentra-
tion was determined by a test polymerization of methyl
methacrylate (MMA). The monomers (BASF) were dried by
cryodistillation in the presence of triethylaluminum (15% in
hexane, Fluka purum);26 tert-butyl acrylate (tBA) was subse-
quently diluted to about the threefold volume with dry THF.
In the reactor, first lithium chloride (0.8 g, 19 mmol, Aldrich
99.99+%) was dried by heating under vacuum. Then dry THF
(approximately 400 mL) was cryodistilled to the reactor and
initiator (22.4 g, ca. 3 mmol) was added from the ampule. After
the reaction mixture was cooled to about -70 °C, tBA (18.9 g,
147 mmol) was added slowly under vigorous stirring. After
15 min MMA (6.6 g, 66 mmol) was added in the same way.
After an additional 15 min, the reaction was terminated by
adding a solution in dry THF of 1-(bromomethyl)pyrene (730
mg, 2.5 mmol), which had been synthesized as described in
ref 27 and dried under high vacuum at ambient temperature.
After 1 h of reaction at -70 °C the remaining active ends were
quenched with methanol. Twofold precipitation of the product
in methanol/water 2:1 gave 24.5 g (92%) of tBA45-MMA20-Py
(the index indicating the degree of polymerization of the
corresponding block). Polymers with a naphthalene-label or
without fluorophore were synthesized in the same way by
adding a solution of either 2-(bromomethyl)naphthalene (Fluka
pract.) or methanol instead of 1-(bromomethyl)pyrene.
Synthesis of End-Functionalized Poly(acrylic acid-b-

methyl methacrylate) (AA-MMA-F).18,24 tBA45-MMA20-Py
(20.5 g) was heated for 5 h in dioxane (100 mL, Merck p.a.)
with concentrated HCl (12 mL, Riedel-de Haën p.a.) to 85 °C.
After cooling, the polymer was precipitated in excess petroleum
ether and washed several times with this solvent. Afterward
the polymer was redissolved in dioxane and freeze-dried,
yielding 15.2 g (100%) of AA45-MMA20-Py.
Instrumentation. Membrane osmometer, capillary os-

mometer developed at this institute;28 vapor pressure osmom-
eter, Wescan Model 232A; gel permeation chromotographer,
autosampler waters WISP710B, pump waters 590, UV-detec-
tor Soma S3702, RI-detector Erma 7510, software waters GPC
860; NMR spectrometer, Varian Gemini 200; UV spectrometer,
Perkin Elmer Lambda 2; titrator, Metrohm Potentiograph
E536 and Dosimat 655; fluorescence spectrometer, SPEX
fluorolog 2; dynamic light scattering, krypton ion laser (Spectra
Physics Model 2025, λ ) 647.1 nm), goniometer ALV-SP81,
correlator ALV-3000.
Polymer Characterization. Number-averaged molecular

weights (Mn) of the unhydrolyzed polymers were determined
either by membrane osmometry in toluene or by vapor pres-
sure osmometry in THF at 30 °C. Block composition and end
group analysis were performed by 1H NMR using deuterochlo-
roform (unhydrolyzed polymers) or deuterated methanol (hy-
drolyzed polymers) as solvent. The fraction of end-group-
functionalized polymers was determined by UV absorbance
measurements: apparent molecular weights were calculated
by comparing the absorption of methanol solutions of the block
copolymers with that of known concentrations of 1-(hydroxy-
methyl)pyrene and 2-methylnaphthalene, respectively, as
standards. These values were then related to the Mn values
obtained by membrane osmometry or NMR. Gel permeation
chromatography (GPC) data were obtained for the unhydro-
lyzed species in THF. A concentration of about 2 g/L, an
injection volume of 100 µL, and a flux of 1 mL/min were used.
The signal was monitored simultaneously by UV (340 nm for
pyrene, 277 nm for naphthalene) and refractive index detec-
tors. The gel permeation chromatographer was calibrated with
PMMA standards. To determine the amount of acid groups,
approximately 100 mg of each polymer was titrated potentio-
metrically (0.1 M NaOH added at a rate of 10 mL/30 min) in
30 mL of a mixture of methanol and water 1:2.29 The acid
content determined in this way was always 10-20% lower

than that expected from the 1H NMR analysis of the block
composition. Reasons for this are difficulties in determining
the end point in the titration of polyelectrolytes30 and weighing
errors due to incomplete removal of solvent from the dry
sample.
Sample Preparation. Stock solutions with a concentra-

tion of several grams per liter were prepared by direct
dissolution of the samples in deionized water (Milli Q) with 1
equiv of NaOH (0.1 M, Merck Titrisol), as determined by
potentiometric titration. The samples were heated for about
2 h to 80 °C for complete dissolution. The stock solutions had
a pH of about 8. Upon dilution with water and sodium chloride
the pH decreased to ca. 6. For the NMR investigations small
amounts of these solutions were freeze-dried, and the resulting
polymer was redissolved in deuterated water.
One stock solution of AA70-MMA70 for dynamic light-

scattering measurements was prepared by dialysis (Spectrapor
6, MWCO ) 1000) of a methanolic solution with a concentra-
tion of about 2 g/L of polymer in the acid form against a large
excess of water for several days. Afterward the polymer was
neutralized and dialyzed against 0.1 M NaCl in the same way.
Solutions with different polymer concentrations were prepared
by dilution with the dialysate. All solutions for light-scattering
were filtered several times through a 0.45 µm pore size filter
(Millipore) for clarification. The first 2-3 mL was discarded.
Fluorescence Measurements. All spectra were recorded

at room temperature from air-saturated solutions in 10 mm
× 10 mm quartz cuvettes in the right angle geometry. The
excitation wavelength for emission spectra was 288 nm, and
the observation wavelength for the excitation spectra, 397 nm.
An integration time of 0.5 s/0.5 nm was used, and slit openings
of 0.5 mm on the excitation side and 2 mm on the detector
side were applied.
To optimize signal detection, in all of our experiments we

employed a 5:1 ratio of N- to Py-labeled polymer. Pyrene
absorbs some light at the wavelength used to excite naphtha-
lene selectively, and it also has a larger fluorescence quantum
yield. If equal amounts of pyrene and naphthalene were
present, this would lead to a dominance of the pyrene
fluorescence in the spectrum even in the absence of any energy
transfer. We found that it was more useful if the state without
any energy transfer corresponded to approximately equal
fluorescence intensities at the two peak maxima (naphthalene,
336 nm; pyrene, 397 nm). This is attained for a ratio of
N-labeled to Py-labeled polymer of 5:1. Under these circum-
stances, donor-donor transfer may compete with donor-
acceptor transfer, even though the critical distance for naph-
thalene-naphthalene energy migration (7.35 Å) is smaller than
the Förster radius for naphthalene-pyrene energy transfer
(29 Å).22c Since we are using NRET experiments only to
determine the conditions under which both donor and acceptor
occupy the same micelle, the presence of donor-donor transfer
will have no effect on the qualitative conclusions we draw.
All solutions were prepared at least 1 day in advance, even

when control experiments showed that shorter times were
sufficient to obtain fluorescence spectra that do not change
with time.
Dynamic Light-Scattering Measurements. All mea-

surements were performed with 2 cm cylindrical quartz
cuvettes at 296 K. Correlation functions were accumulated
at five different angles between 30° and 150°.

Results and Discussion

Synthesis and Characterization. The block co-
polymers were synthesized as depicted in Scheme 1 by
anionic polymerization involving initiation with (di-
phenylhexyl)lithium in the presence of LiCl, followed
by sequential addition of tert-butyl acrylate (tBA) and
methyl methacrylate (MMA).23,24 The polymers were
end-functionalized by reaction of the living anion with
a bromomethyl derivative of the chromophore.25 After-
ward the tert-butyl esters of the polymer were hydro-
lyzed with HCl. No signal of the tert-butyl ester was
visible afterwards in the 1H NMR. We infer that the
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degree of hydrolysis is greater than 95%. In the case
of the unlabeled polymer, the reaction was terminated
directly with methanol instead of adding the chro-
mophore. Table 1 presents the characteristics of the
block copolymers.
Molecular weight determinations by osmometry and

GPC were performed with the precursor polymers, i.e.,
before hydrolysis of the tert-butyl esters. Comparison
of the methyl protons of MMA and the single main chain
proton of either tBA or AA in the 1H NMR spectrum
gave the block composition. For the smaller block
copolymers, we were able to observe and quantify the
signal from both end groups in the 1H NMR spectrum.
Here the degree of chromophore functionalization xF and
the number-averaged molecular weight (Mn) of the
polymer could be calculated. For the larger polymers,
the rather broad signals of the end group protons were
unsuitable for quantitative integration.
Covalent attachment of the chromophores to the

polymer was monitored by GPC using dual detectors.
The refractive index (RI) detector monitored the signal
due to polymer, and the UV detector, at a wavelength
characteristic for each chromophore, monitored the
location of chromophore in the system. The good
correspondence between both signals indicates that the
fluorescent groups are covalently attached and equally
distributed over the polymer chains. The small but
systematic deviation between the UV and RI signals is
due to the fact that the observed intensity is set
proportional to the concentration in grams per liter. In
the case of end group detection this leads to an under-
estimation of the high molecular weight fraction. A
much smaller error, which should give a displacement
of the molecular weight in the opposite direction, will
be due to the incomplete labeling, which leads to a

mixture of two kinds of polymers, from which only one
part is detected by UV. In the case of the naphthalene-
labeled polymers a small amount (less than 5% of the
signal intensity) of low molecular weight impurities was
also detected by UV.
Chromophore content in the hydrolyzed polymers was

also determined by UV absorption measurements using
1-(hydroxymethyl)pyrene and 2-methylnaphthalene as
model compounds. Apparent Mn values calculated in
this way were compared with values obtained from
membrane osmometry or NMR to obtain the degree of
labeling xF. The agreement with the degree of labeling
determined exclusively by 1H NMR is reasonable (Table
1) and assumes that the molar extinction coefficients
of the model compounds are the same as those of the
chromophores attached to the polymers. In any case,
the interpretation of the experiments reported below
does not depend on 100% functionalization of the chain
ends.
It is important to note that the poly(acrylic acid)

chains in these diblock copolymers carry a hydrophobic
end group at the hydrophilic end, the diphenylhexyl unit
from the initiator (see Scheme 1). It is possible that
the hydrophobic nature of this end group could influence
the behavior of the system in aqueous solution. To the
extent that these groups act as sticky ends in water,
one might think of our samples as A-B-C triblock
copolymers.
Sample Preparation. None of our block copolymers

in the protonated form could be dissolved directly in
water, but they are soluble in the presence of base. In
this respect they differ from higher molecular weight
PAA-PMMA block copolymers or PAA-PMMA samples
with a higher proportion of PMMA which cannot be
dissolved directly in water even in the presence of
base.31 Our experiments are exceptionally sensitive to
excess salt in the solution (see below): In order to
maximize the solubility of the polymer and yet have a
minimum amount of salt in the solution, we wanted to
avoid adding excess NaOH to the block copolymer. To
attain this, the block copolymer samples were neutral-
ized with 1 equiv of NaOH, as determined from the
inflection point of a potentiometric titration curve. The
inflection point coincided with the maximum in viscosity
of the solution, indicating an optimum between neu-
tralization and excess salt.
Solution Behavior of AA70-MMA70-Py/AA75-

MMA70-N in Water. Solutions prepared from the pair
of block copolymers containing 70 MMA units showed
different fluorescence behavior depending upon how the
samples were prepared. When the two polymers (pro-
tonated form) as powders were dissolved in aqueous
base in separate flasks and mixed afterward (Figure 1,
method A), no energy transfer could be observed, even

Table 1. Characterization of the Samples

Mn of precursorb (g/mol) xFe

samplea OMc NMR GPC(RI) GPC(UV) Mw/Mn (GPC) AA:MMAd UV NMR

AA75-MMA70-N 16500 18500 17300 1.13 1.1:1 0.8
AA70-MMA70-Py 15800 18600 16900 1.20 1:1 1
AA70-MMA70 16000 17800 1.10 1:1
AA35-MMA35-N 6600 7800 9500 8800 1.13 1:1 0.7 0.6
AA40-MMA40-Py 7300 9200 10200 9200 1.16 1:1 0.9 0.75
AA40-MMA20-N 6300 7800 9200 8300 1.18 2.1:1 0.6 0.45
AA45-MMA20-Py 6300 8000 8600 7800 1.19 2.2:1 0.75 0.6
a Subscripts indicate the degree of polymerization of the acrylic acid (AA) and methyl methacrylate (MMA) block, respectively. b Poly(tert-

butyl acrylate-b-methyl methacrylate). c Membrane osmometry for AA75-MMA70-N, AA70-MMA70-Py, and AA70-MMA70; vapor pressure
osmometry for the other samples. d Block composition from NMR. e Fraction of end-group-functionalized molecules determined by UV
and NMR, respectively.

Scheme 1. Synthesis of Poly(acrylic acid-b-methyl
methacrylate) Block Copolymers
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after many weeks at room temperature or after heating
for several hours. When the two polymers in the
protonated form were first mixed on a molecular level
by dissolving them in dioxane or methanol, redried to
yield a powder, and then redissolved in alkaline water
(method B), a strong increase of pyrene fluorescence at
the expense of the naphthalene signal was observed, and
at the same time the excitation spectrum showed a
contribution of the naphthalene absorption to the pyrene
fluorescence. This indicates the presence of both chro-
mophores in the core of the same micelles. This
difference in behavior, reflecting different sample prepa-

ration conditions (method A and method B), was ob-
served even for very dilute solutions. Even after
dilution to 0.1 mg/L, a significant difference in fluores-
cence behavior was observed, indicating that micelles
are still present. Finally, when the N- and Py-labeled
polymers were mixed as powders and then dissolved in
aqueous base (method C), a solution was obtained with
fluorescence characteristics almost identical to those of
a solution prepared by method A, with little or no
mixing of the two polymers in the same micelle.
From these observations we conclude that the onset

of association of these block copolymers is extremely low
and beyond our ability to detect it, that no exchange of
single chains between the block copolymer aggregates
occurs on the time scale of weeks, and that the dissolu-
tion of the block copolymer powder sample occurs by a
process involving fragmentation of the powder grains
into smaller and smaller parts until colloidal dimensions
are reached.15 Almost no chain exchange between
micelles takes place during this process. The block
copolymer micelles of poly(acrylic acid sodium salt-b-
methyl methacrylate) containing sufficiently long PMMA
blocks behave in water like inert, sterically stabilized
colloidal particles.
Dynamic light-scattering measurements on samples

of the unlabeled polymer AA70-MMA70 in 0.1 M NaCl
showed that the dimensions and uniformity of the
micelles prepared by direct dissolution in water/NaOH
are similar to, but not identical with, those of the
micelles obtained by dialysis of the same sample from
methanol into water. The hydrodynamic radius (Rh)
obtained by measurements at different polymer con-
centrations and observation angles was 14.0 ( 0.6 nm
(direct dissolution) instead of 12.6 ( 0.6 nm (dialysis).
For both systems, the correlation functions were fitted
to a stretched exponential, and the second exponent of
the fitting function was always above 0.97, which
indicates within the limits of the method a narrow
distribution of particle sizes.
Solution Behavior of Block Copolymers with

Shorter Chain Lengths. In contrast to the preceding
observations, polymers containing 40 or 20 MMA units
in the PMMA block appear to come to thermodynamic
equilibrium relatively rapidly in aqueous solution.
Pairs of donor- and acceptor-labeled polymers in aque-
ous solution exhibit identical fluorescence spectra, ir-
respective of which of the three dissolution pathways
(A, B, or C) is employed. This result suggests that single
chains of the polymers (unimers) have finite solubility
under these conditions. In these samples the ratio of
the pyrene fluorescence intensity at 397 nm to the
naphthalene fluorescence intensity at 336 nm (IP/IN) in
dilute solution (less than 50 mg/L) is much smaller than
that in the case of the mixed micelles of block copoly-
mers with 70 MMA units, which IP/IN is approximately
13 (Figure 1b). As can be seen in Figure 2, in the case
of AA40-MMA40-Py/AA35-MMA35-N the IP/IN value drops
to ca. 2.0. For AA45-MMA20-Py/AA40-MMA20-N, the IP/
IN ratio is close to unity and therefore almost corre-
sponds to what would be obtained from a superposition
of the spectra of two independent solutions of AA45-
MMA20-Py and AA40-MMA20-N with the same concen-
trations (dotted line in Figure 2). This result indicates
that, under these conditions, only a minor amount of
these block copolymers is present in the aggregated
form.
When the polymer concentration is raised, the ratio

IP/IN increases (filled circles in Figure 2). At the higher

Figure 1. Different preparation pathways (a) lead to solutions
of AA70-MMA70-Py/AA75-MMA70-N with different emission
spectra (b) and excitation spectra (c). A (s): Dissolution of the
two block copolymers (protonated form) in separate flasks with
water/NaOH and subsequent combination of the two solu-
tions does not give rise to Förster energy transfer. B (-‚-‚-):
Dissolution of the two polymers together in methanol or
dioxane, with subsequent drying of the polymer mixture, and
redissolution of the powder in water/NaOH gives rise to
efficient Förster energy transfer. C (- - -): Dissolution of
the two polymer powders in the same flask with water/NaOH
leads to almost no Förster energy transfer as in case A. The
spectra of separate solutions of the naphthalene- and py-
rene-labeled polymer are represented with dotted lines. For
all solutions, the concentrations were 40 mg/L for the naph-
thalene-labeled polymer and 8 mg/L for the pyrene-labeled
polymer.
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polymer concentrations, not only does the intensity of
the naphthalene fluorescence change but the peak shape
changes as well, due to reabsorption of its emitted light
by the increasing amount of pyrene present in solution.
This effect depends only on the concentration of the
acceptor chromophore in solution and not on the dis-
tribution of distances between chromophores. Reab-
sorption of emitted light is referred to by spectroscopists
as “trivial energy transfer”, but it is never a small
matter to correct the data for this effect. Reabsorption
of light depends upon the path length of the light beam
in solution. To minimize this effect, these experiments
were repeated (not shown here) in the front-face geom-
etry, focusing the excitation and collection optics on the
surface of the solution in the cell. Even then, this effect
could not be suppressed completely.
In order to analyze the increase in IP/IN in more detail,

we take advantage of the observation that samples of
AA70-MMA70-Py and AA75-MMA70-N do not undergo
significant exchange in aqueous solution. A mixture of
micelles, where each micelle contains only one of the
two chromophores (preparation method A or C), should
show the same extent of emission reabsorption as that
of the samples with the shorter PMMA blocks at

identical chromophore concentration but should exhibit
no nonradiative energy transfer. By measuring the
concentration dependence of IP/IN in this system, only
the long range “trivial” energy transfer should be
observed and, by taking account of the different chro-
mophore-to-polymer ratio, a baseline for the preceding
measurements can be established (the open circles in
Figure 2). Figure 2 shows that for both polymer systems
the concentration dependence of IP/IN is very weak after
subtracting the contribution of emission-reabsorption to
the signal. A slight increase in IP/IN with respect to the
new baseline can be discerned at about 100 mg/L, which
becomes more pronounced at polymer concentrations
above 1 g/L, but this change does not resemble the sharp
onset one would expect for a true cmc.
From these observations we draw the curious conclu-

sion that, for the block copolymers with 40 or 20 MMA
units, polymer concentration has only a minor influ-
ence on the tendency for aggregation. This may be due
to the fact that the aggregation strongly depends on
the hydrophobic block length and that the transition
is therefore smeared out by the polydispersity of the
samples. An alternative explanation might be that the
preference for a certain aggregation number is much
less pronounced for these block copolymers than for
low molecular weight amphiphiles and that the micelles
can grow continuously up to a maximum aggregation
number.
Influence of Salt on Micelle Formation. It is

well-known that ionic strength decreases the solubility
of nonionic species in water and, by shielding electro-
static repulsion, has a large effect on polyelectrolyte
behavior. Several investigations have shown that these
principles extend to amphiphilic block copolymers in
aqueous solution.3,19c,32,33 For our samples of the MMA70
block copolymers, we observed that they become in-
creasingly difficult to dissolve in aqueous base in the
presence of only small amounts of sodium chloride. This
behavior is to some extent surprising because postad-
dition of salt to a preformed micellar solution does not
cause precipitation of the polymer. The micelles remain
stable for salt concentrations of 0.5 M and higher.
Similar behavior was reported by Selb and Gallot for
poly(styrene-b-vinylpyridinium) block copolymers.15 The
influence of salt on suppressing the solubility of solid
block copolymer samples may be related to the fracture
mechanism of polymer dissolution described above: In
the presence of salt the repulsion between the neutral-
ized, charged acrylic acid blocks may not be sufficient
to break up the polymer powder to form micelle-sized
aggregates.
To proceed further, we examined the effect of adding

salt to the solutions of our block copolymers in water
by monitoring its influence on the extent of energy
transfer. In the case of AA70-MMA70-Py/AA75-MMA70-
N, the change of the fluorescence spectrum by addition
of sodium chloride is not very pronounced. Aggregation
in this system is nearly complete in pure water, and
only minor changes are observed. These we rationalize
by recognizing that although the molecular weight
distribution of the polymers is quite narrow, there exists
a minor part of the block copolymer sample which is
soluble in pure water because of its shorter hydrophobic
block. If the presence of sodium and chloride ions
decreases its solubility, it may become incorporated into
the micelles, leading to an increase in NRET.
In the case of the short block copolymers, the influ-

ence of added salt on the fluorescence spectra is rather

Figure 2. Concentration dependence of the acceptor-to-donor
(pyrene/naphthalene) fluorescence intensity ratio (IP/IN) for the
polymer systems (a) AA40-MMA40-Py/AA35-MMA35-N and (b)
AA45-MMA20-Py/AA40-MMA20-N (filled points). The open circles
show the relative increase in pyrene fluorescence intensity in
a solution of AA70-MMA70-Py/AA75-MMA70-N prepared by
method C, where the naphthalene and pyrene are in separate
micelles. Here only radiative (trivial) energy transfer can occur.
The concentration axis for these solutions has been adapted
to give identical pyrene absorption per gram of polymer. The
dotted lines parallel to the x-axis represent the IP/IN values
calculated by the mathematical addition of the fluorescence
of the two separate solutions of the low molecular weight block
copolymers before mixing.
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remarkable. Even at low polymer concentrations (Fig-
ure 3), adding small amounts of sodium chloride leads
to a pronounced increase in energy transfer. As shown
in Figure 3, one observes a decrease in the naphthalene
fluorescence intensity accompanied by an increase in
the pyrene intensity, with a clear isoemissive point at
367 nm. The isoemissive point suggests that there is a
change in the system involving only two discrete types
of species, one favored in the absence of salt and the
other favored by high ionic strength.
Salt effects on micelle formation for block copolymers

with a polyelectrolyte block have been reported by
several groups. Selb and Gallot19c examined micelle
formation in quaternized derivatives of poly(styrene-b-
4-vinylpyridine) and found few effects for high molecular
weight polymers which were already associated at
relatively low salt concentration (10-2 M), but for lower
molecular weight species, salt promoted association.
These authors conducted their experiments in a mixed
solvent of water and methanol with LiBr as the added
salt. Eisenberg and co-workers3 used fluorescence probe
experiments to show that the presence of salt lowered
the cmc of poly(styrene-b-sodium acrylate) block copoly-
mers. For two of these block copolymers with 6 and 23
styrene units, respectively, they demonstrated by light
scattering that the aggregation number of their micelles
increased significantly with increasing salt concentra-
tion.32 Very recently, Baines et al.33 used light-scatter-
ing and ultracentrifugation experiments to show that
salt induced micellization of protonated poly(2-(di-
methylamino)ethyl methacrylate-b-methyl methacry-
late) block copolymers with 17 and 36 MMA units.
The presence of inorganic ions will have two effects

on the solution. First, salt in the water can act as a
precipitant for the PMMA block, making the continuous
mediummore polar and thereby a poorer solvent for this
block. In addition, it will reduce the electrostatic
repulsion between the hydrophilic blocks. Both effects
will shift the equilibrium from a system rich in unimers
to the formation of aggregates.
The limiting value of IP/IN at high salt concentration

(0.5 M NaCl) increases with decreasing hydrophobic
block length. At a polymer concentration of approxi-
mately 0.1 g/L, the value of IP/IN increases from 18 for
MMA70 (prepared by method B, Figure 1) to 34 for
MMA40 to 63 for MMA20. The larger values of IP/IN
reflect the higher local concentration in the smaller
micelle cores: At similar degrees of functionalization
of the block copolymers, the number of chromophores

per volume of PMMA increases. This reduces the
distance between donors and acceptors within the
micelle core, and the energy transfer becomes more
effective.
Although the system is extremely sensitive to salt

concentration, at each concentration of salt it remains
rather insensitive to polymer concentration. This can
be seen in Figure 4, where we present three-dimensional
plots of IP/IN versus both NaCl and polymer concentra-
tion. In the case of AA45-MMA20-Py/AA40-MMA20-N
(Figure 4b), the increase of IP/IN appears to be less
pronounced at low polymer concentrations, but the
apparent decrease of the IP/IN ratio is at least in part
due to difficulties in distinguishing signal from noise
for the very small naphthalene signal in these samples
at low polymer concentration.
While the ratio IP/IN is a convenient measurement and

automatically corrects for any fluctuations in the lamp
intensity, we find that it does not give the most useful
description of the extent of change in a system. More
representative are the fractional changes in the pyrene
or naphthalene signals, (IP - IP°)/(IPmax - IP°) and (IN°
- IN)/(IN° - INmax), where IP° and IN° are the intensities
in the absence of salt and IPmax and INmax are the
respective limiting intensities for complete association
in the presence of high salt concentration. Mathemati-
cally we can write

where xsig represents the fractional change in the energy

Figure 3. Fluorescence spectra of a mixture of AA45-MMA20-
Py and AA40-MMA20-N (120 mg/L in water/NaOH) as a
function of sodium chloride concentration.

Figure 4. Ratio of pyrene-to-naphthalene fluorescence inten-
sities for different polymer and salt concentrations. (a) AA40-
MMA40-Py/AA35-MMA35-N, cNaCl ) 0, 10-3, 10-2, 0.05, 0.1, 0.2,
0.5 M; (b) AA45-MMA20-Py/AA40-MMA20-N, cNaCl ) 0, 10-3, 10-2,
0.04, 0.1, 0.2, 0.5 M.

xsig ) (IP - IP°)/(IP
max - IP°) )

R(IN° - IN)/(IP
max - IP°) (1)
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transfer signal. In eq 1, R is the proportionality
constant (IP - IP°)/(IN° - IN) relating the increase in
pyrene fluorescence to the decrease in naphthalene
fluorescence. This leads to the following expression for
IP/IN:

where â ) (IPmax - IP°)/(RIP°) takes account of incom-
plete NRET when all the N and Py are associated and
γ is the ratio of pyrene-to-naphthalene fluorescence
intensities in the absence of energy transfer (IP°/IN°).
For experimental convenience, we have chosen the ratio
of N to Py in our experiments to give values of γ ) 1
(see the Experimental Section).
To determine R in eq 2, we plot (IP - IP°) vs (IN° -

IN), and R is the slope of the regression line. The value
of â is obtained by taking IP/IN values from Figure 4
and plotting them against xsig values calculated from
the same original data with eq 1. We obtain â from the
best fit of this plot to eq 2.31 In this way we obtain
values of R ) 8.5 and â ) 0.85 for AA45-MMA20-Py/
AA40-MMA20-N and R ) 7.8 and â ) 0.78 for AA40-
MMA40-Py/AA35-MMA35-N.
When we plot the data from Figure 4b as xsig (see

Figure 5), we see that addition of even small amounts
of salt leads to a large increase in energy transfer. The
IP/IN plot, on the other hand, de-emphasizes the changes
that occur when small amounts of salt are added to the
system. If we assume that xsig is also a measure of the
fraction of polymers which are associated, we see that
80% of the polymers in Figure 5 are associated in 0.1
M NaCl.
The effect of salt concentration on the aggregation

behavior of the block copolymers can also be followed
at higher concentration by 1H NMR (Figure 6).34 In
pure D2O all signals of AA45-MMA20-Py are somewhat
broadened compared to the peaks of the same polymer
in methanol, but the individual resonances are clearly
apparent. When sodium chloride is added, the signals
due to the PMMA block (shaded in Figure 6) decrease
significantly, because the exchange between different
chemical environments is slowed down by aggregation.
In contrast, the signals of the poly(acrylic acid) block
and of the initiator fragment remain almost unaffected.
When chloroform, a selective solvent for the hydrophobic
block, is then added to the sample tube, the micellar
core becomes more mobile again. The PMMA signals
reappear in the spectrum.
Additional evidence about the aggregation induced by

salt is given by light-scattering measurements. The

light-scattering intensity at 90° from a solution of AA45-
MMA20-Py/AA40-MMA20-N increases by a factor of two
by changing the salt concentration from 0.05 to 0.5 M
NaCl. In addition, from dynamic light scattering one
can deduce an increase of the hydrodynamic radius (Rh)
of the micelles with increasing NaCl concentration, from
5.4 nm (0.05 M) to 6.6 nm (0.1 M) to 7.0 nm (0.5 M).
Although the hydrodynamic radius is primarily sensi-
tive to the dimensions of the micelle corona, salt would
not be expected to lead to stretching of the polyelectro-
lyte corona chains. This growth in Rh must be due to
an increase in the aggregation number of the micelles.
Here, however, in contrast to the behavior of block
copolymer with 70 MMA units, the correlation functions
(Figure 7) obtained from dynamic light scattering do not
correspond to a simple exponential decay. They can be
fitted with a sum of two exponential functions. The
faster process corresponds to species with the dimen-
sions of the micelles, whereas the slower process (which
makes a decreasing contribution to the signal with
increasing salt concentration) corresponds to a species
with an Rh of approximately 60 nm with a large
q-dependence. This process is likely associated with the
formation of large loose aggregates of block copolymers,
which may form through association of the hydrophobic
groups (from the initiator fragment) at the hydrophilic
chain ends. Further work is needed to characterize
these structures.

Figure 5. Comparison between plotting the data from Figure
4b as IP/IN and xsig (eq 1), respectively, vs salt concentration.

IP/IN ) (γ + Râxsig)/(1 - âxsig) (2)

Figure 6. 1H NMR spectra (room temperature, absolute
intensity mode) of AA45-MMA20-Py (20 g/L) (a) in deuterated
water, (b) in deuterated water with 0.2 M NaCl, and (c) in
deuterated water with 0.2 M NaCl and a trace of deuterated
chloroform. δ (ppm) ) 0.9 (C-CH3); 1.5 (CH2); 2.2 (CH(COOH));
3.7 (-COOCH3); 7.3 (phenyl); 8.1 (pyrene). Signals assigned to
protons of the PMMA block are shaded.
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Chain Exchange in the Presence of Salt. If salt
strongly influences the solubility of the two block
copolymers with 20 and 40 MMA units, one can expect
that it also affects the exchange kinetics of chains
between micelles for these polymers. To examine this
question, we prepared various separate micellar solu-
tions, at different salt concentrations, of the naphtha-
lene- and pyrene-labeled polymers (cf., Figure 1, method
A) with polymer concentrations of 16 mg/L (pyrene-
labeled) and 80 mg/L (naphthalene-labeled). The two
separate solutions were mixed in a 1:1 ratio at t ) 0 as
to givesonce againssolutions with a ratio of N- to Py-
labeled polymer of 5:1. Fluorescence spectra of these
solutions were recorded after different time intervals.
Values of IP/IN , plotted in Figure 8, increase with time.
This increase is quite slow, and even after 1 day, the
limiting values for IP/IN (see Figure 4) are not reached.
Several features of this plot require explanation. In

Figure 8a, for AA40-MMA40-Py/AA35-MMA35-N, one sees
that the rate of increase of IP/IN is faster in the presence
of 0.04 M and 0.1 M salt than in 0.4 M salt. In Figure
8b, for AA45-MMA20-Py/AA40-MMA20-N, the effect of salt
seems to be the reverse, with the largest change in IP/
IN occurring for 0.4 M salt. The plots in Figure 8 are
influenced not only by the effect of salt concentration
on the rate of polymer exchange between micelles but
also by the effect of salt concentration on the limiting
value of IP/IN. To clarify the effect of salt on the
exchange process, we have to take into account the effect
of salt on the limiting extent of micellization. One way
that this could be done would be to use the values of
the individual component intensities and calculate the
fractional change in analogy with eq 1:

where instead of IPmax we have to use the limiting
pyrene fluorescence intensity for complete equilibration
of the sample at the particular salt concentration, IPeq.
Calculating xsig* in this way has the disadvantage that
changes in the intensity of the excitation source during
the time of the experiment would influence the data.
In addition, we do not have absolute values of Ipeq.35 For
this reason, we calculate an apparent xsigapp from the
IP/IN values in Figure 8 using eq 2, where Ipmax is the
limiting fluorescence intensity in the presence of high
salt concentration.
To proceed, we re-express eq 3 as

The first ratio on the right hand side of eq 4 is the
apparent xsigapp. The second term is the inverse of xsig,
and values for this quantity are calculated from the data
in Figure 4. Hence, eq 4 can be written as

Figure 7. Correlation functions from dynamic light-scattering
measurements at 90° for AA45-MMA20-Py/AA40-MMA20-N (2
g/L) with sodium chloride concentrations of 0.05 M (triangles),
0.1 M (circles), and 0.5 M (squares). Connected lines are
obtained by fitting the data with a sum of two exponentials.

xsig* ) (IP - IP°)/(Ip
eq - IP°) (3)

Figure 8. Time-dependent change of the ratio IP/IN in the
presence of different NaCl concentrations at room temperature
(a) for AA40-MMA40-Py/AA35-MMA35-N and (b) for AA45-MMA20-
Py/AA40-MMA20-N. The concentrations were 40 mg/L for the
naphthalene-labeled polymer and 8 mg/L for the pyrene-
labeled polymer.

Figure 9. Time-dependent change of xsig* (eq 5) in the
presence of different NaCl concentrations at room temperature
for AA40-MMA40-Py/AA35-MMA35-N (filled symbols) and AA45-
MMA20-Py/AA40-MMA20-N (open symbols).

xsig* ) (IP - IP°)/(Ip
max - IP°)‚(Ip

max - IP°)/(Ip
eq - IP°)

(4)

xsig* ) xsig
app/xsig (5)
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The resulting plot of the fraction of exchange vs. time
is shown in Figure 9. Here we see that the exchange
process begins rapidly at all salt concentrations for the
polymer with the MMA20 block and that the extent of
exchange attained after 1 day is quite high. In the case
of the polymer with the MMA40 block, the increase is
much slower, and even after 20 h, the system is still
far from full exchange.
It is important to realize that we cannot equate the

extent of energy transfer with the extent of block
copolymer exchange in the system. Because of the small
size of the micelle core and because of the possibility of
N-N hopping preceding energy transfer to Py, entry of
a single Py-labeled polymer into an otherwise N-labeled
micelle will lead to a high efficiency of energy transfer
for all of the N-groups in the micelle. As a consequence,
the increase in energy transfer caused by an exchanging
chain will not be the same at the beginning and at the
end of the equilibration process.

Conclusion
The association behavior of poly(acrylic acid sodium

salt-b-methyl methacrylate) block copolymers in water
strongly depends on the hydrophobic block length but
is almost unaffected by polymer concentration. Poly-
mers with 70 MMA units in the insoluble block form
micelles at even the lowest concentrations that can be
detected (0.1 mg/L). Energy transfer measurements on
block copolymer pairs labeled with donor (naphthalene)
and acceptor (pyrene) groups on the respective chain
ends show that no detectable polymer exchange occurs
on the time scale of weeks and that the direct dissolution
in water seems to take place by a break up of the
polymer grains into colloidal particles. Energy transfer
measurements on aqueous solutions of block copolymers
with shorter PMMA blocks (MMA20 and MMA40) indi-
cate that these systems come rapidly to equilibrium in
the absence of added salt. Our results suggest that
these two polymer species are mainly present as unas-
sociated unimers in pure water. An increase of energy
transfer is observed as the polymer concentration is
increased, but this is due primarily to radiative energy
transfer. None of the block copolymers exhibit the type
of concentration-dependent change in energy transfer
expected for a sharp transition from unimers to micelles.
We conclude that micelle formation in this system does
not exhibit a clear cmc.
In this system, polymer association is strongly pro-

moted by adding salt to the solution. Labeled pairs of
the smaller block copolymers in aqueous solution (with
MMA20 and MMA40) show a pronounced increase in
energy transfer in the presence of sodium chloride. The
presence of salt also slows down the rate of exchange of
polymer molecules between micelles.
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