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ABSTRACT: The aggregation behavior in dilute aqueous solutions of a series of poly(butadiene-b-sodium
methacrylate) copolymers, produced from the corresponding anionically synthesized poly(butadiene-b-
tert-butyl methacrylate) copolymers, was investigated by static and dynamic light scattering. Micellar
characteristics, including aggregation number, size, and polydispersity, were found to depend on the
molecular weight and the composition of the copolymers. In addition to spherical micelles, supramicellar
aggregates were also detected in the case of very short corona blocks. Measurements at different
temperatures indicated a decrease in the size of the spherical micelles by increasing temperature, probably
due to worsening of the thermodynamic quality of water toward the micellar corona. The presence of a
small amount of NaCl in the solutions affects the structural characteristics of the aggregates, as indicated
by an increase in the aggregation number and size of the micelles. However, small structural changes
where observed as a function of salt concentration in the region 0.1 to 1.0 M NaCl.

Introduction

Block copolymers in selective solvents form micelles,
in a manner analogous to low molecular weight surfac-
tants. The phenomenon was identified several decades
ago but still constitutes an area of intensive academic
and industrial research.l=* The majority of properties
and applications of the micellar systems stem from their
core—shell structure. Considerable attention has been
devoted to understanding the relationships between
molecular characteristics of the copolymer (molecular
weight, composition, and molecular architecture) and
physicochemical parameters (concentration, tempera-
ture, and solvent quality) to the final properties of the
micelles (aggregation number, size, shape, stability,
etc.), mainly in organic solvents.~7 The structure—
properties relationships are useful in finding new ways
of altering micellar properties and functions and in
designing application-oriented systems.

Lately, amphiphilic block copolymers, i.e., block co-
polymers, consisting of a hydrophobic and a hydrophilic
block have attracted the interest of scientists because
of their solubility in water and their potential applica-
tions.181% For example, amphiphilic block copolymers
can be used for the controlled release of pharmaceutical
substances into living organisms (smart carriers) as well
as in environmental purification technologies for the
encapsulation and removal of toxic hydrophobic sub-
stances from contaminated waters.318 Block copolymers
containing corona-forming blocks of anionic, cationic, or
neutral type have been investigated so far with respect
to their ability to form a variety of aggregates in
water.231418-39 A plethora of aggregate morphologies
have been identified in aqueous solutions of block
copolymers with (meth)acrylic-type water-soluble blocks.

In this paper we report on the aggregation behavior
of a series of poly(butadiene-b-sodium methacrylate)
diblock copolymers in dilute aqueous solutions. Static
and dynamic light scattering are used as the tools for
studying the properties of the aggregates formed under
different experimental conditions (concentration of the
copolymer, temperature, and concentration of salt). The
primary goal is to understand the fundamental prin-
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ciples governing the self-assembly of this type of am-
phiphilic block copolymer in solution and finding ways
of controlling it at will. The low Ty (~—90 °C) of the
highly hydrophobic polybutadiene (PB) block makes
these copolymers directly soluble in water in a wide
range of compositions and molecular weights. In this
way the use of mixed solvent for copolymer dissolution,
which may complicate the aggregation process, is avoided.
Furthermore, the low T4 of the PB chains ensures a
higher mobility of the chains in the micellar core.
Therefore, micellar systems closer to the equilibrium
state are anticipated to be obtained. Additionally, the
presence of double bonds in the core-forming block offers
the possibility of stabilizing the resulting structures in
solutions by cross-linking*®41 or of changing the chemi-
cal nature of the core by postpolymerization reactions,
producing core—shell-type nanoparticles and systems
with different chemical natures and properties.

Experimental Section

Polymer Synthesis. The diblock copolymer precursors
containing polybutadiene (PB) with high 1,4 microstructure
and tert-butyl methacrylate blocks were synthesized for anionic
polymerization high-vacuum techniques.*? All monomers, sol-
vents, and reagents were carefully purified to the standards
required by anionic polymerization according to well-estab-
lished techniques. Butadiene monomer was first polymerized
in benzene using sec-BuL.i as the initiator. After completion
of the polymerization a sample was withdrawn for molecular
characterization of the polybutadiene block. The active PBLIi
solution was transferred into ampules equipped with break-
seals and sealed off from the reactor. The ampule containing
the active PBL.i solution was attached to a second polymeri-
zation reactor containing THF, in 2.5 times volume excess over
the volume of PBLi solution in benzene. To this reactor were
also attached ampules containing purified 1,1-diphenylethyl-
ene (DPE) in hexane (in 2—5 times molar excess over the living
ends), LiCl in THF (5 times molar excess over the living ends),
and purified tert-butyl methacrylate (tBMA) monomer. The
reactor was immersed into a dry ice/2-propanol bath at —78
°C, and DPE, LiCl, and PBLi were introduced in that order
under stirring, by breaking the appropriate break-seals. After
about 15 min tBMA was introduced into the reactor by
distillation from its ampule and allowed to polymerize for 4
h. The polymerization was finally terminated with degassed
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methanol. The copolymers were precipitated in methanol,
containing 10—20 vol % distilled water, stabilized with 2,6-
di-tert-butyl-p-cresol, after condensing the THF/benzene mixed
solution in a rotor evaporator to about 30% of its initial volume.
The samples were thoroughly dried in a vacuum oven for a
period of 1 week or more, until constant weight. The samples
were denoted as BBMA followed by a number representing
the order of sample synthesis.

Synthesis of Poly(butadiene-b-sodium methacrylate)
(NaBMA) Copolymers. The block copolymers containing a
hydrophobic PB block and a hydrophilic poly(sodium meth-
acrylate) polyelectrolyte block were synthesized by hydrolysis
of the BBMA block copolymers and subsequent neutralization
of the COOH groups with NaOH. Block copolymers were
dissolved in distilled dioxane, to which a predetermined
amount of HCI 6 N was added. A condenser was fitted to the
round-bottom flask containing the polymer solution, and the
temperature was raised at 85 °C, under a continuous stream
of argon or N, flow to prevent side reactions on the PB block
at the temperature of the reaction.*3#* Preliminary experi-
ments on PB homopolymers showed that the reaction scheme
followed leaves the PB block unaffected, in terms of molecular
weight, molecular weight distribution, and chemical constitu-
tion, as evidenced by size exclusion chromatography (SEC) and
NMR spectroscopy. The reaction was allowed to proceed for 6
h. The solution was decanted in acetone, and the modified
copolymers were washed repeatedly with acetone and dried
in a vacuum oven.

The dry poly(butadiene-b-methacrylic acid) (BMA) block
copolymers were dissolved in THF (about 2 wt % solution
contained in a beaker with a Teflon stirring bar), and the
stoichiometric amount of NaOH in ethanol was added dropwise
through a volumetric buret under vigorous stirring. Stirring
was continued for 1 h after completion of the NaOH addition
to ensure complete neutralization of COOH groups. At the end
of the neutralization process THF and ethanol were removed
partially in a rotor evaporator, and the inhomogeneous solution
was decanted in acetone. The solid copolymer was recovered
and dried under vacuum. The use of solvents having a similar
thermodynamic quality toward both blocks, i.e., good (dioxane,
THF) or bad (acetone) solvents for both blocks during the
functionalization and neutralizartion reactions, hopefully will
lead to the formation of a nonselective, near-equilibrium,
structure in the solid samples. The samples were denoted as
NaBMA followed by the corresponding precursor number.

Characterization of Precursors and Derivatives. The
BBMA precursors were characterized by a variety of methods.
Size exclusion chromatography (SEC) was used for determi-
nation of molecular weight distribution and compositional
homogeneity of the samples at 30 °C in THF at a flow rate of
1 mL/min, using a Waters system composed of a Waters 600
pump controller, a set of four Styragel columns (continuous
porosity range 103—108 A), a Waters 410 differential refrac-
tometer, and a Waters 996 photodiode array UV detector
interfaced with a computer. The instrument was calibrated
with nine linear polystyrene standards having molecular
weights in the range 4000—900 000. Number-average molec-
ular weights were determined by membrane osmometry (MO)
in toluene, refluxed over CaH,, and distilled prior to use, at
37 °C, using a Jupiter Instruments Co. model 231 membrane
osmometer. Weight-average molecular weights were obtained
by low-angle laser light scattering (LALLS) using a Chromatix
KMX-6 low-angle laser light scattering photometer equipped
with a 2 mW He—Ne laser operating at 633 nm. THF, refluxed
over sodium metal and distilled just prior to use, was the
solvent at 25 °C. The required specific refractive index incre-
ments, dn/dc, were determined with a Chromatix KMX-16
laser differential refractometer operating at the same wave-
length and temperature and calibrated with aqueous NacCl
solutions. The microstructure of the PB blocks and the average
composition of the precursor copolymers were determined by
1H NMR spectroscopy using a Varian 200 MHz instrument in
CDCl; at 30 °C.

The extent of the postpolymerization reactions was deter-
mined by solid-state *C NMR using a Bruker MSL 400
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Table 1. Molecular Characteristics of the
Poly(butadiene-b-tert-butyl methacrylate) Precursors

Mwa Mnb Mn,PBb
sample x10™%  x107% x107% Mw/Mp® wt% PBd
BBMA-6 0.92 0.85¢ 0.32¢ 1.07 38
BBMA-9 0.71 0.63¢ 0.32¢ 1.06 51
BBMA-3 3.36 3.08 1.14 1.09 37
BBMA-5 8.60 7.99 2.99 1.07 37

aBy LALLS in THF at 25 °C. ® By membrane osmometry in
toluene at 37 °C. ¢ By SEC in THF at 30 °C. 9 By 'H NMR in CDCl3
at 30 °C. ¢ By LALLS and SEC.

Table 2. Molecular Characteristics of the
Poly(butadiene-b-sodium methacrylate) Copolymers

sample Mw? x 104 Npg NpNnama wt % PB2
NaBMA-6 0.72 59 37 44
NaBMA-9 0.56 59 22 57
NaBMA-3 2.62 211 137 44
NaBMA-5 6.79 554 352 44

a Calculated from the molecular characteristics of the corre-
sponding precursors (Table 1) assuming complete hydrolysis and
neutralization of the carboxylic groups.

spectrometer capable of high-power *H-decoupling and equipped
with a magic angle spinning unit at 30 °C. The degree of
conversion was checked through the appearance and disap-
pearance of the characteristic peaks corresponding to the
various chemical groups incorporated in the starting and the
final materials. More details about the sample synthesis and
molecular characterization are given elsewhere.*®* The molec-
ular characterization results for the BBMA precursors and the
NaBMA block polyelectrolytes are given in Tables 1 and 2,
respectively.

Preparation of Micellar Solutions. A Millipore Milli-Q
184 water purification system was used for purification of the
water used for the preparation of the copolymer solutions.
Stock solutions were prepared by dissolving a weighed amount
of sample in the appropriate volume of purified water, filtered
through 0.45 um hydrophilic Teflon Millipore filters, with
occasional stirring. Direct dissolution of the copolymers in
water is possible mainly due to the low Ty of the PB block, as
already mentioned in the Introduction. For the samples with
the higher molecular weight and higher PB content, the stock
solutions were heated at 60 °C overnight to facilitate complete
dissolution of the samples and removal of possible memory
effects. Stock solutions had the characteristic bluish tint
related to the presence of micelles. These solutions were
subsequently dialyzed against Milli-Q water for at least 4 days,
using Spectra/Por 7 dialysis membranes with a nominal
molecular weight cutoff of 3500, from Spectrum Laboratories
Inc. The concentration of the solutions before and after dialysis
was checked gravimetrically by evaporating a known volume
of the solution. Less than 5% change in concentration was
determined after dialysis, and the concentration of the solution
was corrected accordingly. Solutions of lower concentration
were obtained by subsequent dilution of the stock solutions.

NaCl (analytical grade from Merck) was dried at 120 °C
before use. Block copolymers were dissolved in the salt
containing solutions followed by dialysis. In this case changes
in the polymer concentration were determined by measuring
the light scattering intensity at 90° before and after dialysis.
A decrease in the solubility of the samples by increasing salt
concentration was observed. The effect was more pronounced
for the higher molecular weight samples. Complete dissolution
was accomplished by increasing the heating period. Especially,
the highest molecular weight sample was insoluble in salt
solutions. Before light scattering measurements all solutions
were filtered through 0.45 um hydrophilic Teflon filters
(Millex-LCR) obtained from Millipore. No problems were
encountered during filtration. However, sample concentration
before and after filtration was checked in the case of water
solutions gravimetrically. No changes in the quantity of the
solubilized sample were noticed.
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Micellization Studies. Initial light scattering measure-
ments were performed at 25 °C with the Chromatix KMX-6
low-angle laser light scattering photometer described before.
Apparent weight-average molecular weights, M,,, and second
virial coefficients, A,, were obtained from the concentration
dependence of the reduced scattering intensity. Multiangle
light scattering measurements were conducted with a series
4700 Malvern system composed of a PCS5101 goniometer with
a PCS7 stepper motor controller, a Cyonics variable power Ar*
laser, operating at 488 nm and with 10 mW power, a PCS8
temperature control unit, and a RR98 pump/filtering unit.
Apparent mean-square radii of gyration, Ry, were determined
from the initial slope of the angular dependence of the reduced
scattering intensity measured at angles between 30° and 135°.
Toluene, dried over CaH; and fractionally distilled, was used
as a calibration standard. The following general equation was
used in this case:

KC/AR, = 1M {1 + [(167°ny*)/(32,))]R,*Tsin(0/2)} +
2A,C + ... (1)

where K = (27tno)?(dn/dc)?(Nale®) %, ¢ is the polymer concentra-
tion, ARy is the excess Rayleigh ratio, 6 is the scattering angle,
no is the solvent refractive index, 4¢ is the wavelength of light
in a vacuum, dn/dc is the specific refractive index increment,
and Na is the Avogadro number. The required specific refrac-
tive indices, dn/dc, were obtained at 633 nm by a Chromatix
KMX-16 laser differential refractometer and at 488 nm by an
Optilab DSP (Wyatt Technology) interferometric refractome-
ter, both calibrated with NaCl standard aqueous solutions,
after dialysis against water and NacCl solutions. The weight-
average molecular weight of copolymers determined by light
scattering is an apparent quantity.*? However, it is close to
the true one when the molecular weight and compositional
polydispersity of the copolymer are low (as is the case with
the block copolymers in this study, which were prepared by
anionic polymerization), and the dn/dc values of both blocks
are high. The latter criterion is also met for the samples under
investigation (dn/dc for NaPMMA in water equals 0.260 and
Npg = 1.52, Nwater = 1.33 which ensures a high dn/dc value for
the PB block, which is insoluble in water, and the absolute
value of dn/dc cannot be measured directly); thus, we feel that
the apparent M,/s determined are close to the true ones.

Dynamic light scattering experiments were carried out, at
25 °C, on the same Malvern system operating in the dynamic
mode. A 192-channel correlator was used for accumulation of
the data. Correlation functions were analyzed by the cumulant
method, and the Contin software was provided by the manu-
facturer. Correlation functions were collected at angles be-
tween 45° and 135°. Apparent diffusion coefficients at zero
concentration, Do app, Were obtained after extrapolation to zero
angle using eq 2:

Dapp = DO,app(l + kDC) (2)

where Dgpp is the diffusion coefficient measured at each
concentration and kp the coefficient at the concentration
dependence of Dapp. Apparent hydrodynamic radii, Ry, were
determined by equation

R, = kBT/GJ'”?oDo,app 3)

where kg is the Boltzmann constant, T the absolute temper-
ature, and 7, the viscosity of the solvent. Apparent hydrody-
namic radii at each concentration were calculated by aid of eq
3 using the value for the Dy, for each concentration. Polydis-
persity values were obtained from the cumulant analysis of
the correlation functions. Temperature scans were performed
by the same Malvern system, in the temperature range
between 25 and 55 °C, at 5 °C intervals and at an angle of
90°. Measurements at other angles gave similar results. A
period of about 30 min was allowed between measurements
at different temperatures. The scattering intensity and cor-
relation functions were recorded simultaneously. R, values
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Table 3. Light Scattering Results for NaBMA Block
Copolymer Micelles in Water at 25 °C

Muw, app Az Rq Rn
sample x 1076 x10° Ny (nm) (nm) ko Rg/Rn
NaBMA-6 2.12 8.6 294 18.4 102
NaBMA-9 6.8 1.8 1214 80.; 18,982
NaBMA-3 15.2 ~0 580 34, 51.9 65 0.67
NaBMA-5 443 ~0 652 533 947 28 0.56

a2 Bimodal distribution of hydrodynamic radii.
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Figure 1. Kc/ARy vs concentration plots for micelles of
samples () NaBMA-9 and (a) NaBMA-3 in water at 25 °C.

were calculated taking into account the variation of water
viscosity in the same temperature range. Heating and cooling
cycles were performed. The intensity, Rn, and polydispersity
values were reproducible between subsequent heating and
cooling scans.

Results and Discussion

Micellization Studies in Water. The light scatter-
ing results for the NaBMA block copolymer micelles in
water are summarized in Table 3. Static light scattering
plots of Kc/ARy vs concentration were linear in the
concentration range studied (Figure 1). No indication
of the presence of a cmc, as evidenced by an upturn of
the plot in the low-concentration region of the graphs,
was observed. Presumably, in this region, the equilib-
rium is shifted in favor of micelles. The molecular
weights determined by linear extrapolation at zero
concentration are much higher than the ones obtained
for individual chains, thereby proving the presence of
micelles in the solutions. The apparent second virial
coefficients are very small (they decrease as the molec-
ular weight of the copolymer increases) due to the
unfavorable interactions between the hydrophobic core
and water molecules. Some contributions from corona—
corona and corona—solvent interactions to apparent A,
are expected, but the main contribution is coming from
the association of the core blocks due to incompatibility
with the solvent. The increase in the molecular weight
of the micelles also has the effect of decreasing the A;
values. The aggregation number, N, calculated as the
ratio of the micellar molecular weight to that of the
isolated chain (unimer) increases as the molecular
weight of the block copolymer increases (at constant
composition) and as the PB content in the copolymer
increases (at constant PB molecular weight, Table 3).
An increase in the aggregation number, as the molec-
ular weight and its weight fraction of the insoluble block
increase, has been predicted theoretically and verified
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Figure 2. Diffusion coefficient vs concentration plots for
micelles of samples (®) NaBMA-6, () NaBMA-3 and (a)
NaBMA-5 in water at 25 °C.

experimentally in other block copolymer micellar
systems.1 =2 Absolute values of aggregation numbers are
very high especially for the case of sample NaBMA-9,
which has the higher PB content. Such large aggrega-
tion numbers, previously observed for other amphiphilic
block copolymers with a hydrocarbon type insoluble
block, can be attributed to the high hydrophobicity of
the hydrocarbon blocks.34:39

Apparent hydrodynamic radii determined by DLS
show a very weak concentration dependence (Figure 2).
Contin analysis reveals the presence of only one type
of diffusing species for aqueous solutions of samples
NaBMA-6, NaBMA-3, and NaBMA-5. The average poly-
dispersity of these systems, as evaluated through the
ratio u,/I'2 by cumulants analysis, where u; is the second
moment in the cumulant expansion of the correlation
function and T is its decay rate, is small (u2/T? < 0.1).
The presence of spherical micelles in the solutions of
the aforementioned samples is dictated by their lower
PB content and corroborated by the observation that the
ratio Ry/Rn for the micelles, determined where possible,
has values around 0.6. The Ry¢/Rp, value for hard spheres
is 0.775, but a nonuniform density profile has been
shown to give even lower values.1046

In the case of sample NaBMA-9, two populations were
present at all concentrations studied. The small size
population had an average Ry of 18 nm, and the larger
aggregates had an Ry of 98 nm. The low Ry peak was
considerably narrower than that corresponding to the
larger component. The low R, component must cor-
respond to spherical micelles whereas that with the
larger Ry, may be attributed to micellar clusters or
aggregates of shape other than spherical. Micellar
clusters can be formed in this case as a result of the
limited ability of the short PNaMAA coronas to shield
the hydrophobic PB cores. As a consequence, clusters
are formed through intermicellar core hydrophobic
interactions. On the other hand, cylindrical micelles can
be formed as a result of the increase in the aggregation
number of the aggregate, which forces the PB chains to
stretch in the core. Since this stretching is energetically
unfavorable in spherical micelles, a shape transition,
to cylindrical micelles, which will allow for a decrease
in the elongation of the PB chains, is highly probable.
The two scenarios cannot be distinguished by the
experimental results available since both micellar clus-
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Table 4. Structural Characteristics of the NaBMA
Spherical Micelles in Water

Rec Ac Woeorona L av corona density

sample (nm)  (nm?)  (nm)  (nm)  (monomers/nm3)
NaBMA-6 3.4 0.49 15 9.2 0.77
NaBMA-3 7.1 1.09 44.8 34.2 0.21
NaBMA-5 9.2 1.63 85.5 88 0.09

ters and cylindrical micelles are expected to have a
higher polydispersity than spherical micelles.’® TEM
observations would be useful although in this case one
should be very careful for the presence of artifacts
produced by the sample preparation protocols.

The structural characteristics of the spherical micelles
are given in Table 4. The radius of the core, R, the area
per junction point at the core—corona interface, A, and
the width of the corona, W, have been calculated
according to egs 4, 5, and 6

R.= (@M, mithPB/4~7ﬂ\lAdP|3¢PB)1/3 (4)
A, = 47R 2IN,, (5)
W=R, - R, ©)

It was assumed that the core is free from solvent
(¢ = 1), a reasonable assumption since PB is highly
hydrophobic. The density of PB was taken as d = 0.89
g cm~3. Small differences on the value used for dpg, as
found in the literature, would not change the overall
picture substantially. The density of the corona was
calculated from the corresponding volume and the
aggregation number and number of monomeric units
per corona chain. It can be seen (Table 4) that R
increases as the molecular weight of the PB block and
the aggregation number increases. A. is found to in-
crease as the molecular weight of the corona chain
increases. The width of the corona also increases with
increasing the corona chain length. The length of the
fully stretched corona chain, L, calculated from the
number of monomers per chains and using a value of
0.25 nm as an average length per monomeric unit, is
also given for comparison. It can be concluded that
corona chains are highly stretched due to electrostatic
repulsions stemming from their polyelectrolyte nature.
In two cases W is larger than L. This may be attributed
to the finite polydispersity of the micelles.26 However,
extension of the polyelectrolyte corona chains decreases
as Ny, increases (i.e., as R and A; increases) since more
space is available per chain. As a result of the high
extension of the polyelectrolyte corona chains the aver-
age corona density is very low (Table 4). Of course,
someone expects some variation (decrease) of the mono-
mer density in the corona as the distance from the core
increases, as it was inferred from recent experimental
results.?! Similar observations concerning the structural
characteristics of micelles with polyelectrolyte coronas
have been reported in the case of poly(styrene-b-sodium
acrylate) micelles in water.26:27 It seems that despite the
differences in the chemical nature of the blocks, the Ty's
of the cores, and the preparation protocol, the general
behavior is similar.

Influence of Temperature. The effect of tempera-
ture on the structural characteristics of the NaBMA
micelles in solution was also investigated. Figure 3,
where the results from light scattering measurements
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Figure 3. Temperature dependence of scattering intensity at
90° (m) and hydrodynamic radius (O) for NaBMA-5 micellar
solution (Cpot = 1.050 x 10~* g mL™?) in water.

as a function of temperature for sample NaBMA-5 at a
concentration of 5.2 x 10™* g mL~! are shown, depicts
a representative example for spherical micelle behavior.
In the temperature range studied light scattering
intensity at 90° remains stable. This indicates that no
change in the molecular weight (and aggregation num-
ber) of the micelles takes place. Additionally, polydis-
persity remains lower than 0.1 at all temperatures (not
shown). This result should be expected due to the high
hydrophobicity of the PB cores. On the other hand, the
measured apparent hydrodynamic radius decreases as
temperature increases. Presumably micellar size de-
creases due to a decrease in solvent quality with
temperature. Breakage of the hydrogen bonds formed
between water molecules and carboxyl groups of the
corona may be the primary reason for the observed
shrinkage. A change in the distribution of the counter-
ions in the corona may also be operative, leading to
different levels of charge within the corona, a situation
that influences electrostatic interactions between chains.
The data on the behavior of polyelectrolyte chains at
different temperatures are limited (in order to have a
more clear explanation on the observed behavior) pre-
sumably due to the complexity of polyelectrolyte systems
in pure water. Further studies on this subject will be
useful and are under way in our laboratory. The
shrinkage amounts to more than 10% of the original size
of the micelle at 25 °C. The effect is also seen in the
other samples forming spherical micelles and does not
seem to depend on copolymer concentration. A decrease
in size of the low Ry, population in the case of sample
NaBMA-9 solutions with increasing temperature is also
evident. The size of the large R, component changes
little with temperature. This may indicate that the effect
of temperature is minimal for the large aggregates or
changes in size are more difficult to be detected in this
case. It is worth noting that both the overall intensity
and the intensity ratios of the two peaks also remain
unchanged with temperature.
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Influence of NaCl Concentration. Since the be-
havior of polyelectrolytes in aqueous solutions is highly
dependent on the presence and the amount of low
molecular weight salt, we investigated the micellar
characteristics of the copolymers at varying NacCl
concentrations. The results are summarized in Table 5
for samples NaBMA-6, -3, and -9. The sample NaBMA-5
was insoluble in aqueous solutions containing NaCl in
the indicated concentrations although its composition
is similar to those of NaBMA-6 and NaBMA-3. This
indicates that not only the composition but also the
absolute molecular weight of the insoluble block plays
a role in the solubility characteristics of amphiphilic
block copolymers with a polyelectrolyte water-soluble
block. The solvent quality toward polyelectrolytes in
aqueous solutions decreases as the salt concentration
increases. In the NaBMA-5 case the corona blocks are
not solvated enough to keep the long PB block in
solution.

For the rest of the samples aggregation numbers
increase as soon as NaCl is present in solution. How-
ever, Ny changes little in the salt concentration range
between 0.1 and 1.0 M. The results are in agreement
with previous observations in similar systems.?® Samples
NaBMA-6 and NaBMA-3 continue to form spherical
micelles in the salt solutions (Table 5). Micellar poly-
dispersity remains at the range observed in pure water.
The case of sample NaBMA-9 deserves special attention.
Analysis of the correlation functions obtained from
aqueous solutions of NaBMA-9 containing NaCl shows
the existence of only one species in solution. u,/T? values
are in the range of 0.25 (compared to values around 0.4
in the case of aqueous solutions in the absence of salt).
An average Ry value in between the previous deter-
mined Ry's for the two different species present in
aqueous solutions is obtained. This Ry is much lower
than that of the population with the larger size in pure
water. Additionally, the ratio R¢/Ry, is larger than 1 at
all NaCl concentrations investigated. Obviously the
addition of salt dramatically changes the type of ag-
gregates formed by this sample in aqueous solutions.
Judging from the Ry/R and the polydispersity values,
the presence of cylindrical micelles in aqueous solutions
of NaBMA-9 containing NaCl is probable.’® Such a
shape change may be due to the increased screening of
charges along the poly(sodium methacrylate) chains in
the micellar corona. In the presence of NacCl, electro-
static repulsions are decreased and poly(sodium meth-
acrylate) chains are less extended. This allows for an
increase in the aggregation number (and the micellar
core radius), demanding an increase in the PB stretch-
ing in the core. PB chains cannot stretch indefinitely,
and at some point the shape of the micelle will change
from spherical to cylindrical in order to accommodate
the changes in the conformation of the core and corona
chains. These shape transitions have been observed in
similar block polyelectrolyte systems and studied by
transmission electron microscopy but at higher copoly-
mer concentrations than those used in this study.?®
Additionally, one cannot exclude the possibility of a

Table 5. Light Scattering Results for NaBMA Micelles in Aqueous NaCl Solutions

0.1 M NacCl 0.5 M NacCl 1.0 M NaCl
sample Nw Ry (nm) Rn (nm) Nw Rg (nm) Rn (nm) Nw Ry (nm) Rh (nm)
NaBMA-6 356 17.9 350 17.3 350 17.8
NaBMA-9 2064 41,41 34.4 3156 43.4 347 3040 44 5 334
NaBMA-3 1392 45.¢ 74.3 1430 46.1 74.8
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frozen nature of the NaBMAA micelles. In this case the
structural properties of the aggregates obtained may
depend on the preparation protocol.

Conclusions

Well-defined diblock copolymers, having polybutadi-
ene and poly(sodium methacrylate) blocks, synthesized
by anionic polymerization and postpolymerization reac-
tions, were found to form micelles with PB cores and
PNaMAA coronas in dilute aqueous solutions. The
aggregation characteristics and structure of the micelles
were found to depend on the molecular characteristics
of the block copolymers. Samples having a more asym-
metric composition (lower PB content) formed spherical
micelles, although the length of the PNaMAA block was
rather short. At higher PB content (more symmetric
composition) large aggregates were formed, together
with normal micelles, which can be described as cylin-
drical micelles or micellar clusters. Increasing solution
temperature resulted in a decrease in micellar dimen-
sions, probably due to worsening of the thermodynamic
solvent quality toward the polyelectrolyte coronas. Ad-
dition of NaCl to the aqueous systems was found to
increase the aggregation numbers and sizes of the
micelles. In the case of a sample with the highest PB
content, experimental evidence points to the formation
of cylindrical aggregates. The observations described in
the present study may provide a means of manipulating
the aggregate structure in dilute solutions, by changing
the molecular characteristics of the copolymers and the
physicochemical parameters of the system, according to
the desired properties.
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