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Abstract. Diblock copolymer polystyrene-polyisoprene PS-PI is studied in dilute solution

at room temperature in methylcyclohexane,
a

good solvent for polyisoprene and
a theta solvent

for polystyrene at Te
=

70 °C. The molecular mass of the copolymer is I-I x
10~ g/mol and

the polystyrene weight fraction is 36%. The diblock copolymer aggregates into star like micelles

which
are

studied by static and quasielastic light scattering. Both techniques lead to a
full

characterization of the micelles. Well below the overlap concentration, the data
are

strongly
dependent on micelle interactions. The scattered intensity (the diffusion coefficient) presents

a maximum la minimum) at a
scattering vector which is concentration dependent. From this

dependence
we infer that the micelles are in a

liquid phase, the mean
distance between first

neighbor being 400 nm at a concentration C
=

10~~ g/cm~. From these measurements we

can deduce the mobility per monomer and demonstrate that the micelles move in
an

effective

medium having the macroscopic viscosity of the solution.

Introduction

Block copolymers are made of several sequences belonging to different chemical species. In the

bulk, polymer incompatibility is responsible for the existence of a wide range of structures.

Ip a selective solvent, I-e- a bad solvent for one of the species, A, and a good solvent for the

other, B, polymer-solvent interaction dominates. In this case, the interfacial energy between

the A blocks and the solvent acts as a driving force for aggregation of the copolymers. In order

to describe theoretically the thermodynamics of this aggregation process. one has to take into

account all the terms which equilibrate this driving force, such as the translation entropy loss

and also those which are linked to the aggregate geometry. For instance, spherical copolymer
micelles are often described using a model of star like polymers ill. This model introduces

an osmotic energy term due to the polymer concentration inside the corona which is made

of the block in good solvent condition; however, in some cases, additional terms such as the

conformational entropy of copolymer chains in the micelle have to be taken into consideration.

For example, telechelic triblock copolymers need a backfolding of their middle block to form
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spherical and flower like micelles. The corresponding entropy loss prevents the copolymer from

forming this kind of micelles as the solvent selectivity is comparatively insufficient [2,3].
The case of diblock copolymers is expected to be simpler from a theoretical point of view and

is extensively studied [4,5j. Usually, experimentalists choose to be in a non solvent condition for

the A block and to determine the different parameters characterizing the micelles using different

diblock copolymers. Here we choose to investigate the behavior of a diblock copolymer below

the theta temperature of one block. This allows us to tune the solvent selectivity by varying
the temperature and to relate macrophase separation to microphase separation (aggregation).
The results obtained are not as simple as expected and the phase diagram is quite complex
(see Fig. 1). Consequently, the presentation of this work is divided in two parts and this first

paper is only concerned with the micelles obtained at low temperature (regime III in Fig. 1).
In this regime, experimental evidence for spherical and star like micelles is discussed. This will

help us to understand the phase diagram and the different structures obtained.

1. Sample Characteristics and Experimental Devices

This paper presents experimental results obtained on a diblock copolymer polystyrene- polyiso-

prene (PS-PI) in dilute solution. The diblock copolymer PS-PI was synthesized and charac-

terized by PSS (Mainz Germany): total molecular weight Mw
=

I-I x
106 g/mol, polystyrene

weight fraction wps =
0.36, polydispersity index Ip

=
1.08. The solvent used is methylcyclo-

hexane, a good solvent for polyisoprene at all temperatures and a theta solvent for polystyrene
at Te

=
70 °C. The methylcyclohexane is kept under molecular sieves to prevent water ab-

sorption. The polymer solutions prepared by weighing were placed in sealed cells and kept at

room temperature.
Details of the home made light scattering apparatus as well as the data treatment have

been fully described elsewhere [6j. The argon laser (wavelength 1
=

488 nm) is focused in

the sample cell which is placed in a
vessel containing toluene and surrounded by a copper

cylinder (high thermal conductivity). The base of the cylinder is in contact with a copper box

in which thermostated water flows. A radial slit on the copper cylinder allows light scattering
experiments to be performed at scattering angles 6 ranging from 10° to 150°. The vertical

thermal gradient measured at the center of the sample is less than 0.2 °C/cm.

2. Measured Quantities: Theoretical Background

2.I. STATIC LIGHT SCATTERING. Let us call I the intensity scattered by the polymer
normalized by the intensity scattered by the solvent under the same experimental conditions,

then:

j~~~C ~j~~) ~~~

where k is the Boltzmann constant, T the absolute temperature, Ii the apparatus constant and

q the scattering vector. They are defined by q =
§~n x sin(6/2), and Ii

=

(4~~n~)(dn/dC)~ /
(l~NaR),

n is the refractive index, Na the Avogadro's number, R the solvent Rayleigh ratio

and dn /dC the contrast between polymer and solvent. In equation (I ), E(q) is the q dependent

longitudinal elastic modulus of the solution [7j. For liquid polymer solutions, only the bulk

osmotic contribution is relevant for static measurements: E(q)
=

Cd~(q)/dC. Far below the

overlap concentration C*, it can be written using a virial expansion of the mmotic pressure ~:
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M(q) is the molecular mass accounting for the form factor P(q) of molecules: lzI(q)
=

M x P(q),
and A2 the second virial coefficient reflecting the two body interaction term. The behavior of

mass, form factor and second virial coefficient will now be discussed in the framework of the

Daoud-Cotton model [8j for star like polymers, a model usually ill used to describe spherical
copolymer micelles. In this model, due to the fact that the f arms of the star are constrained

to reach a unique point (the center of the star), thermodynamic interactions are screened for

length scales smaller than the size of the overall polymer. These arms form an assembly of

blobs whose sizes increase with the distance from the center of the polymer. The largest blobs

have a size (
=

Rgf~~/~. At very low concentration (C < C*), the shape of the scattered

intensity per monomer is theoretically predicted [9] and experimentally verified [10]. At length
scales q~~ larger than the radius of gyration Rg of the polymers, the scattered intensity is

sensitive to the mass of the polymer and decreases linearly with q~, allowing the determination

of Rg: I(q) /(K x C)
=

f&I~(1- q~R( /3). The radius of gyration Rg and the mass of one arm,

M~, are linked by:
Rg

=

JIj/~ f°.~ (3)

where D is the fractal dimension. For q( > 1, one recovers the q~D dependence of the scattered

intensity found for linear polymer. In this q range the scattered intensity per monomer is

expected to be independent of the number of arms and equal to the intensity scattered by
linear polymers. For 1/Rg < q < 1/(, a fortuitous q~3 dependence of the form factor is

predicted. In this regime, the scattered intensity I(q)/C remains dependent on the number of

arms
(f°.~).

Near the overlap concentration C*, due to their high internal concentration compared to

the macroscopic concentration, star polymers do not interpenetrate ill]. Therefore, upon

increasing the concentration, the star polymer solution shifts from a gas like to a liquid like

state. In this concentration regime a virial expansion cannot account for the structure factor.

The scattered intensity presents a maximum at qt, which corresponds to a first neighbor mean

distance rather than a long range order. This characteristic scattering vector value qt depends

on the concentration as:

~ ~~~

~~ ig C*
~~~

As the concentration increases above C*, i-e- as the macroscopic osmotic pressure becomes

larger than the osmotic pressure inside the star, polymers interpenetrate each other. The

intensity scattered by a semi-dilute solution of star polymers is thus identical to that of linear

polymers [12j. The system does not crystallize [13j.
In the case of block copolymers, the contrast difference between the two blocks implies that an

apparent radius of gyration, Rgapp, can only be measured by scattering experiments (a limiting

case would be one where one block is invisible). This problem is relevant for light scattering [14j

as well as for neutron scattering experiments [15j. In the case of block copolymers the refractive

index increment dn/dC is the sum of the contribution of each block weighted by its weight
fraction [16j (w;

=
M;/M)

:
(dn/dC)

=
wps(dn/dC)ps + wpI(dn/dC)pI. One has:

R(app
"

°PSR(PS + °FIR(pI + °PS°PIG[S-PI (5)

where a; =
w;(dn /dC),/(dn /dC) and Gps-PI is the distance between center of gravity of the

two species. This distance depends on the copolymer conformation. The two situations for

which Gps-PI can be easily calculated are a Gaussian (G(s_p~/R(
=

2) and a concentric

(G(s_p~
=

o) distribution of the two species. The former case applied to the unimer of the

diblock PS-PI studied here (in our case: aps ~3 apI "
0.5) leads to R(~p~ =

R(. Note that

taking into account excluded volume effects leads to a ratio G(s_p~ /R(
=

2.20 + 0.02 but this
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does not result in a significant difference between Rgapp and Rg. The latter case corresponds

to micelles made of a dense core of PS and a fractal (star like) corona of PI. For the dense and

spherical core, the ratio of the radius of gyration, Rgps. to the overall radius of the core, R~or~,

is given by:
R(ps 3

~~ ~

while for the fractal corona, the ratio of the radius of gyration, RgpI> to the overall radius of

the corona, Rt> is given by:

~~PI
~

l~ l~~~~
j~~

l~~ D + 2 AD

where D is the fractal dimension on the star like corona and A the ratio of the internal to the

external radius of the corona, I-e- the ratio of the radius of the core to the overall radius of

the micelle: A
=

R~or~ /Rt. Using equations (6) and (7) one obtains for the apparent radius of

gyration:

~~~PP ~~
~°~~~~

~ °~~ D~
2

1 ~~~ ~~~

In the case of the diblock studied here, assuming a Gaussian conformation for both blocks

A
=

0.60 leads to Rt/Rgapp
=

1.6. This value corresponds to the lower bound of Rt/Rgapp
which increases for increasing association number due to the stretching of the PI (decrease

of Al.

2.2. QUASIELASTIC LIGHT SCATTERING. Quasielastic light scattering experiments are per-
formed in the homodyne mode. The time dependence of the dynamic structure factor is an

exponential decay, whose characteristic time T, measured at a given scattering vector q, leads

to a
diffusion coefficient D(q):

D(q)
=

~
(9)

Tq

In general, the diffusion coefficient is the product of the mobility ~t(q) per monomer and the

elastic modulus E(q) which tends to restore the uniform concentration after a fluctuation [17,
18j. Note that ~t(q) is the mobility of the diffusing object divided by its mass and corresponds to

the inverse of the sedimentation coefficient. As already explained for liquid polymer solutions

the only restoring force is the osmotic bulk modulus E(q)
=

Cd~(q)/dC:

D(q)
=

~iQj~Q~
(lo)

Thus, using equation (1) one obtains, for the q dependent mobility per monomer:

~~~c ~ ~(Q)
"

kT x ~(q) jiij

K being the apparatus constant.

To illustrate equations (10) or (11) let us first examine the zero concentration and zero

scattering vector limiting cases. The mobility is the ratio of the mass of the object to the

friction it undergoes. In the Zimm model. hydrodynamic interactions between monomers

imply that the polymer coil motion is equivalent to that of a sphere:

~i
(12)~j~_o.c-oj " 6~~~RH
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where ~o is the solvent viscosity and RH the hydrodynamic radius. The scattered intensity

per monomer being proportional to the mass M, one recovers the well-known result (Stokes-
Einstein relation) for the diffusion coefficient Dj~_o,c_oj

=
kT/(6~~oRH). The hydrodynamic

radius thus defined is proportional to the radius of gyration: RH /Rg
=

/fi for dense spheres,
RH/Rg

=
0.64 and 0.80 for excluded volume [19] and Gaussian polymer chains, respectively.

At finite concentration, interactions have to be taken into account. A virial expansion of

the osmotic modulus accounts for thermodynamic interactions (see Eq. (2)). As for hydrody-
namic interactions, a concentration expansion is used to account for the increase in viscosity

encountered by the diffusing particle:

iJ =
iJoli + [me + kH([me)~ + (13)

where [~j is the intrinsic viscosity and kH the Huggins constant. One obtains for the mobility

per monomer:

~~~°~ 6~~H ~~ ~~~~ ~ ~~~~

and

Dj~_oj
=

~§ Ii + (2AIA2 (~))C + (15)
6~~o

H

Note that such interpretation of the concentration dependence of the diffusion coefficient as-

sumes that the actual form and size of the polymers are not affected by the concentration.

Let us consider the q dependence of these quantities. In dilute solutions of linear polymers
at qRg > 1, both static and dynamic experiments are sensitive to concentration fluctuations at

a length scale q~~ The scattered intensity is proportional to the mass M(q)
i. e. the number of

monomers in a volume q~~ which scatter coherently: M(q) c~
q~~ As for the hydrodynamic

length, for the same reason it is proportional to q~~, in other words, only part of the polymer
of size q~~ is viewed to move cooperatively [18]:

l/Ilq)
j16)~lQ~~~~~ 6~~oq~~

Thus, at these length scales, one obtains a q dependent diffusion coefficient:

DiqRg>i)
" jq Ii?)

which is characteristic of internal modes in the Zimm model for polymer dynamics. In the

Rouse model, which does not consider hydrodynamic interactions between monomers, the

friction undergone by the polymer is the sum of the friction of each monomer. Internal modes

thus correspond to a diffusion coefficient Dj~R~ >i
Proportional to q~. This can be only observed

if one polymer is visible among the others. In the case of star like polymers, the blob model

applies to hydrodynamic interactions. At distance q~~ larger than ( there is no correlation

between fluctuations [20]. Thus, even at length scales q~~ between Rg and (, the concentration

fluctuations relax through translation of the whole star polymer. This leads to a q independent
diffusion coefficient. One has to keep in mind the q~~ dependence of the scattered intensity in

this regime. For q( > 1, one recovers a q dependent diffusion coefficient as for linear polymers.
As for linear polymers, the mobility per monomer is sensitive to concentration only through

the viscosity. In addition. this viscosity is a decrease monotonously with the scattering vector

q: i~ is equal to the macroscopic viscosity at q -
0, while ~ corresponds to the solvent viscosity

at q( > 1. Thus as the concentration is increased near the overlap concentration C*, due to
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Fig. i. Critical aggregation temperature (CAT, full symbols) of copolymer PS-PI and demixion

temperature jDT, empty symbols) of homopolymer PS precursor in methylcyclohexane (Te
=

70 ° C)

as a
function of the logarithm of the polystyrene concentration peps

= wps x C). Straight lines
are

guides for the eyes. At T > CAT (I), only free copolymers are present. For T < 40 ° C < CAT (III),
copolymers form star like micelles. For 44 °C < T < CAT (II), the aggregates formed

are
large, with

a
small degree of association and

a low density structure.

the fact that the scattered intensity I(q) presents a maximum at a scattering vector qt,
one

expects that the diffusion coefficient shows a minimum at the same q value. This minimum of

the diffusion coefficient can be interpreted as a diffusion hindrance of one star polymer by its

neighbors which are at a distance d
=

2~/qt.

3. Experimental Results

3.I. PHASE DIAGRAM. In part 2, what is expected for the aggregation process considered

as a microphase separation will be detailed from
a theoretical point of view. The expected laws

governing the growth of the aggregates as the temperature is decreased from the theta point
of the A block (PS), will be given. In this paper, only the phase diagram will be presented.
Copolymer aggregation occurs at a critical aggregation temperature (CAT) which depends
strongly on the concentration. In methylcyclohexane, the CAT is measured as follows: the

sample is brought to high temperature (55 °C), after stabilization of the scattered intensity at

a fixed scattering angle (usually 6
=

20°) the temperature is decreased by °C steps. Once the

intensity increases by a factor of 2, the temperature is increased by 1/2 degree steps. The CAT,

independent of the thermal path, corresponds to the temperature at which the intensity just

begins to increase. In Figure the CAT is plotted as a function ofthe polystyrene concentration

[21] (Cps
= wps x C) and is compared to the demixion temperature DT of the homopolymer

polystyrene precursor IMPS
=

4 x
105 g/mol). The demixion temperature DT is measured by

decreasing the temperature from T > DT. It corresponds to the temperature at which the
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scattered intensity diverges. In this representation, the two curves CAT and DT coincide at

high concentrations (Cps > 10~~ g/cm~) but differ significantly at low concentrations. This

experimental result will be discussed in part 2.

Figure 1 is divided into several domains corresponding to different structures for the copoly-

mer aggregates. At temperatures higher than the CAT, only free copolymers are present
(regime I), they will be called unimers in the following [5]. For T < 40 °C < CAT (regime
III), copolymers are associated in star like micelles. For 44 °C < T < CAT, (regime II) the

aggregates formed are large, with a small degree of association and a low density structure.

This paper is only concerned with the characterization of the unimers (regime I, experiments
performed at CAT < T

=
56 °C) and the star like micelles (regime III). Concentration effects

are studied at room temperature on samples which were quenched from T
=

60 °C (oven) to

T
=

15 °C (water bath).

3.2. CHARACTERIzATION OF DIBLOCK COPOLYMERS. The characterization of unimers

was performed at T
=

56 °C. The inverse of the scattered intensity extrapolated to zero

q and zero concentration is equal to: C/I~_o
"

(3.47 + 0.1) x
10~~ g/cm~. Knowing the

constant K
=

2.39 x
10~~ cm3g~~mol, the measured intensity corresponds to a molecular

weight of (1.20 + 0.06) x
106 g/mol, in good agreement with the value given by the supplier.

The concentration dependence of the zero q scattered intensity allows us to determine the

second virial coefficient: JfA2
"

450 cm3 lg. The apparent radius of gyration deduced from

the q dependence of the scattered intensity measured at each concentration and extrapolated

to zero concentration is equal to Rgapp
=

64 + 3 nm. The diffusion coefficient measured

by quasi elastic light scattering is found to be independent of the scattering vector q but

depends on the concentration: Djc_o~
=

(18.5 + 0.5) x
10~~ cm~ Is. Using the solvent viscosity

~ojT=5~
o c~ =

4.46 x
10~3 P, the hydrodynamic radius is found to be equal to RH

"
29.5 +1 nm.

These values lead to a ratio RH/Rgapp equal to 0.46 instead of 0.64 or 0.8 for homopolymer

in good or theta solvent, respectively. This indicates that unimers do not adopt the same

conformation as homopolymers, because as seen previously in our case laps + apI) the actual

radius of gyration should be equal to Rgapp. This could be an indication that the distance

between centers of gravity of the two species is larger than in the Gaussian case due to repulsion

between the two blocks.

3.3. SPHERICAL STAR LIKE MICELLES. Decreasing the temperature to below 40 °C in-

creases the values of measured quantities such as the radius of gyration, the hydrodynamic
radius as well as the scattered intensity per monomer. This is attributed to copolymer mi-

cellization and will be detailed in part 2. Let us focus on measurements performed at room

temperature on quenched micelles. Samples having concentration ranging from 3.3 x
10~~ to

4.8 x
10~~ g/cm~

were rapidly transferred from
an oven (60 °C) to a water bath (15 °C).

3.3.I. Static Light Scattering. In Figure 2, the apparent molecular weight deduced from the

scattered intensity per monomer (Mapp(q)
=

I(q)/(K x C)
=

M x P(q) x (1- 2MA2C)) is

plotted as a function of the reduced scattering vector qRgapp for the 3 lowest concentrations

(1.7 x
10~~ < C (g/cm3) < 5 x 10~~). The apparent radius of gyration Rgapp

=
68 + 3 nm is

deduced from extrapolation to zero concentration. The highest value of qRgapp accessible by
light scattering (qRgapp

n~ax
=

2.4) does not allow us to obtain any direct information on the

internal structure of the micelles. For qRgapp > 1.5, the variation of the scattered intensity is of

the order of q~° 8 the exponent is even smaller than the value of 1.7 found for linear polymers.
The apparent molecular weight decreases as the concentration increases indicating a positive
second virial coefficient, i-e- repulsive interactions between micelles. The molecular mass



1788 JOURNAL DE PHYSIQ[iE II N°12

7.4

j
~

= (
s a a

~ ~
o

j
°

~ °

~
§~ 7.2

I

l

B
.~e

.@
.j

iii

7

04 ~02 0 0.2 0.4

LogjqRgapp)

Fig. 2. Logarithm of the light scattered intensity per monomer
I(q)/(I[C)

=
~I x P(q)

as a

function of the logarithm of the reduced scattering vector qRgapp, where Rgapp is the apparent radius

of gyration measured for the 3 lowest concentrations: C (g/cm~)
=

4.9 x
10~~, 3.3 x

10~~. 1.7 x
10~~

(empty, gray and black symbols, respectively). The association number p deduced from the zero q

scattering vector limit is equal to 20 +1.

M
=

(2.4 + 0.1) x 10~ g/mol obtained from extrapolation to zero concentration corresponds

to p =
20 +1 for the association number.

For concentrations higher than 4.6 x10~~ g/cm~, the q dependent scattered intensity presents

a maximum at Q' (see Fig. 3) as expected for star like polymers. In Figure 3, one can see that,

for q > qt all the curves coincide within 5~. This behavior is a first indication of a constant

association number, irrespective of the concentration. In Figure 4, the position qt of the

maximum is plotted as a function of the concentration. As expected for a three dimensional

packing of spheres, a
C~/3 law is found:

qt
q =

0.160 + 0.005 (18)

where C is expressed in g/cm3 and q in nm~~ This result yields a corresponding mean distance

between two neighboring micelles, d
=

2~/q', and thus the volume per micelle. The product of

this volume to the macroscopic concentration would provide another way to deduce the micelle

association number. One obtains, irrespective of the concentration:

jc
~ j~~

p =
6 ~ =17+ 2 (19)

in good agreement with the value determined from the molecular weight measurement.

3.3.2. q Dependence of the Diffusion Coeificient. Quasielastic light scattering measurements

were also performed on the above samples. For the experiments reported here, the time de-

pendent dynamic structure factor is a single exponential decay, at all scattering vectors and
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as a function of the scattering vector

q. Only some of the studied samples are represented C (g/cm~)
=
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10~~ for diamonds, squares, circles and triangles symbols, respectively. For the 3 highest

concentrations, a scattered intensity maximum is observed.

I

27

0.02

p

=
#

22(

o.oi

~~

0 12

0 005 D-1 0.15 0.2

C~'~

Fig. 4. Scattering vector position, qf, (full symbols) of the maximum of light scattered intensity
as

a
function C~/~ The linear behavior of qf

=

(0.160 + o.oos) X
C~/~ allows

us to deduce the association

number (empty symbols) from the corresponding
mean

distance between two neighboring micelles

d
=

2~/qf
p =

(~d~ /6)C X Na/~l. The Inean value for p is equal to 17 + 2.
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Fig. 5. Diffusion coefficient D measured at a concentration C
=

3.3 x10~~ g/cm~,
as a function

of the reduced scattering vector qRH> where RH is the hydrodynamic radius of the micelle. The

independence of D with the reduced scattering vector qRH for qRH < 2.5 is an experimental evidence

for the star like micelle structure. The straight line corresponds to the mean value obtained at low q:
D

=
(2.82 + 0.05) X

10~~ cm~ Is from which RH is deduced (see text for high q behavior).

concentrations studied. In fact. for the highest concentration, the non exponentiality is so

small that no physics can be extracted from it.

In Figure 5, the diffusion coefficient measured for the lowest concentration (C
=

3.3 x

10~~ g/cm3) is plotted as a function of qRH. The hydrodynamic radius RH is deduced from

the diffusion coefficient measured at small q: D
=

(2.82 + 0.05) x
10~8 cm~/s. From the

Stokes-Einstein relation and the solvent viscosity (~ojT=20 oc) "
7.25 x

10~3 P),
one obtains

RH
"

(106+ 2) nm. Note that due to the contrast difference between the 2 species, the radius of

gyration is apparent while interactions, and thus the hydrodynamic radius, refer to the overall

size of the micelles (see Sect. 3.3.3). The diffusion coefficient shows a slight intrease with

scattering vector for QRH > 2.5 (see Fig. 5). In fact, the highest value of
"

3.5 x
10~~ nm~~

corresponds to q(
=

0.82 with (
=

RHllfl
=

24 nm; in this case dynamic measurements could

begin to be sensitive to internal modes.

The hydrodynamic radius thus determined allows the overlap concentration C* of the mi-

celles, i.e. their internal concentration, to be calculated: C*
=

&1/(Na4/3 x
~R(). One gets

C*
=

7 x10~3 g/cm3. This estimation allows us to express the concentration range investigated
in this paper in term of the ratio C/C*:

2 x
10~~ < C/C* < 0.6 (20)

Note that the scattered intensity peak described in Section 3.3.1 appears at C/C* of the order

of 0.05.

In Figure 6, the diffusion coefficient extrapolated to zero scattering vector Dj~_o). is plotted

as a function of the concentration. In the whole concentration range, the diffusion coefficient

is independent of the concentration: for I-T x
10~5 < C (g/cm3) < 4.8 x 10~3, Dj~_oj

=
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Fig. 6. The zero scattering vector limit of the diffusion coefficient D<~_o~ as a
function of the

concentration. No concentration dependence is observed, the
mean value (straight line) being D<~_oj

=

(2.9 + 0.2) X
10~~ cm~/s.

(2.9~0.2) x
10~8 cm~ Is in agreement with the value reported for the lowest concentration. The

concentration independence of the diffusion coefficient D<~_oj, indicates that thermodynamic
interactions counterbalance hydrodynamic interactions (see Eq. (15)).
As the concentration increases, the diffusion coefficient becomes dependent on the scattering

vector q (see Fig. 7) and presents a minimum at a value q* which is concentration dependent.

For q - 0 all the curves merge, while for q/q* > 1, the diffusion coefficient decreases with

concentration. This feature will be discussed below.

3.3.3. Mobility. At each scattering angle, for each concentration, both the scattered intensity
and the diffusion coefficient were measured. As mentioned above, the product of these two

quantities leads to the mobility per monomer. In Figure 8, the mobility per monomer is plotted

as a
function of the scattering vector q. The most noticeable result is the disappearance of the

singularity of the curves which are monotone, in other words q'
=

q*, the scattered intensity
maximum being well compensated by the diffusion coefficient minimum. This result indicates

that thermodynamic and hydrodynamic interactions are sensitive to the same length scale, I. e.

the overall size of micelles.

The mobility per monomer is the ratio of a q dependent mass
(form factor) and a friction

which is also q dependent via the viscosity. In fact, for the zero scattering vector limit, the

friction is related to the macroscopic viscosity of the solution. while at q( > it is related

to the solvent viscosity. In Figure 8, one can see that the mobility is strongly, concentration

dependent at low q, but this dependence decreases at high q, in agreement with a concentration

and q dependent viscosity. For the lowest concentration here studied (C
=

3.3 x
10~5 g/cm3)

the macroscopic viscosity being the solvent viscosity, the q dependence of the mobility onlv
reflects the micelle form factor. This q dependence is compensated by the q dependence of th~
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Fig. 7. Diffusion coefficient D as a
function of the scattering vector q for the same concentrations

as

in Figure 3 (the symbols have the same meaning). The diffusion coefficient passes through
a minimum

which is concentration dependent and is the counterpart of the scattered intensity maximum.

08

a

a

0.6
~

&

~

o

~ °'~ .
.

. .. ..

~
a

~
a

. ..

a a ~
a

~

..Oo
A

» .
~

AA

'°°~.
;

~ ~ ~
~

~
D a

~

D

~ ~ ~ ~
~~

~

°~~

o

,
o

°
.

° *
, o

~.*. °. o°*OO~~~~~-°~°

o

0 0.01 002 0.03 004

q (nm ~)

Fig. 8. Mobility per monomer RT~I (in erg s
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q. Symbols have the same meaning as in Figure 3. Monotone curves are found which means that the

scattered intensity maximum is well compensated by the diffusion coefficient minimum. The curves

tend to merge at high q, but are
strongly concentration dependent at low q, because the mobility is

influenced by the local (solvent) and macroscopic viscosity, respectively.
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This indicates that micelles move in an effective medium the viscosity of which is the macro-

scopic viscosity, which is increased by the presence of the other micelles [23j.

Discussion and Conclusion

The main results presented in this paper concern dilute solution of micelles formed by the

association of diblock copolymers in a selective solvent. The different quantities measured

are in favor the existence of star like micelles; the results obtained here are similar to those

obtained for star polymers [12j.

At low concentrations, where interaction between micelles is negligible, the independence of

the diffusion coefficient on the scattering vector q, for qRH < 2.5, is a direct evidence for a

structure having a high internal concentration. However, the fact that only an apparent radius

of gyration Rgapp can be measured does not allow us to verify directly the increase in size with

the association number p. For p =
20, the micelle and the unimer have the same apparent

radius of gyration (Rgapp/Rgapp
un;n~~r =

1.06). However, the ratio of the hydrodynamic radii

RH/RH
un"met "

3.59 and the assumption that RH
un"met "

0.64 x Rg
un,n~er

for unimer and

RH
"

/fi
x Rg for micelles [24j, lead to a rough evaluation of Rg/Rg

un;n~~r =
1.77. This

ratio is expected [9j to be of the order of p°.~
=

20° ~
=

1.8. In part 2 of our paper, we will

discuss the experimental verification of the relation between size and mass of star like micelles.

From dynamic measurements sensitive to hydrodynamic interactions, it is shown that the

micelles behave as hard spheres, justifying a posteriori the assumption Rt
"

RH. The ratio

RH /Rgapp
=

1.56 measured for micelles corresponds to the lower bound of Rt /Rgapp, suggest(ng
that the PI blocks are Gaussian rather than stretched.

At higher concentrations, interaction between micelles becomes preponderant, and the static

(the dynamic) structure factor presents a maximum (minimum), revealing the high internal

concentration of the micelles. The concentration dependence (as well as the amplitude) of

this maximum indicates that in this concentration range, micelles form a liquid phase whose

distance between first neighbor is 400 nm at C
=

10~3 g/cm3. On the other hand, the mobility

per monomer which is only sensitive to hydrodynamic interactions is a monotone function of

the scattering vector. This quantity allows us to demonstrate that the motion of each micelle

is subjected to the macroscopic viscosity.
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