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Entropic attraction and fluid-glass transition in micellar solutions
of associative diblock copolymers
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We report quantitative determination of the strength of attraction between spherical micelles of associative
diblock copolymers. We offer detailed characterization of the dilute micellar solutions by neutron and dynamic
light scattering techniques and by viscometry, and we interpret the data with the aid of the adhesive hard-
sphere model. This model permits estimate of the stickiness parameter for varying fraction of stickers on the
micelles. At this range of attraction the solutions exhibit, in the crowded regime, rheological and dynamics
behavior representative of both repulsive caging and attractive bonding glassy dynamics.
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INTRODUCTION

Colloidal suspensions of monodisperse particles undergo
a liquid-crystal phase transition driven solely by a single
variable, the volume fraction ¢ [1]. Quenching the crowded
suspension from a disordered configuration prevents this
entropically-driven phase transition. The operation leads to a
liquid-glass phase transition at a volume fraction ¢, slightly
higher than the volume fraction of crystallization [1-3].
Crowding in suspensions of less monodisperse particles does
not induce crystal phases but triggers a glassy state above ¢,
[4].

One characteristic of the glass phase is the structural ar-
rest of the particles, with the appearance of a nonzero value
of the nonergodic parameter, that measures the dynamics of
the particles at very long time scales [2]. The glassy phase in
model colloids has been the subject of intense investigation
both theoretically and experimentally. Most studied systems
consisted of colloidal hard spheres where the particles inter-
act through the hard-core repulsive potential, which is the
basic model of simple liquids. Particle dynamics is the pri-
mary physical concept in the description of the glass transi-
tion. The theoretical account for the dynamics was success-
fully gained from mode coupling theory (MCT) which
depicts the evolution of structural arrest in the dynamic
structure factor as a function of the control parameter ¢
[5-7]. Several experimental studies have addressed these
properties at the onset of the fluid-glass transition [3,4,8].
Light scattering experiments have been successful in explor-
ing the static and the dynamic structure factor over a wide
range of length and time scales.

However, many dispersions of colloidal particles encoun-
tered in nature or obtained from industrial processes have
complicated composition and, consequently, the interactions
between the colloids are more complex than the hard-sphere
repulsive potential. Therefore, significant differences occur
in the state diagram and in the transport properties of par-
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ticles in the dispersion in contrast with the behavior of
simple liquids [9-12]. One basic model that has been exten-
sively used in recent years to account for this complexity is
the adhesive hard-sphere model as defined by Baxter [13]. In
this model, the hard-core potential is improved by adding a
short-ranged attractive square well to the abrupt repulsion.
Although the adhesive hard-sphere model is highly idealized,
it gives a consistent understanding of some aspects of the
colloidal state diagram such as the coexistence of a wide
equilibrium fluid-crystal region [11]. Besides these character-
istics, the theoretical state diagram exhibits a reentrant fluid-
repulsive glass transition at high ¢ and weak attraction and a
new class of attractive glass phase where the arrest is real-
ized by increasing both the volume fraction and the attraction
[14—17]. At the intersection of the reentrant branch and fluid-
attractive glass branch, the dynamics follows a subtle loga-
rithmic decay [18,19], while the mean square displacement
evolves as a power law with time [20]. Remarkably, this
specific dynamics does not depend on the detailed attractive
potential computed as long as the attraction is short ranged
compared to the size of the colloids [14,19]. In parallel, these
predictions have been confirmed experimentally for very dis-
similar systems [21-27], even though the volume fraction
threshold value estimated by MCT is lower than the experi-
mental result. On the other hand, the theory estimation of the
strength of attraction needed to induce the reentrance is
weak, 1 kT or less, for a square well width of few percent of
the particles diameter. Experimental determination of phase
boundaries has shown that MCT underestimates this param-
eter [21,28]. To date, entire mapping of the experimental
state diagram of attractive colloids in real systems is still
lacking. This is primarily due to the complexity of some
colloids studied, where the variation of one experimental pa-
rameter affects both the volume fraction and strength of at-
traction [22,23,28].

The above description raises interesting questions on the
onset of fluid-glass transition, specifically, at the junction of
the three phases. Our goal is to quantitatively determine the
strength of attraction in the vicinity of A5 singularity where
the structural arrest is due to both repulsive caging and at-
tractive bonding of the particles [25]. For this purpose, we
carry out measurements of the structure of micellar solutions
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and of the stickiness parameter of dispersions of attractive
soft spheres in the dilute regime. We achieve this physically
through the use of aqueous micellar solutions of diblock co-
polymers with a polystyrene (PS) frozen core surrounded by
poly(acrylic acid) corona (PAA). The hydrophilic arms carry
hydrophobic ethyl acrylate (EA) groups. Bridging between
these groups gives rise to an entropic attraction and hereby
the stickiness between micelles. We have already shown that
these suspensions undergo a reentrant transition in the
crowded regime when adhesion is induced between the mi-
celles [25]. Increasing the stickiness further, the dynamics of
the suspensions displays a logarithmic decay of the correla-
tion function, which is consistent with MCT findings and the
existence of a high order cusplike bifurcation point in the
state diagram. In the present study, we use small angle neu-
tron scattering experiments (SANS) to ensure that the addi-
tion of hydrophobic units in the corona does not alter the
shape of the micelles, and to evaluate their dimension and
aggregation number. Low shear viscosity and diffusion coef-
ficient determination for dilute micellar solutions are in-
tended to measure the size of the micelles and the strength of
attraction. Consequently, we utilize the adhesive sphere
model to interpret the behavior of attractive colloidal suspen-
sions at the onset of the dynamic arrest.

MATERIALS AND METHODS

The diblock polymer is synthesized as polystyrene-
poly(ethyl acrylate), PS-PEA, with a molecular weight of
2000-19 468 g/mol, and is obtained as an aqueous suspen-
sion of latex particles at approximately 40 wt. % [25,29]. A
post-polymerization hydrolysis reaction is performed by add-
ing dropwise 2 M NaOH solution to 10 wt. % polymer so-
lution at a temperature of 90 °C. The hydrolysis reaction
converts poly(ethyl acrylate) of the second block to poly-
(acrylic acid). The amount of NaOH added is dependent on
the desired extent of hydrolysis reaction A. The mixture is
then held at 90 °C for 24 h. When the hydrolysis is con-
cluded, the copolymer is dialyzed using regenerated cellu-
lose membranes with a molecular weight cutoff of
6000—8000 g/mol (SpectraPor), against deionized water for
one week and against water at pH=10 for another week, first
to remove impurities and then to normalize the charge den-
sity along the polymer backbone. The final product is
polystyrene-poly(acrylic acid sodium salt, ethyl acrylate),
PS-P(AA/EA). An extent of hydrolysis #<1 means that hy-
drophobic ethyl acrylate units remain in the PAA block and
act as stickers between the micelles in H,O. The fraction of
these stickers, f=1-h, is the ratio of EA to EA and AA
monomers in the second block, and is determined using
400 MHz "H NMR spectroscopy. For the three systems pre-
sented, NMR yields a degree of hydrolysis h of 0.66+0.05,
0.85+0.02 and 0.98+0.02, corresponding to the fraction of
stickers f=0.34, 0.15, and almost 0, and to total polymer
molecular weight M,,=20.7, 20.5, and 20.3 kg/mol, respec-
tively. Samples for neutron scattering are prepared by dis-
solving freeze-dried copolymer in D,O at the desired con-
centration and stirring for several days at 80 °C. Stock
solutions, at weight concentration C=~1 wt. %, are prepared
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either by dissolving freeze-dried polymer in H,O and stirring
at 80 °C, or by osmotic stress method by equilibrating co-
polymer solutions in dialysis membranes with a reservoir of
dextran 110 000 aqueous solution at pH=10 for 4 weeks.
Diluted samples for viscometry and dynamic light scattering
(DLS) are prepared by adding H,O at pH=10 to the stock
solutions at the desired concentration. Diluted samples are
filtered through 0.22 um Millipore filters, sealed and stored
prior to the measurements. We check by UV absorption of
styrene that filtration does not alter the concentration within
experimental uncertainty.

The suspensions in D,0 for SANS (0.8<C=<32 wt. %)
are studied at NIST Center for Neutron Research located at
NIST in Gaithersburg, MD, on NG3 beamline, with an inci-
dent wavelength of 6 /0\, and 2 sample to the two-
dimensional (2D)-detector distances: 13.1 and 1.33 m, cov-
ering scattering vectors ¢ from 0.0035 to 0.3 A~'. The
spectra are collected at room temperature for samples in
quartz cells with a path length of 1 and 2 mm, depending on
the concentration. D,O is used to quantify the solvent scat-
tering, and is subtracted off from the data. The spectra, which
are also corrected for incoherent scattering estimated from
the signal at high ¢, are subsequently obtained in absolute
scale (in [em™']).

The scattered intensity per unit volume, I(¢) (in [cm™']),
of a monodisperse system can be expressed as the product of
the contrast factor, form factor, and structure factor. The con-
trast factor is dependent on the number density of scatters N
(in [em™]), on their volume V (in [cm?®]) and on the differ-
ence of their scattering length density with the solvent, Ap
(in [cm™]). The form factor F(g), is characteristic of the
shape and the size of the scatters, and the structure factor,
S(g), describes correlations between scatters. Within this
definition, the scattered intensity is expressed as

1(g) = NV*(Ap)*F(q)S(q). (1)

We utilize the polydisperse spherical form factor to model
scattering intensity of diluted pure PS-PAA copolymer solu-
tions (f=0) to account for the width of the sphere size dis-
tribution assuming a Gaussian size distribution. It is given by
[30]:

o

. 2
- RPS)2/202[Sm(‘1") —grcos(qr)]

dr.
(gr)°

F(q) =
7 0 \2mo

2)

This two-parameter model includes Rpg, the average PS
sphere radius, and o, the standard deviation of the sphere
size distribution. We interpret Rpg and o being characteristic
of the PS core size distribution only because the majority of
the scattered intensity arises from the contrast between PS
and D,O. The ratio of PS contrast to poly(acrylic acid so-
dium salt) contrast is 5.35 to 1 (Table I). With this interpre-
tation of form factor, the micelle aggregation number N, is
calculated as

47TR§,S
age = 5 Ves

3)

where Vpg is the volume of the polystyrene block.
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TABLE 1. Scattering length densities (SLD).

Scattering length Molar volume SLD p Contrast in D,O (Ap)?
Solute (10712 cm) (cm?/mol) (10 cm™2) (100 cm™)
D,O 1.915 18 6.407 0
Styrene 2.33 99 1.417 24.90
PA"Na* 2.40 34 4251 4.65
Ethyl acrylate 1.49 108 0.831 31.09

Because the partially hydrolyzed copolymers are multi-
component systems, the scattered intensity is due to each
scatter present in the solution, evenly to ethyl acrylate whose
scattering contrast in D,O is larger than the PS one (Table I).
Therefore, the presence of EA monomers in the corona com-
plicate SANS analysis of the form factor for the partially
hydrolyzed copolymers. To circumvent this complexity we
study the dilution law by examining the evolution of the
position of the correlation peaks in concentrated solutions as
a function of the PS volume fraction and fraction of stickers.
This self-consistent test on the accuracy of the interparticle
separation and particle size gives an indication of the varia-
tion of the PS sphere radius from dilution equation at differ-
ent hydrolysis rates, and thus, the aggregation number. The
swelling relation is given by [31]

d ( ¢M ) 1/3
=a|l — s
2Rps bps

where a and ¢, are a constant close to unity and the close
packing volume fraction, respectively. The value of these
two parameters depends on the structure considered. Rpg is
the radius of the scattering PS core and ¢pg is its volume
fraction calculated from weight concentration, C, using PS
and D,O densities: 1.05 and 1.10 g/cm?, respectively. The
correlation distance d is extracted from scattering experi-
ments and is related to the position of the correlation peak,

Viscometry is performed using thermostated Couette ge-
ometry at 21 °C on a highly sensitive low shear rheometer
(Contraves) studying polymer solutions with 0<C
=<0.07 wt. %. Reduced viscosities are obtained by dividing
each sample viscosity by the measured viscosity of the sol-
vent (NaOH solution at pH=10). DLS measurements are car-
ried out at 21° C using light scattering setup with an argon
laser at a wavelength of 5145 A, a goniometer
(Brookhaven), and a correlator (BI9OOOAT) for samples in
the concentration range 0 <C=0.04 wt.%. The normalized
autocorrelation function is fit to a standard second order cu-
mulant expression, and the quality factor is taken as a mea-
sure for the single exponential behavior of the correlation
function [32]. We check that the first cumulant is a quadratic
function of the wave vector for the most concentrated
samples. Then the normalized intensity autocorrelation func-
tion is collected for each sample at a scattering angle of 90°.
Five to ten runs are performed for each sample studied by
viscometry and DLS to ensure reproducibility.

The low-density theory of colloidal suspensions of adhe-
sive hard spheres is well documented [33-36]. The second

(4)

virial coefficient A, is a simple function of the micelle ra-
dius, R;, and stickiness parameter, 1/7, i.e.,

_477Rh3< l)

273 4- 7))’ (5)
1 6A Upin
Tﬂexp(‘ﬁ)“} (©)

where A and U, are the width and the depth of the attrac-
tive square well, respectively. The simplicity of the model
leads to quantitative and straightforward determination of the
evolution of the low shear viscosity, 7, to second order in
volume fraction, and of diffusion coefficient D to first order
in volume fraction, when accounting for hydrodynamic in-
teractions and assuming that the hard-sphere radius and the
hydrodynamic radius are equal [33]:

ﬂ=l+2.5¢+<6+£)¢2, (7)
o T

2o (145 —“2) (®)
DO_ * ' - T ¢’

where u and Dy are the solvent viscosity and the bare single
particle diffusion coefficient, respectively. Converting the re-
duced viscosity above to its variation with concentration C,

leads to Huggins equation
0.304
. )[n]C},

)

where [7] is the intrinsic viscosity and k, is the Huggins
coefficient. The ratio [ ]/2.5= ¢/ C is the hydrodynamic vol-
ume of the micelles per unit mass [37]. It follows that

TRl +kh[n]<:}=[n]{1 (0964
unC

107R;N,

3MNyge

[n]= (10)

where Na is Avogadro’s number and M, is the molecular
weight of the copolymer. Extrapolation of the Huggins equa-
tion to zero concentration gives [#], and thus R, by using
N,g; measured from SANS data. The slope of this equation
yields 1/7.

Similarly, by introducing the intrinsic viscosity in the ex-

pression of D we get
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FIG. 1. Scattering intensity /(¢) on a sample at C=0.8 wt. % and
f=0. The solid line is a fit to the form factor for polydisperse
spheres with a mean radius of 69 A and polydispersity of 19%.
Calculated I(g) is normalized by 1.24 to fit experimental data in
absolute scale. Inset: I(¢g) for concentrated solutions at f=0 and C
=2, 2.5, 3.2, 4.9, 9.65, 14.15, 23.6, and 32 wt. % from bottom to
top.

2=l+kd[77]C=1+(O.58—%)[77]C (11)
Dy T
where k,; is the interaction coefficient. Equating D at infinite
dilution to the Stokes-Einstein diffusion coefficient D, gives
R;, and consequently [ 7], whereas the slope of D versus C
yields 1/7.

RESULTS AND DISCUSSION

The scattered intensity for a sample at C=0.8 wt. % and
hydrolysis rate of 100% (fraction of stickers f=0) is shown
in Fig. 1. For this dilute solution, we do not observe any
structure peak for I(g) in the ¢ range investigated. Moreover,
the asymptotic evolution in the high ¢ domain shows that
I(q) decreases as g~*, representing the Porod regime and
demonstrating that the copolymer forms micelles with well-
defined interface [38]. For PS-PAA micelles the bare-core
approximation provides a good model to account for SANS
data in the dilute regime [39]. Thus, the experimental data
are fit to the form factor for polydisperse PS core particles in
order to gain insight into the micelle characteristics. The
scattered intensity in absolute scale for this dilute solution is
estimated as

10) = NV(89)F(g) =+ NNy VAP F(g). (12

where C is the polymer weight concentration. The polydis-
perse sphere model provides a better fit to the data than the
monodisperse sphere model. The model used fits well the
scattered intensity in absolute scale even though it overrates
the amplitude by 24%. Although this slight difference with
the experimental I(g), the resulting fit validates the approxi-
mation we use which neglects the contribution of the PAA
corona to I(g). The result in Fig. 1 leads to an estimate for
the core radius Rps of 69 A and a polydispersity of 19%
(o=13 A). This moderate polydispersity precludes formation
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FIG. 2. Dilution law: evolution of the PS volume fraction with
correlation peak position for f=0 (O), 0.15 (OJ), and 0.34 (M) with
the line representing the linear least-squares fit.

of a colloidal crystal. The data are used to estimate the mi-
celle aggregation number, N4, given by Eq. (3). With Vpg,
the volume of the styrene block, calculated as 3164 A3,
yields Ny,,=435.

In aqueous solutions, all concentrated copolymers form a
viscoelastic phase. This phase, associated with a plateau in
elastic modulus at low frequency, and the existence of a
single correlation peak in the scattered intensity, is identified
as a glasslike phase [29]. Furthermore, our scattering data
show that the single correlation peak exists in diluted viscous
samples and thus the occurrence of the viscous fluid-
viscoelastic solid transition is solely induced by structural
arrest [25]. The evolution of the scattered intensity with con-
centration is shown in the inset of Fig. 1 for the fully hydro-
lyzed copolymer solutions (f=0). The position of the peaks,
qo, shifts toward high ¢ values as the micellar concentration
increases. In Fig. 2, these results are presented as volume
fraction of PS core particles versus (go/ ). Investigation of
this swelling behavior shows that the micelles follow a three-
dimensional dilution law and implies that they are homoge-
neously distributed in solution since the volume fraction fol-
lows a linear decrease to zero with g. We also observe that
the dilution data superimpose for the three fractions of stick-
ers studied, f=0, 0.15, and 0.34, meaning that the slope of
the linear variation of ¢pg with (g,/)? is independent of the
hydrolysis rate. This result strongly suggests that neither the
micelle core size Rpg nor the intermicellar organization, il-
lustrated by « and ¢, values in Eq. (4), are altered by the
addition of EA hydrophobes in the corona. It follows that the
micellar aggregation number does not vary in the present
study.

It is worth adding that the independence of dilution law
from f is in agreement with Poon and co-workers findings
showing constant peak position for suspensions with weak
attraction, i.e., in the reentrant region of the phase diagram
[28]. Beyond the reentrant region, these authors observed a
slight decrease in correlation distance for constant volume
fraction upon increasing the strength of attraction in suspen-
sions of hard spheres, and they concluded that the decrease
of correlation length is exclusively due to particle trapping in
the attractive well.

The presence of short-ranged and weak attraction between
the micelles favors the trapping effect in colloidal suspen-
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FIG. 3. Variation of reduced viscosities with concentration for
/=0 (O), 0.15 (OJ), and 0.34 (M). For clarity, data for f=0 and f
=0.34 are shifted by —1 and +1, respectively. Inset: shear stress
versus shear rate for C=0 (O) and C=0.06 wt. %, f=0.15 (@). The
lines represent linear least-squares fits.

sions and causes the formation of a colloidal glass at high
concentration. Assuming that the hard-sphere radius in the
adhesive hard-sphere model corresponds to the hydrody-
namic radius R, in Egs. (9) and (11), we can determine from
the linear variation of transport data (7 and D) with C both
R, and 1/7 as well as their variation with f.

The reduced viscosities increase linearly with concentra-
tion in the dilute regime as shown in Fig. 3 for the three
fractions of stickers: 0, 0.15, and 0.34. Fitting the experimen-
tal data to the Huggins equation [Eq. (9)] yields [ %] and the
Huggins coefficients shown in Table II. The intrinsic viscos-
ity shows minor and nonmonotonous fluctuations with the
number of stickers on the micelles. It is worth mentioning
that the experimental uncertainty on [ 7] computed in Table
II does not take into consideration the uncertainty on concen-
tration and could thus explain the fluctuations in [ 7]. Thus
the nearly constant value of [ %] for the three systems studied
suggests that the micellar hydrodynamic volume per unit
mass is almost constant for these systems. By using Nagg
=435 obtained from SANS analysis, we deduce the hydro-
dynamic radius of the micelles, reported in Table II. From
the slope of data in Fig. 3, we clearly observe that the ex-
tracted value for the Huggins coefficients &, for the fully
hydrolyzed copolymer (f=0), characterizing pair interac-
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C (kg/m’)

FIG. 4. Variation of diffusion coefficients with concentration for
£=0 (O), 0.15 (d), and 0.34 (M), normalized by Dy(10~'%> m?/s)
=2.10, 2.44, and 2.26 respectively, with lines representing linear
least-squares fits.

tions and shown in Table II, is consistent with what we could
expect for a polymer in a good solvent [33]. As f increases,
kj;, increases and corresponds to increasing attraction between
the micelles.

The isolated micelle diffusion coefficient, obtained by ex-
trapolating the mutual diffusion coefficient data shown in
Fig. 4 to zero concentration shows nearly constant D, value
for the three fractions of stickers (Table III). By using
Nagg=435, we deduce the corresponding intrinsic viscosity
for these three systems. Remarkably, DLS results are in good
agreement with viscometry results. The curves in Fig. 4
show linear variation of D with C, with a negative slope for
the three systems. The value of k,, describing pair interac-
tions, is slightly negative for f~0 (Table III) and becomes
increasingly negative as f increases, signing the presence of
larger attractive interactions. Although, the data from light
scattering exhibit a slight negative contribution to k, at zero
fraction of stickers rather than the positive and well-defined
excluded volume contribution of 0.58 [Eq. (11)], these mea-
surements show clearly the effect of increasing the number
of ethyl acrylate hydrophobes in the corona on inducing
large entropic attraction between these micelles in aqueous
solution.

HYDRODYNAMIC RADIUS

The SANS study shows that varying the hydrolysis rate
between 66% and 100% does not alter the shape and the size
of the micellar core. These micelles act as frozen structures

TABLE II. Viscometry data (N,,,=435).
Mw [77] RﬂH
f (kg/mol) (m3/kg) (A) ky, I
0 20.3 0.9+0.1 1080+40 0.80+£0.40 -0.5+1.3
0.15 20.5 0.6+0.1 947+53 2.00+0.50 34x1.7
0.34 20.7 0.77+0.09 103240 2.90+0.35 6.4x1.2
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TABLE IIL. DLS data (N,,=435).

D Ry [7]
f (10712 m?/s) (A) (m?/kg) —ky I
0 2.10+0.20 1025+100 0.77+0.22 0.16+0.16 1.7+0.4
0.15 2.44+0.04 883+15 0.49+0.03 0.91+0.10 3.3+0.3
0.34 2.26+0.03 95313 0.61+0.03 1.65+0.20 5.0+0.5

and they do not re-organize upon dilution in water or addi-
tion of stickers in the hydrophilic corona up to f=0.34. It
results that the aggregation number remains constant. The
determination of the intrinsic viscosity for each system stud-
ied shows that this is an unvarying parameter within accept-
able experimental uncertainty. Since the aggregation number
does not change for f between 0 and 0.34, it results that the
hydrodynamic radius obtained from viscometry is constant
for these PS-P(AA/EA) micelles, in agreement with DLS
data for R,. We also know that the micelle brushes are com-
pletely stretched for pure PS-PAA spherical micelles [40].
Thus, insertion of up to 34% of hydrophobic monomers in
the polyelectrolyte block does not alter the full extension of
the coronal layer. Our micelle characteristics are consistent,
to some extent, with those of Groenewegen er al. [40] who
demonstrated that neither the PS core radius nor the stretch-
ing of the PAA corona are affected when the degree of ion-
ization of the poly(acrylic acid) block is changed between
50% and 100% for PS-PAA micelles.

The agreement of viscometry results with those from DLS
might seem disputable, primarily because viscometry method
is less powerful than DLS. On the one hand, viscometry data
are deduced from a higher order variation of viscosity with
concentration [Eq. (9)], as disclosed in a larger experimental
uncertainty. On the other hand, and as against DLS, the shear
experiment is a perturbative method that forces relative mo-
tion of the micelles [33,37]. However, in our case, the ratio
of applied shear rate (7 between 1 and 20 s™!) to diffusion
coefficient (~2 X 10712 m?/s) leads to very low Peclet num-
ber, Pe=Rij//DO between 0.005 and 0.1, meaning that vis-
cometry measurement does not significantly drive the micro-
structure out of equilibrium.

So far the effect of polydispersity on the size of the mi-
celles and how their static radius is connected to their hydro-
dynamic radius were not considered. Polydispersity is be-
lieved to increase the difference between these two radii
[41]. However our previous results show that when using the
hydrodynamic radius to scale the volume fraction at the on-
set of fluid-glass transition, this value was estimated to 0.64,
slightly larger than the value expected for a monodisperse
system [29]. Therefore, despite the systematic uncertainty in
the estimation of the hard-sphere radius, polydipsersity
seems to have a minor effect in our system.

STICKINESS PARAMETER

To characterize our systems, we envision the micelles to
interact via an adhesive hard-sphere potential. By using the
relationship between the interaction coefficients in reduced

viscosity and in mutual diffusion coefficient and the sticki-
ness parameter 1/7[Egs. (9) and (11)], we obtain the values
of 1/ reported in Tables II and III.

Both measurements show that the entropic attraction in-
creases with the fraction of stickers present in the corona,
with 1/7 going from almost 0 for f=~0 to 1/7=6 for f
=0.34. For f=0, there is almost no ethyl acrylate sticker in
the corona. Therefore, the micelles should act as nearly hard
spheres due to the repulsive potential created by the dense
PAA brushes which form a steric barrier. DLS measurements
return a slightly finite value for the stickiness parameter.
Several assumptions we use could be incorrect. First, the
hard-sphere repulsion model is undoubtfully less appropriate
for the soft micelles we are dealing with, albeit the large
aggregation number that should produce an abrupt excluded
volume repulsion. Second, we use the hydrodynamic radius
to calculate the second virial coefficient, rather than the ex-
cluded volume radius of the micelles which should be
smaller than R, [32]. If these assumptions are at fault, the
method could yield far overestimated second virial coeffi-
cient since it is highly dependent on the volume of micelles.
To be entirely accurate, the data analysis should have con-
sisted in measuring excluded volume and hydrodynamic con-
tributions to D and # in the repulsive system (f=0), and
then subtracting off these contributions when attraction is
added on the micelles (f=0.15 and 0.34). Accounting for this
reduces 1/7 measured from DLS by 1.7 but it also increases
the discrepancy with viscometry data. Overall, our determi-
nation of the stickiness parameter is in good agreement with
visual observation of phase behavior of these aqueous co-
polymer solutions that never show gas-liquid phase separa-
tion up to f=0.5, and strongly suggests that for f between O
and 0.34 1/ 7 should lie far below the critical point located at
1/7.=10.2 (and ¢,=0.12) [33].

Given the value of the stickiness parameter above, it is
tempting to evaluate the two parameters of the attractive
square well used to model the data. Since we envision it is
the contact between hydrophobic monomers on two separate
micelles that provides the stickiness, we might assume that
the range of attraction is equal to the size of two EA mono-
mers at contact which yields A/R=0.005, a very small value
that brings this system close to the sticky hard-sphere model.
However it is likely that the attraction ranges over a length
scale larger than the size of two monomers, particularly for
the highest value of f, where we anticipate hydrophobic
monomers to be likely nearest neighbors along the micellar
arms. Our previous results show that for this micellar co-
polymer aqueous suspensions, 1/7 of 5-6 for f=0.34 corre-
spond to the region of the state diagram where we observe
the logarithmic decay of the correlation function in the con-
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FIG. 5. State diagram deduced from elasticity measurements
(Ref. 25) at fixed C=2.1 wt. %. Error bars on fraction of stickers are
deduced from NMR measurements. The corresponding stickiness
parameter is the average of viscometry and DLS data. The solid line
is a guide to the eye and vertical dotted lines indicate phase
boundaries.

centrated regime [25]. The logarithmic decay is a proposed
signature of the A; singularity located nearby the reentrant
branch end point [15]. The measured 1/ 7 of 5-6 is consistent
with molecular dynamics simulation using Asakawa-Oosawa
attractive potential with depletion range of 0.1 X R and show-
ing an increase of particle dynamics when Uy, increases
from O up to 2 X kT which corresponds to the exploration of
the reentrant branch up to its end point [21]. In the adhesive
hard-sphere potential [Eq. (6)], these two parameters corre-
spond to a stickiness parameter 1/7~4. Figure 5 summa-
rizes these data and shows phase boundaries obtained by
measuring elastic modulus for samples at a fixed polymer
concentration, C=2.1 wt. %, and varying f [25].

Although our measurements at low volume fraction pro-
vide an estimate of the stickiness parameter, they only permit
to compare this micellar system with the polymer-colloid
mixture to a limited extent. In the latest system, the attractive
depletion is well described by the Asakura-Oosawa form and
the attraction range, A, depends only on polymer size while
in our micellar system, the model we use to fit the data does
not provide a separate estimate of A and U,,;,. The compari-
son between these two systems is thus restricted to the de-
termination of 1/7 in the domain of the state diagram nearby
Aj; singularity. More explicitly, we cannot pursue the analysis
further, that is, the weakness of the two methods used is that
the contributions of A and U,,;, to 1/7 cannot be separated.
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Thus, while it is evident that the strength of attraction in-
creases with the addition of more stickers on the micelles, it
is not clear at the present stage how the range of attraction is
connected to this fraction of stickers.

CONCLUSIONS

In summary, SANS data on dilute copolymer solutions are
modeled using spherical form factor for a polydisperse hard-
sphere system, where a Gaussian distribution is used to char-
acterize the polydispersity, and the resulting parameters give
information on the PS core. Our SANS data on concentrated
samples show that the micelle aggregation number, N,g,,
does not vary as f increases. These results are in agreement
with our previous SANS study of the form factor of diluted
PS-P(AA/EA) copolymer micellar solutions with a molecu-
lar weight of 5300-5800 g/mol and varying f [25]. The
similarities between the scattering curves demonstrate that
the shape and the size of the micelles are not altered when
varying the amount of stickers on the micelles. This result is
confirmed for the full size of the micelles, where the viscom-
etry technique on PS-P(AA/EA) solutions of varying f at
infinite dilution returns an intrinsic viscosity consistent with
the hydrodynamic radius determined from dynamic light
scattering.

Although we notice a discrepancy between the expected
hard-sphere virial coefficient and the measured value for f
~(, the approximate adhesive hard-sphere model describes
well these micelles and offers an acceptable description of
the effects of pair interactions on transport properties. The
use of this basic square well model leads to a reasonable
account for the results in diluted solutions and provides ex-
cellent connection to the general behavior of the phase dia-
gram of attractive colloids, and to their dynamics in the vi-
cinity of the fluid-glass transition.
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